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In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Neutrophils Play Important Role in Systemic-Onset 
Juvenile Idiopathic Arthritis
Although systemic-onset juvenile idio-
pathic arthritis (JIA) has a clear autoin-
flammatory signature, very little is known 

about the role of neutro-
phils in the disease. In 
this issue, ter Haar et al 

(p. 943) report results from the first study 
to describe the phenotype, function, and 
transcriptome of neutrophils during the 
systemic inflammatory response of sys-
temic-onset JIA. The investigators found 
that neutrophil counts were not only mark-
edly increased at the onset of disease but 
their presence correlated with levels of 
inflammatory mediators. RNA-sequencing 
analysis demonstrated a substantial up-
regulation of inflammatory processes in 
neutrophils from patients with active sys-
temic-onset JIA. The pattern significantly 

overlapped with the transcriptome of sep-
sis, suggesting that neutrophils play an 
important role in the early inflammatory 
phase of the disease.

Upon isolating neutrophils from 
patients with active systemic-onset JIA, 
the investigators found that the neutrophils 
displayed a primed phenotype character-
ized by increased reactive oxygen species 
production, CD62L shedding, and secre-
tory vesicle degranulation. When they 
examined patients treated with recom-
binant interleukin-1 receptor antagonist 
(rIL-1Ra) therapy, however, they found 
that those patients had normalized neutro-
phil counts that occurred within days of 
initiating treatment. Moreover, the primed 
neutrophil phenotype was reversed as the 
patients achieved clinical remission.

Rheumatologists do not yet have reliable bio-
markers that they can use to predict therapeutic 
response in patients with rheumatoid arthritis 

(RA). Since the most reproduc-
ible biomarker for RA to date is 
the reduction in the numbers of 

sublining synovial macrophages, researchers have 
come to believe that a precision medicine advance-
ment in the treatment of RA will likely hinge on 
the ability to obtain quality samples from the joint. 
If this is true, rheumatologists will need a clinically 
actionable method to collect synovial tissue of a 
high enough quality that it can be analyzed using 
high-throughput strategies. New advances in ultra-
sound technology may make this possible by facili-
tating minimally invasive ultrasound-guided synovial tissue biopsy.

In this issue, Mandelin et al (p. 841) report the results of their 
study that was designed to evaluate the use of ultrasound-guided 
synovial biopsy in RA. Their findings suggest that rheumatologists 
could feasibly obtain synovial tissue biopsy specimens that are of 

high enough quality that they can be analyzed using 
cutting-edge technologies. Moreover, they found 
that ultrasound-guided synovial biopsy was well 
tolerated, with patients reporting minimal adverse 
effects. When the investigators compared syno-
vial tissue and isolated macrophages from patients 
with RA and patients with osteoarthritis, they 
found that the RNA was of comparable quality 
between the 2 groups.

Whole tissue samples from patients with RA 
exhibited a high degree of transcriptional het-
erogeneity. However, in a more detailed sample 
analysis, the transcriptional profile of isolated RA 
synovial macrophages indicated that there was a 
subpopulation of patients who expressed 6 novel 

transcriptional modules that were associated with disease activity 
and therapy. The investigators concluded that such samples could 
theoretically be combined with corresponding clinical information 
to create a precision medicine–based approach to the treatment 
and management of RA.

Ultrasound-Guided Synovial Biopsies Pave the Way for 
Precision Medicine for RA 

p.  841

The differences in neutrophils were 
also obvious when the researchers com-
pared neutrophils from patients with short 
disease duration to those from patients who 
had experienced symptoms for >1 month. 
Specifically, patients with a short disease 
duration had high neutrophil counts, more 
immature neutrophils, and a complete 
response to rIL-1Ra compared to patients 
with more established disease. In addition, 
in vitro studies revealed that rIL-1Ra antag-
onized the priming effect of IL-1β on neu-
trophils from healthy individuals. Taken 
together, the data support the hypothesis that 
neutrophils play an important role in sys-
temic-onset JIA. Moreover, it appears that 
IL-1 blockade is an effective strategy to both 
reduce neutrophil numbers and decrease the 
inflammatory activity of systemic-onset JIA.

Figure 1. Ultrasound-guided synovial 
biopsy of an inflamed wrist using an 
18-gauge × 1.5-inch needle.

p.  943
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Rheumatoid Arthritis: Switching From Adalimumab  
to Biosimilar Is OK
In this issue, Weinblatt et al (p. 832) report 
their analysis of transition data from a 
52-week randomized trial of adalimumab 

(ADA) and the biosimilar 
SB5. They analyzed data 
from 542 patients (273 

in the ADA overall group, 269 in the SB5 
group; 129 in the ADA/ADA group, and 125 
in the ADA/SB5 group). The percentage of 
patients meeting the American College of 
Rheumatology 20% improvement criteria 
(ACR20) at week 24 was the primary 

efficacy assessment in an earlier phase of the 
study. In the current phase the researchers 
found that the percentage of patients who 
met this end point, as well as the percent-
ages meeting the ACR50 and ACR70, after 
the transition from ADA to SB5 were main-
tained through 52 weeks. Moreover, the 
response rates were comparable across 
treatment groups throughout the study. For 
example, the ACR20 response rate at week 
52 ranged from 73.4% to 78.8% across all 
treatment groups. The ACR20,  ACR50, and 

Juvenile idiopathic arthritis (JIA) is a 
diagnosis that encompasses 7 heterogeneous 
categories of chronic childhood arthritides. 

Approximately 5% of children 
with JIA have rheumatoid 
factor (RF)–positive arthritis, 

and these children phenotypically resemble 
patients with adult rheumatoid arthritis (RA). 
In this issue, Hinks et al (p. 957) describe 
the results of the largest genetic study of 
RF-positive polyarticular JIA to date. They 
focused their efforts on determining whether 
any of the previously associated RA loci or 
oligoarticular/RF-negative polyarticular JIA loci 
were associated with RF-positive polyarticular 
JIA. Their intention was to more fully 
understand the pathophysiologic relationships 
of inflammatory arthropathies.

The investigators noted that the HLA 
region was strongly associated with RF-positive 
polyarticular JIA. When they looked more 
closely, they found that 19 of 44 RA risk loci and 
6 of 27 oligoarticular/RF-negative polyarticular 
JIA risk loci were associated with RF-positive 
polyarticular JIA. When they calculated a 
weighted genetic risk score (wGRS) of RA, they 
found that it was better at predicting RF-positive polyarticular 
JIA than was the wGRS of oligoarticular/RF-negative polyarticular 
JIA. Moreover, the genetic profile of patients with RF-positive 
polyarticular JIA was more like that of patients with RA with an 
onset age of 16–29 years than that of patients with RA with an 
onset age of ≥70 years. Thus, the researchers found that RF-positive 

polyarticular JIA is genetically more similar to adult RA than to 
the most common JIA categories. The authors concluded from 
this that RF-positive polyarticular JIA appears to be a childhood-
onset presentation of autoantibody-positive RA. If true, this would 
suggest that there is a common disease mechanism that could point 
toward novel therapeutic targets and shared treatment strategies.

Genetic Profile of Rheumatoid Factor–Positive 
Polyarticular Juvenile Idiopathic Arthritis

ACR70 response rates were similar to those 
previously described for ADA.

When the investigators measured radio-
graphic progression, they found that it also 
was minimal and comparable across treat-
ment groups. SB5 was also well tolerated 
in patients with RA such that when the 
investigators switched patients from ADA 
to SB5, they did not see any treatment-
emergent issues such as increased adverse 
events, increased immunogenicity, or loss 
of efficacy.

p.  832

p.  957

Figure 1. Comparison of the wGRS generated using loci associated with the highest risk of RA with the wGRS 
generated using loci associated with the highest risk of oligoarticular/RF-negative polyarticular JIA for the 
purpose of predicting cases of RF-positive polyarticular JIA (RFposPolys). AUC = area under the curve.

https://onlinelibrary.wiley.com/doi/10.1002/art.40444
https://onlinelibrary.wiley.com/doi/10.1002/art.40443


Clinical Connections
Augmented Th17 Differentiation Leading to 
Cutaneous and Synovio-Entheseal Inflammation 
in a Novel Model of Psoriatic Arthritis

SUMMARY  
Psoriatic arthritis (PsA) is a debilitating disease characterized by chronic inflammation of the skin and joints. T 
helper subset 17 (Th17) cells, which produce interleukin-17 (IL-17), have been previously implicated in chronic 
inflammatory diseases, including psoriasis and PsA.  Yang and colleagues have generated and characterized a novel 
PsA mouse model, R26Stat3Cstopfl/fl CD4Cre, in which T cell–specific expression of a hyperactive STAT3 allele drives 
augmented Th17 responses. STAT3 is a critical mediator of cytokine signaling and is important in the regulation of   
T cell differentiation. Chronic Th17-mediated inflammation leads to the development of psoriasis, enthesitis, arthritis, 
and osteopenia in these animals, recapitulating many of the salient features of PsA. Upon closer examination, the 
authors observed an increase in the percentage of osteoclast progenitors and RANKL-producing cells in the bone 
marrow of these mice, promoting the differentiation of bone-resorbing osteoclasts. Blocking Th17 effector cytokines 
IL-17 and IL-22 ameliorated the disease phenotypes observed in this novel mouse model of PsA.

Yang et al, Arthritis Rheumatol 2018;70:855–867.

CORRESPONDENCE 
Sergei B. Koralov, PhD:  sergei.koralov@med.nyu.edu 

KEY POINTS 
•  Mice with T cell–specific 

overexpression of a 
hyperactive STAT3 allele 
faithfully recapitulate 
many of the characteristic 
clinical features of PsA, 
including enthesitis. 

•  An increase in osteoclast 
progenitor cells and 
RANKL-producing cells 
promotes osteopenia in 
these mice.

•  Inhibiting Th17 effector 
cytokines IL-17 and IL-22 
ameliorates the disease of 
R26Stat3Cstopfl/fl CD4Cre 
mice.

https://onlinelibrary.wiley.com/doi/10.1002/art.40447


Clinical Connections

Mulla et al, Arthritis Rheumatol 2018;70:891–902.

CORRESPONDENCE 
Vikki M. Abrahams, PhD:  vikki.abrahams@yale.edu 

Antiphospholipid Antibodies Inhibit Trophoblast 
Toll-Like Receptor and Inflammasome Negative 
Regulators

SUMMARY  
Women with antiphospholipid antibodies (aPL) are at risk for pregnancy complications associated with poor 
placentation and placental inflammation, but our understanding of the mechanisms involved is incomplete. 
aPL recognizing β2-glycoprotein I (β2GPI) activate placental trophoblast Toll-like receptor 4 (TLR-4), leading to 
microRNA-146a-3p/TLR-8–mediated interleukin-8 (IL-8) secretion and uric acid/NLRP3–mediated IL-Iβ production. 
Despite these triggers, the trophoblast does not generate a classic inflammatory response to the TLR-4 activator, 
lipopolysaccharide. It appears that trophoblast TLR-4 function and subsequent inflammasome activation is tightly 
controlled, and aPL override this braking mechanism. Mulla and colleagues show that human trophoblast TLR and 
inflammasome function are tightly regulated by immunomodulatory pathways—TAM receptor activity and autophagy. 
Disabling of the TAM receptor signaling pathway by aPL results in TLR-4 activation, leading to TLR-8–mediated IL-8 
release, while impaired autophagy by aPL allows inflammasome activity, leading to IL-Iβ production. These advances 
in the understanding of the mechanisms by which aPL drive placental inflammation may guide predictive markers 
and therapeutic targets for preventing obstetric antiphospholipid syndrome.

KEY POINTS 
•  aPL inhibit basal 

trophoblast TAM 
receptor signaling 
and autophagy. 

•  Disabling of the 
TAMP recptor 
pathway by aPL 
results in TLR-4 
activation, leading 
to subsequent TLR-
8–mediated IL-8 
release.

•  Impaired basal 
autophagy by 
aPL allows 
inflammasome 
activity, leading to 
IL-1β production

https://onlinelibrary.wiley.com/doi/10.1002/art.40416


EDITORIAL

Ensuring the Future of Rheumatology: A Multi-Dimensional Challenge and
Call to Action

William F. Harvey,1 Afton L. Hassett,2 and Sharad Lakhanpal3

The article by Bolster et al in this issue of Arthritis &
Rheumatology (1) and an article by Battafarano et al
recently published in Arthritis Care & Research (2) project a
startling picture of the future of the rheumatology workforce
in the US. The 2015 Rheumatology Workforce study
describes how, based on a variety of contributing factors,
there will be inadequate numbers of practicing rheumatolo-
gists and rheumatology health professionals to care for
patients with rheumatic and musculoskeletal diseases in the
coming years. It further describes how limitations in our
training pipeline may exacerbate this situation. These two
important articles serve as a call to action to understand and
address the wide range of factors that contribute to these
issues. This will require important strategic initiatives by pro-
fessional societies, government, practice groups, and training
programs in order to assure a healthy and vibrant rheuma-
tology workforce. Indeed, the new strategic plan for the
American College of Rheumatology (ACR) represents an
important starting point for this process. In this editorial, we
will summarize some key workforce study findings
presented in the articles by Bolster et al (1) and
Battafarano et al (2) and highlight some of the key
strategies to consider as we rise to meet these challenges.

Key factors affecting the rheumatology workforce

The 2015 Rheumatology Workforce Study high-
lighted several factors that underlie the challenges

ahead, which can best be summarized as monumental
problems with both supply and demand. The demand
for rheumatologists will be driven by the changing
demographics of the US. As described by Battafarano
et al (2), predictably, as our population ages and the
prevalence of some rheumatic diseases increases, we
will need more providers to care for these patients.
More intriguing, however, are some heretofore unde-
scribed supply factors that will have a dramatic impact.
The same aging demographic that will result in increas-
ing the prevalence of rheumatic disease will also lead
to the impending retirement of a significant portion of
our workforce. The generations of baby boomers and
their children are proportionately larger than the gen-
erations that follow, resulting in a shrinking workforce.

Perhaps one of the most important contributions
of this workforce study are the novel findings based on
two other important demographic shifts. Our specialty is
privileged to be an attractive one for women; this is to the
betterment of our society and to the population of women
who are often disproportionately affected by autoimmune
diseases. Women in medicine tend to feel the responsibili-
ties of maintaining a work-life balance more acutely than
men do. As such, many women in medicine choose to
work part time. Factoring this reality into the data is a
major methodologic advance represented in the 2015
Rheumatology Workforce Study. There are also newly
anticipated generational differences, with millennials of
both sexes expected to place even greater value on work-
life balance in a way that will also result in more providers
choosing not to work full time. The answer to this is not
to question their work ethic or dedication, but rather to
embrace strategies that will welcome more millennials
into the workforce. Necessarily, a wide array of actions
will be needed and every rheumatologist and rheumatol-
ogy health professional has a role to play in our future, as

1William F. Harvey, MD, MSc: Tufts Medical Center, Boston,
Massachusetts; 2Afton L. Hassett, PsyD: University of Michigan, Ann
Arbor; 3Sharad Lakhanpal, MD: Rheumatology Associates and UT
Southwestern Medical Center, Dallas, Texas.

Address correspondence to Sharad Lakhanpal, MD,
Rheumatology Associates, 8144 Walnut Hill Lane, Suite 800, Dallas,
TX 75231. E-mail: lakhanpal@arthdocs.com.

Submitted for publication January 23, 2018; accepted January
24, 2018.

797

ARTHRITIS & RHEUMATOLOGY
Vol. 70, No. 6, June 2018, pp 797–800
DOI 10.1002/art.40431
© 2018, American College of Rheumatology



do our professional societies, our government, and our
patients. We will highlight some of the most important
actions we can take to help avert the predictions given in
the two workforce study articles.

Improve recruitment and training

When we reflect on how we chose rheumatology,
often we can point to an experience during our training.
It was frequently a caring mentor, a challenging case, an
inspirational attending physician, or early exposure to
the intriguing nature of rheumatology that was most
influential. Medical training necessarily focuses on the
breadth of the field, but we must ensure that exposure
to rheumatology happens in a meaningful way through-
out the long journey of training. All medical school
graduates should attain a basic level of knowledge and
skills about rheumatic and musculoskeletal diseases
during undergraduate medical education. Further, fun-
damental musculoskeletal and rheumatology curricula
should be included in primary care residency training
programs.

We need to elevate rheumatologists to positions of
prominence in communities, hospitals, universities, and
departments of medicine. As medical school curricula
shift to earlier exposure to clinical experience, we need
rheumatologists volunteering as small group preceptors,
physical examination instructors, and career mentors. We
need rheumatology practitioners to reach out to local
schools and communities and engage in the unique and
invaluable mentorship and teaching that they can provide.
We need curricula that highlight the depth and complexity
of medicine embodied in our specialty. We need our
women and men to support all students, trainees, and fac-
ulty, but especially women and underrepresented minori-
ties at each stage of their career so that they see our
specialty as their natural home within medicine. There is
a need for rheumatology mentoring of medical students
and residents.

We challenge every rheumatologist, in academic
settings or private practice, to find a way to inspire a new
trainee in our field. Further, when we are successful in
our endeavors to inspire the next generation of rheuma-
tology professionals, we need adequate numbers of and
funding for training programs. While the number of stu-
dents entering medical school has risen substantially, the
number of residency and fellow training slots has not.
There is a need for increased graduate medical education
funding to add more rheumatology fellowship training
programs. That likely will require both new and larger
programs and a renewed commitment from governments,
universities, and professional organizations such as the

ACR, Rheumatology Research Foundation (RRF), and
Arthritis Foundation, to step up and provide funding.

Address retention and distribution

Less often discussed is the distribution of rheuma-
tologists within the country, and this is particularly evident
in pediatrics. There are a significant number of states
without a single pediatric rheumatologist, and most
pediatric rheumatologists work in academic and urban
settings. Even in states like Massachusetts with robust
numbers of rheumatologists, there are localities across
the state and in neighboring ones where “rheumatology
deserts” exist. Encouraging qualified candidates from
underserved areas to enter rheumatology training may
help mitigate shortages in those areas, since these new
trainees will be more likely to go back to their native
regions. Therefore, we must strive to create new rheuma-
tology training programs in regions that do not have one
while also creating more training positions nationally. In
many specialties, including family medicine, data suggest
that trainees are most likely to practice within 50–100
miles of their training program (3), and so more training
positions in Boston, New York, and San Francisco cannot
be the only approach. We also need to focus on creating
incentives, government and otherwise, for rheumatology
providers to choose to practice where they are most
needed. There is a need to enable international rheuma-
tology trainees to stay in the US and not have to return to
their home countries after training. Visa programs should
be developed that will allow international trainees to stay
here and encourage them to work in underserved areas.
Finally, student loan forgiveness programs, especially for
pediatric rheumatology, will help to attract bright young
physicians into rheumatology.

Promote scientific discovery

Rheumatology saw a boom in interest following
the advent of biologic therapies. The impact of these
therapies on our patients and our specialty cannot be
overstated; however, it is likely that some of the decreased
interest in our specialty in recent years is due to two
related factors (4). The first factor is the lack of new ther-
apies in many disease areas. There were only one or two
novel drugs approved in rheumatology in each of the last
three years. Second, there is a marked slow-down in
investment in research. The breakthrough therapies that
will entice the next generation to enter our field are
threatened by inadequate funding for biomedical research
that fails to keep pace with general economic indices of
growth. Decline in funding also threatens the pipeline of
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the next generation of rheumatology researchers who will
make the discoveries and treat the patients who will des-
perately need our services. There seems to be a trend
among academic rheumatologists to move into private
practice for financial reasons and better job security. This
is a challenge when we need to add to and develop new
training programs. Thus, there is a critical need for
increased funding for rheumatology research in order to
realize the cures our patients envision and increase faculty
retention to train future rheumatology professionals.

Tackle reimbursement and payment redesign

Rheumatologists earn less than many other spe-
cialists in medicine (5), and with the rising cost of medi-
cal training (6) many potential candidates choose more
lucrative specialties. Therefore, our efforts to improve
reimbursement for services not only affect the health of
existing practices but incentivize future generations. The
ACR and many other organizations spend a great deal of
time advocating for changes to provider reimbursement
with this fact in mind. As the payment paradigm shifts
from fee for service to value-based payment, we see both
threats and opportunities. Current programs designed to
create value-based incentives, such as the Physician
Quality Reporting System, the Merit-based Incentive
Payment System, and Accountable Care Organizations,
are wholly inadequate with respect to appropriate recog-
nition of and reimbursement for the scope of services we
provide. Because we believe unquestionably that
rheumatologists provide the best value to patients with
rheumatic diseases, the ACR seeks to develop payment
models designed by, and intended for, practicing
rheumatologists. By shifting partially away from office-
based encounters to supporting important activities such
as care coordination, consultation expertise, telephone
and telemedicine encounters, and multidisciplinary care
teams, physician-focused payment models could help us
do more with less.

Leaders in government do not understand how
best to care for patients with rheumatic disease, and so we
must continue efforts in advocacy to educate them and
provide solutions and a path forward. We should advocate
to reduce administrative and practice hassles by reducing
insurance barriers and health care regulations. A fair
amount of time is spent every day in these unproductive
activities by providers and their staff. If these could be
eliminated, more time could be spent by rheumatologists
and rheumatology health care providers in patient care. It
may also encourage physicians considering retirement for
these reasons to continue in the workforce. Elimination
of these barriers to patient care may incentivize retired

rheumatologists and care providers to consider returning
to work in part-time or locum positions.

Enhance workforce diversity

The stark numbers presented by both Bolster et al
(1) and Battafarano et al (2) require innovative solutions.
Even doubling the number of trainees completing fellow-
ship programs will be insufficient. Creating a new payment
model that helps us keep patients who don’t need it out of
the hospital and, to some extent, out of our offices will
likewise be insufficient. To meet the looming workforce
shortage we will need to find new ways to work with other
physicians and other health professionals to supplement
the care we provide. The current state of education for
nurse practitioners (NPs) and physician assistants (PAs)
largely misses rheumatology, and this will have to change.
Practices wishing to hire these individuals must often train
them on the job with few resources. To promote the
preparation of NPs and PAs for the care of our patients,
the Association of Rheumatology Health Professionals
(ARHP) recently developed the NP/PA Rheumatology
Curriculum Outline. To help support the costs of training,
the RRF will support Mentored NP/PA Education
Awards to help bring these high-value providers on board.
Yet, too few NPs and PAs are drawn to rheumatology—
this is due in part to a lack of outreach and exposure to
educational programs. Effective outreach and promotion
of the benefits of the field are required. Revisiting prac-
tice models will be required to maximize the workforce.
For example, physical and occupational therapists, nurses,
behavioral scientists, and practice managers trained in
maximizing reimbursement and efficiency are poised to
have an important impact as well. Many of these efforts
are well underway, but more must be done.

Conclusions

The ACR and the ARHP have several key mis-
sions, among them education, research, advocacy, and
patient care. It is easy to see that meeting the projected
workforce shortage requires activity from the full breadth
of our efforts. The latest ACR strategic plan (7) challenges
the entire College to understand how the work they do
will benefit our workforce and increase the numbers of
rheumatologists and rheumatology health professionals
available to meet this need. We will likewise need training
programs and their academic affiliates to work at local
levels to bolster our numbers. And because the practice
community represents the linchpin of our connection to
patients and communities, we will need to find more ways
to ensure their survival and create opportunities for
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growth. The ACR and ARHP remain focused on ensuring
a vibrant future for our providers and for the growing num-
ber of patients who will surely need us.
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EDITORIAL

STATus of STAT3 in Psoriatic Arthritis

John D. Mountz

Joint disease and enthesopathy are seen in about
one-third of patients with psoriasis and are usually pre-
ceded by the cutaneous manifestations of psoriasis. How-
ever, the relationships between the pathogenesis of
psoriatic skin disease and pathogenesis of psoriatic arthri-
tis have not been defined, and the central question as to
whether psoriatic skin disease initiates development of
joint disease remains unresolved. It has been shown that
constitutive hyperexpression of STAT3 using a STAT3C
construct targeted to keratinocytes is sufficient to induce
cutaneouspsoriasis-like lesions.When combinedwith glob-
al expression of a mutant form of the gp130 allele, a
cytokine receptor signal transducer, the STAT3C con-
struct leads to arthritis in mice (1,2). In this issue of Arthri-
tis & Rheumatology, Yang and colleagues introduce a new
mouse model that is unique in that it embodies all of the
major features of cutaneous psoriasis and psoriatic arthri-
tis, including skin disease, joint disease, and an enthesopa-
thy, as well as osteopenia (3). This experimental disease
model also is based on constitutive hyperexpression of
STAT3 using the STAT3C construct, but in this case, the
targeting of the construct to CD4+ Tcells has been found
to be sufficient to induce all of the manifestations.

STAT3 signaling plays a key role in normal cell
functions, including cell growth, survival and proliferation,
apoptosis, and inflammation. It is activated by numerous
cytokines and growth factors through JAK-mediated phos-
phorylation of tyrosine-705 or phosphorylation of serine-
727 through a variety of serine/threonine protein kinases
(MAP kinase, mechanistic target of rapamycin, and protein
kinase Cd), which is required for maximal STAT3 tran-
scriptional activity. The STAT-3 proteins occur as inactive
monomers in the cytoplasm until their phosphorylation,

which prompts their dimerization. The dimers are translo-
cated to the nucleus, where they bind to specific DNA ele-
ments that regulate transcription of an array of genes.
Almost 2 decades ago, Darnell and coworkers engineered
the constitutively dimerizable STAT3 molecule, STAT3C,
by substituting cysteine residues for tyrosine within the
C-terminal loop of the SH2 domain of the STAT3 molecule
(4). STAT3C was shown to drive transcription, not only
stimulating cell growth and proliferation but also promot-
ing transformation. Subsequently, naturally occurring con-
stitutive activation of STAT3 has been identified in several
human malignancies.

STAT3C should not be confused with the naturally
occurring isoforms of STAT3 function that result from an
alternative splicing event of STAT3 at exon 23. This
results in the expression of a truncated form of STAT3
(STAT3b) (5) that lacks serine-727. Although initially
thought to act in a dominant-negative manner, it is a bio-
logically active molecule capable of modulating the tu-
morigenic functions of STAT3. The differential expression
of these 2 isoforms represents just one aspect of the com-
plex network of mechanisms that regulate the magnitude
of STAT3 signaling and that modify its effects on tran-
scription in a manner that depends on physiologic condi-
tions and cellular context. Thus, a limitation of the use of
the constitutively active STAT3C construct is that it not
only exaggerates STAT3 activity but also functions inde-
pendently of many of these biologically relevant regula-
tory constraints. Nevertheless, the use of STAT3C in
mouse models of diseases has proven useful in providing
novel insights into potential pathogenic pathways.

As described above, the constitutive hyperexpres-
sion of STAT3 in keratinocytes alters the proliferation
and development of the keratinocytes, resulting in the
hyperkeratosis characteristic of skin psoriasis as well as
psoriasis-like inflammation of the skin. In this ker-
atinocyte mouse model, the dysregulated growth of the
keratinocytes induces an influx of macrophages that pro-
duce interleukin-6 (IL-6) and IL-1, which, in the context
of the dysregulated cytokine milieu, promotes the devel-
opment of the characteristic inflammatory skin response,
including development of Th17 and Th22 cells. In
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conjunction with the gp130 mutation, this inflammatory
response is sufficient to elicit joint disease. The newly
introduced model of STAT3C expression in CD4+ Tcells
provides an alternative paradigm in which STAT-asso-
ciated dysregulation of CD4+ Tcells can act as a primary
initiating event that drives inflammatory skin disease and
hyperkeratosis, as well as joint involvement (Figure 1).

Yang and colleagues provide a detailed description
of the disease manifestations in their current report. In
terms of the potential pathogenic mechanism, they focus
primarily on the examination of the role of STAT3-driven
augmentation of the activity of the Th17 cell subset of
CD4+ T cells. The role of IL-22 is examined through use
of IL-22–knockout mice. While Th17 cells produce IL-22
as well as IL-17, IL-22 is produced predominantly by a dis-
tinct lineage of CD4+ T cells (Th22 cells). Increased

frequencies of IL-22–producing cells with characteristics
of Th22 cells are a feature of psoriasis and psoriatic arthri-
tis, in addition to the increased frequencies of Th17 cells
(6). Cytokine-induced STAT3 signaling has been shown to
play a role in the development, differentiation, and expan-
sion of both Th17 and Th22 cells. It is increasingly clear
that although Th17 and Th22 cells share many commonali-
ties, their differences extend well beyond their cytokine
expression profile. Commonalities include the fact that
both cell subsets are induced by IL-6–mediated up-regula-
tion of STAT3. Furthermore, both Th17 and Th22 cells
rely on IL-23 for sustained activity and differentiation,
which is of great interest since genetic susceptibilities asso-
ciated with IL-23 and the IL-23 receptor have been
reported both in psoriasis and in psoriatic arthritis. More-
over, both cell subsets express the chemokine receptors
CCR6 and CCR4.

Differences between Th17 and Th22 cells include
the fact that development of Th17 cells is induced/promoted
by IL-6 in combination with transforming growth factor b
and IL-1 signaling (7), whereas Th22 T cell development is
induced/promoted by IL-6 in combination with tumor
necrosis factor (TNF) signaling. IL-23 induction leads to the
production of IL-17A, IL-17F, and IL-22, as well as TNF,
IL-6, IL-21, and IL-26, by Th17 cells, whereas it leads to the
production of IL-22 and TNF, as well as IL-13 and IL-26,
by Th22 cells. Furthermore, Th22 cells, but not Th17 cells,
express CCR10 in addition to CCR6 and CCR4, and also
express the aryl hydrocarbon receptor (AhR).

Analysis of samples from patients with psoriasis
has indicated increased levels of IL-22 and Th22 cells in
the involved skin or peripheral blood (7). Somewhat
surprisingly, the numbers of Th22 cells are very low in the
involved joints of patients with psoriatic arthritis (7),
although they are high in the involved joints of ~60% of
patients with rheumatoid arthritis (RA) (8). These differ-
ences could potentially reflect the relative ability of the
microenvironment at the different sites to promote or sus-
tain Th22 cells when compared to Th17 cells. It also has
been suggested that preferential homing of subpopula-
tions of T cells, including Th17 and Th22 cells, to specific
sites may affect the manifestation of skin symptoms in
psoriasis, and also may affect the differences in the arthri-
tis phenotype associated with psoriatic arthritis when
compared to RA. Although Th17 and Th22 cells share
some chemokine receptors, Th22 cells also express
CCR10 and skin-specific homing receptors that have been
described in psoriasis (9). Further analysis of the new
model may provide insights into this critical question.

An unexpected finding in the study by Yang et al (3)
was that when the mice with constitutive hyperexpression of
Stat3 in CD4+ Tcells were backcrossed to IL-22–knockout

Figure 1. Promotion of psoriasis and psoriatic arthritis by STAT3 in
CD4+ T cells. In the current study by Yang and colleagues (3), the
authors demonstrated that constitutive hyperexpression of the STAT3
gene in mouse CD4+ T cells was sufficient to promote psoriasis-like
skin disease, psoriasis-like arthritis, and enthesopathy. Taken together
with other data, the results suggest a model in which constitutive ex-
pression of STAT3, with or without interleukin-6 (IL-6) signaling, pro-
motes an inflammatory environment, including the production of IL-1,
transforming growth factor b (TGFb), and IL-23, which promote the
development and differentiation of Th17 cells (upper pathway). The
same conditions in the presence of tumor necrosis factor (TNF) and
IL-23 lead to the sustained development of Th22 T cells (lower path-
way). Th17 cells express the characteristic transcription factors STAT3
and retinoic acid receptor–related orphan nuclear receptor ct
(RORct), the chemokine receptors CCR4 and CCR6, and the cyto-
kines IL-17A, IL-17F, IL-22, and IL-21. Collectively, these promote
development of a psoriasis-like arthritis, and individuals with higher
STAT3 transcriptional activity are more susceptible to joint disease
(upper pathway). Th22 cells express the canonical transcription factors
STAT3, NF-jB, and aryl hydrocarbon receptor (AhR), the chemokine
receptors CCR4, CCR6, and CCR10, and the cytokines IL-22, TNF,
IL-13, and IL-26. Collectively, these promote development of skin pso-
riasis, and individuals with high STAT3 transcriptional activity are more
likely to develop skin disease (lower pathway).
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mice, a significant reduction in the psoriatic arthritis mani-
festations, as well as a reduction in the skin phenotype, was
observed. Whereas the observed reduction in the skin phe-
notype in these mice is consistent with prior evidence show-
ing that IL-22 has a more prominent effect on psoriatic skin
disease, joint disease has been more closely associated with
IL-17. An association between IL-17, RANK ligand expres-
sion, and osteoclastogenesis is well established. Based on
the observed reduction in RANK ligand levels in the IL-
22–knockout mice, the authors speculated that this previ-
ously undescribed role for IL-22 in psoriatic joint disease
could be attributed to the ability of IL-22 to stimulate
RANK ligand expression. This was based on findings from
a previous study demonstrating that IL-22 stimulated
RANK ligand expression in synoviocytes from patients with
RA, and IL-22–treated fibroblasts stimulated osteoclast
differentiation from monocytes in the absence of RANK
ligand (8). As mentioned above, the increase in the number
of Th22 cells was more prominent in the joints of patients
with psoriatic arthritis compared to those with RA. Thus,
the intriguing finding of a potential role for IL-22 in psori-
atic joint disease will need to be further evaluated to deter-
mine the extent to which the mouse model corresponds to
psoriatic joint disease in humans.

A key feature of the newly introduced model is the
description of the development of an enthesopathy. En-
thesopathy is one of the initial features that can be used
to clearly distinguish psoriatic arthritis from RA (10). The
understanding of the interrelationship between the enthe-
sis and synovium and its significance is evolving. A close
anatomic integration between the enthesis and synovium,
resulting in a synovio-entheseal complex, has been
described (11). It has been proposed that the enthesis
fibrocartilage that is located adjacent to synovium, such as
in the joints, bursa, or tendons, is dependent on the syno-
vium for lubrication and nutrition. The enthesis functions
to stiffen the tendon or ligament and helps to create a
more gradual change in mechanical properties between
soft and hard tissues. The enthesis insert itself is a vascu-
larized fibrocartilaginous structure, although it is unclear
if the close association with the joint can lead to inflam-
mation in the adjacent vascular synovium. Which of the
novel features of this mouse model leads to the enthe-
sopathy is unclear and is a subject for future investigation.

Limitations of the current analysis by Yang and col-
leagues (3) examining the pathogenesis of psoriatic arthri-
tis in a mouse model mirror those in analyses of human
psoriasis and psoriatic arthritis; however, ultimately, the
model may provide resolution of some of the outstanding
questions. Questions remaining include the need to fully
understand the functional consequences of the localized
production of multiple cytokines by Th17 and Th22 cells,

which have not been explored fully to date. Of importance,
this mouse model of psoriatic arthritis also may enable
informative analysis of the heterogeneity and plasticity of
CD4+ T cells within the specific pathogenic settings. The
Th17 cell population is heterogenous in terms of the levels
of production of the signature cytokines. In psoriasis, there
are at least 3 subpopulations of Th17 cells that are charac-
terized by their production of both IL-22 and IL-17, or
production of only IL-17 or only IL-22 (7). This is consis-
tent with the finding that in the BXD2 mouse model of
arthritis, CD4+ spleen T cells produce either IL-17 or IL-
21, but not both (12). The basis for the propensity of indi-
vidual Th17 and Th22 cells to produce one cytokine is
unknown, but may reflect prior signaling interactions that
modulate the activity of STAT3 or other transcription fac-
tors, such as AhR (13) or retinoic acid receptor–related
orphan nuclear receptor ct. Although the mouse model
would enable informative single-cell analyses by excluding
the levels of “noise” intrinsic in patient samples, it is possi-
ble that the STAT3C construct bypasses these modulating
effects and favors the development of specific subpopula-
tions. Testing of the role of single-nucleotide polymor-
phisms in modifying the downstream effects of STAT
transcription should be possible, however.

As in human psoriasis and psoriatic arthritis, the
collection of features manifested in the mice described in
the Yang article raises the question as to which features
are primary events and which are secondary. Resolution
of this issue is central to the development of effective
therapeutic strategies. This extends beyond the potential
cascade of events that could be initiated by dysregulated
cytokines and circulating immune cells. One example is
the potential release of endogenous proinflammatory
mediators from a primary site that then induces responses
at secondary sites. This possibility has been invoked in
terms of the postulated initiation of psoriatic arthritis by
the compromised synovio-entheseal complex (11).

A second example is the question of the role of the
altered microbiota that has been observed in psoriasis and
patients with psoriatic arthritis (14). AhR, which is highly
expressed by Th22 cells and regulates their expansion, recog-
nizes numerous naturally occurring molecules, including die-
tary flavonoids and common bacteria, as well as xenobiotics,
including dioxin. IL-22–producing cells have been shown to
be central to maintenance of the intestinal barrier, and
STAT3/T helper cell down-regulation of IL-22 compromises
the gut barrier (15). It would be important to develop a
method of testing in which the primary effects of the altered
microbiome in disease could be differentiated from the sec-
ondary effects. This concept was recently highlighted by find-
ings that negated those in previous reports of an altered
microbiome in mice with inflammasome deregulation (16).
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In summary, the new mouse model characterized
by Yang et al (3) highlights the importance of STAT3
signaling in psoriasis and psoriatic arthritis. As in cancer,
this should provide a framework for analysis of pathogen-
esis and disease susceptibility, although therapeutic tar-
geting of STAT3 has proven difficult to date, due to its
central importance in so many critical biologic processes.
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REVIEW

Cell Death, Nucleic Acids, and Immunity

Inflammation Beyond the Grave

Keith B. Elkon

Cells of the innate immune system are rigged with
sensors that detect nucleic acids derived from microbes,
especially viruses. It has become clear that these same
sensors that respond to nucleic acids derived from dam-
aged cells or defective intracellular processing are impli-
cated in triggering diseases such as lupus and arthritis.
The ways in which cells die and the concomitant presence
of proteins and peptides that allow nucleic acids to re-
enter cells profoundly influence innate immune re-
sponses. In this review, we briefly discusses different
types of programmed necrosis, such as pyroptosis,
necroptosis, and NETosis, and explains how nucleic acids
can engage intracellular receptors and stimulate inflam-
mation. Host protective mechanisms that include com-
partmentalization of receptors and nucleases as well as
the consequences of nuclease deficiencies are explored. In
addition, proximal and distal targets in the nucleic acid
stimulation of inflammation are discussed in terms of
their potential amenability to therapy for the attenuation
of innate immune activation and disease pathogenesis.

Introduction

Rheumato-immunologists began paying attention
to cell death after the discovery in 1992 that a mutation in
the fas gene caused acceleration of autoimmunity in the
MRL/lpr lupus mouse strain (1). Fas encodes a cell sur-
face death receptor, CD95, that promotes apoptosis of
activated immune cells. Loss of fas function leads to accu-
mulation of lymphocytes, including those with autoreac-
tivity. Further interest in cell death was prompted by the
observation that many autoantigens redistribute to the
cell surface following induction of apoptosis (2). During
the last 25 years, the importance of cell death pathways
and the way in which immune cells respond to dead and
dying cells have been studied intensively and shown to be
important across diseases.

Early studies of cell death made a fundamental
distinction between apoptosis and necrosis, with apoptosis
being controlled by a biochemical program and immuno-
logically silent, whereas necrosis is immediate, uncon-
trolled, and inflammatory. While it remains true that
rapid uncontrolled cell death—for example, as induced by
infarction, trauma, or burns—leads to damage of the cell
membrane and spillage of cell contents (necrosis), it has
become apparent that necrosis can also occur by pro-
grammed biochemical pathways (as discussed in detail
below). Involvement of executioner caspases (which are
cysteine proteases that help degrade intracellular pro-
teins) can also serve to distinguish apoptosis from necrosis
(3). If they are involved, then death is more likely to be
apoptotic, whereas failure to engage executioner caspases
leads to necrosis and inflammatory cell death. It has also
become apparent that, following necrotic forms of cell
death, nucleic acids are prominent, if not dominant, acti-
vators of innate immunity. Even during apoptotic cell
death, it is the presence of nucleic acids on apoptotic
cells or nucleic acids coating the blebs released from dying
cells that have the potential to engage B cell receptors
and partially activate B lymphocytes.
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What are PAMPs and DAMPs?

The discoveries of antigen receptors on cells of the
adaptive immune system, including Tand B lymphocytes, as
well as the fundamental principles that determine self and
non-self recognition through “education” in the thymus and
in the bone marrow, respectively, were elucidated in the
1980s. What are the receptors and fundamental principles
of self/non-self recognition in cells of the innate immune
system (herein focusing particularly on macrophages and
dendritic cells)? In 1989, Charles Janeway hypothesized that
cells of the innate immune system also have germline-
encoded receptors that could recognize foreign antigens
(4). These receptors were named pattern recognition recep-
tors (PRRs).

The primary consequences of PRR engagement in
innate immune cells are expression of costimulatory pro-
teins, and release of chemokines and cytokines (Figure 1).
The microbial ligands that trigger PRRs, designated patho-
gen-associated molecular patterns (PAMPs), include the
bacterial cell wall component lipid polysaccharide, the bac-
terial protein flagellin, and viral nucleic acids. Challenged
by evidence that inflammation can arise during tissue dam-
age with the release of dead and dying cells in the absence
of infection (i.e., sterile inflammation and the “danger
model” [5]), concepts were expanded to include host-
derived ligands (designated damage-associated molecular
patterns [DAMPs]), such as nucleic acids, monosodium
urate monohydrate (MSU) crystals, and high mobility
group box chromosomal protein 1 (HMGB-1).

Since the initial inflammatory response by the
innate immune system can be identical when activated by
PAMPs or DAMPs, the fundamental questions raised are
whether and how the innate immune system distinguishes
self from foreign? The answer, similar to the lessons
learned from adaptive immunity, is that the innate
immune system employs a variety of overlapping strate-
gies that vary in time with the outcome, depending on
both the nature of the stimulus and the quantity and qual-
ity of the host response. With regard to self antigens
released as DAMPs, how cells die plays a critical role in
alerting the innate immune system to “friend or foe.”

How cells die determines noninflammatory versus
inflammatory consequences

Beyond the simple apoptosis/necrosis dichotomy,
at least 13 different biochemical forms of cell death have
been recognized (6). Different names have been given to
these forms of death, depending on the inductive stimulus
(e.g., starvation, end-stage maturation, or gene damage),
cell type (e.g., cornification in skin cells, pyroptosis in
macrophages, or neutrophil extracellular trap [NET] for-
mation in neutrophils), and involvement of caspases. In
the current review, the following different types of cell
death are discussed: apoptosis, necrosis, necroptosis,
pyroptosis, and NET formation. Each of these types of
cell death can have either a negative impact or a positive
impact on inflammation and autoimmunity (Figure 1).
Host cell mechanisms that function to reduce inflamma-
tion from cell-derived material are also considered herein.
It should be emphasized that an immune response, even
when involving inflammatory cytokines, is not necessarily
deleterious, as many of these responses are part of a
wound repair process or tend to trigger healing pathways
(for review, see ref. 7).

Although the outcomes in each form of cell death
(as discussed below) differ, what most have in common
is the generation of a macromolecular structure or plat-
form comprising the key effector molecules required for
execution of the program (e.g., apoptosome in apoptosis,
necrosome in necroptosis, and inflammasome in pyro-
ptosis). A detailed description of the components and
biochemical function of these structures would be too
lengthy for the current review (for more detail, see spe-
cific references included in the descriptions of each form
of cell death).

Apoptosis and postapoptotic necrosis

Apoptosis can be triggered by extracellular signals
via activation of a “death receptor” or by intracellular

Figure 1. Basic concepts of innate cell stimulation by damage-asso-
ciated molecular patterns (DAMPs) or pathogen-associated molecular
patterns (PAMPs). Either DAMPs or PAMPs are capable of activating
cells of the innate immune system, such as macrophages and dendritic
cells. Depending on the nature of the molecular pattern, either anti-
or proinflammatory responses can be elicited. These responses impact
both the inflammatory environment and communication with T cells.
Whereas intact apoptotic cells are immunologically silent or stimulate
antiinflammatory responses as well as negative adaptive responses
(left panel), release of cellular content from necrotic cells is almost
always inflammatory (right panel). Note that DAMPs and PAMPs
also impact B cells both by serving as antigens activating the B cell
receptor and, following internalization, by activation of sensors such
as Toll-like receptor 7 (TLR-7) and TLR-9 (see also Figure 3).
TGFb = transforming growth factor b; IL-10 = interleukin-10; TNF =
tumor necrosis factor.
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events such as DNA damage, endoplasmic reticulum
stress, or lack of nutrient support. Elimination of cells by
apoptosis plays obligate roles in normal immune system
development, tissue homeostasis, and immune regulation.
Apoptosis initiated by death receptor signaling is termed
extrinsic apoptosis, while that induced by intracellular
stresses is termed intrinsic apoptosis. Both apoptotic path-
ways converge on activation of the caspases—caspase 8
for the extrinsic pathway, and caspase 9 for the intrinsic
pathway. The ensuing proteolytic cascade leads apoptotic
cells to undergo distinct morphologic changes, including
dismantling of the cytoskeleton and alterations in the lipid
composition of the cell membrane. The latter event, espe-
cially the appearance of phosphatidylserine on the cell sur-
face, serves as a signal to phagocytes, which readily engulf
apoptotic cells (a process also called “efferocytosis”) prior
to the loss of membrane integrity by the dying cells. Apo-
ptotic cells are thereby “packaged” for phagocytosis, and
their contents are not released into the intracellular space.
For this reason, apoptosis is generally considered a nonin-
flammatory and immunologically silent form of cell death.
Efferocytosis may induce the stimulation of transforming
growth factor b and interleukin-10 (IL-10), both of which
are immunosuppressive cytokines, thereby further dimin-
ishing the chance for autoimmunity (Figure 1).

With regard to the relevance of apoptosis in dis-
ease, delay in the engulfment of apoptotic cells results
in 2 events that impact immune responses. Blebbing
with the production of microparticles (MPs) may occur.
MPs are a special class of extracellular vesicles that
also include exosomes and microvesicles. The MPs con-
tain nucleic acids as well as surface-exposed DNA, and
are implicated in cell–cell communication and either
functional suppression or stimulation of immune cells
depending on the cellular origin of the MPs and
patient context (8,9). A second and very significant
consequence of delayed clearance for immune homeo-
stasis is that the cell membranes of apoptotic cells
break down and release their intracellular contents in
the process of postapoptotic necrosis (Figure 2). The
released nucleic acids appear to be the main source of
DAMPs. However, extra- and intracellular nucleases, as
well as limited re-entry into the cells, help to prevent
persistent inflammation, as discussed below.

There is considerable evidence in mouse models
that failure to clear apoptotic cells leads to inflamma-
tion and/or autoimmunity (10). Genetic deletion of
receptors or ligands that facilitate apoptotic cell clear-
ance, such as the early complement components, milk
fat globule–epidermal growth factor 8, c-Mer, Axl, and
Tyro, and T cell immunoglobulin and mucin domain–
containing protein 4, predisposes individuals to the

development of lupus, although the disease is usually
mild unless other susceptibility factors are present.
Some patients with systemic lupus erythematosus
(SLE) have reduced clearance of apoptotic cells, as evi-
denced by an increased number of apoptotic cells in
their germinal centers (11). However, which molecular
pathways are defective remains unclear. Both in vitro
and in vivo experiments strongly support the idea that
the early complement components are required for the
clearance of apoptotic cells (12,13). The high frequency
of SLE in patients with C1q, C4, and C2 deficiency
(for review, see ref. 14) may be explained, in part, by
impaired clearance of dying cells. Inappropriately low
levels of C-reactive protein in patients with SLE may
further reduce apoptotic cell clearance (15).

Pyroptosis

Pyroptosis is a form of cell death most commonly
induced by bacterial PAMPs (16). These PAMPs are rec-
ognized by the PRR cytosolic sensors, leading to the
assembly of multiprotein complexes called inflamma-
somes (17). Inflammasome platforms can be assembled
not only by PAMPs—for example, gram-negative bacteria
can activate nonclassic NLRP3 inflammasomes, and bac-
terial Rho-inactivating toxins can activate the pyrin
inflammasomes—but also by DAMPs that are released by

Figure 2. Immediate or programmed forms of necrosis stimulate
inflammation. Programmed forms of necrosis include pyroptosis, necro-
ptosis, and neutrophil extracellular trap (NET) formation. Common fea-
tures are damage to the cell membrane and release of cytokines,
although this is less well established for NET formation. Gasdermin D
(GSDMD) and mixed-lineage kinase domain–like (MLKL) protein are
proteins involved in pore formation in pyroptosis and necroptosis,
respectively. How chromatin escapes from neutrophils during NET for-
mation is unknown. TNF = tumor necrosis factor; IL-6 = interleukin-6;
IFN-b = interferon-b.
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stressed and dead cells—for example, MSU crystals, as
well as DNA, can activate the classic NLRP3 inflamma-
some. Assembly of the inflammasome leads, in turn, to
activation of specific members of the caspase family, term-
ed the inflammatory caspases (human caspases 1, 4, and
5); human caspases 4 and 5 are functionally homologous
to murine caspase 11 (for review, see ref. 18).

Activation of the inflammatory caspases leads to
2 events that render pyroptosis distinct from apoptosis.
First, the catalytic activity of caspase 1 is required for
the maturation and bioactivity of 2 key cytokines,
IL-1b and IL-18 (19). These cytokines are synthesized
as inactive precursors, and their cleavage by caspase 1
renders them active. Once activated and released from
the cell, these cytokines are able to initiate complex
and pleiotropic inflammatory events. How do these
cytokines, which lack the leader sequences that allow
secretion of most cytokines via the Golgi apparatus, exit
the cell? Recent observations indicate that the inflamma-
tory caspases cleave, and thereby activate, the pore-form-
ing molecule gasdermin D (GSDMD), an executioner of
pyroptosis (20,21). Activation of GSDMD leads to disrup-
tion of the cell membrane, cellular swelling, and rupture,
thereby inducing the release of intracellular contents (Fig-
ure 2). The lytic nature of pyroptosis stands in obvious
contrast to the tidy packaging and phagocytosis associated
with apoptosis.

With regard to the relevance of pyroptosis in
disease, there is no definite association between gram-
negative bacteria, activation of the inflammasome, and
pyroptosis in rheumatic disorders. Nevertheless, uric
acid released by stressed or dying cells (22), MSU crys-
tals, and also intracytoplasmic DNA stimulate inflam-
masome platforms to generate IL-1b. Although it is
recognized that hyperuricemia is largely a consequence
of increased production or reduced excretion of uric
acid, the extent to which uric acid derived from dying
cells contributes to gout is not known. However, block-
ade of IL-1b with IL-1 receptor antagonist (IL-1Ra) is
an effective, albeit expensive, therapy for this disease.
The pyrin inflammasome is stimulated by bacterial tox-
ins that inactivate the GTP binding protein RhoA (23).
Missense mutations in the MEFV gene, which encodes
pyrin, autoactivate the pyrin inflammasome, and human
subjects with these gene mutations develop familial
Mediterranean fever (FMF), a process that, in signifi-
cant part, can be attributed to the release of IL-1b.
Once again, proof of principle is provided by studies
showing that IL-1b production can be blocked with
IL-1Ra or by antibodies to IL-1b, each of which has
been shown to be an effective form of treatment for
colchicine-resistant FMF (24).

Necroptosis

Necroptosis is a caspase-independent form of pro-
grammed cell death that is morphologically similar to
necrosis. Necroptotic cells swell and rupture, releasing
their intracellular contents in a manner analogous to
necrotic and pyroptotic cells. However, the mechanisms
by which necroptosis occur are distinct. Necroptosis is
mediated by the activation of receptor-interacting protein
kinase 1 (RIPK-1) and RIPK-3. The RIP kinases are acti-
vated by ligation of many of the same “death receptors,”
such as tumor necrosis factor (TNF) receptor or Fas
(CD95), that induce the extrinsic pathway of apoptosis.
Strikingly, however, the molecules that induce extrinsic
apoptosis suppress necroptosis. The outcome of death
receptor signaling is therefore pleiotropic, and is deter-
mined by the relative abundance and activity of the sig-
naling components that bind to the cytoplasmic tails of
these receptors (25). Specifically, the relative lack of
bioactive caspase 8 or increased levels of cellular FLICE-
like inhibitory protein promote necroptosis rather than
apoptosis.

Once activated, the RIP kinases phosphorylate an
effector molecule, mixed-lineage kinase domain–like pro-
tein, which disrupts the cell membrane (26) (Figure 2).
This mechanism of programmed membrane disruption is
analogous to the execution of pyroptosis by GSDMD. As
a lytic form of cell death, it has been hypothesized that
necroptosis may promote inflammation through the
release of DAMPs, although the precise mechanisms by
which this occurs remain to be determined.

With regard to its relevance in disease, necroptotic
death is seen in virus infections (e.g., cytomegalovirus)
that produce caspase inhibitors, and has also been impli-
cated in neurodegeneration and inflammatory bowel dis-
ease (27). Expression levels of RIPK and RIPK-3 are
reported to be reduced in patients with SLE (28). In con-
trast, in murine collagen-induced arthritis, the levels of
these kinases are increased and could be shown to play a
role in inflammation, especially in the absence of inter-
feron-c (IFNc) (29).

Neutrophils and NET formation

Neutrophils are short-lived cells that may die by
apoptosis, necrosis, or NET formation. Since they are the
most abundant white blood cell in the circulation and are
first responders to infection and injury, their mode of death
is particularly important. NET formation is a programmed
form of neutrophil necrosis (30), although a similar process
has been described in eosinophils and basophils. This form
of rapid cell death is characterized by the extrusion of
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chromatin in a NET-like structure, accompanied by the
release of neutrophil-derived enzymes and mitochondria
or their fragments. NET formation is stimulated by
exposure of neutrophils to certain bacteria and immune
complexes containing RNA, which, in turn, stimulates
the intracellular Toll-like receptor 8 (TLR-8), the domi-
nant TLR in neutrophils. Depending on the stimulus,
the NET formation program requires activation of the
enzyme peptidylarginine deiminase type 4 (PAD4), lead-
ing to citrullination of histone H3 and unpacking of
chromatin, as well as activation of NADPH oxidase
(NOX) or mitochondrial reactive oxygen species (ROS)–
generating systems.

With regard to its relevance in disease, increased
generation of NETs and/or impaired NETclearance have
been implicated in the pathogenesis of autoimmune dis-
orders, including SLE, vasculitis, and rheumatoid arthri-
tis (RA) (31). In SLE, low-density granulocytes undergo
spontaneous NET formation ex vivo, strongly suggesting
that this process is initiated in vivo. Patients with SLE
have increased circulating levels of NETs, and evidence
of NET formation can also be found in tissue (32). Some
studies have shown that patients with SLE or vasculitis
have an impaired ability to degrade NETs (33), which
leads to increased inflammation and type I IFN produc-
tion. These observations have been supported by mouse
studies in which pharmacologic inhibition of NET forma-
tion in lupus-prone mice, either by inhibition of PAD4
activity or by inhibition of mitochondrial ROS, amelio-
rates disease (34,35). However, an argument refuting the
notion that NET formation is required for disease devel-
opment has been made in genetic studies of MRL/lpr
mice in which deficiency of either PAD4 or NOX-2 did
not protect against disease (36,37).

Generation of ROS is necessary for NET forma-
tion in most contexts, and we and other investigators
recently demonstrated that generation of ROS, rather
than NOX-2, by mitochondria is key to the oxidation of
DNA and, in particular, the oxidation of mitochon-
drial DNA (mtDNA) (34,38). Furthermore, oxidized
mtDNA was proven to be highly inflammatory through
activation of the stimulator of IFN genes (STING)
pathway, inducing IFNb and other inflammatory cyto-
kines (34). In gout, neutrophils that ingest MSU crystals
stimulate inflammatory cytokines and can induce NET
formation. Interestingly, gouty tophi are composed, in
part, of aggregated NETs, which degrade cytokines and
help in the resolution of inflammation (39). Recent
studies in mice revealed that a combined deficiency of
DNase1 and DNase1L3 led to clotting of the vessels by
NETs in a disease resembling thrombotic microan-
giopathies (40).

Extra- and intracellular nucleases protect against
inflammation and autoimmunity

If excessive nucleic acids are released by necrosis
or via the programmed pathways of necrosis (as discussed
above), how do they re-enter the cell? One of the earliest
re-entry mechanisms identified in SLE was a mechanism
in which IgG autoantibodies form immune complexes
with nucleoprotein particles and engage the activating
Fcc receptor type IIA (FccRIIA) on plasmacytoid den-
dritic cells (PDCs) and other cells. This, in turn, leads to
phagocytosis and downstream activation of intracellular
TLRs to stimulate the production of type I IFNs and
inflammatory cytokines (41). Other re-entry pathways
include internalization facilitated by HMGB-1 or the
related mitochondrial protein Tfam, through the receptor
for advanced glycation end products (RAGE). There are
fewer well-defined mechanisms associated with endocyto-
sis of MPs, which possibly involves scavenger receptor 1

Figure 3. Nucleic acids gain access to intracellular sensors through
multiple routes. Extracellular nucleic acids (DNA or RNA) can be
captured by autoantibodies, bind to highly cationic peptides such as
LL37, or interact with nucleic acid binding proteins such as high
mobility group box chromosomal protein 1 (HMGB-1) to gain re-
entry into cells. A professional phagocytic cell, such as the macro-
phage depicted on the right, may uptake molecules by all of these
pathways, whereas in other cell types, uptake may be more restricted.
Endocytosis of nucleic acid complexes may be receptor mediated (the
Fcc receptor and receptor for advanced glycation end products
[RAGE] are shown), but in other cases, mechanisms are less clear
(see discussions in the text). In many situations, nucleic acid com-
plexes that enter endosomes generally trigger Toll-like receptors
(TLRs) but can escape into the cytosol (green arrow). Intracellular
nucleic acids gain access to sensors through different mechanisms—
mitochondrial DNA (mtDNA) may be released directly from the
damaged organelle or re-enter the cell after binding to the protein
called Tfam. The cytosolic sensors can be activated by DNA:RNA
hybrids as well as nuclear DNA arising from retroelements or nuclear
damage. Note that cell debris, especially highly charged DNA and
RNA, may also engage and be internalized by the B cell receptor,
thereby delivering to the B cell signals through the B cell receptor as
well as through TLRs.
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and DNA in complex with the neutrophil peptide LL37,
binding to cell surface glycoproteins (42) (Figure 3). It is
relevant to note that the function of HMGB-1 is influ-
enced by its redox state: depending on the cysteine(s) oxi-
dized, HMGB-1 can activate TLR-4 or CXCL12, or be
completely inactive (for review, see ref. 43). Since nucleic
acids that have gained re-entry are now “ectopic,” they
are seen as foreign invaders and activate nucleic acid sen-
sors (Figure 3).

As emphasized above, inflammatory forms of cell
death are associated with release of cellular contents,
including the release of DNA and RNA into the tissue
and bloodstream. Nucleic acids, whether derived from
host or microbes, are powerful DAMPs and PAMPs that
elicit inflammation through multiple PRRs, as detailed
below. Extracellular nucleases such as DNase I, DNase I
L3, and RNase I provide the first line of protection by
degrading the DNA and RNA that may be either free or,
more commonly, associated with proteins to form com-
plexes (Table 1 and Figure 3). Cell surface–associated
chromatin on MPs is degraded by a secreted DNase called
DNASE1L3 that contains a positively charged C-terminal
peptide facilitating DNA digestion, even when protein
bound (44). There are many specialized nucleases within
the cell, some of which are free in the cytosol, such as
DNase III (TREX1), whereas others are compartmental-
ized in endosomes (DNase II) (Table 1). TREX1 is an
abundant 3-50-exonuclease with a preference for single-
stranded DNA (ssDNA) and has been implicated in the
degradation of DNA arising from retroelements and
mitochondria, although digestion is less efficient if the
DNA is oxidized (i.e., contains 8-OH deoxyguanine) (45).
DNA:RNA hybrids that may be produced by an infection
with retroviruses or that may occur in the life cycle of
endogenous retroelements are degraded by RNase H2

enzymes (Table 1). Mitochondrial DNA has recently
received much attention as an agonist capable of stimulat-
ing type I IFNs and other cytokines (34,38). Since it is
readily oxidized, mtDNA is less efficiently degraded by
DNases such as TREX1, leading to activation of TLR-9
and a DNA sensor, cyclic GMP-AMP (cGAMP) synthase
(cGAS) (34) (see further details below).

With regard to the relevance of nucleases in dis-
ease, in normal individuals, cell debris is cleared with no
long-term consequences, despite the fact that nucleic
acids are partly shielded from nucleases by the proteins
to which they are bound. “Interferonopathies” are a
group of monogenic orphan diseases that affect children
and are characterized by a type I IFN gene expression
signature in the circulating blood (46). The best-studied
interferonopathy is Aicardi-Gouti�eres syndrome (AGS)
(47), a disease characterized by abnormalities in the skin
and brain resulting in severe neurologic defects, with
~75% of patients being profoundly disabled in the first
few years of life (48). The expression of lupus-like fea-
tures, including the characteristic serologic findings (49),
in many of these patients is consistent with the idea that
elevated levels of type I IFNs other than IFNa can also
contribute to the pathogenesis of SLE. It is also relevant
to point out that type I IFN signatures are seen not only
in SLE, but also in patients with Sj€ogren’s syndrome,
dermatomyositis, or scleroderma.

Molecular genetic studies have revealed that inter-
feronopathies are produced by a number of mutations in
genes that are involved in nucleic acid metabolism. Most
relevant, in patients with AGS, mutations in TREX1,
RNASEH, ADAR, and IFIH1 activate pathways that
stimulate the production of IFNb (50,51) (Table 1).
Therefore, in diseases such as SLE and the interfer-
onopathies, the burden of nucleic acids exceeds the

Table 1. Nucleases associated with autoimmune and autoinflammatory diseases*

Nuclease, location Substrate Disease association (type) References

DNase I
Blood ssDNA, dsDNA SLE (human) 85
Intestine ssDNA, dsDNA Thrombotic microangiopathies (mouse) 40

DNase II
Endosome DNA, nuclear fragments SLE-like disease, arthritis (mouse) 86, 87

DNase III (TREX1)
Cytosol ssDNA, dsDNA AGS, RVCL, SLE (human) 50, 88

DNase I L3
Blood DNA in chromatin SLE, HUVS (human) 89

RNase H2
Cytosol RNA:DNA hybrid, DNA with

misincorporated ribonucleotides
AGS (human) 50

* Note that neutrophil extracellular trap–associated thrombotic microangiopathies occur only with combined deficiency of
DNase1 and DNase1L3 in mice. ssDNA = single-stranded DNA; dsDNA = double-stranded DNA; SLE = systemic lupus ery-
thematosus; AGS = Aicardi Gouti�ere’s syndrome; RVCL = retinal vasculopathy with cerebral leukoencephalopathy; HUVS =
hypocomplementemic urticarial vasculitis.
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degradative capacity of either the extra- or intracellular
nucleases because of increased amounts of dead cells and/
or low levels of nuclease enzymes. Rare cases of SLE are
associated with loss-of-function mutations in DNASE1,
DNASE2, and DNASE1L3, and up to 2% of SLE
patients have a heterozygous mutation in TREX1 (gene
for DNase III) (52,53) (Table 1). As mentioned above,
oxidized DNA that is produced during NET formation is
less efficiently digested by TREX1 and, therefore, may
contribute to the stimulation of type I IFNs (54).

Nucleic acids stimulate PRRs to induce inflammation

The location of nucleic acid sensing receptors can
be conveniently divided into endosomal and cytosolic.
Virus infections will often trigger both sets of receptors.
Even in the case of immune complexes containing
autoantigens with nuclear material, nucleic acids can leak
from endosomal compartments into the cytosol (55,56).

Endosomal sensors. TLRs can be divided into 2
categories, those that are mostly expressed on the cell

surface (such as TLR-2 and TLR-4) and those expressed
predominantly in the intracellular compartments (endo-
somes and lysosomes) (Figure 4). These include the
RNA-sensing TLRs TLR-7 and TLR-8, which detect
single-stranded RNA (ssRNA), and TLR-3, which is
more sensitive to double-stranded RNA (dsRNA),
whereas TLR-9 senses double-stranded DNA (dsDNA)
(Figure 4). Early studies of DNA suggested that bacterial
DNA containing CpG was highly inflammatory, whereas
mammalian DNA, which contained much less CpG, was
either inactive or suppressive. However, it is now accepted
that both the source of mammalian DNA (for example,
mtDNA is relatively hypomethylated) and the proteins to
which DNA binds may influence its inflammatory proper-
ties (Figure 3). Because the endosomal TLRs are located
within intracellular compartments, and not on the cell sur-
face, one major factor that limits their activation is ligand
accessibility—nucleic acids need to colocalize with the
TLRs in the appropriate endosomal/lysosomal compart-
ment in order to engage these receptors and signal
cytokine responses. Access to intracellular TLR is also
restricted by expression levels in different cell types
frequently requiring a second signal, such as activation of
FccRIIA for a cellular response (54). TLRs 7 and 9 are
expressed mostly in PDCs and B cells, whereas TLR-8 is
highly expressed in human neutrophils. TLR-3 is expressed
by both hematopoietic and nonhematopoietic cells (e.g.,
fibroblasts). As discussed above, in addition to IFNa, nu-
cleic acid triggering of TLR-7 or TLR-9 induces PDCs to
make proinflammatory cytokines such as TNF and IL-6.
Activation of TLR-3 also leads to the production of type I
IFNs and proinflammatory cytokines (Figure 4).

With regard to its relevance in disease, IFN-
inducing activity in SLE and possibly other diseases, such
as Sj€ogren’s syndrome and scleroderma, can, in part, be
explained by the presence of immune complexes consisting
of autoantibodies bound to DNA- and RNA-associated
autoantigens (57), which are internalized by the FccRII
(CD32) receptor on PDCs and trigger the release of IFNa
(58). This basic observation has led to clinical trials evalu-
ating biologic agents that degrade RNA in the immune
complex, that target PDCs, or that block the type I IFN
receptor for the treatment of SLE (59) (Figure 5). Of note,
cell surface–expressed TLRs, particularly TLR-4, have
been implicated in rheumatic diseases such as RA and
scleroderma, in which non–nucleic acid–containing cell
debris may act as ligands (for review, see refs. 60 and 61).

Cytosolic sensors. Following infection, many mi-
crobes replicate in the cytosol. To counter this, cells are
replete with different sensors that are poised to respond to
microbial nucleic acids acting through a variety of strate-
gies, including immune activation (Figure 4). Cytosolic

Figure 4. Sensors of intracellular nucleic acids. Intracellular recep-
tors responsive to DNA (depicted in black) and RNA (depicted in
red) are shown. The subset of nucleic acid–responsive Toll-like recep-
tors (TLRs) are present in the endosomal compartment, whereas
most other sensors are present in the cytosol. The signal transduction
and also transcription pathways are simplified. Adapters/platforms are
shown in blue, while red arrows indicate phosphorylation reactions,
and transcription factors are shaded in yellow. RIG-I = retinoic acid–
inducible gene I; MDA5 = melanoma differentiation–associated
protein 5; MAVS = mitochondrial antiviral signaling (protein); ALRs =
absent in melanoma-2–like receptors; cGAS = cyclic GMP-AMP syn-
thase; cGAMP = cyclic GMP-AMP; DDX-41 = DEAD box polypep-
tide 41; ER = endoplasmic reticulum; MyD88 = myeloid
differentiation primary response protein 88; TRIFF = Toll/inter-
leukin-1 receptor domain–containing adaptor inducing interferon-b;
IRAK4 = interleukin-1 receptor–associated kinase 4; TBK-1 = TANK-
binding kinase 1; STING = stimulator of interferon genes; IRF-7 =
interferon regulatory factor 7; AIM2 = absent in melanoma 2; IFNb =
interferon-b; IL-1b = interleukin-1b; TNF = tumor necrosis factor.
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RNA receptors, referred to as retinoic acid–inducible gene
I (RIG-I)–like receptors (RLRs), comprise 3 DExD/H-box
RNA helicases, RIG-I, melanoma differentiation–
associated protein 5 (MDA-5), and laboratory of genomics
and physiology 2 (LGP-2). These receptors are widely
expressed across tissues and cell types. The RLR proteins
sense virus RNA in the cytoplasm of infected cells, but
differ in their specificities. RIG-I recognizes 50-triphos-
phorylated, uncapped RNA as well as RNA bearing 50-
diphosphates. MDA-5 recognizes long dsRNA and
branched, high-molecular RNA forms. Following activa-
tion, RIG-I and MDA-5 bind to the mitochondrial antivi-
ral signaling (MAVS) adapter protein (also known as
IFNb promoter stimulator 1) that forms a scaffold for
stimulation of IFNb and other inflammatory cytokines via
various pathways (as shown in Figure 4). LGP-2 may be a
negative regulator of these processes.

At least 13 cytosolic DNA sensors have been identi-
fied (for review, see ref. 62). All of these DNA sensors
stimulate the production of type I IFNs or promote the

assembly of an inflammasome complex, leading to the acti-
vation of caspase 1 and subsequent secretion of IL-1b and
IL-18 (Figure 4). The absent in melanoma 2 (AIM-2)–like
receptors, of which there are 4 in humans and 13 in mice,
have in common a DNA-binding domain known as HIN
(hematopoietic expression, IFN-inducible nature, and
nuclear localization) and a pyrin signaling domain (63).
The biologic role of all of these DNA sensors in vivo, aside
from cGAS, has been questioned (64), and a recent study
suggests that cGAS-STING, rather than AIM-2, is respon-
sible for inflammasome activation in myeloid cells (65).
With regard to the sensor cGAS, binding of dsDNA to
cGAS causes a conformational change in the active site of
cGAS, which utilizes ATP and GTP to synthesize the cyclic
dinucleotide 20-50-cGAMP (66). Subsequently, cGAMP
functions as an endogenous second messenger binding
directly to the adapter protein STING. Dimerization of
STING results in the translocation of STING from the
endoplasmic reticulum to the Golgi, with recruitment and
activation of TANK-binding kinase 1 (TBK-1) and the
transcription factor IFN regulatory factor 3 (IRF-3), cul-
minating in the synthesis of IFNb (67) (Figure 4).

With regard to the relevance of cytosolic recep-
tors in disease, key questions regarding their role in
immune stimulation in autoimmune and autoinflamma-
tory diseases include the following. 1) Are the stimula-
tory nucleic acids derived from outside of the cell or
inside the cell? 2) Which main sensors are stimulated? 3)
What is the connection between nucleic acid immune
activation and antinuclear antibody (ANA) production?

In the interferonopathies, stimulatory nucleic acids
almost certainly originate from within the cell, due to
defective nucleic acid metabolism and accumulation of
nucleic acids, resulting in stimulation of the cytosolic sen-
sors. In SLE and related disorders, extracellular origins,
such as immune complexes, MPs, and extruded nuclei,
can activate both TLRs and cytosolic sensors once inter-
nalized. Intriguingly, recent studies have implicated
retroelement-derived nucleic acids in immune activation
in SLE and Sj€ogren’s syndrome. The short interspersed
nuclear element Alu was detected in immune complexes
in SLE (68), and the type 1 long interspersed nuclear ele-
ment was detected in the kidneys and salivary glands of
patients with Sj€ogren’s syndrome and patients with SLE,
respectively (69). Could cell-intrinsic activation stimulate
and prime for extrinsic (particularly immune complex)
stimulation? Could both endosomal and cytosolic sensors
be involved at different phases of disease?

Given the pivotal role of cGAS-STING in the
generation of type I IFNs and the central role played by
type I IFNs in the pathogenesis of SLE, cGAS expression
and cGAMP production were investigated in SLE

Figure 5. Potential points of therapeutic intervention in response to
nucleic acid stimulation of sensors. Biologic or small-molecule drugs
have been used in patients or in preclinical models to block cytokines
(approach no. 2) or downstream signaling events (approach no. 1).
Antibodies targeting plasmacytoid dendritic cells (pDC) are in early
clinical trials (approach no. 3). The intracellular Toll-like receptor
(TLR) sensors can be inhibited directly by oligonucleotides, or TLR
signaling can be modulated by chemical inhibitors of interleukin-1
receptor–associated kinase 4 (IRAK-4) or interferon regulatory factor
5 (IRF-5) (approach no. 4). Similarly, cyclic GMP-AMP synthase/
stimulator of interferon genes (cGAS/STING) activation or signaling
can be attenuated by antimalarial drugs or TANK-binding kinase 1
inhibitors (approach no. 5). Nucleases such as DNase and RNase can
degrade nucleic acid antigens (approach no. 6) that are free, in
immune complexes (ICs), or released by neutrophil extracellular trap
(NET) formation. Inhibitors of peptidylarginine deiminase type 4 or
mitochondrial reactive oxygen species inhibit the process of NET
formation (approach no. 7). See text for further details. B = B lym-
phocyte; PMN = polymorphonuclear (cell); 8-OHdG = 8-OH
deoxyguanine; TNF = tumor necrosis factor; IL-6 = interleukin-6;
IFN = interferon.
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patients (70). There was an increase in cGAS transcript
expression in ~one-third of SLE patients, and ~15% of
patients had detectable cGAMP dinucleotide in their
peripheral blood mononuclear cells. Interestingly, the
patients with detectable cGAMP had a higher SLE
Disease Activity Index score than did patients without
activation of the pathway (70).

With regard to RNA sensors, aggregation of
MAVS has been demonstrated in patients with SLE, which
may be associated with oxidation of mtDNA (71,72).
Hasan et al (73) reported that expression of messenger
RNA for TBK-1 (a protein downstream of cGAS as well
as RLRs) was significantly increased in SLE patients,
especially in monocytes. Finally, several patients with gain-
of-function mutations in the adapter protein STING
developed the autoinflammatory/autoimmune diseases
STING-associated vasculopathy with onset in infancy and
chilblain lupus (74,75). Very likely, the phenotypic expres-
sion of disease is influenced by a multitude of other gene
variants and environmental factors.

The hallmark of systemic autoimmune diseases is
the presence of ANAs. Considering the importance of
nucleic acids (as discussed in this review), it would be
helpful to ascertain whether excessive exposure to, or
defective removal/degradation of, nucleic acids is suffi-
cient to stimulate the production of ANAs. Studies of
patients with the interferonopathy AGS revealed highly
statistically significant increases in the levels of autoanti-
bodies to Sm/RNP and to SSA/SSB (49). Considering that
nucleic acid stimulation of cytokines is a feature intrinsic
to cells in patients with AGS (Figure 3), this suggests that
cytokines, especially type I IFNs, can be sufficient to stim-
ulate the generation of ANAs, but these findings do not
exclude the possibility that other stimuli, such as B cell
receptor engagement by cell debris or, in the case of
DNase1L3 deficiency, stimulation by MPs, may also have
a role (44). Presumably, IFN acts through its adjuvant
effect, leading to activation of all types of immune cells
(76). Since most patients with monogenic interfer-
onopathies generate autoantibodies but do not develop
full-blown SLE, other genetic variants, for example, muta-
tions in PTPN22, BLK, and BANK1, that may influence
B cell function are likely required for the expression of
high-affinity antibodies that lead to the development of
such systemic diseases as glomerulonephritis.

How are self and non-self DNA/RNA distinguished?

The special case of mitochondria—is 1.5 billion
years not enough? Mitochondria are self-contained organ-
elles that evolved from a protokaryote that was co-opted
into eukaryotic cells ~1.5 billion years ago. They perform

vital functions within the cell. They produce high-efficiency
energy by generating ATP through oxidative phosphoryla-
tion, and mitochondrial proteins such as Bcl-2 and Bax/Bak
control cell survival and death by regulating mitochondrial
membrane potential. Mitochondria are readily damaged
through hyper- or hypopolarization of their membranes, as
well as by generation of ROS. Damaged mitochondria are
usually removed by the process of mitophagy, but neu-
trophils appear to be poor at mitophagy and, therefore,
extrude damaged mitochondria as a way to prevent un-
toward damage within the cell (34,38). Mitochondria thus
have an impact on immunity, because 1) their DNA is rich
in CpG DNA (potential TLR-9 ligand) and can gain entry
into cells through binding to Tfam (77), 2) ROS oxidizes
mtDNA (potential cGAS ligand) that cannot be efficiently
repaired within the organelle, 3) in mammalian cells, they
are the only source of cardiolipin (antigenic target of some
autoantibodies), and 4) the damaged organelle can be
extruded (making it accessible to the immune system). Fur-
thermore, like their ancient bacterial forebears, mitochon-
drial peptides have an N-terminal–formylated methionine
that stimulates the production of chemokines. Taken
together, these findings suggest that, while a necessity for
the eukaryotic lifestyle, mitochondria pose an outsize dan-
ger to innate immunity (78).

Modified nucleic acids. It took decades to deter-
mine how cells of the adaptive immune system are able to
distinguish self from foreign antigens, and research is still
ongoing. Although some of the mechanisms are ancient
(for example, cGAS-STING is estimated to have evolved
600 million years ago), our understanding of the rules for
distinguishing self from foreign by innate immune sensors
is at an early stage. As discussed above, distinguishing self
from non-self in innate immunity relies on nondiscrimina-
tory strategies that include degradation of extracellular
nucleic acids (mostly from self), limited cell-type expres-
sion of some sensors, and intracellular location of all
known nucleic acid sensors. Discriminatory strategies that
identify differences between self and foreign nucleic acids
by sequence, chemical modifications, or structure are being
discovered. For RNA, 50-capping of the terminus is an
excellent example, as this feature is present in many viruses
but not in host RNA (79). RNA-reactive TLRs can detect
both virus and mammalian RNA, but here again, sequence
and structure are most likely key determinants of ligand
avidity, as TLR-7 and TLR-8 preferentially bind unmodi-
fied uridine-rich ssRNAs (80,81). Many of the small RNAs
associated with their protein antigens (e.g., Sm/RNP, Ro/
La) in SLE fit this category (polyuridine-rich RNAs).

With regard to DNA, oxidation of DNA and CpG
methylation demonstrate selectivity of processing and
recognition, as discussed above. Whereas DNase I can
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degrade oxidized DNA, oxidation impairs activity of the
intracellular DNase TREX1, resulting in the increased
likelihood of stimulation of cGAS (45). TLR-9 is the main
sensor of DNA and was originally thought to distinguish
microbial DNA from mammalian DNA, on the basis of
reactivity with hypomethylated CpG motifs, which are less
commonly found in mammalian DNA but are common in
bacterial and viral DNA. TLR-9 can also detect mam-
malian DNA. Nevertheless, DNA sequence is still rele-
vant, because mammalian DNA sequences enriched for
CpG dinucleotides are more potent activators of TLR-9
than DNA sequences devoid of CpG dinucleotides
(82). Potential sources of immunostimulatory mammalian
DNA include CpG islands, mitochondrial DNA, and
retroelements (Figure 3).

Therapeutic opportunities and concluding remarks

A deeper understanding of the origin of immuno-
stimulatory nucleic acids and their consequences will
enable a broad approach to the treatment of diseases
associated with release of cell debris. As shown in Fig-
ure 5, specific targets can be used, and in some cases have
already been used, to mitigate the inflammatory effects of
nucleic acids or nucleoprotein complexes.

Currently, biologic therapies that block cytokines
are in widespread use (approach no. 2 in Figure 5), and
newer small-molecule drugs such as Janus kinase inhibi-
tors (approach no. 1 in Figure 5) are being introduced to
attenuate their downstream effects. Studies of cell deple-
tion (e.g., depletion of T or B lymphocytes) have largely
failed, but depletion of PDCs (approach no. 3 in Figure 5)
represents an attractive target in type I IFN–related dis-
eases. Drug strategies that target the intracellular sensors
themselves are a logical approach, but inhibitory oligonu-
cleotides that block TLRs (approach no. 4 in Figure 5),
although effective in vitro, have not emerged as a viable
therapy for patients. Two potentially relevant targets
downstream of the TLRs are IL-1 receptor–associated
kinase 4 and IRF-5, and efforts are under way to block
the function of these proteins (83). Interestingly, antimalar-
ial drugs were shown to inhibit cGAS in vitro (approach no.
5 in Figure 5), and modified forms are now being tested in
preclinical models of disease, such as in a model of AGS
(84). Finally, degradation of the extracellular nucleic acids
could prevent nucleic acid accumulation during inflamma-
tion or immune complex production (approach no. 6 in Fig-
ure 5).

In general, strategies to inhibit the most upstream
pathways are desirable, since they are the least likely to
limit inflammatory responses to microbes in host defense.
Chemical inhibitors are more likely to have off-target

effects as compared to biologics. A deeper understanding
of cell death and intracellular nucleic acid metabolism will
undoubtedly help refine our therapeutic approach in
patients with a wide range of autoinflammatory and auto-
immune disorders.
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The Role of Graduate Medical Education in Adult Rheumatology
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Kamilah L. Greene,6 Seetha U. Monrad,7 and Daniel F. Battafarano8

Objective. Graduate medical education (GME),
through fellowship training, plays a critical role in pre-
paring new rheumatologists for our workforce and is an
essential component when addressing the gap of excess
demand for adult rheumatology care. This study was
undertaken to assess the demographic characteristics
and employment trends of new entrants entering the
rheumatology workforce and the impact this will have on
the supply of rheumatologits over the next 15 years.

Methods. Primary and secondary data sources
were used to develop an integrated workforce model. Fac-
tors specific to new graduates entering the workforce
included available and filled fellowship positions, gender
shifts, planned work schedules (part-time or full-time),
practice settings (academic or non-academic, private
practice), and number of international medical graduates
(IMGs) anticipating US practice.

Results. In 2015, there were 113 adult rheumatol-
ogy programs, with 431 of 468 available positions filled.
Using the 215 actual positions available annually in

fellowship programs as a starting point, after all factors
were applied, the projected clinical full-time equivalent
number entering the workforce each year was 107; this
number was affected significantly by gender and genera-
tional trends. In addition, 17% of IMGs self-identified
their plan to practice outside the US. Confounding predic-
tions included a large proportion of current rheumatolo-
gists planning retirement with substantially reduced
patient loads by 2030.

Conclusion. The current US adult rheumatology
workforce is in jeopardy of accelerated decline at a time
when demands on the workforce face tremendous growth.
The current GME training structure cannot support the
increased demand. Potential strategies to address this
gap include innovative mechanisms for GME funding to
increase fellowship training positions, incentives for pur-
suing rheumatology training (e.g., loan repayment pro-
grams), and novel means for recruitment of care to
underserved areas of the US.

A decade has passed since the previous assess-
ment of the rheumatology workforce (1,2). The 2005
US Rheumatology Workforce Study was conducted to
better understand factors affecting the supply of and
demand for rheumatologists, to quantify these factors
where possible, to project likely paths for the evolution
of workforce supply and demand, and to assess the
implications (1,2). Since 2005, projections of a work-
force shortage have increased significantly. The Council
on Graduate Medical Education has projected a defi-
ciency of 85,000 physicians in 2020, a shortfall equaling
~10% of the current physician workforce (3). The
Association of American Medical Colleges has similarly
made projections and predicted a shortage of 124,000
full-time physicians by 2025 (4).

In 2005, an American College of Rheumatology
(ACR)Workforce Study estimated the adult rheumatology
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workforce to be 4,946 providers and projected growth of
only 1.2% by 2025, resulting in a projected deficit of 2,576
rheumatologists (1,2). A significant gender shift in the
workforce from 30.2% women to 43.6% women by 2025
was also predicted. In response to the projected gap in
supply, the ACR supported initiatives to expand the num-
ber of rheumatology fellowship positions, improve prac-
tice efficiency, and increase the recruitment of nurse
practitioners (NPs) and physician assistants (PAs) into
rheumatology practice. As a result, available rheumatol-
ogy fellowship positions increased nearly 19%, from 396
to 470 between 2005 and 2015. The ACR Committee on
Training and Workforce convened a Workforce Study
Group (WSG) to conduct the 2015 Rheumatology Work-
force Study in consultation with the Academy of Aca-
demic Leadership. Among the WSG leadership were
rheumatologists with expertise in graduate medical educa-
tion (GME). The WSG was charged with updating
rheumatology workforce projections, capturing a realistic
view of clinical full-time equivalents (FTEs), and produc-
ing a comprehensive picture of access to care. The 2015
Workforce Study used a comprehensive, patient-centered,
integrative framework approach to assess the current
workforce and to project the supply of and demand for
adult rheumatology services through 2030.

This article summarizes results pertaining to adult
rheumatology training programs, demographic character-
istics, and employment trends of graduates entering the
adult rheumatology workforce. Additionally, the impact
of GME on the supply of and demand for adult rheuma-
tology care through 2030 is described.

METHODS

Workforce Study Group. The WSG, comprising volun-
teers with diverse backgrounds, broad perspectives, and a wide
range of expertise relative to rheumatology workforce issues, in-
cluded 3 fellowship program directors and 2 division directors.
The WSG worked collaboratively to develop data collection pro-
cedures, design the workforce survey of ACR/Association of
Rheumatology Health Professionals (ARHP) members, catalog
critical supply and demand factors for adult rheumatology ser-
vices, select the workforce study modeling process, and approve
the final workforce study findings (5).

Data collection. A mixed methods approach was em-
ployed using both primary and secondary data to evaluate work-
force issues and inform the development of the workforce
model. Primary data, collected through electronic surveys of
ACR/ARHP members and 2014–2015 rheumatology fellows-in-
training (FITs), were supplemented by focus group data. Data
were collected from many secondary sources such as the ACR
membership database, American Medical Association (AMA),
American Board of Internal Medicine, Rheumatology Nurses
Society, and National Commission on Certification of Physician
Assistants, as well as other published data for the purpose of

assessing the current base workforce and potential factors that
would have a direct impact on the future workforce.

Workforce study modeling. The workforce study model
incorporated an integrated workforce framework that com-
bined socioeconomic and epidemiologic factors that drive
demand with utilization rates that incorporate the current use of
health care services. Supply factors included demographic break-
down of new graduate entrants, geographic distribution of pro-
grams, practice settings, productivity metrics (e.g., relative value
units [RVUs]), retirement trends/succession planning, and work-
load trends. Demand factors included practice trends for pro-
viders, disease prevalence, population demographics, per capita
income, cost of rheumatology care, and physician distribution
per population, encompassing geographic trends.

Clinical FTE. The WSG recognized the importance of
including both actual numbers of and clinical FTE for adult
rheumatology practitioners entering the workforce. Clinical
FTE describes the percentage of work effort devoted to clini-
cal care to reflect a more realistic picture of patient access to
care (e.g., 2 providers each caring for patients 50% of the
time would together equate to 1.0 total clinical FTE). There
are many factors that contribute to patient access to care,
such as the number of female physicians (who tend to work
fewer hours and see fewer patients [4]), part-time versus full-
time workers, and retirement trends (4,5). Information from
the literature and the guidance of the WSG, which included
members from both the academic and the non-academic, pri-
vate practice workforce, led to the assumption that 80% of
the adult rheumatology workforce worked in non-academic
private practice settings, with the remaining 20% in academic
settings. Additionally, based on available data (both primary
and secondary) regarding the distribution of workload in aca-
demic settings, the WSG reached consensus on the definition
of a clinical FTE for purposes of the workforce study: 1.0
clinical FTE for adult rheumatology physicians working in
non-academic private practice settings and 0.5 clinical FTE
for adult rheumatologists working in academic settings.

Sensitivity testing. Sensitivity testing is a technique used
to determine how different values of an independent variable
impact a particular dependent variable under a given set of
assumptions. Once the base-case model (starting point of 2015)
was completed and the results were validated by the WSG, sensi-
tivity testing was used to ascertain a best-case and worst-case
scenario as it affects access to care, making it possible to esti-
mate a range for supply of and demand for services through
2030. The base-case model incorporated best-estimated values
of all selected parameters as determined through data collected
from primary and secondary sources, as well as guidance from
the WSG. This model represented status quo or unchanged
assumptions across the workforce. The factors identified
included changes in demographic parameters, anticipated retire-
ments, part-time versus full-time employment, percentage work-
ing in academic versus non-academic settings, available adult
fellowship positions, and non-physician providers (NPs and PAs)
working in rheumatology (Table 1).

RESULTS

Systematic process outcomes. The following out-
comes are a product of the systematic process used to
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determine the workforce model assumptions about the
future rheumatology workforce needs and projected supply.
It should be noted that these were not results of the work-
force model but rather the preliminary product of the pro-
cess in which the factors were determined to develop each
model: base-case, best-case, and worst-case for access to
care.

Supply factors. Data were collected from 94% of
the 2014–2015 FITs, including demographic profiles and
anticipated practice patterns. Based on the primary
information gathered, in conjunction with secondary
data, 3 major demographic changes emerged: 1) an in-
crease in the number of retiring rheumatology physicians

and non-physician providers (e.g., NPs and PAs); 2) an
anticipated increase in the percentage of women enter-
ing the adult rheumatology physician workforce; and 3)
an anticipated increase in the number of new entrants
seeking part-time employment. Of note, due to the small
number of NPs and PAs in the rheumatology workforce,
gender shift trends were not significant in the model, and
therefore were not included.

Demand factors. Regression modeling with back-
ward stepwise analysis was used to determine which
factors significantly contributed to the demand for rheu-
matology services (F = 39.06, P < 0.001; R2 = 0.37).
Pearson’s chi-square test was used to determine model fit

Table 1. Supply and demand model assumptions (base-case, best-case, and worst-case models)*

Base-case model assumptions
Best-case model
assumptions

Worst-case model
assumptions

Supply factors
Geographic No changes in the geographic

distribution through 2030
Physicians practicing in MSAs worked
on average 15% fewer hours per
week

Mean 53 hours

No geographic changes in the
model

No geographic changes in the
model

Productivity (RVUs) No factor applied for adults, due to
low growth rate

No factor applied for adults,
due to low growth rate

No factor applied for adults,
due to low growth rate

Succession planning ~50% will retire through 2030
25% patient load reduction for those
planning to retire (0.75 FTE)

Reduced retirement
percentage to 40% for 2020,
2025, 2030

Increased retirement
percentage to 60% for 2020,
2025, 2030

Sex In 2015, 59.2% men and 40.8%
women

Expected 14% increase in the number
of women by 2030

Women work 7 fewer hours/week and
treat 30% fewer patients

Percentage of women
decreased by 10% for 2020,
2025, 2030

Percentage of women
increased by 10% for 2020,
2025, 2030

Full-time versus PT employment ~18% of the workforce work PT (0.5
FTE)

90% working PT are women

Percentage working PT
decreased to 10% for 2020,
2025, 2030

Percentage working PT
increased to 25% for 2020,
2025, 2030

Practice setting 80% non-academic private practice
settings (1.0 FTE)

20% academic settings (0.5 FTE)

Percentage working in
non-academic, private
practice settings increased
to 90% for 2020, 2025, 2030

Percentage working in
non-academic, private
practice settings decreased
to 75% for 2020, 2025, 2030

New graduate entrants 215 graduates annually; ~1.4% will
not graduate

~83% of IMGs stay in US
~18.3% work PT (0.5 FTE)

100% fill-rate, 25% increase in
new graduates

50% fill-rate, stable number of
new graduates

Non-physician providers (NPs/PAs) ~2% to 5% increase into
rheumatology

Increase to 30% into
rheumatology

Increase to 10% into
rheumatology

Demand factors
Patients with OA and other
nonrheumatic diseases

~25% patient load Decreased patient load to 0% Increased patient load to 50%

Aging population ~18% patients ≥65 years of age
~25% patients ≥65 years of age

No change in the aging
population rates

No change in the aging
population rates

Prevalence of disease ~23% adult females
~18.6% adult males
~25% of all adult doctor-diagnosed
arthritis by 2030

No change in the aging
population rates

No change in the aging
population rates

* Data are from the American College of Rheumatology 2015 Workforce Study (5). Sensitivity analysis was completed to see how changes in key
parameters of the assumptions influenced supply and demand projections. All assumption factors have a synergistic effect that varies due to unex-
pected changes in estimated economic, geographic, and demographic variables. Best-case and worst-case scenarios were used to see how these
changes may affect the rheumatology workforce. MSAs = metropolitan statistical areas; RVUs = relative value units; FTE = full-time equivalent;
PT = part-time; IMGs = international medical graduates; NPs = nurse practitioners; PAs = physician assistants; OA = osteoarthritis.
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(P = 0.81). There was no presence of multicollinearity.
Major demand factors included health care utilization pat-
terns, disease prevalence, and changes in patient demo-
graphics. Based on the regression results, ~50% of demand
was due to the growth of the aging US population.

Sensitivity testing. Base-case supply projections as-
sumed no increases in the number of training programs or
changes in practice settings (non-academic private prac-
tice versus academic). In the best-case scenario for access
to care, the supply of the adult rheumatology workforce
increased to 5,989 and demand decreased to 6,692 clinical
FTE by 2030. This reduced the excess demand from over
100% to 11.7%. In contrast, the worst-case scenario de-
creased the supply to 3,592 and increased demand to
8,666. This increased the excess demand to ~140%. The
assumptions used in the base-case workforce model re-
flected the best estimates given the economic, social, and
political climates in 2015. Table 1 provides the assump-
tions used in the base-case model, best-case model, and
worst-case model for access to care.

Fellowship training programs. The number of
adult rheumatology fellowship training programs in-
creased from 108 (in 2005–2006) to 113 (in 2015–2016),
with an associated increase in the number of available
positions (396 in 2006–2007 to 470 in 2015–2016) (6–8)
(Figure 1), reflecting both an increase in the number of
programs as well as available positions within the

programs. It should be noted that not all positions are
filled each year (e.g., 431 of 468 positions were filled in
2014–2015). At the same time, ~50 applicants to adult
rheumatology fellowships fail to match each year.

There is a disproportionate number of adult rheu-
matology training programs across the US, with a much
larger number of training programs in the Northeast and
Mid-Atlantic regions (Figure 2). Except for California,
regions west of the Mississippi have very few programs.
Many states in the Northwest, Southwest, and North Cen-
tral US have no programs or 1 rheumatology fellowship
training program. In contrast, 13 states have 3 or more
programs, and 8 states have 5 or more training programs.

New graduates. In 2014–2015, there were a total of
431 Accreditation Council for Graduate Medical Educa-
tion (ACGME) adult fellows (211 first-year and 220 sec-
ond-year fellows), 50 third-year fellows, and 8 fourth-year
fellows (6). Of the ACGME fellows (first- and second-year
fellows), 53% were IMGs and 57% were women (6). Of
those who matriculate, ~1.4% do not graduate, and a
projected 17% of international medical graduates (IMGs)
plan to practice outside the US, resulting in � 18% fewer
total graduates entering the workforce upon graduation.
Therefore, it was projected that 176 of the potential 215
new graduates will enter the US adult rheumatology work-
force each year (6,7). This provided an actual base-case
number of total new graduates for further projections.

Figure 1. Adult rheumatology programs and positions in 2006–2007 through 2015–2016. The number of adult rheumatology training programs,
available positions, and filled positions in the US in each academic year are shown. Data are from the Accreditation Council for Graduate Medi-
cal Education Data Resource Book, 2015–2016.
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FIT survey data. While primary data were only a
small portion of the development of the workforce study,
information gathered from the FITs was used to help fur-
ther develop factors used in the workforce study model
associated with new graduates (5). A total of 351 adult
rheumatology fellows, both first and second year (82%),
completed the survey (7) (Table 2). Of those who
responded to each item, ~63% (n = 214) were female,
~50% (n = 171) were IMGs, and most reported being white
(49%; n = 164) of non-Hispanic origin (94%; n = 311).
Most adult rheumatology FITs (83.2%; n = 292) were in a
2-year rheumatology fellowship program, the ACGME
requirement for training. Of 113 fellows pursuing 3 or more
years of fellowship training (23.3% of all FITs), 65.5% were
US medical graduates and the remainder were IMGs. Stu-
dent loan debt was carried by most US medical graduate
FITs (70.6%). Among those with debt, 44.4% owe more
than $100,000 and 12.2% owe more than $300,000 (7)
(Figure 3).

More than 80% of adult rheumatology fellows
reported they would work full-time (n = 283), with ~20%
reporting that they planned to work part-time or were not
sure at the time of the survey. Approximately 40% of the
adult rheumatology FIT respondents planned to seek
employment in an academic health center (n = 138). Of
these, ~71% (n = 98) were women. A small proportion of
FITs (4.6%; n = 14) had plans to pursue rheumatology
before medical school, and the majority of FITs made

their decision to pursue rheumatology during their second
or third year of residency training. Intellectual interest,
lifestyle, clinical exposure, and mentorship were impor-

Figure 2. Number of adult rheumatology training programs in each US state in 2015. The numbers contained within the circles denote the num-
ber of fellowship programs in each state. Red indicates 1 program, green indicates 2 programs, and blue indicates 3 or more programs. * =
includes Hawaii; ** = includes Alaska.

Table 2. Self-reported demographic characteristics of adult
rheumatology fellows-in-training 2014–2015*

Sex (n = 341)
Male 127 (37.2)
Female 214 (62.8)

Where graduated (n = 343)
US medical school 172 (50.1)
Non-US medical school 171 (49.9)

Ethnicity (n = 331)
Hispanic 20 (6.0)
Non-Hispanic 311 (94.0)

Race (n = 336)
American Indian or Alaskan Native 2 (0.6)
Asian 143 (42.5)
African American 11 (3.3)
Native Hawaiian or other Pacific Islander 3 (0.9)
White 164 (48.8)
>2 races 13 (3.9)

Age, years (n = 330)
25–30 110 (33.3)
31–35 174 (52.7)
36–40 35 (10.6)
41–45 6 (1.8)
>45 5 (1.5)

Length of fellowship (n = 351)
2 years 292 (83.2)
>2 years 59 (16.8)

* Values are the number (%). Data were obtained from a survey of
2014–2015 fellows (n = 351) (7). The number of responses varied for
some demographic characteristics; thus, the total does not equal 351
for each category.
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tant factors reported in making the decision to pursue
rheumatology subspecialty training. Income potential was
the least likely contributor to this decision-making process
(6.1%; n = 21).

Workforce projections. Women constitute a grow-
ing proportion of the physician workforce. The AMA
reported that female physicians worked 7 fewer hours
per week than male physicians, and treated ~30% fewer
patients than did their male counterparts per year
(4,9,10). For the purposes of the workforce study, several

factors were considered, and the following were applied
to new graduates entering the workforce. The number of
fellowship programs and available positions would
remain constant from 2015 through 2030 with all posi-
tions filled each year; 18% fewer total graduates due to
both IMGs leaving to practice outside the US upon grad-
uation and a small percent of natural attrition; 18%
would seek part-time employment; and 59% of the new
entrants would be women.

With these combined factors, the projected clinical
FTE for adult rheumatology graduates was 107 per year,
a significant decrease from the total of 215 possible new
physician entrants per year. Importantly, it should be
noted that the projected clinical FTE of 107 quantitates
the clinical care providers available and/or the potential
access to care number for patients rather than the total
number of providers.

Retirement and succession planning projections.
More than 50% of adult rheumatologists reported retire-
ment plans over the next 10–15 years (Figure 4), 80% of
whom anticipated decreasing their patient load by at least
25% before retirement. Therefore, a factor of 0.75 FTE
was applied to reflect the proportion of those anticipating
retirement.

Supply and demand projections. The projections
for supply and demand for adult rheumatology services
compared the total number of adult rheumatology pro-
viders to the projected clinical FTE of all providers from
2015 to 2030 (5). The base-case model indicated an excess
demand for adult rheumatology providers of 1,118 FTE

Figure 3. Reported student loan debt of adult rheumatology fellows-
in-training in 2015 (7).

Figure 4. Adult rheumatologists 2016–2025. The projected numbers of retirees versus fellow graduates are shown in clinical full-time equivalents.
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in 2015. By 2030, the excess demand would be 4,729 FTE,
representing an increase of 137.8% (difference between
the projected workforce FTE supply of 3,455 and the
projected FTE need of 8,184) from the base-case model
(5). Sensitivity testing produced the best-case and worst-
case scenarios for access to care based on potential
changes through 2030.

The excess demand would vary from 5,566
(+182% change) in the worst-case scenario to 1,388
(+26.6% change) in the best-case scenario for access to
care, which is a range of >4,000 clinical FTE. While these
best-case and worst-case scenarios identified extremes,
they are helpful in distinguishing different ranges in the
workforce as they compare to the base-case model that
may occur in trends across the next 15 years.

DISCUSSION

This study analyzed the ACR workforce study
from a GME perspective to evaluate the status of the cur-
rent workforce, assess need, address retirement rates,
facilitate planning for training of new entrants, and maxi-
mize access to care potential. While total numbers of pro-
viders (including non-physician providers) were projected,
the WSG clearly defined clinical FTE to better project
available clinical providers for patient access to care. This
factor, clinical FTEs, was included with all other factors
to provide the best projection for the future rheumatology
workforce. Any projected deficit in supply should be used
to inform GME innovations to train more rheumatolo-
gists available for patient care.

While men currently comprise 59% of the rheuma-
tology workforce, there is an anticipated gender shift
occurring due to the current adult rheumatology work-
force beginning to retire and being replaced by new grad-
uates. By 2030, it is anticipated that men will constitute
only 43% of the workforce. In that regard, the literature
has reported that female physicians work, on average, 7
fewer hours each week, and see 30% fewer patients than
their male counterparts (4,9,10). Additionally, notably,
60% of FITs plan to enter private practice, a smaller pro-
portion than the currently estimated 80% of rheumatolo-
gists in non-academic private practice. Each of these
shifts contributes significantly to the reduced supply of
rheumatologists over the next 15 years.

Moreover, millennials (born between 1982 and
2004) comprise 6% of the current workforce but by 2030
will comprise 44% of the rheumatology workforce (11),
surpassing the baby boomers to become the largest propor-
tion of the American workforce (12,13). Millennials see
5% fewer patients now than did their counterparts in 2005
(4,12). In comparing patient visits with male compared to

female providers, there was a drop in the average number
of patient visits between 2005 and 2015; female millennials,
on average, had ~35% fewer patient visits, whereas the
decline in average patient visits for male millennial pro-
viders was 17% (5). The ability to work flexibly and find a
job near other family members has been reported as a high
priority by more millennials (12,14). Additionally, millenni-
als were more likely to have made, or to be willing to
make, sacrifices for family and personal responsibilities
(9,10).

Approximately 53% of the US adult rheumatology
FITs are IMGs and, importantly, nearly 20% of IMG FITs
plan to practice outside the US, thus not necessarily con-
tributing to reducing the US workforce supply gap. While
IMGs do not have the same burden of loan repayment as
most US medical school graduates have incurred (13),
they may have immigration and work visa–related pres-
sures affecting post-fellowship career choices. These
factors, along with gender and millennial factors, signifi-
cantly contribute to the lower estimate of only 107 new
graduate clinical FTEs per year.

In light of the potential increases in demand for
adult rheumatology services, succession planning patterns
were critical to the workforce supply model. The accuracy
of physician supply projections has been questioned
because of uncertainty about physician retirement patterns.
Data from the literature suggest that physicians tend to
retire at a more advanced age than individuals in other
occupations (4); therefore, primary data were used to assist
in succession planning projections over the next 15 years.
Of the 50% of rheumatologists who reported plans to retire
over the next 15 years, a significant proportion plan to
reduce their clinical patient load (5). These high projections
will clearly impact access to care for patients with rheu-
matic diseases as the aging workforce retires and/or reduces
patient workload and is replaced by new graduates. Innova-
tive strategies to expand GME training positions must be
established to address these potential deficits, while in par-
allel addressing practice design and efficiency.

The US adult rheumatology workforce is thus
projected to experience multifaceted limitations in its
growth potential over the next 15 years, amplifying the
already increasing gap between supply and rising demand
for rheumatology care. To target closure of this gap by in-
creasing new graduate entrants into rheumatology would
require the training of more than 4,000 providers over the
next 15 years; this is unrealistic, requiring a more than
doubling of the number of available fellowship positions.
Nonetheless, increasing GME positions in rheumatology
and targeting underserved locations are requisite to
addressing the looming supply-demand chasm and region-
al maldistribution.

GRADUATE MEDICAL EDUCATION AND THE RHEUMATOLOGY WORKFORCE 823



Between 2005 and 2015, the percentage of internal
medicine residents entering rheumatology has remained
stable at ~4% (6,8). During this period, the number of
internal medicine residents has increased, thus resulting
in a small increase in entrants into rheumatology. During
this period, the number of rheumatology fellowship train-
ing programs has also increased from 108 to 113, and the
number of available first-year rheumatology fellowship
positions has increased by 35%, from 156 to 210. Approxi-
mately 50 applicants to rheumatology fellowships fail to
match each year, and 100 failed to match in 2016. With
<10 open or unmatched rheumatology fellowship posi-
tions each year, it is apparent that there are many poten-
tial applicants available for fellowship selection,
suggesting that physicians will be available to fill fellow-
ship positions if additional GME slots are made available.

The Centers for Medicare and Medicaid Services
have been the single largest supporter of GME financing
for residency and fellowship training since the 1980s, and
each ACGME-accredited program receives direct GME
funds proportionate to the share of the hospital’s care pro-
vided to Medicare patients (15). In 2014, the Institute of
Medicine delineated the importance of reassessing GME
support, distribution, and governance to better address the
changing health care landscape and the already occurring
changes in workforce needs; it is imperative that modifica-
tions in GME financing occur to address the workforce
shortage (15).

Following the 2005 US Workforce Study, the
Rheumatology Research Foundation (RRF) initiated a
grant program to provide partial salary support for rheu-
matology fellows. These grants were initially valued at
$25,000 per fellow and, since 2015, $50,000 per fellow per
year (current estimate of up to 50% salary and fringe ben-
efits support per fellow). In total, support has ranged from
$500,000 to $1,400,000 per year, and over the past 14 years
the RRF has awarded a remarkable 392 grants, totaling
just under $11,000,000 in partial salary support for fellows.
This grant funding mechanism has been crucial for provid-
ing rheumatology fellow salary support and growing the
workforce, and we encourage its continuation.

Providing incentives for IMG FITs to remain in
the US to practice is another way to bolster the work-
force. Most IMGs do not have student debt, but many
face immigration and visa-related obstacles that impact
choice of practice location. Unless IMGs hold US citizen-
ship or permanent residency status, they are often not eli-
gible for grants to fund salary and/or research and are
thus less likely to train in 3-year training programs. There-
fore, they are more likely to provide direct patient care
after completing 2 years of fellowship training. Strong
advocacy may be needed to increase the number of J1

waiver slots in underserved areas (allowing many IMGs to
remain in the US after graduation), and to reduce barriers
to visa renewal for these important members of the field,
especially given that more than half of rheumatology FITs
are now graduates of medical schools outside the US.

The 2015 Workforce Study projected not only a
deficit but also a growing maldistribution of rheumatolo-
gists. Metropolitan areas have a higher density of rheuma-
tologists (5). These data have not changed substantially
relative to the 2005 Workforce Study, and there have not
been significant actions to resolve this imbalanced distribu-
tion. It has been demonstrated previously that most train-
ees enter practice in close geographic proximity to their
training program (16). Important to this consideration is
that there are 5 states with no rheumatology training pro-
grams. The RRF recently developed a fellowship training
award targeting programs in underserved areas. More such
targeted GME funding mechanisms are needed.

Strengths of this study included the incorporation
of several robust databases from different sources
(1–4,6,8,17). In addition, the secondary data were supple-
mented by primary data from rheumatology providers,
FITs, and patients; primary data provided current and
reliable information about new entrants into our field.
Importantly, estimates and projections for workforce sup-
ply and demand were based upon FTEs rather than num-
bers of health care providers. This approach provides a
more accurate estimate of supply from the vantage point
of the patient than a simple enumeration of practitioners.

There were several limitations to this study, includ-
ing determining the actual number of rheumatologists in
the workforce treating patients as well as the number of
currently board-certified physicians who are no longer
treating patients. Defining an accurate breakdown between
those working in non-academic, private practice and aca-
demic settings was also a limitation. The modeling was
based on a stable number of new entrants into the work-
force, with projections for part-time practice and practice
setting derived from both primary and secondary data
sources. The response rate to the ACR membership survey,
while sufficient (38.5%) (5), may not have been representa-
tive of the entire population of rheumatology practitioners.
Last, the use of cross-sectional data to project forward,
reflecting changes across time, was also a limitation.

Planning for the future of the rheumatology work-
force is vital. GME provides the necessary inflow of
rheumatologists into our specialty and is thus of funda-
mental importance in filling the gap between rheumatol-
ogy supply and demand. It is imperative that the
rheumatology specialty adopt innovative approaches
to augment the supply of rheumatologists, and while this
was one of the strategic plans derived from the 2005
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Workforce Study, the workforce landscape has since
changed significantly due to shifts in demographics, prac-
tice setting, and part-time work. These new projections
underlined a well-defined picture of adjusted provider
clinical productivity that clearly portrays the need. These
projections more accurately approximated the patient-
centered approach to care access and demonstrated that
merely increasing fellowship positions will not suffice. A
multipronged approach is warranted and must include
both increased recruitment of trainees into rheumatology
and improved geographic distribution of rheumatologists.
The 2015 Workforce Study not only informed us of the
magnitude of the supply versus demand chasm, but added
insight into the requirement for novel mechanisms as we
move forward. To escalate recruitment, it is important to
increase mentoring opportunities for medical students
and internal medicine residents. Consideration may be
given to incentives such as student loan repayment, geo-
graphic redistribution, and attracting IMG fellows to
remain in the US for practice.

Additionally, it is imperative to address physician
burnout and foster continued dedication to rheumatol-
ogy practice for those entering the field, by advocating
for policies that increase practice efficiency and reduce
barriers to patient access. At the same time, innovative
approaches to rheumatology care are needed since the
number of FITs would have to more than double to meet
our needs in the coming years. Increased recruitment of
NPs and PAs to rheumatology, practice redesign, use of
telemedicine to extend our reach, and further collabora-
tion with primary care physicians in the co-management
of patients with some rheumatic diseases are some
approaches to consider. It is, however, evident that we
must train more rheumatologists, and this will require
innovative GME funding mechanisms.

In conclusion, the specialty of rheumatology is fac-
ing a crisis of diminishing supply in the face of growing
demand. Demographic shifts related to generation, gen-
der, productivity, and immigration status, along with the
aging practitioner population, are creating a trajectory that
is diverging from the increasing demand for rheumatology
care. This study provides data and valuable insight into the
role of GME and the challenges of sustaining an adequate
supply of rheumatologists over the next 15 years.
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SPECIAL ARTICLE

Common Language Description of the Term
Rheumatic and Musculoskeletal Diseases (RMDs) for Use in
Communication With the Lay Public, Healthcare Providers,

and Other Stakeholders Endorsed by
the European League Against Rheumatism (EULAR)
and the American College of Rheumatology (ACR)

D�esir�ee van der Heijde,1 David I. Daikh,2 Neil Betteridge,3 Gerd R. Burmester,4

Afton L. Hassett,5 Eric L. Matteson,6 Ronald van Vollenhoven,7 and Sharad Lakhanpal8

A European League Against Rheumatism–Ameri-
can College of Rheumatology working group consisting of
practicing and academic rheumatologists, a rheumatol-
ogy researcher, and a patient representative created a
succinct general statement describing rheumatic and
musculoskeletal diseases (RMDs) in adults and children
in language that can be used in conversations with the
lay public, media, healthcare providers, and other stake-
holders. Based on the literature review, several elements
were deemed important for inclusion in the description
of RMDs. First, RMDs encompass many different dis-
eases that can affect individuals at any age, including
children. Second, there are various pathophysiological
pathways underlying different RMDs. Third, the impact
of RMDs on individuals and society should be empha-
sized. The working group agreed that the language

should be comprehensible to the lay public. Thus, the fol-
lowing description of RMDs has been developed: “Rheu-
matic and musculoskeletal diseases (RMDs) are a
diverse group of diseases that commonly affect the joints,
but can affect any organ of the body. There are more than
200 different RMDs, affecting both children and adults.
They are usually caused by problems of the immune sys-
tem, inflammation, infections, or gradual deterioration of
joints, muscles, and bones. Many of these diseases are
long term and worsen over time. They are typically pain-
ful and limit function. In severe cases, RMDs can result
in significant disability, having a major impact on both
quality of life and life expectancy.” This description can
be used by rheumatology groups, researchers, and those
who work in advocacy and education related to RMDs.

The field of rheumatology encompasses a wide
range of medical conditions that affect many organ sys-
tems. These conditions reflect diverse pathogenic mecha-
nisms and result in functional limitations, diminished
quality of life, and increased patient mortality. In addi-
tion, although rheumatic conditions in total are among
the most common of all medical problems, many of the
individual diseases are uncommon or even rare. This situ-
ation results in an ever-present dilemma for the field.
Most of the public and policymakers around the world do
not know about many of the rheumatic and musculoskele-
tal diseases (RMDs) and even if they have heard of them,
there is broad lack of awareness about the complexity and
enormous importance of this area of medicine.

To further public awareness and support policies
directed towards lessening the impact of these diseases on
patients and society, a working group from the European
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League Against Rheumatism (EULAR) and the Ameri-
can College of Rheumatology (ACR), consisting of
practicing and academic rheumatologists, a patient repre-
sentative, and a rheumatology health professional, has
developed a formal description of these conditions. The
goal of this effort was to create a succinct general state-
ment describing RMDs in adults and children in language
that can be used in conversations with the general popula-
tion with and without RMDs; media; healthcare provid-
ers; policymakers at local, national and international
levels; health insurance companies; charities; employers;
and other stakeholders.

Several elements were deemed important for
inclusion in the description of RMDs by the group. First,
it should be emphasized that RMDs encompass many dif-
ferent diseases that can affect persons at any age, includ-
ing children. Second, it should be clear that there are
various pathophysiological causes of RMDs. Third, the
impact of RMDs on individuals and society should be
emphasized. Finally, the language should be easily under-
stood by the lay public. Here we will discuss various
aspects that provide relevant background information,
which can be used during the discussion about the impor-
tance of RMDs with the relevant stakeholders.

Methodology

The participants of the working group were
selected based on their position in the respective organi-
zations. For EULAR this was the president, the chair of
the EULAR standing committee of clinical affairs, the
EULAR liaison to the ACR, and a patient representative.
For the ACR, the president and president-elect of the
ACR, the president of the Association of Rheumatology
Health Professionals, and the president of the Rheuma-
tology Research Foundation were included. The group
met once in person, had one teleconference, and all other
exchanges were conducted by e-mail. There was a scoping
review of the literature with emphasis on “grey literature”
such as reports from the European Union (EU).

RMDs encompass many different diseases that can
affect persons at any age, including children

Data suggest that there are over 200 RMDs; some
conditions are very common, while others are rare. Lists
of RMDs have been compiled in a number of publications
and survey results. For example, the ACR web site
features a detailed list, as does the EULAR web site
(1,2). The latter is considered the official list as applied
by the European Union of Medical Specialists (EUMS)
(see Supplementary Appendix, on the Arthritis &

Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40448/abstract). In addition, the Arthritis
Foundation, a patient organization in the USA, and the
ACR maintain patient-oriented lists of RMDs (3,4).

Well-known and prevalent examples of RMDs are
rheumatoid arthritis (RA), osteoarthritis (OA), and gout.
According to a conservative estimate of the United
Nations, symptomatic OA, or degenerative joint disease,
affects 15% of people worldwide, and it is estimated that
by 2050, over 130million people will suffer from OA
worldwide and 40million will be severely disabled (5).

RA is the most common autoimmune inflamma-
tory form of arthritis and affects approximately 1 in
100 persons worldwide, with women affected twice as
commonly as men (6).

Gout is the most common cause of inflamma-
tory arthritis in men and has a prevalence in the USA
and Europe of about 4% (7,8).

Many other RMDs are less common, but cause sig-
nificant morbidity and mortality. For example, systemic
lupus erythematosus, which affects women approximately 9
times more frequently than men, is a systemic autoimmune
disease that frequently causes arthritis and dysfunction of
connective tissues among many other systemic manifesta-
tions (9,10). The overall lifetime risk for developing an
inflammatory RMD including RA, gout, lupus, and others
for an adult in the USA has been calculated as 1 in 12 for
women and 1 in 20 for men (11). Many RMDs are uncom-
mon or rare, which contributes to the lack of familiarity
and/or experience with many RMDs on the part of general
practitioners. RMDs frequently affect joints resulting in
arthritis, and also frequently involve other internal organs
and the skin. Although arthritis is commonly considered as
a disease of aging, many RMDs—including many that cause
disabling arthritis—occur in children. Lack of awareness of
these conditions in both children and adults can lead to
excessive and unnecessary damage and disability (12–15).

There are various pathophysiological pathways of
RMDs

Review of these many diseases and conditions indi-
cates that they develop through a diverse range of patho-
genic pathways, most of which are not completely
understood. Many result from dysregulation and activa-
tion of immune mechanisms that lead to inflammation
and tissue damage. Some of these are classified as autoim-
mune diseases. Other RMDs result from acute or chronic
damage to musculoskeletal structures including bone, car-
tilage, muscle, tendon, ligament, and blood vessels. Other
primary metabolic, endocrine, neurologic, and infectious
diseases can lead to secondary dysfunction and damage of
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musculoskeletal tissue. For example, prolonged hyper-
glycemia in diabetes can result in changes in the structure
of tendons and other soft tissues resulting in impaired
mobility and joint function. The metabolic changes of the
iron-storage disease hemochromatosis can result in de-
generative arthritis in the hands. In addition, an increas-
ing number of genetic variations and mutations are
associated with the development of RMDs.

RMDs result in a major burden for both the
individual and the society

Many of the diseases are chronic and as they can
start as early as during childhood (e.g., juvenile idiopathic
arthritis) or young adulthood (e.g., spondyloarthritis), pa-
tients suffer with their disease for decades. Moreover,
most RMDs worsen over time with increasing impact on
both the physical and psychological conditions of the
patient. Some patients die prematurely as a result of the
condition or comorbidities, although if appropriately treated,
mortality is relatively low in most of these conditions.

Large population studies emphasize that RMDs
are highly prevalent worldwide. The eumusc.net project is
a collaboration of 22 organizations in 17 member states of
the EU investigating musculoskeletal health in Europe
(16). Their report summarizes the epidemiology of major
RMDs, impact on the individual and society, and manage-
ment and health services utilization. They concluded that
musculoskeletal problems are the most common cause of
severe long-term pain and disability in the EU and lead to
significant healthcare and social support costs. Moreover,
RMDs are a major cause of loss of work productivity
resulting in significant economic costs and may have seri-
ous impact on quality of life, affecting those with the con-
ditions and their relatives.

Musculoskeletal pain is prevalent in the EU with
just over one-fifth (22%) of the population reporting
current or long-term muscle, bone, and joint problems in
a survey performed by the EU in 2007 (17). Exactly a
quarter of all EU respondents say that at some point in
their life they have experienced chronic (lasting for at
least 3 months) restrictive pain affecting muscles, joints,
neck, or back which affected their ability to carry out
activities of daily living. Such pain is reported more by
women than by men (28% versus 22%). Musculoskeletal
pain is the second most common complaint underlying
long-term treatment contributing to major healthcare
costs (17). Twenty-four percent of the respondents to the
survey received long-term treatment for RMDs (second
after hypertension with 36% of respondents). It is likely
that the overall burden of arthritis is underestimated in
virtually every population. A recent study from the USA

using national data from a health interview survey and
doctor-diagnosed arthritis and symptoms revealed that
arthritis affected 91.2 million (36.8%) of the adult popu-
lation, including about 29% of men and 55% of women
between the ages of 18 and 65 (18).

RMDs were the most frequent reason among non-
infectious diseases to consult the primary care physician in
the UK in 2003, and this was increasing with age and
higher in female patients in all age categories (16). In Ger-
many, 11.2% of the total cost of illness in 2008 was spent
on musculoskeletal and connective tissue diseases (16).
These numbers appear to be rapidly increasing. For exam-
ple, a recent report provides data on doctor-diagnosed OA
in the USA between 2013 and 2015 (19). A total of 54.4
million Americans (22.7%) had doctor-diagnosed OA and
this percentage was even higher among adults with heart
disease (49.3%), diabetes (47.1%), and obesity (30.6%). In
2012, 54% of people in the USA over age 18 reported suf-
fering a musculoskeletal problem, and the prevalence
approached 75% for those aged 65 and older (The Burden
of Musculoskeletal Diseases in the United States) (20). Sev-
eral factors have an impact on the prevalence of RMDs,
including sex, age, body mass index, and physical activity.
As the population is aging this has a major impact on the
prevalence of RMDs. For example, the EU will have 58
million more people aged 65 and over in 2050 in compar-
ison to 2004 (16). Similarly, obesity is increasing, which
again will lead to a higher prevalence of RMDs.

RMDs have led to significant reduction in function
and quality of life as well as increased disability. Among
those with OA, 43.5% of the adults experienced limitations
in activity attributable to OA, and there was a significant
increase of 20% in the proportion of adults reporting these
limitations since 2002. The disability-adjusted life year
(DALY) is a measure to compare impact of various dis-
eases on disability and can be interpreted as the loss of 1
year of healthy life. The World Health Organization
(WHO) listed OA as the eighth leading cause of impact
measured by DALYs in their report on global burden of
disease (21). Another way of assessing the impact on dis-
ability is the years lived with disability (YLD). The WHO
listed musculoskeletal diseases as the third cause for disabil-
ity among noncommunicable diseases assessed by YLDs.
And among musculoskeletal diseases, OA was the most
common disease, followed by RA, “other musculoskeletal
diseases,” and gout (22). As common and impactful as mus-
culoskeletal diseases are, such surveys do not always include
the entire range of RMDs. This further underscores the
high prevalence and cost of these conditions and empha-
sizes the need for a unifying definition of RMD. An exam-
ple of defining the global burden of “other musculoskeletal
disorders” was presented in a large study in 2010 (23,24).
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The International Quality of Life Assessment pro-
ject examined the effect of multiple chronic conditions on
populations in Denmark, France, Germany, Italy, Japan,
The Netherlands, Norway, and the USA using the 36-item
Short Form Health Survey (SF-36). This showed that
arthritis, chronic lung disease, and congestive heart failure
were the conditions with the highest impact on SF-36
physical component summary score. RA had a significant
negative effect on the SF-36 mental component summary
score. Arthritis had the highest impact on health-related
quality of life (HRQoL) in the general population (25). A
large survey study in The Netherlands which compared
HRQoL (using SF-36 or SF-24) across a wide range of
long-term conditions showed that people with muscu-
loskeletal conditions (included are back impairments,
RA, OA/other joint complaints) reported the lowest levels
of physical functioning, role functioning, and pain (26).

A Spanish study showed that rheumatic diseases
are among the diseases that produce the largest impair-
ment in HRQoL and daily functioning (27). When the
definition of the burden of disease includes a measure
of function and of HRQoL that is weighted by the
prevalence of disease, RMDs, as a group, may be con-
sidered on a par with other major diseases such as neu-
rologic, cardiac, or pulmonary diseases (16).

For many of the RMDs, it is important to recog-
nize the disease early to have the best option to start
treatment early and prevent or limit long-term conse-
quences. To achieve this, EULAR has started the aware-
ness campaign “Don’t delay, connect today.” The best
example is RA. Early diagnosis, improved treatment
options, and applying treatment-to-target principles have
improved the percentage of patients in (sustained) remis-
sion, and improved the quality of life and work productiv-
ity (28,29). Even overall excess mortality in patients with
RA in comparison to the general population, which was
apparent in previous decades, is lower and even no longer
present when RA is diagnosed and treated early and
intensively (30,31).

Cause-specific morbidities, such as cardiovascular
disease, are greater in many of the RMDs, and may also
be declining with improved disease management (32).

Workforce taking care of patients with RMDs

A range of practitioners manage musculoskeletal
problems. These include medical specialists, general prac-
titioners, community pharmacists, physical therapists
(physiotherapists, chiropractors), occupational therapists,
and behavioral therapists (counselors, psychologists, and
social workers). Rheumatologists, including pediatric
rheumatologists, are the specialists with the most broad

and specific training for diagnosing and treating RMDs.
Rheumatology specialty training standardized by EUMS
across the EU and the Accreditation Council for Gradu-
ate Medical Education in the USA requires proficiency in
general internal medicine followed by detailed training in
the pathogenesis, diagnosis, and management of the
entire range of RMDs (1,2).

The number of practicing rheumatologists varies
widely. The average number of rheumatologists in the EU
is 1.7 per 100,000 inhabitants, ranging from 0.5 in Ireland
to 4.2 in France (16). Similarly, in the USA, the number of
rheumatologists ranges from greater than 2 per 100,000 in
heavily populated regions to fewer than 1.5 per 1,000,000
in more rural regions (30). However, due to a variety of
factors affecting physician workforce, including the in-
creasing prevalence of RMDs, these numbers are changing
rapidly. For example, recent workforce projections in the
USA estimate that by 2025 the average number of rheu-
matologists in the large majority of the country will be
0.5–1.0 per 100,000 inhabitants (33). There is also a severe
shortage of pediatric rheumatologists, as substantiated by
a survey in the USA (34). Other specialists caring for
patients with RMDs are orthopedic surgeons, internists,
and rehabilitation specialists. There is also a wide variation
in the workforce of allied health professionals. The num-
ber of physiotherapists varies enormously across EU coun-
tries from 34 per 100,000 inhabitants in Ireland to 234 per
100,000 in Finland (16). Similarly, the variation in occupa-
tional therapists ranges from 2 per 100,000 inhabitants in
Italy to 100 per 100,000 in Sweden and Denmark (16). In
contrast, in the USA, there were about 114,600 occupa-
tional therapy jobs listed in 2014 for a population of close
to 318,500,000 (360 per 100,000) (35).

Based on the above data and considerations, the
following common language description of RMDs was
endorsed by both EULAR and ACR: RMDs are a diverse
group of diseases that commonly affect the joints, but can
affect any organ of the body. There are more than 200 dif-
ferent RMDs, affecting both children and adults. They
are usually caused by problems of the immune system,
inflammation, infections, or gradual deterioration of
joints, muscles, and bones. Many of these diseases are
long term and worsen over time. They are typically painful
and limit function. In severe cases, RMDs can result in
significant disability, having a major impact on both qual-
ity of life and life expectancy.

Summary

The description of RMDs is a succinct statement in
common language detailing many of the important aspects
of these conditions. Given the prevalence and impact of
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RMDs as well as the availability of effective management
options, it is important to be able to communicate clearly
what RMDs are with the public and stakeholders. It is
especially imperative to communicate the impact and
importance of RMDs to healthcare policymakers.

The many unanswered questions about the causes
of RMDs, the importance of improved diagnosis for
RMDs, and clear need for effective and safe treatments
that are unavailable for many of these diseases emphasize
the importance of increased research on RMDs. At the
same time, the fact that many recent advances have been
made in developing new therapies for RMDs so that
many people are now treated very effectively—with pre-
vention of disability and comorbidity—emphasizes how
critical it is that patients have ready access to diagnosis
and care for these conditions. We hope that the descrip-
tion of RMDs provided in this report will enable
improved communication about and advocacy for these
conditions and the patients who suffer from them.
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Switching From Reference Adalimumab to SB5
(Adalimumab Biosimilar) in Patients With Rheumatoid Arthritis

Fifty-Two–Week Phase III Randomized Study Results

Michael E. Weinblatt,1 Asta Baranauskaite,2 Eva Dokoupilova,3 Agnieszka Zielinska,4

Janusz Jaworski,5 Artur Racewicz,6 Margarita Pileckyte,2 Krystyna Jedrychowicz-Rosiak,7

Inyoung Baek,8 and Jeehoon Ghil8

Objective. The 24-week equivalent efficacy and
comparable safety results of the biosimilar SB5 and
reference adalimumab (ADA) from the phase III ran-
domized study in patients with moderate-to-severe
rheumatoid arthritis (RA) have been reported previ-
ously. We undertook this transition study to evaluate
patients who switched from ADA to SB5 or who contin-
ued to receive SB5 or ADA up to 52 weeks.

Methods. In this phase III study, patients were
initially randomized 1:1 to receive SB5 or ADA (40 mg
subcutaneously every other week). At 24 weeks, patients
receiving ADA were rerandomized 1:1 to continue with
ADA (ADA/ADA group) or to switch to SB5 (ADA/SB5
group) up to week 52; patients receiving SB5 continued
with SB5 for 52 weeks (SB5 group). Efficacy, safety, and
immunogenicity were evaluated up to 52 weeks.

Results. The full analysis set population consisted
of 542 patients (269 in the SB5 group, 273 in the ADA
overall group [patients who were randomized to receive
ADA at week 0], 125 in the ADA/SB5 group, and 129 in
the ADA/ADA group). The percentages of patients meet-
ing the American College of Rheumatology 20%, 50%, or

70% improvement criteria (achieving an ACR20, ACR50,
or ACR70 response) at week 24 were maintained after
the transition from ADA to SB5, and these response
rates were comparable across treatment groups
throughout the study. ACR20 response rates ranged
from 73.4% to 78.8% at week 52. Radiographic pro-
gression was minimal and comparable across treat-
ment groups. The safety profile and the incidence of
antidrug antibodies were comparable across treat-
ment groups after transition.

Conclusion. SB5 was well tolerated over 1 year
in patients with RA, with efficacy, safety, and immuno-
genicity comparable to those of ADA. Switching from
ADA to SB5 had no treatment-emergent issues such as
increased adverse events, increased immunogenicity, or
loss of efficacy.

Biologic disease-modifying antirheumatic drugs
(bDMARDs), including tumor necrosis factor (TNF)
inhibitors such as adalimumab (ADA), have been used
successfully to treat patients with rheumatoid arthritis
(RA) (1). According to the updated 2016 European
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League Against Rheumatism (EULAR) recommenda-
tions, addition of a bDMARD should be considered in
patients who do not achieve the treatment target and have
poor prognostic factors (2). In the absence of poor prog-
nostic factors, other conventional synthetic DMARDs
(csDMARDs) may be tried. The American College of
Rheumatology (ACR) similarly recommends the step-up
therapy; however, either bDMARDs or csDMARDs may
be used regardless of prognostic factors (3). Treatment
with bDMARDs is often associated with high costs (4,5),
and the advent of biosimilars provides the potential to
reduce costs and increase patient access to such therapies
(4,6). Several biosimilars targeting TNF have been
approved recently for use in the US and Europe, and the
use of these biosimilars is recommended by EULAR (2).

ADA is a recombinant human IgG1 specific for
TNF that is approved for the treatment of RA as well as
several other inflammatory conditions (7). SB5 (Imraldi;
Samsung Bioepis) was developed as an ADA biosimilar
and has an identical amino acid sequence and physico-
chemical and in vitro functional properties similar to
those of reference ADA (8). The European Commission
granted a marketing authorization for SB5 in August
2017. Pharmacokinetic (PK) equivalence and compara-
ble safety for SB5 and ADA were demonstrated in a
phase I study in healthy individuals (8). In a phase III
randomized study in patients with moderate-to-severe
RA, equivalent efficacy was demonstrated for SB5 and
ADA, as seen in percentages of patients meeting the
ACR 20% improvement criteria (achieving an ACR20
response) (9) (72.4% and 72.2%, respectively) and addi-
tional efficacy end points up to 24 weeks; SB5 was well
tolerated, with PK, safety, and immunogenicity profiles
comparable to those of ADA (10).

Growing numbers of biosimilars for various bio-
logic agents have been approved or are in various stages
of clinical development; however, there are limited clini-
cal and real-world data regarding the effects of switching
from reference biologic agents to biosimilars (11). An
important clinical consideration for the use of biosimi-
lars is whether switching from reference product might
result in loss of efficacy or increased immunogenicity or
other safety concerns. Data derived from appropriately
designed switching clinical trials and real-world experi-
ence can help fill this information gap and provide useful
evidence in clinical decision-making (11).

As mentioned above, the 24-week results of the
phase III clinical study evaluating SB5 and ADA
demonstrated comparable ACR20 response rates, PK,
safety, and immunogenicity in patients with moderate-
to-severe RA (10). The objective of the current 52-
week transition study was to evaluate the safety,

immunogenicity, and efficacy of continuing SB5 treat-
ment versus switching from ADA to SB5 (as will occur
in clinical practice) versus continuing ADA treatment.

PATIENTS AND METHODS

Methods have been described previously in detail (10)
and are briefly summarized herein.

Patient inclusion and exclusion criteria. The study
included patients ages 18–75 years with moderate-to-severe
RA treated with methotrexate (MTX) for ≥6 months and
receiving a stable MTX dosage of 10–25 mg/week for
≥4 weeks before screening. Patients had active disease (≥6
swollen joints, ≥6 tender joints, and either an erythrocyte sed-
imentation rate [ESR] ≥28 mm/hour or a serum C-reactive
protein [CRP] level ≥1.0 mg/dl). Pertinent exclusions included
previous treatment with biologic agents and active or latent
tuberculosis infection at screening (10).

Study design. This 52-week, phase III, randomized,
double-blind, parallel-group study was conducted at 51 sites in
7 countries. Patients were initially randomized 1:1 to receive
SB5 or ADA (40 mg subcutaneously every other week). Pa-
tients receiving ADA were randomized again 1:1 at week 24 to
continue with ADA or to switch to SB5 up to week 52; patients
receiving SB5 were also randomized for purposes of blinding
and continued with SB5 for the 52 weeks of the study (see Sup-
plementary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40444/
abstract).

The study was conducted in accordance with the ethical
principles that have their origin in the Declaration of Helsinki
and that are consistent with International Conference on Har-
monisation Guidelines for Good Clinical Practice. Each study
center’s independent ethics committee or institutional review
board reviewed and approved the protocol and study. All
patients provided written informed consent before study entry.

Study assessments. The primary efficacy end point of
the study, the ACR20 response rate at week 24, has been
reported previously (10). Efficacy assessments up to week 52
included the ACR20, ACR50, and ACR70 response rates and
the ACR index of improvement in RA response rate (12), the
Disease Activity Score in 28 joints (13) using the ESR (DAS28-
ESR), and the EULAR response (good, moderate, or no
response) (14). Post hoc analyses were performed on the Sim-
plified Disease Activity Index (SDAI) (15), the Clinical Disease
Activity Index (CDAI) (16), the remission rate based on the
DAS28-ESR (score of <2.6), SDAI (score of ≤3.3), and CDAI
(score of ≤2.8), and the proportion of patients with low disease
activity based on the DAS28-ESR (score of ≤3.2), SDAI (score
of 3.3–11.0), and CDAI (score of 2.8–10.0). A Boolean-based
remission was determined based on a swollen joint count of ≤1,
a tender joint count of ≤1, a CRP level of ≤10 mg/liter, and a
visual analog scale score of ≤10 mm on the patient’s global
assessment of disease activity.

Radiographs of the hands and feet were obtained at
baseline and at week 52 and were evaluated centrally by 2
independent qualified readers who were blinded with regard
to patient identity, treatment, and assessment time point.
When the score change was within the top 5% of cases with
the highest score differences between readers, the radio-
graphs required consensus review by the primary readers. The
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mean joint erosion score and joint space narrowing score of
the 2 readers were used to calculate the modified Sharp/van
der Heijde score (SHS) (17).

Treatment-emergent adverse events (AEs) (graded as
mild, moderate, or severe), serious AEs (SAEs), vital sign
abnormalities, and clinical laboratory abnormalities were
monitored as part of safety assessments. Immunogenicity
assessments included monitoring for the development of anti-
drug antibodies and neutralizing antibodies.

Immunogenicity was analyzed as emergent (positive
for ≥1 antidrug antibody after transition among patients with
negative 24-week overall antidrug antibody results), boosted
(increased titer of antidrug antibodies at any time compared
with the highest titer up to week 24), and total (serocon-
verted to positive for antidrug antibodies or boosted their
preexisting antidrug antibody titer during the transition peri-
od). Antidrug antibodies were detected using electrochemilu-
minescence bridging (Meso Scale Discovery), employing an
SB5 single-tagged immunoassay. Subgroup analyses based on
the antidrug antibody status of the patients were performed
in the treatment groups following transition at 24 weeks up to
52 weeks for the various efficacy parameters.

Statistical analysis. Sample size determination was
described previously (10). Efficacy assessments were performed
on the full analysis set, which comprised all randomized
patients (intent-to-treat principle). The following treatment
groups were compared: patients who were randomized to
receive SB5 at week 0 (SB5 group), patients who were random-
ized to receive ADA at week 0 (ADA overall group), and
patients in the ADA group who were rerandomized at week 24

to continue ADA (ADA/ADA group) or to switch to SB5
(ADA/SB5 group). Results are presented with no imputation
for missing data. The safety population included all patients
who received ≥1 dose of study drug after rerandomization at
week 24. Safety results were compared for the SB5/SB5 group
(patients in the SB5 group who were rerandomized to continue
SB5), ADA/SB5 group, and ADA/ADA group. All efficacy and
safety results were summarized descriptively by treatment
group. Statistical analyses were performed using SAS software,
version 9.2 or higher (SAS Institute).

RESULTS

Patients. The study was initiated on May 12,
2014 and completed on October 19, 2015. A total of
544 patients were randomized to the SB5 (n = 271) or
ADA overall (n = 273) groups; 254 patients (93.7%) in
the SB5 group and 254 (93.0%) in the ADA overall
group completed the 24-week study (10). At week 24,
the 254 patients in the SB5 group continued to receive
SB5 (SB5/SB5 group); patients in the ADA overall group
were randomized to transition to SB5 (ADA/SB5
group [n = 125]) or to continue ADA (ADA/ADA group
[n = 129]). The full analysis set population consisted of
542 patients (269 in the SB5 group, 273 in the ADA
overall group, 125 in the ADA/SB5 group, and 129 in
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Figure 1. Patient disposition summary. The percentages of patients who completed or discontinued are based on the numbers of patients who
were rerandomized at week 24. The SB5 group included patients who were randomized to receive the biosimilar SB5 at week 0. The adalimumab
(ADA) overall group included patients who were randomized to receive reference ADA at week 0. The SB5/SB5 group included patients receiving
SB5 who were rerandomized to continue SB5. The ADA/SB5 group included patients receiving ADA who were rerandomized to switch to SB5.
The ADA/ADA group included patients receiving ADA who were rerandomized to continue ADA.
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the ADA/ADA group). Patient disposition for the 52-
week study is summarized in Figure 1.

Patient demographics and baseline characteris-
tics at study start (week 0) and disease activity at weeks
0 and 24 (rerandomization time point) are shown in
Table 1. Overall, baseline characteristics and disease
activity were well balanced across treatment groups.

Efficacy assessments. The ACR response rates
were not affected after transition from ADA to SB5 at
week 24, and results for the ADA/SB5 and ADA/ADA
groups were comparable up to week 52 (Figure 2). Efficacy
was also comparable between the SB5 and ADA/ADA
groups throughout the study. Efficacy was maintained from
week 24 up to week 52 across treatment groups. Analysis
of the DAS28, SDAI, and CDAI showed comparable
trends across all treatment groups during the study; results

from 24 weeks to 52 weeks (full analysis set) are shown in
Supplementary Figure 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.40444/abstract. Other efficacy end points (e.g.,
Boolean-based remission; low disease activity based on
the DAS28, SDAI, and CDAI) were also comparable at
week 52 among treatment groups (Table 2).

Radiographic results were comparable across all
treatment groups, as seen in the change from baseline
at week 52 in joint erosion score, joint space narrowing
score, SHS, and the proportion of patients with change
from baseline in the SHS >0 (Table 2). Mean � SD
changes in SHS were 0.2 � 2.5 in the SB5 group, 0.4 �
2.6 in the ADA overall group, 0.3 � 2.7 in the ADA/
SB5 group, and 0.5 � 2.4 in the ADA/ADA group.
Radiographic progression was minimal, as seen in the
cumulative probability plot of change from baseline in

Table 1. Patient demographics at baseline and disease activity at baseline and week 24*

SB5 group
(n = 271)

ADA overall
group

(n = 273)

ADA/SB5
group

(n = 125)

ADA/ADA
group

(n = 129)

Demographics at baseline
Age, years 49.8 � 12.7 52.5 � 11.9 51.7 � 11.3 52.8 � 12.3
Sex, no. (%)
Female 217 (80.1) 224 (82.1) 105 (84.0) 103 (79.8)
Male 54 (19.9) 49 (17.9) 20 (16.0) 26 (20.2)

BMI, kg/m2 26.2 � 4.8 27.0 � 5.1 27.2 � 5.3 26.9 � 5.0
Disease duration, years 5.4 � 4.4 5.5 � 4.3 5.3 � 4.1 5.6 � 4.5
MTX dose, mg/week 15.1 � 4.6 15.4 � 4.4 15.4 � 4.5 15.2 � 4.4
Duration of MTX use, months 39.5 � 38.4 37.8 � 34.9 38.3 � 33.8 39.5 � 37.2
RF positive, no. (%) 203 (74.9) 185 (67.8) 80 (64.0) 94 (72.9)

Disease activity at baseline
Swollen joint count 15.8 � 8.0 15.5 � 7.5 14.5 � 6.4 16.3 � 8.3
Tender joint count 23.9 � 11.7 24.1 � 10.8 23.8 � 10.5 24.3 � 11.3
HAQ DI score 1.3 � 0.6 1.4 � 0.6 1.4 � 0.6 1.4 � 0.7
DAS28-ESR 6.5 � 0.7 6.5 � 0.71 6.5 � 0.6 6.4 � 0.8
CRP, mg/liter 11.5 � 19.0 12.6 � 19.0 13.0 � 20.8 11.9 � 15.7
ESR, mm/hour 39.6 � 13.3 39.6 � 13.9 40.5 � 14.3 39.3 � 14.0
Physician’s global assessment, 0–100-mm VAS 59.8 � 16.9 60.6 � 15.4 60.6 � 14.7 61.0 � 16.1
Patient’s global assessment, 0–100-mm VAS 58.5 � 20.3 59.4 � 18.7 59.1 � 18.0 59.9 � 19.6
Patient’s assessment of pain, 0–100-mm VAS 59.2 � 20.7 60.8 � 19.7 61.0 � 19.6 60.6 � 20.0
ACR-N NA NA NA NA

Disease activity at week 24
Swollen joint count 3.2 � 4.5 3.3 � 4.9 3.3 � 5.0 3.3 � 4.7
Tender joint count 7.4 � 7.4 8.4 � 9.6 8.1 � 9.1 8.4 � 10.0
HAQ DI score 0.8 � 0.6 0.9 � 0.6 0.9 � 0.6 0.9 � 0.6
DAS28-ESR 3.7 � 1.2 3.8 � 1.4 3.7 � 1.4 3.8 � 1.3
CRP, mg/liter 5.6 � 10.3 5.8 � 8.6 6.1 � 9.9 5.3 � 6.7
ESR, mm/hour 18.9 � 14.8 19.0 � 14.2 18.6 � 12.8 19.6 � 15.5
Physician’s global assessment, 0–100-mm VAS 23.6 � 16.4 25.0 � 17.8 25.0 � 18.0 24.0 � 17.1
Patient’s global assessment, 0–100-mm VAS 33.7 � 21.7 35.1 � 22.0 36.7 � 22.4 33.1 � 21.4
Patient’s assessment of pain, 0–100-mm VAS 35.6 � 21.8 37.0 � 23.3 38.6 � 23.4 34.7 � 22.9
ACR-N 40.2 � 28.7 39.6 � 29.2 38.4 � 29.6 41.5 � 28.8

* Except where indicated otherwise, values are the mean � SD. SB5 group = patients randomized to receive the biosimilar SB5 at week 0; adali-
mumab (ADA) overall group = patients randomized to receive reference ADA at week 0; ADA/SB5 group = patients receiving ADA rerandom-
ized to switch to SB5; ADA/ADA group = patients receiving ADA rerandomized to continue ADA; BMI = body mass index; MTX =
methotrexate; RF = rheumatoid factor; HAQ DI = Health Assessment Questionnaire disability index; DAS28-ESR = Disease Activity Score in 28
joints using the erythrocyte sedimentation rate; CRP = C-reactive protein; VAS = visual analog scale; ACR-N = American College of Rheumatol-
ogy index of improvement in rheumatoid arthritis; NA = not applicable.
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Figure 2. Percentages of patients meeting the American College of Rheumatology 20%, 50%, or 70% improvement criteria (achieving an
ACR20, ACR50, or ACR70 response) in the full analysis set population. A, ACR response rates at 52 weeks in the different treatment groups. B,
ACR response rates over the 52-week period in the different treatment groups. See Figure 1 for other definitions.

Table 2. Efficacy end points at week 52 in the full analysis set*

SB5 group
(n = 269)

ADA overall
group

(n = 273)

ADA/SB5
group

(n = 125)

ADA/ADA
group

(n = 129)

ACR response rate, %
ACR20 77.8 76.0 78.8 73.4
ACR50 50.0 52.5 54.2 50.8
ACR70 31.9 27.3 26.3 28.2

DAS28-ESR
Mean change from baseline �3.05 �2.97 �3.02 �2.92
LDA, no./total no. (%)† 118/247 (47.8) 112/242 (46.3) 55/118 (46.6) 57/124 (46.0)
Remission, no./total no. (%)† 75/247 (30.4) 70/242 (28.9) 34/118 (28.8) 36/124 (29.0)

SDAI
Mean change from baseline �29.0 �28.0 �28.2 �27.8
LDA, no./total no. (%)† 88/247 (35.6) 95/242 (39.3) 46/118 (39.0) 49/124 (39.5)
Remission, no./total no. (%)† 55/247 (22.3) 46/242 (19.0) 23/118 (19.5) 23/124 (18.5)

CDAI
Mean change from baseline �28.5 �27.4 �27.50 �27.3
LDA, no./total no. (%)† 84/248 (33.9) 91/242 (37.6) 45/118 (38.1) 46/124 (37.1)
Remission, no./total no. (%)† 52/248 (21.0) 47/242 (19.4) 23/118 (19.5) 24/124 (19.4)

Boolean-based remission, no./total no. (%)†‡ 35/247 (14.2) 31/242 (12.8) 17/118 (14.4) 14/124 (11.3)
Radiographic results
Change from baseline in joint erosion score,
mean � SD

0.1 � 1.6 0.2 � 1.3 0.2 � 1.4 0.2 � 1.2

Change from baseline in joint space narrowing
score, mean � SD

0.1 � 1.3 0.2 � 1.8 0.1 � 1.5 0.3 � 1.9

Change from baseline in SHS, mean � SD 0.2 � 2.5 0.4 � 2.6 0.3 � 2.7 0.5 � 2.4
Proportion of patients with change from
baseline in SHS >0, no./total no. (%)†

48/241 (19.9) 57/238 (23.9) 22/114 (19.3) 35/124 (28.2)

* ACR20 = American College of Rheumatology 20% improvement criteria; LDA = low disease activity; SDAI = Simplified
Disease Activity Index; CDAI = Clinical Disease Activity Index; SHS = modified Sharp/van der Heijde score (see Table 1 for
other definitions).
† Number of patients with available data at each time point.
‡ Determined based on 28–swollen joint count ≤1, 28–tender joint count ≤1, CRP level ≤10 mg/liter, and VAS score ≤10 mm
on patient’s global assessment.
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SHS at week 52, and was comparable for the different
treatment groups (Figure 3).

Subgroup analyses of ACR response rate, EULAR
response, and proportion of patients with low disease

activity and remission (according to the DAS28, SDAI,
and CDAI) showed a trend toward decreased efficacy in
antidrug antibody–positive patients (n = 84) compared
with antidrug antibody–negative patients (n = 423) in all
treatment groups (see Supplementary Table 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.40444/abstract). Mean
DAS28, SDAI, and CDAI values tended to improve in
antidrug antibody–negative patients and tended to worsen
in antidrug antibody–positive patients across all treatment
groups (24–52 weeks); the magnitude of the changes was
comparable in all treatment groups (see Supplementary
Figure 3, http://onlinelibrary.wiley.com/doi/10.1002/art.40444/
abstract).

Safety. Safety was comparable across treatment
groups after week 24. Treatment-emergent AEs that
occurred after week 24 in the SB5/SB5, ADA/SB5, and
ADA/ADA groups are summarized in Table 3. There
were no cases of active tuberculosis in any treatment
group and no deaths during the transition period.
Malignancies were reported in 1 patient each in the SB5/
SB5 group (small cell lung cancer), ADA/SB5 group
(glioblastoma multiforme), and ADA/ADA group
(seminoma). Injection-site reactions were reported in 2
patients in the ADA/ADA group only. The proportion of
patients with any treatment-emergent AEs was compara-
ble among the SB5/SB5 (32.3%), ADA/SB5 (37.6%),
and ADA/ADA (33.1%) groups. Similar results were
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Figure 3. Cumulative probability change from baseline in modified
Sharp/van der Heijde score (SHS) at week 52. Data are based on
patients for whom radiographic assessment results were available at
each visit. See Figure 1 for other definitions.

Table 3. Summary of safety profile after transition*

SB5/SB5 group
(n = 254)

ADA/SB5 group
(n = 125)

ADA/ADA group
(n = 127)

Patients with ≥1 treatment-emergent AE 82 (32.3) 47 (37.6) 42 (33.1)
Treatment-emergent AEs reported in ≥2% of patients
Nasopharyngitis 11 (4.3) 4 (3.2) 3 (2.4)
Latent tuberculosis 8 (3.1) 1 (0.8) 7 (5.5)
Spinal pain 5 (2.0) 3 (2.4) 2 (1.6)
Bronchitis 5 (2.0) 2 (1.6) 2 (1.6)
Urinary tract infection 5 (2.0) 3 (2.4) 0 (0.0)
Rheumatoid arthritis 4 (1.6) 3 (2.4) 4 (3.1)
Upper respiratory tract infection 4 (1.6) 5 (4.0) 0 (0.0)
Increased ALT level† 3 (1.2) 1 (0.8) 3 (2.4)
Headache 2 (0.8) 3 (2.4) 4 (3.1)
Positive Mycobacterium tuberculosis complex test result‡ 2 (0.8) 4 (3.2) 1 (0.8)

Any serious treatment-emergent AE 6 (2.4) 4 (3.2) 4 (3.1)
Treatment-emergent AEs leading to study drug discontinuation 1 (0.4) 2 (1.6) 3 (2.4)
Serious infection 0 (0.0) 2 (1.6) 0 (0.0)
Active tuberculosis 0 (0.0) 0 (0.0) 0 (0.0)
Injection-site reaction§ 0 (0.0) 0 (0.0) 2 (1.6)
Malignancy¶ 1 (0.4) 1 (0.8) 1 (0.8)
Death 0 (0.0) 0 (0.0) 0 (0.0)

* Values are the number (%) of patients. SB5/SB5 group = patients in the SB5 group rerandomized to continue the biosimilar
SB5; AE = adverse event; ALT = alanine aminotransferase (see Table 1 for other definitions).
† Based on investigator’s discretion.
‡ Treatment-emergent AE led to study drug discontinuation in 1 patient in the ADA/SB5 group and 1 patient in the ADA/
ADA group.
§ Numbers based on the high-level group term of administration site reaction.
¶ Small cell lung cancer in SB5/SB5 group; glioblastoma multiforme in ADA/SB5 group; seminoma in ADA/ADA group.
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seen in the antidrug antibody–positive and antidrug anti-
body–negative subgroups within each treatment group
(data not shown).

Immunogenicity. The incidence of overall anti-
drug antibodies (emergent and boosted) was comparable
across treatment groups after transition at week 24 (40
of 254 patients [15.7%] in the SB5/SB5 group, 21 of 125
patients [16.8%] in the ADA/SB5 group, and 23 of 126
patients [18.3%] in the ADA/ADA group). Emergent
antidrug antibodies occurred in 9 of 160 patients (5.6%)
in the SB5/SB5 group, 5 of 80 patients (6.3%) in the
ADA/SB5 group, and 11 of 87 patients (12.6%) in the
ADA/ADA group. Boosted responses were reported in
31 of 94 patients (33.0%) in the SB5/SB5 group, 16 of 45
patients (35.6%) in the ADA/SB5 group, and 12 of 39
patients (30.8%) in the ADA/ADA group.

DISCUSSION

Previous results from this phase III randomized
study showed equivalent efficacy for SB5 and ADA at
week 24, and SB5 was well tolerated with PK, safety,
and immunogenicity profiles comparable to those of
ADA (10). In this 52-week transition study, patients in
the ADA group were rerandomized at week 24 to
either continue with ADA or switch to SB5 up to week
52, and patients receiving SB5 continued with SB5 up
to week 52. This study design allowed for the compar-
ison of efficacy and safety of SB5 in patients who
switched from ADA to SB5 with efficacy and safety in
those who continued to receive SB5 or ADA for the
entire 52-week period.

The ACR response rates were similar across all
treatment groups, both at week 52 and over the course
of the study. Importantly, comparison of the ADA/SB5
and ADA/ADA treatment groups showed that efficacy
was maintained after transition from ADA to SB5. In
addition, there was minimal radiographic progression in
all treatment groups over the course of 52 weeks. The
ACR20, ACR50, and ACR70 response rates achieved in
this study were similar to those described previously for
ADA (18–21), and the radiographic results were also
consistent with historical data for ADA (19).

Analysis of treatment-emergent AEs after transi-
tion showed that SB5 was well tolerated after switching
from ADA, with comparable safety profiles across
treatment groups after transition. This transition study
was designed to assess ~100 patients per group so that
an increase in the frequency of injection-site reactions
to ≥1% could be detected. No injection-site reactions
occurred in the ADA/SB5 group, and 2 patients in the
ADA/ADA group experienced injection-site reactions.

Rates of SAEs and treatment-emergent AEs leading to
study drug discontinuation were low and similar across
treatment groups, ranging from 2.4% to 3.2% of
patients and from 0.4% to 2.4% of patients, respec-
tively. No potential cases of anaphylaxis were identified
based on retrospective analysis using related AEs (e.g.,
pruritus, flushing, dyspnea, hypotonia, syncope, inconti-
nence, vomiting) and blood pressure (systolic blood
pressure <90 mm Hg or >30% decrease from baseline)
as defined by the National Institute of Allergy and
Infectious Diseases/Food Allergy and Anaphylaxis Net-
work criteria (22). There were no cases of active tuber-
culosis or deaths. Thus, based on the safety results
from the 24-week study (10) and the safety results pre-
sented herein, SB5 is well tolerated up to 1 year of
treatment with no significant safety issues.

The incidence of antidrug antibodies after transi-
tion was comparable across treatment groups, and the
occurrence of newly emergent antidrug antibodies in
patients who switched from ADA to SB5 (ADA/SB5
group) was not higher than that of patients in the ADA/
ADA group. The formation of antibodies to ADA may
reduce efficacy because of increased clearance (7,21,23).
Therefore, similar to previous findings (21,23), it was not
surprising that ACR response rates were decreased in
patients who were antidrug antibody positive compared
with those who were antidrug antibody negative. Consis-
tent with historical results, there was no apparent corre-
lation between the development of antidrug antibodies
and AEs, including injection-site reactions (7,24).

Several biosimilars of ADA and other bDMARDs
have either been marketed or are in clinical development
(11,25). One of the key clinical considerations when pre-
scribing biosimilars are the effects of switching patients
from a reference product to a biosimilar (11). Impor-
tantly, biosimilars are expected to have the same clinical
effects as the reference product, and efficacy and safety
should not be compromised when switching from a refer-
ence product to a biosimilar (26). To test for potential
changes in safety and efficacy following transition from
reference biologic agents to biosimilars, some studies have
incorporated a transition design (25). Several of these
switch studies use an open-label extension design in which
all patients receive the biosimilar product following a dou-
ble-blind randomized trial (25). For example, the transi-
tion studies evaluating the infliximab biosimilar CT-P13
for RA (Program Evaluating the Autoimmune Disease
Investigational Drug cT-p13 in RA Patients) or ankylosing
spondylitis (Program Evaluating the Autoimmune Dis-
ease Investigational Drug cT-p13 in AS Patients) and
those for the etanercept biosimilar SB4 were open-label,
single-arm extension studies (11,27–29). The ADA
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biosimilar ABP 501 has a similar ongoing single-arm,
open-label extension study to evaluate efficacy and safety
during transition from ADA to the biosimilar (11,30). In
other studies, patients are rerandomized after a blinded
treatment phase to transition to the biosimilar from the
reference product, such as the study with the infliximab
biosimilar SB2 and the switching study of CT-P13 in Nor-
way (the NOR-SWITCH trial) (11,31). Such switching
studies will provide valuable data that will be useful in
clinical decision-making for transition from reference bio-
logic agents to biosimilars.

One of the strengths of the transitional design
of this 52-week study is that it allows for direct compar-
ison between maintenance groups (the SB5/SB5 and
ADA/ADA groups) and the transition group (the
ADA/SB5 group) and shows that switching does not
have negative effects in terms of reduced efficacy or
increased AEs or immunogenicity. A limitation of this
transition study was that it was not designed for statisti-
cal comparisons of equivalence; however, the results
from this study provide valuable data on switching from
a reference product to a biosimilar.

In conclusion, SB5 was well tolerated over 1
year in patients with RA, with efficacy, safety, and
immunogenicity comparable to those of ADA. Switch-
ing from ADA to SB5 had no treatment-emergent
issues such as increased AEs, increased immunogenic-
ity, or loss of efficacy.
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Transcriptional Profiling of Synovial Macrophages Using
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Objective. Currently, there are no reliable biomark-
ers for predicting therapeutic response in patients with
rheumatoid arthritis (RA). The synoviummay unlock criti-
cal information for determining efficacy, since a reduction
in the numbers of sublining synovial macrophages
remains the most reproducible biomarker. Thus, a clini-
cally actionable method for the collection of synovial tissue,
which can be analyzed using high-throughput strategies,
must become a reality. This study was undertaken to assess
the feasibility of utilizing synovial biopsies as a precision
medicine–based approach for patients with RA.

Methods. Rheumatologists at 6 US academic sites
were trained in minimally invasive ultrasound-guided
synovial tissue biopsy. Biopsy specimens obtained from
patients with RA and synovial tissue from patients with
osteoarthritis (OA) were subjected to histologic analysis,
fluorescence-activated cell sorting, and RNA sequencing
(RNA-seq). An optimized protocol for digesting synovial
tissue was developed to generate high-quality RNA-seq
libraries from isolated macrophage populations. Associa-
tions were determined between macrophage transcrip-
tional profiles and clinical parameters in RA patients.

Results. Patients with RA reported minimal ad-
verse effects in response to synovial biopsy. Comparable
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RNA quality was observed from synovial tissue and iso-
lated macrophages between patients with RA and
patients with OA. Whole tissue samples from patients
with RA demonstrated a high degree of transcriptional
heterogeneity. In contrast, the transcriptional profile of
isolated RA synovial macrophages highlighted different
subpopulations of patients and identified 6 novel tran-
scriptional modules that were associated with disease
activity and therapy.

Conclusion. Performance of synovial tissue biop-
sies by rheumatologists in the US is feasible and gener-
ates high-quality samples for research. Through the use
of cutting-edge technologies to analyze synovial biopsy
specimens in conjunction with corresponding clinical
information, a precision medicine–based approach for
patients with RA is attainable.

Despite the many therapies available for patients
with rheumatoid arthritis (RA), there is little information
to guide selection of the most effective treatment for an
individual patient. Forty-six percent of patients with RA
respond (defined as 50% improvement based on the
American College of Rheumatology criteria [ACR50]) to
conventional disease-modifying antirheumatic drugs
(DMARDs) (1,2) or conventional DMARDs plus anti–
tumor necrosis factor (anti-TNF) therapy (3–11). How-
ever, 20–40% of patients in clinical trials never demon-
strate even a minimal response (never meet the ACR20
response criteria) (7–11). Based on a population of >300
million in the US, a disease prevalence of 0.6%, and a
course of 3–4 months per biologic DMARD therapy, as
much as $2.5 billion is wasted annually on inadequate
therapy (12,13). There is a clear need to develop preci-
sion-based therapy for patients with RA, whereby clinical
information such as novel biomarkers will enhance our
ability to predict the therapeutic response and thereby
limit ineffective therapy.

Previous studies have linked macrophages to the
pathogenesis of RA. Synovial macrophages are highly acti-
vated, express elevated levels of Toll-like receptor 2 (TLR-
2), TLR-4, and TLR-7 (14,15), and contribute directly and
indirectly to synovial inflammation and the destruction of
cartilage and bone through the production of degradative
enzymes, cytokines, and chemokines. Further, TLR-2,
TLR-3, and TLR-7 play essential roles in the development
of inflammatory arthritis in mice (16–18). More impor-
tantly, macrophages are the central producers of inter-
leukin-1b (IL-1b), IL-6, and TNF, which comprise the 3
essential proinflammatory cytokines that contribute to RA
pathogenesis. To date, approved therapies, including anti-
TNF, anti–IL-6, JAK inhibitors, CTLA-4Ig, and anti-

CD20, have all been shown to decrease synovial inflamma-
tion and bone destruction and, more importantly, reduce
macrophage numbers in the synovial sublining (19–21).
Despite the fact that synovial macrophages were discovered
more than a half-century ago and are crucial for RA patho-
genesis (22), surprisingly very little is known about them.

Biomarkers that indicate sensitivity or resistance
to a particular therapy are sorely lacking in RA. For the
most part, researchers have used peripheral blood, with
minimal success, to identify biomarkers for predicting a
response to therapy (23). Similarly, the results of genetic
approaches have been disappointing (24). More recent
studies suggest that the synovium, as the target organ in
RA, may have greater potential in determining therapeu-
tic response (23). Currently, the most well-known and
reproducible biomarker for response to RA therapy is a
reduction in the number of sublining synovial macro-
phages, determined by immunohistochemical analysis of
synovial tissue (25). While arthroscopy has been the most
commonly used method to obtain synovial tissue before
and after therapy (26–32) and yields substantial amounts
of synovial tissue, it is invasive, requires surgical suites,
and is expensive, thus limiting its usefulness in clinical
practice and clinical studies. Synovectomy and joint
replacement surgery are other common mechanisms for
researchers to obtain synovial tissue, but patients under-
going these procedures typically exhibit end-stage disease
characteristics and samples likely do not reflect the over-
all pathophysiology at the time when therapeutic deci-
sions are made, prior to progressive joint damage.

Ultrasound technology has advanced significantly
and is widely used by rheumatologists as a mechanism for
determining the degree of synovitis and inflammation,
detecting erosions, and identifying sites for therapeutic
injection (33). Over the past decade, ultrasound has been
used to facilitate the collection of synovial tissue (29).
Minimally invasive ultrasound-guided synovial tissue biop-
sies have been performed for research purposes through-
out Europe, and the standardization for these procedures
has been fully evaluated (23,29,34–46). However, there
are currently no published studies from the US describing
the use of ultrasound-guided synovial tissue biopsies for
research. The potential reasons that this technique has
not been commonly adopted for research in the US
include a lack of training, differences in the medical sys-
tem and patient populations between Europe and the US,
and a lack of “buy-in” from rheumatologists who would
recommend the procedure to their patients.

We assembled a consortium of established aca-
demic rheumatology groups in the US, including the
University of Alabama at Birmingham, Columbia Univer-
sity, Mayo Clinic, Washington University, University of
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Michigan, and Northwestern University, to form the
RhEumatoid Arthritis SynOvial tissue Network (REA-
SON). Our consortium was trained in minimally invasive
ultrasound-guided synovial biopsy techniques in the UK
and has since performed more than 41 biopsies on RA
patients with active disease in the US. RNA was extracted
from whole synovial tissue and from synovial macro-
phages isolated by fluorescence-activated cell sorting
(FACS) for RNA sequencing (RNA-seq) analysis. The
transcriptional profiles of isolated macrophages were used
to distinguish between RA patient groups and identify
modules of co-regulated genes that were associated with
clinical disease and medication. We believe that these
studies demonstrate the utility of isolating individual pop-
ulations of cells within the synovium to understand the
pathobiology of the disease and to establish a precision
medicine–based approach for RA patients.

PATIENTS AND METHODS

Patients. Adult patients with RA, diagnosed according
to either the ACR 1987 criteria (47) or ACR/European League
Against Rheumatism 2010 criteria (48), were selected as candi-
dates for ultrasound-guided synovial biopsy based on the pres-
ence of palpable synovitis documented by clinical examination
(49,50). To increase the uniformity of the collected tissue, only
wrists were sampled in this study. Candidate joints were scanned
with standard 2-dimensional B-mode ultrasound with and with-
out Doppler (SonoSite M-MSK with a 15–6 MHz linear probe;
FujiFilm SonoSite), and were included in the study if they had a
grayscale synovitis score of ≥2 on a 4-point scale (35). Exclusion
criteria included uncontrolled comorbid diseases, anticoagula-
tion therapy (low-dose aspirin and nonsteroidal antiinflamma-
tory drugs [NSAIDs] were allowed), use of systemic steroids in
excess of prednisone 10 mg daily or equivalent, administration
of intramuscular steroids within the previous 4 weeks or intra-
articular steroids into the target joint within the past 8 weeks,
chronic or recurrent infection, intolerance to lidocaine or
chlorhexidine, inability to communicate effectively in English,
and membership in a vulnerable population (prisoners, pregnant
women, etc.).

Training for ultrasound-guided synovial biopsy. The
REASON consortium was created to adopt ultrasound-guided
synovial biopsy for research purposes in the US. Rheumatolo-
gists from REASON who were experienced in ultrasonography
traveled to the UK for a 2-day training session with Drs. Andrew
Filer, Christopher D. Buckley, Stephen Kelly, and Costantino
Pitzalis on ultrasound-guided synovial biopsy. This session
included observation of ultrasound-guided synovial biopsies fol-
lowed by a practice session using cadavers. Following the train-
ing session, the rheumatologists from REASON attended 2
additional practice sessions using cadavers at Northwestern
University for refresher training.

Ultrasound-guided synovial biopsy procedure. Proce-
dures were performed either in examination rooms in outpatient
rheumatology clinics or in a designated research space. After the
presence of synovitis was re-confirmed by sonographic criteria as
described above using customary non-sterile techniques, patients

were dressed in a laboratory cover-up or examination gown, sur-
gical mask, and surgical hair net. Rheumatologists performing
the biopsy were in surgical scrubs with cap, mask, sterile surgical
gown, and sterile gloves. The ultrasound probe was placed in a
sterile cover. The patient’s hand and arm were scrubbed with
chlorhexidine from the fingertips to the mid-forearm, and the
patient then placed the hand palm down onto a surgical wrist
support in a prepared sterile field. The arm was draped in a ster-
ile manner with a fenestrated sheet centered on the wrist, and
sterile ultrasound gel was applied.

Ultrasound scanning over the dorsal aspect of the wrist
joint in both the longitudinal and transverse planes was then
used to locate the region of greatest synovitis in the wrist, usually
immediately dorsal/superficial to either the proximal or the dis-
tal row of carpal bones. A wheal of lidocaine was used to anes-
thetize the skin at the ulnar aspect of the wrist. While
monitoring the procedure under ultrasound in real time with the
probe in the transverse position, an initial ultrasound-guided
lidocaine pass into the target joint was made with a 25-gauge 9
1.5-inch needle. A second ultrasound-guided lidocaine pass was
made into the same wound and needle track with an 18-gauge 9
1.5-inch needle to ensure anesthesia and a clear path for the
biopsy device. Care was taken to avoid neurovascular structures
and tendons, especially the extensor digiti minimi. An appropri-
ately sized Quick-Core Biopsy needle (Cook Medical) was then
selected based on the target wrist (usually 18 gauge 9 9 cm, with
10-mm throw) and introduced into the same needle track.

Using continuous real-time ultrasound imaging, the jaw
of the device was positioned within the synovium (defined by
Outcome Measures in Rheumatology [51] as intraarticular,
hypoechoic, non-displaceable, poorly compressible tissue) at the
point of its greatest abundance, usually between the common
extensor tendon bundle and the underlying carpal row. The
device was triggered and removed. The sample was removed
from the device by scraping with a sterile 21-gauge needle and
placed into phosphate buffered saline (PBS) (Thermo Fisher).
The process was repeated to obtain a total of 12 samples. Not all
biopsy passes yielded tissue; most procedures resulted in 1–3
“empty passes,” and thus most patients underwent a total of 13–
15 passes to obtain 12 samples of synovium. All samples were
taken through the same skin wound but with varying positions of
the jaw of the device within the region of most abundant synovi-
tis, with the intent of sampling the entire chosen region uni-
formly. Variations in the position of the device also included
variations in the radial orientation of the jaw with respect to the
axis of the device. For example, some samples were taken from
12 o’clock, closer to the extensor tendon bundle, and some from
6 o’clock, closer to the carpal row.

At the completion of the procedure the biopsy site was
washed, and after confirming hemostasis, an adhesive bandage
was applied to the single puncture wound. None of the patients
needed a suture. Patients were instructed in routine after-care
and encouraged to use over-the-counter acetaminophen for any
discomfort, with permission to escalate to over-the-counter
NSAIDs if needed. Patients were instructed to contact the
research team by telephone to report any adverse events, includ-
ing delayed healing or pain not controlled with over-the-counter
agents as described above. Most procedures lasted a total of 45–
60 minutes from the non-sterile scout imaging to the patient
departing the procedure room. Patients did not require conscious
sedation and were sent home immediately with no postprocedure
observation or recovery period and no activity restrictions.
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Tolerability. Tolerability of the procedure was assessed
by questionnaires administered before and after the proce-
dure as previously described (36). Patients were asked to rate
pain, swelling, and stiffness on a 10-point visual analog scale
(VAS). After the procedure, patients were also asked by ques-
tionnaire to rate their discomfort during the procedure (none,
mild, moderate, or severe) and to rate their likelihood to
agree to undergo another procedure (very likely, somewhat
likely, unsure, somewhat unlikely, or very unlikely).

Tissue preparation and flow cytometric analysis. From
the 12 pieces of synovial tissue obtained per patient by needle
biopsies, 4 were selected at random and placed into 10% neu-
tral buffered formalin for histologic analysis, 4 more randomly
selected pieces were placed into RNAlater (Ambion) for whole
tissue processing, and the remaining 4 were placed into PBS for
tissue digestion. Osteoarthritis (OA) synovial tissue was
received from the National Disease Research Interchange and
was shipped in Dulbecco’s modified Eagle’s medium and
antibiotics overnight on wet ice. Only soft tissues containing
meniscus and synovium were processed. OA synovial tissue was
processed identically to tissue from patients with RA.

The length of digestion (30–60 minutes) and intensity of
mechanical disaggregation before and after incubation were var-
ied to optimize macrophage isolation. Mechanical disaggrega-
tion was performed on a gentleMACS Dissociator (Miltenyi
Biotec). The pre-set gentleMACS programs m_lung_01 and
m_brain_01 were used to test moderate and aggressive mechani-
cal disaggregation, respectively. Sorted macrophages used for
analysis were processed by infusing tissue with a digestion buffer
(RPMI 1640 [Sigma], Liberase TL [0.1 mg/ml; Roche], and
DNase [0.1 mg/ml; Roche]) and minced with scissors. Tissue sus-
pensions were transferred to C-tubes (Miltenyi Biotec) and incu-
bated for 1 hour at 37°C with aggressive disaggregation before
and after incubation. The digestion reaction was quenched with
magnetic-activated cell sorter (MACS) buffer (Miltenyi Biotec),
and the tissue suspension was filtered over a 40-micron filter.
Red blood cells were lysed (BD Pharm Lyse) and then washed
twice with Hanks’ balanced salt solution (Thermo Fisher). Cells
were counted (Invitrogen Countess) and stained with a viability
dye (0.5 ll/ml for 15 minutes at 25°C in the dark) (data are avail-
able upon request from the corresponding author). Cells were
then washed twice with MACS buffer, incubated with Fc block
(BD Biosciences) (6 ll/60 ll total volume; maximum of 5 9 106

cells for 15 minutes at 4°C in the dark), stained with antibody
cocktail (for 30 minutes at 4°C in the dark) (data are available
upon request from the corresponding author), washed twice,
resuspended in MACS buffer, and kept on ice until sorted.

Synovial macrophages (CD45+, CD11b+, HLA–DR+,
CD15�, CD1c�, CD206+) were sorted on a BD FACSAria Sorp
instrument (BD Biosciences) at the Northwestern University
Robert H. Lurie Comprehensive Cancer Center Flow Cytometry
Core Facility. Cells from RA synovial biopsies were sorted
directly into 100 ll PicoPure RNA extraction buffer (Arcturus
Bioscience). Cells (>10,000) from OA tissues were sorted into
cold MACS buffer (Miltenyi Biotec) and immediately cen-
trifuged at 4°C. Supernatant was removed, and cells were resus-
pended in 100 ll PicoPure RNA extraction buffer. All cells were
stored at �80°C until RNA was extracted.

Histopathologic and immunohistochemical analysis. The
4 biopsy pieces fixed in 10% neutral buffered formalin for histo-
logic analysis were stored overnight and submitted to the Pathol-
ogy Core Facility at Northwestern University. Paraffin-embedded

tissue sections were stained with hematoxylin and eosin (H&E)
and for CD45 or CD68. Slide images were taken at 409 and 1009
magnification using an Olympus BX41 microscope and Olympus
DP21 camera. Since not all samples subjected to this procedure
demonstrate synovial lining, other characteristics including CD45
and CD68 staining were included to provide a semiquantitative or
qualitative analysis of inflammation in the biopsied tissue. RA sy-
novial biopsy sections stained with H&E or with antibodies to
either CD45 or CD68 antigens were scored for the percent sy-
novium of all 4 pieces of tissue. The CD45 and CD68 scores were
determined using a modified scoring system of 0–4 that indicates
the percent of CD45 or CD68 positivity in identified synovium
(35). All scoring was performed by an experienced rheumatologist
(RMP) who was blinded with regard to the origin of the samples.

Preparation of the RNA library. RNA was isolated from
whole synovial tissue by homogenizing tissue with 3.0 mm of high-
impact zirconium beads and a BeadBlaster 24 microtube homoge-
nizer (Benchmark Scientific). RNA was extracted from the cell
homogenate using a Qiagen Plus Mini kit. RNA from sorted
macrophages was extracted using a PicoPure RNA isolation kit
according to the instructions of the manufacturer (Arcturus).
RNA quality and quantity were measured using a High-Sensitivity
RNA ScreenTape System (Agilent Technologies). Whole synovial
tissue RNA-seq libraries were prepared from 90 ng of total RNA
using a NEBNext Ultra Kit with poly(A) enrichment. RNA-seq
libraries from sorted macrophage populations were prepared
using a SMART-Seq v4 Ultra Low Input RNA Kit (Clontech Lab-
oratories) followed by Nextera XT protocol (Illumina). RNA-seq
libraries were sequenced on a NextSeq 500 instrument (Illumina)
with ~5–109106 aligned reads per sample. A commercially avail-
able universal human RNA reference was prepared along with
the synovial RNA to represent background RNA expression.

RNA-seq analysis. RNA-seq data were de-multiplexed
using bcl2fastq, and RNA-seq reads were aligned to the human
reference genome (NCBI, hg19) using TopHat2 (version
2.17.1.14) aligners (52). Gene coverage of samples was calcu-
lated using the RSeQC package (53). Sample complexity was
calculated using the samtools makeTagDirectory command and
identifying the uniquely aligned positions compared to the num-
ber of aligned reads. Normalized gene counts were calculated
using HTSeq (54). For our analysis, we focused on genes in
which at least 2 samples had log2 (fragments per kilobase per
million [FPKM]) expression >3. For visualization, GENE-E soft-
ware (https://software.broadinstitute.org/GENE-E/) was used to
generate Pearson’s pairwise correlation matrices and to perform
K-means and hierarchical clustering. Differential gene expres-
sion between RA and OA samples in the whole tissue data set
was determined using the edgeR Bioconductor package parame-
ters as previously described (adjusted P < 0.01) (55,56). Gene
Ontology (GO) associations were determined by GOrilla (57).
To account for the increased noise of the low-input macrophage-
specific RNA-seq, we focused our analysis on genes in which at
least 2 samples had log2(FPKM + 1) expression >5, and lower
values were set to 5. We defined differentially expressed genes
across patients with RA as those with an adjusted range (log2
fold change between the second highest and second lowest sam-
ples) >1. We removed genes driven by 1 outlier sample (defined
as genes where the difference between the maximum and second
highest values was greater than the difference between the sec-
ond highest and second lowest values), leaving 553 genes for the
analysis. Modules were identified by clustering genes using K-
means clustering and calculating pairwise Pearson’s correlation
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between each gene. The enrichment or depletion of modules
within each patient was determined by a Kolmogorov-Smirnov
test comparing the expression level of genes in a given module to
all 553 genes (with P values less than 0.05 considered significant).

Statistical analysis. Associations between RNA-seq
expression patterns in patients and clinical parameters, including
disease duration, swollen joint count (SJC), tender joint count
(TJC), early disease (defined as a disease duration of <2 years),
rheumatoid factor (RF), anti–cyclic citrullinated peptide (anti-
CCP) antibodies, and history of treatment with biologic agents or
methotrexate, were determined (Table 1). Disease duration, SJC,
and TJC were recorded as continuous variables. Early disease, RF,
anti-CCP antibodies, and patient medication history were recorded
as categorical data (either positive or negative). Patients were
divided into 2 groups based on global gene expression data, and
associations of patient treatment and clinical data with group 1
and group 2 were determined using Fisher’s exact test for categori-
cal variables and Student’s t-test for continuous variables. Pearson’s
correlation was used to determine the association between the

patient’s median gene expression for each module and continuous
variables. The log2 fold change of the average median module
expression between patients with a positive value and those with a
negative value was used to calculate associations with categorical
variables (data are available upon request from the corresponding
author). Significant changes in gene expression were determined
using Student’s t-test.

RESULTS

Patient demographics. The REASON consor-
tium was created to adopt ultrasound-guided synovial
biopsy for research purposes in the US. Over 2 years,
we recruited 41 patients with RA from REASON sites
for ultrasound-guided synovial biopsies. Patient demo-
graphics, clinical data, and other pertinent information
are presented in Table 1.

Table 1. Patient characteristics and sample data*

Patient characteristics Histologic findings in RA synovial biopsy
specimens, mean � SEM (n = 30)‡

Age, years (n = 41) 57.5 � 11.4 % synovial tissue 36.0 � 5.6
Sex, no. (%) female/male 29 (71)/12 (29) CD45 score (range 0–4) 1.7 � 0.2
Disease duration, years (n = 40) 9.3 � 8.4 CD68 score (range 0–4) 1 � 0.1
Early disease, no. (%) (n = 40)† 9 (23) RNA sequencing data, mean � SEM
Rheumatoid factor positive,
no. (%) (n = 40)

23 (58) Whole tissue samples (n = 9 RA and 9 OA)

Anti-CCP positive, no. (%) (n = 36) 19 (53)
RIN

ESR, mm/hour (n = 14) 33.5 � 21.7
RA 6.7 � 0.5

DAS28 (n = 17) 4.7 � 1.3
OA 8.0 � 0.2

CDAI (n = 20) 21.5 � 10.6
Number of aligned reads, million

RAPID3 (n = 25) 11.4 � 7.4
RA 9.2 � 0.7

PGA (n = 24) 4.7 � 3.1
OA 12.9 � 1.1

HAQ (n = 18) 0.7 � 0.5
% of total reads aligned

TJC (n = 31) 5.8 � 6.0
RA 81.9 � 1.2

SJC (n = 31) 7.1 � 4.9
OA 85.3 � 1.2

Treatment, no. (%) (n = 31)
% complexity

No treatment 3 (10)
RA 54.8 � 1.7

Methotrexate
OA 56.2 � 1.9

Current 15 (48)
Sorted macrophage samples (n = 15 RA and 9 OA)

Past 9 (29)
Cells sorted

TNF inhibitor
RA 1,642 � 1,178

Current 12 (38)
OA 77,414 � 26,413

Past 17 (55)
Number of aligned reads, million

IL-6 inhibitor
RA 21.0 � 4.2

Current 2 (6)
OA 21.1 � 6.8

Past 2 (6)
% of total reads aligned

JAK inhibitor
RA 53.9 � 6.0

Current 3 (10)
OA 65.2 � 1.5

Past 5 (16)
% complexity

Other treatment
RA 37.2 � 2.7

Current 11 (35)
OA 38.1 � 2.2

Past 12 (39)
Prednisone <5 mg, current 1 (3)
Prednisone 5–10 mg, current 6 (19)

* Except where indicated otherwise, values are the mean � SD. Anti-CCP = anti–cyclic citrullinated peptide; ESR = erythrocyte sedimentation
rate; DAS28 = Disease Activity Score in 28 joints; CDAI = Clinical Disease Activity Index; RAPID3 = Routine Assessment of Patient Index Data
3; PGA = physician’s global assessment; HAQ = Health Assessment Questionnaire; TJC = tender joint count; SJC = swollen joint count; TNF =
tumor necrosis factor; IL-6 = interleukin-6; RA = rheumatoid arthritis; OA = osteoarthritis; RIN = RNA integrity number.
† Disease duration of <2 years.
‡ All slides were scored by the same physician (RMP), who was blinded with regard to the origin of the samples. The amount of synovial tissue in
each biopsy specimen was estimated by analysis of structure, lining, and leukocyte content.
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Safety and tolerability of ultrasound-guided sy-
novial biopsy. Real-time ultrasound images were used to
guide placement of the needle device for biopsy within the
synovium of the dorsal side of the wrist (Figures 1A and
B). Thirty-one of the 41 patients responded with complete
preprocedure and postprocedure VAS assessments of pain,
stiffness, and swelling of the biopsied wrist. There were no
differences between the preprocedure and postprocedure
scores in these patients (Figure 1C). Patients were then
asked to rate their likelihood of agreeing to repeat the

procedure, and 90.3% of the patients reported that they
would be very likely or somewhat likely to repeat the
biopsy, while only 6.5% stated that they would be some-
what or very unlikely to have a repeat biopsy (Figure 1C).

Histologic assessment of synovial tissue. The
quality of the synovial biopsy specimens obtained from
patients with RA was first quantified by histologic assess-
ment of tissue structure, presence of synovial lining, and
leukocytes (Table 1 and Figures 1D and E). Importantly,
all but 5 samples contained synovial tissue (>10%), and

Figure 1. Acquisition and analysis of synovial tissue from patients with rheumatoid arthritis (RA). A, Ultrasound-guided synovial biopsy of an
inflamed wrist using an 18-gauge 9 1.5-inch needle. B, Dorsal transverse (axial) view of a right wrist showing a needle track created with a 25-
gauge 9 1.5-inch needle (arrowheads) and a left wrist in which an 18-gauge 9 9-cm needle biopsy device has been introduced into the needle
track with a 10-mm throw opened (second and third arrowheads from the left). SV = superficial vein; Ext Tend = extensor tendon complex; Car-
pals = proximal row of carpal bones. C, Top, Patient-reported pain, stiffness, and swelling before and after the biopsy procedure on a visual analog
scale (VAS) of 1–10. Bars show the mean � SEM. Bottom, Patient-reported likelihood of agreeing to a subsequent procedure. VL = very likely;
SL = somewhat likely; NS = not sure; SU = somewhat unlikely; VU = very unlikely. D, Removal of synovial tissue from the biopsy device. Tissue
was placed into phosphate buffered saline on ice until processed. E, Histomorphologic features of synovial biopsy specimens obtained from 2 rep-
resentative RA patients. Representative photomicrographs of sections stained with hematoxylin and eosin (H&E), anti-CD45 (for hematopoietic
cells), and anti-CD68 antibodies (for macrophages) are shown. HS07 = human sample 07.
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11 biopsy specimens contained ≥50% synovial tissue.
The abundance of CD45-positive and CD68-positive
cells in each sample was scored on a modified scale of 0–
4 (35), revealing a substantial enrichment of hematopoi-
etic cells and, more specifically, macrophages in most
biopsy samples (Table 1).

RNA-seq analysis of whole tissue synovial biopsy
specimens. The fidelity of the complementary DNA
library created from whole synovial tissue obtained from

RA synovial biopsy specimens or from OA patients fol-
lowing whole joint replacement was assessed by a variety
of criteria (Table 1). The quality of the RNA-seq data for
whole tissue samples was determined by plotting the num-
ber of detectable genes at varying FPKM thresholds
across samples. There was no observable difference
between the number of genes expressed in RA versus OA
samples (Figure 2A). The read density over the length of
genes revealed that all samples had comparable coverage

Figure 2. Analysis of whole tissue RNA sequencing libraries. A, Number of genes with an expression level greater than a given log2 (fragments
per kilobase per million [FPKM]) value for each osteoarthritis (OA), rheumatoid arthritis (RA), and universal human RNA (uhRNA) control sam-
ple. B, Gene coverage plot displaying the average read density across genes from 50 to 30. C, Pairwise Pearson’s correlations of gene expression
between individual patient samples. Samples are organized by hierarchical clustering based on their Pearson’s correlation coefficients (corr. coeff.)
across samples. Numbers to the right of the matrix are the patient numbers for each sample. HS21 = human sample 21. D, Venn diagram of the
genes expressed in RA and OA samples. The differential analysis (adjusted P < 0.01) revealed 411 and 330 genes that were preferentially
expressed in RA and OA tissue, respectively. Select processes from gene ontology (GO) enrichment analysis of genes preferentially expressed in
each tissue type are listed. E, Normalized gene expression of individual genes in RA versus OA samples. Symbols represent individual samples;
horizontal lines and error bars show the median and interquartile range. * = adjusted P < 0.01.
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Figure 3. Isolation of synovial macrophages and macrophage-specific RNA sequencing. A, Gating strategy used to identify synovial macrophages
in osteoarthritis (OA) and rheumatoid arthritis (RA) tissue. DC = dendritic cell. B, Optimization of the synovial tissue processing procedure. The
success of tissue processing was evaluated by the number of viable, CD45+, and CD11b+ cells identified by flow cytometry. C, Number of genes
with an expression level greater than a given log2 (fragments per kilobase per million [FPKM]) value for each OA, RA, and universal human
RNA (uhRNA) control sample. D, Gene coverage plot displaying the average read density across genes from 50 to 30. E, Log2 fold change of gene
expression between RA and OA whole tissue samples and macrophages. Broken lines indicate a difference of 1; solid line indicates no change in
expression. Select genes are displayed. F, Venn diagram comparing numbers of genes expressed in sorted macrophages and whole tissue. G, Num-
bers of genes differentially expressed in whole tissue that were also detected in sorted macrophages from RA and OA samples. H, Log2 fold
change in expression of the 467 differentially expressed genes (in G) in whole tissue and sorted macrophages. Genes are ordered along the x-axis
by decreasing fold change in whole tissue. The numbers of genes preferentially expressed in RA tissue (log2 fold change >1) and OA tissue (log2
fold change <�1) are indicated in red and blue, respectively.
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across the genome (Figure 2B). Nine RA synovial biopsy
samples and 9 OA tissue samples produced high-quality
RNA-seq libraries and were used for further analyses, con-
centrating on a set of 9,366 expressed genes. The global
gene expression profiles from synovial tissue samples were
heterogeneous across the RA samples and did not clearly
cluster apart from the OA samples (Figure 2C). The vari-
ability among patients highlights the complexity in the pre-
sentation of RA in whole tissue and points to a shift in gene
expression in individual cell types that could be associated
with disease activity status and therapy at the time of biopsy.

Differential expression analysis identified genes that
were specific to either RA or OA synovial tissue samples.
We found 411 RA-specific genes and 330 OA-specific
genes (Figure 2D). GO analysis revealed that RA-specific
genes were associated with a wide range of immune pro-
cesses, including leukocyte activation, Tcell activation, and
B cell–mediated immunity, while OA-specific genes were
associated with more homeostatic processes, such as osteo-
blast differentiation, bone remodeling, and the epidermal
growth factor receptor signaling pathway. Specifically, we
found several macrophage-related genes (FCGR2A, IRF8,
MyD88, and CD14) that were significantly up-regulated in
RA relative to OA synovial tissue (Figure 2E). Genes that

were preferentially expressed in OA, such as lubricin (58),
JUN (59), ADAMTS1 (60), and SCRG1 (61), have previ-
ously been linked to differences in synovial tissue function
in OA. The broad range of pathways involved in RA at the
level of whole tissue highlights the need for a cell type–
specific approach to better understand the role of particu-
lar cell populations.

Synovial macrophage digestion and RNA-seq
analysis. Multiparameter flow cytometry was used to iso-
late macrophages from RA and OA synovial tissue (Fig-
ure 3A). Macrophages were gated via the inclusion of
singlets, viable, CD45+, and HLA–DR+ cells. Macro-
phages were further isolated by excluding dendritic cells
and then gating on the remaining HLA–DR+ cells fol-
lowed by CD11b+ cells to identify the CD206+ macro-
phage populations. An optimized digestion protocol was
developed to isolate viable macrophages from synovial tis-
sue. The effectiveness of tissue digestion was assessed by
maximizing the number of viable, CD45+, and CD11b+
cells within a given single-cell suspension (Figure 3B). A
mean � SEM of 1,642 � 1,178 macrophages was isolated
from digested biopsy samples and prepared for RNA-seq
analysis (Table 1). An identical digestion protocol was
used to isolate cell populations from OA synovial tissue as

Figure 4. Analysis of global gene expression profiles in sorted macrophages from patients with rheumatoid arthritis. A, Pairwise Pearson’s correla-
tion of gene expression between individual patient samples. Samples are organized by hierarchical clustering based on their Pearson’s correlation
coefficients (corr. coeff.) across samples, forming 2 groups. HS20 = human sample 20. B, Table of association analysis of group 1 and group 2 (as
defined in A) with clinical parameters. Values reflect either the group average (for continuous variables) or percent of patients (for categorical
variables). P values for disease duration, swollen joint count (SJC), and tender joint count (TJC) were determined by Student’s t-test, and P values
for early disease, rheumatoid factor, anti–cyclic citrullinated peptide (anti-CCP) antibody, and treatment status were determined by Fisher’s exact
test. Significant values are shown in red.
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described above, resulting in an average of 77,414 macro-
phages per sample (Table 1).

Isolated macrophages from 15 RA biopsy sam-
ples and 9 OA tissue samples were collected and passed
sequencing quality control for further analysis. The per-
cent alignment of reads (average 54%) was lower than
in whole tissue (average 82%) likely due to the
increased noise of low input. There was a minimal dif-
ference in the number of genes detected in RA versus
OA macrophages (Figure 3C). RA macrophages demon-
strated comparable complexity (Table 1) and gene cover-
age (Figure 3D) to OA samples even though the
number of RA macrophages was 45 times less than the
number of sorted OA macrophages.

To determine whether RNA-seq data from macro-
phages provided additional information that could not be
gleaned from the whole tissue data, we investigated
the “macrophage-specific” gene expression profiles. A
comparison of fold change in gene expression between
RA and OA revealed differentially expressed genes that
were detected only by whole tissue or only by macro-
phage-specific RNA-seq (Figure 3E). For example, genes
associated with inflammatory arthritis, such as PI3 (62)
and MMP3 (63), were preferentially expressed in RA and
OA macrophages, respectively, while no change in expres-
sion was observed in whole tissue RNA-seq. Further com-
parison revealed that 6,414 genes were expressed in both
data sets, while 2,952 genes were exclusively found in
whole tissue, and 2,116 genes were macrophage specific
(Figure 3F). Genes exclusively expressed by whole tissue
were likely associated with other cell types, while macro-
phage-specific genes were likely below the limit of detec-
tion of whole tissue RNA-seq. Of the 411 RA-specific and
330 OA-specific genes from whole tissue (Figure 2D), 315
and 152, respectively, were expressed in the macrophage-
specific data set (Figure 3G). However, many of these 467
genes were not differentially expressed in the same direc-
tion in the macrophage-specific data set (Figure 3H).

Next, we compared the global gene expression pro-
files from synovial macrophages across patients. We identi-
fied 2 distinct groups of RA patients based on gene
expression profiles (Figure 4A). Group 1 consisted of two-
thirds of the patients (10 of 15) with highly similar gene
expression profiles, while group 2 contained the remaining
5 patients with divergent gene expression. Patients in
group 2 exhibited significantly higher SJC than those in
group 1 (P = 0.03). These findings demonstrate the possi-
bility for cell type–specific transcriptional profiles of RA
patients to provide information about disease severity.

Modules of co-regulated genes may represent
pathways that perform specific functions in disease. To
identify gene modules within the macrophage

transcriptional profiles, we defined a subset of 553 genes
as differentially expressed across 15 RA patients after
accounting for noise and outliers (see Patients and Meth-
ods). These genes were clustered into 6 modules (mod-
ules 1–6) based on the similarity in their patterns of
expression across patients (Figure 5A). We calculated the
enrichment or depletion of each gene module within the
expression profile of each patient to determine which
patients were driving these modules (Figure 5B).

Despite the limited statistical power of a sample
set of 15 patients, we were able to identify associations
between the expression of these gene modules in patients
and clinical parameters (Figures 5C and D). For example,
expression levels of module 2 genes, including CCR1 and
TREM2 (Figure 5E), were significantly increased (1.31
fold or 0.39 log2 fold change; P = 0.05) (Figure 5D) in
patients who had stopped taking methotrexate. In addi-
tion, expression levels of genes in module 3 were nega-
tively correlated with disease severity as measured by SJC
(P = 0.007) and had 1.7-fold higher expression in patients
recently diagnosed as having RA (log2 fold change = 0.78;
P = 0.04) (Figure 5D). Module 3 genes, such as NFKB1A
and TIMP1, are involved in the cellular response to IL-1
as determined by GO enrichment (data are available
upon request from the corresponding author). Module 4
genes were 1.7-fold more highly expressed in patients who
were not taking a biologic medication at the time of
biopsy (log2 fold change = 0.78; P = 0.01). Module 4 was
enriched with immune response genes such as TNF and
MAFB (Figure 5E). Expression of module 5 genes, such
as MIF and HMGB2, was positively associated with dis-
ease severity as measured by TJC (P = 0.03) (Figure 5C).
Genes in module 6, such as CD83 and CXCR4, were 2.0-
fold higher in patients who were negative for RF (log2
fold change = 1.0; P = 0.03). Taken together, our
data demonstrate for the first time that transcriptional
profiling of isolated synovial macrophages obtained using
ultrasound-guided synovial biopsies may be used to
characterize patients in a biologically relevant manner.

DISCUSSION

Recent advances in ultrasound technology have
opened up a new opportunity for rheumatologists to per-
form minimally invasive ultrasound-guided synovial tissue
biopsies (25). While arthroplasty allows for the collection
of large pieces of synovial tissue, using it as a method of
obtaining tissue from RA patients for research purposes in
the US and in a longitudinal manner is challenging
(23,29,41,45,64–67). Moreover, the tissue obtained from
arthroplasty is usually late stage and may not reflect
ongoing active disease, unlike tissue which may be obtained
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using ultrasound-guided synovial biopsy. The fact that
ultrasound-guided synovial biopsies may be performed in
the clinic without a surgical suite and require minimal to no
recovery time for the patient outweighs the smaller amount
of tissue retrieved (23,29,41,45,64–67). In fact, in several
countries in Europe, this technique is used to obtain sy-
novial tissue for research purposes in a large number of
patients without significant complications (34–36,38–40,68–
73). The procedure itself is well accepted by both patients
and referring rheumatologists in the US, at rates similar to
those observed by our European colleagues (34,36).

Previous studies have focused on access to the
joint, intrajoint synovial variation, and reproducibility of
measurements using the ultrasound-guided synovial
biopsy technique (34–36). Furthermore, these biopsies do

not appear to affect subsequent clinical or ultrasound dis-
ease activity assessments, which is important for patients
who might subsequently enroll in clinical trials (74). Euro-
pean groups have also performed numerous studies to
validate the needle biopsy and portal and forceps proce-
dures and tissue sampling (34–36,38–40,68,75,76). Our
data demonstrate that the ultrasound-guided synovial tis-
sue biopsy specimens obtained from patients with RA are
sufficient for RNA-seq, distinguish differences between
patients with RA and those with OA, and, importantly,
set the framework for the stratification of patients with
RA according to the most prominent disease pathway.
We also report an optimized digestion protocol for syno-
vial tissue obtained by ultrasound-guided biopsies and
demonstrate the ability to sort viable hematopoietic cells

Figure 5. A, Pairwise Pearson’s correlations between 553 differentially expressed genes across sorted macrophages from rheumatoid arthritis (RA)
patients. Genes were clustered using K-means clustering, and 6 modules (mod) of co-regulated genes were identified. B, Expression of genes in
each module in each patient. The Kolmogorov-Smirnov test was used to determine if genes were enriched or depleted (P < 0.05). C, Table of asso-
ciation displaying Pearson’s correlations between the median expression of gene modules in patients and the given clinical parameters (continuous
variables). Correlation coefficients (corr. coeff.) with a P value less than 0.05 are shown in boldface. D, Table of association displaying the average
fold change (log2 fold change) between the median expression of gene modules in patients who were positive versus those who were negative for
the indicated clinical parameters (categorical variables). Current treatment compares patients who were receiving the medication at the time of
biopsy with those who were not receiving the medication at the time of biopsy. Past treatment compares patients who had stopped the medication
with those who had never received the medication. Significant comparisons (P < 0.05, by t-test) are shown in boldface. E, Expression levels (frag-
ments per kilobase per million [FPKM]) of individual genes selected across the 6 modules in patients with RA. HS20 = human sample 20; SJC =
swollen joint count; TJC = tender joint count; anti-CCP = anti–cyclic citrullinated peptide; MTX = methotrexate.
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by FACS. Further, we show that only small numbers of
cells (as few as 10 cells) are sufficient for generation of
libraries for quality RNA-seq analysis. With our initial
cohort of 41 patients, we have been able to link the cell
type–specific transcriptional signatures with patients’
treatment regimen and clinical information.

Currently, the standard of care for RA is to pre-
scribe biologic therapy through a costly and time-consum-
ing trial-and-error process. Therefore, the utility of a
biomarker to identify how a patient will respond to a par-
ticular therapy cannot be overstated. While peripheral
blood is attractive for identifying a potential biomarker due
to its ease of attainability, this approach has not been fruit-
ful. Early studies by Dr. Paul Tak and colleagues demon-
strated the potential of obtaining synovial tissue as a means
to determine a biomarker for responsiveness to therapy
(31). In his seminal studies, he showed that a reduction in
the number of synovial sublining macrophages correlates
with a decrease in disease activity (i.e., the Disease Activity
Score in 28 joints) (31). The abundance of synovial sublin-
ing macrophages is currently a leading candidate for a
viable biomarker of therapeutic response in RA (25).

We posit that transcriptional signatures in macro-
phages regardless of location (sublining versus synovial
lining) will predict responsiveness to specific non-biologic
and/or biologic therapies. Our data suggest the existence
of associations between the transcriptional signature of
macrophages and treatment course (or patient compli-
ance). However, the present study is limited in its ability
to predict response to therapy because of the constraint of
obtaining tissue at a single time point for each patient at
different stages of disease. Future studies beyond the
scope of the present one will entail collection of synovial
biopsy specimens from a larger cohort longitudinally, prior
to and following therapy. Therefore, this study serves as
proof of the principle that transcriptional analysis of syno-
vial macrophages using ultrasound-guided synovial biop-
sies may function to uncover novel pathways underlying
disease pathogenesis or response to therapy. Currently,
studies are also underway in the Accelerating Medicines
Partnership which will take advantage of synovial biopsies
for identification of molecular pathways (77).

In summary, this study is the first in the US to har-
ness the potential of ultrasound-guided synovial biopsies
as a method of obtaining synovial tissue from patients
with RA. Based on the recent success of REASON using
minimally invasive ultrasound-guided synovial biopsies,
coupled with our ability to interrogate synovial tissue at
multiple levels using cutting-edge technologies, we believe
that future studies have the potential to provide critical
information to rheumatologists in establishing precision
medicine as a reality for our patients.
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Augmented Th17 Differentiation Leads to Cutaneous
and Synovio-Entheseal Inflammation in a Novel Model

of Psoriatic Arthritis

Lu Yang, Melania H. Fanok, Aranzazu Mediero-Munoz, Laura K. Fogli, Carmen Corciulo,
Shahla Abdollahi, Bruce N. Cronstein, Jose U. Scher, and Sergei B. Koralov

Objective. To introduce a novel preclinical animal
model of psoriatic arthritis (PsA) in R26Stat3Cstopfl/fl

CD4Cre mice, and to investigate the role of Th17 cyto-
kines in the disease pathogenesis.

Methods. We characterized a novel murine
model of Th17-driven cutaneous and synovio-entheseal
disease directed by T cell–specific expression of a
hyperactive Stat3 allele. By crossing R26Stat3Cstopfl/fl

CD4Cre mice onto an interleukin-22 (IL-22)–knockout
background or treating the mice with a neutralizing
antibody against IL-17, we interrogated how these
Th17 cytokines could contribute to the pathogenesis of
PsA.

Results. R26Stat3Cstopfl/fl CD4Cre mice developed
acanthosis, hyperkeratosis, and parakeratosis of the
skin, as well as enthesitis/tendinitis and periarticular
bone erosion in different joints, accompanied by osteo-
penia. T cell–specific expression of a hyperactive Stat3C
allele was found to drive the augmented Th17 response
in these animals. Careful characterization of the mouse
bone marrow revealed an increase in osteoclast progeni-
tor (OCP) and RANKL-producing cells, which con-
tributed to the osteopenia phenotype observed in the
mutant animals. Abrogation of the Th17 cytokines
IL-17 or IL-22 improved both the skin and bone pheno-
type in R26Stat3Cstopfl/fl CD4Cre mice, revealing a
central role of Th17 cells in the regulation of OCP and
RANKL expression on stromal cells.

Conclusion. Perturbation of the IL-23/Th17 axis
instigates Th17-mediated inflammation in R26Stat3Cstopfl/fl

CD4Cre mice, leading to cutaneous and synovio-entheseal
inflammation and bone pathologic features highly reminis-
cent of human PsA. Both IL-17A and IL-22 produced by
Th17 cells appear to play critical roles in promoting the
cutaneous and musculoskeletal inflammation that charac-
terizes PsA.

Psoriatic arthritis (PsA) is a chronic inflamma-
tory disease characterized by the presence of psoriasis
and concomitant spondyloarthritis, affecting 2.5 million
people in the United States (1). In a majority of PsA
patients, characteristic skin lesions precede the onset of
articular inflammation (1,2). The clinical presentation
is heterogeneous in nature, affecting both the periph-
eral and axial joints. Other frequent manifestations
include enthesitis and dactylitis (2–4). The clinical
course of PsA is variable, but it is estimated that ~50%
of patients will develop erosive arthritis within 1 year
of presentation, if left untreated (2,4). In addition,
osteoporosis is prevalent in PsA patients, contributing to
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a higher risk of incidental fractures in this population
(5,6).

Insight into the etiology and pathogenesis of psori-
asis and PsA has significantly advanced over time. Conse-
quently, multiple signaling pathways and cell populations
have been implicated in the disease pathogenesis (7).
Since their initial characterization as a discrete subset of
CD4+ T helper lymphocytes, Th17 cells have been shown
to play a critical role in many autoimmune and chronic
inflammatory diseases, including psoriasis and PsA
(8–10). Th17 differentiation is driven by cytokines such as
transforming growth factor b (TGFb), interleukin-6
(IL-6), and IL-23, resulting in the phosphorylation of
Smad and STAT-3 and subsequent retinoic acid receptor–
related orphan nuclear receptor ct (RORct) transcription
(11). Th17 cells are enriched in the skin lesions of patients
with psoriasis, where they promote an inflammatory
response through their signature cytokines (i.e., IL-17 and
IL-22). IL-17 induces chemokine production by epithelial
cells, attracting neutrophils to the sites of inflammation,
while IL-22 stimulates hyperproliferation of keratinocytes
in diseased skin and hyperproliferation of synovial fibro-
blasts in the joints (10,12).

In patients with PsA, Th17 cells are not only
enriched in cutaneous lesions, but also notably increased
in the synovium (13). Consistent with these findings, ge-
nome-wide association studies have frequently linked
single-nucleotide polymorphisms in genes critical to
Th17 differentiation (IL23A, IL23R, and STAT3) and
those that play a role in Th17 effector cell function
(IL17RD, IL22, and IL21) to the pathogenesis of psoria-
sis and PsA (14). These observations have established
the importance of the IL-23/Th17 axis in PsA (15).

In addition, biologic therapies targeting IL-23 sig-
naling, Th17 cell differentiation, and the functional
cytokines of this lineage have been successful in amelio-
rating the symptoms of psoriatic arthritis, providing a
great alternative to treatments targeting the tumor
necrosis factor (TNF) signaling pathway. In particular,
monoclonal antibodies against the p40 subunit of IL-12/
IL-23 (ustekinumab) or the p19 subunit of IL-23 (guselk-
umab), IL-17A–neutralizing antibodies (secukinumab,
ixekizumab), and IL-17 receptor–blocking antibodies
(brodalumab) have all been approved by the US Food
and Drug Administration (FDA) and have shown great
promise in the alleviation of symptoms of psoriasis and
PsA (16,17), further highlighting the contribution of the
IL-23/Th17 axis to disease pathogenesis (18).

In this report, we describe a novel animal model
of PsA driven by an augmented Th17 response down-
stream of T cell–specific expression of a hyperac-
tive Stat3C allele (19). R26Stat3Cstopfl/fl CD4Cre mice

develop a cutaneous and synovio-entheseal bone disease
highly reminiscent of PsA. Importantly, STAT3 is one of
the genes associated with PsA susceptibility, and aug-
mentation of IL-23 signaling has been implicated in the
pathogenesis of PsA (20). We carefully characterized
the disease phenotype in this animal model and utilized
R26Stat3Cstopfl/fl CD4Cre mice to gain novel insights
into the contribution of Th17 cells to the etiology of
PsA, with the aim of establishing R26Stat3Cstopfl/fl

CD4Cre mice as an excellent preclinical model of PsA.

MATERIALS AND METHODS

Mice. All experimental mice were housed under spe-
cific pathogen–free conditions in the NYU Langone Medical
Center Skirball animal facility or The Jackson Laboratory. All
experimental procedures and protocols were approved by the
Institutional Animal Care and Use Committee. More details
on the generation of these mice and specific study techniques
used are available in Supplementary Methods (on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40447/abstract).

Quantification of the psoriasis phenotype in the
mouse model. Weekly phenotype scoring, conducted by inves-
tigators who were blinded with regard to genotype, was
performed. The skin phenotype was assessed in each mouse
by assigning a skin phenotype score of 0–3, where a score of
0 indicates the skin appearance of a wild-type C57BL/6
mouse, score of 1 indicates thinning body hair, dry tail, or dry
ears, score of 2 indicates hair loss on either the back or the
head or dry skin, and score of 3 indicates >50% hair loss or
very dry or crusty skin.

Anti–IL-17A antibody treatment. The neutralizing
anti–IL-17A antibody was injected intraperitoneally into preg-
nant female mice and continued until the offspring had
reached 10 days of age. The treatment was then performed
on the offspring directly until they reached ~8 weeks of age;
the mice were then euthanized for experimental analysis. A
dose of 100 lg anti–IL-17A antibody (17F3; BioxCell) was
given to pups between 10 days old and 21 days old, while
pregnant female mice and pups older than age 21 days were
given 200 lg anti–IL-17A antibody per injection. The mice
were treated twice per week. Control animals either received
isotype control (MOPC-21; BioxCell) or were left untreated.

Statistical analysis. Statistical analyses were perform-
ed using unpaired, nonparametric Mann-Whitney U tests or
the Sign test (when comparing normalized values). More than
3 independent experiments were performed in each analysis,
unless stated otherwise. Data are presented as the mean �
SEM. P values less than or equal to 0.05 were considered sig-
nificant.

RESULTS

Development of spontaneous psoriasiform skin
lesions in R26Stat3Cstopfl/fl CD4Cre mice. To examine
whether STAT3 hyperactivity in T cells is sufficient to
drive Th17-associated disease (e.g., psoriasis), we utilized
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a mouse model in which the conditional allele of the
hyperactive Stat3 gene, Stat3C, was expressed selectively
in T lymphocytes (21). These mice began to display a dis-
eased skin phenotype at ~5 weeks of age, with thinning
body hair and dry skin observed on their ears and tails. As
the mice aged, they developed focal hair loss with dry and
flaky skin, mirroring the phenotype of cutaneous psoriatic

lesions (Figures 1A and B). Disease severity varied from
mild dry skin to nearly complete loss of hair on some ani-
mals (Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40447/abstract). Histopathologic analysis
of the affected skin revealed acanthosis or thickened
epidermis, hyperkeratosis, regions of parakeratosis or

Figure 1. Development of a psoriatic-like skin phenotype in R26Stat3Cstopfl/fl CD4Cre mice. A, Representative images of an 8-week-old
R26Stat3Cstopfl/fl CD4Cre mouse (skin phenotype score of 3) and littermate R26Stat3Cstopfl/fl control mouse. B, Skin phenotype scores in
R26Stat3Cstopfl/fl CD4Cre mice (n = 61) and control mice (n = 20) at ages 2–8 weeks, with a score scale ranging from 0 (no phenotype) to 3
(>50% fur loss and/or visibly dry and crusty skin) (see Materials and Methods for a detailed description of the scoring system). Results are the
mean � SEM. C, Representative histologic skin sections from 8-week-old control and R26Stat3Cstopfl/fl CD4Cre mice. Top, Hematoxylin and eosin
staining, revealing acanthosis (arrow in middle panel), parakeratosis in an area of hyperkeratosis (arrowhead in middle panel), and an area remi-
niscent of Munro’s abscess (arrow in right panel). Bottom, Anti-CD3 staining, showing T cells tracking the epidermal–dermal boundary (arrow).
Bars = 100 lm. D, Fold difference in the number of CD3+CD4+ T cells isolated from the skin of R26Stat3Cstopfl/fl CD4Cre mice relative to control
mice. E, Representative results from intracellular flow cytometry analysis of CD3+CD4+ T cells isolated from the skin of 6–10-week-old
R26STAT3Cstopfl/fl CD4Cre mice and control mice. F, Percentage of CD3+CD4+ skin T cells expressing interleukin-17 (IL-17), IL-22, or both. G,
Percentage of neutrophils in the skin. In D–G, results are the mean � SEM of ≥17 mice (ages 6–10 weeks) per genotype; data are representative
of 15 independent experiments. *** = P ≤ 0.001; **** = P ≤ 0.0001, by Sign test in D and by Mann-Whitney U test in F and G.
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retained nuclei in keratinocytes of the stratum corneum,
and evidence of an increase in the number of CD3+ T
cells tracking the epidermal–dermal border (Figure 1C).
Flow cytometry analysis of the immune infiltrate showed
an ~20-fold increase in the percentage of CD3+CD4+ T
lymphocytes in the skin of R26Stat3Cstopfl/fl CD4Cre mice
compared to control mice (Figure 1D), thus reaffirming
the histologic observations.

To assess the subtype of CD4+ Tcells and to evalu-
ate their effector function, intracellular cytokine staining
was performed. These experiments revealed a significantly
higher percentage of IL-17, IL-22, and IL-17/IL-22 dou-
ble-producing T helper cells among skin-infiltrating lym-
phocytes in R26Stat3Cstopfl/fl CD4Cre mice compared to
controls (Figures 1E and F). Enrichment of Th17 cells in
the skin was consistent with previous findings in patients
with psoriasis (2). In addition, levels of both Th1 and Th2
cytokines were reduced in the skin of R26Stat3Cstopfl/fl

CD4Cre mice as compared to controls (Supplementary
Figures 2A and B, http://onlinelibrary.wiley.com/doi/
10.1002/art.40447/abstract).

Finally, cell clusters with an appearance similar
to that of Munro’s micro-abscesses, a pathologic hall-
mark of inflammatory psoriasis, were observed in the
skin of R26Stat3Cstopfl/fl CD4Cre mice (Figure 1C).
Munro’s micro-abscesses are characterized by a large
infiltration of neutrophils. A significant increase in neu-
trophil abundance was indeed evident in the enzymati-
cally digested skin of R26Stat3Cstopfl/fl CD4Cre mice,
as revealed by flow cytometry (Figure 1G).

Evidence of tendon inflammation, joint erosion,
and osteopenia in conjunction with psoriasiform skin
lesions in R26Stat3Cstopfl/fl CD4Cre mice. Up to 30% of
patients with psoriasis develop arthritis within 7 years of
disease incidence (2). Although some genetic and clini-
cal risk factors have been established, the underlying
etiology of this progression remains to be elucidated.
Even though gross inspection of R26Stat3Cstopfl/fl

CD4Cre mice did not reveal obvious joint swelling, we
aimed to examine the joints of these animals thor-
oughly, since there are similarities between the skin
phenotype observed and the clinical hallmarks of psori-
atic lesions. It has been proposed that articular inflam-
mation in PsA begins in the tendons and entheses, with
enthesitis being a unique feature of PsA and related
spondyloarthritis (22,23).

To investigate whether R26Stat3Cstopfl/fl CD4Cre
mice develop enthesitis or tendinitis, we collected RNA
from the Achilles tendons of R26Stat3Cstopfl/fl CD4Cre mice
and their littermate controls. Quantitative polymerase chain
reaction was performed to examine the expression of mes-
senger RNA (mRNA) for several inflammatory genes.

Compared to the controls, R26Stat3Cstopfl/fl CD4Cre mice
exhibited a significant increase in the expression of mRNA
for the pan-hematopoietic marker CD45 and the T helper
cell marker CD4 (Figure 2A). This was demonstrated as an
infiltration of immune cells, such as CD4+ T cells, to the
tendons of R26Stat3Cstopfl/fl CD4Cre mice.

These findings were confirmed by flow cytometry
analysis, in which it was shown that cells isolated from the
tendon tissue of R26Stat3Cstopfl/fl CD4Cre mice contained
a higher percentage of CD45+ cells than that of their litter-
mate controls (Supplementary Figure 3A, http://onlinelib
rary.wiley.com/doi/10.1002/art.40447/abstract). Further-
more, an up-regulation in the expression of IL23R and
RORct mRNA was observed in R26Stat3Cstopfl/fl CD4Cre
mice (Supplementary Figure 3B, http://onlinelibrary.wiley.
com/doi/10.1002/art.40447/abstract), consistent with prior
observations of IL23R/RORct double-positive cells at the
enthesis in a mouse model with features of spondy-
loarthropathy (24) as well as in a study comparing normal
and injured human entheses (25). Other inflammatory
cytokines, including IL-17 and interferon-c (IFNc), were
highly expressed in the Achilles tendons of R26Stat3Cstopfl/fl

CD4Cre mice when compared to controls (Supplementary
Figure 3B). These data suggest that a low-grade inflamma-
tion was present in the synovio-entheseal compartments of
these animals.

To further inspect and characterize the ankle
joints of R26Stat3Cstopfl/fl CD4Cre mice, we performed
histopathologic analysis. Staining of the ankle joints with
hematoxylin and eosin and Giemsa revealed infiltration
and accumulation of cells in the Achilles tendons of
R26Stat3Cstopfl/fl CD4Cre mice, but not in control ani-
mals (Figure 2B and Supplementary Figure 3C [http://
onlinelibrary.wiley.com/doi/10.1002/art.40447/abstract]). We
also observed clusters of cells accumulating at the enthe-
seal tissue in some R26STAT3Cstopfl/fl CD4Cre mice
(Supplementary Figure 3C).

We then performed immunofluorescence analy-
sis using an anti-CD3 antibody, which revealed infiltration
of T cells to the tendons in the ankle joints of
R26Stat3Cstopfl/fl CD4Cre mice (Figure 2C). In addition
to enthesitis, we observed synovitis in the footpad regions
of R26Stat3Cstopfl/fl CD4Cre mice (Supplementary Fig-
ure 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40447/
abstract). The data from immunofluorescence analysis
again validated our findings of infiltration of CD3+ T lym-
phocytes to these sites of inflammation (Supplementary
Figure 4). In addition to the ankle joint, we observed ter-
tiary lymphoid organ–like structures in the infrapatellar
fat pad beneath the patella tendon of R26Stat3Cstopfl/fl

CD4Cre mice (Supplementary Figure 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.40447/abstract). R26Stat3Cstopfl/fl
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CD4Cre mice spontaneously developed tendinitis, enthe-
sitis, and synovitis, whereas these features were absent in
control animals.

To investigate whether infiltration of the joints with
inflammatory cells in R26Stat3Cstopfl/fl CD4Cre mice was
accompanied by cartilage and bone erosion or remodel-
ing, we performed microfocal computed tomography
(micro-CT) to look at periarticular bone density in these
animals. Reduction in bone density was clearly seen in the
knees of R26Stat3Cstopfl/fl CD4Cre mice, whereas we did

not observe consistent changes in the cartilage. Specifi-
cally, we observed a loss of subchondral bone in the femur
and tibia (Figure 2D). Bone erosion was also observed at
the metacarpophalangeal and interphalangeal joints of
R26Stat3Cstopfl/fl CD4Cre mice (Figure 2D). In addition
to peripheral arthritis, R26Stat3Cstopfl/fl CD4Cre mice
also displayed deformity along the spine. These mice
often presented a hunched posture reminiscent of kypho-
sis, and data from micro-CT analysis showed erosive
destruction to their vertebral bodies (Figure 2E). This

Figure 2. Presentation of tendinitis/enthesitis, periarticular bone erosion, and the osteopenia phenotype in R26Stat3Cstopfl/fl CD4Cre mice.
A, Quantitative polymerase chain reaction analysis of CD45 and CD4 mRNA expression in the Achilles tendon and entheseal tissue of
R26Stat3Cstopfl/fl CD4Cre mice and their littermate controls (R26Stat3Cstopfl/+ or R26Stat3Cstopfl/fl mice). Results are the mean � SEM of ≥3 inde-
pendent experiments, with values normalized to the expression of hypoxanthine guanine phosphoribosyltransferase (HPRT). B, Representative
hematoxylin and eosin staining of ankle joint sections from control mice and R26Stat3Cstopfl/fl CD4Cre mice. Bars = 100 lm. C, Representative
examples of immunofluorescence staining of the Achilles tendon from control and R26Stat3Cstopfl/fl CD4Cre mice. Bars = 50 lm. D–F, Representa-
tive microfocal computed tomography (micro-CT) images of the knees (left) and paws (right) (D), vertebra (E), and femurs (F) of R26Stat3Cstopfl/fl

CD4Cre mice and their littermate controls. G, Whole-body bone mineral density measurements in control and R26Stat3Cstopfl/fl CD4Cre mice, as
measured by dual x-ray absorptiometry. H, Micro-CT analysis of the trabecular and cortical thickness of the femurs of control and R26Stat3Cstopfl/fl

CD4Cre mice. Analyses were performed on 6–10-week-old mice. Symbols in G and H represent individual animals; horizontal lines with bars show
the mean � SEM. * = P ≤ 0.05; ** = P ≤ 0.01, by nonparametric 2-tailed Mann-Whitney U test.
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suggested that inflammation occurs both in the peripheral
joints and in the axial joints of R26Stat3Cstopfl/fl CD4Cre
mice.

In addition to the articular defects observed, the
R26Stat3Cstopfl/fl CD4Cremice presented a severe osteope-
nia phenotype. Skeletal bones of the R26Stat3Cstopfl/fl

CD4Cre mice were notably small and more fragile than
those from littermate controls. These observations were
further substantiated by the bone mineral density measure-
ments obtained with a dual x-ray absorptiometry scanner

(Figure 2G and Supplementary Figure 6A [http://onlinelib
rary.wiley.com/doi/10.1002/art.40447/abstract]). Micro-CT
analysis of the femurs of R26Stat3Cstopfl/fl CD4Cre mice
also showed a reduction in both trabecular and cortical
bone thickness in these animals (Figures 2FandH). Over-
all, we found that R26Stat3Cstopfl/fl CD4Cre mice exhib-
ited many key features of PsA—a psoriatic skin
phenotype, arthritis in multiple joints, and osteopenia—
thus making these mice an excellent model for this inflam-
matory disease.

Figure 3. Correlation of the Th17-driven osteopenia phenotype in R26Stat3Cstopfl/fl CD4Cre mice with an increase in the number of osteoclast pro-
genitor (OCP) cells and RANKL+ cells in the local environment. A, Representative immunohistochemical staining for CD3 in the femurs of control
and R26Stat3Cstopfl/fl CD4Cre mice. Original magnification 9 120. B, Representative intracellular staining for interleukin-17 (IL-17) and IL-22 in
CD3+CD4+ T cells in the bones of control and R26Stat3Cstopfl/fl CD4Cre mice (left), and quantified percentage of IL-17 producers in CD3+CD4+
T cells (right). C, Representative images of tartrate-resistant acid phosphate (TRAP)–stained osteoclasts following in vitro osteoclast differentiation
of bone marrow (BM) cells from R26Stat3Cstopfl/fl CD4Cre mice and their littermate controls. Original magnification 9 120. D, Number of TRAP+
cells on day 10 of an in vitro osteoclast differentiation protocol, with values normalized to the number of TRAP+ cells derived from control bone
marrow. E and F, Flow cytometry analysis of the OCP cell population (E) and RANKL-producing cells (F) in the bone marrow of R26Stat3Cstopfl/fl

CD4Cre mice and their littermate controls. All analyses were performed on 6–10-week-old mice. Results are the mean � SEM of ≥3 independent
experiments for all assays. * = P ≤ 0.05; ** = P ≤ 0.01; **** = P ≤ 0.0001, by nonparametric 2-tailed Mann-Whitney U test.

860 YANG ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40447/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40447/abstract


Promotion of osteoclastogenesis by the aug-
mented Th17 response in R26Stat3Cstopfl/fl CD4Cre
mice via increased levels of osteoclast progenitor (OCP)
cells and RANKL+ cells. T cell–specific hyperactivation
of the STAT-3 signaling pathway in R26Stat3Cstopfl/fl

CD4Cre mice was sufficient to promote inflammatory
responses in the skin and synovio-entheses of these mice
(as shown in Figures 1 and 2). Immunohistologic analy-
sis also revealed an increase in the percentage of CD3+
T cells in the bones of R26Stat3Cstopfl/fl CD4Cre mice
(Figure 3A). Flow cytometry analysis of leukocytes from
the bone marrow of R26Stat3Cstopfl/fl CD4Cre mice sim-
ilarly revealed an enrichment of IL-17– and/or IL-22–
producing T cells in the bone marrow (Figure 3B).

Beyond their established role in the skin and
musculoskeletal inflammation, Th17 cells have been

ascribed osteoclastogenic properties in PsA (26). Con-
current with the increase in the Th17 population, the
percentages of other subsets of T helper cells, includ-
ing Th1, Th2, and regulatory T cells, were reduced in
the bone marrow of R26Stat3Cstopfl/fl CD4Cre mice
(Supplementary Figures 7A–C, http://onlinelibrary.wiley.
com/doi/10.1002/art.40447/abstract). These subsets of
T cells were postulated to inhibit osteoclastogenesis
through the effector molecules they secreted (27). We
hypothesized that changes in the bone-resorbing osteo-
clast cell population might be a causal factor in the
osteopenia phenotype observed in R26Stat3Cstopfl/fl

CD4Cre mice.
To confirm this, we first performed a conventional

10-day in vitro osteoclast differentiation assay using the
bone marrow of R26Stat3Cstopfl/fl CD4Cre mice and their

Figure 4. Amelioration of the psoriatic skin phenotype by genetic ablation of interleukin-22 (IL-22) and by anti–IL-17 antibody treatment in
R26Stat3Cstopfl/fl CD4Cre mice. A, Skin phenotype score of R26Stat3Cstopfl/fl CD4Cre mice, R26Stat3Cstopfl/fl CD4Cre IL-22�/� mice, and anti–IL-
17–treated R26Stat3Cstopfl/fl CD4Cre mice at ages 6, 7, and 8 weeks. The score scale (shown on right) ranges from 0 (no phenotype) to 3 (>50%
fur loss and/or visibly dry and crusty skin) (see Materials and Methods for a detailed description of the scoring system). Data represent 10–21 mice
per group. B, Representative hematoxylin and eosin staining of skin sections from control and R26Stat3Cstopfl/fl CD4Cre mice at age 8 weeks. Top,
Skin from untreated mice (arrow indicates acanthosis, arrowhead indicates hyperkeratosis). Middle, Skin from mice on an IL-22–knockout back-
ground. Bottom, Skin from anti–IL-17–treated mice. Bar = 100 lm. C, Fold difference in the number of CD3+CD4+ T cells from the skin of
R26Stat3Cstopfl/fl CD4Cre mice and control mice, normalized to the values in untreated controls within each experiment. D, Percentage of neu-
trophils from the skin of R26Stat3Cstopfl/fl CD4Cre and control mice. In C and D, results are the mean � SEM of ≥6 mice (ages 6–10 weeks) per
genotype; data are representative of ≥3 independent experiments. ** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001, by Sign test in C and by non-
parametric 2-tailed Mann-Whitney U test in D. NS = not significant.
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littermate controls. Consistently, bone marrow from the
R26Stat3Cstopfl/fl CD4Cre mice differentiated into more
osteoclasts than were observed in the bone marrow from
control mice, as identified by tartrate-resistant acid phos-
phatase (TRAP) staining (Figures 3C and D). Moreover,
a higher number of osteoclasts were observed in the
bones of the R26Stat3Cstopfl/fl CD4Cre mice than in the
bones of control animals, as revealed by immunostaining
of femur sections for cathepsin K (Supplementary Fig-
ure 6B, http://onlinelibrary.wiley.com/doi/10.1002/art.
40447/abstract).

In order to better quantify the number of osteo-
clasts in vivo, we performed flow cytometry analysis on
mouse bone marrow. Although there are no reliable

markers of mature osteoclasts that can be utilized in
fluorescence-activated cell sorting analysis, we were
able to evaluate the frequency of OCP cells in the
mouse bone marrow, a cell population that has
previously been described as CD3�CD19�Ter119�(lin-
eage-negative)CD11blow/�,Ly6C+ cells (28). The mono-
cyte/macrophage markers used to identify this
progenitor population reflect the putative myeloid lin-
eage cell origin of osteoclasts. The bone marrow of
R26Stat3Cstopfl/fl CD4Cre mice was found to contain a
higher percentage of OCP cells, as determined by flow
cytometry (Figure 3E).

To validate whether these cells were true OCPs, we
sorted the OCP cells and other non-OCP cell populations

Figure 5. Partial amelioration of bone defects by interleukin-22 deficiency (IL-22�/�) or anti–IL-17 antibody treatment in R26Stat3Cstopfl/fl

CD4Cre mice. In all analyses, R26Stat3Cstopfl/fl CD4Cre mice and their littermate controls were assessed in comparison to R26Stat3Cstopfl/fl CD4Cre
mice and control mice that were either crossed onto an IL-22�/� background or treated with anti–IL-17. A, Representative results of microfocal
computed tomography are shown in 3-dimensional images of the femurs (left), and trabecular and cortical thickness of the femurs was quantified
(right). Symbols represent individual mice; horizontal lines with bars show the mean � SEM. B, The percentage of CD3+CD4+ cells producing IL-
17 in the bone marrow (BM) was determined. C and D, The percentage of osteoclast progenitor (OCP) cells and RANKL producers in the bone
marrow was determined. Results are the mean � SEM of ≥4 mice (ages 6–10 weeks) per group; data are representative of ≥3 independent experi-
ments for all assays. * = P ≤ 0.05; ** = P ≤ 0.01; **** = P ≤ 0.0001, by nonparametric 2-tailed Mann-Whitney U test. NS = not significant.
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from wild-type mice and performed a 4-day in vitro osteo-
clast differentiation assay. In the presence of appropriate
cytokines (i.e., macrophage colony-stimulating factor and
RANKL), only sorted OCP cells differentiated into
TRAP+ osteoclast cells (Supplementary Figure 8A, http://
onlinelibrary.wiley.com/doi/10.1002/art.40447/abstract).
Therefore, a higher number of OCP cells might explain
the increased differentiation of osteoclasts in the 10-day
in vitro assay of the bone marrow from R26Stat3Cstopfl/fl

CD4Cre mice (Figures 3C and D).
Th17 cells are known to induce osteoclastogene-

sis by directly expressing RANKL as well as by inducing
surrounding mesenchymal cells to produce RANKL,
which in turn promotes osteoclast differentiation (29).
Analysis of surface RANKL expression on the T lym-
phocytes from the bone marrow of R26Stat3Cstopfl/fl

CD4Cre mice failed to detect an appreciable increase
(Supplementary Figure 9, http://onlinelibrary.wiley.com/
doi/10.1002/art.40447/abstract). However, a conspicuous
increase in RANKL expression was evident in CD45�
cells (representing cells of nonhematopoietic origin)
from the bone marrow of these animals (Figure 3F).
These data suggest that augmented Th17 responses
in R26Stat3Cstopfl/fl CD4Cre mice may lead to an accu-
mulation of OCPs and enhanced production of
RANKL in the bones, contributing to the osteopenia
phenotype observed in these animals.

Having found striking differences in osteoclasts,
we also aimed to examine the differentiation of osteo-
blasts in the bone marrow of R26Stat3Cstopfl/fl CD4Cre
mice, since the homeostasis of bone remodeling is
governed both by bone-resorbing osteoclasts and by
bone-building osteoblasts. Bone marrow cells from
R26Stat3Cstopfl/fl CD4Cre mice failed to develop into
proper osteoblasts in in vitro assays (Supplementary
Figure 8B, http://onlinelibrary.wiley.com/doi/10.1002/art.
40447/abstract). These data suggest that the osteopenia
present in the R26Stat3Cstopfl/fl CD4Cre mice was
caused by a disturbance of the dynamic homeostasis in
bone remodeling, with a concomitant loss of osteoblasts
and augmented differentiation of osteoclasts.

Amelioration of the psoriasis phenotype with neu-
tralizing antibodies against IL-17 and ablation of IL-22.
Given the large increase in the levels of IL-22 and IL-17
that we observed in the skin and bones of R26Stat3Cstopfl/fl

CD4Cre mice, we interrogated whether reduction or elim-
ination of these cytokines would ameliorate the disease
phenotype. We monitored the skin of the mice prior to
euthanizing them, to determine whether treatment could
alter the course of disease progression. Treatment of mice
with an anti–IL-17 neutralizing antibody resulted in a
delay of phenotype progression (Figure 4A), thereby

representing an important corollary to human disease in
that several therapeutic agents targeting the IL-17 path-
way have been approved by the FDA for the treatment of
patients with psoriasis or PsA, resulting in notable clinical
outcomes (30,31). The improvement in phenotype was
additionally observed in histologic sections of the mouse
skin, since treatment with anti–IL-17 restored epidermal
thickness to control levels (Figure 4B).

Similarly, genetic ablation of IL22 also delayed the
progression of psoriatic disease, arguably to a greater
extent than that achieved with IL-17 blockade, as judged
by the disease severity score and histologic evaluation
(Figures 4A and B). Neither treatment with anti–IL-17
nor ablation of IL22 resulted in a reduction in the total
number of CD4+ Tcells in the skin. Nevertheless, genetic
deletion of IL22 lowered the percentage of CD4+ T cells
in the skin that produced IL-17, IL-22, or both cytokines
(Figure 4C and Supplementary Figures 10A–C [http://
onlinelibrary.wiley.com/doi/10.1002/art.40447/abstract]).
IL22 ablation also reduced the number of neutrophils in
the skin of R26Stat3Cstopfl/fl CD4Cre mice, likely by
reducing the percentage of cells producing IL-22 or
IL-17, both of which act as potent recruitment factors
(Figure 4D). In addition, R26Stat3Cstopfl/fl CD4Cre mice
with IL-22 knockout (IL-22�/� mice) showed increased
production of IFNc in CD4+ Tcells in the skin, as well as
an increased percentage of Treg cells in the skin, whereas
IL-4 production was not affected (Supplementary Fig-
ures 10D–F, http://onlinelibrary.wiley.com/doi/10.1002/
art.40447/abstract).

Association between amelioration of the osteope-
nia phenotype and changes in the abundance of OCPs
and RANKL+ cells in R26Stat3Cstopfl/fl CD4Cre mice.
Abrogating the Th17 cytokines IL-22 and IL-17 by
genetic ablation and through the use of a neutralizing
antibody treatment, respectively, resulted in the ameliora-
tion of the osteopenia phenotype in R26Stat3Cstopfl/fl

CD4Cre mice. The R26Stat3Cstopfl/fl CD4Cre IL-22�/�

mice showed an improved cortical and trabecular bone
thickness, as visualized by micro-CT scan (Figure 5A).
Similarly, R26Stat3Cstopfl/fl CD4Cre mice treated with
anti–IL-17 developed thicker trabecular bones in the
femur, albeit the levels did not reach those observed in
control animals (Figure 5A). Both IL-22 deficiency and
anti–IL-17 treatment resulted in a higher percentage
of T cells producing IL-17 in the bone marrow of
R26Stat3Cstopfl/fl CD4Cre mice (Figure 5B).

In addition, the percentages of Th1, Th2, and
Treg cells in the bone marrow of R26Stat3Cstopfl/fl

CD4Cre IL-22�/� mice and R26Stat3Cstopfl/fl CD4Cre
mice treated with anti–IL-17 were also increased (Sup-
plementary Figures 11A–C, http://onlinelibrary.wiley.
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com/doi/10.1002/art.40447/abstract), which could poten-
tially mitigate the osteoclastogenic effects of the elevated
numbers of Th17 cells. R26Stat3Cstopfl/fl CD4Cre mice
treated with anti–IL-17 showed a reduction in the percent-
age of OCP cells in the bones of these mice (Figure 5C).
Conversely, the percentage of RANKL-producing cells in
the bone marrow of R26Stat3Cstopfl/fl CD4Cre IL-22�/�

mice had decreased (Figure 5D). Thus, Th17 cells
induced osteoclastogenesis, at least in part, through the
promotion of an increase in the numbers of OCP cells and
RANKL producers in the bones.

DISCUSSION

PsA is a debilitating disease with a molecular
mechanism that has yet to be fully elucidated. In an
effort to understand the etiology of this disease, several
mouse models of PsA have been put forward in prior
studies, but none have thoroughly recapitulated the
complex and heterogeneous manifestations of disease
symptoms. For example, keratinocyte-specific deletion
of JunB and c-Jun genes, which are found in the
psoriatic susceptibility locus PSORS6 (19p13), led to
psoriatic-like skin lesions and arthritis in the extremities
in a mechanism involving TNF and lymphocytes (32).
However, the description of this mouse phenotype did
not address the joint inflammation common to
human patients with PsA, and there have not been any
follow-up reports investigating articular inflammation in
this model. In other models, such as in aging DBA/1
mice or mice instilled with mini-circle IL-23, the mice
developed spondyloarthropathy but were devoid of pso-
riasis (24,33). A further shortcoming of the DBA/1
mouse model was that, whereas PsA affects females and
males equally in human patients, only aged male DBA/1
mice developed arthritis. In addition to genetic manipu-
lation, application of the Toll-like receptor 7 agonist
imiquimod could trigger psoriatic skin lesions in mice,
and although this model was highly useful for studies of
psoriasis pathogenesis, the treatment failed to induce
arthritis (34).

Recently, it was shown that skin and joint
inflammation could manifest following intraperitoneal
injection of carbohydrate mannan from Saccharomyces
cerevisiae (35). In that model, the contribution of con-
ventional a/b T cells and B cells to the disease was
entirely dispensable, whereas IL-17 from c/d T cells
alone was sufficient to drive PsA-like phenotypes. The
model highlighted the important role of c/d T cells in
skin inflammation, but the phenotype was more akin to
systemic shock–induced responses rather than a chronic
inflammatory disease.

Herein we present R26Stat3Cstopfl/fl CD4Cre
mice as a new model with several features of PsA, in
which the mice spontaneously developed psoriatic skin
lesions, accompanied by inflammatory infiltrates in mul-
tiple joints, with associated periarticular bone erosion
and severe osteopenia. The R26Stat3Cstopfl/fl CD4Cre
mice presented most of the phenotypes found in patients
with PsA in a fully penetrant manner, without deliberate
triggers, despite the mutant Stat3 expression being lim-
ited exclusively to the T cell lineage. Previously, Sano
et al demonstrated that ectopic expression of Stat3C in
keratinocytes is sufficient to drive psoriasis (36). Further-
more, expression of Stat3C in keratinocytes using K5-
Stat3C, together with a global expression of F759 mutant
gp130 allele, led to the development of both skin and
joint inflammation, reminiscent of that in patients with
PsA. Taken together, these results highlight the impor-
tance of STAT-3 signaling in the continuum of psoriasis
pathogenesis.

In addition, R26Stat3Cstopfl/fl CD4Cre mice devel-
oped the PsA phenotype in response to perturbation in
the IL-23/Th17 axis, whose role in the pathogenesis of
PsA has been established (15,26). In the R26Stat3Cstopfl/fl

CD4Cre mouse model, this signaling pathway was aug-
mented by expression of a hyperactive Stat3 gene selec-
tively in T lymphocytes. Stat3C dimerized in response to
IL-6 receptor signaling, which is crucial for Th17
differentiation (37). Genome-wide association studies
have demonstrated an association between STAT3 and
susceptibility to PsA (20). Therefore, in R26Stat3Cstopfl/fl

CD4Cre mice, several features of the phenotype, as
well as the underlying disease mechanisms of PsA, were
mimicked.

Of utmost importance to the field is the fact
that enthesitis is present in one-third of patients with
PsA, including inflammation of the Achilles tendons,
plantar fascia, and lateral epicondyles (38). The pres-
ence of enthesitis is part of the classification criteria
for PsA, but its clinical diagnosis remains very challeng-
ing (39,40). This leads to underappreciation of the
early phases of the disease and a concomitant subopti-
mal treatment during the timeframe of active inflam-
mation, whereas current therapies could potentially
alter the natural history of this process. Indeed, several
groups have stressed the role of the entheses as an ini-
tiating site of inflammation in a proportion of PsA
patients who go on to develop synovitis and destructive
arthritis (23,40–42). However, very little is known about
the biology and molecular mechanisms by which proin-
flammatory resident cells can drive downstream sys-
temic effects. Our finding that Stat3 hyperactivity in
the T cells was sufficient to promote concomitant
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inflammation in the skin and synovio-entheses of these
mice adds insight into the disease pathogenesis and
suggests that Th17 cells are central to this early mani-
festation of PsA.

PsA is a multiorgan chronic inflammatory disease
that affects patients’ skin, ligaments, joints, and bones. A
severe and common comorbidity in patients with PsA is
osteoporosis. Homeostasis in the bone is well maintained
by distinct cell populations, including osteoclasts that
resorb bone and osteoblasts that promote bone forma-
tion. Imbalance between these populations can reduce
bone mineral density, leading to osteopenia. When we
analyzed the bones of R26Stat3Cstopfl/fl CD4Cre mice,
we observed an increase in the CD3�CD19�Ter119�C-
D11lowLy6Chigh cell population, a subset that has been
demonstrated to represent OCP cells (28). Blood sam-
ples from patients with PsA that had started developing
bone erosions exhibited an increased population of
CD14+ OCP cells (43). Interestingly, CD14+ monocytes
in humans were found to correspond to Ly6C+ myeloid
cells in mice (44), and there was an increased proportion
of OCPs in the bones of R26Stat3Cstopfl/fl CD4Cre mice
with high expression of the Ly6C surface marker.

Our study of R26Stat3Cstopfl/fl CD4Cre mice
allowed us to probe the cells directly from the bones
and to further investigate the mechanism behind the
changes locally. These OCP cells differentiated into
bone-resorbing osteoclasts upon exposure to cytokines
such as RANKL. Although it was proposed that Th17
cells could express RANKL, which directly activates
differentiation of OCPs (27), we demonstrated that the
increase in RANKL-producing cells in our mouse
model was restricted to the CD45� cell population in
the bones. This suggests that an indirect pathway plays
a role in this process, where IL-17 from Th17 cells acts
on mesenchymal cells, including osteoblasts and fibro-
blasts, which then up-regulate the expression of
RANKL to drive osteoclast differentiation. Besides the
promotion of osteoclastogenesis, defects in osteoblast
differentiation, as observed in the bone marrow from
R26Stat3Cstopfl/fl CD4Cre mice, suggested that Th17
cytokines have a suppressive role in these bone-forming
cells, consistent with recent observations by Wagner
and colleagues, who recently demonstrated in 2 murine
models of psoriasis that IL-17 suppressed the differen-
tiation of osteoblasts and osteocytes (45).

Although disease-modifying antirheumatic drugs
are still the first-line choice when treating patients with
PsA, biologic therapies have revolutionized the field,
due to their high efficacy and safety profile. TNF
antagonists, including monoclonal antibodies and fusion
proteins, are the most commonly used biologic agents

and the first to be approved by the FDA for treating
PsA. Biologics targeting the IL-23/IL-17 axis have
gained interest in recent years. Ustekinumab, which tar-
gets the p40 subunit of both IL-12 and IL-23 cytokines,
and a monoclonal antibody against IL-17 (secuk-
inumab) have each shown promising therapeutic out-
comes and have also been approved by the FDA for
the treatment of PsA (46,47). Because of the height-
ened Th17 response observed in the R26Stat3Cstopfl/fl

CD4Cre mice, we decided to mimic such treatment
with the use of a neutralizing antibody against IL-17.
Anti–IL-17 treatment reversed the progression of the
psoriatic skin lesions in R26Stat3Cstopfl/fl CD4Cre mice
and partially improved the osteopenia phenotype. This
finding confirmed the efficacy of biologics in targeting
one of the central signaling pathways contributing to
PsA pathogenesis.

Furthermore, elimination of IL-22 led to ameliora-
tion of the skin and bone phenotype in R26Stat3Cstopfl/fl

CD4Cre mice, reinforcing the potential importance of this
cytokine in driving disease pathogenesis, suggesting that
this cytokine may also play a central role in the pathogen-
esis of PsA. R26Stat3Cstopfl/fl CD4Cre IL-22�/� mice did
have a considerable reduction in RANKL-producing cells
in their bones. This was noteworthy since IL-17 is known
to promote RANKL expression. However, the role of IL-
22 in osteoclastogenesis is less appreciated. IL-22 was
previously shown to stimulate RANKL expression in sy-
novial fibroblasts obtained from rheumatoid arthritis
patients, and fibroblasts pretreated with IL-22 could stim-
ulate the differentiation of osteoclasts from monocytes in
the absence of exogenous RANKL (48). Both the results
of that study and our observations of the reduction in
RANKL-producing cells in R26Stat3Cstopfl/fl CD4Cre
IL-22�/� mice indicate that both IL-22 and IL-17 appear
to contribute to osteoclastogenesis.

In addition to our observations of skin, synovio-
entheseal, and bone inflammation in R26Stat3Cstopfl/fl

CD4Cre mice, a heavy immune cell infiltration in the
lung is also characteristically found in this model (21),
with little or no inflammation at other sites. We have
previously identified infiltration of neutrophils and che-
mokine up-regulation as characteristics that lead to
lung function impairment in R26Stat3Cstopfl/fl CD4Cre
mice (21). These lung defects likely contribute to the
short lifespan of these mice (duration of 8–12 weeks,
depending on the facility). This limited lifespan may
also explain why we have yet to observe full-blown
inflammation in the joints of these mice. The mecha-
nisms at play that direct Th17-mediated infiltration at
only these distinct sites, namely, the skin, joints, bone,
and lung, remain to be elucidated.
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There are still many questions unanswered in the
field of PsA, and one obstacle has been the lack of an
accurate animal model. The R26Stat3Cstopfl/fl CD4Cre
animal model faithfully recapitulates many of the clini-
cal features of PsA to a degree that other models have
failed to capture. The disease manifestation was sponta-
neous, highly penetrant, and driven by a genetic pertur-
bation relevant to human disease. As such, this murine
model provides an excellent platform for further studies
examining the role of additional genetic and environ-
mental triggers in PsA, and is a useful addition to the
repertoire of preclinical animal models of this rheu-
matic disease.
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Long-Term Safety and Efficacy of Belimumab in Patients With
Systemic Lupus Erythematosus

A Continuation of a Seventy-Six–Week Phase III Parent Study in the United States

Richard A. Furie,1 Daniel J. Wallace,2 Cynthia Aranow,3 James Fettiplace,4 Barbara Wilson,5

Prafull Mistry,6 David A. Roth,7 and David Gordon7

Objective. We undertook this US multicenter con-
tinuation study (GlaxoSmithKline study BEL112233;
ClinicalTrials.gov identifier: NCT00724867) to assess
long-term safety and efficacy of belimumab in patients
with systemic lupus erythematosus (SLE) who completed
the Study of Belimumab in Subjects with SLE 76-week
trial (ClinicalTrials.gov identifier: NCT00410384).

Methods. Patients continued to receive the same
belimumab dose plus standard therapy; patients previ-
ously receiving placebo received 10 mg/kg belimumab.
The primary outcome measure was long-term safety of
belimumab (frequency of adverse events [AEs] and
damage assessed using the Systemic Lupus International
Collaborating Clinics/American College of Rheumatology
Damage Index [SDI], evaluated every 48 weeks [1 study
year]). Other assessments included the SLE Responder

Index (SRI), flare rates (using the modified SLE Flare
Index [SFI]), prednisone use, and B cell levels.

Results. Of 268 patients, 140 completed the study
and 128 withdrew. The mean � SD score on the Safety of
Estrogens in Lupus Erythematosus National Assessment
version of the SLE Disease Activity Index (SELENA–
SLEDAI) at baseline was 7.8 � 3.86. The mean � SD
SDI score increased by 0.4 � 0.68 from its value at base-
line (1.2 � 1.51). The overall incidence of treatment-
related and serious AEs remained stable or declined
through study year 7. An SRI response was achieved by
41.9% and 75.6% of patients at the study year 1 and
study year 7 midpoints, respectively. At the study year 7
midpoint, relative to baseline, 78.2% had achieved a ≥4-
point reduction in the SELENA–SLEDAI score, 98.4%
had no new British Isles Lupus Assessment Group
(BILAG) A organ domain score and no more than 1 new
BILAG B organ domain score, 93.7% had no worsening
in the physician’s global assessment of disease activity,
20.6% had experienced ≥1 severe SFI flare, the mean
decrease in prednisone dose was 31.4%, and the median
change in CD20+ B cell numbers was �83.2%.

Conclusion. These long-term exposure results
confirm the previously observed safety and efficacy
profiles of belimumab in patients with SLE.

Systemic lupus erythematosus (SLE) is a chronic
autoimmune disorder that affects a number of organ sys-
tems (1) and causes a marked impairment in quality of life
(QoL) (2,3). Active disease (4,5) and medication toxicities
contribute to the accrual of long-term organ damage
(6–8). Corticosteroids and immunosuppressant drugs have
demonstrated clinical benefits (9); however, concerns
remain about the safety of their long-term use (6–8).

Belimumab is a human IgG1k monoclonal anti-
body licensed for the treatment of adult patients with
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active, autoantibody-positive SLE who are receiving
standard therapy. Belimumab binds to and inhibits the
activity of soluble human B lymphocyte stimulator pro-
tein (10). A placebo-controlled phase II study showed
that intravenous (IV) belimumab plus standard therapy
was generally well tolerated (11); a good safety profile
was maintained over 7 years (12). Two phase III studies,
the Study of Belimumab in Subjects with SLE 52-week
(BLISS-52) and 76-week (BLISS-76) trials, demonstrated
the safety and efficacy of belimumab in patients with
autoantibody-positive, active SLE (13,14). The long-term
safety and efficacy of belimumab were examined in 2
open-label continuation studies (GlaxoSmithKline [GSK]
studies BEL112233 and BEL112234) in patients who com-
pleted the BLISS studies. A pooled interim analysis of
these 2 long-term continuation studies demonstrated low
rates of organ damage accrual in patients with moderate-
to-severe SLE, and safety over 5 years of exposure (15).
Herein, we present the clinical results of the complete
BLISS-76 continuation study BEL112233 conducted in
US-only patients. Due to the study design, all non-US
patients in BLISS-76 and BLISS-52 entered the rest-of-
world continuation study BEL112234 (ClinicalTrials.gov
identifier: NCT00712933).

The objectives of this continuation study were to
provide continuing treatment to patients who com-
pleted BLISS-76 and evaluate the long-term safety and
tolerability, impact on QoL, and efficacy of belimumab
treatment in patients with SLE. The long-term impact
of belimumab on QoL in patients with SLE will be
reported separately.

PATIENTS AND METHODS

Study design. This was a multicenter, continuation
study (GSK study BEL112233; ClinicalTrials.gov identifier:
NCT00724867) conducted in patients who completed the 76-
week phase III parent study BLISS-76 (GSK study
BEL110751; ClinicalTrials.gov identifier: NCT00410384) in
the US (14). In BLISS-76, patients were randomized to
receive 1 mg/kg belimumab IV, 10 mg/kg belimumab IV, or
placebo, plus standard therapy for 76 weeks (14). Patients
who previously received placebo received 10 mg/kg beli-
mumab in the continuation study. Patients randomized to
receive belimumab continued to receive the same dose as in
the parent study (1 or 10 mg/kg IV every 28 days) plus stan-
dard therapy. Following a protocol amendment (March 9,
2011), patients receiving 1 mg/kg belimumab had their dose
increased to 10 mg/kg. Data on all patients receiving beli-
mumab during this study were pooled for analysis.

To be eligible for enrollment, patients had to have
completed BLISS-76 through week 72 and be able to receive
the first dose of belimumab within 4 weeks (minimum 2
weeks, maximum 8 weeks). Patients were excluded if in the
investigator’s opinion they presented with clinical evidence of
uncontrolled, acute, or chronic disease not due to SLE. Other

key exclusion criteria included occurrence of an adverse event
(AE) in the parent trial that would place the patient at undue
risk, or laboratory abnormalities.

Since the study was designed to have 48-week study
years, study years do not align with calendar years. The study
was designed to end either after 5 calendar years from the
date of enrollment of the last patient or when fewer than 100
patients remained in the trial, whichever occurred first. The
study was conducted from August 5, 2008 to March 26, 2015,
and up to 8 calendar years of data were collected (maximum
exposure 2,908 days) (Figure 1).

Clinical site personnel remained blinded with regard
to parent study treatment until results of the parent study
were made public. The study was performed in accordance
with the Declaration of Helsinki (16). All sites maintained
ethics committee and institutional review board approval, and
written informed consent was obtained from all patients.

Study end points. The primary objective of this study
was the evaluation of the long-term safety of belimumab, as
assessed by AEs, AEs of special interest, vital signs, and clinical
laboratory tests (hematology, chemistry, routine urinalysis, and
immunogenicity testing). Organ damage was assessed using the
Systemic Lupus International Collaborating Clinics/American
College of Rheumatology Damage Index (SDI) (17). Assess-
ments were performed at week 24 (study year midpoint) and
week 48 (study year end, referred to hereafter as study year).
AEs were monitored throughout the study and for 8 weeks fol-
lowing the last dose of belimumab. Clinical laboratory assess-
ments were performed on day 0, at weeks 4, 12, 24, 36, and 48 of
study year 1, and at weeks 24 and 48 of each study year there-
after. Organ damage was assessed every 48 weeks.

Efficacy and biomarker assessments were exploratory.
The primary efficacy assessment was the SLE Responder
Index (SRI) (18) response rate, a validated composite end
point defined as a ≥4-point reduction from baseline in the
Safety of Estrogens in Lupus Erythematosus National Assess-
ment version of the SLE Disease Activity Index (SELENA–
SLEDAI) score (19), no worsening in the physician’s global
assessment of disease activity on a 0–10-cm visual analog
scale (<0.3 points from baseline), and no new British Isles
Lupus Assessment Group (BILAG) A or no more than 1 new
BILAG B organ domain score (20).

Other efficacy assessments included the SELENA–
SLEDAI, BILAG, physician’s global assessment of disease activ-
ity, flare rates, prednisone use, and biomarkers. Flare rates were
assessed by the SLE Flare Index (SFI) (19) and the BILAG. SFI
flare rates (mild/moderate or severe) were defined by the modi-
fied SELENA–SLEDAI SFI (the modified SFI excludes severe
flares that were triggered only by an increase in the SELENA–
SLEDAI score to >12) (21). BILAG flare was defined by at least
1 new BILAG A organ domain score or >1 new BILAG B organ
domain score compared with baseline (21). Biomarker assess-
ments included anti–double-stranded DNA (anti-dsDNA) levels,
serum complement levels, proteinuria values, serum Ig levels,
and B cell subsets. Patients with a baseline SELENA–SLEDAI
score of <4 at entry into the continuation study were excluded
from the SRI analysis. Efficacy and biomarker assessments were
performed every 24 weeks from the first dose of belimumab,
with the exception of serum Ig levels, which were tested at week
24 and week 48 during study year 1 and then every 48 weeks.
Concomitant corticosteroids were converted to a prednisone
equivalent average daily dose (mg/day).
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Post hoc analyses were carried out for several parame-
ters of interest. Baseline disease characteristics were exam-
ined for patients who withdrew and those who completed the
study, to investigate completer bias. Withdrawals among SRI
responders were reported, and severe flares were examined
according to which severe SFI flare criteria were met. In
addition, the proportions of patients who experienced nor-
malization of anti-dsDNA and complement levels and who
discontinued prednisone during the study were examined.

Statistical analysis. No formal statistical hypothesis
testing was performed, and all analyses were descriptive and
exploratory. Analyses included those patients enrolled in the
continuation study who received at least 1 dose of belimumab.
Patients who received 1 mg/kg or 10 mg/kg belimumab in the
parent study were pooled for all analyses. Baseline was defined
as the last assessment prior to the first dose of belimumab (day
0). Therefore, baseline for the parent study placebo group was
the last assessment prior to their first dose of belimumab, at
the start of the continuation study. For patients receiving active

treatment in the parent study, baseline was the latest assess-
ment prior to commencing the parent study, BLISS-76.

AEs from both the parent and continuation studies
were coded according to the Medical Dictionary for Regula-
tory Activities, version 17.1. All AE data were summarized by
study year according to the recorded start date of the AE.
AEs that continued for >1 study year were reported in the
year they first occurred; repeat AE episodes were reported in
the year they reappeared. If the AE onset date was missing,
it was assumed the start date was study year 1. If the AE end
date was missing, it was assumed the AE continued until
study end. AEs of special interest included malignant neo-
plasms, postinfusion systemic reactions, infections, depression,
suicide, and self-injury. Continuous variables were summa-
rized, reporting mean and SD, median and 25th and 75th
percentile, and minimum and maximum. Categorical vari-
ables were summarized with frequency counts and percent-
ages. All analyses were performed using SAS software,
version 9.3.

Figure 1. Disposition of the systemic lupus erythematosus (SLE) patients and enrollment by treatment in the Study of Belimumab in Subjects
with SLE 76-week (BLISS-76) trial. This continuation study (GlaxoSmithKline [GSK] study BEL112233) was designed to end either after 5 calen-
dar years from the date of enrollment of the last patient or when fewer than 100 patients remained in the trial, whichever occurred first. Patients
at non-US sites were not eligible for enrollment into this study and had the opportunity to enroll in another open-label, long-term continuation
study, GSK study BEL112234. For patients who received placebo in the parent study (BLISS-76; GSK study BEL110751), baseline was the last
assessment prior to their first dose of belimumab, at the start of the continuation study. For patients who received belimumab in the parent study,
baseline was the latest assessment prior to commencing the parent study. One patient who withdrew from the continuation study reported an
adverse event (AE) leading to discontinuation, but the investigator-recorded reason for withdrawal was “physician decision.”
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RESULTS

Patient population. The modified intent-to-treat
(ITT) population comprised 268 patients (46.5% of
parent study completers; non-US patients in the parent
study were not eligible for this study); 140 patients
(52.2%) completed the continuation study, and 128
patients (47.8%) withdrew. The majority of patients
were white (186 of 268 [69.4%]) and female (250 of
268 [93.3%]), with a mean � SD age of 42.8 � 11.33
years (Table 1). The duration of SLE ranged from 0 to
36 years, with a mean � SD of 7.7 � 6.77 years. The
majority of patients (188 of 268 [70.1%]) entered the
continuation study with a baseline SELENA–SLEDAI
score of ≤9 and a mean � SD SDI of 1.2 � 1.51. The
mean � SD duration of belimumab exposure was
1,962.1 � 746.44 days, with a median of 2,166.5 days
(range 28–2,908).

The number of patients withdrawing from the
study each year remained consistent throughout the study,
and the number of patients starting each yearly interval
declined at similar rates among patients initially treated
with belimumab in the parent study and those treated
with placebo (see Supplementary Figure 1, available on
the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40439/abstract). The 3
most common reasons for withdrawal were withdrawal by
patient (31 of 128 [24.2%]), AE (25 of 128 [19.5%]), and
other (22 of 128 [17.2%]) (Figure 1). A post hoc review
of the data indicated that where a reason was provided
for withdrawal by patient, the 2 requests most often cited
were a desire to conceive and logistical reasons (data not
shown). The majority of patients (11 of 14) who withdrew
due to lack of efficacy did so in the first 4 years of the
study. Disease flares were a commonly cited reason for
withdrawal due to lack of efficacy (5 of 14 patients).

Baseline characteristics of patients who withdrew
from the study and of those who completed were exam-
ined post hoc. The mean � SD SELENA–SLEDAI
scores at baseline were 7.8 � 3.85 and 7.8 � 3.89
among those who withdrew and those who completed,
respectively. Thirty-eight of 128 patients (29.7%) who
withdrew had a SELENA–SLEDAI score of ≥10 at
baseline, compared with 42 of 140 patients (30.0%)
who completed the study. Of patients who withdrew, 91
of 128 (71.1%) had a score of >1 on the physician’s
global assessment of disease activity, compared with 98
of 140 patients (70.0%) who completed the study.
Among patients who withdrew, 63 of 128 (49.2%) had
active disease at baseline, defined as ≥1 BILAG A or
≥2 BILAG B organ domain scores, while 74 of 140
patients (52.9%) who completed the study had active

disease at baseline. At baseline, ≥1 SFI flare had been
experienced by 28 of 128 patients (21.9%) who then
withdrew and by 37 of 140 patients (26.4%) who com-
pleted. Among patients who withdrew, 2 of 128 (1.6%)
experienced ≥1 severe flare prior to baseline; no
patients who completed the study had a severe flare
prior to baseline. Twenty-three of 128 patients (18.0%)
who withdrew from the study had proteinuria >0.5 gm/
24 hours at baseline, compared with 13 of 140 (9.3%)
who completed. Low C3/C4 levels (C3 <0.9 gm/liter
and/or C4 <0.16 gm/liter) at baseline were reported in
52 of 128 patients (40.6%) who withdrew and 67 of 140
(47.9%) who completed. Overall, baseline disease char-
acteristics between patients who withdrew and those
who completed were similar.

Safety. AEs. At least 1 AE was experienced by
267 of 268 patients (99.6%), and 145 of 268 patients
(54.1%) had an AE that was considered by the investi-
gator to be drug-related (Table 2). Discontinuation
of belimumab due to an AE occurred in 26 of 268

Table 1. Baseline characteristics of the 268 patients*

Female 250 (93.3)
Age, mean � SD years 42.8 � 11.33
BMI, mean � SD kg/m2 28.4 � 7.43
Race
White 186 (69.4)
Black or African American/African heritage 57 (21.3)
Asian 13 (4.9)

SLE disease duration, mean � SD years 7.7 � 6.77
SELENA–SLEDAI score (0–105), mean � SD 7.8 � 3.86
SELENA–SLEDAI score
≤9 188 (70.1)
≥10 80 (29.9)

Complement levels
Low C3 and/or low C4 119 (44.4)
No low C3 or C4 149 (55.6)

PGA (0–10-cm VAS), mean � SD 1.19 � 0.60
SDI score (0–47), mean � SD 1.2 � 1.51
SLE Flare Index
At least 1 flare 65 (24.3)
At least 1 severe flare 2 (0.7)

BILAG organ domain involvement† 137 (51.1)
Concomitant medications
Corticosteroids only 21 (7.8)
Immunosuppressant drugs only 11 (4.1)
Antimalarials only 41 (15.3)

Average prednisone dose
0 mg/day 95 (35.4)
>0 to ≤7.5 mg/day 87 (32.5)
>7.5 to ≤40 mg/day 86 (32.1)

* Except where indicated otherwise, values are the number (%). BMI =
body mass index: SLE = systemic lupus erythematosus; SELENA–
SLEDAI = Safety of Estrogens in Lupus Erythematosus National
Assessment version of the SLE Disease Activity Index; PGA = physi-
cian’s global assessment of disease activity; VAS = visual analog scale;
SDI = Systemic Lupus International Collaborating Clinics/American
College of Rheumatology Damage Index.
† At least 1 new British Isles Lupus Assessment Group (BILAG) A
organ domain score or >1 new BILAG B organ domain score com-
pared with baseline.
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patients (9.7%), with the majority (n = 22) of these
occurring in the first 4 years of the study. With the
exception of intraductal proliferative breast lesion (n =
2), all AEs that led to study drug discontinuation were
different. The most common AEs (occurring in ≥25%
of patients) were arthralgia (108 of 268 [40.3%]), nau-
sea (88 of 268 [32.8%]), headache (86 of 268 [32.1%]),
and infections, including bacterial upper respiratory
tract infection (77 of 268 [28.7%]), viral upper respira-
tory tract infection (76 of 268 [28.4%]), and bacterial
urinary tract infection (70 of 268 [26.1%]). At least 1
serious AE was reported in 112 of 268 patients
(41.8%), and at least 1 severe AE (grade 3 or grade 4
events listed as life-threatening) was reported in 100 of
268 patients (37.3%). Two deaths occurred (0.7%); nei-
ther was considered study drug–related (hypertensive
heart disease, polydrug toxicity [later adjudicated as
suicide]). AEs of special interest are summarized in
Table 2. Sixteen patients acquired an opportunistic
infection (none categorized as serious), and 3 incidents

of suicidal behavior (1.1%) were reported. Overall, the
incidence of AEs, treatment-related AEs, serious AEs,
and severe AEs remained stable or declined from study
year 1 to study year 7+.

Clinical laboratory evaluations and vital signs.
Lymphocyte count was the only hematologic measure in
which ≥10% of patients had either grade 3 or grade 4
values during the study; 50 of 177 patients (28.2%) had
a grade 3 value. The percentage of patients who had at
least a 2-grade shift from baseline in clinical chemistry
studies (liver function, electrolytes, and other chemistry
studies) was generally stable or declined over time, not
exceeding 12% postbaseline. The percentage of patients
with grade 3 or grade 4 values at any time postbaseline
did not exceed 5% for any clinical chemistry parameter
or urinalysis, and no trends of clinical concern were
noted. During the study, 7 of 268 patients (2.6%) had a
grade 3 value for IgG, and none of these patients expe-
rienced a serious or severe infection. Two patients had a
persistent positive anti-human antibody response that

Table 2. Incidence of treatment-emergent AEs by study year*

Any time
postbaseline
(n = 268)

Year 0–1
(n = 268)

Year 1–2
(n = 259)

Year 2–3
(n = 244)

Year 3–4
(n = 219)

Year 4–5
(n = 202)

Year 5–6
(n = 192)

Year 6–7
(n = 130)

Year 7+
(n = 65)

At least 1 AE 267 (99.6) 260 (97.0) 235 (90.7) 206 (84.4) 184 (84.0) 167 (82.7) 145 (75.5) 87 (66.9) 31 (47.7)
At least 1 treatment-related AE† 145 (54.1) 89 (33.2) 55 (21.2) 40 (16.4) 35 (16.0) 30 (14.9) 32 (16.7) 13 (10.0) 3 (4.6)
At least 1 serious AE 112 (41.8) 33 (12.3) 30 (11.6) 25 (10.2) 22 (10.0) 24 (11.9) 16 (8.3) 13 (10.0) 3 (4.6)
Serious AEs by system organ class‡
Infections and infestations 44 (16.4) 13 (4.9) 9 (3.5) 4 (1.6) 6 (2.7) 8 (4.0) 7 (3.6) 2 (1.5) 1 (1.5)
Musculoskeletal and
connective tissue

22 (8.2) 7 (2.6) 5 (1.9) 3 (1.2) 2 (0.9) 4 (2.0) 2 (1.0) 1 (0.8) 0

At least 1 severe AE 100 (37.3) 31 (11.6) 19 (7.3) 23 (9.4) 21 (9.6) 18 (8.9) 15 (7.8) 10 (7.7) 3 (4.6)
Severe AEs by system organ class‡
Infections and infestations 28 (10.4) 7 (2.6) 2 (0.8) 4 (1.6) 7 (3.2) 6 (3.0) 3 (1.6) 0 1 (1.5)
Musculoskeletal and
connective tissue

23 (8.6) 9 (3.4) 4 (1.5) 4 (1.6) 1 (0.5) 5 (2.5) 3 (1.6) 1 (0.8) 0

At least 1 AE resulting in study
agent discontinuation

26 (9.7) 3 (1.1) 4 (1.5) 7 (2.9) 8 (3.7) 0 2 (1.0) 2 (1.5) 0

All infections of special interest§ 43 (16.0) 14 (5.2) 13 (5.0) 8 (3.3) 6 (2.7) 7 (3.5) 11 (5.7) 6 (4.6) 0
Serious 5 (1.9) 1 (0.4) 1 (0.4) 1 (0.4) 0 1 (0.5) 1 (0.5) 0 0

Opportunistic infections of
special interest¶

16 (6.0) 3 (1.1) 3 (1.2) 4 (1.6) 0 3 (1.5) 6 (3.1) 2 (1.5) 0

Serious 0 0 0 0 0 0 0 0 0
All herpes zoster 27 (10.1) 9 (3.4) 6 (2.3) 4 (1.6) 4 (1.8) 5 (2.5) 7 (3.6) 3 (2.3) 0
Opportunistic¶ 9 (3.4) 1 (0.4) 2 (0.8) 2 (0.8) 0 2 (1.0) 5 (2.6) 2 (1.5) 0
Serious 1 (0.4) 0 1 (0.4) 0 0 0 0 0 0

Malignant neoplasms (excluding
nonmelanoma skin cancer)

10 (3.7) 0 1 (0.4) 4 (1.6) 2 (0.9) 0 0 2 (1.5) 1 (1.5)

Postinfusion systemic reactions# 50 (18.7) 23 (8.6) 11 (4.2) 7 (2.9) 5 (2.3) 4 (2.0) 6 (3.1) 5 (3.8) 1 (1.5)
Any depression/suicide/self-injury§ 73 (27.2) 25 (9.3) 22 (8.5) 17 (7.0) 6 (2.7) 8 (4.0) 3 (1.6) 4 (3.1) 1 (1.5)
Deaths 2 (0.7) 0 1 (0.4) 0 1 (0.5) 0 0 0 0

* Values are the number (%) of patients. Patients reporting multiple adverse events (AEs) within a study year are only counted once in each of
the appropriate categories.
† Possibly, probably, or definitely related.
‡ Two most frequently occurring AE system organ classes presented.
§ Per custom Medical Dictionary for Regulatory Activities (MedDRA) query.
¶ Per adjudication by GlaxoSmithKline.
# Per custom MedDRA query, broad search.
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occurred during at least 2 consecutive assessments or
once at the final assessment, although no patient had >2
consecutive positive results. Mean diastolic and systolic
blood pressures were stable over time.

Organ damage. The mean � SD SDI score was
1.2 � 1.51 at baseline. At study year 7 the mean � SD
SDI score had increased by 0.4 � 0.68.

Efficacy. SRI response. An SRI response had
been achieved by 96 of 229 patients (41.9%) and 90 of
119 patients (75.6%) overall at the study year 1 and
study year 7 midpoints, respectively (Figure 2A). With-
drawals between these 2 time points were examined
post hoc, along with the occurrence of new responses,
to account for the decrease in absolute number of
responders. Of the patients who withdrew (113 of 268;

modified ITT population) between these 2 time points,
34 of 113 (30.1%) were responders at the study year 1
midpoint. Of the 90 patients who were SRI responders
at the study year 7 midpoint, 35 of them (38.9%) had
not been responders at the study year 1 midpoint (52
patients [57.8%] were responders at the study year 1
midpoint).

SELENA–SLEDAI score. The overall percentage
of patients with a ≥4-point reduction from baseline in
the SELENA–SLEDAI score increased from 44.4%
(104 of 234 patients) to 78.2% (93 of 119 patients) at
the study year 1 and study year 7 midpoints, respec-
tively (Figure 2B). The overall mean � SD percentage
reduction from the baseline SELENA–SLEDAI score
(7.8 � 3.86) increased from 27.1 � 48.29% at the study

Figure 2. Efficacy end points. A, Systemic Lupus Erythematosus Responder Index (SRI) response. B, Safety of Estrogens in Lupus Erythematosus
National Assessment version of the Systemic Lupus Erythematosus Disease Activity Index (SELENA–SLEDAI) score. C, British Isles Lupus
Assessment Group (BILAG) score. In A and B, patients with baseline SELENA–SLEDAI scores of <4 were excluded from the analyses. No new
A/2B scores = no new BILAG A organ domain score and no more than 1 new BILAG B organ domain score. D, Physician’s global assessment of
disease activity (PGA) score. Y1W24 = year 1, week 24.
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year 1 midpoint (n = 252) to 64.9 � 37.46% at the
study year 7 midpoint (n = 125).

BILAG worsening. At baseline, the percentage of
patients with at least 1 BILAG A or 2 BILAG B organ
domain scores was 51.1% (137 of 268). Overall, at each
visit, ≥95% of patients had no new BILAG A organ
domain score and no more than 1 new BILAG B
organ domain score. At the study year 1 midpoint, 258
of 265 patients (97.4%) had no new BILAG A organ
domain score and no more than 1 new BILAG B
organ domain score. This remained stable throughout
the study, with 125 of 127 patients (98.4%) meeting this
criterion at the study year 7 midpoint (Figure 2C).
Among patients with a postbaseline flare assessment, 33
of 267 (12.4%) and 84 of 267 (31.5%) had at least 1
BILAG flare by the study year 1 and study year 7 mid-
points, respectively.

Worsening in physician’s global assessment of dis-
ease activity. The overall percentage of patients with no
new worsening (increase of <0.30 points) from baseline
in the physician’s global assessment of disease activity
was ≥89% up to the study year 7 midpoint visit (119 of
127 patients [93.7%]) (Figure 2D).

SFI flare. By the study year 1 midpoint, 149 of 267
patients (55.8%) had experienced at least 1 SFI flare,
and 15 of 267 (5.6%) had experienced at least 1 severe
flare. Up to and including the study year 7 midpoint visit,
these percentages increased to 92.5% (247 of 267) and
20.6% (55 of 267), respectively (cumulative). Of the 55
patients with a severe flare at the study year 7 midpoint,
new/worse severe symptoms were experienced by 23.6%
of patients (13 of 55), 63.6% of patients (35 of 55) had
an increase in daily prednisone dose to >0.5 mg/kg, and
38.2% of patients (21 of 55) had 1 new medication for
SLE activity. An increase to a score of ≥2.5 on the physi-
cian’s global assessment of disease activity was recorded
in 5 of 55 patients (9.1%), and 10 of 55 patients (18.2%)
were hospitalized for SLE activity.

Prednisone use. Among patients receiving con-
comitant prednisone (n = 77), the mean decrease from
baseline in prednisone dose at the study year 7 mid-
point was 31.4% (Figure 3). The percentage of patients
with a baseline prednisone dose of >7.5 mg/day whose
dose was reduced to ≤7.5 mg/day was 50.0% (32 of 64)
at the study year 3 midpoint, 39.5% (15 of 38) at study
year 7, and 58.3% (7 of 12) at study year 8. Some
patients (23 of 173 [13.3%]) discontinued prednisone
permanently during the study (post hoc analyses).

Biomarkers. At baseline, 135 of 268 patients
(50.4%) were anti-dsDNA positive (≥30 IU/ml), 86 of
268 (32.1%) had low C3 levels, and 98 of 268 (36.6%)
had low C4 levels. Post hoc analyses showed that

among those who were anti-dsDNA positive at base-
line, levels in 23 of 135 (17.0%) normalized during the
study, while levels in 10 of 86 (11.6%) with low C3 and
levels in 20 of 98 (20.4%) with low C4 normalized.
Overall, mean levels of anti-dsDNA antibodies de-
creased by 44.1% (n = 123) from baseline to study year
7 (Table 3), and mean C3 and C4 levels increased by
18.9% (n = 123) and 50.0% (n = 123), respectively.

Among the 36 patients with elevated baseline
proteinuria (>0.5 gm/24 hours), mean levels in 14
patients improved by 69.1% from baseline to the study
year 7 midpoint. Normal levels were achieved by 11 of
34 of these patients (32.4%) at the study year 1 mid-
point and by 9 of 14 of these patients (64.3%) at the
study year 7 midpoint.

IgG levels decreased by 29.0% (n = 112) from
baseline to study year 7. The median percentage change
from baseline in CD20+ B cells was �83.22% (n = 107)
at the study year 7 midpoint (Table 3). Reductions were
also observed for CD19+, naive, activated, plasma, SLE
subset, and plasmacytoid B cells. The median percent-
age change from baseline in memory B cells was
87.65% (n = 244) at the study year 1 midpoint and
�67.18% (n = 106) at the study year 7 midpoint.
Although variable over time, the median percentage
change from baseline in short-lived plasma B cells was
�47.50% (n = 114) at the study year 7 midpoint.

DISCUSSION

Long-term treatment with belimumab was asso-
ciated with a stable or decreased incidence of AEs and
sustained efficacy across 7 study years of exposure, sim-
ilar to the safety and efficacy profiles of belimumab

Figure 3. Mean percentage change from baseline in prednisone dose.
Y1W24 = year 1, week 24.
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previously established during studies of patients with
SLE (12–14,22). In the present study, three-fourths of
patients were SRI responders at the study year 7 mid-
point, an observation that is consistent with the
phase II continuation study, in which 65% of patients
had achieved an SRI response by study year 7 (73% in
the completer analysis) (12).

Secondary analyses of the BLISS studies have
shown that patients treated with belimumab (plus stan-
dard therapy) experienced reduced rates of severe flares
when compared with those receiving placebo (plus stan-
dard therapy) (13,14). In the BLISS-52 and BLISS-76
studies, rates of severe SFI flare were 14% (40 of 290
patients) and 21% (56 of 273 patients), respectively
(13,14), among patients who received 10 mg/kg beli-
mumab. In this continuation study, the percentage of
patients experiencing a new severe SFI flare between
the study year 1 and study year 7 midpoints was low;
the cumulative count increased from 15 of 267 patients
(5.6%) to 55 of 267 patients (20.6%) during this period.
In the phase II continuation study, the percentages of
severe flares were also low, decreasing from 7% to 2%
across each year of belimumab treatment (12).

Organ damage accrual in this continuation study
was low when compared with prospective SLE inception
cohorts measuring damage accrual (23–25), with a mean
increase in SDI of 0.4 over 7 study years. However,
while observational cohorts included the full spectrum
of patients, the BLISS studies excluded patients with
severe lupus nephritis and central nervous system dis-
ease (13,14), manifestations that may result in higher
rates of damage accrual (26,27). These exclusions, in
addition to treatment with belimumab, could account, in
part, for the reported lower rates of organ damage.

One of the major goals of SLE therapy is to
reduce corticosteroid exposure (28). In the current
study, mean prednisone dose decreased over time, and
approximately one-eighth of patients were able to dis-
continue prednisone.

Quantitative analysis of B cell phenotypes per-
formed in this study represents the first evaluation of long-
term changes in B cells in response to belimumab
treatment. The results presented are consistent with those
of a small 2-year study that investigated the effects of beli-
mumab treatment on levels of B cell subsets (29). Over the
duration of the study, there was a decrease in levels for the
majority of B cell subsets, but no subsets were completely
depleted. As demonstrated in that earlier study (29), mem-
ory B cells were initially found to increase in response to
belimumab, while a decrease was seen after study year 1.

There are several limitations to the interpretation
of these data, primarily the open-label design with no

placebo control group. In addition, selection bias could
have been responsible for enriching the study population
with patients more likely to respond well to treatment
over time. Furthermore, approximately one-third of the
study population was treated with placebo during the
parent study. Since these patients continued to receive
placebo (and standard therapy) for 76 weeks before
entering this extension study, they may have entered this
extension study with more benign disease (32% of
patients in the placebo arm withdrew from the parent
study). However, the post hoc analysis did not indicate
an imbalance in SLE disease activity or characteristics at
baseline between those who withdrew over the course of
the study and those who completed. In addition, the
decline in the number of patients starting each yearly
interval was similar between patients initially treated
with belimumab in the parent study and those treated
with placebo. Withdrawals from the study were more
prevalent among nonresponders, although the reasons
for withdrawal among nonresponders cannot be con-
firmed. The impact of the withdrawals may have created
responder bias by affecting the composition of the
remaining study population.

Although the duration of treatment with belimu-
mab 10 mg/kg differed (depending on initial treatment
assignment), all treatment groups were pooled for analy-
sis. In addition, low numbers of patients for some analy-
ses, particularly at later time points, may confound
interpretation. Data on AEs of special interest, particu-
larly rates of infection, should be interpreted with caution,
as fewer patients contributed to the denominator in later
intervals.

This study demonstrates the long-term benefits
of belimumab in addition to standard therapy in
patients with active SLE. Belimumab was well toler-
ated, and patients benefited from an overall decrease
in disease activity. Moreover, prednisone use declined,
and accrual of organ damage was low.
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Twin DNA Methylation Profiling Reveals Flare-Dependent
Interferon Signature and B Cell Promoter Hypermethylation in

Systemic Lupus Erythematosus

Constance J. Ulff-Møller ,1 Fazila Asmar,2 Yi Liu,3 Anders J. Svendsen ,4 Florence Busato,3

Kirsten Grønbæk,5 J€org Tost ,3 and Søren Jacobsen 5

Objective. Systemic lupus erythematosus (SLE)
has limited monozygotic twin concordance, implying a role
for pathogenic factors other than genetic variation, such
as epigenetic changes. Using the disease-discordant twin
model, we investigated genome-wide DNA methylation
changes in sorted CD4+ T cells, monocytes, granulocytes,
and B cells in twin pairs with at least 1 SLE-affected twin.

Methods. Peripheral blood obtained from 15 SLE-
affected twin pairs (6 monozygotic and 9 dizygotic) was
processed using density-gradient centrifugation for the
granulocyte fraction. CD4+ T cells, monocytes, and B
cells were further isolated using magnetic beads.
Genome-wide DNA methylation was analyzed using Infi-
nium HumanMethylation450K BeadChips. When com-
paring probes from SLE-affected twins and co-twins,
differential DNA methylation was considered statisti-
cally significant when the P value was less than 0.01
and biologically relevant when the median DNA methyl-
ation difference was >7%. Findings were validated by

pyrosequencing and replicated in an independent case–
control sample.

Results. In paired analyses of twins discordant for
SLE restricted to the gene promoter and start region, we
identified 55, 327, 247, and 1,628 genes with differentially
methylated CpGs in CD4+ T cells, monocytes, granulo-
cytes, and B cells, respectively. All cell types displayed
marked hypomethylation in interferon-regulated genes,
such as IFI44L, PARP9, and IFITM1, which was more pro-
nounced in twins who experienced a disease flare within
the past 2 years. In contrast to what was observed in the
other cell types, differentially methylated CpGs in B cells
were predominantly hypermethylated, and the most
important upstream regulators included TNF and EP300.

Conclusion. Hypomethylation of interferon-regu-
lated genes occurs in all major cellular compartments in
SLE-affected twins. The observed B cell promoter hyper-
methylation is a novel finding with potential significance
in SLE pathogenesis.

Systemic lupus erythematosus (SLE) is a multisys-
tem autoimmune disease characterized by its protean na-
ture, relapsing–remitting clinical course, and autoantibody
production. Genetic factors account for 44–66% of the
phenotypic variation (1–3), and genome-wide association
studies have identified >50 susceptibility genes involved in
SLE, which may explain up to 28% of the heritability (4).
However, studies in SLE-affected twins show only limited
twin concordance (~14%) in monozygotic (MZ) twins and
4.4% in dizygotic (DZ) twins (5). Although complete MZ
concordance would indicate a dominantly inherited dis-
ease with high penetrance, lower concordance suggests the
involvement of other pathogenic factors, which might
explain phenotypic differences. In recent years, research
has focused on the involvement of epigenetic mechanisms,
such as DNA methylation, which regulate gene expression
by altering the transcriptional accessibility of gene
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regulatory regions (6), in the development of autoimmune
diseases.

One early large-scale candidate study comparing 5
MZ twins discordant for SLE identified 49 differentially
methylated genes in white blood cells and provided the
first indication that interferon (IFN)–regulated genes,
such as CD9, IFGNR2, and AIM2, are differentially
methylated in SLE (7). Later case–control epigenome-
wide association studies (EWAS) using 27K and 450K
BeadChips showed pronounced DNA methylation
changes in type I IFN–regulated genes in CD4+ T cells
and naive CD4+ Tcells (8–10).

Only 2 EWAS have investigated other cell types
and confirmed the presence of cell type–independent
DNA methylation changes in IFN-regulated genes in
monocytes, B cells (8), and granulocytes (11), but these
changes have not been thoroughly investigated. The com-
parison of discordant twins constitutes a powerful study
design for investigating epigenetic alterations, because
genetic differences can be ruled out in the case of identi-
cal twins, while fraternal twins share, on average, 50% of
their genetic variation. This may allow for better discern-
ing between genetic and epigenetic determinants in SLE
pathogenesis (12). Selecting the cellular focus in EWAS is
essential, because DNA methylation patterns may vary
between cell populations (8,13). Given the complex
pathogenesis of SLE (14), it is important to study DNA
methylation differences between various immune cell sub-
sets, which might help reveal complementary parts of the
disease mechanisms.

In the current study, we make use of a well-defined
SLE twin cohort (5) to investigate genome-wide DNA
methylation changes in SLE-affected twins and their co-
twins in all major cellular compartments: CD4+ T cells,
monocytes, granulocytes, and B cells. We observed that
promoter hypomethylation of IFN-regulated genes, which
previously was observed primarily in CD4+ T cells, was
pronounced in all cell types studied. There was additional
promoter hypermethylation in B cells, which may be of
interest for future studies.

PATIENTS AND METHODS

Twin recruitment. All living Danish twins with an SLE
diagnosis in the National Patient Register (15) were identified in
the Danish Twin Registry (16) using the unique identification
number assigned to all Danish residents in the Civil Registration
System (17), as previously described (5). The following 15 twin
pairs were included: 6 MZ, 6 same-sex dizygotic (DZss), and 3
opposite-sex dizygotic (DZos) (Table 1). Seven of the twins were
male (2 MZ, 2 DZss, and 3 DZos). The mean age of the twins at
the time of recruitment was 41.1 years (range 23–67 years). Med-
ical records were consulted for information on SLE or other
diagnoses, clinical manifestations, medical history, and time since

last disease flare. Seventeen twin individuals fulfilled ≥4 Ameri-
can College of Rheumatology classification criteria for SLE (18),
including 1 MZ and 1 DZss SLE-concordant twin pairs. Four co-
twins were affected by other autoimmune diseases (Table 1).
Disease activity was evaluated using the SLE Disease Activity
Index 2000 (SLEDAI-2K) (19). Disease flare was defined as a
SLEDAI score ≥4. The project was approved by the Danish
Scientific Ethics Committee (journal no. H-1-2014-079) and the
Danish Data Inspection Board (journal no. 30-1245). Written
informed consent was obtained from all study participants.

Blood preparation, cell isolation, and DNA/RNA extrac-
tion. On the same day as sampling, 50 ml of peripheral blood in
EDTA was processed using density-gradient centrifugation
(Ficoll-Paque Plus; GE Healthcare), and the granulocyte frac-
tion was stored at �80°C. Serial cell sorting was performed on
the mononuclear cell fraction, using a RoboSep device
(StemCell Technologies) with CD14-positive selection, then
CD4-positive selection, and finally B cell enrichment. Cell purity
was assessed using the following antibodies: allophycocyanin
(APC)–conjugated surface membrane CD3, phycoerythrin (PE)–
conjugated CD4, fluorescein isothiocyanate–conjugated CD8,
APC-H7–conjugated CD14, V450-C–conjugated CD45 (BD
Biosciences), and PE–Cy7–conjugated CD19 (Beckman Coul-
ter), and analyzed using a BD FACSCanto II flow cytometer (BD
Biosciences) after overnight fixation with 1% paraformaldehyde.
The purity of the granulocyte fraction was >80%. The mean puri-
ty of CD14+ monocytes, CD4+ T cells, and CD19+ B cells was
90%, 91%, and 97%, respectively. DNA and RNA were
extracted using an AllPrep DNA/RNA/miRNA Universal Kit
(Qiagen) and quantified using a NanoDrop 2000 spectropho-
tometer and a Quant-iT dsDNA Broad-Range Assay Kit
(Thermo Fisher Scientific) according to the instructions of the
manufacturer. DNA quality control was performed by analyzing
DNA size on an agarose gel and polymerase chain reaction
amplification of 2 microsatellite markers for sex verification.

DNA methylation analyses using BeadChips and
pyrosequencing. Genome-wide DNA methylation patterns were
analyzed using an Infinium HumanMethylation450K BeadChip
(Illumina), which interrogates DNA methylation on >480,000
CpG sites, as previously described (20). Normalized and raw
data are available at GEO (GEO accession no. GSE110607).
Samples were randomized on the BeadChips to avoid batch
effect confounding with phenotypic parameters. Bisulfite treat-
ment was performed on 1 lg of DNA using an EpiTect Fast
DNA Bisulfite kit (Qiagen). DNA methylation changes were val-
idated by pyrosequencing, which is a quantitative high-resolution
technique yielding DNAmethylation profiles at single-nucleotide
resolution (21).

Statistical analysis. Raw data from the BeadChips were
extracted using Genome Studio (V.2011.1; Illumina) and nor-
malized using the subset quantile normalization pipeline strati-
fied by cell type (22). CpG sites that did not fulfill the following
criteria were excluded from further analysis: P value for signal
detection <0.01, detection P value threshold of >90%, no single-
nucleotide polymorphisms with a frequency of >5% (European
population in the 1000 Genomes Project [23]) within 50 bp of
the probe, and ≥3 successful beads per probe. Nonspecific
probes were excluded from further analysis (24). In the primary
analyses, sex chromosomes were filtered out during normaliza-
tion. Beta values were calculated as the ratio between the signal
intensity of methylated CpG sites and the total signal intensity
on a scale of 0 to 1.
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Paired analyses of discordant twins (n = 13 twin pairs)
were performed using the nonparametric Wilcoxon signed rank
test. P values less than 0.01 were considered significant, and
median differential methylation of >7% was considered biologi-
cally relevant. Subsequently, we restricted the analyses to probes
located in the gene promoter and start regions (TSS200,
TSS1500, and the 50-untranslated region [50-UTR] according to
the HumanMethylation450K BeadChip annotation file). Differ-
ential methylation of known epigenetic regulators in the pro-
moter/start region in discordant twins was identified using a
gene list derived from the EpiFactors database (25).

In paired subset analyses restricted to the promoter/start
region, we further compared twins with recent disease flare (<2
years since the last flare; n = 9 SLE-affected twins) with twins in
clinical remission (while receiving or not receiving treatment)
for ≥2 years (n = 8 SLE-affected twins). Unpaired subset analy-
ses in MZ twins were performed using a Mann-Whitney U test
(n = 6 twin pairs). In both subset analyses, the significance level
was set to P < 0.05 and a differential methylation level of >7%,
due to the low sample number. For subset analyses of female
twins only, the normalization process was repeated including the
sex chromosomes in order to examine DNAmethylation changes
on the X chromosome, using P < 0.001 by Mann-Whitney U test
and median differential methylation levels of >7% to determine
statistical significance (n = 23 twin individuals).

A permutation test was performed in anti-DNA–positive
(n = 6) versus anti-DNA negative twins with SLE (n = 11) and

in all anti-DNA positive (n = 10) versus anti-DNA–negative
individuals (n = 20), using 10,000 permutations. In an additional
analysis, we used the iEVORA algorithm to test for increased
epigenetic variability by identifying the most variable CpGs
between SLE-affected twins and co-twins or healthy co-twins
and re-ranking the most differentially variable CpG according to
DNA methylation T statistics (26). A false discovery rate of
<0.001 for differentially variable values and an unadjusted P
value of 0.05 for the DNA methylation values were considered
statistically significant.

Pyrosequencing data were analyzed using the Wilcoxon
signed rank test, in which P < 0.05 defined statistical significance.
Gene lists for differentially methylated genes in the promoter/
start region with ≥1 differentially methylated probe in the
primary paired analyses were submitted to Ingenuity Pathway
Analysis (Qiagen), which was used to identify upstream regula-
tors (P < 0.001 by Fisher’s exact test) and enriched biologic
terms and canonical pathways (statistical significance defined as
a Benjamini-Hochberg–corrected P value of <0.05). The same
gene lists were used to identify IFN-regulated genes in the
Interferome database (interferome.org/) (27). All statistical analy-
ses were conducted using the computing environment R (V.3.3.1;
r-project.org/).

Validation using an independent SLE case–control
sample. In order to replicate selected results observed in the
twin sample, peripheral blood from 20 SLE patients (mean �
SD SLEDAI score 13.5 � 4.7) and 20 healthy controls was

Table 1. Characteristics of the twin pairs*

Twin ID Zygosity Age, years Sex Diagnosis No. of ACR criteria SLEDAI score ANA Anti-DNA Current medication

1a DZss 67 F SLE 5 0 + � HCQ
1b DZss 67 F None 0 0 � � None
2a DZss 62 F SLE 5 0 + � None
2b DZss 62 F None 2 2 + + None
3a MZ 58 M None 2 2 + + None
3b MZ 58 M SLE 5 2 + + HCQ, MTX, pred.
4a MZ 55 F Autoimmune thyroiditis 2 2 + + None
4b MZ 55 F SLE 8 0 + � HCQ, pred.
5a MZ 52 F SSc, SS, primary biliary cirrhosis 1 0 + � None
5b MZ 52 F SLE 5 0 + � None
6a DZss 49 F Autoimmune thyroiditis 1 2 + � None
6b DZss 49 F SLE 4 2 + + HCQ
7a DZos 46 M None 2 2 + + None
7b DZos 46 F SLE 8 4 + + Pred.
8a DZos 45 F SLE 6 4 + + MMF
8b DZos 45 M Multiple sclerosis 1 0 + � DMF
9a MZ 40 F SLE 6 0 + � HCQ
9b MZ 40 F None 1 0 + � None
10a MZ 39 F SLE 7 2 + � None
10b MZ 39 F SLE 5 2 + � HCQ
11a DZss 34 F SLE 6 4 + � MMF, pred.
11b DZss 34 F None 0 0 � � None
12a DZss 31 M None 1 0 � � None
12b DZss 31 M SLE 5 2 + + None
13a DZos 27 F SLE 4 0 + � AZA, HCQ
13b DZos 27 M None 0 0 � � None
14a MZ 24 F SLE 8 5 + + HCQ, pred.
14b MZ 24 F None 1 0 + � None
15a DZss 23 F SLE 6 2 + � HCQ, MTX
15b DZss 23 F SLE 6 2 + � AZA, HCQ

* ACR = American College of Rheumatology; SLEDAI = Systemic Lupus Erythematosus (SLE) Disease Activity Index; ANA = antinuclear antibody;
DZss = same-sex dizygotic; HCQ = hydroxychloroquine; MZ = monozygotic; MTX = methotrexate; pred. = prednisolone; SSc = systemic sclerosis; SS
= Sj€ogren’s syndrome; DZos = opposite-sex dizygotic; MMF = mycophenolate mofetil; DMF = dimethyl fumarate; AZA = azathioprine.

880 ULFF-MØLLER ET AL



sorted into granulocytes, CD19+ B cells, CD14+ monocytes,
and CD4+ T cells and analyzed by pyrosequencing. Unpaired
analyses were performed using a Mann-Whitney U test, with
P values less than 0.05 defining statistical significance.

RESULTS

Differential methylation in SLE-discordant twins.
First, we examined genome-wide DNA methylation pat-
terns according to cell type in 13 SLE-discordant twin
pairs to determine cell type–specific differences. We then
investigated DNA methylation changes within the pro-
moter/start region of each gene, which are more likely to
have a functional impact on gene expression.

In CD4+ T cells, 176 probes were differentially
methylated in twins discordant for SLE, distributed across
48 probes not associated with a gene and 115 genes (Fig-
ure 1A; see also Supplementary Data, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40422/abstract). These were
located in the promoter/start region of 55 genes, with 39

genes showing hypomethylation (71%) and 16 showing
hypermethylation (29%) (Supplementary Table 1A, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40422/abstract).
Only 9 genes had ≥2 differentially methylated probes in
the promoter/start region (7 hypomethylated and 2
hypermethylated) (Table 2).

In monocytes, 510 probes distributed across 160
probes not associated with a gene and 327 genes were
differentially methylated in SLE-discordant twins (Fig-
ure 1B; see also Supplementary Data). In the promoter/
start region, 136 genes were differentially methylated, of
which 53 were hypomethylated (39%) and 83 were
hypermethylated (61%) (see Supplementary Table 1B).
Six genes had ≥2 differentially methylated probes in the
promoter/start region, 4 of which were hypomethylated
and 2 of which were hypermethylated (Table 2).

In granulocytes, 393 probes distributed across 123
probes not associated with a gene and 247 genes were
differentially methylated in SLE-discordant twins

Figure 1. Numbers of differentially methylated (diff.meth.) genes in 13 twin pairs discordant for systemic lupus erythematosus, according to cell
type. A, CD4+ T cells. B, Monocytes. C, Granulocytes. D, B cells. Paired analyses were performed using the nonparametric Wilcoxon signed rank
test. P values less than 0.01 were considered significant, and median differential methylation of >7% was considered biologically relevant. Plus
symbols represent hypermethylation; minus symbols represent hypomethylation.
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(Figure 1C and Supplementary Data, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40422/abstract). In the pro-
moter/start region, 110 genes were differentially meth-
ylated: 58 were hypomethylated (53%), 51 were
hypermethylated (46%), and 1 showed the concomitant
presence of hypomethylated and hypermethylated probes
(1%) (Supplementary Table 1C). Six genes had ≥2 differ-
entially methylated probes in the promoter/start region,
of which 3 were hypomethylated and 3 were hypermethy-
lated (Table 2).

In B cells, 2,882 probes distributed across 987
probes not associated with a gene and 1,628 genes were
differentially methylated in SLE-affected twins compared
with co-twins (Figure 1D and Supplementary Data, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40422/abstract).
In the promoter/start region, 748 genes were differentially
methylated, of which 265 were hypomethylated (35%),
470 were hypermethylated (63%), and 13 showed the
presence of both hypomethylated and hypermethylated
probes (2%) (see Supplementary Table 1D, http://
onlinelibrary.wiley.com/doi/10.1002/art.40422/abstract).
Altogether, ≥2 differentially methylated probes were

observed in 77 promoters, of which 24 were hypomethy-
lated (31%), 50 were hypermethylated (65%), and 3 had
both hypomethylated and hypermethylated probes (4%)
(Table 2).

Next, we identified recurrent DNA methylation
changes by investigating the degree of overlap between cell
subsets, using gene lists from the primary analyses with ≥1
differentially methylated probe in the promoter/start region
(see Supplementary Data, http://onlinelibrary.wiley.com/
doi/10.1002/art.40422/abstract). IFI44L and PLSCR1 were
hypomethylated in all cell types. There was overlap between
3 cell types for IFITM1, LOXL1, and NLRC5, DTX3L,
PARP9, and LGALS3BP, FKBP5, and MX1 (Figure 2A).
B3GALT4 was hypermethylated in 3 cell types, while
there was some overlap between hypermethylated genes
in monocytes and B cells, e.g., CBFA2T3 and RUNX3
(Figure 2B).

IFN-regulated genes. To more thoroughly describe
the expected IFN signature, we submitted gene lists from
the primary paired analyses of probes located in the pro-
moter/start region to the Interferome database (27). The
proportions of differentially methylated IFN-regulated
genes were 41.8%, 43.4%, 36.4%, and 35.8% in CD4+ T
cells, monocytes, granulocytes, and B cells, respectively.

Figure 2. Overlap between CD4+ T cells, monocytes, granulocytes, and B cells for differentially methylated genes with ≥1 differentially methylated
probe in the promoter/start region. A, Hypomethylated genes. B, Hypermethlyated genes. Paired analyses were performed using the nonparametric
Wilcoxon signed rank test. P values less than 0.01 were considered significant, and median differential methylation of >7% was considered biologi-
cally relevant.
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There was some, but not complete, overlap between cell
types, with 56.5%, 38.9%, 39.4%, and 12.6% of CD4+ T
cells, monocytes, granulocytes, and B cells, respectively,
sharing IFN-regulated genes with at least 1 other cell type.

Pyrosequencing. To validate results from the array-
based analysis, 14 probes of interest were selected for

quantitative measurement of DNA methylation patterns
at single-nucleotide resolution, by pyrosequencing (Table 3
and Supplementary Table 2, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40422/abstract). We evaluated
5 IFN-regulated genes, IFI44L, IFITM1, LGALS3BP,
PARP9, and PLSCR1 (examined in all cell types), 3

Table 3. Median differential methylation by pyrosequencing (DMedian) compared with median differential
methylation by 450K array (Db) in SLE-affected twins versus healthy co-twins, as well as median differential
methylation by pyrosequencing in an independent sample of 20 SLE cases versus 20 healthy controls*

Gene Cell type

Pyrosequencing 450K array† Case–control sample

DMedian, % P Db P DMedian, % P

CXCR5 CD19B 6.57 0.017 6.82 0.0034 14.46 7.9 9 10�7

DDR1 CD4T 3.24 0.142 0.74 0.0215
CD19B 13.35 0.005 11.01 0.0002 16.97 1.6 9 10�5

IFI44L amplicon 1 CD4T �8.50 0.002 �15.85 0.0005 – –
CD14M �6.52 0.030 �5.31 0.0171 – –
GR �1.25 0.002 �4.31 0.0002 – –
CD19B �12.00 0.005 �13.11 0.0017 – –

IFI44L amplicon 2 CD4T �25.73 0.004 �15.07 0.0012 �47.00 2.7 9 10�5

CD14M �49.27 0.025 �25.49 0.0171 �80.87 1.2 9 10�5

GR �42.58 0.036 �26.00 0.0398 �77.61 3.3 9 10�6

CD19B �36.74 0.008 �17.22 0.0266 �61.75 2.8 9 10�4

IFITM1 CD4T �4.67 0.003 �1.49 0.0266 – –
CD14M �7.11 0.045 �8.45 0.0024 – –
GR �11.49 0.006 �8.60 0.0007 – –
CD19B �10.76 0.012 �5.76 0.0046 – –

LGALS3BP CD4T �9.15 0.003 �6.15 0.0007 – –
CD14M �5.31 0.036 �5.73 0.0007 – –
GR �6.04 0.030 �3.35 0.0024 �18.18 2.7 9 10�4

CD19B �9.36 0.021 �8.16 0.0002 – –
LOXL1 CD14M �3.01 0.045 �9.15 0.0005 – –

GR �2.83 0.021 �8.96 0.0061 – –
CD19B �3.55 0.036 �6.37 0.0017 – –

MIR10A CD4T �4.22 0.006 �8.52 0.0081 – –
CD14M �1.79 0.030 �6.93 0.0012 – –
GR �2.63 0.038 �5.31 0.0012 – –
CD19B �5.46 0.108 �8.65 0.0012 – –

MIR146B CD4T �1.71 0.255 �6.65 0.0171 –
CD14M �0.42 0.196 �1.42 0.0266 – –
GR �2.10 0.108 �3.87 0.0215 – –
CD19B �3.51 0.013 �7.73 0.0005 – –

PARP9 CD4T �14.64 0.003 �21.35 0.0002 �32.46 6.9 9 10�6

CD14M �44.93 0.012 �38.88 0.0046 �61.08 6.9 9 10�6

GR �38.83 0.030 �30.10 0.0105 �56.62 9.5 9 10�6

CD19B �17.72 0.036 �11.07 0.0068 �28.93 1.2 9 10�3

PLSCR1 CD4T �11.59 0.003 �17.24 0.0007 �33.52 4.3 9 10�5

CD14M �32.04 0.013 �8.12 0.0046 �16.61 2.5 9 10�2

GR �17.03 0.006 �4.90 0.0002 �30.25 6.0 9 10�6

CD19B �28.75 0.003 �15.89 0.0034 �31.17 2.7 9 10�2

RSAD2 CD4T �5.40 0.003 �7.68 0.0012 – –
CD14M �4.14 0.017 �7.61 0.0081 – –
GR �4.26 0.008 �5.92 0.0061 – –
CD19B �12.81 0.006 �16.53 0.0007 – –

TACSTD2 CD4T �11.16 0.093 �16.96 0.2734 – –
CD14M �6.34 0.050 �13.36 0.0012 – –
GR �1.49 0.017 �5.77 0.0681 – –
CD19B �13.43 0.030 �20.96 0.0005 – –

TRAF5 CD4T 4.70 0.142 1.03 0.1272 – –
CD19B 14.41 0.002 16.02 0.0046 11.23 6.7 9 10�6

* SLE = systemic lupus erythematosus; CD19B = CD19+ B cells; CD4T = CD4+ T cells; CD14M = CD14+ mono-
cytes; CD19B = CD19+ B cells; GR = granulocyte.
† Represents the mean change in all CpGs in the amplicon and the lowest P value in the amplicon, based on
primary paired analyses on the 450K array.
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non–IFN-regulated genes, MIR10A and TACSTD2 (all
cell types), and LOXL1 (monocytes, granulocytes, and B
cells), and 5 genes that were differentially methylated
only in B cells in the array-based analysis, MIR146B,
RSAD2 (all cell types), DDR1, TRAF5 (B cells and CD4+
Tcells), and CXCR5 (B cells only).

Of the 14 selected probes, all except TACSTD2 in
monocytes were validated by pyrosequencing (Table 3
and Supplementary Table 3). However, several genes
gained statistical significance in specific cell types during
pyrosequencing, all of which were differentially meth-
ylated in the same direction as in the array-based analysis.
For instance, PARP9 was hypomethylated in all cells
except granulocytes in the array-based analysis but was
hypomethylated in all cell types by pyrosequencing, sug-
gesting that some minor changes are, as expected, less
well-detected using 450K BeadChip technology (28). The
largest overall difference between discordant twins was

observed in IFI44L in monocytes and granulocytes, with
median hypomethylation of �49.3% (P = 0.025) and
�42.6% (P = 0.036), respectively (Figure 3A and
Table 3). Of the 5 genes that were differentially meth-
ylated exclusively in B cells in the array-based analysis,
CXCR5, TRAF5, DDR1, MIR146B, and RSAD2 were vali-
dated (Table 3). CXCR5, TRAF5, and DDR1 were hyper-
methylated (Figures 3B–D), while RSAD2 was
hypomethylated in all cell types, although to a larger
extent in B cells.

In an independent sample of 20 SLE patients
and 20 healthy controls, selected results were replicated
by pyrosequencing for CXCR5, DDR1, IFI44L,
LGALS3BP, PARP9, PLSCR1, and TRAF5. All genes
showed statistically significant differential methylation
in the same direction as in the twin analyses (Table 3).
Specifically, the observed B cell hypermethylation in
SLE-affected twins was validated (see Supplementary

Figure 3. DNA methylation levels in CD4+ T cells (CD4T), monocytes (CD14M), granulocytes (GR), and B cells (CD19B) from healthy twins
(open boxes) versus twins with systemic lupus erythematosus (shaded boxes) as determined by pyrosequencing in IFI44L (A), CXCR5 (B), TRAF5
(C), and DDR1 (D). All cell types showed hypermethylation of IFI44L. Only B cells showed hypermethylation of CXCR5, TRAF5, and DDR1.
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 represent the 10th and 90th percentiles. Circles indicate outliers. * = P < 0.05; ** = P < 0.01. NS = not significant.
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Figure 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
40422/abstract).

Differential methylation according to disease
flare history. To investigate whether the observed DNA
methylation differences might vary according to disease
activity, we compared twins with SLE and a recent
disease flare (within the past 2 years; mean 9 months)
(n = 9 twins) with twins with SLE in clinical remission
(mean age 11 years) (n = 8 twins) in paired analyses
restricted to the promoter/start region. The mean
SLEDAI score was 2.8 in twins discordant for SLE with
a recent flare and 0.75 in the remaining twins at the time
of examination. First, we examined overlapping genes
between SLE-affected twins with recent flare compared
with the remaining SLE-affected twins to identify com-
mon denominators between disease activity states. We
then analyzed unique differentially methylated genes in
twins with SLE who experienced a recent disease flare in
order to identify potential flare-related changes.

In CD4+ T cells, 22 differentially methylated genes
in the promoter/start region were shared between SLE-
affected twins regardless of flare status, including DTX3L,
PARP9, IFI44L, and PLSCR1, with more pronounced
hypomethylation in twins with recent flare. Unique genes in
twins with recent flare included DDX60, EIF2AK2, IFIT5,
IFITM1, RSAD2, and STAT1, which were hypomethylated,
and DDR1 and PRIC285, which were hypermethylated (see
Supplementary Table 4A, http://onlinelibrary.wiley.com/doi/
10.1002/art.40422/abstract).

In monocytes, 31 genes were differentially meth-
ylated in the promoter/start region in twins regardless of
flare status. IFITM1 and TACSTD2 showed more pro-
nounced hypomethylation in twins with recent flare.
Unique hypomethylated genes in twins with recent flare
included IFI44L, LGALS3BP, DTX3L, PARP9,GGT1, and
MX1, while hypermethylated genes included B3GALT4
and PRIC285 (Supplementary Table 4B).

In granulocytes, 34 differentially methylated
genes in the promoter/start region were common to all
twins regardless of flare status, including LOXL1 and
NLRC5. Hypomethylated genes unique to twins with
recent flare included IFITM1, LGALS3BP, IFI44L,
DTX3L, PARP9, MX1, and RSAD2, while hypermeth-
ylated genes included B3GALT4 and PRIC285 (see
Supplementary Table 4C, http://onlinelibrary.wiley.
com/doi/10.1002/art.40422/abstract).

In B cells, 196 genes were differentially methylated
in the promoter/start region in twins regardless of flare
status. HOXB6 and RSAD2 showed more pronounced
hypomethylation in twins with recent flare, while B3GALT4,
DDR1, NFATC1, DTX1, and SGTA displayed more pro-
nounced hypermethylation. Unique hypomethylated genes

in twins with recent flare included IFI44L, LGALS3BP,
LOXL1,MIR10A,MIR146B, IFITM1, and PLSCR1, while
the most hypermethylated gene was FBXO10 (see Supple-
mentary Table 4D).

Differential methylation in MZ twins. Using
unpaired analyses, we compared differentially methylated
genes in the promoter/start regions in 6 MZ twin pairs (in-
cluding 1 concordant twin pair and 2 co-twins affected by
systemic sclerosis and autoimmune thyroid disease) with
gene lists from the primary paired analyses. In CD4+ T
cells, hypomethylated genes in MZ twins with SLE
included IFI44L, LOXL1, EIF2AK2, IKZF4, MIR10A,
TNK2, TRIM2, and TRIM22, while NOS1 was hypermeth-
ylated (see Supplementary Table 5A, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40422/abstract).
In monocytes, hypomethylated genes included NLRC5,
CSDE1, DDX60, DTX3L, PARP9, and PRIC285, while
hypermethylated genes included SIGLEC7 and PTPRE
(see Supplementary Table 5B). In granulocytes, MX1,
DTX3L, PARP9, NLRC5, and GGT1 were hypometh-
ylated in MZ twins with SLE, while the most hypermeth-
ylated gene was ZBTB38 (Supplementary Table 5C). In
B cells, hypomethylated genes included IFI44L, DTX3L,
PARP9, NLRC5, RSAD2, and USP18, while the most
hypermethylated genes included ARPP-21 and NFATC1
(Supplementary Table 5D).

X-linked methylation. In unpaired analyses of
15 female twins with SLE and 8 healthy female co-
twins, the only differentially methylated gene with ≥2
probes on the X chromosome was SCML2 in mono-
cytes, which showed average hypomethylation of 8.6%
at 3 probes in the promoter/start region (data not
shown).

Anti-DNA antibodies. To examine whether the
observed DNA methylation changes could be antibody-
driven, a permutation test was performed, showing no
relationship between differential methylation and the
presence of anti–double-stranded DNA (anti-dsDNA)
antibodies (data not shown).

Differential variability. Due to the stochastic na-
ture of DNA methylation changes in cells at risk for
pathologic change, we examined differential variability in
twins with SLE (n = 17) compared with co-twins (n = 13)
to identify loci with disease-specific highly variable DNA
methylation patterns that would not have been detected in
the main analysis. Of note, IFI44L was highly variable at
cg13304609 in the TSS1500 region of CD4+ Tcells and B
cells, while USP18 was highly variable at cg14293575 in
the 50-UTR in monocytes and granulocytes (see Supple-
mentary Table 6, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40422/abstract). The results were
largely unchanged when co-twins with other autoimmune
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diseases were excluded from the analyses (data not
shown).

Epigenetic regulators. Differential methylation
of known epigenetic regulators including DNA methyl-
transferases and the activation-induced deaminase
pathway was examined to determine whether this might
help explain the observed findings. There were no
genes with multiple probes showing differential DNA
methylation, apart from DTX3L in CD4+ T cells (hy-
pomethylated in 3 cell types) and CTBP2 and PRKAG2
hypermethylation in B cells (see Supplementary Table 7,
available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40433/abstract).

Pathway analysis. Upstream regulators were iden-
tified using Ingenuity Pathways Analysis software, and
included IFN-regulated genes such as IFNL1 in CD4+
T cells (P = 1.2 9 10�13), monocytes (P = 5.3 9 10�5),
granulocytes (P = 6.0 9 10�7), and B cells (P = 1.2 9

10�5) (see Supplementary Table 8). The most prominent
upstream regulators in B cells included EP300 (P = 1.8 9

10�7), ESR1 (P = 8.3 9 10�7), CREBBP (P = 5.4 9 10�6),
and TNF (P = 7.6 9 10�6). Due to the observed predomi-
nance of B cell hypermethylation, we repeated the analy-
ses stratified by methylation state, which revealed that the
top upstream regulators of hypermethylated genes in B
cells included TNF (P = 2.0 9 10�6) and EP300 (P = 5.5
9 10�5) (data not shown).

In canonical pathway analyses, only the list of
hypermethylated genes in B cells showed significant
enrichment of pathways after Benjamini-Hochberg cor-
rection. The best-supported pathways included thyroid
hormone receptor/retinoid X receptor activation (P = 2
9 10�3), role of macrophages, fibroblasts, and endothe-
lial cells in rheumatoid arthritis (RA) (P = 1.9 9 10�2),
and NF-jB signaling (P = 1.9 9 10�2) in hypermethyl-
ated genes in B cells.

Network analysis identified antimicrobial and
inflammatory response (P = 2.1 9 10�6), infectious dis-
ease (P = 6.7 9 10�5), and cancer (P = 7.5 9 10�5) as
prominent enriched functions in CD4+ T cells; cancer
(P = 1.5 9 10�5), hematologic disease (P = 1.5 9

10�5), and immunologic disease (P = 1.5 9 10�5) in
monocytes; antimicrobial response (P = 7.5 9 10�5),
cancer (P = 8.4 9 10�4), and organismal injury and
abnormalities (P = 8.4 9 10�4) in granulocytes; and
cancer (P = 1.6 9 10�22), organismal injury and abnor-
malities (P = 1.6 9 10�22), gastrointestinal disease (P =
1.1 9 10�19), and dermatologic disease and conditions
(P = 1.5 9 10�17) in B cells. The networks best sup-
ported by the data are shown in Supplementary Fig-
ure 2, available at http://onlinelibrary.wiley.com/doi/10.
1002/art.40422/abstract.

DISCUSSION

In the current study, we examined genome-wide
DNA methylation in sorted CD4+ T cells, monocytes,
granulocytes, and B cells from twins discordant for SLE.
Hypomethylation of IFN-regulated genes was robust and
common to all cell subsets and more pronounced in twins
who had experienced a disease flare within the past 2
years. Differential methylation was more widespread in B
cells with predominant hypermethylation, with TNF and
EP300 being the most important upstream regulators.

Previous EWAS of SLE have mostly focused on
CD4+ T cells, demonstrating hypomethylation of IFN-
regulated genes (8,9). Two studies suggested that the
IFN signature is also present in monocytes, B cells (8),
and granulocytes (11), but the current study is the first
to show that the IFN signature is common to all major
cellular compartments but with limited gene overlap.
We further observed that CD4+ T cells actually dis-
played the fewest DNA methylation changes, followed
by granulocytes, monocytes, and B cells.

Previous studies have shown conflicting results
regarding the association between disease activity and
DNA methylation changes, with some showing more pro-
nounced hypomethylation of IFN-regulated genes in rela-
tion to higher disease activity (9,29), while others showed
no association (8,10,30). In the current study, all twins
had relatively quiescent disease. However, despite clear
DNA methylation differences, the IFN signature was
much attenuated in twins who had not had any disease
flares for at least 2 years (mean age 11 years). This might
suggest that the IFN signature is relatively stable but may
gradually fade over years.

In the current study, IFI44L and PLSCR1 pro-
moter hypomethylation was common to all investigated
cell types. A recent study suggested that IFI44L promoter
hypomethylation in peripheral blood mononuclear cells
might potentially be valid as a diagnostic biomarker for
SLE, distinguishing SLE patients from healthy controls
and patients with RA or Sj€ogren’s syndrome (SS) (29).
In 30 longitudinally sampled SLE patients, IFI44L
became less hypomethylated during disease remission, in
accordance with our findings. However, in a recent EWAS
in patients with SS, IFI44L was also shown to be highly
demethylated (20,31), and in a large gene expression
study comparing the IFN signature between SLE, der-
matomyositis, polymyositis, RA, and systemic sclerosis,
the most overexpressed common genes were IFI44L,
IFI44, RSAD2, IFI27, and IFI6 (32). Thus, further studies
are needed to elucidate the validity of IFI44L methylation
and other IFN-regulated genes as diagnostic biomarkers
for SLE, but they might prove to be convincing candidates
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for biomarkers of disease activity in autoimmune diseases
with known IFN overexpression.

The finding of predominant B cell hypermethyla-
tion in SLE has not previously been reported. Only one
previous EWAS has investigated B cells in SLE alongside
CD4+ T cells and monocytes. Absher et al identified an
IFN signature with predominant hypomethylation in all
cell types, which was the strongest in CD4+ T cells (8).
Reanalysis of this publicly available data (GEO accession
no. GSE59250) did not show evidence for the B cell
hypermethylation observed in our study. The origin of this
discrepancy is currently unclear. One explanation for the
more widespread changes observed in B cells might derive
from the extensive DNA methylation changes occurring
during B cell differentiation, which affects 30% of CpG
sites and is primarily related to DNA hypomethylation at
later stages of B cell differentiation (33). Previous SLE
studies showed an expansion of memory and plasma B
cell compartments at the expense of naive B cells (34), in
which case a more profound hypomethylation would,
however, have been expected. Based on our data, it can-
not be excluded that the DNA methylation changes
observed in B cells represent a compositional change in
the B cell population. To investigate this, further B cell
subfractionation is required to identify the exact source of
the observed B cell hypermethylation in SLE patients.
Using 2 orthogonal technologies in the twin as well as the
validation sample, we observed that B cells from SLE
patients are clearly different from those from healthy con-
trols, suggesting either early and/or defective reprogram-
ming of B cells in SLE patients. Alternatively, the
observed B cell hypermethylation may represent aberrant
DNA methylation regulation in SLE. The observed B cell
hypermethylation was, however, not associated with either
the flare history or differential methylation in known epi-
genetic regulators (except CTBP2 and PRKAG2).

Previous studies have suggested that the observed
B cell hypermethylation may not, however, be restricted
to SLE. Two independent EWAS in patients with SS
showed marked DNA methylation changes in B cells
rather than in CD4+ T cells with predominant B cell
hypermethylation (20,31). The question of whether the
same pathogenic pathway is shared between SS and SLE
in B cells remains unanswered. However, at least CXCR5,
TRAF5, and DDR1 were hypermethylated in B cells from
patients with SS and patients with SLE, which might be of
pathogenic interest. CXCR5 in particular is down-regu-
lated in the B cells from SLE patients (35) and might play
a role in B cell homing to secondary lymphoid organs
(36), while TNF receptor–associated factor 5 (TRAF5) is
a signal transducer for CD40 and activates the NF-jB
pathway (37). Discoidin domain receptor 1 is a collagen

receptor that appears to play a role in leukocyte migration
(38). Similarly, DNA methylation analysis of CD19+ B
cells from treatment-naive patients with RA showed 4
times more hypermethylated CpGs compared with
hypomethylated CpGs (82.3% versus 17.7%), while simi-
lar numbers of hypermethylated and hypomethylated
probes were detected in CD4+ T cells from the same
patients, which provides further evidence for B cell–
specific hypermethylation in systemic inflammatory
autoimmune diseases (39). Only 1 study analyzing CD19+
B cells in primary SS also analyzed the gene expression
patterns in this cell population, and although there was
good correlation between hypomethylation and increased
gene expression, hypermethylation was not correlated
with expression changes (31). However, expression was
analyzed in only a few hypermethylated genes, and thus
further investigation is required.

One important upstream regulator of the observed
hypermethylated genes in B cells is tumor necrosis factor
(TNF), which is a cytokine with paradoxical effects,
because it can trigger both proinflammatory and antiin-
flammatory pathways (40,41). The role of TNF in SLE
remains controversial (41), but in several autoimmune
diseases, including RA, TNF inhibitors are a well-
established treatment, which may, however, induce anti-
nuclear antibody and anti-dsDNA antibody production
(42). Rarely, TNF inhibitors may trigger lupus-like dis-
ease, which usually improves upon drug withdrawal. The
observed B cell hypermethylation of genes downstream of
TNF might suggest a novel mechanism for TNF dysregu-
lation in SLE. Other important upstream regulators in B
cells included EP300 and CREBBP, which encode p300
and CREB-binding protein, respectively. These are highly
homologous transcriptional coactivators with histone acetyl
transferase activity, which regulate RNA polymerase II–
mediated transcription (43) and are among the most com-
monly mutated tumor suppressor genes in B cell
lymphoma (44). Interestingly, mice with acetyl transferase–
deficient p300 specifically in B cells have been shown to
exhibit lupus-like disease, with anti-dsDNA antibody
production and glomerulonephritis (45). This might sug-
gest a link between dysregulated DNA methylation and
defective histone acetylation in the B cells of patients with
SLE.

In the current study, most differentially methylated
genes were found in more than 1 cellular subset.
Although most cellular subsets were of high purity, the
purity of the granulocyte fraction was >80% pure, which
could lead to the lack of detection of some very small
DNA methylation differences specific to granulocytes.
Furthermore, we were not able to correct for differences
in immunosuppressive treatment between SLE twins due
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to the small sample size, which may potentially have influ-
enced the results. A strength, however, was that the use of
MZ twins cancels out the influence of genetic effects,
which suggests that the observed DNA methylation
changes in SLE were not merely present due to a specific
genotype. Also, we validated some of the major findings
in an independent case–control sample. Overall, our data
show that there were both common denominators and
major differences between immune cell subsets.

In conclusion, in this genome-wide DNA methyla-
tion study, we demonstrate that discordant SLE twins
have a clear cell type–dependent IFN signature in CD4+
T cells, monocytes, granulocytes, and B cells, which was
strongest in SLE twins who had experienced a disease
flare within the last 2 years. B cells exhibited more wide-
spread DNA methylation changes with predominant pro-
moter hypermethylation, which is a novel finding that is of
potential interest for further studies of SLE pathogenesis.
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Antiphospholipid Antibodies Inhibit Trophoblast
Toll-Like Receptor and Inflammasome Negative Regulators

Melissa J. Mulla,1 Ingrid C. Weel,2 Julie A. Potter,1 Stefan M. Gysler,1 Jane E. Salmon,3

Maria T. S. Perac�oli,4 Carla V. Rothlin,1 Lawrence W. Chamley,5 and Vikki M. Abrahams1

Objective. Women with antiphospholipid antibod-
ies (aPL) are at risk for pregnancy complications associ-
ated with poor placentation and placental inflammation.
Although these antibodies are heterogeneous, some anti–
b2-glycoprotein I (anti-b2GPI) antibodies can activate
Toll-like receptor 4 (TLR-4) and NLRP3 in human first-
trimester trophoblasts. The objective of this study was to
determine the role of negative regulators of TLR and
inflammasome function in aPL-induced trophoblast
inflammation.

Methods. Human trophoblasts were not treated or
were treated with anti-b2GPI aPL or control IgG in the
presence or absence of the common TAM (TYRO3, AXL,
and Mer tyrosine kinase [MERTK]) receptor ligand
growth arrest–specific protein 6 (GAS6) or the autophagy-
inducer rapamycin. The expression and function of the
TAM receptor pathway and autophagy were measured
by quantitative reverse transcription–polymerase chain
reaction (qRT-PCR), Western blotting, and enzyme-linked
immunosorbent assay (ELISA). Antiphospholipid

antibody–induced trophoblast inflammation was mea-
sured by qRT-PCR, activity assays, and ELISA.

Results. Anti-b2GPI aPL inhibited trophoblast
TAM receptor function by reducing cellular expression
of the receptor tyrosine kinases AXL and MERTK and
the ligand GAS6. The addition of GAS6 blocked the
effects of aPL on the TLR-4–mediated interleukin-8 (IL-
8) response. However, the NLRP3 inflammasome-
mediated IL-1b response was not affected by GAS6,
suggesting that another regulatory pathway was
involved. Indeed, anti-b2GPI aPL inhibited basal tro-
phoblast autophagy, and reversing this with rapamycin
inhibited aPL-induced inflammasome function and IL-
1b secretion.

Conclusion. Basal TAM receptor function and
autophagy may serve to inhibit trophoblast TLR and
inflammasome function, respectively. Impairment of
TAM receptor signaling and autophagy by anti-b2GPI
aPL may allow subsequent TLR and inflammasome
activity, leading to a robust inflammatory response.

Women with antiphospholipid antibodies (aPL)
are at high risk for recurrent pregnancy loss and late
gestational pregnancy complications, such as preeclamp-
sia (1). Placental inflammation is a hallmark of adverse
pregnancy outcomes such as preeclampsia, including
those complicated by aPL (2,3). Antiphospholipid anti-
bodies recognizing b2-glycoprotein I (b2GPI) preferen-
tially bind the placental trophoblast and subsequently
alter trophoblast function (4,5). Our group previously
demonstrated that aPL recognizing b2GPI trigger
human first-trimester trophoblasts to produce elevated
levels of proinflammatory cytokines/chemokines via
activation of Toll-like receptor 4 (TLR-4) (6) and inde-
pendently of TLR-4, inhibit spontaneous trophoblast
migration and modulate trophoblast angiogenic factor
secretion (7,8). Further investigation of this TLR-4–
mediated inflammatory response revealed that anti-
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b2GPI aPL increased induction of endogenous uric acid
in the trophoblast, which in turn activated the NLRP3
inflammasome to induce interleukin-1b (IL-1b) pro-
cessing and secretion (9). In parallel, anti-b2GPI aPL
induced trophoblast expression of microRNA-146a-3p
(miR-146a-3p) through activation of TLR-4, which in
turn activated the RNA sensor TLR-8 to drive IL-8
secretion (10).

Despite the ability of some aPL to induce a robust
TLR-4 and NLRP3 inflammasome-mediated inflamma-
tory response, human first-trimester trophoblast cells do
not generate a classic inflammatory response to physio-
logic doses of the natural TLR-4 ligand, bacterial
lipopolysaccharide (LPS) (11–14). Thus, in human first-
trimester trophoblasts, TLR-4 function and subsequent
inflammasome activation may be tightly regulated, and
aPL might override this braking mechanism.

One way in which TLR function can be inhibited is
via activation of TAM receptor tyrosine kinases, a novel
family of negative regulators (15,16). Three TAM recep-
tors, TYRO3, AXL, and Mer tyrosine kinase (MERTK),
are activated by 2 endogenous ligands: growth arrest–
specific protein 6 (GAS6) and protein S1 (PROS1).
GAS6 binds and activates all 3 TAM receptors, while
PROS1 activates TYRO3 and MERTK (15,16). Upon
ligand binding, TAM receptors trigger STAT-1 phosphory-
lation, inducing expression of suppressor of cytokine sig-
naling 1 (SOCS-1) and SOCS-3, which inhibits TLR
signaling (15,16). While autophagy is a regulatory process
that facilitates the degradation and recycling of cytoplas-
mic components via lysosomes (17), autophagy is also a
negative regulator of inflammasome activity and subse-
quent IL-1b production (18,19). Furthermore, in normal
pregnancy, extravillous trophoblasts express high levels of
basal autophagy, which is necessary for their invasion and
vascular remodeling (20). The aim of this study was to
determine the role of negative regulators of TLR and
inflammasome function in anti-b2GPI aPL–induced tro-
phoblast inflammation, by investigating the TAM receptor
pathway and autophagy.

MATERIALS AND METHODS

Reagents. Recombinant GAS6 was purchased from
R&D Systems. The autophagy inducer rapamycin and the
autophagy inhibitor bafilomycin were obtained from InvivoGen.
The ADAM-17 inhibitor tumor necrosis factor a processing in-
hibitor 0 (TAPI-0) was purchased from Sigma-Aldrich.

Trophoblast cell lines. The human first-trimester
extravillous trophoblast telomerase-transformed cell line Sw.71
(21) was used in these studies. The human first-trimester
extravillous trophoblast cell line HTR-8 was also used and was
a kind gift from Dr. Charles Graham (Queens University, Kings-
ton, Ontario, Canada) (22).

Isolation of primary trophoblasts from first-trimester
placentas. Placentas from first-trimester pregnancies (7–12
weeks’ gestation) were obtained from elective terminations of
normal pregnancies performed at Yale New Haven Hospital.
The use of patient samples was approved by the Yale Univer-
sity Human Research Protection Program. Trophoblast isola-
tion was performed as previously described (10).

Antiphospholipid antibodies. Unless specified other-
wise, we used the aPL IIC5, which is a mouse IgG1 anti-human
b2GPI monoclonal antibody (mAb). For some experiments, the
aPL ID2, which also is an IgG mouse anti-human b2GPI mAb,
was used. These aPL have been previously characterized. Simi-
lar to patient-derived polyclonal aPL, IIC5 and ID2 bind
b2GPI when immobilized on a negatively charged surface such
as phospholipids, cardiolipin, phosphatidylserine, or irradiated
polystyrene and thus behave as both anticardiolipin and anti-
b2GPI antibodies (23). IIC5 and ID2 react specifically with an
epitope within domain V of b2GPI (24). Furthermore, both
IIC5 and ID2 have pronounced lupus anticoagulant activity,
and thus both antibodies are “triple positive” aPL (25). IIC5
and ID2 are appropriate models for human aPL, because they
share similar epitopes; IIC5 and ID2 can block human poly-
clonal aPL binding to b2GPI (26). Moreover, IIC5 and ID2
bind to human first-trimester extravillous trophoblast cells
(6,27,28) and alter their function in a manner similar to
patient-derived polyclonal IgG aPL (9) and polyclonal IgG aPL
recognizing b2GPI (6,8). In particular, for this study, both anti-
human b2GPI mAb and patient-derived aPL up-regulated tro-
phoblast secretion of inflammatory IL-8 and IL-1b (6,9).
Mouse IgG1 clone 107.3 (BD Biosciences) was used as an
isotype control. Trophoblast cells were treated with aPL or
the IgG isotype control at 20 lg/ml, as previously described
(6–10).

RNA isolation and quantitative reverse transcription–
polymerase chain reaction (qRT-PCR). Trophoblast cell RNA
was extracted using TRIzol, as previously described (29).
Expression of miR-146a-3p was measured by qRT-PCR using
a TaqMan MicroRNA Assay (Life Technologies) and normal-
ized to the housekeeping gene U6, as previously described
(10). For expression of TYRO3, AXL, MERTK, GAS6,
PROS1, SOCS1, SOCS3, IFNA, IFNB, and GAPDH messen-
ger RNA (mRNA), qRT-PCR was performed using a KAPA
SYBR FAST qPCR kit (Kapa Biosystems), and PCR amplifi-
cation was performed using a Bio-Rad CFX Connect Real-
time PCR Detection System. Data were analyzed using the
DDCt method and plotted as the fold change in microRNA or
mRNA expression normalized to the endogenous control/in-
ternal reference.

Western blotting. Western blot analysis was performed
as previously described (9). Hsp90 was used as an internal
control to validate the amount of protein loaded onto the
gels. Images were recorded, and semiquantitative densitome-
try was performed using a Kodak Gel Logic 100 system and
Kodak Molecular Imaging software (Eastman Kodak) and
normalized to signals for Hsp90. The following primary anti-
bodies to human proteins were used: TYRO3 (catalog no.
MAB859; R&D Systems); AXL (catalog no. AF154; R&D
Systems); MERTK (catalog no. AF891; R&D Systems), phos-
phorylated AXL (catalog no. 9271; Cell Signaling Technol-
ogy), phosphorylated MERTK (catalog no. ab192649;
Abcam), total STAT-1 (catalog no. 9172; Cell Signaling Tech-
nology), phosphorylated STAT-1 (catalog no. 7649; Cell
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Figure 1. Antiphospholipid antibodies (aPL) inhibit trophoblast TAM (TYRO3, AXL, Mer tyrosine kinase [MERKT]) receptor and ligand expres-
sion. A, Quantitative reverse transcription–polymerase chain reaction was used to measure basal TYRO3, AXL, MERTK, GAS6, and PROS1 mRNA
levels in the Sw.71 cell line (n = 6), the HTR-8 cell line (n = 3), and primary first-trimester trophoblasts (n = 3). B, After 48 hours of no treatment
(NT) or exposure to aPL or control IgG, TYRO3, AXL, MERTK, GAS6, and PROS1 mRNA levels were measured in Sw.71 cells (n = 8). C and D,
Sw.71 cells were not treated or were treated with aPL or control IgG. After 72 hours, cell-free supernatants and cellular protein were collected. C,
Total AXL (tAXL) and phosphorylated AXL (pAXL) (part i) and total MERTK (tMERTK) and phosphorylated MERTK (pMERTK) (part ii) were
measured by Western blotting. Hsp90 served as a loading control. D, Enzyme-linked immunosorbent assays were performed to measure secreted
growth arrest–specific protein 6 (GAS6) and cellular GAS6 (parts i and ii, respectively) and secreted protein S1 (PROS1) and cellular PROS1 (n =
4–8) (parts iii and iv). Total AXL and phosphorylated AXL and total MERTK and phosphorylated MERTK levels were determined by densitometry,
after normalization to Hsp90 (n = 4–6). Blots are from 1 representative experiment. Bars show the mean � SEM of pooled independent experi-
ments. * = P < 0.05 versus NT.
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Signaling Technology), SOCS-1 (catalog no. 3950; Cell Signal-
ing Technology), SOCS-3 (catalog no. 2923; Cell Signaling
Technology), light chain 3B-I (LC3B-I/II) (catalog no. 2775;
Cell Signaling Technology), SQSTM1/p62 (catalog no. 5114;
Cell Signaling Technology), and Hsp90 (catalog no. H-114;
Santa Cruz Biotechnology).

Measurement of cytokines, uric acid, caspase 1, and
TAM receptor ligands, and trophoblast migration. Tro-
phoblast culture supernatants and (for some factors) lysates,
were analyzed for IL-1b, vascular endothelial growth factor
(VEGF), placenta growth factor (PlGF), soluble endoglin,
and GAS6 using enzyme-linked immunosorbent assay
(ELISA) kits from R&D Systems; for IL-8 using an ELISA
kit from Enzo Life Sciences; and for total PROS1 using an
ELISA kit from Innovative Research. For the measurement of
uric acid, supernatants were analyzed using a QuantiChrom
Assay Kit from Bioassay Systems. Caspase 1 activity was mea-
sured using a Caspase-Glo 1 Inflammasome Assay (Promega).
Trophoblast cell migration was measured using a 2-chamber
colorimetric assay (EMD Millipore), as previously described
(7,10).

Measurement of soluble AXL, soluble MERTK, and
GAS6 in patient samples. Plasma was collected as part of the
Predictors of Pregnancy Outcome: Biomarkers in Antiphos-
pholipid Antibody Syndrome and Systemic Lupus Erythe-
matosus (PROMISSE) study, a multicenter National
Institutes of Health–funded prospective observational study
of pregnancy in women with aPL, systemic lupus erythemato-
sus (SLE), or both, as well as healthy pregnant controls.
Details about this cohort of women, as well as inclusion and
exclusion criteria, have been previously reported (9,10,30–33).
The current study involves a subset of aPL-positive pregnant
women with SLE or without SLE (n = 38) and healthy preg-
nant controls (n = 16). We also studied SLE patients without
aPL (n = 29). Adverse pregnancy outcomes were defined as
the occurrence of ≥1 of the following: 1) otherwise unex-
plained fetal death, 2) neonatal death prior to hospital dis-
charge and due to complications of prematurity, 3) indicated
preterm delivery prior to 37 weeks’ gestation because of ges-
tational hypertension, preeclampsia, or placental insufficiency,
4) birth weight less than the fifth percentile and/or delivery
before 37 weeks because of intrauterine growth retardation
and confirmed by a birth weight less than the 10th percentile.
The frequency of adverse pregnancy outcomes in the entire
cohort was previously reported (10). Among individuals who
did or did not have SLE and were aPL-positive, 20 had an
adverse pregnancy outcome; among patients with SLE who
were aPL-negative, 11 had an adverse pregnancy outcome.
Plasma collected during the second trimester (18–27 weeks’
gestation) was analyzed for soluble AXL, soluble MERTK,
and GAS6 using ELISA (R&D Systems).

Statistical analysis. Each treatment experiment was
performed at least 3 times. All analyses were performed in
duplicate or triplicate. All data are presented as the mean �
SEM of pooled independent experiments. For normally dis-
tributed data, significance was determined by either one-way
analysis of variance for multiple comparisons or a t-test. For
non-normally distributed data, significance was determined
using a nonparametric multiple comparison test or Wilcoxon’s
matched pairs signed rank test. Statistical analyses were per-
formed using GraphPad Prism software. P values less than 0.05
were considered significant.

RESULTS

Inhibition of trophoblast TAM receptor and
ligand expression by aPL. As shown in Figure 1A, first-
trimester trophoblast cell lines (Sw.71 and HTR-8) as
well as primary human first-trimester trophoblasts
expressed basal mRNA levels of the TAM receptors
TYRO3, AXL, and MERTK and their ligands, GAS6 and
PROS1. After treatment with aPL or an IgG isotype con-
trol, trophoblast TYRO3, AXL, MERTK, GAS6, and
PROS1 mRNA levels were not significantly different
from those in the no treatment (NT) control group (Fig-
ure 1B). However, as shown in Figures 1C and D, aPL
treatment did change their protein expression. Under
NT and IgG control conditions, trophoblasts expressed
high levels of total and phosphorylated AXL and
MERTK (Figure 1C, parts i and ii, respectively). After
exposure to aPL, the levels of total and phosphorylated
AXL were significantly reduced (mean � SEM 75.9 �
9.1% and 49.9 � 11.7%, respectively), as were the levels
of total and phosphorylated MERTK (84.1 � 4.7% and
76.0 � 6.2%, respectively) compared to the NT control
(Figure 1C, parts i and ii, respectively). TYRO3 protein
expression was undetectable under all conditions (data
not shown). As shown in Figure 1D, under NT and IgG
control conditions, trophoblasts expressed high levels of
secreted and cellular GAS6 and PROS1. After exposure
to aPL, secreted (part i) and cellular (part ii) GAS6
levels were significantly reduced (78.6 � 5.3% and
81.4 � 3.4%, respectively) compared to the NT control.
In contrast, aPL had no significant effect on either
secreted or cellular levels of PROS1 compared to con-
trols (Figure 1D, parts iii and iv, respectively).

Inhibition of trophoblast TAM receptor signaling
by aPL. Having demonstrated reduced expression of
AXL, MERTK, and GAS6 protein and reduced AXL
and MERTK activation in trophoblasts exposed to aPL,
we investigated the functional impact of this inhibition
by examining the downstream signaling pathway. Under
NT and IgG control conditions, trophoblasts expressed
high levels of phosphorylated and total STAT-1 and high
levels of SOCS-1 and SOCS-3 (Figure 2A). After treat-
ment with aPL, the phosphorylated STAT-1:total STAT-1
ratio was significantly inhibited (mean � SEM 62.4 �
11.6%) compared to the NTcontrol (Figures 2A and B).
After treatment with aPL, the expression of SOCS-1 and
SOCS-3 protein was also significantly inhibited (mean �
SEM 76.4 � 6.0% and 30.1 � 5.2%, respectively) com-
pared to the NT control (Figures 2A and C). This was
reflected at the mRNA level. Treatment of trophoblasts
with aPL significantly reduced SOCS1 and SOCS3
mRNA levels (mean � SEM 58.9 � 11.3% and 30.1 �
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8.3%, respectively) when compared to the NT control
(Figure 2D). Because type I interferons (IFNs) can also
induce SOCS-1/SOCS-3 expression through activation of
the IFN-a/b receptor (IFNAR) (34), the effects of aPL
on these factors were examined. As shown in Figure 2D,
treatment of trophoblasts with aPL significantly reduced
IFNB mRNA levels (78.6 � 7.0%) compared to the NT
control, while control IgG had no significant effect.
IFNA mRNA levels were not altered under all conditions
(data not shown).

GAS6 reverses aPL-induced miR-146a-3p expres-
sion and IL-8 secretion, but not uric acid or IL-1b
production. To determine whether attenuation of the
TAM receptor signaling pathway by aPL plays a role in
regulating the trophoblast TLR-4–mediated inflammatory
response (6,9,10), recombinant GAS6 was introduced into
the culture. As shown in Figure 3A, TLR-4–mediated
aPL-induced IL-8 secretion (part i) and miR-146a-3p
expression (part ii) were both inhibited by the presence of
recombinant GAS6. Recombinant GAS6 significantly
inhibited aPL-induced IL-8 secretion (29.7 � 9.8%) and
miR-146a-3p expression (37.8 � 9.0%). In contrast, the
TLR-4–mediated induction of IL-1b secretion (part iii),
uric acid production (part iv), and caspase 1 activation
(part v) by aPL was not altered by recombinant GAS6

(Figure 3A). As shown in Figure 3B, the aPL-mediated
TLR-4–independent regulation of trophoblast VEGF,
PlGF, soluble endoglin, and cell migration (7,8) was not
reversed by the presence of recombinant GAS6. However,
there were some minimal, yet statistically significant,
effects of recombinant GAS6 on trophoblast angiogenic
factor production. As shown in Figure 3B, recombinant
GAS6 significantly increased aPL-induced VEGF (mean �
SEM 1.1 � 0.1–fold) (part i), reduced basal PlGF (16.8 �
10.1%) (part ii), and increased basal and aPL-induced
expression of soluble endoglin (1.1 � 0.1 and 1.2 � 0.1–
fold, respectively) (part iii).

Antiphospholipid antibodies promote trophoblast
soluble MERTK release through ADAM-17. We next
investigated the mechanism by which aPL inhibit the
TAM receptor signaling pathway, allowing for subsequent
TLR-4–mediated miR-146a-3p expression and IL-8 secre-
tion. The ectodomain of MERTK is proteolytically
cleaved by the metalloproteinase ADAM-17 to generate
soluble MERTK (35,36), while soluble AXL is released
through activation of ADAM-10 (37). To investigate
whether aPL treatment promoted the release of soluble
AXL and soluble MERTK, which may account for the
reduced cellular expression, trophoblasts were treated
with or without aPL, and the cell-free culture supernatants

Figure 2. Antiphospholipid antibodies inhibit trophoblast TAM receptor signaling. Sw.71 cells were not treated (NT) or were treated with aPL or
control IgG. Cellular RNA was collected after 48 hours, and cellular protein was collected after 72 hours. A, Western blotting was performed to
detect phosphorylated STAT-1 (pSTAT-1) and total STAT-1 (tSTAT-1) as well as SOCS-1 and SOCS-3 levels. Hsp90 served as a loading control.
Blots are from 1 representative experiment. B and C, The pSTAT-1:tSTAT-1 ratio (n = 5) (B) and SOCS-1 and SOCS-3 levels (C) were determined
by densitometry, after normalization to Hsp90. D, The levels of SOCS1, SOCS3, and IFNB mRNA after normalization to GAPDH are shown.
Bars show the mean � SEM of 3–5 samples (C) and 7–8 independent experiments (D). * = P < 0.05 versus NT. See Figure 1 for other definitions.
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were evaluated for the soluble receptors. As shown in
Figure 4A, under both NT and IgG control conditions,
soluble MERTK was undetectable by Western blotting.
However, after exposure to aPL, there was a significant
(mean � SEM 32.8 � 3.1–fold) increase in soluble
MERTK expression. Surprisingly, under NT and IgG
control conditions, there was a high amount of detect-
able soluble AXL, and treatment with aPL significantly
reduced this (57.7 � 13.9%) (Figure 4A). To examine
the mechanism by which aPL promote trophoblast

soluble MERTK release, trophoblasts were treated with
aPL in the presence or absence of an ADAM-17 inhibi-
tor. As shown in Figure 4B, treatment of trophoblasts
with the ADAM-17 inhibitor TAPI-0 completely and sig-
nificantly reversed the ability of aPL to reduce cellular
MERTK expression.

Elevated levels of circulating soluble AXL in
pregnant women with aPL and adverse pregnancy out-
comes. We next sought to determine whether our in vitro
findings, which model what occurs in the placental

Figure 3. Recombinant growth arrest–specific protein 6 (rGAS6) reverses aPL-induced microRNA-146a-3p (miR-146a-3p) expression and inter-
leukin-8 (IL-8) secretion. Sw.71 or HTR8 cells were not treated or were treated with aPL in the presence of media or rGAS6 (100 ng/ml). Cellular
RNA was collected or cell migration was measured after 48 hours (n = 5), and cell-free supernatants were collected after 72 hours (n = 5). A,
Toll-like receptor 4 (TLR-4)–mediated IL-8 secretion (part i), fold change (FC) in miR-146a-3p expression (part ii), IL-1b secretion (part iii), uric
acid secretion (part iv), and caspase 1 activity (part v) were measured. B, TLR-4–independent regulation of vascular endothelial growth factor
(VEGF) secretion (part i) and placenta growth factor (PlGF) secretion (part ii), soluble endoglin (sEndoglin) secretion (part iii), and cell migra-
tion (part iv) were measured. Bars show the mean � SEM. * = P < 0.05 versus NT (media or rGAS6) unless otherwise indicated. RLU = relative
luminescence units (see Figure 1 for other definitions).

Figure 4. Antiphospholipid antibodies promote trophoblast soluble Mer tyrosine kinase (sMERTK) release through ADAM-17. A, Sw.71 cells
were not treated or were treated with aPL or control IgG for 72 hours, after which cell-free supernatants were analyzed for soluble AXL (sAXL)
and sMERTK by Western blotting. B, Sw.71 cells were not treated or were treated with aPL in the presence of media or the ADAM-17 inhibitor
tumor necrosis factor a processing inhibitor 0 (TAPI-0) (2.5 lM). After 72 hours, cell lysates were collected. Soluble MERTK expression was mea-
sured by Western blotting. Hsp90 served as a loading control. The levels of sAXL and sMERTK were determined by densitometry (n = 4) after
normalization to Hsp90. Blots are from 1 representative experiment. Bars show the mean � SEM. * = P < 0.05 versus NT under each condition
(media or TAPI-0) unless otherwise indicated. See Figure 1 for other definitions.
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trophoblast at the maternal–fetal interface, were detect-
able at the systemic level. We analyzed plasma samples
that were collected at 18–27 weeks’ gestation from
aPL-positive pregnant women (with or without SLE) for
soluble AXL, soluble MERTK, and GAS6 levels, and
compared them to women with or without an adverse
pregnancy outcome. As shown in Figure 5A, plasma
levels of soluble AXL in aPL-positive women (with or
without SLE) who did or did not have an adverse preg-
nancy outcome were significantly higher compared to
the levels in plasma from healthy controls. Moreover,
aPL-positive women (with or without SLE) who had an
adverse pregnancy outcome had significantly higher
levels of soluble AXL compared to aPL-positive women
(with or without SLE) without an adverse pregnancy out-
come (Figure 5A). To determine whether adverse preg-
nancy outcomes in women with autoimmune disease but
without detectable aPL have aberrant expression of sol-
uble AXL, we analyzed plasma from aPL-negative SLE
patients with or without adverse pregnancy outcomes.
Plasma levels of soluble AXL in aPL-negative SLE
patients, either with an adverse pregnancy outcome or
without an adverse pregnancy outcome, were not signifi-
cantly different from those in healthy controls and were
significantly lower than the levels in aPL-positive women
(with or without SLE) with an adverse pregnancy outcome
(Figure 5A). There were no significant differences in the
plasma levels of soluble MERTK (Figure 5B) or GAS6
(Figure 5C) between any of the patient groups or controls.

Antiphospholipid antibodies inhibit trophoblast
autophagy, leading to inflammasome activation. Despite
inhibiting TAM receptor function, recombinant GAS6

did not reverse the effects of aPL on TLR-4–mediated
uric acid production, caspase 1 activation, and subse-
quent IL-1b secretion (9). Therefore, we examined
other regulatory pathways that might be involved in the
modulation of this aPL inflammasome-mediated respo-
nse (9). Because autophagy is a negative regulator of
inflammasome activity (18,19) and is active under nor-
mal conditions in extravillous trophoblasts (20), we
investigated this process. As shown in Figure 6A, under
NT and IgG control conditions, trophoblasts expressed
the autophagy markers LC3B-I and LC3B-II and seq-
uestosome 1 (p62), a specific autophagy substrate (38).
After treatment with 2 different aPL (IIC5 and ID2), the
trophoblast LC3B-II:LC3B-I ratio was significantly
reduced compared to NT control (mean � SEM 43.3 �
20.1% and 60.3 � 16.1%, respectively), while levels
of p62 were unchanged under all treatment conditions
(Figure 6A).

The levels of p62 are known to stabilize or accu-
mulate when LC3B-II/LC3B-I–associated autophagy is
impaired in the trophoblast and other model systems
(20,38,39). To determine whether the observed reduc-
tion in autophagy might allow for aPL-mediated
inflammasome function, trophoblast cells were treated
with aPL in the presence of the autophagy inducer
rapamycin. As shown in Figure 6B, although aPL-
induced uric acid production was not affected by the
presence of rapamycin (part i), aPL-induced caspase 1
activity (part i) and IL-1b secretion (part ii) were sig-
nificantly inhibited (52.0 � 2.6% and 77.1 � 3.6%,
respectively). Figure 6C shows that in the absence of
aPL, treatment of trophoblasts with the autophagy

Figure 5. Circulating soluble AXL (sAXL) levels are elevated in pregnant women with antiphospholipid antibodies (aPL) and adverse pregnancy
outcomes. The levels of soluble AXL (A), soluble Mer tyrosine kinase (sMERTK) (B), and growth arrest–specific protein 6 (GAS6) (C) were mea-
sured in plasma from healthy controls who did not have an adverse pregnancy outcome (APO–) (n = 16), aPL-positive women with or without sys-
temic lupus erythematosus (SLE) who did not have an adverse pregnancy outcome (n = 18), aPL-positive women with or without SLE who had
an adverse pregnancy outcome (n = 20), aPL-negative women with SLE who did not have an adverse pregnancy outcome (n = 19), and aPL-nega-
tive women with SLE who had an adverse pregnancy outcome (n = 11). Symbols represent individual subjects; horizontal lines with bars indicate
the mean � SEM.
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inhibitor bafilomycin had no effect on uric acid produc-
tion (part i). However, when compared to the NT con-
trol, bafilomycin significantly increased trophoblast
caspase 1 activity (4.8 � 0.2–fold) (part ii) and IL-1b
secretion (181.9 � 50.8–fold) (part iii).

DISCUSSION

Placental inflammation is a hallmark of pregnancy
complications such as preeclampsia and preterm birth
(40), but in many cases the trigger and mechanisms
involved are unknown. In obstetric antiphospholipid syn-
drome, it is well established that pathogenic aPL recogniz-
ing b2GPI target the placenta, causing pathology that
results in pregnancy loss and late gestational complica-
tions (5). Although pregnancies complicated by aPL show
evidence of inflammation at the maternal–fetal interface

(2,3), our understanding of the mechanisms involved is
incomplete. In the current study, we report for the first
time that aPL override negative regulators of placental
trophoblast TLR and inflammasome signaling to induce a
robust inflammatory response.

Through the expression of a wide range of innate
immune TLRs, nucleotide-binding oligomerization domain–
like receptors (NLRs), and inflammasome family mem-
bers, the trophoblast can generate diverse inflammatory,
specialized, and regulatory responses to infectious stimuli
(11,41). These pathways can also be activated by noninfec-
tious triggers (42–44), including aPL (6,9,10). Specifically,
aPL recognizing b2GPI, upon binding to human first-
trimester extravillous trophoblasts, activate the TLR-4
pathway to induce endogenous secondary signals that in
turn activate other innate immune pathways within the
cell (6). TLR-4–mediated uric acid production in response

Figure 6. Antiphospholipid antibodies (aPL) inhibit trophoblast autophagy, leading to inflammasome activation. A, Sw.71 cells were not treated
(NT) or were treated with aPL or control IgG. After 8 hours, cellular protein was collected. Western blotting was performed to detect light chain
3B-I (LC3B-I), LC3B-II, and p62. Hsp90 served as a loading control. Blots are from 1 representative experiment. The LC3B-II:LC3B-I ratio and
levels of p62 were determined by densitometry after normalization to Hsp90 (n = 4). B, Sw.71 cells were not treated or were treated with aPL in
the presence of media or rapamycin (500 nM). After 72 hours, supernatants were measured for uric acid (part i), caspase 1 activity (part ii), or
interleukin-1b (IL-1b) (part iii) (n = 6–7). C, Sw.71 cells were not treated or were treated with bafilomycin (0.5 lM). After 72 hours, supernatants
were measured for uric acid (part i), caspase 1 activity (part ii), or IL-1b (part iii) (n = 6–7). Bars show the mean � SEM. * = P < 0.05 versus NT
control, unless otherwise indicated. RLU = relative luminescence units.
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to anti-b2GPI antibodies activates the NLRP3 inflamma-
some, promoting an IL-1b response (9). At the same time,
TLR-4–mediated expression of miR-146a-3p leads to
activation of TLR-8, promoting an IL-8 response (10).
Recent studies of endothelial cells have also demon-
strated that aPL activation of TLR-4 can lead to the
induction of secondary mediators of pathology (45). It is
important to note that both human polyclonal aPL and
the well-characterized anti-b2GPI mAb used in the
current study induced similar trophoblast inflammatory
responses, specifically elevated IL-8 and uric acid–mediated
IL-1b processing and secretion (6,9). However, aPL are
highly heterogeneous, and thus our findings may not apply
to all aPL.

Despite being able to sense and respond to a
number of different TLR and NLR ligands (41,46), phys-
iologic doses of the natural TLR-4 agonist, LPS, are not
sufficient to induce human first-trimester trophoblasts
to generate a classic inflammatory cytokine response
(11–14). A recent study showed that the type I interferon
IFNb serves as a key immunomodulator of LPS-driven
TLR-4 activation in the trophoblast (14), indicating that
in these cells, TLR-4 signaling is indeed tightly regulated.
Thus, in contrast to immune system cells, the trophoblast
innate immune properties may be constitutively limited
by negative regulatory mechanisms (16). The aim of the
current study was to investigate how aPL recognizing
b2GPI, which can directly interact with TLR-4 (45,47,48)
and activate the TLR-4 pathway (6,9), might overcome
such braking mechanisms.

Herein, we report that under basal conditions,
human first-trimester trophoblasts constitutively express
high levels of the TAM receptors AXL and MERTK and
the TAM receptor ligands GAS6 and PROS1, indicating
that TLR function in these cells is constitutively suppressed
(16). Indeed, the TAM receptor signaling pathway is highly
active in these cells under resting conditions, as evidenced
by AXL, MERTK, and STAT-1 phosphorylation and high
expression of SOCS-1 and SOCS-3. Although AXL has a
greater affinity for GAS6 than does MERTK (49), unlike
AXL, MERTK can bind both GAS6 and PROS1 (16).
Thus, because trophoblasts produce both ligands, MERTK
might be the dominant functional TAM receptor in resting
human first-trimester trophoblasts. After exposure to anti-
b2GPI aPL, trophoblast expression of total and phosphory-
lated AXL and MERTK as well as GAS6 was inhibited,
resulting in inactivation of the TAM receptor signaling
pathway. This allowed for the TLR-4–mediated miR-146a-
3p–TLR-8 arm of the aPL-driven inflammatory pathway
(10) to occur, since this could be blocked by recombinant
GAS6. In addition to acting as a TAM receptor ligand,
GAS6 can modulate AXL and MERTK expression (50,51).

Thus, the addition of recombinant GAS6 may serve as
both an agonist and receptor modulator in order to
reestablish TAM receptor function. As expected, the
TLR-4–independent effects of aPL on trophoblast func-
tion were not reversed by recombinant GAS6.

One way in which TAM receptor expression and
activation can be regulated is through the generation of
proteolytically cleaved soluble proteins. Soluble AXL and
soluble MERTK are released through activation of the
metalloproteinases ADAM-10 and ADAM-17, respec-
tively (35–37). In the current study, we show that under
basal conditions, trophoblasts constitutively released sol-
uble AXL, but not soluble MERTK. This further supports
the notion that MERTK might be the dominant functional
TAM receptor in human first-trimester trophoblasts under
basal conditions. Treatment of trophoblasts with aPL
induced the release of soluble MERTK, while soluble
AXL release was reduced. Furthermore, under aPL condi-
tions, ADAM-17 inhibition reversed the reduced cellular
expression of MERTK. This suggests that aPL promotes
the release of soluble MERTK from the trophoblast cell
surface, which may account for the reduced cellular
expression. Indeed, in other cell types, LPS can promote
soluble MERTK release, resulting in reduced cellular
expression (35,36). In contrast, the aPL-induced inhibition
of cellular AXL expression may account for reduced sol-
uble AXL release. How aPL are able to inhibit AXL pro-
tein expression in the trophoblast remains unclear but may
involve AXL protein degradation. Soluble AXL and sol-
uble MERTK act as decoy receptors for GAS6 to further
prevent cell surface receptor activation. Thus, under aPL
conditions, binding of GAS6 by the remaining soluble
AXL and the increased level of soluble MERTK may also
sequester it from detection and may be responsible, in
part, for the aPL-mediated reduction in trophoblast GAS6.

Having demonstrated that aPL differentially regu-
lated trophoblast release of soluble AXL and soluble
MERTK, we sought to determine whether this might also
be seen clinically at the systemic level. To investigate this,
soluble AXL, soluble MERTK, and GAS6 levels were
measured in plasma from aPL-negative and aPL-positive
women enrolled in the PROMISSE study (9,10,30–33).
Soluble MERTK and GAS6 levels in plasma were not dif-
ferent between the patient groups and controls. However,
aPL-positive pregnant women (with or without SLE) had
higher levels of circulating soluble AXL compared to con-
trols. Moreover, aPL-positive women with an adverse
pregnancy outcome had higher circulating levels of sol-
uble AXL compared to aPL-positive women without an
adverse pregnancy outcome. This finding was specific for
aPL positivity, because soluble AXL levels in the aPL-
negative groups with SLE were not different from those
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in healthy controls. Although these findings did not reflect
our in vitro findings, and thus what might occur locally at
the maternal–fetal interface, these clinical data suggest
that soluble AXL levels in plasma measured during the
second trimester (18–27 weeks’ gestation) might correlate
with pregnancy outcome, although further investigation is
warranted. Prior to this study, circulating soluble AXL,
soluble MERTK, and GAS6 levels had been studied in
nonpregnant patients with SLE, soluble AXL and soluble
MERTK levels have been reported as being higher in
SLE patients (52–54), while data for GAS6 levels vary
(53,55). One study also showed that in SLE patients, ele-
vated levels of soluble AXL and soluble MERTK were
correlated with aPL positivity (56). However, our findings
constitute the first report of soluble AXL, soluble
MERTK, and GAS6 levels in pregnant women with aPL
and/or SLE.

Another potential contributor to the disabled
TAM receptor pathway in the trophoblast was the
observed alterations in IFNb, because type I IFNs
(through IFNAR), either alone or in cooperation with
TAM receptors, can induce SOCS-1/SOCS-3 (34). Thus,
inhibition of trophoblast IFNb expression by anti-b2GPI
antibodies might contribute to inactivation of the TAM
receptor signaling pathway. The ability of aPL to render
IFNb signaling inactive is similar to findings in which
trophoblasts were infected with a virus (14).

Although restoration of TAM receptor signaling
by recombinant GAS6 prevented an aPL-mediated
IL-8 response in the trophoblast, the TLR-4–mediated
uric acid response, and subsequent NLRP3 inflamma-
some–mediated IL-1b response (9) were not affected.
This suggested that additional inhibitory pathways may
be involved in regulating the aPL-induced trophoblast
inflammatory response. Autophagy is a regulatory pro-
cess that facilitates the degradation and recycling of
cytoplasmic components via lysosomes (17). Although
autophagy is important for cellular homeostasis and
cell survival in response to a number of stresses (57), it
can also act as a negative regulator of inflammasome
activity and subsequent IL-1b production (18,19).

In normal pregnancy, basal autophagy is essential
for extravillous trophoblast invasion and vascular remod-
eling (20). Moreover, in the setting of preeclampsia,
extravillous trophoblast autophagy is impaired, as evi-
denced by reduced LC3B expression and stabilization or
accumulation of p62 (20), as has been observed in other
systems (38,39). Consistent with this observation, we
observed expression of the autophagy marker LC3B-II
under resting conditions, but in the presence of
aPL, LC3B-II expression was inhibited, and p62 levels
were stabilized, indicating that autophagy was impaired.

Furthermore, inhibition of autophagy by bafilomycin
induced a similar response to aPL, while maintenance
of autophagy by rapamycin prevented aPL-induced
inflammasome activity and subsequent IL-1b secretion.
Mechanisms by which autophagy may prevent inflamma-
some activation include inhibiting production of reactive
oxygen species (58), promoting inflammasome degrada-
tion (18), or sequestering pro–IL-1b and targeting it for
lysosomal degradation (58). This latter mechanism is
unlikely, because pro–IL-1b is highly expressed in
untreated trophoblasts (9). How the TLR-4–mediated
uric acid response is regulated remains unclear, because
it is modulated by neither the TAM receptor pathway
nor autophagy.

In summary, our data showed that human extra-
villous trophoblast TLR and inflammasome function
are tightly regulated by immunomodulatory pathways:
TAM receptor activity and autophagy. Disabling of the
TAM receptor signaling pathway by an anti-b2GPI anti-
body results in TLR-4 activation, leading to subsequent
TLR-8–mediated IL-8 release. Impaired autophagy by
this anti-b2GPI aPL allows inflammasome activity lead-
ing to IL-1b production. These advancements in our
understanding of the mechanisms by which anti-b2GPI
aPL might mediate placental inflammation may further
the potential for new predictive markers and therapeu-
tic targets for preventing obstetric antiphospholipid syn-
drome.
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A Multicenter Study of the Validity and Reliability of Responses
to Hand Cold Challenge as Measured by Laser Speckle Contrast

Imaging and Thermography

Outcome Measures for Systemic Sclerosis–Related Raynaud’s Phenomenon
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Objective. Reliable and objective outcome mea-
sures to facilitate clinical trials of novel treatments for sys-
temic sclerosis (SSc)–related Raynaud’s phenomenon
(RP) are badly needed. Laser speckle contrast imaging
(LSCI) and thermography are noninvasive measures of
perfusion that have shown excellent potential. This multi-
center study was undertaken to determine the reliability
and validity of a hand cold challenge protocol using LSCI,
standard thermography, and low-cost cell phone/mobile

phone thermography (henceforth referred to as mobile
thermography) in patients with SSc-related RP.

Methods. Patients with RP secondary to SSc were
recruited from 6 UK tertiary care centers. The patients
underwent cold challenge on 2 consecutive days. Changes
in cutaneous blood flow/skin temperature at each visit were
imaged simultaneously using LSCI, standard thermogra-
phy, and mobile thermography. Measurements included
area under the curve (AUC) for reperfusion/rewarming
and maximum blood flow rate/skin temperature after
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rewarming (MAX). Test–retest reliability was assessed
using intraclass correlation coefficients (ICCs). Estimated
latent correlations (estimated from multilevel models, tak-
ing values between �1 and 1; denoted as rho values) were
used to assess the convergent validity of LSCI and ther-
mography.

Results. In total, 159 patients (77% with limited
cutaneous SSc) were recruited (84% female, median age
63.3 years). LSCI and standard thermography both had
substantial reliability, with ICCs for the reperfusion/re-
warming AUC of 0.67 (95% confidence interval [95% CI]
0.54, 0.76) and 0.68 (95% CI 0.58, 0.80), respectively, and
ICCs for the MAX of 0.64 (95% CI 0.52, 0.75) and 0.72
(95% CI 0.64, 0.81), respectively. Very high latent correla-
tions were present for the AUCs of LSCI and thermography
(q = 0.94; 95% CI 0.87, 1.00) and for the AUCs of standard
and mobile thermography (q = 0.98; 95% CI 0.94, 1.00).

Conclusion. This is the first multicenter study to
examine the reliability and validity of cold challenge
using LSCI and thermography in patients with SSc-
related RP. LSCI and thermography both demonstrated
good potential as outcome measures. LSCI, standard
thermography, and mobile thermography had very high
convergent validity.

Systemic sclerosis (SSc)–related digital vasculopathy
is painful and disabling, and has significant impact on quality
of life. Raynaud’s phenomenon (RP) occurs in most patients
with SSc (96%) and is consistently the highest ranked symp-
tom of SSc in terms of frequency and impact on daily func-
tion (1,2). In patients with SSc, RP often progresses to
severe digital vasculopathy, with up to 50% of patients devel-
oping painful digital ulceration (3–11).

Treatments are far from ideal, and Cochrane reviews
(http://www.cochranelibrary.com) as well as other reviews
have highlighted the lack of evidence base for the treatment
of both primary and SSc-related RP (12–15). One of the
reasons for this shortcoming is the lack of reliable outcome
measures, which are necessary to deliver successful clinical
trials. Technological advances in laboratory measurements
of blood flow (laser speckle contrast imaging [LSCI] and
thermography [skin temperature, a pseudo measure of per-
fusion]) hold promise as objective outcome measures
(16,17). The Outcome Measures in Rheumatology 6
(OMERACT 6) report, describing the current status of out-
come measure development for clinical trials in SSc, con-
cluded that whether imaging techniques made the transition
from research pathophysiologic measurement techniques to
outcome measures for RP was dependent on whether “data
are published or available to show their validity” (18). The
requirement for reliable outcome measures to facilitate

highly powered clinical trials in SSc-related RP is now espe-
cially pertinent due to ongoing novel drug developments
(19–23). Whereas patient-reported outcome measures such
as theRaynaud’s condition score (RCS; ameasure of RP dis-
ease activity with a possible score range of 0–10, with higher
scores indicating more active disease) (24) are well suited for
later (i.e., phase III) studies, objective, noninvasive imaging
techniques would provide confirmatory testing to inform
stop–go decision-making in earlier (i.e., phase II) studies.

Our main aim in the present study was to deter-
mine whether LSCI and thermography, performed subse-
quent to application of a cold challenge to the hands, are
sufficiently reliable and valid to allow their use as out-
come measures in multicenter clinical trials. Our primary
objectives were to evaluate test–retest reliability and con-
struct validity (25), which we defined as the ability of
LSCI and thermography to measure important features of
SSc-related digital vasculopathy. Our secondary objectives
were to assess the interobserver reliability, as well as feasi-
bility, of the techniques. Just prior to commencement of
our study, cell phone/mobile phone thermography (hence-
forth referred to as mobile thermography) came on the
market as an imaging method, potentially offering a more
cost-effective and portable alternative to LSCI and “stan-
dard” thermography. Thus, an additional secondary
objective was to assess the utility of mobile thermography
in comparison to standard thermography.

PATIENTS AND METHODS

Patients. Six UK tertiary care centers that provide clini-
cal care to patients with SSc took part in the study. Individuals
responsible for imaging and analysis attended a central training
session prior to the start of recruitment. At least one person
from each center attended the training.

The study aimed to recruit 180 patients with SSc (for the
inclusion and exclusion criteria used, including current digital
ulceration, see Supplementary Table 1, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40457/abstract). The study was approved by the
Cambridgeshire and Hertfordshire National Research Ethics
Service Committee (approval number 15/EE/0083), and all
patients gave written consent to participate.

All patients were recruited between October 1, 2015 and
February 28, 2016, to minimize interindividual variation related
to season. Each visit took ~1 hour.

Imaging equipment. An LSCI thermal camera (FLPI-2;
Moor Instruments) (16,17) was leased to each center (Fig-
ures 1A and 2B). Five of the 6 centers used their own thermal
cameras (referred to as “standard thermography”) (Figures 1A,
B, and D) (26), and the sixth center leased a camera. A mobile
phone/device–connectable thermography camera (FLIR One)
(Figures 1A and C) and an Apple iPhone 5 were purchased for
each center, along with all other cold challenge equipment, to
minimize variation between centers. Furthermore, to minimize
differences between centers, equipment at each site was set up
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according to strict guidelines for positioning to ensure images
were obtained in as similar a manner as possible (in terms of
angles and distances), and a calibration protocol was applied to
the equipment at the start and end of the study (carried out by a
single person from the central site [EJM]). LSCI settings were
adjusted for distance, frequency, duration, focus, intensity over-
lay, processing mode (high resolution), and color image acquisi-
tion. Thermal camera settings were adjusted for room
temperature, distance to hands, and skin emissivity. Mobile ther-
mography settings were limited but the “matte” emissivity setting
was chosen.

Cold challenge. Patients were requested to wear light
clothing and refrain from vigorous exercise, caffeine, and alcohol
for 4 hours prior to the assessment. Upon arrival, patients were
seated comfortably for 20 minutes and acclimatized, and clinical
research forms were completed. Immediately prior to the cold
challenge, a baseline image of both hands (dorsal aspect) was
obtained with LSCI and both thermal cameras. As required for
LSCI imaging, all images were acquired in low-lit rooms.

The patient’s hands were placed on a black, thermally
insulated surface (1 meter away from the thermal cameras and 70
cm [�5 cm] from the LSCI). Small sticky dots were used to mark
the location of each finger at baseline. Both hands were placed in
nitrile gloves and immersed to the metacarpophalangeal joints for
1 minute into cooled water (temperature of 15�C [�1�C], mea-
sured by calibrated thermometer) in 2 standard containers, one
on either side of the patient. After the cold challenge, the gloves
were removed and the hands were returned to their original posi-
tion on the insulating surface, secured by double-sided sticky tape
to avoid movement between images.

Reperfusion/rewarming after application of the cold chal-
lenge was imaged simultaneously by LSCI at 15 frames per min-
ute, and thermography at 4 frames per minute, for 15 minutes

(i.e., contemporaneous measurement for 15 minutes postcool-
ing). Mobile thermography did not allow for continuous video
images to be obtained, and thus single images from which data
could be extracted were acquired at set time points: baseline, 0
minutes after cold challenge, and 15 minutes after cold challenge.
At the end of the 15 minutes, 1 extra image was obtained for
LSCI and standard thermography, to allow the reperfusion/
rewarming gradient from the last data point to be calculated;
thus, a total of 225 images/scans were obtained for LSCI, 61
for thermography, and 3 for mobile thermography during the
15 minutes of measurement.

Analysis of the images was performed using Moor
Instruments Laser Perfusion Imager software (version 4.0) for
LSCI, and Research IR Max (version 4.2; FLIR) for standard
and mobile thermography. Patients completed the RCS (pos-
sible score range 0–10) at each visit (a measure referred to as
“RCS on the day”), measuring the severity and impact of
their RP for that day (24).

The cold challenge was repeated 1 day later (on day
2), as close as possible to the same time of day in order to
minimize variation due to circadian rhythms (27). The repeti-
tion over 2 consecutive days (i.e., ~24 hours) minimized any
variations within individuals over time (e.g., menstrual cycle
effects) and seasonal variation in weather (28). Five centers
had 1 observer, while 1 center had 2 observers. Each exam-
iner re-examined the same subject on days 1 and 2; for exam-
ple, at the central site, 1 observer imaged 60 patients, twice,
on consecutive days. Figure 3 shows the study design.

A B

C D

Figure 1. A, Photograph of the imaging equipment set up to allow
simultaneous imaging, showing laser speckle contrast imaging (LSCI),
standard thermography, and mobile thermography. B, Baseline image
of the hands obtained with standard thermography, showing distal
dorsal difference (DDD) regions of interest, with fingers being cooler
than dorsum. C, An example of hands imaged by mobile thermogra-
phy at 0 minutes post–cold challenge, with fingers being cooler than
dorsum (scale unavailable for image due to the software used). D, An
example of hands undergoing rewarming (same subject as in B)
imaged by the standard thermal camera at 0 minutes, 7.5 minutes,
and 15 minutes after cooling. Scale on the right refers to the temper-
ature range (20–37°C) shown in B and D.

Figure 2. A, Laser speckle contrast imaging (LSCI) reperfusion
graphs for 8 digits (regions of interest [ROIs] 1–4 and 6–9, as shown
in B) and 2 dorsa (ROIs 5 and 10). Graphs show reperfusion post–cold
challenge (i.e., flux, which was proportional to the product of the aver-
age speed of the blood cells and their concentration, expressed in arbi-
trary perfusion units) versus time. B, Example of a flux image (i.e.,
perfusion map) showing ROIs marked (as described in Figure 1). C,
Photograph of the hands showing the ROIs assessed by LSCI.
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Image analysis for summary measures of response.
Image analysis was carried out locally by an internal, nonblinded
observer at each center. These were the same observers who had
obtained the images. Regions of interest (ROIs) (Figures 1B
and 2B and C) were highlighted in the baseline (pre–cold chal-
lenge) image and in sequential images for 15 minutes postcool-
ing. The distal dorsal difference (DDD) (defined as the
difference in measurements between the dorsum and the finger,
with DDDL, DDDT, and DDDM representing the values based
on LSCI, standard thermography, and mobile thermography,
respectively) (29,30) was calculated for each finger at baseline.
In the sequential images, the ROIs were confined to the 8 distal
phalanges. The area under the curve (AUC) for reperfusion/
rewarming in each finger (with AUCL, AUCT, and AUCM repre-
senting the values based on LSCI, standard thermography, and
mobile thermography, respectively) was calculated manually, not
by automation (Figure 4) (standard thermography), from 61
postchallenge images. In addition, the maximum blood flow
rate/skin temperature after rewarming (MAX; with MAXL,
MAXT, and MAXM representing the values based on LSCI, stan-
dard thermography, and mobile thermography, respectively) and
the gradient of reperfusion/rewarming in the first 2 minutes
post–cold challenge (GRAD; with GRADL, GRADT, and
GRADM representing the values based on LSCI, standard ther-
mography, and mobile thermography, respectively) were deter-
mined. Data were averaged for all fingers, as was done in
previous studies (16). For mobile thermography, the DDD was
obtained from the first of 3 images, and the AUC was approxi-
mated by averaging the data over the latter 2 images. Analysis
took <1 hour per participant, per visit.

Saved images and ROI local analysis data were also ana-
lyzed by the blinded central observer (TLM). Mobile thermogra-
phy image analysis was carried out only at the central site.

Assessment of feasibility. The feasibility of each tech-
nique was assessed at the end of the study based on the individ-
ual opinion of the clinical scientist or technician. Feasibility was
measured as the ease of use and the ease of analysis (score scale
for each 0–10, where 0 = difficult, 10 = easy), and preference of
LSCI over thermography (standard or mobile thermography) for
acquiring and analyzing images.

Measurement of room temperature. A prerequisite of
the cold challenge, and thus a criterion for center participation,
was a temperature-controlled room at each center. All measure-
ments were obtained in a temperature-controlled room (aimed
at a room temperature of 23°C [� 2°C]. Room temperatures

were recorded with data monitors (TinyTag; Gemini Data Log-
gers) to assess the impact of temperature on measurements, with
an interest in examining whether reliability could be improved
by achieving greater temperature control.

Identification of edge effects from LSCI. It became
apparent when the study began that the blood flow appeared to
be lower at the edges of the LSCI images than in the center. This
implied that the distribution of the laser light across the hands
was not equal, with less light incident toward the edges than at
the center of the image. If true, then the consequence of this
would be an artificially lower value for perfusion in the little fin-
gers (edge of image) (Figure 2B) compared to index fingers
(center of image) in the LSCI images. Thus, this was investigated
further, as detailed below.

Statistical analysis. Sample size calculation. Analyses of
the data were performed using R version 3.2.3 (31). Based on
observations in a previous thermography study (16), a sample
size of 180 patients would allow us to estimate the test–retest
reliability to within 0.05. A full discussion of the sample size cal-
culation and other aspects of the statistical analyses (extended
statistical analysis) are available from the corresponding author
upon request.

Determination of test–retest reliability. To determine the
test–retest reliability of each technique, intraclass correlation
coefficients (ICCs) were obtained using linear mixed effects
models. Each summary measure was included as a dependent
variable, with center included as a fixed effect.

Determination of between-observer reliability. The data
over both visits for each patient were averaged, and the resulting
average values were compared between the central observer and
the center-specific observers by calculating the difference (with
95% confidence interval [95% CI]) in the paired mean values
(details available from the corresponding author upon request).
It is not possible to calculate a valid interobserver ICC from
these data, since it would require at least some of the partici-
pants to have traveled to all sites for imaging and a large subset
of images to be analyzed by all observers (32).

Figure 3. Study design. The images obtained were assessed for con-
vergent validity, test–retest reliability, and interobserver differences.
LSCI = laser speckle contrast imaging.

Figure 4. Example of a reperfusion/rewarming area under the curve
(AUC), maximum blood flow rate/skin temperature after rewarming
(MAX), and gradient of reperfusion/rewarming in the first 2 minutes
post–cold challenge (GRAD) for 1 hand, measured with standard
thermography. The data for the index, middle, ring, and little finger
are shown as 4 solid lines, one for each finger (regions of interest
were confined to the 8 distal phalanges, as indicated in Figure 2B).
Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40457/abstract.

906 WILKINSON ET AL



Determination of validity of the techniques. Convergent
validity (one aspect of construct validity) was assessed using
bivariate linear mixed models, which included fixed center terms
and separate random patient intercepts for 1) LSCI and stan-
dard thermography, and 2) standard and mobile thermography.
We estimated the latent correlation coefficients (if the tech-
niques measured the same construct, the latent correlation
would be a rho value of 1). For clarity, the statistical analysis pro-
tocol for this joint model is available from the corresponding
author upon request.

A post hoc analysis was conducted in which the responses
to the RCS corresponding to the study day were assessed for cor-
relation with all measurements, using linear mixed models.

Feasibility data. Descriptive statistics were used to sum-
marize the feasibility data.

Mixed effects models accounting for room temperature.
The mean room temperature at each patient visit was added to
the mixed effects models for each summary measure. ICCs were
recalculated, and these values were compared to the previously
calculated estimates.

Analysis of edge effects. Edge effects were investigated in
a post hoc analysis by calculating the trend across fingers for
LSCI measurements, and then comparing these measurements
to those from thermography. Linear mixed models were used to
assess any linear trends in the measurements from the index fin-
ger to the little finger. Fingers were numbered. Finger-level sum-
mary measures of response were then regressed on finger
number for both LSCI and thermography; this linear approxima-
tion was crude, but sufficient. Random intercept and slope terms
were included to account for the fact that there was variation
from patient to patient in these trends, not attributable to the
imaging techniques. Measurements were standardized prior to
analysis, thereby allowing for comparisons to be made between
LSCI and thermography.

RESULTS

Characteristics of the patients. In total, 159
patients were recruited (60 from the central center, 16–20

from each of the other centers). Among the patients, 157
(99%) fulfilled the American College of Rheumatology/
European League Against Rheumatism 2013 classifica-
tion criteria for SSc (33). The median age of the patients
was 63.3 years (interquartile range [IQR] 53.8–69.5 years)
and 123 (77%) had limited cutaneous SSc (34). The med-
ian disease duration since first non-Raynaud’s symptom
was 9.6 years (IQR 4.5–17.4 years). Of the 159 patients
with SSc, 142 (89%) were receiving treatment with
vasodilators (61 with calcium channel blockers, 27 with
angiotensin-converting enzyme inhibitors, 27 with angio-
tensin II receptor antagonist, 22 with phosphodiesterase 5
inhibitor, 4 with endothelin receptor antagonist, and 1
with nitrates), of whom 35 were receiving ≥1 vasodilator.
Moreover, 4 patients (3%) had previously undergone fin-
ger surgical debridements, 5 (3%) had previously had
amputations, and 30 (19%) had experienced ulcers in the
preceding year.

Test–retest reliability of the techniques. There was
at least moderate to substantial reliability in the DDDL,
DDDM, and DDDT, the AUCL, AUCT, and AUCM, and the
MAXL and MAXT. The GRADL and GRADT had fair to
substantial test–retest reliability (Table 1). The strength of
reliability was assessed according to previously defined score
classifications (see ref. 35), as follows: ICC 0.00–0.20 =
slight, ICC 0.21–0.40 = fair, ICC 0.41–0.60 =moderate, ICC
0.61–0.80 = substantial, and ICC 0.81–1.00 = almost perfect.
However, these classifications are, to some extent, arbitrary
and should be treated as a rough guide.

Reliability between observers.When the data from
each visit, observer, and center, and additionally at the
patient level, were analyzed for reliability (see Supple-
mentary Table 2 and Supplementary Figure 1, available

Table 1. Reliability and validity of LSCI and thermography (standard and mobile phone–based) in patients with systemic sclerosis–related
Raynaud’s phenomenon*

Summary measure

Test–retest reliability Difference in
reliability,

Validity

LSCI
(n = 159)

Standard
thermography
(n = 159)

Mobile phone
thermography
(n = 141)†

LSCI versus
standard

thermography

LCSI and
standard

thermography

Standard and
mobile phone
thermography

Distal dorsal difference 0.67 (0.56, 0.77) 0.58 (0.43, 0.71) 0.61 (0.51, 0.73) 0.08 (�0.05, 0.25) 0.65 (0.50, 0.79) 0.90 (0.79, 0.97)
Reperfusion/rewarming
AUClog

0.67 (0.54, 0.76) 0.68 (0.58, 0.80) 0.61 (0.51, 0.72)‡ �0.01 (�0.17, 0.11) 0.94 (0.87, 1.00) 0.98 (0.94, 1.00)

MAXlog 0.64 (0.52, 0.75) 0.72 (0.64, 0.81) NA �0.09 (�0.21, 0.03) 0.87 (0.77, 0.95) NA
Gradient over first 2 minutes 0.46 (0.40, 0.69) 0.56 (0.40, 0.74) NA �0.09 (�0.24, 0.18) 0.52 (0.33, 0.70) NA

* Data for the summary measures of distal dorsal difference, reperfusion/rewarming area under the curve (AUClog), maximum blood flow rate/skin
temperature after rewarming (MAXlog), and gradient of reperfusion/rewarming over the first 2 minutes have been averaged over 8 digits. Values
are the intraclass correlation coefficients (ICCs) (with 95% confidence intervals [95% CIs]) for the test–retest reliability of laser speckle contrast
imaging (LSCI), standard thermography, and mobile phone–based thermography, the difference (with 95% CIs) in ICC point estimates between
LSCI and standard thermography, and the estimated validity, expressed as latent correlation coefficients (with 95% CIs), between LSCI and stan-
dard thermography and between standard and mobile phone thermography. NA = not applicable.
† For mobile phone thermography, 141 data sets were available (n = 18 missing due to technical fault at 2 of the centers).
‡ The AUClog for mobile phone thermography was approximated from the mean values of 2 frames, post–cold challenge of the hand.
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on the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40457/abstract), we con-
sidered that if the measures were perfectly reliable, the
subplot for each center would look like 2 identical ladder
plots (but it is not expected that the plots would be identi-
cal between centers). Our data suggest that there were sys-
tematic differences between the central observer and one
of the centers (center 2, and possibly center 3 [details
available from the corresponding author upon request]) in
extracting data from LSCI images. For thermography,
agreement between the central and local observer was gen-
erally high for all centers, albeit with a large discrepancy in
the data from several patients at one of their visits (results
available from the corresponding author upon request).

Validity of the techniques. The latent correlation
between LSCI and standard thermography (i.e., evidence
that LSCI and standard thermography measure the same
construct, which, in this case, was blood flow returning to
the finger after cold challenge) was as follows: for the
DDD, q = 0.65 (95% CI 0.50, 0.79); for the reperfusion/re-
warming AUC, q = 0.94 (95% CI 0.87, 1.00); and for the
MAX, q = 0.87 (95% CI 0.77, 0.95). In contrast, for the
GRAD, the latent correlation between LSCI and standard
thermography was only 0.52 (95% CI 0.33, 0.70) (Table 1).
High latent correlation is indicative of convergent validity.
Therefore, a value of 0.7 could be considered high, such
that both the MAX and the AUC displayed strong conver-
gent validity.

Correlation between mobile thermography and
standard thermography was also very high. The latent cor-
relation was 0.98 (95% CI 0.94, 1.00) for the AUC, and
0.90 (95% CI 0.79, 0.97) for the DDD (Table 1). Latent
correlation between LSCI and mobile thermography was
0.86 (95% CI 0.74, 0.97) for the AUC, and 0.49 (95% CI
0.29, 0.66) for the DDD.

With the exception of some weak evidence of a
decreasing DDD as measured on thermography with
increasing RCS score (mean � SEM change in the DDDT

of �0.15 � 0.07 for a 1-point increase in the RCS), we
found no evidence of correlation between the summary
measures and the RCS.

Feasibility. Standard thermography was deemed
to be more feasible than LSCI (see Discussion). The
proportion of raters giving a score of ≥7 for ease of use
was 50% for LSCI, 75% for standard thermography,
and 38% for mobile thermography. Ease of analysis
was rated as ≥7 by 25% of raters for LSCI and by 50%
of raters for standard thermography. One center pre-
ferred LSCI to thermography for acquiring images, and
1 center preferred LSCI to thermography for analyzing
images. Conversely, the number of centers preferring
standard thermography over LSCI was 3 for acquiring

images, and 4 for analyzing images. The remaining cen-
ters showed no preference.

Models including room temperature. When in-
cluded as a covariate, room temperature was not associ-
ated with any of the summary measures, as measured by
either LSCI or thermography. Additionally, the ICCs
were not affected by the inclusion of room temperature in
the analysis. This does not mean that a regulated room
temperature is not important, but that small changes in
temperature are acceptable (see Supplementary Table 3,
available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40457/
abstract).

Edge effects. When moving from the thumb to the
little finger on imaging, all of the trends in the AUC,
MAX, and GRAD were in the opposite direction
for the 2 modalities, with a decrease in these val-
ues when assessed by LSCI and an increase in these
values when assessed by thermography (see Supplemen-
tary Table 4, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40457/abstract) Estimates of the DDD were positive
with both techniques, but this was attenuated on images
obtained by LSCI. This is consistent with the notion of an
edge effect artificially producing lower values for the little
fingers when LSCI is used for imaging. The cause of the
edge effect was attributed to the distribution of light over
the imaging area, due to LSCI being used at the upper
limit of the suggested imaging distance in order to fit both
hands into the imaging area. These data indicate that care
must be taken to understand the variations over the field
of view, so that these can be accounted for; decreasing the
field of view would minimize this effect in future studies.

DISCUSSION

To date, LSCI techniques and thermography have
been insufficiently studied as outcome measures in clini-
cal trials. Those studies in which they have been included
show very little consistency in terms of protocol design
(36–38), choice of dynamic challenge, and extracted out-
come measures, making it difficult to compare results
between studies or establish a standard protocol. The
main finding of our study is that the reliability of both
LSCI and thermography (the AUC and MAX) were suffi-
ciently high for use as study outcome measures. The reli-
ability of the MAXT was slightly superior to the MAXL.
Other than this, there were no substantive differences in
reliability between the 2 techniques.

The AUCM and DDDM showed adequate reliabil-
ity for use as outcome measures. Moreover, there was
strong correlation between mobile thermography and
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standard thermography data. The technique of mobile
thermography was added at a late stage in this project
(since it had only just come on the market). Our reason
for including it was primarily for feasibility assessment.
While it is clear that further work is required to validate
mobile thermography, the performance in the present
study is highly encouraging, because, as a low-cost tool, it
could potentially be readily available for widespread use
among rheumatologists.

Although it was not our primary objective, we
examined differences between observers. Systematic differ-
ences between observers at different centers would not be
particularly problematic for a multicenter randomized con-
trolled trial (RCT), provided that the randomization would
be stratified by center. We note that this should be the
default for any multicenter trial, since differences between
centers may otherwise bias the estimated treatment effect.
This is particularly true in small populations, since simple
randomization is less likely to produce balance within cen-
ters. Standardized training would reduce measurement
variation across centers, and centralized extraction and
analysis of LSCI data, conducted in a blinded manner,
might also minimize variation by removing multiobserver
differences in an RCT setting. Given the small sample size
at each center, we are unable to determine whether truly
systematic differences were observed. Ideally, a study to
assess interobserver reliability would involve participants
having images analyzed by all observers.

Convergence between the techniques was shown to
be very high for the AUC and MAX (particularly for the
AUC). This finding provides evidence that the same
underlying construct is being measured when using these
summaries of response. Convergence appeared to be
weaker (although still moderate) for the DDD. Conver-
gence was weakest for the GRAD, which may be a reflec-
tion of the lag between reperfusion and rewarming,
whereby tissue reperfusion (measured using LSCI) is
translated into skin rewarming (measured using thermog-
raphy), during the 2 minutes immediately following cold
challenge.

Since there is no gold standard to which we may
compare either imaging technique, and we are comparing
2 techniques that measure perfusion by very different
methods (skin temperature and a measure of red blood
cell concentration and speed by light), it is possible to
measure convergence between these techniques for valid-
ity (25). It would be unlikely for these 2 techniques to con-
verge if both of them were poor outcome measures, since
they would both have to be deficient in distinct but very
specific ways, so as to bring the erroneous observations
into alignment. Therefore, we can conclude in this in-
stance that their convergence implies validity.

The OMERACT review of 2003 (18) assessed the
validity of several noninvasive techniques as possible
objective outcome measures, but none was deemed ready
for use in clinical trials. These techniques included nail-
fold capillaroscopy, which is a well-established diagnostic
technique now included in the diagnostic criteria to differ-
entiate primary and secondary RP (34). The microscopy
technique allows visualization of cutaneous capillaries at
the nailbed and identification of the structural changes
characteristic of SSc. However, this is not a substitute for
functional measures of flow (although functional flow and
oxygenation have recently been reported). Plethysmogra-
phy allows the change in vascular volume to be measured
(i.e., detection of a pulse) in combination with cold
challenge. The technique can measure full fields in the
same way as LSCI, but remains unvalidated. There was
no relationship between the summary measures and the
RCS on the day of the study visits, for either LSCI or
thermography.

Patient-centered outcome measures are crucial for
evaluating the effectiveness (rather than just the efficacy)
of treatments. However, patient-centered outcomes often
comprise more “noise” compared to more objective mea-
sures of response, and therefore necessitate larger sample
sizes to ensure adequate power in clinical trials. For small
populations, there is therefore a tension between direct
relevance to patients and feasibility of conducting a trial.
One solution may be to power studies on the basis of
objective measures, such as those considered herein, and
to additionally (and consistently) report patient-centered
outcomes to facilitate an eventual meta-analysis. Another
solution might be to seek confirmatory evidence for the
vasodilatory potential of candidate interventions, using
objective measures, before proceeding to larger, phase III
clinical trials.

The relationship between 2 measures is limited by
the reliability of each (39). Although the relative stability of
the RCS between baseline and follow-up has been observed
in clinical trials/studies (38,40), there has been little work
formally assessing its intraindividual reliability.

With regard to feasibility of the techniques, it has
been noted that LSCI is sensitive to movement, vibrations,
and lighting, indicating the importance of environmental
conditions during the imaging. For mobile thermography,
present limitations in feasibility include the battery life
(LSCI is mains operated but standard thermography is
powered by long-life batteries), a fixed focusing distance,
and lack of analysis for video images, as well as mounting
difficulties; however, if the correlation between mobile and
standard thermography can be replicated in future studies,
these limitations may be acceptable in light of the lower
cost and ambulatory (convenient) nature of the technique.
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When comparing the feasibility of LSCI to the feasibility of
thermography, it should be noted that most centers were
familiar with thermography but not with LSCI, and there-
fore this may have influenced the assessment of feasibility.

One limitation of the study was that we did not
recruit the planned number of participants, due to a sev-
enth center not participating as planned. However, the
study was designed to be robust to under-recruitment.
Although the 95% CIs for our estimates were wider than
they would have been had the target been met, we were
still able to demonstrate sufficient reliability and conver-
gent validity of the AUC and MAX to observe differences
that would indicate that the performance of DDD was
weaker, and to show that the performance of GRAD was
relatively poor.

In conclusion, our design was relatively pragmatic,
with the aim of establishing the performance of the differ-
ent techniques as they would be employed in a multicenter
clinical trial. Our study successfully established a working
group of tertiary care centers for SSc, and together, the
group developed a consensus calibration and cold challenge
protocol. The summary measures of AUC and MAX both
displayed good reliability and strong convergent validity.
There was a possible advantage of thermography in relation
to the reliability of MAX, although this was not definitive.
We found evidence of edge effects when using LSCI,
although our summary measures appeared to be quite
robust to these in relation to reliability, perhaps suggesting
that these effects were fairly consistent (details available
upon request from the corresponding author).

The results of this study also confirm that small
variations in room temperature are acceptable during the
imaging, and that, subject to further validation, mobile
phone cameras may be a suitable, affordable, and highly
portable alternative to more expensive standard imaging
equipment (although mobile phones are battery operated
and with less functionality [at present] than larger thermal
cameras). The mobile phone data obtained in this study
will facilitate the design of future validation studies assess-
ing mobile thermography–derived outcome measures.
Although the design precluded formal assessment of
interobserver reliability, there was a suggestion of system-
atic differences between the central observer and observ-
ers at some of the centers, highlighting the importance of
image analysis training and potentially a role for central-
ized or automated image analysis. For multicenter RCTs,
we would also recommend that, where possible or appro-
priate, randomization be stratified by center to balance
any center-specific effects and prevent bias.

In summary, LSCI and thermography should
now be incorporated as secondary outcome measures
in upcoming treatment efficacy trials. This will allow

an assessment of responsiveness to treatment as well
as longitudinal validity. The present study leads us to
recommend the summary measures of AUC and
MAX, measured using either thermography or LSCI
(but especially using thermography), as suitable out-
come measures for RCTs in patients with SSc-related
RP.
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Skin Gene Expression Is Prognostic for the Trajectory of Skin
Disease in Patients With Diffuse Cutaneous Systemic Sclerosis
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Dinesh Khanna,3 Angelika Jahreis,2 Yuqing Zhang,1 Jeff Siegel,2 and Robert Lafyatis4

Objective. At present, there are no clinical or labo-
ratory measures that accurately forecast the progression
of skin fibrosis and organ involvement in patients with
systemic sclerosis (SSc). The goal of this study was to
identify skin biomarkers that could be prognostic for the
progression of skin fibrosis in patients with early diffuse
cutaneous SSc (dcSSc).

Methods. We analyzed clinical data and gene
expression in skin biopsy samples from 38 placebo-
treated patients, part of the Roche Safety and Efficacy of
Subcutaneous Tocilizumab in Adults with Systemic
Sclerosis (FASSCINATE) phase II study of tocilizumab
in SSc. RNA samples were analyzed using nCounter.
A trajectory model based on a modified Rodnan skin
thickness score was used to describe 3 skin disease trajec-
tories over time. We examined the association of skin
gene expression with skin score trajectory groups, by

chi-square test. Logistic regression was used to examine
the prognostic power of each gene identified.

Results. We found that placebo-treated patients
with high expression of messenger RNA for CD14,
SERPINE1, IL13RA1, CTGF, and OSMR at baseline were
more likely to have progressive skin score trajectories. We
also found that those genes were prognostic for the risk
of skin progression and that IL13RA1, OSMR, and
SERPINE1 performed the best.

Conclusion. Skin gene expression of biomarkers as-
sociated with macrophages (CD14, IL13RA1) and trans-
forming growth factor b activation (SERPINE1, CTGF,
OSMR) are prognostic for progressive skin disease in pa-
tients with dcSSc. These biomarkers may provide guidance
in decision-making about which patients should be consid-
ered for aggressive therapies and/or for clinical trials.

Currently there are no clinical or laboratory mea-
sures that accurately predict the progression of skin fibro-
sis and organ involvement in patients with systemic
sclerosis (SSc). Several studies, including retrospective
cohort analyses and randomized clinical trials, have shown
that the severity of skin fibrosis, as assessed by the modi-
fied Rodnan skin thickness score (MRSS) (1), is predictive
of disease mortality (2,3). In particular, Shand et al
defined 3 distinct skin score trajectory subgroups, using
latent variable modeling, and showed that patients with
the worst skin score trajectories had significantly increased
mortality (4).

Several clinical and serologic measures have been
associated with progressive skin disease. It is generally
accepted that the fastest rates of skin disease progression
are recorded early in the disease (5). A recent observa-
tional study from the European League Against Rheuma-
tism (EUSTAR) has shown that joint synovitis, short
disease duration (<15 months), and low MRSS at baseline
predict more progressive skin fibrosis (6). Anti–RNA poly-
merase III is associated with scleroderma renal crisis and
more severe skin disease, though less associated with
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interstitial lung disease (5,7). Despite these findings, there
remains no broadly accepted methodology for assessing
the likelihood of progressive skin disease and no validated
prognostic biomarkers of skin disease evolution, limiting
patient risk–stratification and consequently the ability to
select patients with progressive disease to receive innova-
tive therapies.

We recently reported that CD14 expression corre-
lates strongly with progressive skin disease (8). In this
report, using data collected from the Safety and Efficacy of
Subcutaneous Tocilizumab in Adults with Systemic Sclero-
sis (FASSCINATE) study, an international trial of tocilizu-
mab (TCZ) in SSc (9), we describe trajectory patterns of
skin score change over time, as determined using a group-
based modeling approach in placebo-treated patients. We
assessed several potential prognostic biomarkers associated
with these changes. In addition, we examined the relation-
ship of each biomarker to the change in skin score over
time.

PATIENTS AND METHODS

Study design and participants. Samples and clinical data
for the discovery cohort used in this study were from the
FASSCINATE phase II study (10). Briefly, the FASSCINATE
study was a randomized, double-blind, placebo-controlled, phase
II study of TCZ (162 mg/week, administered subcutaneously) in
early diffuse cutaneous SSc (dcSSc) patients age ≥18 years, with
progressive disease of <5 years’ duration since the first non–
Raynaud’s phenomenon sign or symptom. Investigators who
enrolled at least one patient in the FASSCINATE study are
listed in Appendix A. In the current analysis, we focused on the
FASSCINATE patients treated with placebo. Of these patients
(n = 44), we excluded 6 subjects. Two patients did not have a
biopsy at baseline. One patient had only 2 MRSS values
recorded (at baseline and at 8 weeks) and discontinued the study
at week 16. The other 3 excluded patients had a decrease in
MRSS of >12 units in 2 sequential assessments, suggesting
that the measurement of the MRSS trajectory in these
patients would be unreliable.

Skin biopsy gene expression analysis. RNA samples,
used for assessment of gene expression, were analyzed using
nCounter (NanoString Technologies). Expression of the genes
was normalized to expression of 12 housekeeping genes. Of the
83 genes selected for confirmation and expression analysis, 62
transcripts were significantly overexpressed and 2 were signifi-
cantly underexpressed in SSc patients compared with healthy
controls (significance assessed by t-test with Bonferroni correc-
tion for multiple comparisons). Microarray data from the
FASSCINATE trial, used for selecting prognostic genes, has been
deposited at the GEO (accession no. GSE106358) at the NCBI.

Statistical analysis. We have described patterns of skin
score change over time using a semiparametric mixture model
(11). Specifically, the distinctive skin score trajectories were
derived by modeling skin score as a function of time, i.e., the
number of days in the study, using an SAS macro (more specifi-
cally, TRAJ, a procedure created by Jones et al [12] for estimat-
ing developmental trajectories). We assumed each skin score

trajectory had a linear pattern of decline, and tested this assump-
tion by including a quadratic term (i.e., testing for the possibility
that change in skin score has a curved shape) and evaluated sta-
tistical significance of these terms for each trajectory group. Lin-
ear model terms were statistically significant (P < 0.05), but
quadratic model terms were not; thus, we included only a linear
term in our final models. The probability of each trajectory
membership for a particular subject was estimated using the
group-based model. Each subject was assigned to a specific tra-
jectory group that had the highest estimated probability (i.e.,
posterior probability) compared with those of other trajectory
groups. We used Bayesian information criterion (BIC) and
entropy (i.e., amount of classification error indexed by average
posterior probability) to assess the model fit. In general, models
with lower BIC values provided a better fit to the data, and
entropy statistics close to 1 (>0.8) convey a model with well-
separated trajectories (11).

We divided expression of each gene into tertiles. The
association of each gene with skin score trajectory groups was
examined by chi-square test. Additionally, we examined the asso-
ciation between expression of each gene at baseline and change
in skin score over time from baseline, using generalized estimat-
ing equations in SAS with the “exchange” option for the working
correlation matrix. In the regression model, the lowest tertile of
each gene expression measure was used as the referent group to
test the difference in change in MRSS. Finally, we collapsed
regressive and stable trajectories into one group and modeled
the predictive ability of each gene by logistic regression. Using
SAS, we then assessed the predictive ability of the model accord-
ing to discrimination and calibration. Discrimination was evalu-
ated using the area under the curve; the guidelines suggested
that values of ≥0.70 are needed for adequate prediction. Calibra-
tion was determined using the Hosmer-Lemeshow test (13), with
a significant result being indicative of poor calibration. Pearson’s
correlation coefficients were calculated using GraphPad Prism
software. P values less than 0.05 were considered significant.

RESULTS

Study patients. All patients enrolled in the
FASSCINATE study met the 1980 American College of

Table 1. Characteristics of placebo-treated patients from the
FASSCINATE study*

Characteristic Placebo-treated patients (n = 38)

Age
Mean � SD years 47.2 � 13.0
Median (range) 49.5 (19–69)

Sex, no. (%)
Female 30 (78.9)
Male 8 (21.1)

MRSS
Mean � SD 25.1 � 5.2
Median (range) 25 (15–37)

Disease duration, mean � SD
months 19.8 � 16.8

* Patients met the 1980 American College of Rheumatology criteria
for systemic sclerosis. Disease duration was defined by the time since
the first non–Raynaud’s phenomenon symptom. FASSCINATE =
Safety and Efficacy of Subcutaneous Tocilizumab in Adults with
Systemic Sclerosis; MRSS = modified Rodnan skin thickness score.
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Rheumatology criteria for SSc (14), had active disease of
≤5 years’ duration since the first non–Raynaud’s phe-
nomenon symptom, and had an MRSS between 15 and
40. Additionally, at screening, active progressive disease
of <1 year’s duration was required for study inclusion,
which was signified by any of the following: an increase in
MRSS of ≥3 units, involvement of 1 new body area with
an increase in MRSS of ≥2 units or involvement of >2
new body areas with an increase in MRSS of ≥1 unit,
other documentation of worsening skin thickening in the
previous 6 months, or ≥1 tendon friction rub accompanied
by ≥1 laboratory criterion (C-reactive protein ≥10.0 mg/
liter, erythrocyte sedimentation rate ≥28 mm/hour, or
platelet count ≥330 9 1,000/ll) (9).

The discovery cohort, which was used to identify
prognostic biomarkers, consisted of 38 patients from the
placebo-treated patient group (Table 1). For validation,
we studied microarray gene expression data from a

second cohort of patients with dcSSc (20 patients total).
The clinical features of the patients in this group were
similar to those of the discovery cohort. All of the patients
had early dcSSc (≤5 years from the first non–Raynaud’s
phenomenon symptom). However, patients in the valida-
tion group had some significant differences compared
with those in the discovery group. First, patients in the
validation group were treated with immunosuppressants,
whereas the patients in the discovery group received only
placebo during the study. Second, only 2 measurements
of MRSS were obtained for patients in the validation
group—1 at baseline and another at 24 weeks. Third,
patients in the discovery cohort met certain additional cri-
teria to define disease activity (15).

Gene expression and correlation with MRSS.
Microarray data (from mid-forearm skin biopsies) that
were generated as part of the clinical trial were analyzed
for genes that were the most highly correlated with the

Figure 1. NanoString heatmap depicting gene expression in the skin of patients with diffuse cutaneous systemic sclerosis (dcSSc) compared to
healthy controls, showing unsupervised hierarchical clustering in 20 healthy controls (violet bar) and 34 dcSSc patients (divided into regressive [yel-
low], stable [black], and progressive [gray] trajectories). Genes were grouped into 3 different clusters of transforming growth factor b/profibrotic genes
(group A), macrophage-associated genes (group B), or genes without an evident biologic relationship (group C). Color code corresponds to Z scores
of intensities. Red indicates higher expression and blue indicates lower expression. Arrows show genes selected for trajectory and tertiles analysis.
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change in skin score from baseline to 6 months after treat-
ment with placebo. From a microarray that was generated
as part of the FASSCINATE study, we selected 83
genes that correlated highly with the changes in skin
scores at 6 months (see Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40455/abstract).
Sixty-two of these genes were overexpressed in dcSSc
patients compared with healthy controls. Most of the genes
that correlated most highly with the changes in MRSS
were in gene clusters identifiable as part of transform-
ing growth factor b (TGFb)/profibrotic, interleukin-6
(IL-6)/STAT-3, or interferon pathways, or were associ-
ated with macrophages. Other genes of interest were
also included in the nCounter panel, and gene expres-
sion from each of the patients was tested using nCoun-
ter technology, as described previously (9).

Using these gene expression data, we calculated the
correlation coefficient (r) in 34 of the 38 placebo-treated
patients between gene expression at baseline and the
change in MRSS at week 16 (4 patients were not included
because of missing values at 16 weeks and/or at baseline).
Based on this correlation, we clustered all of the genes
with an r value of >0.2 (Figure 1). By inspection, these
genes were grouped into 3 different clusters. Two of the
clusters (groups A and B) contained many recognizable
genes based on known biologic relevance: TGFb/profi-
brotic genes (group A) and macrophage-associated genes
(group B). The third cluster contained genes without evi-
dent biologic relationships (group C).

We compared the correlation between baseline
gene expression and the change in MRSS in this cohort of
patients (the discovery cohort) with microarray data from
a second group of dcSSc patients (the validation cohort).
We found that the correlation coefficients had the same
trend for many of the genes in both cohorts (see Supple-
mentary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40455/abstract), even though the r values were different
between the 2 groups. This might be due to differences in
clinical features between the 2 groups, as well as the 2 dif-
ferent methods used for gene expression analyses (Nano-
String versus microarray).

From the group of the genes that we identified
(see Supplementary Table 1), we chose 7 genes for further
analysis based on the strength of correlation between
baseline gene expression and the change in MRSS in both
the discovery and validation cohorts (r > 0.2). Since
expression levels of many of the genes correlated highly
with each other, we limited our analysis of co-regulated
genes to the genes showing the largest correlation coeffi-
cients. Notably, expression levels of the genes for CD14,

CCL2, CD163, macrophage scavenger receptor 1
(MSR1), and membrane-spanning 4 domains, subfamily
A, member 4A (MS4A4A) were highly correlated and
therefore we chose to focus only on CD14. The following
genes were analyzed further: CD14, IL13RA1, SER-
PINE1, OSMR, CTGF, IGFBP2, and IRF7 (Table 2). All
of these genes were overexpressed in dcSSc patient skin
compared with that of healthy controls (Figure 1).

Descriptive trajectory data. As shown in Figure 2,
we identified 3 trajectory patterns of skin score change (y)
over 48 weeks: 12 patients (30%) showed a regressive
trajectory (y = 17.69773 � [0.12504 9 weeks]), 18 (45%)
showed a stable trajectory (y = 25.02055 � [0.8435 9

weeks]), and 10 (25%) exhibited a progressive trajectory
(y = 31.12353 + [0.11507 9 weeks]). The progressive tra-
jectory group started with a higher average MRSS (30.65)
than the other 2 trajectory groups, and the average skin
score had increased by 17.7% at the end of 48 weeks. The
regressive trajectory group started with a lower average
MRSS (19.93), which had decreased by 33.9% at the end
of the follow-up period. The stable trajectory group

Table 2. Comparison of correlations (r) between gene expression
and changes in skin score in the discovery and validation groups

Gene

r

Discovery
group

Validation
group

IL13RA1 0.6 0.25
SERPINE1 0.54 0.31
OSMR 0.52 0.27
CTGF 0.45 0.23
CD14 0.59 0.36
IRF7 �0.2 �0.24
IGFBP2 �0.44 �0.32

Figure 2. Skin score trajectory changes over time. Trajectories were
defined according to baseline modified Rodnan skin score value and
pattern. Symbols show the mean at each time point.
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started with an intermediate average MRSS (26.12) that
decreased slightly (16.2%) over the same time period.
The average posterior probability of allocating study par-
ticipants into trajectories (i.e., entropy) was ≥0.97, indicat-
ing an excellent precision that individuals were assigned
to their most likely trajectories.

Association of gene expression and pattern of skin
score progression. We examined the 7 genes selected from
the cluster groups (CD14, IL13RA1, SERPINE1, OSMR,
CTGF, IGFBP2, and IRF7) in relation to the skin score
trajectory over time. Subjects expressing high levels of
CD14, IL13RA1, SERPINE1, OSMR, and CTGF at base-
line were more likely to exhibit a progressive skin score tra-
jectory (Table 3). No association was found between levels
of either IRF7 or IGFBP2 gene expression and skin score
trajectories. We further examined the performance of each
of these genes as prognostic biomarkers of progressive ver-
sus stable/regressive skin disease. Expression of 5 genes
(CD14, IL13RA1, SERPINE1, OSMR, and CTGF) was
prognostic for the risk of skin progression (see Supplemen-
tary Table 2, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40455/
abstract). IL13RA1 performed the best, followed by
OSMR and SERPINE1.

Association of gene expression and skin score
change. Expression of several genes, i.e., CD14, IL13RA1,
SERPINE1, OSMR, and CTGF, was also associated with
skin score change over time from baseline. Compared
with those in the lowest tertile, patients in the highest
tertile of CD14, IL13RA1, SERPINE1, OSMR, and
CTGFexpression showed an increasedMRSS. In contrast,
those in the highest tertile of IGFBP2 expression appeared
to show an improvement of MRSS over time (Table 4).
Similar results were also observed in the validation group.

DISCUSSION

At present, it is difficult to predict the trajectory of
skin disease in dcSSc patients on the basis of clinical cri-
teria (16). After analyzing skin gene expression, our find-
ings revealed that messenger RNA for CD14, SERPINE1,
IL13RA1, CTGF, and OSMR expression is prognostic for
the trajectory of skin disease in patients with active dcSSc
for 1 year following skin biopsy. Thus, increased expres-
sion of these genes may serve as better markers for
selecting patients with progressive skin disease for
therapies/clinical trials than currently available methods.

In this study, we utilized skin biopsy samples from
patients treated with placebo in the Roche FASSCINATE
phase II study of TCZ in SSc (9). These samples provided
a rare opportunity to examine prognostic biomarkers in a
group of patients with active dcSSc who were not treated
with any immunosuppressive drugs. However, the inclu-
sion criteria for this study may have impacted the results.

Table 3. Association of gene expression and skin score trajectory
over the follow-up period

Gene expression

Skin score trajectory

PRegressive Stable Progressive

CD14 0.013
Low 5 6 1
Medium 4 7 2
High 0 5 8

IL13RA1 0.026
Low 4 7 1
Medium 5 6 2
High 1 4 8

SERPINE1 0.049
Low 5 6 1
Medium 4 6 3
High 1 4 8

OSMR 0.058
Low 6 6 0
Medium 2 6 5
High 2 5 6

CTGF 0.020
Low 5 5 2
Medium 4 8 1
High 1 4 8

IRF7 0.345
Low 5 6 1
Medium 2 6 5
High 3 5 5

IGFBP2 0.566
Low 3 4 5
Medium 3 8 2
High 4 5 4

Table 4. Association of gene expression and skin score change over
time

Gene expression
tertile groups

Mean skin score change
(95% confidence interval) P

CD14 0.0793
Middle vs. lowest �0.28 (�3.46, 2.90) 0.86
Highest vs. lowest 3.48 (0.31, 6.66) 0.03

IL13RA1 0.0532
Middle vs. lowest 1.63 (�1.51, 4.77) 0.31
Highest vs. lowest 4.08 (1.36, 6.80) 0.003

SERPINE1 0.0696
Middle vs. lowest �0.74 (�3.99, 2.51) 0.65
Highest vs. lowest 3.16 (0.59, 5.72) 0.016

OSMR 0.0184
Middle vs. lowest 1.07 (�1.93, 4.07) 0.48
Highest vs. lowest 4.08 (1.87, 6.29) 0.0003

CTGF 0.0491
Middle vs. lowest �0.71 (�3.86, 2.44) 0.66
Highest vs. lowest 3.32 (0.87, 5.76) 0.008

IRF7 0.4539
Middle vs. lowest 0.90 (�1.53, 3.32) 0.44
Highest vs. lowest �1.23 (�4.39, 1.93) 0.47

IGFBP2 0.1241
Middle vs. lowest 0.37 (�1.94, 2.69) 0.75
Highest vs. lowest �3.10 (�6.29, 0.10) 0.058
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All patients had active dcSSc of ≤5 years’ duration since
the first non–Raynaud’s phenomenon symptom and, at
screening, an MRSS between 15 and 40. Additionally at
screening, active progressive disease of <1 year’s duration
was required, and was defined by an increase in MRSS
of ≥3 units, involvement of 1 new body area with an
increase in MRSS of ≥2 units or 2 new body areas with
an increase in MRSS of ≥1 unit, other documentation of
worsening skin thickening in the previous 6 months, or ≥1
tendon friction rub accompanied by ≥1 laboratory crite-
rion (C-reactive protein ≥10.0 mg/liter, erythrocyte sedi-
mentation rate ≥28 mm/hour, or platelet count ≥330 9

1,000/ll). Using these eligibility criteria to enrich the
patient population for early active disease may have led
to enrollment of patients with more progressive disease.

We found that the prognostic biomarkers identi-
fied using placebo-treated patients enrolled in the
FASSCINATE study also showed trends in r values that
were prognostic in a cohort of patients from Boston Univer-
sity Medical Center. The center’s patients had received
treatment with a variety of immunosuppressive medications
(15). Thus, these prognostic biomarkers may have broader
predictive value in other patients with early dcSSc. How-
ever, it is also possible that these biomarkers may act as pre-
dictors only in the preselected FASSCINATE cohort.

Defining progressive skin disease (by worsening
MRSS) is important to enhance the patient population
for clinical trials in which separation between the control
and active treatment groups over a relatively short period
of time (i.e., ≤1 year) is desirable. The 3 trajectory groups
indicated that the patients whose disease symptoms were
most likely to progress showed high baseline MRSS val-
ues. We found that only 25% of placebo-treated patients
showed a progressive trajectory, despite an effort to
enrich the patient population for active disease. Similar
results were found previously in a larger study in which
192 patients with dcSSc were grouped using latent linear
trajectory (4). In contrast, the trajectories we identified
appear, at least on the surface, to be discrepant with the
findings in a recent study of patients from the EUSTAR
database (17). The most apparent possible reason for this
difference would be a difference in patient selection
between the 2 studies. The EUSTAR database is an
observational study that recruits dcSSc patients with a
broad range of disease durations, whereas FASSCINATE
is a clinical trial in patients with early dcSSc and elevated
acute-phase reactant levels.

In this study, we demonstrated that levels of the
macrophage markers CD14, IL13RA1, MSR1, CD163,
and MS4A4A correlate with progressive skin disease tra-
jectories. Our current findings are in accordance with the
results of previous studies, showing that levels of the

macrophage markers SIGLEC1 and MRC1 are increased
in lesional SSc skin (18,19). In addition, we recently
showed that changes in skin gene expression of MS4A4A
correlate highly with changes in the MRSS, helping define
a 2-gene pharmacodynamic biomarker (20). Further, in
peripheral blood mononuclear cells, IL13RA1 gene ex-
pression correlates highly with pulmonary arterial hyper-
tension in patients with limited cutaneous SSc (21).
Finally, we recently reported that treatment with TCZ
results in the down-regulation of skin CD14 expression in
SSc patients (9). Taken together, these observations indi-
cate an important function of macrophages in dcSSc tis-
sue inflammation and fibrosis. As these cells are found
surrounding blood vessels, these data suggest that macro-
phages bridge the fibrotic and vascular features with the
pathology seen in the skin of SSc patients.

Two of the prognostic biomarkers identified here,
SERPINE1 and CTGF, are strongly induced by TGFb
(22,23). TGFb has long been suspected to be an impor-
tant mediator of fibrosis in SSc as well as a variety of
other fibrotic diseases, including renal, pulmonary, car-
diac, and liver fibrosis (24–26). These 2 genes were sig-
nificantly decreased in patients treated with
fresolimumab (anti-TGFb antibody) (20), further
supporting the notion that TGFb has a role in the patho-
genesis of this disease.

Finally, we identified OSMR, which forms the
oncostatin M (OSM) receptor with the common signaling
partner gp130, as a prognostic biomarker. OSM, an IL-6
family cytokine, is produced by a variety of immune cells,
including macrophages, neutrophils, and activated T cells
(27). It has been implicated in a number of biologic pro-
cesses, including the induction of inflammation and the
modulation of extracellular matrix. OSM is up-regulated
in the bronchoalveolar lavage fluid of patients with idio-
pathic pulmonary fibrosis and SSc (27) and is increased in
the serum of dcSSc patients (28).

In conclusion, the present results indicate that
dcSSc patients with elevated expression of CD14, CTGF,
IL13RA1, OSMR, and SERPINE1 at baseline are more
likely to have progressive skin score trajectories. The use
of these biomarkers might help to guide decisions about
which patients should be considered for therapies and/or
for clinical trials. This observation will be further explored
in the ongoing phase III study of TCZ in SSc patients (29).
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Molecular Basis for Dysregulated Activation of NKX2-5 in the
Vascular Remodeling of Systemic Sclerosis

Athina Dritsoula,1 Ioannis Papaioannou,1 Sandra G. Guerra,1 Carmen Fonseca,1 Javier Martin,2

Ariane L. Herrick,3 David J. Abraham,1 Christopher P. Denton,1 and Markella Ponticos 1

Objective. NKX2-5 is a homeobox transcription
factor that is required for the formation of the heart and
vessels during development, with significant postnatal
down-regulation and reactivation in disease states, char-
acterized by vascular remodeling. The purpose of this
study was to investigate mechanisms that activate
NKX2-5 expression in diseased vessels, such as systemic
sclerosis (scleroderma; SSc)–associated pulmonary hyper-
tension (PH), and to identify genetic variability that
potentially underlies susceptibility to specific vascular
complications.

Methods. We explored NKX2-5 expression in
biopsy samples from patients with SSc-associated PH
and in pulmonary artery smooth muscle cells (PASMCs)
from patients with scleroderma. Disease-associated puta-
tive functional single-nucleotide polymorphisms (SNPs)
at the NKX2-5 locus were cloned and studied in reporter
gene assays. SNP function was further examined through
protein–DNA binding assays, chromatin immunoprecipi-
tation assays, and RNA silencing analyses.

Results. Increased NKX2-5 expression in biopsy
samples from patients with SSc-associated PH was local-
ized to remodeled vessels and PASMCs. Meta-analysis of
2 independent scleroderma cohorts revealed an association

of rs3131917 with scleroderma (P = 0.029). We demon-
strated that disease-associated SNPs are located in a
novel functional enhancer, which increases NKX2-5 tran-
scriptional activity through the binding of GATA-6,
c-Jun, and myocyte-specific enhancer factor 2C. We also
characterized an activator/coactivator transcription-
enhancer factor domain 1 (TEAD1)/Yes-associated pro-
tein 1 (YAP1) complex, which was bound at rs3095870,
another functional SNP, with TEAD1 binding the risk
allele and activating the transcription of NKX2-5.

Conclusion. NKX2-5 is genetically associated with
scleroderma, pulmonary hypertension, and fibrosis. Func-
tional evidence revealed a regulatory mechanism that
results in NKX2-5 transcriptional activation in PASMCs
through the interaction of an upstream promoter and a
novel downstream enhancer. This mechanism can act as a
model for NKX2-5 activation in cardiovascular disease
characterized by vascular remodeling.

NKX2-5 is a transcription factor that belongs to
the family of NK2-homeobox DNA binding transcription
activators. One of the earliest known markers of cardiac
development in vertebrates (1,2), NKX2-5 is crucial for
blood vessel development during embryogenesis (3,4). In
humans, NKX2-5 is not expressed in normal vasculature
postnatally. However, we have accumulating evidence
that NKX2-5 drives phenotypic dedifferentiation of vascu-
lar smooth muscle cells (VSMCs) in blood vessels under-
going vascular remodeling (5,6). Vascular remodeling is
the term used to describe the structural rearrangement of
the vessel wall in response to inflammation, repair, or
other stimuli (7). It is the hallmark of many vascular
diseases, including atherosclerosis, pulmonary arterial
hypertension (PAH), and scleroderma (SSc)–associated
pulmonary hypertension (PH).

SSc is a multisystem disease characterized by in-
creased dysregulation of the immune system, inflammation,
extensive fibrosis of the skin and internal organs, and promi-
nent vasculopathy (8). As in other rare heterogeneous
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diseases, it is likely that a combination of both genetic and
environmental factors interact to cause SSc (9). The unmet
need in the medical management of SSc is high, including
the high rates of death from cardiorespiratory complica-
tions. SSc-associated PH is a leading cause of death among
SSc patients (8), and PH develops in 18–24% of SSc cases
(10).

SSc-associated PH occurs through several mecha-
nisms, including World Health Organization (WHO) group
I PAH, as well as WHO group II (postcapillary) and group
III (lung fibrosis associated) forms. Collectively, these are
termed SSc-associated PH. PH can develop throughout
the course of the disease, and recent studies suggest that
1–2% of SSc patients develop PH each year in a screened
population (10), suggesting that SSc confers substantial
susceptibility. All forms of PH are associated with vascular
remodeling, and it is likely that overlapping molecular
pathways are involved in the development of this, and pos-
sibly other, SSc-associated vascular manifestations.

Transcriptional regulation of the murine Nkx2-5
gene has proven to be very complex, with a number of cis-
and trans-acting elements over a large 23-kb genomic
region regulating expression in a temporospatial-specific
manner (11). BMP signaling is necessary for Nkx2-5 activa-
tion through the binding of Smad and GATA transcription
factors at an upstream enhancer (12,13). Other signaling
pathways, epigenetic modifications, and autoregulatory
mechanisms also govern Nkx2-5 regulation (14,15). Despite
our knowledge of the structure of the murine Nkx2-5 gene
and the high homology (87%) between the mouse and
human genes, little is known about the regulation of human
NKX2-5. Most studies focus on NKX2-5 genetic variations,
with 56 mutations and 250 single-nucleotide polymor-
phisms (SNPs) having been identified, many of which are
associated with types of congenital heart disease (16,17).

Postnatal activation of developmental regulatory
pathways may explain the molecular pathology of the
adult disease, and genetic association of functional poly-
morphisms can explain the susceptibility and phenotypic
variability. In this study, we investigated the regulatory
mechanisms of human NKX2-5 resulting in increased
expression in adult vasculature. We delineated a transcrip-
tional mechanism through which NKX2-5 is activated. We
also identified and validated a downstream enhancer,
which results in enhanced transcriptional activation in
human pulmonary artery smooth muscle cells (PASMCs).

PATIENTS AND METHODS

Patient cohorts. A genetic study was conducted in 2
independent cohorts of Caucasian origin: UK and Spanish
SSc patients. The UK cohort consisted of 1,334 SSc patients

presenting to the Centre for Rheumatology at the Royal Free
Hospital and the Centre for Musculoskeletal Research at the
University of Manchester, as well as 901 control DNA sam-
ples matched to the patients for age, sex, and ethnicity. The
Spanish cohort consisted of 1,736 SSc patients and 1,753 con-
trol DNA samples collected at the Institute of Parasitology
and Biomedicine Lopez-Neyra in Granada, Spain. The study
was approved by the local ethics committees, in compliance
with the Helsinki Declaration, and all participants gave writ-
ten informed consent to participate in the study.

All patients had a definite diagnosis of SSc, and the
majority fulfilled the American College of Rheumatology/Euro-
pean League Against Rheumatism 2013 criteria for the classifica-
tion of SSc (18). Patients were categorized according to disease
subsets (limited/diffuse) or the presence of the following autoanti-
bodies: anticentromere, antitopoisomerase, and anti–RNA poly-
merase III. The presence of pulmonary fibrosis was assessed by
high-resolution computed tomography and a restrictive pattern on
lung function testing. Patients with estimated systolic pulmonary
arterial pressure (PAP) of ≥45 mm Hg on echocardiogram or a
mean PAP of ≥25 mmHg at the time of right-sided heart catheter-
ization were classified as having PH. Those without clinically sig-
nificant lung fibrosis but with a confirmed pulmonary arterial
wedge pressure of ≤15 mm Hg at right-sided heart catheterization
were defined as having WHO group I PAH (19). Renal crisis was
diagnosed according to the acute onset of severe hypertension
and acute kidney injury (20). Medical management of the study
cohorts was consistent with current practice, with regular review
and annual assessment for new organ-based complications.

Extended protocols and information regarding the
experimental procedures are provided in the Supplementary
Methods (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40419/abstract).

Selection of tagging SNPs. Tagging SNPs around
the NKX2-5 genomic region (chromosome 5: 173,272,104–
173,240,312; GenBank GRCh38.p7 assembly) were selected with
Tagger software (21) using SNP genotype data from the northern
European population (Utah Residents [CEPH] of North and
Western European ancestry [CEU]) available from the Interna-
tional HapMap Project, Release 28 (22). All SNPs had a minor
allele frequency of >0.01 and were in Hardy-Weinberg equilib-
rium (cutoff value 0.001).

In silico analyses were performed using annotations
from the following open-access curated databases: Encyclopedia
of DNA Elements (ENCODE) (23), TRANSFAC (24), JASPAR
(25), and HaploReg (26).

DNA extraction and genotyping. DNA was extracted
from whole blood as described elsewhere (27). SNPs rs703752,
rs3131917, rs3132139, rs12514371, and rs2277923 were genotyped
using TaqMan SNP genotyping assays. For rs3095870, a high-reso-
lution melting analysis was performed using a Type-it high-resolu-
tion melting polymerase chain reaction (PCR) kit (Qiagen).

Genetic association study. The case–control association
analysis and the subphenotype analysis were performed in
Plink (28). Successful call rates per SNP and per individual
(≥90%) were applied. Permutation analysis was used to correct
for multiple comparisons. Haplotype analysis was performed in
Haploview (29).

Cell culture, cloning, and luciferase assays. Primary
human PASMCs (catalog no. C-12521; PromoCell) and immortal-
ized human PASMCs (catalog no. T0558; ABM Good) were used
for the in vitro experiments. NKX2-5 gene expression in patients
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with SSc-associated PH and in matched controls was assessed in
primary PASMCs isolated from human tissue as described previ-
ously (30). All SMCs were cultured in media supplemented with
5% serum at 70–80% confluency. Primary cells were used
between passages 3 and 9. Human PASMCs were immortalized
via a lentiviral vector containing SV40.

Disease-associated SNPs were cloned into reporter
vectors and transfected into primary human PASMCs. Lucif-
erase assays were then performed.

RNA silencing, binding assays, and Western blotting.
Immortalized human PASMCs were transfected for 48–72 hours
with small interfering RNA (siRNA) oligonucleotides specific
for transcription-enhancer factor domain 1 (TEAD1), TEAD3,
and Yes-associated protein 1 (YAP1) (On-Target Plus SMART-
pool siRNA; Dharmacon). RNA and protein were extracted and
subjected to quantitative PCR (qPCR), sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE), and Western
blotting.

Electrophoretic mobility shift assay (EMSA), DNA–
protein pull-down assays, and chromatin immunoprecipitation
(ChIP) assays were performed to identify protein complexes
that bind the associated SNPs.

Nuclear (NE-PER kit; Pierce) and total cell (radioim-
munoprecipitation assay) protein extracts were prepared. Cell
lysates were subjected to SDS-PAGE and Western blotting.
Specific antibodies against NKX2-5, TEAD1, TEAD3, phospho-
YAP1, and YAP1 were used. GAPDH served as a housekeeping
gene. Densitometry analysis was performed using ImageJ soft-
ware (31).

RNA extraction and qPCR. Total RNA was extracted
according to standard protocols using an RNeasy kit (Qiagen)
and was then subjected to qPCR analysis using a QuantiFast
SYBR Green PCR kit (Qiagen). NKX2-5 gene expression
was normalized against the expression of the b-actin gene or
the TATA box binding protein, as indicated below.

Immunohistochemistry. Immunohistochemistry was per-
formed on formalin-fixed paraffin-embedded tissue. After antigen
retrieval with citric buffer, pH 6.0, sections were immunodeco-
rated with optimally diluted (2 lg/ml in Tris buffered saline
[TBS]) antibody NKX2-5 (catalog no. sc-14033; Santa Cruz
Biotechnology). Biotinylated goat anti-rabbit secondary antibody
(catalog no. BA-1000; Vector) diluted 2 lg/ml in TBS was used
prior to developing with 3,30-diaminobenzidine reagent (catalog
no. SK-4100; Vector). Specificity of staining was confirmed using
isotype-matched IgG control antibodies (2 lg/ml).

Statistical analysis. Results are reported as the mean
� SEM of data from at least 3 independent experiments. Sta-
tistical analyses (Student’s unpaired t-test) and graphs were
performed using GraphPad Prism 6 software. P values less
than 0.05 were considered significant.

RESULTS

Up-regulation of NKX2-5 and expression in vascular
diseases such as SSc-associated PH. Initially, NKX2-5
expression was determined in the pulmonary vasculature
of patients with SSc-associated PH. Immunohistochemi-
cal staining revealed that NKX2-5 was highly expressed
in all muscularized arteries in the patients’ lungs, but
absent from the vasculature of the healthy subjects’ lungs

(Figure 1A). We also used PASMCs isolated from SSc-
associated PH patients and healthy subjects to determine
NKX2-5 messenger RNA (mRNA) expression and found
a significant increase (P = 0.02) in NKX2-5 gene expres-
sion in the patients (Figure 1B). Our data suggest that
NKX2-5 plays an important role in the vasculature of
patients with SSc-associated PH and that it is regulated
at both the gene and protein levels.

Since NKX2-5 regulation in blood vessels is largely
unknown, we investigated the mechanisms at the genetic
and transcriptional levels by carrying out a genetic associ-
ation analysis of the NKX2-5 locus in SSc patients fol-
lowed by a functional analysis of the disease-associated
polymorphisms.

Identification of disease-associated SNPs in the
NKX2-5 locus. Six tagging SNPs were selected along the
NKX2-5 locus (Figure 2A) and genotyped in 2 indepen-
dent cohorts of SSc patients (described in detail in Supple-
mentary Tables 1 and 2; available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40419/abstract). Meta-analysis of
the 2 cohorts showed association of rs3131917 with SSc
(corrected P = 0.029, odds ratio [OR] 0.91) (Table 1).
Subphenotype association analysis showed that the same

Figure 1. Expression of NKX2-5 in systemic sclerosis (SSc)–related
pulmonary hypertension (PH). A, Representative sections of lung tissue
from a patient with SSc-associated PH (of 4 examined) (left) and a
healthy control subject (right). Sections were immunodecorated with
NKX2-5 antibody (brown). Inset, IgG isotype control. B, Normalized
expression of the NKX2-5 gene in pulmonary artery smooth muscle
cells isolated from the lung vessels of patients with SSc-associated PH
(n = 5) and healthy control subjects (n = 3). Values are the mean �
SEM. * = P < 0.05 by Student’s t-test.
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SNP was also significantly associated with PH and pul-
monary fibrosis in a Spanish cohort (corrected P = 0.005
and corrected P = 0.04, respectively, OR 0.72 and OR 0.84,
respectively) (Table 1), as well as with the anti–RNA poly-
merase III antibody–positive subgroup in the UK cohort
(corrected P = 0.023, OR 1.34) (Table 1). Aside from
rs3131917, other SNPs within NKX2-5 were genetically
associated with disease subphenotypes. SNP rs3132139
showed a significant association with PH (corrected P =
0.002, OR 1.396) and rs3095870 showed a marginal associ-
ation with pulmonary fibrosis (corrected P = 0.04) in the

Spanish cohort (Supplementary Table 3, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40419/abstract).

We further examined the structure of NKX2-5
using genotype data on the CEU population. The data
showed an extended linkage disequilibrium pattern
across the region (Supplementary Figure 1A, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40419/abstract),
with similar patterns observed in the SSc cohorts (Supple-
mentary Figures 1B and C). The 6 tagging SNPs were
merged into 1 haplotype, and an association analysis was
performed, which showed a significant association with

Figure 2. Disease-associated single-nucleotide polymorphisms (SNPs) in functional regulatory regions. A, Schematic representation of the NKX2-5
gene with its introns, exons, and untranslated regions (30-UTR and 50-UTR). The location of the tagging SNPs is shown in the schematic map of
the NKX2-5 genomic locus. B, Findings of in silico analysis of the tagging SNPs using HaploReg and Encyclopedia of DNA Elements (ENCODE)
data. C, Transcription factor binding sites around rs3095870, as determined using the TRANSFAC and JASPAR databases. Boxed area shows the
consensus-binding element for transcription-enhancer factor domain 1 (TEAD1) on the MCAT site; the alleles of rs3095870 are shown in red. D,
Transcriptional activity in primary human pulmonary artery smooth muscle cells transfected with reporter gene constructs containing the minimal
promoter (pGL-minprom), upstream promoter with either the rs3095870 C allele (pGL-prom-C) or the rs3095870 T allele (pGL-prom-T), or the
downstream enhancer (pGL-enh) are shown at the left. The pGL4.10 vector, which contains the firefly luciferase (luc) gene, was used as the clon-
ing vector. The relative luciferase expression for each of the 5 constructs is shown at the right. Values are the mean � SEM of 3 independent
experiments. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 by Student’s t-test. TCF-12 = T cell factor 12; ESC = embryonic stem cell; EBF =
early B cell factor; NRSF = neuron-restrictive silencer factor; AP-1 = activator protein 1; HSC = hematopoietic stem cell; AhR = aryl hydrocarbon
receptor; ARNT = aryl hydrocarbon nuclear translocator; MZF-1 = myeloid zinc finger 1; TEF-1 = transcriptional enhancer factor 1. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40419/abstract.
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SSc (P ≤ 0.01) (Supplementary Table 4, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40419/abstract). These
findings suggest that there is a synergistic, rather than a
single-locus, effect of the SNPs and emphasize the impor-
tance of NKX2-5 in SSc and vascular pathologies as a
whole.

Presence of disease-associated SNPs in potential
regulatory regions. The genetic association study revealed
that rs3131917 and rs3132139 were strongly associated
with SSc-associated PH. Since our aim was to determine
how NKX2-5 is activated in diseased vessels, we further
explored the potential functional role of the SNPs. Due to
the extensive linkage disequilibrium (Supplementary
Figure 1), strong associations may mask other functional
polymorphisms. Although significantly high P values sug-
gest genetic association with disease, they do not neces-
sarily indicate functionality of the associated SNPs.
Therefore, using our genetic association data as a guide,
we performed in silico studies using HaploReg (26) and
ENCODE (23) data to evaluate any potential functional
effect of all 6 tagging SNPs (Figure 2B).

SNPs rs3132139, rs3131917, and rs3095870 are
located in potential regulatory regions, such as an up-
stream promoter and a downstream enhancer, based on
accumulated evidence from functional annotations,
including histone marks specific for promoter and en-
hancer regions, DNase hypersensitivity sites, and scores
for transcription factor binding sites. SNP rs3095870 is
located 1.1 kb upstream of the NKX2-5 transcriptional
start site, while rs3131917 and rs3132139 are located 5 kb
and 6.4 kb, respectively, downstream of NKX2-5, in a
region that was previously identified as a putative NKX2-5
enhancer (32).

First, we looked for transcription factor binding
sites that might be affected by the various SNP alleles.
Interestingly, we found that rs3095870 is located within a

TEAD1 (transcriptional enhancer factor 1 [TEF-1])
binding site. TEAD1 is a member of the TEA/ATTS do-
main family transcription regulators with distinct and
important roles in VSMC differentiation and in cardiovas-
cular disease (33–35). All 4 members of the family
recognize and bind specifically at the MCAT consensus
element: 50-TCATTCCT-30 (Figure 2C). The minor T
allele of rs3095870 disrupts the consensus sequence and
could obliterate the TEAD1 binding site (Figure 2C).
This suggests that TEAD1 might regulate NKX2-5 expres-
sion, depending on the presence of the rs3095870 C allele.
The rs3095870 C allele showed a marginal association
with pulmonary fibrosis (corrected P = 0.04) in the Span-
ish cohort (Supplementary Table 3).

We investigated the effect of the C/T alleles of
rs3095870 and the other associated SNPs onNKX2-5 tran-
scriptional activity using luciferase reporter assays. A 1.6-
kb genomic region containing the rs3095870 C allele was
cloned into a pGL4.10 reporter vector (pGL-prom-C) dri-
ven by the NKX2-5 minimal promoter (pGL-minprom).
The alternative T allele was introduced by site-directed
mutagenesis (pGL-prom-T), and the constructs were
transfected into primary human PASMCs. Addition of the
1.6-kb upstream region increased the relative expression
of luciferase as compared to the minimal promoter, but
only in the presence of the rs3095870 C allele (P < 0.01)
(Figure 2D). These data suggest that rs3095870 is a func-
tional SNP that requires further investigation.

When a 1.6-kb genomic region downstream of
NKX2-5-containing SNPs rs3132139 and rs3131917 was
cloned next to the minimal promoter (pGL-enh), lucif-
erase expression was increased significantly compared
to both pGL-prom-C and pGL-prom-T (P < 0.0001)
(Figure 2D). The data demonstrate that the 3 associated
SNPs are indeed present within functional regulatory
elements that directly influence NKX2-5 transcriptional

Table 1. Genetic association analyses of rs3931917 in a UK and a Spanish cohort of SSc patients via allelic testing*

rs3131917 Minor allele

Minor allele frequency

Chi-square Pcorr† OR (95% CI)Cases Controls

Overall association analysis
UK, SSc+ vs. SSc– T 0.48 0.46 1.16 0.28 1.06 (0.94–1.2)
Spanish, SSc+ vs. SSc– G 0.48 0.51 3.6 0.05 0.9 (0.82–1)
Meta-analysis 0.029 0.91

Subphenotype analysis
UK, anti–RNAP III+ vs. control T 0.54 0.46 6.25 0.023 1.34 (1.06–1.7)
Spanish, PH+ vs. control G 0.42 0.51 7.8 0.005 0.72 (0.57–0.9)
Spanish, PF+ vs. control G 0.46 0.51 3.97 0.04 0.84 (0.72–0.99)

* Shown are chi-square test values, corrected P (Pcorr) values, and odds ratios (ORs) with 95% confidence intervals (95% CIs) for the genetic
association of the rs3131917 single-nucleotide polymorphism with systemic sclerosis (SSc) in a meta-analysis of 2 independent cohorts (UK and
Spanish), as well as for a subphenotype analysis of the association of rs3131917 with the anti–RNA polymerase III (anti–RNAP III) autoantibody,
pulmonary hypertension (PH), and pulmonary fibrosis (PF). The minor allele and its frequencies in cases and controls are also shown. Genetic
analyses were performed using Plink.
† Pcorr values for multiple comparisons were determined by permutation analysis.
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activity, and they confirm that the region containing
rs3132139 and rs3131917 is an active enhancer.

TEAD1 regulation of NKX2-5 transcription
through binding on rs3095870. To corroborate the report-
er gene data and the effect of TEAD1 binding on NKX2-5
gene expression, we conducted DNA–protein binding
and ChIP assays. TEAD1 specifically binds DNA on
MCATelements, but it also requires cofactors to exert its
activity. YAP1 has been identified as the best candidate
for TEAD-dependent transcription (36,37). Using EMSA,

we found that different bands were formed for each allele,
suggesting that nuclear protein binding was different for
the C and Talleles of rs3095870 (Supplementary Figure 2,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.
40419/abstract). Supershift assays confirmed that TEAD1
and YAP1 are both components of the rs3095870 C–bind-
ing complex (Figure 3A).

To provide further evidence, we performed protein
pull-down assays using biotinylated DNA probes containing
either the C or the T allele of rs3095870. The assays

Figure 3. Binding of transcription-enhancer factor domain 1 (TEAD1) at the rs3095870 site and increased NKX2-5 transcriptional activity. Bind-
ing assays were performed using nuclear extracts (NE) from transforming growth factor b–treated immortalized human pulmonary artery smooth
muscle cells (PASMCs) and biotinylated DNA probes containing the rs3095870 C/T alleles (A–C). A, Electrophoretic mobility shift assay with
rs3095870 C allele biotinylated probe (lane 2), and supershifts with TEAD1 and Yes-associated protein 1 (YAP1) antibodies (Ab) (lanes 3 and 4),
as well as without nuclear extract (lane 1). B, Pull-down assay using streptavidin beads and biotinylated DNA probes specific to rs3095870 C/T al-
leles. Complexes were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and Western blotting and immunodecorated with
TEAD1 antibody. Nonbiotinylated and scrambled (scr) biotinylated probes were used as controls. Input was 5% of total nuclear extract. C, Chro-
matin immunoprecipitation assays using antibodies specific for TEAD1, phosphorylated Smad3 (Ph-Smad3), and RNA polymerase II (RNA Pol
II). Specific polymerase chain reaction primers were designed and used to detect enrichment. Immunoprecipitation with IgG was used as a control.
No template control (NTC) was also used. Input was 10% of the initial chromatin used per immunoprecipitation assay. A schematic representa-
tion of the NKX2-5 gene, showing intron 1, exons 1 and 2, and untranslated regions (30-UTR and 50-UTR), as well as the locations of the minimal
promoter and rs3095870 C>T site, is shown at the top. D, Luciferase reporter gene assays of primary human PASMCs. TEAD1 expression vector
was cotransfected with DNA constructs containing either the minimal promoter (pGL-minprom) or the upstream promoter with the rs3095870-C/
T alleles (pGL-prom-C/T). The pGL4.10 vector, which contains the firefly luciferase gene, was used as the control. Values are the mean � SEM
of 3 independent experiments. **** = P ≤ 0.0001 by Student’s t-test.
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demonstrated that TEAD1 specifically binds the C allele of
the SNP (Figure 3B). In addition, ChIP assays confirmed
TEAD1 binding in the region upstream of the NKX2-5
transcriptional start site in transforming growth factor b
(TGFb)–treated immortalized human PASMCs (Fig-
ure 3C). Interestingly, ChIP assay analysis revealed strong
enrichment for phosphorylated Smad3 protein on the
NKX2-5 upstream region (Figure 3C), verifying the involve-
ment of TGFb in NKX2-5 regulation, which has previously
been reported (12). Although enriched binding for both
TEAD1 and phosphorylated Smad3 antibodies was
observed on the minimal NKX2-5 promoter, the upstream
rs3095870 region was also immunoprecipitated despite the
strong input signal. The finding that RNA polymerase II
also precipitated the same region (Figure 3C) suggests that

TEAD1 and phosphorylated Smad3 are engaged in the
transcriptional machinery bound to the minimal promoter.

We investigated a potential mechanism of NKX2-5
transcriptional activation by TEAD1. As expected, when
TEAD1 expression vector was cotransfected into human
PASMCs together with the pGL-prom-C/Tconstructs, the
transcriptional activity was strongly increased (P < 0.0001)
(Figure 3D). Taken together, these data indicate a mecha-
nism of transcriptional regulation through the specific
binding of TEAD1 on the C allele of rs3095870 in the
upstream promoter region of NKX2-5.

We next investigated whether knockdown of
TEAD1 using siRNA affects NKX2-5 expression in immor-
talized human PASMCs. Indeed, we found that NKX2-5
protein levels were decreased when TEAD1 was knocked

Figure 4. NKX2-5 transcriptional regulation through transcription-enhancer factor domain 1 (TEAD1)/Yes-associated protein 1 (YAP1) com-
plexes. A, NKX2-5 expression in immortalized human pulmonary artery smooth muscle cells (PASMCs), as determined by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting after TEAD1 and TEAD3 protein knockdown using small interfering RNA
(siRNA)–specific oligonucleotides (siTEAD1 and siTEAD3). To evaluate the efficiency of silencing, TEAD1 and TEAD3 protein levels were also
determined by SDS-PAGE and Western blotting. Scrambled nontargeting siRNA molecules were used as a control (siControl), and GAPDH was
used as a housekeeping gene. B, Protein levels of NKX2-5, phosphorylated YAP1, and YAP1 in immortalized human PASMCs, as determined by
SDS-PAGE and Western blotting after YAP1 knockdown using specific siRNA (siYAP1) (top). Protein levels of NKX2-5 were then analyzed by
densitometry, and the normalized levels are shown at the bottom. Values are the mean � SEM of 3 independent experiments. C and D, NKX2-5
gene expression in total RNA isolated from immortalized human PASMCs after treatment with siTEAD1 or siTEAD3 (C) or with siYAP1 (D), as
determined by quantitative polymerase chain reaction analysis. Scrambled siControl was used for comparison, and NKX2-5 gene expression was
normalized against levels of TATA-binding protein (housekeeping gene). Values are the mean � SEM of 3 independent experiments. * = P ≤ 0.05;
** = P ≤ 0.01 by Student’s t-test.
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down (Figure 4A), but there was no statistically significant
change in the mRNA levels (Figure 4C). Since all the
TEAD family members recognize and bind the same DNA
consensus element, we wanted to determine whether
another member of the family may also be implicated in
the regulatory mechanism. A recent study showed that
TEAD3 is expressed in human aortic SMCs and is required
for the TGFb signaling cascade (38), and we therefore

investigated whether TEAD3 can also regulate NKX2-5.
When TEAD3 was knocked down by siRNA, the gene and
protein levels of NKX2-5 were significantly decreased (Fig-
ures 4A and C). However, when immortalized human
PASMCs were cotransfected with TEAD3 expression vec-
tor together with the pGL-prom-C/Tconstructs, the lucifer-
ase activity was not altered (Supplementary Figure 3,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.

Figure 5. An upstream promoter and a downstream enhancer involved in NKX2-5 transcription. A, Analysis of the enrichment of GATA-6,
myocyte-specific enhancer factor 2C (MEF-2C), c-Jun, phosphorylated Smad3, and RNA polymerase II (RNA Pol) as determined by chromatin
immunoprecipitation (ChIP) assays of transforming growth factor b (TGFb)–treated immortalized human pulmonary artery smooth muscle cells.
Chromatin was immunoprecipitated using specific antibodies. Five primer pairs (1–5) were designed to cover the 1.6-kb genomic region of the
downstream enhancer. Results are shown as the fold enrichment of each protein in every genomic segment. The data were normalized against the
intensity of the input (10% of initial chromatin used per immunoprecipitation assay). A schematic representation of the NKX2-5 gene, showing
intron 1, exons 1 and 2, and untranslated regions (30-UTR and 50-UTR), as well as the locations of rs3132139, rs3131917, rs3095870, and the mini-
mal promoter sites, is shown at the top. B, Proposed model of the transcriptional regulation of NKX2-5. Functional studies revealed an upstream
promoter region and a novel downstream functional enhancer that are engaged in the transcriptional initiation machinery of NKX2-5 through the
binding of TEAD1/TEAD3/YAP1 complex and other transcription activators, such as MEF-2C, c-Jun, phosphorylated Smad3, and GATA-6. Red
arrow to the right of NKX2-5 is the transcription start site. Star with the letter C indicates the C allele of rs3095870. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40419/abstract.
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40419/abstract). We next verified that YAP1 is a cofactor
for TEAD1/3 proteins by showing that NKX2-5 gene and
protein levels were significantly decreased when YAP1 was
knocked down using siRNA (Figures 4B and D).

Taken together, these data suggest a complex regu-
latory role of TEAD1 and TEAD3. The data are consis-
tent with a transcriptional mechanism whereby TEAD3 is
responsible for basal levels of expression and TEAD1 is
required for higher activation. At the same time, it is pos-
sible that they both control factors that regulate NKX2-5
at the posttranscriptional and posttranslational levels.
Regardless, the data confirm that the TEAD site at
rs3095870 is functional and that binding of TEAD/YAP1
regulates NKX2-5 expression in human PASMCs.

Transcriptional regulation of NKX2-5 through the
downstream enhancer. The rest of the disease-associated
SNPs (rs3132139, rs3131917) are located downstream of
NKX2-5. This region was previously described as a candi-
date cardiac enhancer sequence due to its proximity to
the NKX2-5 gene, although it has not yet been verified ex-
perimentally (32). In this study, we used luciferase report-
er gene assays to confirm that the region is indeed a
NKX2-5 enhancer in human PASMCs (Figure 2D).

To obtain more information on the transcription
factors that can potentially interact with this enhancer
and the 2 SNPs in particular, we conducted another in sil-
ico analysis. It revealed several binding sites for a number
of DNA binding proteins known to regulate transcription
through enhancer regions during heart development and
SMC differentiation, such as GATA-6, myocyte-specific
enhancer factor 2C (MEF-2C), and c-Jun. Since enhancer
effects are usually cell type–specific, we performed ChIP
assays in immortalized human PASMCs.

Surprisingly, we found significant enrichment for
MEF-2C, GATA-6, and c-Jun at the 50 end of the enhancer
region (Figure 5A). Phosphorylated Smad3 protein showed
significant binding across the entire region, suggesting that
TGFb could also activate the enhancer to positively regu-
late NKX2-5 expression (Figure 5A). In addition, an inter-
esting finding was the RNA polymerase II enrichment
toward the 50 end of the region, suggesting that the enhan-
cer is engaged with the transcriptional machinery through
an enhancer–promoter interaction (Figure 5A). These data
confirm that the downstream genomic locus, which con-
tains the disease-associated SNPs, is a functional enhancer
that activates NKX2-5 transcription in human PASMCs
through the binding of GATA-6, MEF-2C, and c-Jun.

DISCUSSION

In this study, we demonstrated the molecular
mechanisms that underlie the overexpression of NKX2-5

in SSc. We also identified potential genetic associations
with functional polymorphisms that may contribute to SSc
susceptibility and specifically to the important vascular
complication of SSc-associated PH.

Recent published work proposes that modulated
NKX2-5 expression is implicated in vascular homeostasis
and vascular disease–associated phenotypes (39–41). In
our previous studies, we demonstrated a critical role of
NKX2-5 in vascular remodeling and atherosclerosis, with
expression being detected in atherosclerotic lesions, in the
fibrous cap, and in the cells within the media (5,6).
However, the mechanisms that lead to up-regulation of
NKX2-5 expression in vessels remain unknown. In the pres-
ent study, we performed candidate gene association analy-
sis to explore our evidence-based hypothesis that NKX2-5
is genetically associated with vascular disease characterized
by vascular remodeling as well as to investigate the func-
tional effect of any associated loci. Despite the numerous
reports of genomic data either published or stored in
repositories, limited information is available on NKX2-5,
presumably due to the perception that the role of the gene
is important exclusively in embryonic development (1–4).

Autoimmunity and dysregulation of immune
responses are well-established components of SSc, and
the major histocompatibility complex has been predomi-
nantly associated with SSc by the majority of genetic
studies and genome-wide association studies (42,43).
However, outside autoimmunity, only a few genes have
been associated with SSc, with CTGF (CCN2) being the
most studied (44,45). We performed a genetic association
study in 2 independent cohorts of SSc patients as a model
of vascular and pulmonary pathology. Interestingly, in
the meta-analysis, we found rs3131917 to be associated
with SSc (P = 0.029). This is a de novo finding of an
association between SSc and a gene unrelated to immu-
nity in a meta-analysis across 2 independent cohorts of
similar origin.

The groups of SSc patients with pulmonary com-
plications such as PH and pulmonary fibrosis have the
highest mortality rates (46). We found that rs3132139
and rs3131917 are genetically associated with PH
(Table 1 and Supplementary Table 3). These data support
our hypothesis that the NKX2-5 genomic locus is impor-
tant in pulmonary/vascular pathology. In fact, rs3132139
showed a significant association (P = 0.006) in a meta-
analysis of 46 genome-wide association studies in patients
with coronary artery disease (CAD) (47). CAD is an arte-
rial disease characterized by plaque formation and con-
strictive vascular remodeling in the carotid artery, as well
as endothelial dysfunction and inflammation (48). This
finding further supports our hypothesis for the functional
involvement of NKX2-5 in vascular remodeling.
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Surprisingly, both rs3131917 and rs3132139 reside
in a region that was identified as a putative enhancer
(chromosome 5: 173,228,601–173,230,244) for NKX2-5
in heart tissue by ChIP-Seq analysis (32). This enhancer
should be activated when NKX2-5 exerts its unique and
nonredundant role during heart development. We hy-
pothesized that the same mechanism that activates
NKX2-5 in embryogenesis could also activate the gene in
diseased vessels in adulthood. In this study, we validated
the region as a functional downstream NKX2-5 enhanc-
er. In reporter gene assays, luciferase activity was signifi-
cantly increased in the presence of this enhancer
compared to the proximal minimal promoter. We have
shown that there is enriched binding of the transcription
factors MEF-2C, GATA-6, and c-Jun on this enhancer.
This result supports early studies showing that MEF-2C/
NKX2-5/GATA form a positive regulatory network
(12,49,50). Further studies are being carried out on this
enhancer in order to characterize its precise function.

We also identified TEAD1 as a transcription
regulator for NKX2-5 activation in human PASMCs.
TEAD1 can only bind the NKX2-5 upstream promoter
at –1.1 kb in the presence of the rs3095870 C allele.
TEADs are expressed in VSMCs, where they are
known to control phenotype modulation from the con-
tractile to the synthetic state, as well as cell prolifera-
tion and the cell cycle (33,34). We demonstrated that
TEAD1 bound strongly on the upstream promoter at
the rs3095870 C allele; however, it did not significantly
affect NKX2-5 mRNA in siRNA knockdown experi-
ments. On the contrary, specific siRNA for TEAD3 sig-
nificantly decreased both the protein and RNA levels
of NKX2-5. TEAD3 cotransfection in human PASMCs,
however, did not increase luciferase expression.

These data indicate a complex transcriptional
mechanism that involves both TEAD1 and TEAD3. One
explanation could be that TEAD3 is directly required for
basal levels of NKX2-5 transcription through binding on
another MCAT element located outside the 1.6-kb up-
stream region containing rs3095870 (chromosome 5:
173,235,792–173,237,444). In the presence of TEAD1,
however, the transcription is significantly enhanced (Fig-
ure 3D), as TEAD1 is required for the overexpression of
NKX2-5 by binding to the promoter containing rs3095870
in response to injury or disease-associated stimuli.

A recent study showed that TEAD3 is required
for TGFb signaling through association with Smad3 in
human aortic SMCs in a risk locus for atherosclerosis
(38). Our data add to the accumulating evidence of the
emerging roles of TEADs and TGFb signaling in
VSMCs in cardiovascular disease. The four members of
the TEAD family recognize the same MCAT binding

element, and they require cofactors in order to regulate
the expression of downstream targets. YAP1 is the
most common associating partner of TEADs, especially
in VSMCs (36,37). Indeed, we were able to confirm
that YAP1 is important for NKX2-5 activity, corrobo-
rating the role of TEAD/YAP1 in NKX2-5 transcrip-
tional regulation.

We propose a new mechanism for the regulation
of the NKX2-5 gene in human PASMCs, which is
described in detail in Figure 5B. The mechanism involves
an upstream promoter activated through the binding of
the TEAD/YAP1 complex. This promoter is engaged with
the RNA polymerase II complex, and a downstream
enhancer that binds GATA-6, MEF-2C, and c-Jun.
Enrichment of phosphorylated Smad3 binding confirmed
that TGFb, which is known to activate NKX2-5 expres-
sion, exerts its effect on NKX2-5 through Smad3 binding
at multiple CAGA sites on both the upstream promoter
and the downstream enhancer. Evidence from the ChIP
assays clearly shows that both regions interact with the
RNA polymerase II complex and the transcriptional
machinery. Detailed studies will be necessary to further
investigate a potential combined synergistic effect of the
upstream promoter and the downstream enhancer on the
transcriptional activity of NKX2-5 in human PASMCs.
Transcriptional activation, and therefore NKX2-5 expres-
sion, in VSMCs results in the up-regulation of NKX2-5
downstream targets associated with inflammation, prolif-
eration, migration, extracellular matrix production, and
deposition within the vascular wall, all of which are key
features of vascular remodeling and ultimately lead to dis-
ease-associated pathogenic phenotypes (5,6).

In summary, we have shown that NKX2-5 is genet-
ically associated with SSc and PH, and we propose for
the first time a regulatory mechanism for the transcrip-
tional activation of the human NKX2-5 gene in diseased
vessels. The mechanism involves an upstream promoter
that binds the TEAD/YAP1 complex and a novel enhancer
activated through the binding of GATA-6, MEF-2C, and
c-Jun. We believe that this is a key mechanism that is
common in conditions characterized by different types of
vascular remodeling, including but not limited to PAH,
CAD, peripheral artery disease, and stroke.
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Transforming Growth Factor b Activation Primes Canonical Wnt
Signaling Through Down-Regulation of Axin-2

Justin Gillespie,1 Rebecca L. Ross,2 Clarissa Corinaldesi,2 Filomena Esteves,2

Emma Derrett-Smith,3 Michael F. McDermott,2 Gina M. Doody,2 Christopher P. Denton,3

Paul Emery,1 and Francesco Del Galdo 1

Objective. Aberrant activation of Wnt signaling has
been observed in tissues from patients with systemic sclerosis
(SSc). This study aimed to determine the role of transform-
ing growth factor b (TGFb) in driving the increased Wnt
signaling, through modulation of axis inhibition protein 2
(Axin-2), a critical regulator of the Wnt canonical pathway.

Methods. Canonical Wnt signaling activation was
analyzed by TOPflash T cell factor/lymphoid enhancer fac-
tor promoter assays. Axin-2 was evaluated in vitro by ana-
lysis of Axin-2 primary/mature transcript expression and
decay, TGFb receptor type I (TGFbRI) blockade, small
interfering RNA–mediated depletion of tristetraprolin 1,
and XAV-939–mediated Axin-2 stabilization. In vivo,
Axin-2 messenger RNA (mRNA) and protein expression
was determined in skin and lung biopsy samples from
mice that express a kinase-deficient TGFbRII specifically
on fibroblasts (TbRIIDk-fib–transgenic mice) and from
littermate controls.

Results. SSc fibroblasts displayed an increased
response to canonical Wnt ligands despite basal levels of
Wnt signaling that were comparable to those in healthy
control fibroblasts in vitro. Notably, we showed that SSc
fibroblasts had reduced basal expression of Axin-2, which
was caused by an endogenous TGFb–dependent increase
in Axin-2 mRNA decay. Accordingly, we observed that
TGFb decreased Axin-2 expression both in vitro in healthy
control fibroblasts and in vivo in TbRIIDk-fib–transgenic

mice. Additionally, using Axin-2 gain- and loss-of-function
experiments, we demonstrated that the TGFb-induced
increased response to Wnt activation characteristic of SSc
fibroblasts depended on reduced bioavailability of Axin-2.

Conclusion. This study highlights the importance
of reduced bioavailability of Axin-2 in mediating the
increased canonical Wnt response observed in SSc fibro-
blasts. This novel mechanism extends our understand-
ing of the processes involved in Wnt/b-catenin–driven
pathology and supports the rationale for targeting the
TGFb pathway to regulate the aberrant Wnt signaling
observed during fibrosis.

Tissue fibroblasts are the key cellular elements of
fibrosis, and are primarily involved in regulating extracellu-
lar matrix (ECM) homeostasis. Dysregulated fibroblast
activation can result in the excessive synthesis and deposi-
tion of collagens and other ECM proteins within tissues,
leading to organ dysfunction and failure (1,2). Sustained
transforming growth factor b (TGFb) activity has been
shown to be a central mediator of fibroblast activation and
can reproduce many of the hallmarks associated with fibro-
sis both in vitro and in vivo (3–6). Indeed, TGFb-treated
fibroblasts display a gene expression profile similar to
that of dermal fibroblasts from patients with diffuse
cutaneous systemic sclerosis (dcSSc) (7).

The TbRIIDk-fib–transgenic mouse model, char-
acterized by constitutive TGFb signaling through Col1a2-
mediated fibroblast-specific expression of a kinase-deficient
TGFb receptor type II (TGFbRII), replicates key consti-
tutive features of SSc, including dermal fibrosis as well as
susceptibility to other organ-based complications, such as
lung fibrosis and pulmonary hypertension (8). This model
has proven to be valuable for the delineation of profi-
brotic pathways and especially for investigating cross-talk
between TGFb and other relevant mediators (9).

Recently, several studies have shown that canon-
ical Wnt signaling is activated during fibrosis in SSc
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and in other fibrotic conditions (10–14). Indeed, this
activation may have an important role in the initiation/
maintenance of fibrosis; however, the biochemical and
biophysical mechanisms of this activation are yet to be
identified, and the relative contribution of cross-talk to
TGFb pathway activation is unclear.

Canonical Wnt signaling is dependent on b-catenin
bioavailability, which is regulated by the b-catenin destruc-
tion complex. This complex is primarily composed of axis
inhibition protein (Axin), adenomatous polyposis coli,
casein kinase 1, and glycogen synthase kinase 3b (GSK-3b),
which together facilitate the phosphorylation and subse-
quent ubiquitin-mediated degradation of b-catenin (15).
Canonical Wnt agonist activation of this pathway recruits
the destruction complex to the plasma membrane, thereby
lowering its capacity to induce b-catenin proteasomal degra-
dation (16). As a result, increased levels of free cytosolic
b-catenin can undergo nuclear translocation, leading to the
up-regulation of canonical Wnt target genes through
b-catenin–mediated activation of the T cell factor (TCF)/
lymphoid enhancer factor (LEF) transcription factors.

Specifically, Axin-2 and Axin-1 are essential scaf-
fold proteins for the formation of the b-catenin destruc-
tion complex and therefore act as negative regulators of
Wnt signaling (17–19). While the gene for Axin-1 is con-
stitutively expressed, the gene for Axin-2 is a direct tran-
scriptional target of canonical Wnt signaling, acting as
part of a negative feedback system to control Wnt signal-
ing activation (20,21).

Axin-2�/� mice are viable, and delivery of Axin-2
complementary DNA (cDNA) can rescue the lethal
Axin-1�/� phenotype (22,23). Uniquely, heterozygous Axin-2
germline mutations in humans can lead to familial tooth
agenesis (24). Interestingly, in the chondrocyte lineage,
TGFb promotes b-catenin accumulation while inhibiting the
expression of Axin-1 and Axin-2, thus providing a context-
specific example of the interplay between these pathways
(25). Recently, the endogenous Wnt antagonist, Dkk-1, has
been described to be TGFb responsive with transgenic
expression attenuating experimental fibrosis (26). Our study
aimed to determine whether increased TGFb signaling
could play a role in the observed canonical Wnt signaling
hyperactivation of tissue fibroblasts during SSc.

PATIENTS AND METHODS

Reagents. Adult human dermal fibroblasts were obtained
from 5 patients with early dcSSc and 5 healthy controls and cul-
tured (PromoCell) (see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40437/abstract). Primary cells were immor-
talized using human telomerase reverse transcriptase (hTERT)
to make healthy control hTERTand SSc hTERT. Briefly, hTERT

pBABE (Neo) (a kind gift from Prof. M. A. Knowles, University
of Leeds, Leeds, UK) was transfected into Phoenix amphotropic
retroviral packaging cells using TransIT-293 (Mirus Bio), and
virus supernatant containing 8 lg/ml Polybrene was added to pri-
mary cells and selected with 1,000 lg/ml G418 48 hours after
transduction. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich) containing 10% fetal calf
serum (FCS; Biosera) and incubated at 37°C under 5% CO2. All
experiments conducted with hTERT fibroblasts were validated
with primary (not immortalized) fibroblasts. Primary fibroblasts
were used between passages 2 and 5. Starvation was performed
with 0.5% serum DMEM, and stimulations were performed with
recombinant human TGFb (5 ng/ml; Sigma-Aldrich) or recombi-
nant human Wnt-3a (100 ng/ml; R&D Systems). The messenger
RNA (mRNA) decay rate was investigated using actinomycin D
(5 lg/ml; Sigma-Aldrich). Axin stabilization was achieved using
XAV-939 Tankyrase 1/2 Inhibitor (1 lM; Calbiochem), and TGFb
signaling was inhibited using SD-208 TbRI Kinase Inhibitor
(1 lM; Sigma-Aldrich).

Study approval. Informed consent was obtained from all
patients, and studies were granted approval by the Leeds Teach-
ing Hospitals NHS Trust Medical Ethics Committee (Leeds
Teaching Hospital Research Ethics Committee approval no. 10/
H1306/88). All scleroderma patients fulfilled the American Col-
lege of Rheumatology/European League Against Rheumatism
2013 classification criteria for SSc (27) and were classified as hav-
ing dcSSc according to the LeRoy and Medsger criteria (28).

TbRIIDk-fib–transgenic mice. The generation of TbRIIDk-
fib–transgenic mice has been described previously (8). Constitutive
TGFb signaling is mediated by fibroblast-specific expression of
kinase-deficient TGFbRII. Dermal and lung tissues were obtained
from 6–8-week-old age-matched transgenic and wild-type (WT) lit-
termates, and each experiment was performed on at least 5 mice
for each condition. Animals were housed in a clean conventional
colony, with access to food and water ad libitum. Strict adherence
to institutional guidelines was practiced, and full local ethics com-
mittee and Home Office approvals were obtained.

Histology studies. Formalin-fixed skin specimens were
embedded in paraffin and sections were cut at 5 lm. Skin fibro-
sis was evaluated by measuring the thickness between the der-
mal–epidermal boundary and the dermal–subcutaneous fat
boundary and further evaluated using Masson’s trichrome blue
staining. Antigen retrieval was performed using 10 mM sodium
citrate (pH 6.0), and sections were stained with anti–Axin-2 anti-
body (Sigma-Aldrich) followed by staining with StreptAB-
Complex/HRP (DakoCytomation) and visualized with 3,30-
diaminobenzidine tetrahydrochloride (Vector). Microscopic
analysis was performed using an Olympus BX50 with MicroFire
(Optronics), and images were captured at 209 magnification
using Stereo Investigator software (MBF Bioscience).

Cell lysate preparation. Cells were lysed in radioimmuno-
precipitation assay buffer (Sigma-Aldrich) supplemented with
complete protease and phosphatase inhibitor cocktails (Roche).
Whole cell lysate protein concentration was then quantified using
a bicinchoninic acid (BCA) colorimetric protein assay kit in accor-
dance with the protocol of the manufacturer (Thermo Fisher).

Western blotting. Cell lysates were electrophoresed on a
4–12% Bis-Tris gradient gel using a NuPAGE gel system and
transferred onto an Immobilon-P PVDF membrane (EMDMilli-
pore). The membranes were blocked with 5% milk in Tris buff-
ered saline–0.1% Tween 20 and incubated with anti–Axin-2 (New
England Biolabs), anti–Axin-1 (New England Biolabs), and
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anti–a-smooth muscle actin (anti–a-SMA; Abcam). Incubation
with the appropriate horseradish peroxidase–conjugated sec-
ondary antibody allowed for chemiluminescence detection using
enhanced chemiluminescence reagent (GE Healthcare). Equal
loading of proteins was achieved using a BCA protein assay kit
and confirmed by visualization of GAPDH (Abcam).

Quantitative reverse transcriptase–polymerase chain
reaction (qRT-PCR). Total cellular RNA extraction and purifica-
tion were performed using an RNeasy kit (Qiagen), and cDNA
was prepared using a SuperScript II first-strand cDNA synthesis
kit (Life Technologies) in accordance with manufacturer protocols.
Gene expression was quantified by SYBR Green RT-PCR on an
ABI Prism 7700 Sequence Detection System (Life Technologies).

The following primers were designed: for Axin-2, 50-CGGGAGC-
CACACCCTTC-30 (forward) and 50-TGGACACCTGCCAGTT-
TCTTT-30 (reverse); for 18S ribosomal RNA (rRNA), 50-GTAA-
CCCGTTGAACCCCATT-30 (forward) and 50-CCAATAATCGG-
TAGTAGCG-30 (reverse); for a-SMA, 50-TGTATGTGGCTATC-
CAGGCG-30 (forward) and 50-AGAGTCCAGCACGATGC-
CAG-30 (reverse); for Dkk-1, 50-GACTGTGCCTCAGGATT-
GTGT-30 (forward) and 50-CAGATCTTGGACCAGAAGTGT-
CT-30 (reverse). Analysis of the Axin-2 primary transcript
used primers spanning intron–exon junctions specifically limiting
amplification to unprocessed RNA primary transcript–Axin-2
(50-TGATGCGCTGACGGATGATT-30 [forward] and 50-ATCCA-
CTCCCAAGCAAGCC-30 [reverse]). For mouse Axin-2 expression,

Figure 1. Increased response to canonical Wnt signaling and decreased expression of axis inhibition protein 2 (Axin-2) in fibroblasts from patients with
systemic sclerosis (SSc). A, b-catenin–dependent TOPflash (Tcell factor/lymphoid enhancer factor) reporter activity in healthy control (HC) and SSc der-
mal fibroblasts 24 hours after treatment with 100 ng/ml recombinant human Wnt-3a. B and C, Expression of mRNA for the canonical Wnt target Axin-2
in healthy control and SSc dermal fibroblasts 24 hours after treatment with 100 ng/ml recombinant humanWnt-3a (B) or 5 ng/ml transforming growth fac-
tor b (TGFb) (C), quantified by quantitative reverse transcriptase–polymerase chain reaction. Data were normalized to 18S ribosomal RNA, and values
displayed are relative to those in untreated healthy controls. D, Axin-2 protein expression determined by Western blot analysis under the same conditions
as in C. Values are the mean � SEM (n = 5 experiments). ** = P < 0.01; **** = P < 0.001 by Mann-Whitney U test. a-SMA = a-smooth muscle actin.
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we used 50-AGCCTAAAGGTCTTATGTGG-30 (forward), 50-
ATGGAATCGTCGGTCAGT-30 (reverse), and the 18S rRNA
primers shown above. Amplifications were analyzed with SDS soft-
ware, version 2.3 (Life Technologies) and normalized to 18S rRNA
using theDDCtmethod.

TOPflash reporter assay. The TOPflash/FOPflash lu-
ciferase reporter system (a kind gift from Prof. Randall Moon,
University of Washington, Seattle) measured b-catenin–driven
TCF/LEF transcriptional activation. Fibroblasts were trans-
fected with the TOPflash construct at a concentration of 1 lg/
ml per well in a 12-well plate using Lipofectamine 2000 trans-
fection reagent (Life Technologies). For transfection efficiency
normalization, cells were cotransfected with a pCMV-Renilla
luciferase vector at a concentration of 100 ng/ml. Transfection
complexes were removed after 2 hours, and cells were stimu-
lated with Wnt-3a in DMEM/0.5% FCS for 24 hours. Cell
lysates were prepared, and luciferase activity was evaluated
using a dual luciferase reporter system in accordance with the
protocol of the manufacturer (Promega). Firefly luciferase
activity was normalized to Renilla luciferase activity and
expressed as the relative fold change.

Small interfering RNA (siRNA)–mediated gene silenc-
ing. Cells were seeded to reach a confluence of 70% on the day
of transfection in DMEM/10% FCS. On the day of transfection,
cell medium was changed to DMEM/5% FCS. Silencer Select,
predesigned, nontargeting (scrambled) siRNA (AM4611), Axin-2
siRNA (S15818), and tristetraprolin 1 (TTP-1) siRNA (s14978)
(Life Technologies) were transfected using N-TER transfection
reagent (Sigma-Aldrich). Transfection complexes were added to
fibroblasts at a final siRNA concentration of 10 nM and removed
after 24 hours. Gene silencing was monitored for 24–96 hours
posttransfection at the mRNA and protein levels.

Statistical analysis. Statistical analyses were performed
using the nonparametric Mann-Whitney U test for unpaired sam-
ples. Experimental data are presented as the mean � SEM. P
values less than or equal to 0.05 were considered significant. Sta-
tistical analysis was performed using GraphPad Prism software,
version 5.0.

RESULTS

Increased canonical Wnt signaling responsiveness
displayed by SSc fibroblasts. To measure the activation of
the canonical Wnt signaling pathway in explanted dermal
fibroblasts from SSc patients and healthy controls,
b-catenin–mediated TCF/LEF transcription was quanti-
fied by TOPflash reporter activity. Compared to healthy
control fibroblasts, no increase in basal level TOPflash
activity was observed in SSc fibroblasts. However, follow-
ing 24 hours of treatment with canonical Wnt-3a ligand,
SSc fibroblasts displayed a 9.9-fold increase in reporter
activity compared to a 4.8-fold increase observed in
healthy control fibroblasts (P < 0.01) (Figure 1A). Consis-
tent with these findings, Wnt-3a induced expression of
mRNA for Axin-2 5.0-fold in SSc fibroblasts relative to
basal levels, compared to a 1.8-fold increase in healthy
control fibroblasts (P < 0.001) (Figure 1B).

Interestingly, we found that basal expression of
mRNA for Axin-2 was reduced by 52% in SSc fibroblasts

(Figure 1B). Since Axin-2 plays an essential role in regu-
lating the activity of the Wnt signaling pathway, we set
out to evaluate the regulatory effects of TGFb on expres-
sion of mRNA for Axin-2. Stimulation of healthy control
fibroblasts with TGFb for 24 hours reduced expression of
mRNA for Axin-2 to 49% at 24 hours (P < 0.001), which
was analogous to the basal levels of expression observed
in SSc fibroblasts (i.e., 52% of basal levels in healthy con-
trol fibroblasts) (Figure 1C). Additionally, TGFb treat-
ment of SSc fibroblasts further reduced expression of
mRNA for Axin-2 to 20% of basal levels in healthy
control fibroblasts (P < 0.01) (Figure 1C). Consistently,
Axin-2 protein expression in healthy control fibroblasts
treated with TGFb was comparable to the level observed
in SSc fibroblasts (Figure 1D).

Constitutive TGFb activation leads to tissue fibro-
sis and reduced Axin-2 expression in TbRIIDk-fib–trans-
genic mice. The TbRIIDk-fib–transgenic mouse model of
SSc was used to validate the effects of TGFb signaling on
Axin-2 expression in vivo. Consistent with reported data,
TbRIIDk-fib–transgenic mice developed a significant der-
mal fibrosis characterized by increased dermal thickness,
collagen deposition, and loss of subcutaneous fat compared
to WTcontrols (8,29) (Figure 2A). Immunohistochemistry
studies determined that dermal tissue from these mice had
an overall reduction in Axin-2 expression (Figures 2B and
C), which was evident in both the epidermal and dermal
compartments. Accordingly, in transgenic mouse skin,
expression of mRNA for Axin-2 was reduced by 65% com-
pared to that in WTcontrol mouse skin (P < 0.05) (see Sup-
plementary Figure 1A, http://onlinelibrary.wiley.com/doi/
10.1002/art.40437/abstract). Furthermore, Axin-2 protein
expression was also reduced in lung tissue from transgenic
mice, particularly in areas where the normal architecture
was lost (Figure 2D).

TGFb priming of fibroblasts reproduces the
increased canonical Wnt signaling amplitude observed in
SSc fibroblasts through Axin-2 down-regulation. To deter-
mine whether the TGFb-mediated decrease in Axin-2
expression could be responsible for the increased sensitiv-
ity of fibroblasts to canonical Wnt ligands, we performed
24-hour sequential stimulation experiments. TGFb-primed
healthy control fibroblasts showed a 9.8-fold increase in
TOPflash activation in response to Wnt-3a, compared to
the 4.8-fold increase in cells not previously treated with
TGFb (P < 0.001) (Figure 3A). The increased response to
Wnt was observable as early as 2 hours following TGFb
stimulation and persisted for up to 72 hours (see Supple-
mentary Figure 1B, http://onlinelibrary.wiley.com/doi/10.
1002/art.40437/abstract). Importantly, fibroblasts treated
with TGFb alone did not show any increase of TOPflash
activity (Figure 3A).
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Figure 2. Constitutive TGFb activation leads to tissue fibrosis and reduced Axin-2 expression in mice that express a kinase-deficient TGFb recep-
tor type II specifically on fibroblasts (TbRIIDk-fib–transgenic [TG] mice; a model of SSc). A, Evaluation of dermal fibrosis in age-matched wild-
type (WT) and TbRIIDk-fib–transgenic mice by Masson’s trichrome staining (blue). B–D, Immunohistochemistry analysis for Axin-2 expression
(brown) in skin sections (B and C) and lung sections (D). Boxed areas in B are shown at higher magnification in C. Sections stained in B–D are
matched to those from mice in A. No staining was detected with an isotype control antibody (results not shown). Bars = 100 lm. Images are repre-
sentative of 5 independent experiments. See Figure 1 for other definitions.
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Next, we set out to determine the mechanism by
which TGFb regulates Axin-2 expression in fibroblasts.
TGFb induced a significant and time-dependent reduc-
tion in expression of mRNA for Axin-2 that was

observable within 30 minutes, and this persisted for up to
72 hours (P < 0.01) (Figures 3B and C). Similarly, Axin-2
protein expression was decreased within 2 hours, and the
decrease continued up to 72 hours (Figures 3B and C). In

Figure 3. TGFb priming of fibroblasts reproduces the increased canonical Wnt signaling amplitude observed in SSc fibroblasts through posttranscrip-
tional regulation of Axin-2 expression. A, Results of assay for TOPflash activity in healthy control fibroblasts incubated in media alone or primed for 24
hours with 5 ng/ml TGFb prior to sequential Wnt-3a treatment. B and C, Kinetic analysis of the effect of TGFb treatment on expression of mRNA for
Axin-2 or Axin-2 protein, for shorter time periods (B) and longer time periods (C), determined by quantitative reverse transcriptase–polymerase chain
reaction (qRT-PCR) and Western blot analysis. D, Axin-2 primary transcript expression, using primers spanning an intron–exon boundary, determined by
qRT-PCR. E, Analysis of Axin-2 mRNA stability in healthy control and SSc fibroblasts following treatment with TGFb and 5 lg/ml of the transcriptional
inhibitor actinomycin D, quantified by qRT-PCR and compared to control. Time points indicate half-life of mRNA for Axin-2. F, Effect of 48-hour 1 lM
SD-208–mediated blockade of TGFb receptor type I on expression of mRNA for Axin-2 in healthy control and SSc fibroblasts, determined by qRT-PCR.
All data are shown relative to healthy control fibroblasts with no stimulation (100%). G, Effect of knockdown of tristetraprolin 1 (TTP-1) by small inter-
fering RNA (siRNA) specific for TTP-1 (siTTP) on TGFb-mediated expression of mRNA for Axin-2 and Dkk-1 in healthy control fibroblasts (with
TGFb) and SSc fibroblasts, determined by qRT-PCR. H, Effect of TTP-1 knockdown by TTP-1–specific siRNA (siTTP-1) on TGFb-mediated expression
of Axin-2, Dkk-1, and a-SMA protein in healthy control fibroblasts (with TGFb), quantified by Western blot analysis. Values are the mean � SEM (n =
3–8 experiments). * = P = 0.05; ** = P < 0.01; **** = P < 0.001 by Mann-Whitney U test. SCR = scrambled (see Figure 1 for other definitions). Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40437/abstract.
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contrast, TGFb treatment had a modest effect on expres-
sion of mRNA for Axin-1 and, unlike the case with
Axin-2, protein expression remained unchanged (see Sup-
plementary Figure 1C, http://onlinelibrary.wiley.com/doi/
10.1002/art.40437/abstract).

To determine whether TGFb could regulate Axin-2
at the transcriptional level, expression of the Axin-2 pri-
mary transcript was evaluated. TGFb induced an increase
in primary transcript expression at 10 minutes and 30 min-
utes by 166.9% (P < 0.01) and 199.6% (P < 0.05),

respectively (Figure 3D). At time points ≥60 minutes,
TGFb reduced the expression of the primary transcript to
a maximum of 49.4% (P < 0.05) (Figure 3D). As reduc-
tion of primary transcript expression occurred at ≥60 min-
utes, actinomycin D was used to determine the
posttranscriptional effects of TGFb on the mature Axin-2
transcript. In the presence of TGFb, the half-life of
mRNA for Axin-2 in healthy control fibroblasts decreased
from 129 minutes to 27 minutes over a time period of 30–
210 minutes, which is equal to a 4.7-fold (P < 0.01)

Figure 4. Silencing of Axin-2 expression is sufficient to reproduce the canonical Wnt signaling amplitude observed in SSc and TGFb-primed fibroblasts.
A, Healthy control fibroblasts were transfected with scrambled (SCR) small interfering RNA (siRNA) or Axin-2–specific siRNA (siAXIN2). Expression
of Axin-2 mRNA at 24 hours and expression of Axin-2 protein at 48 and 72 hours were quantified by quantitative reverse transcriptase–polymerase chain
reaction and Western blot analysis, respectively. B,Healthy control fibroblasts were transfected with the TOPflash reporter 24 hours prior to transfection
with scrambled siRNA or Axin-2–specific siRNA for 48 hours. Subsequently, cells were either left untreated or were treated with Wnt-3a for a further 24
hours prior to determination of reporter activity. TOPflash activity of Wnt-3a–stimulated scrambled siRNA–transfected cells was set to 1. C, Healthy
control fibroblasts were treated with 1 lM of Axin-stabilizing XAV-939 for 24 hours, and expression of Axin-2 was determined by Western blot analysis.
D, One hour after XAV-939 treatment, XAV-939–mediated Axin-2 stability in the presence of TGFb for 24 hours was validated by Western blot analysis.
E, Fibroblasts were transfected with the TOPflash reporter for 24 hours, and XAV-939 was added 1 hour prior to either no treatment or treatment with
TGFb for 24 hours. Fibroblasts were then treated for a further 24 hours with Wnt-3a, and luciferase reporter activity was assayed. Values are the mean �
SEM (n = 4–5 experiments). * = P < 0.05; **** = P < 0.001 by Mann-Whitney U test. See Figure 1 for other definitions.
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increase in the rate of mRNA decay (Figure 3E). Under
the same experimental conditions, the basal half-life of
mRNA for Axin-2 in SSc fibroblasts was 58 minutes com-
pared to 129 minutes in healthy control fibroblasts (2.2-fold
faster decay; P < 0.05), which was further reduced to 25
minutes by TGFb stimulation (Figure 3E).

To determine whether these effects were a direct
consequence of TGFbR activation, SD-208 TbRI Kinase
Inhibitor was used to selectively antagonize TGFb signaling.
In healthy control fibroblasts, TGFb-mediated reduction of
mRNA for Axin-2 by 64% (P < 0.01) was prevented in the
presence of SD-208, as expected (Figure 3F). The same
effects were observed at the protein level (see Supplemen-
tary Figure 2A, http://onlinelibrary.wiley.com/doi/10.1002/
art.40437/abstract) and on down-regulation of mRNA for
Dkk-1 and up-regulation of mRNA for a-SMA, as expected
(see Supplementary Figure 2B). More interestingly, a simi-
lar pattern was also seen in SSc fibroblasts (Figure 3F).
Although levels of mRNA for Axin-2 in SD-208–treated
SSc fibroblasts were not fully restored to levels in untreated
healthy control fibroblasts, we observed a 50% increase in
basal levels of mRNA for Axin-2 (P < 0.05) (Figure 3F),
which confirms that endogenous activation of TGFbRI
kinase is at least in part responsible for the decreased
basal levels of mRNA for Axin-2 in SSc fibroblasts.

Bioinformatic analysis revealed the presence of sev-
eral AU-rich elements (AREs) located in the 30-untrans-
lated region (30-UTR) of the Axin-2 transcript (see
Supplementary Figure 2C, http://onlinelibrary.wiley.com/
doi/10.1002/art.40437/abstract). Recruitment of TTP-1 to
ARE-containing transcripts leads to destabilization and
degradation (30–34). Concordantly, siRNA-mediated
silencing of mRNA for TTP-1 in SSc fibroblasts increased
expression of mRNA for Axin-2 and Dkk-1 relative to non-
targeting (scrambled) siRNA by 151% (P < 0.05) and 142%
(P < 0.05), respectively, and in healthy control fibroblasts
treated with TGFb by 162.1% (P < 0.01) and 161.5% (P <
0.01), respectively (Figure 3G). Consistent with these data,
Axin-2 and Dkk-1 protein expression was substantially up-
regulated by TTP-1 knockdown in healthy control fibrob-
lasts treated with TGFb at 48 and 72 hours (Figure 3H).

Axin-2 expression critically regulates canonical
Wnt signaling hyperactivation in TGFb-primed fibroblasts.
TGFb priming reproduced the increased canonical Wnt
signaling response in healthy control fibroblasts at levels
equivalent to those in SSc fibroblasts. Since SSc fibroblasts
had a reduction in Axin-2, we sought to determine
whether the TGFb-mediated down-regulation of Axin-2
was sufficient to explain this increased activation.

Small interfering RNA–mediated silencing of
mRNA for Axin-2 reduced its expression to 50%, and
similar results were observed at the protein level, at 48

and 72 hours, compared to expression in fibroblasts
transfected with scrambled siRNA (Figure 4A). Wnt-3a
stimulation of healthy control fibroblasts transfected
with Axin-2 siRNA showed an increase in TOPflash
activity, which was 5.8-fold higher than TOPflash activity
in Wnt-3a–stimulated cells transfected with scrambled
siRNA (P < 0.05) (Figure 4B).

Following a reciprocal approach, Axin-2 bioavail-
ability was increased by treating fibroblasts with XAV-939,
a small-molecule inhibitor known to stabilize Axin by
inhibiting its proteasomal degradation (35). As expected,
TGFb-treated fibroblasts treated with XAV-939 stabilized
Axin-2 in a dose-dependent manner and also prevented
TGFb-induced down-regulation of Axin-2 following 48-
hour stimulation (Figures 4C and D). Subsequently, we
determined the effects of Axin stabilization on canonical
signaling activity. Healthy control fibroblasts treated with
Wnt-3a for 24 hours were used as positive controls of TOP-
flash activity (Figure 4E). Cotreatment with incremental
concentrations of XAV-939 led to a dose-dependent sup-
pressionofWnt-3a–inducedTOPflash activation (Figure 4E).
Similarly, in TGFb-primed fibroblasts, the Wnt-3a–induced
2.1-fold hyperactivation of TOPflash activity was completely
suppressed in the presence of XAV-939 (Figure 4E).

DISCUSSION

TGFb has an established role in the fibroblast-
mediated pathogenesis of tissue fibrosis. Recently, sev-
eral studies have shown significantly increased Wnt
signaling activation in fibroblasts resident in fibrotic tis-
sues, suggesting that the Wnt pathway could be as impor-
tant as that of TGFb in the pathogenic process (10,11).
The current study has identified a new mechanism by
which TGFb cross-talk mediates hyperactivation of the
canonical Wnt/b-catenin signaling response in fibroblasts
without inducing a direct stimulatory effect.

Although explanted SSc fibroblasts do not display
an autonomous increase in canonical Wnt signaling acti-
vation, a significant increase in response to canonical ago-
nist treatment is observed when compared to healthy
control fibroblasts. This suggests that canonical signaling
hyperactivation in vivo is likely to be influenced by the
secretion of Wnt agonists from other cell types present in
the local microenvironment. Several in vivo studies sup-
port the role of differential Wnt ligand expression in the
increased activation of the canonical Wnt signaling path-
way in SSc and models of experimental fibrosis (10,11,36).
The current study extends these previous observations
and indicates the importance of TGFb-responsive Axin-2
expression in the regulation of canonical Wnt signaling
pathway hyperactivation.
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Consistently, SSc fibroblasts also display a de-
crease in the basal expression of Axin-2, a critical scaffold
protein important in the formation and function of the
b-catenin destruction complex (18,19). In support of the
relationship between TGFb signaling and Axin-2 expres-
sion, TbRIIDk-fib–transgenic mice, which have consti-
tutively active and fibroblast-specific TGFb signaling,
showed reduced Axin-2 expression in both fibrotic skin
and lung tissue. Indeed, suboptimal assembly of the
b-catenin destruction complex, through down-regulation
of the Axin-2 scaffold protein, could explain the increased
nuclear b-catenin staining observed in tissue expression
studies as well as the amplitude of canonical Wnt signal-
ing evident in SSc fibroblasts (10,11). Complementary to
this hypothesis, TGFb induced a quantitatively similar
reduction in Axin-2 expression in healthy control fibro-
blasts and conferred the enhanced canonical Wnt signaling
amplitude observed in SSc fibroblasts. Gene profiling
of TGFb-responsive genes in dcSSc dermal fibroblasts,
which are limited to an intrinsic SSc gene signature
described by Milano et al, showed a significant down-
regulation of Axin-2 and Dkk-1, 2 important negative
regulators of Wnt signaling, despite the overall absence
of a distinct Wnt signaling profile (7,36,37).

Taken together, these data suggest that a TGFb-
primed microenvironment can lead to the increased
canonical Wnt/b-catenin signaling in dermal fibroblasts
observed during fibrosis, through its associated repression
of key mediators regulating the Wnt signaling pathway.
Interestingly, TGFb did not directly induce canonical
Wnt activation in dermal fibroblasts, and therefore the
increased canonical Wnt signaling response in vivo is
likely to be through secretion of Wnt agonists by other
cell types present in the local microenvironment rather
than through an autocrine mechanism. These data offer a
mechanistic explanation for both our observations on
Axin-2 and the data already reported by Akhmetshina
et al, which show a decrease in Dkk-1 expression follow-
ing stimulation with TGFb (26). In this sense, TGFb-
induced degradation of mRNA for Axin-2 and Dkk-1 can
work synergistically in priming and potentiating Wnt sig-
naling acting at the extracellular level by reduction of a
Wnt antagonist (reduction in Dkk-1) and at the intracellu-
lar level by decreased activity of GSK complex inhibition.

In this context, our observation of decreased
expression of Axin-2 in TbRIIDk-fib–transgenic mice is
rather indicative of a lack of direct Wnt activation in this
model, and it suggests that the observed increase in Wnt
signaling in scleroderma remains dependent on the pres-
ence of Wnt ligands. This is also supported by our in vitro
data showing a lack of TOPflash activity in cells treated
only with TGFb.

Indeed, Wei et al have observed an increase in Wnt-
10a ligand in SSc skin and a TGFb-independent profibrotic
signature in skin from transgenic mice with overexpression
of Wnt-10a (38). Further studies dissecting the functional
effects of physiologic or aberrant Wnt signaling in this
model are warranted to elucidate this cross-talk further.

Mechanistically, the TGFb-induced down-regula-
tion of Axin-2 in dermal fibroblasts was mediated by an
increase in the rate of decay of mRNA for Axin-2, while
analysis of the primary transcript indicated involvement in
transcriptional repression at later time points. Interestingly,
TGFb-mediated repression of Axin-2 in chondrocytes was
not similarly affected until 24 hours posttreatment; thus,
the regulation of Axin-2 by TGFb appears to be context
dependent (25).

The degradation of the majority of eukaryotic
mRNAs occurs through poly(A) tail shortening and is medi-
ated by the recruitment of the RNA-degrading exosome
complex (30). TTP-1, a TGFb-responsive ARE-binding pro-
tein, can facilitate the recruitment of the exosome complex
and enhance mRNA decay in transcripts containing 30-
UTR ARE motifs, including TNF, c-myc, and CCND1 (30–
34). Consistent with the presence of ARE motifs located
within the 30-UTR of the Axin-2 gene, silencing of TTP-1
expression led to a significant up-regulation of both Axin-2
mRNA and protein expression. Likewise, expression of the
gene for Dkk-1, which also harbors 30-UTR ARE motifs,
was similarly increased. These data extend findings from a
previous study linking canonical signaling activation to a
reduction in a secreted Wnt signaling regulator, Dkk-1, driv-
en by TGFb signaling in lung fibroblasts and the Ad-TbRI
model of experimental fibrosis (39). Taken together, these
data suggest that ARE-mediated decay of mRNA for
Axin-2 and Dkk-1, 2 regulators of canonical Wnt signaling,
might be a common mechanism by which TGFb positively
regulates the amplitude of canonical Wnt signaling and con-
tributes to the pathogenic fibrotic response of fibroblasts.

We confirmed our hypothesis with gain- and loss-
of-function experiments, in which depletion of Axin-2 in
healthy control fibroblasts increased canonical Wnt sig-
naling and reproduced the SSc fibroblast phenotype.
Reciprocally, inhibition of Axin protein degradation by
XAV-939 treatment completely ablated the canonical
Wnt signaling hyperactivation conferred by TGFb prim-
ing. In vivo, this has proved effective in protecting against
experimental fibrosis (39).

Overall, our study highlights the importance of
TGFb cross-talk in regulating mediators of the canonical
Wnt signaling pathway and shows that it is possible to
reproduce the hyperresponsiveness to Wnt stimulation
characteristic of SSc fibroblasts through depletion of
Axin-2. This suggests that the increased canonical Wnt/
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b-catenin signaling in fibroblasts, observed during fibrosis,
is a consequence of a TGFb-primed microenvironment.
This novel mechanism extends our understanding of the
processes involved in Wnt/b-catenin–driven pathology
and extends the rationale for developing TGFb-targeted
treatment to the possibility of regulating the aberrant
Wnt activation observed during fibrosis.
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Clinical Images: Paraparesis revealing tophaceous gout

The patient, a 77-year-old man with a history of intermittent inflammatory arthritis of the feet, was hospitalized for a paraparesis that
had progressed for 6 months, resulting in severe gait impairment. Magnetic resonance imaging revealed a 4-cm extradural mass lesion
at T10 compressing the spinal cord, with heterogeneous peripheral enhancement after gadolinium administration. Since examination
of the foot showed a large soft-tissue mass compatible with giant gouty tophi, dual-energy computed tomography (DECT) was per-
formed on both feet and the dorsal spine. The basis material decomposition feature of DECTallows effective differentiation of tophi
from other types of masses (1). In our patient, DECTscanning revealed evidence of spontaneous dense urate deposition in both masses,
which appeared green with application of dedicated post-processing software. DECT thus confirmed severe tophaceous gout with
spinal cord compression (A) (arrows). Such involvement has been reported previously, and its prevalence may be underappreciated (2),
as gout usually affects the peripheral joints such as those of the feet (B) (tophaceous gout). Spinal decompression surgery was declined
by the patient, and urate-lowering therapy with febuxostat was initiated, leading to progressive neurologic recovery at 6 months.
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Reversal of Sepsis-Like Features of Neutrophils by
Interleukin-1 Blockade in Patients With

Systemic-Onset Juvenile Idiopathic Arthritis

Nienke M. ter Haar,1 Tamar Tak,2 Michal Mokry,1 Rianne C. Scholman,2 Jenny M. Meerding,2

Wilco de Jager,1 Anouk Verwoerd,2 Dirk Foell,3 Thomas Vogl,3 Johannes Roth,3

Pieter H. C. Leliefeld,2 Jorg van Loosdregt,1 Leo Koenderman,2

Sebastiaan J. Vastert,1 and Sytze de Roock1

Objective. Neutrophils are the most abundant
innate immune cells in the blood, but little is known
about their role in (acquired) chronic autoinflammatory
diseases. This study was undertaken to investigate the
role of neutrophils in systemic-onset juvenile idiopathic
arthritis (JIA), a prototypical multifactorial autoinflam-
matory disease that is characterized by arthritis and
severe systemic inflammation.

Methods. Fifty patients with systemic-onset JIA who
were receiving treatment with recombinant interleukin-1
receptor antagonist (rIL-1Ra; anakinra) were analyzed at
disease onset and during remission. RNA sequencing was
performed on fluorescence-activated cell–sorted neutrophils
from 3 patients with active systemic-onset JIA and 3 healthy
controls. Expression of activation markers, apoptosis,

production of reactive oxygen species (ROS), and degranu-
lation of secretory vesicles from neutrophils were assessed
by flow cytometry in serum samples from 17 patients with
systemic-onset JIA and 15 healthy controls.

Results. Neutrophil counts were markedly in-
creased at disease onset, and this correlated with the
levels of inflammatory mediators. The neutrophil counts
normalized within days after the initiation of rIL-1Ra
therapy. RNA-sequencing analysis revealed a substantial
up-regulation of inflammatory processes in neutrophils
from patients with active systemic-onset JIA, significantly
overlapping with the transcriptome of sepsis. Corre-
spondingly, neutrophils from patients with active
systemic-onset JIA displayed a primed phenotype that
was characterized by increased ROS production, CD62L
shedding, and secretory vesicle degranulation, which was
reversed by rIL-1Ra treatment in patients who had
achieved clinical remission. Patients with a short disease
duration had high neutrophil counts, more immature
neutrophils, and a complete response to rIL-1Ra,
whereas patients with symptoms for >1 month had nor-
mal neutrophil counts and an unsatisfactory response to
rIL-1Ra. In vitro, rIL-1Ra antagonized the priming effect
of IL-1b on neutrophils from healthy subjects.

Conclusion. These results strongly support the
notion that neutrophils play an important role in
systemic-onset JIA, especially in the early inflammatory
phase of the disease. The findings also demonstrate that
neutrophil numbers and the inflammatory activity of
systemic-onset JIA are both susceptible to IL-1 blockade.

Systemic-onset juvenile idiopathic arthritis (JIA)
is a multifactorial disease with a clear autoinflamma-
tory signature. The disease is characterized by arthritis,
quotidian spiking fever, skin rash, lymphadenopathy,
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hepatosplenomegaly, and/or serositis (1). The systemic
inflammation is reflected by elevations in the parame-
ters of inflammation, including an increased erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP)
level, and ferritin level. Moreover, patients with
systemic-onset JIA have shown a good response to
therapeutic blockade of either interleukin-1 (IL-1) or
IL-6 (2). However, some patients fail to respond to IL-1
or IL-6 blocking therapy.

It is hypothesized that autoinflammatory fea-
tures, including an IL-1 signature, are most prominent
in the early phase of the disease, while later in the dis-
ease course, more adaptive immune mechanisms come
into play, which might explain why higher response
rates have been observed in studies using IL-1 block-
ade as first-line therapy as compared to studies in
which IL-1 blockade was initiated later in the disease
course (1–4). However, this is still under debate, as the
pathogenesis of systemic-onset JIA remains largely
unresolved.

A prominent feature of systemic-onset JIA is the
marked neutrophilia that develops during active disease
(5). Besides phagocytosis, neutrophils can perform a
variety of functions, including release of (bactericidal)
granular proteins and reactive oxygen species (ROS) (6).
Furthermore, neutrophils are a major source of S100A8/
A9 and S100A12 proteins, which are found at extremely
high levels in patients with active systemic-onset JIA
(7–9). Because of their increased numbers and their
release of inflammatory mediators, neutrophils could be
a major contributor to the inflammatory cascade of
systemic-onset JIA. However, studies on the role of neu-
trophils in the pathogenesis of systemic-onset JIA are
lacking. We therefore investigated the phenotype and
function of neutrophils from patients with systemic-onset
JIA, using a combination of clinical data and primary
patient material from a prospective systemic-onset JIA
cohort (4).

PATIENTS AND METHODS

Patients. All patients with systemic-onset JIA were
treated at the University Medical Center Utrecht (UMCU) in
The Netherlands as part of a prospective cohort study on the
efficacy of recombinant IL-1 receptor antagonist (rIL-1Ra;
anakinra) as first-line treatment (4). In short, patients with sys-
temic-onset JIA were started on rIL-1Ra treatment at a
dosage of 2 mg/kg per day subcutaneously after prior treat-
ment with nonsteroidal antiinflammatory drugs had been
unsuccessful. When the disease became clinically inactive, the
dosage of rIL-1Ra was tapered off over a period of 3 months.
In patients with persistent symptoms, corticosteroids were
added to the rIL-1Ra treatment regimen; if that failed, patient
treatments were switched to an alternative biologic agent.

Clinical and laboratory data were obtained from all
patients (results shown in Figures 1A–D). Protein concentrations
were measured in patients for whom serum samples were avail-
able at the time of disease onset or during remission (results
shown in Figures 1E and F). Supplementary Table 1 (available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40442/abstract) shows the baseline char-
acteristics of the total cohort. Analyses of the phenotype and
function of neutrophils (results in Figures 2–6) were performed
in a subset of 9 patients with active systemic-onset JIA and 8
patients who were in remission. Supplementary Table 2
(available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40442/abstract) shows
detailed information on the baseline characteristics of these 17
patients. As a control, blood was obtained from adult volunteers
who were participating in the local donor service of UMCU; the
median age of the healthy control subjects was 39 years (in-
terquartile range 29–50 years).

The study was approved by the institutional ethics
review board of UMCU. All patients and volunteers provided
written informed consent.

Determination of serum compounds. Serum samples
from patients with systemic-onset JIA were assessed for circulat-
ing levels of neutrophil-related proteins using a multiplex immu-
noassay, as described previously (10). Levels of S100A12 and
S100A8/A9 in the serum and supernatant of stimulated neu-
trophils were measured by sandwich enzyme-linked immunosor-
bent assay.

Cell isolation and neutrophil selection. Blood was col-
lected in sodium heparin tubes and processed <1 hour after
withdrawal. Erythrocytes were lysed in a solution of cold iso-
tonic ammonium chloride (155 mM)–potassium carbonate (10
mM)–EDTA (0.1 mM) for 15 minutes, followed by centrifuga-
tion at 4°C and washing steps with isolation buffer (phos-
phate buffered saline supplemented with 10% pasteurized
plasma solution and 0.4% trisodium citrate).

For RNA-sequencing analyses and reverse transcription–
quantitative polymerase chain reaction (RT-qPCR), neutrophils
were sorted using a FACSAria III fluorescence-activated
cell sorter (FACS) (BD Biosciences) based on their forward/
side light-scatter patterns, positive expression of CD16, and
negative expression of CD14 and CD41 (see Supplementary
Figure 1A for a depiction of the gating strategy, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40442/abstract). For all other experi-
ments, whole blood leukocytes were used; gating of neu-
trophils was performed during flow cytometry analysis (see
Supplementary Figure 2A, http://onlinelibrary.wiley.com/doi/
10.1002/art.40442/abstract).

Analysis of ROS production and degranulation. Cells
(106/ml) were distributed in U-shaped 96-well plates in neu-
trophil culture medium (20 mM HEPES, 132 mM NaCl, 6
mM KCl, 1 mM MgSO4, and 1.2 mM KH2PO4, supplemented
with 5 mM glucose, 1 mM CaCl2, and 0.5% human albumin).
The plates were placed in an incubator with an atmosphere
of 5% CO2 at 37°C, unless otherwise specified.

For ROS assays, whole blood leukocytes were incubated
with 0.1 lM of the ROS-responsive dye dihydrorhodamine
(DHR) (Sigma-Aldrich) for 5 minutes, and subsequently stimu-
lated with 10 lM fMLP (Sigma-Aldrich) for 15 minutes. For
CD62L and degranulation assays, 100 ll whole blood was stimu-
lated with 10 lM fMLP for 15 minutes, and subsequently, lysing
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Figure 1. Elevations in the levels of neutrophils and neutrophil-associated markers in patients with systemic-onset juvenile idiopathic arthritis.
A, Neutrophil, monocyte, and lymphocyte counts obtained by routine clinical laboratory measurements in the serum of patients at disease onset (n
= 50) and during clinical remission after 3 months of receiving recombinant interleukin-1 receptor antagonist (rIL-1Ra) (n = 31). Shaded areas
indicate the boundaries of a normal cell count for healthy children (pediatric reference values). B, Neutrophil counts before and during the first
week of rIL-1Ra therapy. C, Correlation between the number of days since the first disease manifestation and neutrophil counts at disease onset
(n = 48). D, Correlation between the levels of the acute-phase proteins C-reactive protein (CRP) (n = 47) and ferritin (n = 44) and neutrophil
counts at disease onset. E, Serum levels of the neutrophil-related proteins S100A8/A9, S100A12, matrix metalloproteinase 8 (MMP-8), MMP-9,
elastase, soluble E-selectin (sE-selectin), and soluble intercellular adhesion molecule 1 (sICAM-1) at disease onset (n = 17–18) and during clinical
remission after 3 months of receiving rIL-1Ra (n = 21). F, Correlation between neutrophil counts and serum levels of S100A8/A9, S100A12,
MMP-8, and soluble E-selectin at disease onset (n = 16–17). Data were analyzed using Wilcoxon’s signed rank test (A), Spearman’s rho correlation
coefficients (C, D, and F), or Mann-Whitney U test (E). Data in B and E are shown as box plots. Each box represents the upper and lower
interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs.
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and antibody staining of erythrocytes was carried out. For
RT-qPCR and analysis of cell apoptosis, sorted neutrophils were
cultured for 2 hours and for 20 hours, respectively. For IL-1
assays, cells were preincubated for 5 minutes with 5 lg/ml rIL1-
Ra (Sobi) and stimulated with 20 ng/ml rIL-1b (R&D Systems)
for 10 minutes prior to the addition of DHR and/or fMLP.

Flow cytometry. For flow cytometry analyses, the follow-
ing monoclonal antibodies were used: fluorescein isothiocyanate
(FITC)–conjugated CD11b (clone ICRF44, concentration 1/100;
BD Biosciences), Pacific Blue–conjugated CD14 (clone M5E2,
concentration 1/200; BioLegend), phycoerythrin (PE)–conju-
gated CD16 (clone 3G8, concentration 1/1,600; BioLegend),
allophycocyanin (APC)–conjugated CD35 (clone 594708, con-
centration 1/100; R&D Systems), FITC-conjugated CD41 (clone
HIP8, concentration 1/200; BioLegend), PE–Cy7–conjugated
CD62L (clone DREG56, concentration 1/800; BioLegend),
FITC-conjugated CD64 (clone 10.1, concentration 1/200; Bio-
Legend), and V450-conjugated CD66b (clone G10F5, concen-
tration 1/200; BD Biosciences). Cells were incubated with the
antibodies in isolation buffer for 30 minutes at 4°C and either
measured on a FACSCanto flow cytometer or sorted on a FAC-
SAria III (both from BD Biosciences).

For assays of cell apoptosis, neutrophils were stained
with annexin V–APC (550474, concentration 1/100) and 7-ami-
noactinomycin D (7-AAD) (559925, concentration 1/100) in
annexin binding buffer for 15 minutes at room temperature, as
indicated by the manufacturer (BD Biosciences). Live cells
were defined as those that stained negative for annexin V and
7-AAD.

RNA sequencing and RT-qPCR. Neutrophils were
lysed in TRIzol LS reagent (Thermo Fisher) directly after
sorting. RNA was isolated according to the manufacturer’s
protocol. The concentration of RNA was quantified using a
Qubit RNA HS assay and Qubit fluorometer (Thermo Fisher).
Polyadenylated messenger RNA was isolated using Poly(A)
beads (NEXTflex), and sequencing libraries were made using
the Rapid Directional RNA-seq kit (NEXTflex). Libraries
were sequenced at the Utrecht Sequencing Facility using the
Nextseq500 platform (Illumina), which produced single end
reads of 75 bp. Reads were aligned to the human reference
genome GRCh37 using STAR version 2.4.2a. Picard’s AddOr-
ReplaceReadGroups (version 1.98) was used to add read
groups to the binary sequence alignment files, which were
sorted using Sambamba (version 0.4.5), and transcript abun-
dances were quantified with HTSeq-count (version 0.6.1p1)
using the union mode. Subsequently, reads per kilobase per
million reads sequenced (RPKMs) were calculated with the
edgeR RPKM function.

Differentially expressed genes were identified using
the DESeq2 package with standard settings. Genes with an
absolute log2 fold change larger than 0.6 and adjusted P val-
ues of less than 0.1 were considered to be differentially
expressed genes. RNA-sequencing data have been deposited
in the NCBI GEO data repository (11) (accessible through
GEO Series accession no. GSE103170) (12). Differentially
expressed genes were entered in ToppGene (13). Differen-
tially expressed genes from publicly available microarray data
sets were derived using GEO2R with default settings (11,14),
and these gene sets were entered in the gene set enrichment
analysis (15).

For RT-qPCR, isolated RNA was processed using a Script
complementary DNA synthesis kit (Bio-Rad) and SYBR Select

Master Mix (Applied Biosystems). RT-qPCR was performed on a
QuantStudio 12K (Thermo Fisher) using the following primers:
for B2M, forward TGCTGTCTCCATGTTTGATGTATCT and
reverse TCTCTGCTCCCCACCTCTAAGT; for NFKB1, forward
CAGATGGCCCATACCTTCAAAT and reverse CGGAAAC
GAAATCCTCTCTGTT; and for IL1B, forward GCTGAGGAA
GATGCTGGTTC and reverse TCCATATCCTGTCCCTGGAG.

Statistical analysis. Statistical analyses were
performed using the IBM SPSS Statistics program (version
21). Comparisons of distributions between 2 groups or
between 3 groups were made by Mann-Whitney U test or
Kruskal-Wallis test (including Dunn-Bonferroni post hoc cor-
rection [16]), respectively, and pairwise comparisons were
performed using Wilcoxon’s signed rank test. Correlations
between 2 variables were tested with Spearman’s rho correla-
tion coefficients. Graphs were prepared in Graphpad Prism
(version 7.02).

RESULTS

Rapid normalization of neutrophil counts following
IL-1 blockade in patients with systemic-onset JIA, and
correlation of neutrophil counts with parameters of
inflammation. Using data from routine clinical laboratory
measurements, we confirmed earlier findings of neutro-
philia (5) in our cohort of 50 patients with systemic-onset
JIA at the time of disease onset. Neutrophil counts were
markedly elevated in 40 of 50 patients (median 11.9 9 109/
liter, interquartile range 8.4–16.5 9 109/liter) (Figure 1A).
In contrast, monocyte counts were elevated in only 14 of 50
patients, and no patient had increased lymphocyte counts
when compared to pediatric reference values (Figure 1A).
During inactive disease, at 3 months after the start of ther-
apy with human rIL-1Ra (anakinra), all patients had nor-
mal neutrophil counts (Figure 1A). Strikingly, consistent
with the rapid clinical improvement observed, neutrophil
counts normalized in all patients within 1 day after initia-
tion of rIL-1Ra therapy (Figure 1B).

Since we observed a substantial variability in the
neutrophil counts in patients at the time of disease onset,
we assessed correlations of the neutrophil counts with
the available clinical information from each patient at
the first visit. Disease duration correlated significantly
with neutrophil counts, e.g., patients with a short interval
between the onset of symptoms and first visit to the hos-
pital had higher neutrophil counts than did patients who
had symptoms for more than 1 month (Figure 1C). Fur-
thermore, levels of acute-phase proteins (CRP and fer-
ritin) correlated significantly with the neutrophil counts
(Figure 1D). Monocyte and lymphocyte counts did not
correlate with these variables (see Supplementary Fig-
ures 3A and B, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40442/abstract). No relationship between neutrophil
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counts and the age of the patients, other leukocyte
counts, or ESR was found (data not shown). Collectively,
these data confirm that there was an abundance of neu-
trophils in patients with systemic-onset JIA, especially in
the early inflammatory phase of the disease, with a rapid
normalization of neutrophil counts following therapy
with rIL-1Ra.

Increased levels of neutrophil-related proteins at
disease onset in patients with systemic-onset JIA. To
further address the role of neutrophils in systemic-onset
JIA, we analyzed the serum levels of several neutrophil-

related proteins. As previously reported (7–9), we con-
firmed that the levels of S100A8/A9 and S100A12 were
significantly elevated in patients with systemic-onset JIA
at the time of disease onset as compared to the time of
remission at 3 months after the initiation of rIL-1Ra
therapy (Figure 1E).

Moreover, other components of neutrophil gran-
ules (17,18), such as matrix metalloproteinase 8 (MMP-8),
MMP-9, and elastase, and proteins involved in adhesion
and chemotaxis of neutrophils, such as soluble E-selectin
and soluble intercellular adhesion molecule 1, had

A

Immature neutrophilsCB

HC sJIA active

Neutrophil subsets

HC

sJIA active

sJIA remission

0.001 0.032 0.008 0.055 0.002 0.003

D
CD16dim CD16hiCD62Lhi CD62Ldim

0

20

40

60

80

100

%
of

ne
ut

ro
ph

ils

HC sJIA act sJIA rem
0

5

10

15

20
30

50

0.36
98.1

1.500.01

0 10
2

10
3

10
4

10
5

CD16

0

10
2

10
3

10
4

10
5

C
D

62
L

16.1
75.0

8.210.67

0 10
2

10
3

10
4

10
5

CD16

0

10
2

10
3

10
4

10
5

C
D

62
L

0.62
90.5

8.760.15

0 10
2

10
3

10
4

10
5

CD16

0

10
2

10
3

10
4

10
5

C
D

62
L

sJIA remission

%
of

ne
ut

ro
ph

ils

sJIA active sJIA remissionsJIA activesJIA active

>0.999 >0.999

p=0.050

>0.999

Figure 2. Phenotype of immature neutrophils in patients with active systemic-onset juvenile idiopathic arthritis (sJIA). A, Representative plots show-
ing staining of neutrophils for the expression of CD62L in whole blood leukocytes from healthy controls (HC), patients with active systemic-onset
JIA, and patients in clinical remission. Neutrophils were gated on their forward/side light-scatter patterns and on CD16+ cells. B, Percentages of
CD16dim, CD16highCD62Lhigh

, and CD62Ldim neutrophils in healthy controls (n = 14), patients with active systemic-onset JIA (n = 8), and patients in
clinical remission (n = 8). C, Percentages of immature neutrophils (identified as banded neutrophils [BN] and granulocyte precursors, based on cell
morphology) within the total neutrophil population (n = 17 healthy controls, n = 9 patients with active systemic-onset JIA [sJIA act], n = 7 patients
in clinical remission [sJIA rem]). Data in B and C are shown as box plots. Each box represents the upper and lower interquartile range (IQR). Lines
inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. Circles represent outliers. Differences between the
groups were analyzed by Kruskal-Wallis test, with Dunn-Bonferroni correction for multiple comparisons if the distribution between the groups was
significantly different. D, Representative images of cytospins of whole blood leukocytes from 3 patients with active systemic-onset JIA compared to 1
patient with systemic-onset JIA in clinical remission. Cells were stained with May-Gr€unwald and Giemsa dye. SN = segmented neutrophil; PM =
promyelocyte; MM = metamyelocyte; TG = toxic granule; V = vacuolization.
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Figure 3. Up-regulation of inflammatory genes in neutrophils from patients with systemic-onset juvenile idiopathic arthritis (sJIA). RNA-sequencing
analysis was performed following fluorescence-activated cell sorting of CD16+CD14�CD41� neutrophils from 3 patients with active systemic-onset
JIA and 3 adult healthy controls (HCs) (further details on the gating strategy are given in Supplementary Figure 1A, http://onlinelibrary.wiley.com/
doi/10.1002/art.40442/abstract). A, Principal components (PC) analysis of neutrophil gene expression using the top 1,000 most variable genes. B, Vul-
cano plot of neutrophil gene expression. Differentially expressed genes (adjusted P < 0.1 and log2 fold change <0.6) are depicted in red. C, Top 10
most significant biologic processes derived from the differentially expressed genes, as identified by gene ontology (GO) analysis. Values in parenthe-
ses are the number of differentially expressed genes/total number of genes in the annotated process. D, Heatmap of the differentially expressed genes
associated with the GO biologic process “immune response,” with key genes highlighted. Colors indicate normalized gene expression (yellow = high
expression, blue = low expression). E, Expression levels of selected differentially expressed genes in the peripheral blood of 3 patients with active
systemic-onset JIA and 3 healthy controls. Adjusted P values were derived from RNA-sequencing analysis. Bars show the median with interquartile
range. F, Gene set enrichment analysis of gene sets from patients with experimental endotoxemia (LPS iv) (GEO accession no. GSE35590) and patients
with sepsis (GEO accession no. GSE64456), analyzing up-regulated (UP) or down-regulated (DN) genes in comparison to time 0 (left) or to healthy con-
trols (right). G, Heatmap of log2 fold changes in gene expression relative to healthy controls, in neutrophils from patients with active systemic-onset JIA,
patients with endotoxemia, and patients with sepsis. Red indicates up-regulation versus controls, while blue indicates down-regulation; missing data are
depicted in gray. The selection of genes was based on the top 100 most differentially expressed genes in patients with systemic-onset JIA, according to
adjusted P values. ES = enrichment score; NES = normalized enrichment score; q = false discovery rate–corrected P value.

948 TER HAAR ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40442/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40442/abstract
http://www.ncbi.nlm.nih.gov/nuccore/GSE35590
http://www.ncbi.nlm.nih.gov/nuccore/GSE64456


CD16 CD62L CD64 CD35
-1.0

-0.5

0.0

0.5

1.0

surface markers ex vivo

no
rm

al
iz

ed
 e

xp
re

ss
io

n

HC

sJIA active

sJIA remission

medium fMLP
102

103

104

M
FI

0.008

0.452

0.617 0.016

0.895

0.458

S100A8/A9

ng
/m

l

102

103

10

1
medium fMLP

B
p=0.823 p=0.842

medium fMLP

106

M
FI

p=0.083

0.106

>0.999

0.049

102

103

104

105

102

103

104

105

medium fMLP

p=0.155

0.020

0.800

0.568

M
FI

CD35

ROS productionCD62L

A

D

C

E

0.039

>0.999

0.221 0.004 0.006

>0.999

0.056

>0.999

0.171 0.034

>0.999

0.207

sJIA2 in remission
HC

sJIA2 disease onset
HC

no
rm

al
iz

ed
 to

 m
od

e

10
1

10
2

10
3

10
4

10
5

CD62L
10

1
10

2
10

3
10

4
10

5

CD35
10

1
10

2
10

3
10

4
10

5

CD16
10

1
10

2
10

3
10

4
10

5

CD64

Figure 4. Neutrophils from patients with systemic-onset juvenile idiopathic arthritis (sJIA) display a primed phenotype. A, Flow cytometry analysis
of surface marker expression was performed directly ex vivo in neutrophils from 14 healthy controls (HCs), 8 patients with active systemic-onset
JIA, and 8 patients in clinical remission. Marker expression levels were normalized to the median fluorescence intensity (MFI) values in healthy
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significantly increased levels at disease onset compared
to their levels at the time of remission with rIL-1Ra
treatment (Figure 1E). Notably, neutrophil counts sig-
nificantly correlated with the levels of S100A8/A9,
S100A12, MMP-8, and soluble E-selectin (Figure 1F),
whereas monocyte counts were not correlated with the
levels of MMP-8 and soluble E-selectin. Monocyte
counts were even negatively correlated with the levels
of S100A8/A9 and S100A12 (see Supplementary Fig-
ure 3C, http://onlinelibrary.wiley.com/doi/10.1002/art.
40442/abstract). The increased levels of neutrophil-
related proteins and the correlation with neutrophil
counts may serve to support the notion that neutrophils
play an important role in the inflammatory response of
systemic-onset JIA.

More immature and primed neutrophils in the
peripheral blood of patients with systemic-onset JIA. As
we observed a marked neutrophilia at disease onset in
patients with systemic-onset JIA, we aimed to characterize
the neutrophils in these patients. In the peripheral blood of
patients with other causes of systemic inflammation, namely
sepsis and experimental endotoxemia, a profound shift in
neutrophil subsets has been described (19,20). In noninflam-
matory conditions, nearly all circulating neutrophils express
high levels of CD16 (Fcc receptor type III) and CD62L (L-
selectin) and have a normal segmented nucleus (so-called
“mature neutrophils”). In contrast, in systemic inflamma-
tion, 20–25% of the neutrophils are CD16dim with a banded
nucleus (i.e., “immature neutrophils”), and 10–15% are
CD62Ldim with an increased number of nuclear lobes.

These subsets were found to be present in patients
with systemic-onset JIA during the time of active disease.
The total neutrophil population in these patients
comprised 10–15% immature, CD16dim neutrophils

(Figures 2A and B). The finding of significantly increased
percentages of immature neutrophils (banded neutrophils
and granulocyte precursors) was confirmed by cell mor-
phology (Figures 2C and D). There was a tendency
toward increased percentages of CD62Ldim neutrophils in
patients with active systemic-onset JIA (Figure 2B), but
these neutrophils did not have an increased number of
nuclear lobes (Figure 2D).

Since CD62L can be shed upon stimulation, the
decreased production of CD62L in neutrophils could
be a reflection of the “primed” state of the neutrophils
(21–23). Neutrophil priming is defined as the transition
toward enhanced responsiveness, and the primed phe-
notype includes altered receptor expression, enhanced
respiratory burst, and increased degranulation, espe-
cially after a second stimulus (23). These phenotypic
changes occur after in vitro stimulation (e.g., by cyto-
kines or microbial products) or in vivo in inflammatory
conditions, such as infections and rheumatic diseases,
and generally result in an amplification of the inflam-
matory response (23). Next to increased CD62L shed-
ding, other signs of neutrophil priming, such as toxic
granules and vacuoles (24), were identified in the
majority of patients with active systemic-onset JIA (Fig-
ure 2D). Neutrophils of patients in disease remission
had a normal mature phenotype, similar to that in
healthy controls (Figures 2A–D). Taken together, these
findings indicate that more immature neutrophils and
neutrophils with a primed phenotype are characteristics
detected in patients with active systemic-onset JIA.

Up-regulation of inflammatory genes with a
sepsis-like signature by neutrophils from patients with
systemic-onset JIA. To investigate the transcriptome of
neutrophils, we performed RNA-sequencing analysis of
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neutrophils directly ex vivo (see Supplementary Fig-
ure 1A for the gating strategy, http://onlinelibrary.wiley.
com/doi/10.1002/art.40442/abstract). Neutrophils isolated

from 3 patients with systemic-onset JIA whose disease
was active before the start of therapy (2 from patients at
the time of disease onset, and 1 from a patient during
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a disease flare; see Supplementary Table 2 for details
on these patients [http://onlinelibrary.wiley.com/doi/
10.1002/art.40442/abstract]) and neutrophils isolated
from 3 adult healthy control subjects (ages 28–37 years)
were compared. The transcriptome of neutrophils from
patients with active systemic-onset JIA was clearly dis-
tinct from that of healthy controls (Figure 3A; see also
Supplementary Figures 1B and D [http://onlinelibrary.
wiley.com/doi/10.1002/art.40442/abstract]). In total, 1,068
genes were significantly up-regulated and 625 genes
were down-regulated in patients with active systemic-
onset JIA compared to healthy controls (Figure 3B; see
also Supplementary Figures 1C and D [http://onlinelibrary.
wiley.com/doi/10.1002/art.40442/abstract]). A complete list of
the differentially expressed genes is shown Supplementary
Table 3 (http://onlinelibrary.wiley.com/doi/10.1002/art.40442/
abstract).

Gene ontology (GO) analysis of the biologic pro-
cesses associated with the differentially expressed genes
observed in patients with systemic-onset JIA indicated a
very strong enrichment of immune responses in their neu-
trophils (Figure 3C). The majority of these immune-
related genes were expressed at higher levels in patients
with systemic-onset JIA compared to healthy controls
(Figure 3D). Separate GO analyses revealed that only
the up-regulated genes in patients with systemic-onset
JIA contributed to the enrichment of immune-related
processes (see Supplementary Figures 1E and F, http://
onlinelibrary.wiley.com/doi/10.1002/art.40442/abstract).
Up-regulated genes in systemic-onset JIA included
S100 proteins, IL-1 family members, components of
inflammasomes, and genes belonging to the NF-jB
pathway (Figure 3E).

To identify potential factors that could activate
the transcription of immune-related genes, we
performed an analysis of upstream regulators. This analysis
revealed lipopolysaccharide (LPS) to be the most sig-
nificant regulator of the gene changes observed in
the neutrophils from patients with systemic-onset JIA
(see Supplementary Figure 1G, http://onlinelibrary.wiley.
com/doi/10.1002/art.40442/abstract). LPS is a component
of the outer membrane of gram-negative bacteria and
elicits strong immune responses via Toll-like receptor 4
(TLR-4), as is commonly seen in patients with sepsis.
Because systemic-onset JIA is characterized by high
levels of circulating TLR-4–binding S100A8/A9 and
S100A12 proteins, we hypothesized that the immune
activation of neutrophils observed in systemic-onset JIA
might be similar to the neutrophil response seen in
(LPS-mediated) sepsis. Indeed, in our study we found a
significant enrichment of differentially expressed genes in
neutrophils during bacterial sepsis (GEO accession no.

GSE64457 [22]) and in neutrophils from patients with
experimental endotoxemia (GEO accession no. GSE35590
[25]) (Figure 3F). Correspondingly, the majority of the
top 100 differentially expressed genes identified in
patients with systemic-onset JIA were also differen-
tially expressed in patients with sepsis or experimental
endotoxemia (Figure 3G). Thus, our data indicate a
strong similarity of neutrophil phenotype and activation
during systemic inflammation between systemic-onset JIA
and sepsis.

Evidence of a primed phenotype in neutrophils
from patients with systemic-onset JIA. Since we
observed signs of neutrophil priming based on the mor-
phologic features of the cells and on gene expression
data, we explored the phenotype of neutrophils in
patients with systemic-onset JIA in more detail. Data
from ex vivo flow cytometry analysis confirmed a
decreased surface expression of CD16 and CD62L and
showed an increased expression of CD64 (Fcc receptor
type I) and CD35 (a marker of secretory vesicle
degranulation [26]) in neutrophils from patients with
systemic-onset JIA whose disease was active as com-
pared to healthy controls, whereas patients in remission
had expression levels similar to those in healthy con-
trols (Figure 4A) (for details on the gating strategy, see
Supplementary Figure 2A, http://onlinelibrary.wiley.
com/doi/10.1002/art.40442/abstract). The increased sur-
face marker expression of CD35 and CD64 was not
explained by the presence of CD16dim or CD62Ldim

neutrophil subsets in active systemic-onset JIA (see
Supplementary Figures 2B and C, http://onlinelibrary.
wiley.com/doi/10.1002/art.40442/abstract).

We further investigated the degranulation of
secretory vesicles after in vitro stimulation with fMLP,
a chemotactic peptide that induces a rapid and almost
complete degranulation of secretory vesicles (26). Com-
pared to neutrophils in a steady state, primed neu-
trophils show an enhanced degranulation and increased
ROS production upon activation with fMLP (23). Con-
sistent with the ex vivo data, higher surface expression
of CD35 was also observed in vitro in patients with
active systemic-onset JIA compared to healthy controls.
Stimulation with fMLP led to even higher expression of
CD35 (Figure 4B). Degranulation of gelatinase gran-
ules (as judged by surface expression of CD11b) and
specific granules (CD66b) was not significantly in-
creased in patients with systemic-onset JIA (see Supple-
mentary Figures 2D and E, http://onlinelibrary.wiley.
com/doi/10.1002/art.40442/abstract).

Secretory vesicles are known to contain high
levels of S100 proteins (17), suggesting that an increased
degranulation of these vesicles could contribute to the
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high serum levels of S100 proteins found in these
patients. However, when the S100A8/A9 protein concen-
trations were analyzed in the supernatant of stimulated
neutrophils, no differences were found between patients
with systemic-onset JIA and healthy controls, nor were
there any differences in the protein concentrations
between supernatants with fMLP stimulation and super-
natants with medium control (Figure 4C). Thus, we
found no evidence to indicate that the secretion of S100
proteins per neutrophil was increased. However, as the
neutrophil counts were highly elevated in patients with
systemic-onset JIA and correlated with the levels of
S100A8/A9 and S100A12 (Figure 1F), neutrophils may
still be the major source of the observed high serum
levels of S100A8/A9 and S100A12 in these patients.

Consistent with the primed phenotype of neu-
trophils observed ex vivo, the expression of CD62L on
neutrophils after a short in vitro culture was significantly
lower in patients with active systemic-onset JIA com-
pared to healthy controls (Figure 4D). Furthermore,
ROS production after fMLP stimulation was increased
in patients with active systemic-onset JIA compared to
patients in remission or compared to healthy controls
(Figure 4E). Therefore, these results indicate that neu-
trophils from patients with active systemic-onset JIA are
primed by inflammatory mediators in vivo.

More immature neutrophils and better response
to rIL-1Ra treatment in patients with a short disease
duration. For the characterization of neutrophils in
active systemic-onset JIA, we studied blood from 7
patients with systemic-onset JIA at the time of disease
onset. Three of these patients had already been experi-
encing symptoms for more than 1 month when they first
visited our hospital (1 patient [patient sJIA1 in Figure 5]
had skin rash for 9 months, and fever and arthritis for
1–2 weeks; 1 patient [patient sJIA6 in Figure 5] had
skin rash for 3 months, arthritis for 2 months, and fever
for 2 weeks; 1 patient [patient sJIA8 in Figure 5] had
skin rash and fever for 2 months, and arthritis for 6
weeks). In the other 4 patients (patients sJIA2, sJIA4,
sJIA5, and sJIA9 in Figure 5), symptoms (including
fever) started <1 month before the first visit to our clinic
(see Supplementary Table 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.40442/abstract). Consistent with the find-
ings shown in Figure 1C, patients with a short disease
duration had high neutrophil counts, whereas patients
with a disease duration of >1 month had normal or only
minimally elevated neutrophil counts (Figure 5A).
Moreover, the percentage of immature neutrophils
within the total neutrophil population was substantially
higher in patients with a short disease duration
(Figure 5B).

Strikingly, the 4 patients with a disease duration
of <1 month and high neutrophil counts had a com-
plete response to first-line therapy with rIL-1Ra and
were able to achieve clinical remission while off medi-
cation, within 1 year after the initiation of therapy. In
contrast, the 3 patients with a disease duration of >1
month and normal neutrophil counts did not achieve
inactive disease following rIL-1Ra monotherapy (Fig-
ures 5A and B; see also Supplementary Table 2), and
ultimately these patients were switched to an alterna-
tive biologic agent. Albeit in a small number of
patients, these observations support the hypothesis that
neutrophils play a role in the early acute phase of the
disease and are susceptible to IL-1 blockade.

Priming of neutrophils by IL-1b, and reversion
of the primed phenotype by rIL-1Ra. To further investi-
gate the effects of IL-1b and rIL-1Ra on neutrophils,
we cultured healthy control neutrophils in the presence
of IL-1b, with or without preincubation with rIL-1Ra.
Consistent with previous findings (27), IL-1b increased
the percentage of live cells after 20 hours in culture,
which was abrogated by preincubation with rIL-1Ra
(Figure 6A).

Delayed apoptosis of neutrophils is also de-
scribed in patients with systemic inflammation (28,29).
However, we found no significant difference in the
number of apoptotic cells between patients with active
systemic-onset JIA and patients in remission or healthy
controls (Figure 6B).

After in vitro incubation with IL-1b, neutrophils
showed enhanced shedding of CD62L following stimu-
lation with fMLP, which was reversed by preincubation
with rIL-1Ra (Figure 6C). Interestingly, stimulation of
neutrophils with IL-1b increased the expression of both
NFKB1 and IL1B itself, thus suggesting an autocrine
loop, and this was revoked by rIL-1Ra (Figure 6D).
These data, taken together with observations of the
increased expression of NFKB1 and IL1B in neu-
trophils from patients with systemic-onset JIA
(Figure 3E), indicate that neutrophils are responsive to
IL-1b and suggest that the therapeutic efficacy of rIL-
1Ra in systemic-onset JIA could be at least partially
attributed to its effect on neutrophils.

DISCUSSION

This study is the first to describe the phenotype,
function, and transcriptome of neutrophils during the
systemic inflammatory response of systemic-onset JIA.
We showed that the high neutrophil counts at disease
onset decreased dramatically after initiation of rIL-1Ra
treatment, and found that neutrophils from patients
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with active systemic-onset JIA up-regulated several
immune-related processes and displayed a primed phe-
notype, which was reversed by IL-1 blockade.

Data on the role of neutrophils in systemic-onset
JIA are limited. So far, only 2 studies have described
the phenotype of neutrophils in systemic-onset JIA or
its adult counterpart, adult-onset Still’s disease (30,31).
Unfortunately, those studies focused on one aspect of
neutrophils and/or comprised patients with longstanding
disease treated with several immunomodulatory drugs.
Since we selected patients at the time of disease onset
or a recent flare prior to initiation of therapy, it is more
likely that the results of our study are a true reflection
of the pathogenesis of the early inflammatory phase of
systemic-onset JIA.

Unfortunately, due to the rarity of systemic-onset
JIA and the practical limitations that come with neu-
trophil experiments (e.g., the impossibility of freezing),
we were not able to replicate our findings in a separate
cohort. Furthermore, small patient numbers and experi-
mental variability made statistical testing sensitive to
outliers. Ideally, sequencing experiments are performed
in neutrophils of healthy children and patients with
systemic-onset JIA during a period of inactive disease.
As the phenotype and function of neutrophils from
healthy controls and patients with systemic-onset JIA
with inactive disease did not show clear differences, we
focused our RNA-sequencing analyses on the compar-
ison between active systemic-onset JIA and healthy con-
trols. The large differences in transcriptome between
neutrophils from patients with active systemic-onset JIA
and neutrophils from healthy controls, in combination
with the overlap with the transcriptome of other sys-
temic inflammatory conditions, point toward the notion
that there is a similar primed phenotype of neutrophils
that cannot be attributed to differences in age or other
confounding factors. This is supported by other studies
that have shown no differences in neutrophil function
between healthy children and adults (32,33).

The activated phenotype of neutrophils is in
striking contrast to what we and others have observed
in natural killer (NK) cells and monocytes from patients
with systemic-onset JIA with active disease. Both NK
cells and monocytes seem to have switched to a more
counteractive or dampened activation state, suggesting
that “immune-tolerizing” mechanisms are in place (5,34–
36). As neutrophils did not show dampened responses,
but rather had increased effector functions, we conclude
that neutrophils may be a key player in the early phase of
systemic-onset JIA.

The discovery of the TLR-4 ligand LPS as a major
regulator of the transcriptome changes in systemic-onset

JIA neutrophils, as well as the observed strong overlap
in the transcriptome of neutrophils between systemic-
onset JIA and sepsis or experimental endotoxemia,
suggest that in vivo exposure to high levels of TLR-4–
stimulatory S100 proteins could explain the inflamma-
tory gene expression in the neutrophils from patients
with active systemic-onset JIA. Indeed, several studies
have demonstrated the priming of neutrophils after
stimulation with S100 proteins (37–42). However, other
inflammatory proteins, such as IL-1b, might also be
responsible for the primed phenotype of neutrophils in
systemic-onset JIA.

Neutrophils from patients with active systemic-
onset JIA showed increased gene expression of IL-1b,
inflammasome components, and genes involved in the
NF-jB pathway, indicating that there was an increased
production of IL-1b. Recent studies highlighted the
importance of neutrophils as a source of IL-1b in sev-
eral models of inflammatory and infectious diseases,
and demonstrated the capability of neutrophils to
secrete IL-1b in either an inflammasome-dependent or
inflammasome-independent manner (43–49). Those
investigators concluded that, despite the relatively low
production of IL-1b by neutrophils compared to mono-
cytes, neutrophils can still be a major source of IL-1b,
due to their abundance in the peripheral blood and at
the site of inflammation. Furthermore, we found that
IL-1b itself can also prime neutrophils, a feature that
can be reversed by rIL-1Ra. The dramatic decrease in
neutrophil counts in patients with systemic-onset JIA
upon initiation of rIL-1Ra therapy suggests that IL-1
and rIL-1Ra can also affect neutrophils in vivo. Taken
together, these data extend the IL-1 signature in
systemic-onset JIA by describing a novel role for neu-
trophils. This is supported by a recently published
microarray analysis of adult-onset Still’s disease, which
showed that up-regulation of canakinumab-responsive
genes was particularly pronounced in patients with
strongly elevated neutrophil numbers (50).

Importantly, we found that patients whose disease
duration at first visit to our clinic was relatively short had
higher neutrophil counts and more immature neutrophils
compared to patients who had already been experiencing
symptoms for months. Moreover, albeit in only a limited
number of patients, we found that patients with a shorter
disease duration and high neutrophil counts had a com-
plete response to rIL-1Ra, whereas patients with a longer
time since onset of symptoms and normal neutrophil
counts did not achieve inactive disease with rIL-1Ra.
Consistent with previous observations (5), these data indi-
cate that neutrophil counts could be a biomarker for the
prediction of response to IL-1 blockade and therefore, in
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conjunction with other biomarkers, might guide personal-
ized treatment. This requires validation in a different and
preferably larger cohort. Furthermore, our observations
also fit the hypothesis that the initial phase of systemic-
onset JIA is characterized by innate immune activation
with an important role for neutrophils. This early auto-
inflammatory phase could represent a “window of oppor-
tunity” for the early initiation of IL-1 blocking therapy
before the appearance of more autoimmune-related fea-
tures (2,3).

In summary, the results of this study indicate
that neutrophils play an important role in the early
inflammatory phase of systemic-onset JIA. Importantly,
the findings confirm that neutrophil numbers and the
inflammatory activity of systemic-onset JIA are strongly
susceptible to IL-1 blockade.
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Objective. Juvenile idiopathic arthritis (JIA) com-
prises 7 heterogeneous categories of chronic childhood
arthritides. Approximately 5% of children with JIA have
rheumatoid factor (RF)–positive arthritis, which pheno-
typically resembles adult rheumatoid arthritis (RA). Our
objective was to compare and contrast the genetics of
RF-positive polyarticular JIA with those of RA and
selected other JIA categories, to more fully understand
the pathophysiologic relationships of inflammatory
arthropathies.

Methods. Patients with RF-positive polyarticular
JIA (n = 340) and controls (n = 14,412) were genotyped
using the Immunochip array. Single-nucleotide polymor-
phisms were tested for association using a logistic regression
model adjusting for admixture proportions. We calculated
weighted genetic risk scores (wGRS) of reported RA and
JIA risk loci, and we compared the ability of these wGRS to
predict RF-positive polyarticular JIA.

Results. As expected, the HLA region was strongly
associated with RF-positive polyarticular JIA (P = 5.51 3
10�31). Nineteen of 44 RA risk loci and 6 of 27
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oligoarticular/RF-negative polyarticular JIA risk loci
were associated with RF-positive polyarticular JIA (P <
0.05). The RA wGRS predicted RF-positive polyarticular
JIA (area under the curve [AUC] 0.71) better than did
the oligoarticular/RF-negative polyarticular JIA wGRS
(AUC 0.59). The genetic profile of patients with RF-
positive polyarticular JIA was more similar to that of RA
patients with age at onset 16–29 years than to that
of RA patients with age at onset ≥70 years.

Conclusion. RF-positive polyarticular JIA is genet-
ically more similar to adult RA than to the most common
JIA categories and thus appears to be a childhood-onset
presentation of autoantibody-positive RA. These findings
suggest common disease mechanisms, which could lead to
novel therapeutic targets and shared treatment strategies.

Juvenile idiopathic arthritis (JIA) is a heterogeneous
collection of chronic arthropathies with distinct clinical and
laboratory features, but all manifest with arthritis in one or
more joints and present before the 16th birthday. The Inter-
national League of Associations for Rheumatology (ILAR)
criteria for JIA recognize 7 JIA categories (1). There is
robust evidence for genetic factors conferring susceptibility
to all forms of JIA (2). Without a clearer understanding of
the genetic similarities and distinctions, the clinically differ-
ent categories must be studied separately. Unfortunately,
this stratification results in smaller sample sizes and
reduced power to detect association. Thus, the JIA Consor-
tium for Immunochip was formed with the intent to bring
together the large sample sizes required for investigation of
the rarer JIA categories. A full list of affiliations for consor-
tia appears in Supplementary Information, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40443/abstract. The Immunochip
is a custom microarray designed by the Immunochip Con-
sortium to fine-map autoimmune disease–associated loci
from 11 autoimmune phenotypes including adult

rheumatoid arthritis (RA) (3). The Immunochip assays
196,524 variants representing ~186 loci, including dense
coverage of the major histocompatibility complex region.
Investigation of children with the most common categories
of JIA, oligoarticular and rheumatoid factor (RF)–negative
polyarticular JIA, which comprise ~70% of all cases in chil-
dren of European descent, resulted in the identification of
17 loci associated with JIA at genome-wide levels of signifi-
cance. In addition, 11 loci showed suggestive evidence of
association (4).

Approximately 5% of children with JIA demon-
strate the presence of RF and antibodies directed
against citrullinated peptides, such as anti–cyclic citrulli-
nated peptide (anti-CCP) antibodies, which are charac-
teristic biomarkers observed in adults with seropositive
RA. These children and young people tend to present at
a later age at onset than those with oligoarticular or RF-
negative polyarticular JIA, and often tend to have
erosive disease with worse long-term outcomes. Thus,
children with RF-positive polyarticular JIA phenotypi-
cally resemble adults with RA and could be considered
to have childhood-onset RA. In contrast to the robust
genetic studies that include large cohorts of patients
with RA and oligoarticular/RF-negative polyarticular
JIA, studies of children with RF-positive polyarticular
JIA have been limited to small-scale candidate gene
studies. These include investigations of association with
the shared epitope encoding HLA–DRB1 alleles as well
as several candidate loci associated with RA (5,6). To
date, a systematic analysis of genetic risk for RF-positive
polyarticular JIA has not been completed, largely due to
the lack of sufficiently sized cohorts.

To progress beyond this limitation in cohort size and
also advance the understanding of RF-positive polyarticular
JIA, we have used the Immunochip to compare and con-
trast the genetics of RF-positive polyarticular JIA to other
categories of JIA and RA. This may provide a greater
understanding of the genetic architecture of RF-positive
polyarticular JIA.
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PATIENTS AND METHODS

All JIA patients had a diagnosis of polyarticular JIA
according to the ILAR classification criteria (1) and were posi-
tive for RF and/or anti-CCP antibodies. The ILAR criteria do
not include any recommendation for anti-CCP testing; there-
fore, anti-CCP is not routinely tested for in pediatric rheumatol-
ogy cohorts. We do have anti-CCP data on 73 subjects (~20%).
Of those tested, the prevalence of anti-CCP positivity is 79%.
Among patients who were RF positive, 78% were also positive
for anti-CCP, which is comparable to the value of ~59% reported
in the literature for patients with RF-positive polyarticular JIA
(7). Cases were ascertained at institutions in the US, UK,
Germany, Canada, and Norway. Genotyping was performed
using the Illumina Immunochip genotyping array. There were
421 patients with RF-positive polyarticular JIA and 16,403 con-
trols before quality control. Standard single-nucleotide polymor-
phism (SNP) genotyping and sample quality control were
performed as previously described in the Immunochip studies of
other JIA categories (4,8). Details of cohorts can be found in
Supplementary Information, http://onlinelibrary.wiley.com/doi/
10.1002/art.40443/abstract.

For comparison with groups of RA patients with differ-
ent ages at onset, RA patients in the UK who had been geno-
typed on the Immunochip array were available from a cohort
described previously (9). RA patients were selected if they fell
into 2 categories of age at onset, those with early-onset RA (ages
16–29 years; n = 370) and those with later-onset RA (ages ≥70
years; n = 259). In total, 8,675 controls from the RA cohort
overlapped with the UK controls used for the JIA cohorts. To
preserve independence, these controls were randomly split into
2 groups (see Supplementary Table 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.40443/abstract).

To test for SNP association with RF-positive polyarticu-
lar JIA, a logistic regression model was computed using Cau-
casian admixture proportions calculated by the program
ADMIXTURE (10) as covariates. The additive genetic model
was used for the primary analysis unless there was significant
departure from additivity, whereupon the most associated
genetic model was used. For markers on the X-chromosome, the
logistic model was stratified by sex and inference was based on
the resulting weighted inverse normal meta-analysis. Imputation
of SNP genotypes was completed using IMPUTE2 with the 1000
Genomes Phase 1 integrated reference panel (11). To test for
association with the imputed data, a logistic regression model
with admixture adjustment was computed on the imputed allele
dosage. Only SNPs that passed standard imputation quality con-
trol and had information score >0.5 and confidence score >0.9
were considered for association analysis. For each region we
reported the strongest associated genotyped SNP. If there was
an imputed SNP that showed stronger association than the geno-
typed SNP, then both SNPs were reported; imputed SNPs
required at least 2 SNPs in strong linkage disequilibrium (LD)
to also exhibit association. Regional plots of association were
computed using LocusZoom (12).

The 45 non-HLA risk loci associated with RA using the
Immunochip (9) and the 27 oligoarticular/RF-negative polyartic-
ular JIA non-HLA risk loci (4) were assessed to determine if they
were also associated with RF-positive polyarticular JIA in our
cohort. Two weighted genetic risk scores (wGRS) were calcu-
lated. The first used the RA risk loci (9) and the second used the
oligoarticular/RF-negative polyarticular JIA risk loci (4). The RA

wGRS analysis started with the 46 SNPs (including HLA) (P < 5
9 10�8) associated with RA as reported by Eyre et al (9). How-
ever, no proxies (r2 > 0.8) were available for rs13397 at IRAK1,
rs2240336 at PADI4, rs39984 at GIN1, or rs10683701 at KIF5A;
therefore, there were 42 SNPs in the wGRS. The HLA region
was captured through the HLA–DRB1 tag SNP rs660895 (13).

The JIA wGRS analysis started with the 28 SNPs (includ-
ing HLA) (P < 1 9 10�6) associated with oligoarticular/
RF-negative polyarticular JIA as reported by Hinks et al (4).
However, no proxies were available for rs7909519 at IL2RA,
rs2266959 at UBE2L3, and rs7069750 at FAS, so the final number
of SNPs in the wGRS was 25. The HLA association was captured
using the top SNP (rs7775055) in the region.

To calculate the wGRS for an individual, the natural log of
the reported odds ratio was multiplied by the number of risk alleles
for each SNP and summed. Individuals with missing genotypes
were assigned (imputed) a score based on the expectation from
the allele frequency and assuming Hardy-Weinberg equilibrium.
Logistic regression was used to compare each wGRS between
patients and controls. In addition, receiver operating characteristic
(ROC) curves defined by the sensitivity and specificity of each
wGRS were generated, and the area under the curve (AUC) was
calculated. The GRS analysis did not include the imputed geno-
type data. Analysis was performed using Stata software, version
13.1 (StataCorp). We tested whether there was a difference
between the areas under the 2 ROC curves using DeLong’s
method as implemented in SAS software (SAS Institute).

RESULTS

After quality control there were 340 patients with
RF-positive polyarticular JIA (mean � SD age at onset
10.2 � 4.2 years) and 14,412 controls (Table 1). For the X-
chromosome analysis, there were 292 female patients, 8,002
female controls, 48 male patients, and 6,410 male controls.

Despite the modest sample size, association with
the HLA region was identified, with the most significant
association at rs3129769, near HLA–DRB1 (P = 5.51 9

10�31), a SNP in strong LD (r2 = 0.88) with the HLA–
DRB1 SNP reported in RA (rs660895; P = 2.14 9 10�29).
These SNPs are tagging the HLA–DRB1*0401 classic
allele (14). There was no significant association of the
most associated SNP in the HLA region reported in the
oligoarticular/RF-negative polyarticular JIA Immunochip
study, rs7775055 (P = 0.08).

Table 1. Study populations of patients with rheumatoid factor–
positive polyarticular juvenile idiopathic arthritis and controls before
and after quality control

Population

Before quality control After quality control

Patients Controls Patients Controls

US 272 5,985 222 4,408
UK 104 8,940 94 8,579
Germany 15 489 1 480
Norway 14 989 13 945
Canada 16 – 10 –

Total 421 16,403 340 14,412
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The most significantly associated loci identified in
the oligoarticular/RF-negative polyarticular JIA and RA
Immunochip study were assessed for association with RF-
positive polyarticular JIA. Of the 27 non-HLA SNPs most
strongly associated with oligoarticular/RF-negative polyartic-
ular JIA (4), 6 showed evidence for association with RF-
positive polyarticular JIA (P < 0.05) (see Supplementary
Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.40443/
abstract). Of the 44 SNPs (not including HLA and KIF5A
regions, the latter being a deletion polymorphism and not
analyzed in this study) most strongly associated with RA (9),
19 showed evidence for association with RF-positive poly-
articular JIA (P < 0.05) (see Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.40443/abstract).

The wGRS generated using the top RA loci was
compared with the wGRS generated using the top oligoar-
ticular/RF-negative polyarticular JIA loci to see which best
predicted cases of RF-positive polyarticular JIA compared
to controls. The wGRS generated using the top RA loci
from Eyre et al (9) significantly improved prediction of
cases of RF-positive polyarticular JIA compared to the
wGRS generated using the top oligoarticular/RF-negative
polyarticular JIA loci (AUC 0.71 versus AUC 0.59, respec-
tively; P = 8.26 9 10�33) (Figure 1). The RA wGRS
showed comparable prediction of cases of RF-positive poly-
articular JIA and cases of early-onset RA (AUC 0.71 ver-
sus AUC 0.75, respectively; P = 0.25) (Figure 2A) but was
less effective at predicting later-onset RA compared to
predicting RF-positive polyarticular JIA (AUC 0.62 versus
AUC 0.71, respectively; P = 1.65 9 10�5) (Figure 2B). This

suggests that the genetic profile of patients with RF-
positive polyarticular JIA is more similar to that of
younger RA patients than to that of older RA patients.

No region outside the HLA region reached genome-
wide significance; however, 13 regions had suggestive asso-
ciation (P < 1 9 10�4). Imputed SNP results were
included when the imputed SNP had a better imputed
P value than the most significant directly genotyped SNP
in the region (see Supplementary Table 4 and Supplemen-
tary Figures 1 and 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.40443/abstract). Supplementary Table 4 denotes
imputed SNPs with a “b” superscript. Of the 13 regions
most strongly associated with RF-positive polyarticular
JIA, 5 contained SNPs (or SNPs in LD, r2 > 0.8) with
some previous evidence for association with RA (9).

Figure 1. Comparison of the weighted genetic risk score (wGRS)
generated using loci associated with the highest risk of rheumatoid
arthritis (RA) with the wGRS generated using loci associated with
the highest risk of oligoarticular/rheumatoid factor (RF)–negative
polyarticular juvenile idiopathic arthritis (JIA) for the purpose of
predicting cases of RF-positive polyarticular JIA (RFposPolys). AUC =
area under the curve.

Figure 2. A, Comparison of the ability of the wGRS generated using
loci associated with the highest risk of RA to predict cases of RF-
positive polyarticular JIA with the ability of the same wGRS to pre-
dict cases of early-onset RA (ages 16–29 years). B, Comparison of
the ability of the wGRS generated using loci associated with the
highest risk of RA to predict cases of RF-positive polyarticular JIA
with the ability of the same wGRS to predict cases of later-onset RA
(age ≥70 years). See Figure 1 for definitions.
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DISCUSSION

This represents the largest genetic study of RF-
positive polyarticular JIA to date. We provide evidence
that this uncommon category of JIA, which is phenotypi-
cally similar to adult seropositive RA, is also genetically
more similar to adult RA than to the most common JIA
categories, which lack the characteristic biomarkers (RF
and anti-CCP). The results of the wGRS analysis gener-
ated from the top RA-associated loci predicted RF-
positive polyarticular JIA case–control status better than
did the wGRS generated from the oligoarticular/RF-
negative polyarticular JIA top hits.

We investigated whether any of the previously asso-
ciated RA loci (9) or oligoarticular/RF-negative polyarticu-
lar JIA loci (4) showed evidence for association with
RF-positive polyarticular JIA. Nineteen of the 44 SNPs
reaching genome-wide significance thresholds with RA
show evidence for association with RF-positive polyarticular
JIA (P < 0.05). There appears to be less overlap with the
oligoarticular/RF-negative polyarticular JIA loci since only
6 of the 27 oligoarticular/RF-negative polyarticular JIA
SNPs show evidence for association with RF-positive poly-
articular JIA. Formal testing for a difference in the 2 pro-
portions using the likelihood ratio test yielded suggestive
but not statistically significant results (P = 0.0676).

As might be expected, the most significant associa-
tion was within the HLA region, and the SNP is in strong
LD (r2 = 0.88) with the most associated HLA SNP in RA.
We have previously reported the HLA associations for all
the categories of JIA (8) and found that RF-positive poly-
articular JIA has distinct HLA associations compared to
the other categories of JIA. The HLA–DRB1 amino acid
position 13 is most strongly associated with RF-positive
polyarticular JIA, with a histidine residue driving the asso-
ciation. This is the same HLA association as found in RA
(8,13). A glycine residue at this same amino acid position
drives the association in oligoarticular/RF-negative poly-
articular JIA. This supports separation of RF-positive
polyarticular JIA from the other JIA categories and con-
firms that RF-positive polyarticular JIA is more similar to
RA than to other JIA categories (8).

Other than the HLA region, we were unable to
identify novel loci meeting genome-wide levels of signifi-
cance. This may be expected, as despite being the largest
genetic study to date for RF-positive polyarticular JIA,
our study is still relatively underpowered to detect odds
ratios of ~1.1–1.2, as are often observed in autoimmune
diseases. We have identified 13 regions showing associa-
tion at a significance level of P < 1 9 10�4, which will
need validation in an independent cohort to confirm.
The strongest non-HLA association for RF-positive

polyarticular JIA was rs9610687, which lies upstream of
the RAC2 gene. Mutations within RAC2 are associated
with neutrophil immunodeficiency syndrome. Polymor-
phisms within the IL2RB gene, close to RAC2, have pre-
viously been associated with oligoarticular/RF-negative
polyarticular JIA (4) and with RA (9). However, the
oligoarticular/RF-negative polyarticular JIA–associated
SNP (rs2284033) is ~500 kb from the RF-positive poly-
articular JIA–associated SNP. The oligoarticular/RF-
negative polyarticular JIA–associated SNP in IL2RB was
not significantly associated with RF-positive polyarticular
JIA (P = 0.70). In RA the most associated SNP
(rs3218251) in this region again lies in the IL2RB gene,
and this SNP is not in LD with the oligoarticular/RF-
negative polyarticular JIA–associated SNP.

Although this study has numerous important find-
ings, there are some important limitations. First, the RA
patients included in the wGRS analysis had a mixture of
both seronegative and seropositive disease (although the
largest proportion were seropositive [68% anti-CCP posi-
tive]), potentially diluting or masking effect sizes. Second,
the UK RA patients and controls included in these analy-
ses are part of the RA Immunochip study by Eyre et al
(9), and this lack of independence could artificially inflate
the predictive ability of the wGRS. A more recent genetic
study in RA reported by Okada et al (15) identified 101
genetic regions associated with RA. Many of these regions
were not covered on the Immunochip array and so it was
not possible to use these in the wGRS analysis (9).

The current ILAR classification criteria (1) are
based on clinical features and family history, and it is not
always straightforward to assign children to a category. In
addition, there still remains heterogeneity, especially in
terms of prognosis, between and within the categories of
JIA. In time, clear delineation of the genetics of JIA cate-
gories may contribute to a more refined classification
system. While it has been recognized for many years that
RF-positive polyarticular JIA is clinically and serologically
similar to adult RA, there have been no systematic investiga-
tions of possible genetic overlap between these phenotypes
of inflammatory arthritis. One reason for this is that several
JIA categories are rare, and large-scale international collab-
orations such as this, and the one established for systemic-
onset JIA, another rare category (16), are necessary to build
up sample sizes for genetic studies of these phenotypes.

We have now shown that RF-positive polyarticular
JIA is genetically more similar to adult RA than to the
oligoarticular/RF-negative polyarticular JIA categories.
Demonstrating that RF-positive polyarticular JIA geneti-
cally appears to be a childhood-onset presentation of RA
supports further investigation of this phenotype along with
the factors influencing an early-onset presentation. Broadly,
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our results suggest that genetic profiling might enhance our
ability to classify and understand the different phenotypes
of inflammatory arthritis. Our results also provide a ratio-
nale for studying both diseases together and for translating
therapeutic trials of successful pharmacologic agents from
adult RA to RF-positive polyarticular JIA and vice versa.
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BRIEF REPORT

Novel UNC13D Intronic Variant Disrupting an NF-jB Enhancer in a
Patient With Recurrent Macrophage Activation Syndrome and
Systemic Juvenile Idiopathic Arthritis

Grant S. Schulert,1 Mingce Zhang,2 Ammar Husami,1 Ndate Fall,1 Hermine Brunner,1 Kejian Zhang,1

Randy Q. Cron,2 and Alexei A. Grom1

Objective. Macrophage activation syndrome (MAS)
is a life-threatening complication of systemic juvenile idio-
pathic arthritis (JIA) and has pathologic similarity to
hemophagocytic lymphohistiocytosis (HLH). Intronic vari-
ants in UNC13D are found in patients with familial HLH
type 3 (FHLH3), but the role of noncoding variants in
MAS is unknown. The objective of this study was to identify
deep intronic UNC13D variants in patients with MAS.

Methods. A custom enrichment library was con-
structed to sequence a genomic region of ~1 Mb flanking
UNC13D in 24 patients with systemic JIA, recurrent
MAS, and negative results of prior genetic (exon/coding)
testing. The functional consequences of intronic variants
were assessed using quantitative polymerase chain reac-
tion in patient-derived peripheral blood mononuclear
cells (PBMCs), electromobility shift assay, in vitro

transcriptional enhancer assays, and natural killer (NK)
cell degranulation assays.

Results. We evaluated a patient with systemic JIA
and recurrent MAS in whom a novel functional intronic
variant in UNC13D, c.117+143A>G, was observed. This
variant occurred in a proposed regulatory region that
drives lymphocyte-specific UNC13D expression and is as-
sociated with reduced transcript levels in patient PBMCs.
This variant also disrupted NF-jB binding to a func-
tional transcriptional enhancer, leading to reduced
enhancer activity in vitro. Partial knockdown of UNC13D
expression also led to impaired NK cell degranulation.
An additional patient was identified with a previously
described UNC13D intronic variant, for a total noncoding
variant hit rate of 8.3% (2 of 24).

Conclusion. These findings highlight the notion
that intronic variants in key regulatory regions may be
associated with MAS in patients with systemic JIA and
support deep sequencing approaches when causative cod-
ing variants are not identified.

Macrophage activation syndrome (MAS) is a life-
threatening episode of hyperinflammation that is character-
ized clinically by cytopenia, liver dysfunction, coagulopathy,
and a systemic “cytokine storm.” Although MAS has been
reported to occur in numerous rheumatic diseases, in pedi-
atric rheumatic diseases it is most often a complication of
systemic juvenile idiopathic arthritis (JIA), a severe and dis-
tinct subtype of childhood-onset chronic arthritis (1). MAS
bears striking similarity to the rare histiocytic disorder
hemophagocytic lymphohistiocytosis (HLH), in which
genetic defects in the perforin exocytosis pathway lead to
profoundly depressed cytolytic activity of natural killer
(NK) cells and CD8 Tcells (2). Increasingly, hypomorphic
protein-altering variants in these genes have been reported
in patients with MAS, including MUNC13-4 (encoded by
UNC13D), which mediates fusion of perforin-containing
lytic granules with the plasma membrane, and a deficiency
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of which causes familial HLH type 3 (FHLH3) (2–4). Deep
intronic variants in UNC13D have also been identified in
HLH patients from Europe and North America (5–7).
These variants frequently involve the first intron of
UNC13D, which appears to serve as a key regulatory
region, and 1 variant, c.118-308C>T, has been shown to
disrupt transcription factor binding to a cytotoxic lympho-
cyte-specific alternative promotor, thereby selectively
diminishing UNC13D expression in cytolytic cells (8). How-
ever, the presence of intronic or noncoding variants in
MAS has been largely unexplored.

Herein, we describe a previously healthy 13-month-
old white male with systemic JIA who later developed
recurrent episodes of MAS despite receiving traditionally
effective treatment. Although testing for coding variants in
HLH-associated genes was not revealing, the patient was
found to have a novel UNC13D variant in the lymphocyte-
specific intronic promotor. In support of a causative role
for this variant, reduced levels of the alternative, lympho-
cyte-specific transcript were observed in the patient’s
peripheral blood mononuclear cells (PBMCs). Finally, we
further show that this variant disrupts an NF-jB site that
functions as a transcriptional enhancer in vitro, potentially
resulting in decreased UNC13D expression and compro-
mised natural killer (NK) cell degranulation.

PATIENTS AND METHODS

Patient data and study approval. This study was ap-
proved by the Cincinnati Children’s Hospital Institutional Review
Board (no. 2011-1517), and informed consent was obtained from
all patients and/or their legal guardians. Data pertaining to our
patient’s clinical course, laboratory values, and treatment were
collected from the electronic medical records. Whole blood was
obtained using sodium heparin as an anticoagulant. PBMCs were
separated by Ficoll density-gradient centrifugation, and RNA was
extracted using TRIzol, as previously described (9). When indi-
cated, PBMCs were treated with recombinant human tumor
necrosis factor (TNF) (Thermo Fisher) for 6 hours prior to RNA
extraction.

UNC13D sequencing. In order to examine possible intro-
nic variants, a custom enrichment library was constructed using a
SeqCap EZ system (NimbleGen) to sequence a genomic region of
~1 Mb on chromosome 17 (Human Genome hg19 start site
73,448,832 and stop site 74,504,525) that flanks UNC13D. The
design specification showed that 98% of the targeted region over-
lapped with specific probes. Patient DNA was enriched for the tar-
get genomic region using a solution-based SeqCap EZ library with
2 million probes for the custom target. A cohort of 24 patients
with recurrent systemic JIA–associated MAS or secondary HLH
who had prior negative results of genetic exonic testing were
sequenced in 2 runs, using Illumina HiSeq 2000 (paired-end
design) and a large library (average size 600 bp) to ensure cover-
age of Alu sequence regions. Sequence reads were filtered first by
quality measurement and then matched to the reference sequence
of human genome (hg 19). Next, variants were annotated using
NextGENe software version 2.3.4 (SoftGenetics LLC). Variants

were filtered based on the frequency in dbSNP and the ExAC
database and then examined with respect to phyloP scores for
nucleotide conservation and overlap with transcription factor
binding motifs from ChIP-Seq data. Additionally, variants were
assessed based on manually curating the motif score to remove
lower similarity sites, and visual inspection of the quality sequence
was used to remove common artifacts known in repetitive regions.
Transcription factors for specific reference and mutant nucleotide
sequences were matched via the TransFac database.

Real-time reverse transcription–polymerase chain reac-
tion (RT-PCR). RNA extraction and complementary DNA
(cDNA) synthesis were performed as previously described (9).
Real-time PCR was performed using a ViiA 7 Real-Time PCR
system with gene-specific primers and SYBR Green Supermix
(Thermo Fisher). Message copy numbers were normalized
against the copy number of the housekeeping gene, GAPDH.
The primers for GAPDH (9) and the conventional and intron 1
transcripts of UNC13D (8) were described previously.

Electrophoretic mobility shift assay (EMSA). An EMSA
was performed using a mixture of nuclear extracts from activated
NK-92 cells and IRDye 700–labeled NF-jB consensus oligonu-
cleotides, as previously described (10). The wild-type (WT)
oligonucleotide probe sequence for the NF-jB–like enhancer
(143A) located within UNC13D intron 1 was ACCCTGGGGA-
GAGCCCCCTGGG. The mutant-type oligonucleotide probe
sequence for the NF-jB–like enhancer (143G) included in
UNC13D intron 1 was ACCCTGGGGAGGGCCCCCTGGG.

Enhancer assay. The WTor mutant NF-jB–like enhancer
(143 A/G; 3xTGGGGAG[A/G]GCCCCCT) was inserted into the
enhancer site of the immediate early cytomegalovirus (CMV) pro-
motor or HIV-1 long terminal repeat (LTR)–driven green fluores-
cent protein (GFP) reporter plasmid previously generated (10) to
create the CMV-143A/G-GRP or the HIV-143A/G-GFP con-
structs. These reporter plasmids were transfected into NK-92 cells
by nucleofection, as previously described (10). The cells were
rested for 24 hours and then stimulated with irradiated K562 cells
(dead) for 1 hour (NK-92 cell–to–K562 cell ratio 2:1) prior to mea-
suring GFP expression levels by flow cytometry, as previously
described (11). To further exclude the potential influence of artifi-
cially repeated core sequences, a short genomic DNA sequence
(111 nt) as shown below, including the NF-jB–like WTor mutant
sequence enhancer core DNA, was synthesized and inserted into
the HIV-1 LTR–driven GFP reporter plasmid in either forward or
reverse orientation to generate HIV-143A/G111nt-F/R-GFP plas-
mids. NK-92 cells were transfected with the GFP reporter plasmids
and activated, and GFP was measured by flow cytometry as
described above (short genomic DNA sequence of 111 nucleotides
in length [50-CGAAGGCTGGGACTGGGGACCAGCGACCC-
TCCCCTGCCTACTCCACCCTGGGGAG(A/G)GCCCCCTG-
GGCCAGCAGAGCAGGGGCTGCCAGATGGACTCTGGG-
CCACTGTGGGC-30]).

UNC13D knockdown and degranulation assays. A Tri-
FECTa RNAi kit was purchased from IDT Inc. Transfection of
NK-92 cells was performed using a 4D-Nucleofector system
(Amaxa). Specifically, 4 9 106 cells mixed with small interfering
RNA (siRNA) were suspended with 100 ll of nucleofector solu-
tion, and transfection was performed immediately using an opti-
mally preset program. Transfected cells were cultured for 24 hours.
For the degranulation assay, transfected cells were stimulated with
K562 target cells (effector-to-target ratio 1:1) for 1–2 hours in the
presence of phycocyanin-conjugated anti-CD107a antibody (Bio-
Legend). This was quickly followed by flow cytometric analysis, as
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described above. To detect UNC13D messenger RNA (mRNA)
expression levels, total RNA was extracted from transfected NK-
92 cells and reverse transcribed into cDNA using a SuperScript
III First Strand Kit from Invitrogen. Real-time PCR was per-
formed with a Bio-Rad CFX system. The housekeeping gene
B2M mRNA was used for normalization, and scrambled siRNA
was used for the control of UNC13D-specific siRNA. All oligonu-
cleotides used in these experiments are shown in Supplementary
Table 1 (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40438/abstract).

RESULTS

We evaluated a previously healthy 13-month-old
white male with daily fever for 1 month, intermittent rash,
and difficulties with crawling. His parents reported that he
would be very irritable for ~1–2 hours upon awakening and
then would improve over the course of the day. He was
born at term and had no perinatal complications and no sig-
nificant family medical history or environmental exposure
history. His initial examination revealed mild hepatomegaly
but no splenomegaly, diffuse salmon-colored rash, and poly-
arthritis involving the right wrist, bilateral elbows and knees,
and left ankle. His initial laboratory evaluation was notable
for an elevated white blood cell count of 32.1 9 103/ll, a
hemoglobin concentration of 11.0 gm/dl, an erythrocyte sed-
imentation rate of 56 mm/hour, a C-reactive protein level
of 11.0 mg/dl, and the absence of autoantibodies. Systemic
JIA was diagnosed, and the patient was treated with pred-
nisone, with the addition of methotrexate and then inter-
mittent pulse doses of methylprednisolone for refractory
polyarthritis.

Approximately 4 months after diagnosis, the patient
deteriorated dramatically after developing an Epstein-Barr
virus infection, with persistent fevers, rash, active arthritis,
and liver and spleen enlargement. His laboratory findings
included white blood cell count 17.5 9 103/ll, hemoglobin
concentration 7.0 gm/dl, platelet count 62 9 103/ll, ferritin
level 1,904 ng/ml, decreasing erythrocyte sedimentation
rate (to 6 mm/hour), aspartate transaminase concentration
140 units/liter, fibrinogen level 246 mg/dl, and D-dimer
concentration 10.87 gm/ml. In addition, the level of soluble
interleukin-1 receptor a (IL-2Ra; CD25) was elevated to
30,152 pg/ml, and the level of soluble CD163 was elevated
to 80,182 ng/ml. No functional testing of cytolytic or NK
cells was performed at this time. He also underwent a bone
marrow biopsy, which showed hemophagocytosis. He was
given a clinical diagnosis of MAS, having met 5 of 8 HLH-
2004 diagnostic criteria (12) and would have satisfied the
2016 classification criteria for MAS complicating systemic
JIA (13). He was treated with intravenous methylpred-
nisolone and cyclosporin A as well as the recombinant
human IL-1R antagonist anakinra (1), which led to a full

recovery. However, while the patient was being weaned
from steroids, he experienced a flare of MAS, with ele-
vated transaminase levels and markedly elevated soluble
CD25 levels. This was again controlled with methylpred-
nisolone and increased dosing of cyclosporin A.

Because the patient had experienced recurrent epi-
sodes of MAS at an early age, he underwent genetic test-
ing for possible HLH gene mutations, including PRF1,
UNC13D, STX11, and STXBP2, but no variants were
found in all coding exons and exon–intron boundaries.
Because mutations in UNC13D are relatively common in
patients with systemic JIA and MAS in North America
(3), a more in-depth exploration of UNC13D was under-
taken. In order to examine possible intronic variants, a
custom enrichment library was constructed to sequence a
genomic region of ~1 Mb on chromosome 17 that flanked
UNC13D. This array was used to sequence DNA from our
patient in a batch of samples from 24 patients with recur-
rent systemic JIA–associated MAS or secondary HLH
who had prior negative results of exonic genetic testing.
For our patient, 33 million reads were generated, of which
90% passed sequence quality filtering, and 67% of quality
reads were matched to the target region. The average cov-
erage depth was 2,122, and the target region coverage
depths at 109, 309, and 1009 were 95%, 94%, and 92%,
respectively (complete coverage statistics for all 24
patients are shown in Supplementary Table 2, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40438/abstract).

Using this approach, a heterozygous variant was
identified in the first intron of UNC13D, c.117+143A>G
(chromosome 17 [CRCh37]:g.73840159T>C; accession
number NM_199242.2) (Figure 1A). Unfortunately,
DNA samples from parents were not available for analysis
to determine whether this variant was de novo or inher-
ited. This variant was not present in 1000 Genomes, was
present in only 1 of >30,000 alleles sequenced through
gnomAD, and was not identified in any of the 23 addi-
tional sequenced patients with systemic JIA and MAS,
although one of these patients did have the previously
reported c.118-308C>T intronic variant, as described
below and shown in Figure 1A.

Notably, there is substantial evidence that this intro-
nic region has key roles in regulating UNC13D expression.
First, there are reported H3K27Ac marks typical of tran-
scriptional promoters on 7 unique cell lines, DNase I hyper-
sensitivity clusters suggesting transcriptional activity in 125
cell types, and at least 15 transcription factor–binding motif
overlaps in ChIP-Seq (Figure 1A). Second, the identified
novel c.117+143A>G variant specifically overlaps with and
alters a predicted consensus NF-jB transcription factor
binding site (Figure 1A; see also Supplementary Figure 1,
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available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40438/abstract). This
variant is not predicted to disrupt additional consensus
binding sites. Finally, 2 other variants from this intronic
region, c.118-308C>T and c.118-307G>A, have been previ-
ously reported in patients with HLH (6,7). Indeed, the
c.118-308C>T variant was also found in the heterozygous
state in one of the 24 patients sequenced (patient 10). In
addition, patient 10 was also found to have a previously
reported 253-kb inversion that straddles the last 2 exons of
UNC13D and has been shown to be linked to FHL3 in both
northern European and North American patients (5,6). No
other rare coding or noncoding variants (minor allele

frequency <1%) were identified in UNC13D in any of the
24 patients.

Interestingly, the previously identified c.118-308C>T
variant has been shown to markedly reduce UNC13D
expression selectively in lymphocytes, including CD8 Tcells,
by disrupting transcription factor binding to an alternative
promoter specifically active in cytolytic cells (6,8). This pro-
moter leads to production of a second, distinct UNC13D
transcript that is preferentially expressed in cytotoxic T lym-
phocytes and NK cells. PBMCs from our patient were not
available to permit cell type–specific transcript analysis.
However, total RNA previously isolated from PBMCs dur-
ing a period of inactive disease was used to determine

Figure 1. Novel UNC13D intronic variant is located in a key regulatory region. A, Schematic representation of the novel genomic variant
c.117+143A>G (vertical blue lines) detected in our 13-month-patient with systemic juvenile idiopathic arthritis and macrophage activation syndrome and
the reference variants c.118-308C>T and c.118-307G>A (vertical red lines), showing relative increased histone markers of the sequence of intron 1 of
UNC13D. Boxed area shows consensus transcription factor binding sites that are disrupted by these changes. B, Levels of conventional and lymphocyte-
specific alternative UNC13D transcripts in the patient compared with the levels in 4 healthy control subjects, as determined by quantitative reverse tran-
scription–polymerase chain reaction. Total RNA was extracted from unstimulated peripheral blood mononuclear cells (PBMCs) obtained from the
patient during a period of inactive disease. Each data point represents an individual subject. Bars show the mean � SEM. C, Levels of conventional
and lymphocyte-specific alternative UNC13D transcripts in control PBMCs after treatment with tumor necrosis factor (TNF), as determined by quantita-
tive reverse transcription–polymerase chain reaction. Bars show the mean � SEM. Data in B and C were normalized to GAPDH to obtain the relative
expression. Chr. = chromosome; RefSeq = reference sequence; HUVEC = human umbilical vein endothelial cell. * = P < 0.05 vs. untreated samples.
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UNC13D mRNA levels using real-time RT-PCR analysis,
as previously described (8). This demonstrated reduced
levels of the alternative, lymphocyte-specific intron 1
UNC13D transcript compared with PBMCs from healthy
age-matched controls, despite normal levels of the conven-
tional UNC13D transcript (Figure 1B), suggesting that the
novel c.117+143A>G variant may impair expression of
lymphocyte-specific UNC13D transcript.

Of note, the sample from our patient was obtained
during a period of inactive disease; because the alterna-
tive promotor contains a putative NF-jB binding site, it is
reasonable to speculate that transcript expression may in-
crease during periods of active systemic inflammation. To
examine this, PBMCs from healthy control subjects were
stimulated with TNF for 6 hours, and expression of
UNC13D transcripts was quantified. Treatment with TNF
led to a significant and dose-dependent increase in the
expression of the alternative intron 1 transcript, without
significant change in the expression of the conventional
transcript (Figure 1C).

To further characterize the functional role of this
intronic region, we examined the predicted NF-jB binding
site that is altered by the c.117+143A>G variant. EMSAs
were performed using a consensus NF-jB oligonucleotide
probe and nuclear extracts from the human NK cell line,
NK-92. Two delayed bands were identified, the upper of
which could be supershifted by anti–NF-jB p65 antibody
(Figure 2). The lower bandmigrates consistent with NF-jB
p50 (10). Binding of nuclear extracts to the consensus NF-
jB oligonucleotide (both p50 and p65 bands) was largely
disrupted by either unlabeled self competitor or by a 22-
mer probe corresponding to the WT UNC13D intron 1
region containing the predicted NF-jB motif binding (Fig-
ure 2). Notably, a competitor oligonucleotide containing
the c.117+143A>G variant was less efficient at blocking for-
mation of theNF-jB bands, thus confirming the notion that
this variant is less efficient at disrupting NF-jB binding.

The deep intronic location of this NF-jB motif
suggested that this genomic region could function as a tran-
scriptional enhancer that can regulate gene expression from
a distance independent of position and orientation. To
determine whether this intronic region can serve as a tran-
scriptional enhancer, a trimerized 15-mer sequence contain-
ing either the WT intronic sequence or the c.117+143A>G
variant was cloned into the enhancer site of the immediate
early CMV promoter or the HIV-1 LTR–driven GFP
reporter plasmid and transfected into NK-92 cells (Fig-
ure 3A). Cloning of the WT (143A) trimerized 15-mer
sequence into either vector enhanced GFP expression in
activated NK-92 cells (Figures 3B and C). In contrast, the
patient variant (143G) showed significantly reduced effect
compared with the WT sequence for enhancing GFP

expression driven by promoters of either CMV or HIV-1
(Figures 3B and C).

To confirm this further and eliminate the potential
influence of artificially repeating the core sequence, a
111-nt genomic DNA region including either the WT or
mutant core NF-jB enhancer was inserted into the HIV-1
vector. As shown in Figures 3D and E, the short genomic
DNA containing the WT enhancer significantly increased
HIV-1 LTR–driven GFP expression in activated NK-92
cells, and the mutant enhancer significantly attenuated this
activity. Notably, cloning of the short genomic sequence, in
either the forward or reverse orientation, significantly
increased GFP expression driven by the HIV-1 LTR, fur-
ther demonstrating that this region can serve as a transcrip-
tional enhancer in vitro (Figures 3D and E). Collectively,
these results suggest that the c.117+143A>G variant alters
the ability of NF-jB to bind to a transcriptional enhancer
element and supports the finding of reduced alternative
transcript levels in PBMCs from our patient.

Figure 2. The mutant NF-jB–like enhancer located within the
UNC13D intron partially disrupts protein binding to a consensus NF-
jB probe. Electrophoretic mobility shift assay was performed using a
mixture of nuclear extracts from activated NK-92 cells and IRDye-
700–labeled NF-jB consensus oligonucleotide probe. The binding
band was either supershifted by anti-p65 antibody or blocked by self,
wild-type (143A), or mutant (143G) oligonucleotide competitors. The
band intensities were analyzed using ImageJ (v1.50I). Values shown
below the third through fifth lanes are relative to the respective non-
competed bands (second lane) (set at 1.0).

UNC13D INTRONIC VARIANT AND MAS 967



Taken together, these results support a model in
which the c.117+143A>G variant leads to reduced lympho-
cyte UNC13D expression, causing diminished target cell
killing. In order to examine whether a partial reduction in
UNC13D expression could compromise NK cell function,

UNC13D transcript was knocked down using siRNA in the
human NK-92 cell line. NK-92 cells transfected with scram-
bled sequence or specific UNC13D siRNA were incubated
with K562 target cells for 1–2 hours, and NK cell degranula-
tion was determined by CD107a cell surface staining.

Figure 3. The NF-jB–like enhancer is located within UNC13D intron 1. A, Schematic representation of HIV-1– and cytomegalovirus (CMV)–driven
green fluorescent protein (GFP) reporter plasmids inserted with either the triple-core sequence (seq.) (45 nucleotides [nts]) or short genomic
sequence (111 nts) of the enhancer. B, Comparison of the enhancer activity of triple-core DNA of the wild-type (WT; 143A) or mutant (Mut; 143G)
enhancer sequences in augmenting GFP expression driven by either CMV or HIV-1 promoters (prm) within NK-92 cells postactivation by irradiated
K562 cells. C, Quantification of the data shown in B. D, Comparison of the enhancer activity of short genomic DNA of the wild-type or mutant
enhancer sequences, inserted in either forward or reverse orientation, in augmenting GFP expression driven by HIV-1 promoter within NK-92 cells
postactivation by irradiated K562 cells. E, Quantification of the data shown in D. Bars in C and E show the mean � SD (n = 3 independent
experiments). Kanr = kanamycin resistance gene; EGFP = enhanced GFP; MFI = mean fluorescence intensity; SSc-H = side scatter height; LTR = long
terminal repeat; Forw. Ins. = forward inserted; Rev. Ins. = reverse inserted. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40438/abstract.
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Compared with cells transfected with scrambled siRNA,
NK-92 cells transfected with low (5 nM) or high (10 nM)
NF-jB concentrations of specific UNC13D siRNA showed
significantly reduced, but not absent, CD107a surface
expression (see Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wile
y.com/doi/10.1002/art.40438/abstract). Indeed, the degree of
impaired NK cell degranulation correlated with residual
UNC13D expression in a dose-dependent manner (see Sup-
plementary Figure 2). These findings demonstrate that even
partial reductions in UNC13D expression can compromise
cytolytic cell function and further support roles for hypo-
morphic noncoding mutations such as c.117+143A>G in
the pathogenesis of MAS.

DISCUSSION

The genetic basis of MAS in patients with systemic
JIA remains unclear. However, contemporary studies have
shown that as many as one-third of patients withMAS asso-
ciated with systemic JIA have rare, protein-altering variants
in genes associated with HLH (3,14). Recent work by our
group and other investigators has shown that these variants
can impair lymphocyte function andmay explain in part the
increased risk for MAS in these patients (11,15). In addi-
tion, whole-exome sequencing in patients with systemic JIA
and MAS has identified novel candidate genes that could
be implicated in this process, including several that interact
with known components of the cytolytic pathway (3).

Taken together, these findings suggest that hypomor-
phic variants in HLH-associated genes involved in the per-
forin cytolytic pathway may serve as risk factors for MAS,
although this remains to be formally tested in a prospective
manner. However, many patients, even those with recurrent
MAS, lack any protein-altering variants in known or putative
genes linked to cytolytic dysfunction. Noncoding regulatory
genomic regions often are not examined, in either targeted
gene sequencing or whole-exome sequencing. However,
there is increasing evidence that intronic variants are signifi-
cant contributors to human disease. Variants in the first
intron of UNC13D, for example, are frequently identified in
patients with FHLH3. The first of these to be described was
c.118-308C>T, which causes a lymphocyte-specific loss of
UNC13D expression due to disrupted transcription factor
binding (6,8). In addition, the neighboring c.118-307G>A
variant is associated with diminished UNC13D expression
and impaired cytolytic cell degranulation (7). Thus, in our
large North American cohort of >1,700 HLH patients, 79
were found to have FHLH3 (biallelic UNC13D), and more
than 31% carried at least 1 noncodingmutation (5).

Here, we describe a patient with systemic JIA and
recurrent MAS who was found to have a novel UNC13D

intronic variant c.117+143A>G that alters an NF-jB
engagement and transcription enhancer element. Several
lines of evidence support the notion that this variant impacts
UNC13D expression in cytolytic cells. First, this intronic
region includes H3K27Ac marks, DNase I hypersensitivity
clusters, and at least 15 transcription factor binding motif
overlaps from ChIP-seq data (Figure 1A). Second, PBMCs
from this patient showed a 40% reduction in levels of the
alternative, lymphocyte-specific intron 1 UNC13D transcript
compared with control samples (Figure 1B). Of note, tran-
script levels were quantified in samples obtained from
patients during a period of inactive disease; more profound
reductions in message levels could occur during periods of
hyperinflammation. Indeed, we observed that TNF stimula-
tion of control PBMCs led to a significant increase in
expression of the alternative intron 1 transcript (Figure 1C).

These findings are consistent with previously re-
ported data on other intron 1 variants, most notably
c.118-308C>T, which was shown to disrupt binding of the Ets
family transcription factor Elf-1 (5–7) leading to lympho-
cyte-specific loss of UNC13D expression and defective cyto-
lytic cell degranulation. We cannot discount the possibility
that the c.117+143A>G variant may also impact transcript
splicing, thereby also impacting conventional UNC13D tran-
script expression. Third, this variant disrupts the consensus
sequence of an NF-jB binding site (Figure 1A), and indeed
we show that the variant sequence is less efficient at blocking
NF-jB bands in EMSA (Figure 2). Finally, this sequence
serves as a transcriptional enhancer in vitro, and the
c.117+143A>G variant showed significantly reduced tran-
scriptional enhancement (Figure 3). Taken together, these
findings strongly support the notion that the novel
c.117+143A>Gmutation is a functional intronic variant that
diminishes lymphocyte-specificUNC13D expression.

Substantial evidence supports the notion that even
partially reduced lymphocyte UNC13D expression would
have functional consequences. Patients with previously
described intron 1 variants displayed both reduced lympho-
cyte-specific UNC13D expression and impaired cytolytic
function (6–8), and UNC13D expression strongly corre-
lated with degranulation and cytotoxicity (8). Consistent
with this, previous work by our group has shown that even
partial defects in the interaction of MUNC13-4 with the
effector Rab27a (~50% diminished) resulted in decreased
cytolytic activity, delayed granule polarization, and in-
creased interferon-c production resulting from prolonged
engagement with target cells (11). Finally, and most impor-
tantly, in the current study we show that partial knockdown
of UNC13D message levels with targeted siRNA leads to
corresponding partial defects in NK cell degranulation (see
Supplementary Figure 2, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
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1002/art.40438/abstract). This supports a model in which
variants such as c.117+143A>G reduce UNC13D transcript
levels, causing partial defects in cytolytic function and low-
ering the threshold for MAS development, particularly in
patients with underlying inflammation, such as those with
systemic JIA (4,16).

To the best of our knowledge, this is the first report
of functional intronic variants associated with MAS in chil-
dren with systemic JIA. Of note, we also identified the
known variant c.118-308C>T in heterozygous form in an
additional patient with secondary HLH/MAS (patient 10).
This rare variant is present in <0.02% of the genomes listed
in gnomAD but is reported in up to 9% of alleles in patients
with FHLH3 (5). Extensive functional study of this variant
has demonstrated that it disrupts binding of the Ets family
transcription factor Elf-1, impairing recruitment of STAT-4
and diminishing chromatin remodeling (8). Interestingly,
Elf-1 can cooperate with NF-jB to activate transcription
(17), which could suggest that the biologic consequences of
these 2 intronic variants are linked. Thus, together with the
novel c.117+143A>G variant identified herein, the total hit
rate for potentially deleterious UNC13D intronic variants in
the current study was 8.3% (2 of 24).

Taken together, the findings in these patients sug-
gest that intronic variants in key conserved regulatory
regions should be examined in children with systemic
JIA and MAS, and that genetic screening for variants in
UNC13D should be expanded to include intron 1. Along
with hypomorphic coding variants in HLH-associated
genes, these intronic variants may serve as further risk
factors for MAS in patients with systemic JIA and could
have implications for genetic counseling. The current
study further supports the utility of targeted sequencing
approaches or even whole-genome sequencing in cases
in which causative protein-altering mutations are not
identified and provides evidence for cell-specific effects
of intronic variants on transcript expression.
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Screening high-resolution computed tomography of the
chest to detect interstitial lung disease in systemic
sclerosis: a global survey of rheumatologists

Interstitial lung disease (ILD) affects ~40–60% of
adults with systemic sclerosis (SSc) and is the leading cause
of death and hospitalization in this population (1–4). Despite
the life-threatening nature of ILD and the availability of ther-
apies (5,6), there are no clinical practice guidelines that rec-
ommend screening for ILD in SSc. Although pulmonary
function tests are widely used by rheumatologists to screen
for SSc-related ILD, studies have shown that they are neither

sensitive nor specific for detection of ILD in this population
(3). High-resolution computed tomography (HRCT) of the
chest is the gold standard for detection of ILD (7), but data
on rheumatologists’ practices with regard to ordering HRCTs
for their SSc patients have not been reported. We undertook
a study to determine rheumatologists’ use of HRCT as a
screening tool in their patients with newly diagnosed SSc.

We e-mailed a REDCap survey (8) to all 676 Ameri-
can College of Rheumatology member rheumatologists in
New York, New Jersey, Pennsylvania, and Connecticut and to
356 SSc experts worldwide (defined as rheumatologist mem-
bers of the Scleroderma Clinical Trials Consortium and/or the
European League Against Rheumatism Scleroderma Trials
and Research Group with at least 1 publication on SSc) to

Figure 1. A, Percent of responding general rheumatologists (n = 76) and systemic sclerosis (SSc) experts (n = 135) who routinely order screening
high-resolution computed tomography (HRCT) of the chest in newly diagnosed SSc patients. B, Indications for chest HRCTamong general rheuma-
tologists (n = 34) and SSc experts (n = 43) who do not routinely order screening HRCT in all newly diagnosed SSc patients. The denominator ranges
from 32 to 34 for general rheumatologists and 41 to 43 for SSc experts, due to variable response rates for individual questions. FVC = forced vital
capacity; SpO2 = peripheral arterial oxygen saturation; DLCO = diffusing capacity for carbon monoxide; LLN = lower limit of normal; ANA = antinu-
clear antibody.
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identify current HRCT screening practices for SSc-related
ILD. Seventy-six (11%) of the general rheumatologists
responded (of whom 73 see at least 1 new SSc patient per
year), as did 135 (38%) of the SSc experts.

Overall, 51% of the general rheumatologist respon-
dents and 66% of the SSc expert respondents reported rou-
tinely ordering HRCTs in all newly diagnosed SSc patients
(Figure 1A). We identified significant global practice varia-
tion in HRCT screening practices among SSc experts.
Screening HRCTs were routinely ordered by 0% of the
respondents in Australia (0 of 5), 33% in Canada (2 of 6),
60% in the US (28 of 47), 79% in Europe (45 of 57),
80% in Asia (4 of 5), and 100% in Latin America (7 of
7). Moreover, among rheumatologists who do not routinely
order screening HRCTs in their SSc patients, there was
very little consensus regarding indications for HRCT in SSc
(Figure 1B). For example, only 81% of SSc experts would
order an HRCT for dyspnea on exertion, 74% for abnor-
mal forced vital capacity (<80% of predicted), and 52% for
abnormal diffusing capacity for carbon monoxide (<80% of
predicted). The reason SSc specialists were less likely than
general rheumatologists to order HRCT for certain indica-
tions was not explained by this study. Of the 95 SSc
experts who answered a question about circumstances in
which they would repeat an HRCT, 9 (9.5%) responded
that they order a repeat HRCT in their SSc patients
annually.

A limitation of this study is the low response rate.
Given the wide practice variation in HRCT screening prac-
tices by both SSc experts and general rheumatologists, further
research into the clinical impact of HRCT screening for ILD
in SSc is needed. Such research will ultimately help inform
the development of a clinical practice guideline for ILD
screening in SSc, which would help harmonize rheumatolo-
gists’ approach to identifying the leading cause of mortality in
SSc.
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