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Reappearance of Antibodies May Be Associated With 
Relapse in Patients With ANCA-associated Vasculitis 
Previous research has shown that 40–100% of 
patients with antineutrophil cytoplasmic anti-
body (ANCA)–associated vasculitis (AAV) 

convert from being posi-
tive for myeloperoxidase 
(MPO)–ANCA to nega-

tive following induction treatment. Some 
researchers have suggested that disease 
classification may underlie the difference in 
conversion between patients. In this issue, 
Watanabe et al (p. 1626) report the results of 
their evaluation of the clinical link between 
levels of MPO-ANCA antibodies and 
relapse in patients with AAV. They analyzed 
data from 2 nationwide prospective cohort 
studies and report that the reappearance of 

MPO-ANCA may be a clinically useful bio-
marker for predicting relapse in remitted 
patients with MPO-ANCA–positive AAV. 

The analysis included 271 MPO-
ANCA–positive patients, 183 of whom had 
microscopic polyangiitis, 34 of whom had 
granulomatosis with polyangiitis, 15 of whom 
had eosinophilic granulomatosis with polyan-
giitis, and 39 of whom were unclassifiable. All 
the patients had achieved remission during the 
6 months of remission induction therapy. The 
median age of the patients was 73 years, and 
61% of them were female. 

The investigators measured MPO-ANCA 
levels at months 0, 3, 6, 12, 18, and 24 and at 
time of relapse (the primary outcome measure). 

Multiple studies have addressed the effects of 
discontinuing tumor necrosis factor inhibitor 
(TNFi) treatment on clinical outcomes in 
patients with rheumatoid arthritis (RA). In 

this issue, Tran-Duy et 
al (p. 1557) report the 
results of their analysis, 

which takes a societal perspective, on the 
incremental cost-effectiveness of withdrawal 
of TNFi treatment compared to continuation 
of these drugs.  They focused their analysis 
on patients with RA who had longstanding, 
stable disease activity or remission.

The analysis of 1-year data included 
531 patients who were randomized to the 
stop group and 286 patients who were 
randomized to the continuation group. 
The investigators found that withdrawal 
of TNFi treatment was associated with a 
60% reduction of the total drug cost and 
an increase of 30% in other health care 
expenditures. When they compared the 

stop group to the continuation group, 
they found that stopping TNFi treatment 
translated into a mean yearly cost savings 
of €7,133 ($8,272).

The researchers then calculated a mean 
saved cost of €368,269 ($427,060) per 
quality-adjusted life year (QALY) lost when 
these patients stopped TNFi treatment. In 
other words, for these patients, stopping 
TNFi treatment resulted in considerable cost 
savings and only a small QALY loss. Although 
the investigators acknowledge that an official 
willingness-to-accept threshold (WTA) has 
not been defined, they proposed a WTA of 
€98,438 ($127,593) per QALY lost,  noting 
that such a figure seemed realistic in The 
Netherlands within the context of the 
existing data on willingness to pay.  When 
the investigators applied that WTA to their 
analysis,  they calculated a 100% probability 
that stopping TNFi treatment for these 
patients would be cost-effective. 

Stopping TNFi Treatment May Make Solid Economic 
Sense for Some Patients With Rheumatoid Arthritis

p. 1557

Most patients (72%) experienced a decrease in 
MPO-ANCA to normal levels after 6 months 
of remission induction therapy. MPO-ANCA 
then reappeared in 40% of patients with com-
plete follow-up data. When the investigators 
performed a nested case–control analysis and 
a multivariable analysis to investigate the rela-
tionship between the reappearance of ANCA 
and relapse, they found that the reappearance 
of MPO-ANCA was more common in patients 
with relapse than in 75 age- and sex-matched 
control patients without relapse (odds ratio 
26.2). They conclude their report by suggesting 
that patients with AAV who are MPO-ANCA 
positive and in remittance be routinely moni-
tored for reappearance of MPO-ANCA.

p. 1626

Figure 1. Scatter plot of incremental mean cost against 
incremental mean QALYs with the stop strategy compared 
to the continuation strategy. Each data point was obtained 
from 1 bootstrap replication. ICER = incremental cost-
effectiveness ratio.
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Risk Factors and Biomarkers for Uveitis in Patients With 
Juvenile Idiopathic Arthritis

Some patients with juvenile idiopathic 
arthritis (JIA) develop uveitis, which is 
often asymptomatic initially but can lead 
to irreversible vision impairment. In this 
issue, Tappeiner et al (p. 1685) report the 

results of their analysis 
of the value of demo-
graphic, clinical, and 

therapeutic factors, as well as laboratory 
biomarkers, in predicting the occurrence 
of uveitis in patients with JIA. The investi-
gators evaluated data from 954 patients with 
JIA. These children were enrolled within the 
first year after diagnosis of JIA. In addition 
to demographic and clinical parameters, 
the investigators collected serum samples 
at study enrollment, at 3-month follow-
up visits during the first year, and every 6 
months thereafter. 

The investigators found that uveitis 
occurred in 133 patients (13.9%) over the 
44.5 months of observation. This inci-
dence is consistent with results reported 
in previous publications, which have 
reported an overall prevalence of uveitis in 
JIA of 9–13%. They also found that chil-
dren who received conventional synthetic 
or biologic disease-modifying antirheu-
matic drugs (DMARDs) had a signifi-
cantly lower risk of uveitis onset. 

When the researchers performed a 
multivariable Cox regression analysis 
to evaluate the impact of demographic, 
clinical, laboratory, and therapeutic 

parameters on uveitis onset, they found 
that both young age at onset of JIA and 
antinuclear antibody positivity were 
significantly associated with the onset 
of uveitis. Other predictors of uveitis 
included elevated erythrocyte sedimen-
tation rate at baseline and continuing 
moderate or high disease activity during 
follow-up, as measured by the 10-joint 
clinical Juvenile Arthritis Disease Activity 
Score. The researchers also found that 

Autoantibodies are a useful tool for phenotyping patients across 
the spectrum of autoimmune rheumatic diseases. In this issue, 
Birnbaum et al (p. 1610) report that they were able to use 

immunoblotting to detect a new autoantibody 
in patients with Sjögren’s syndrome (SS). 
Specifically, they report that 11% of the SS 

patients studied have antibodies against the protein calponin 3, 
and these antibodies associate with the subset of patients who 
experienced neuropathies. 

The investigators examined 209 patients with SS, 138 
patients with systemic lupus erythematosus (SLE), 138 patients 

with myositis, 44 patients with multiple sclerosis (MS), and 46 
healthy controls. They documented anti–calponin 3 antibodies in 
8.7% of patients with SLE, 5.1% of patients with myositis, 6.8% 
of patients with MS, and 1 healthy control (2.2%). When the 
researchers looked more closely at patients with SS, they found 
that the frequency of anti–calponin 3 antibodies was highest in 
those with neuropathies (17.9% of 39), a frequency that differed 
significantly from healthy controls. They also report that calponin 
3 is expressed in rat dorsal root ganglia perineuronal satellite 
cells (as opposed to neurons) and propose that these cells may 
be a target in SS.

Novel Autoantibody in Patients With Sjögren’s Syndrome

p. 1685

p. 1610

S100A12 levels of ≥250 ng/ml at baseline 
were significantly associated with the risk 
of uveitis. The investigators conclude by 
suggesting that JIA disease activity scores 
and laboratory biomarkers could be used 
to better define which patients with JIA 
are most likely to develop uveitis. They 
propose that such factors be combined 
with demographic risk factors and treat-
ment modalities when assessing patient 
risk for uveitis.

Figure 1. Relative risk of uveitis onset based on age at onset of JIA, antinuclear antibody (ANA) positivity, 
and erythrocyte sedimentation rate (ESR) at follow-up, adjusted for the 10-joint clinical Juvenile Arthritis Disease 
Activity Score and treatment with methotrexate (MTX) and MTX/biologic disease-modifying antirheumatic drugs.
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ACR Meetings 

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

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

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

For additional information, contact the ACR office. 

ACR Open Rheumatology Accepting Submissions and Pub-
lishing Soon

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

ACROR will publish manuscripts describing potentially 
important findings of rigorously conducted studies in all aspects of 
rheumatology. As an open access journal, immediate access to full 
content of ACROR will be available to all readers. The electronic-
only format of the journal, as well as other aspects of the review 
and production processes, will allow for faster review and publica-
tion, and liberal sharing of articles. The projected article publica-
tion fee (APC) for ACROR will be $2,500 with a discounted rate 
of $2,000 for articles in which the first or corresponding author is 

an ACR/ARHP member. In addition, there will be waivers of the 
APC for all articles submitted in the first 6 months from the time 
submission opens.

For additional information, visit https://www.rheumatology.
org/Learning-Center/Publications-Communications/Journals/ACR-
Open-Rheumatology.

ACR 2019 Winter Rheumatology Symposium

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

ACR ANNOUNCEMENTS 
AMERICAN COLLEGE OF RHEUMATOLOGY 

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

SUMMARY 
Toll-like receptor 7 (TLR-7) and TLR-9 are innate 
pathogen-recognition receptors for single-stranded 
RNA and double-stranded DNA (dsDNA), 
respectively. They are important for host defense 
against viruses and bacteria; however, in systemic 
lupus erythematosus, self-reactive anti-RNA and 
anti-dsDNA autoantibody–containing immune 
complexes (ICs) can act as their ligands. Evidence 
supports a role for TLR-7 in the initial loss of self-
tolerance and increased expression resulting in 
severe disease. In contrast, despite similar signaling 
pathways, elimination of TLR-9 across murine 
models results in aggressive lupus nephritis. This is 
due to the protective effect of  TLR-9 on excessive 
antibody switching to IgG and RNA specificity and 
the regulation of TLR-7 expression.  As reported  
in the study by Celhar et al, in the absence of  
TLR-9, both the TLR-7 protein and its ligands are 
increased, leading essentially to a TLR-7–driven 
autoimmune disease phenotype.

KEY POINTS 
•  Severe disease in TLR-9-/- Sle1 mice is associated with increased TLR-7 protein expression.

•  Increased TLR-7 in renal dendritic cells (DCs) precedes disease, implying their causative role.

•  TLR-9 deficiency drives B cell antibody specificity toward RNA-associated antigens.

• Increased TLR-7–reactive ICs and TLR-7 protein combine to drive severe disease in murine lupus models.

Toll-Like Receptor 9 Deficiency Breaks Tolerance 
to RNA-Associated Antigens and Up-Regulates 
Toll-Like Receptor 7 Protein in Sle1 Mice
Celhar et al, Arthritis Rheumatol 2018;70:1597–1609.
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Clinical Connections

Shepherd et al, Arthritis Rheumatol 2018;70:1577–1587.

CORRESPONDENCE
Colin Shepherd, PhD:  colin.shepherd@ncl.ac.uk
John Loughlin, PhD:  john.loughlin@ncl.ac.uk

Functional Characterization of the Osteoarthritis 
Genetic Risk Residing at ALDH1A2 Identifies 
rs12915901 as a Key Target Variant

SUMMARY  
Retinoic acid has long been known as a critical regulator of skeletal formation during fetal and embryonic development. 
The results of a genome-wide association scan implicated genetic variation in the ALDH1A2 gene in hand osteoarthritis 
(OA) disease risk. ALDH1A2 encodes the RALDH2 enzyme, which converts retinaldehyde to retinoic acid. Genetic  
risk correlated with a decrease in ALDH1A2 gene expression in cartilage tissue samples from OA patients.

Shepherd et al functionally characterized the ALDH1A2 genetic risk locus in greater detail.  RNA sequencing in cartilage 
from OA patients and controls revealed that ALDH1A2 and several additional genes within the retinoic acid pathway were 
differentially expressed in OA samples.  The decrease in ALDH1A2 expression, which correlated with disease risk, was confirmed 
in cartilage and for the first time the correlation was observed in additional joint tissues and in trapezium tissue taken from 
patients with hand OA.  By reducing ALDH1A2 expression in chondrocytes in vitro, the expression of key chondrocyte genes 
decreased in response.  Further in vitro analysis identified a target single-nucleotide polymorphism (SNP),  rs12915901, which 
recapitulated the decrease in gene expression.  The Ets family of transcription factors were identified as potential regulators of  
this effect, with strong Ets binding to the non-risk allele of rs12915901 (G), while no binding to the risk allele (A) was observed.

These data further implicate retinoic acid and the wider retinoic acid pathway in OA.  As a consequence of 
perturbation of the retinoic acid pathway,  expression of key cartilage genes is altered, which may cause pathologic 
changes to cartilage integrity over time.  This work suggests that the retinoic acid pathway may be exploited for 
therapeutic benefit in hand OA patients. 

KEY POINTS 
•  Hand OA risk correlates with a decrease in 

expression of ALDH1A2, which is the gene encoding 
the retinoic acid–synthesizing enzyme RALDH2.

•  Several genes associated with the retinoic
acid pathway, including ALDH1A2, are
differentially expressed between OA and
control cartilage tissues.

•  The chondrocyte transcriptional profile
is altered when ALDH1A2 expression is
manipulated in vitro.

•  Differential binding of the Ets transcription
factors to the rs12915901 SNP likely mediates
this disease-associated process. 

https://onlinelibrary.wiley.com/doi/10.1002/art.40545
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REVIEW

The Eyes Have it

A Rheumatologist’s View of Uveitis

James T. Rosenbaum1 and Andrew D. Dick2

Uveitis is defined as intraocular inflammation. It
is an extraarticular manifestation of many forms of joint
disease, which include spondyloarthritis, juvenile idio-
pathic arthritis, and Behc�et’s disease. Rheumatologists
may be asked to consult on the ophthalmologic care of
patients with uveitis in order to identify an associated
systemic illness. Diagnoses such as spondyloarthritis,
sarcoidosis, and interstitial nephritis with uveitis are
frequently overlooked by referring ophthalmologists.
Alternatively, rheumatologists may be asked to help man-
age the patient’s immunosuppression, including biologic
therapy, which can be required to treat a subset of
patients with uveitis. This review is intended to provide
rheumatologists with the necessary information to facili-
tate collaboration in the comanagement of patients with
uveitis.

Imagine a symphony orchestra in which the con-
ductor cannot coordinate the play of the wind instru-
ments with the strings or percussion. Imagine a
basketball or soccer team that has not mastered the

concept of passing the ball. Imagine an epidemiologic
study in which the statisticians and those who conceptu-
alized the study each had a different understanding of
the study’s purpose. Many endeavors represent a gestalt
for which the anticipated goal requires multiple parts,
and the whole is greater than the sum of those parts.
Since rheumatologists see patients with multisystem dis-
ease, they are well aware of this need for collaboration.

Uveitis, also known as intraocular inflammation,
is a prototypical illness that begs for collaboration.
Uveitis is often best assessed and optimally treated by
an interdisciplinary team. In this review, we seek to
prepare rheumatologists with the information necessary
to help facilitate the success of this collaborative effort.

Background

The term uvea derives from the Latin word for
grape. The Roman anatomists felt that peeling away
the outer layer of the eye, the cornea and sclera, left a
grape-like structure: the iris, ciliary body, and choroid
(Figure 1). Any portion of the uvea can be inflamed,
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and often the inflammation involves adjacent structures
(Figure 2). Anatomic subsets of uveitis include iritis
(synonymous with anterior uveitis), iridocyclitis, inter-
mediate uveitis, posterior uveitis (such as choroiditis,
retinochoroiditis, and chorioretinitis), and panuveitis.
Just as an increased number of leukocytes in the syno-
vial fluid is indicative of synovitis, so is an increase in
leukocytes in either the aqueous humor or vitreous
humor taken as evidence of uveitis, even though nei-
ther the anterior chamber, which is filled with aqueous
humor, nor the vitreous cavity is technically a part of
the uveal tract.

Uveitis has a prevalence of roughly 1 per 1,000
individuals (1). Several forms of uveitis are episodic, and
the prevalence is usually stated as a point prevalence,
meaning that active disease was present at the time of
the survey. Despite its relative rarity, uveitis accounts for
approximately the same amount of visual morbidity as
either macular degeneration or diabetic retinopathy (2),
although the latter 2 diseases are generally more com-
monly recognized by the public as major causes of visual
loss. The duration of some subsets of uveitis probably
accounts for this paradox. Both macular degeneration
and diabetic retinopathy are diseases that occur toward
the end of life. In contrast, uveitis might start in child-
hood or early adulthood and persist through decades.

The uveitis–rheumatology interface

Patients with uveitis often do need a rheuma-
tologist. As shown in Table 1, many systemic rheu-
matic diseases can involve both the joints and the uveal
tract. Furthermore, most forms of uveitis are immune-
mediated and respond to immunosuppression, a type
of therapy that is outside the expertise of most
ophthalmologists.

Just as arthritis has multiple causes, several etio-
logic factors have been identified in uveitis. Broad etio-
logic categories are provided in Table 2. The majority
of patients with uveitis have an immune-mediated pro-
cess. This is supported by observations of leukocytes in
the eye, and by the known ability to produce uveitis in
laboratory animals by stimulating the immune response.
However, just as the preferred approach to therapy dif-
fers between systemic lupus and rheumatoid arthritis,
even though both are immune-mediated, so it is likely
that the preferred treatment for a form of uveitis, such
as that secondary to juvenile idiopathic arthritis (JIA),
will differ from the optimal therapy for another form
of uveitis, such as that secondary to sarcoidosis. Cur-
rently, however, most therapy for noninfectious uveitis
is determined more by the severity and anatomic loca-
tion of the uveitis, rather than its etiology, although
some notable exceptions are slowly emerging.

Figure 1. Anatomy of the eye. The uveal tract includes the iris, ciliary body, and choroid.
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Although case reports rarely elucidate pathogen-
esis, the disease course documented in a physician who
survived Ebola infection may reveal clues about the
intersection between uveitis and rheumatic diseases (3).
The patient contracted Ebola in Africa and was flown
to Atlanta for care. Although he experienced multior-
gan failure, he survived. Fourteen weeks after presenta-
tion, this patient exhibited a severe uveitis, and the
treating physicians were able to recover the Ebola virus
from his eye, presumably because the eye is an immune-
privileged site. The virus was no longer detectable in the
blood. At the time that the uveitis developed, he also had
low back pain and enthesitis, symptoms suggestive of a
spondyloarthropathy, although the uveitis was intermedi-
ate and posterior, locations which are not typically
inflamed with ankylosing spondylitis.

When joint swelling is present, we narrow the
differential diagnosis on the basis of relevant

parameters, such as determination of which joints are
involved, whether the disease is symmetric or asymmet-
ric, whether the onset was acute or insidious, and the
patient’s age and sex. Similarly, subsets of uveitis are
recognized by such variables as the specific anatomic
portion of the uveal tract that is inflamed, whether the
disease is unilateral or bilateral, whether the inflamma-
tion is chronic or episodic, whether onset began sud-
denly or insidiously, and, of course, the patient’s age
and sex.

Both Behc�et’s disease and ankylosing spondylitis,
for example, are associated with uveitis. In patients with
Behc�et’s disease or ankylosing spondylitis, low back pain,
peripheral arthritis, and diarrhea have been observed.
Oral sores are often present in patients with HLA–B27–
associated reactive arthritis, just as they are present in
Behc�et’s disease. However, the uveitis associated with
ankylosing spondylitis almost always affects only one eye

Figure 2. A, Anterior uveitis is defined as inflammation of the iris and/or ciliary body. B, Intermediate uveitis is diagnosed when inflammatory
cells in the vitreous humor are the predominant finding. C, Posterior uveitis is diagnosed if the retina and/or choroid are inflamed. D, Panuveitis is
diagnosed if inflammation is present in the anterior uvea, the vitreous humor, and the retina or choroid. It is also possible to have anterior and
intermediate uveitis if the retina and choroid are not involved, or to have intermediate and posterior uveitis if inflammation in the anterior cham-
ber is minimal or nonexistent.
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at a time, lasts no longer than 3 months, predominantly
affects the anterior uveal tract, may cause hypopyon (pus
in the anterior chamber of the eye; see Table 3 for a

glossary of relevant terms), and tends to be recurrent (4).
The uveitis associated with Behc�et’s disease is also recur-
rent, but rarely does the eye remain completely unin-
flamed between attacks. The uveitis associated with
Behc�et’s disease is usually bilateral. Moreover, it tends to
manifest as both an anterior and an intermediate uveitis
(intermediate uveitis being recognized by leukocytes in
the vitreous humor) or a panuveitis, often with retinal vas-
culitis.

While both Behc�et’s disease and ankylosing
spondylitis may cause hypopyon, the eye of a patient
with ankylosing spondylitis and hypopyon is red, tender,
and sensitive to light; fibrin is frequently present in the
anterior chamber. In contrast, hypopyon in association
with Behc�et’s disease does not necessarily cause pain
or redness, and fibrin is rarely present. In some in-
stances, the medical history alone can help distinguish
the 2 entities, since review of a patient’s history will
usually help determine whether one or both eyes are
affected or will help ascertain the duration of the eye
inflammation. However, other subtleties, such as the
presence of retinal vasculitis, require examination by an
eye specialist for detection. Thus, the ophthalmologist
potentially can help the rheumatologist make a
diagnosis, and the rheumatologist can assist the

Table 1. Differential diagnosis of uveitis in association with arthritis*

Diagnosis Comments

Adverse reaction to medication Drugs include TNF inhibitors, intravenous bisphosphonates, and checkpoint inhibitors.
Ankylosing spondylitis Affects ~40% of patients; usually unilateral, sudden onset, anterior, and recurrent.
Behc�et’s syndrome Affects ~60–80% of patients; usually bilateral, recurrent, and often severe, with associated retinal vasculitis.
Blau syndrome and other
autoinflammatory syndromes

In Blau syndrome, uveitis is a common manifestation of an uncommon disease, and usually occurs
bilaterally with chorioretinitis; optic nerve edema or uveitis are also reported in NOMID or other
autoinflammatory syndromes.

Crohn’s disease Uveitis and scleritis can be associated, often along with skin and joint disease; phenotype of uveitis resembles
PsA with uveitis phenotype.

Juvenile idiopathic arthritis In the pauciarticular, early-onset, ANA-positive subset, usually occurs as a bilateral, insidious-onset chronic
anterior uveitis; uveitis is also associated with juvenile ankylosing spondylitis or juvenile-onset PsA.

Kawasaki disease and, in rare
cases, other forms of
vasculitis

Bilateral, mild anterior uveitis in association with conjunctivitis. Other forms include PAN, GPA, LCV, or
GCA, but they very rarely cause uveitis.

Lyme disease Rare, but is a reported cause of uveitis.
Psoriatic arthritis Affects ~7% of patients with PsA; can be bilateral, chronic, anterior, intermediate, and insidious in onset.
Reactive arthritis Conjunctivitis is a classic eye manifestation, but a sudden-onset, unilateral, anterior uveitis has been well

described.
Relapsing polychondritis Can cause iritis, episcleritis, or scleritis.
Rheumatic fever Very rarely associated with uveitis.
Sweet’s syndrome Rarely reported with uveitis.
Systemic lupus erythematosus Rarely causes uveitis or optic neuritis; often causes lacrimal gland disease; can cause cotton wool spots or

choroidal vasculopathy.
Ulcerative colitis Uveitis or scleritis is less common than with Crohn’s disease, but is clearly associated.
Whipple’s disease Vitreous humor inflammation can be associated.

* Although this list includes rare causes of arthritis and uveitis, such as Blau syndrome or Whipple’s disease, it does not include everything within
the differential diagnosis. For example, tuberculosis could cause uveitis and arthritis simultaneously, and some patients with arthritis of unknown
cause also develop uveitis. TNF = tumor necrosis factor; NOMID = neonatal-onset multisystem inflammatory disease; PsA = psoriatic arthritis;
ANA = antinuclear antibody; PAN = polyarteritis nodosa; GPA = granulomatosis with polyangiitis; LCV = leukocytoclastic vasculitis; GCA = giant
cell arteritis.

Table 2. Broad categories of disease associated with uveitis*

Disease category Comments

Infections Includes viruses such as HSV, VZV, and CMV;
also includes syphilis, toxoplasmosis, and
tuberculosis, among other infections.

Masquerade
syndromes

Includes B cell lymphoma, leukemia, and retinal
detachments.

Medication
reactions

See Table 1.

Ocular syndromes Includes birdshot retinochoroidopathy, pars
planitis, acute multifocal placoid pigmentary
epitheliopathy, and multifocal choroiditis with
panuveitis.

Systemic immune-
mediated
diseases

In addition to those listed in Table 1, also
includes multiple sclerosis, tubulointerstitial
nephritis with uveitis, and Vogt-Koyanagi-
Harada syndrome.

Trauma Penetrating trauma can cause sympathetic
ophthalmia; surgical trauma, as in cataract
surgery, usually causes some self-limited
inflammation.

“Idiopathic” Also called primary or undifferentiated uveitis;
probably the most common diagnosis in a
uveitis clinic.

* HSV = herpes simplex virus; VZV = varicella zoster virus; CMV =
cytomegalovirus.
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ophthalmologist in differential diagnosis of the sys-
temic disease and collaborate with the management of
immunosuppression.

The coexistence of uveitis and arthritis is not
well understood, despite how frequently it occurs, as is
shown in Table 1. Some specific forms of uveitis are
discussed in Table 4. Both the eye and the joint share
some biochemical similarities, such as the presence of
hyaluronic acid, type II collagen, and aggrecan. Uveitis
and arthritis also occur together in several animal mod-
els, such as in the SKG mouse model of arthritis (5),
adjuvant arthritis in rats (6), and aggrecan-induced
arthritis in BALB/c mice (7). Their coexistence suggests
a shared pathogenesis, but in the aggrecan-induced
arthritis model, the mice, which do not produce inter-
feron-c, develop a far more severe uveitis, whereas
arthritis in these mice is dramatically ameliorated (7).

Similarly, characterizing the genetics of the uveitis asso-
ciated with HLA–B27 shows that ankylosing spondylitis
and acute anterior uveitis share a variety of predispos-
ing genes, such as HLA–B27 itself, the interleukin-23
receptor (IL-23R), and endoplasmic reticulum ami-
nopeptidase 1. At the same time, there are identifiable
genes, such as IL-6R and IL-18R1 (and probably IL-
10), that seem to influence solely the susceptibility to
acute anterior uveitis (8).

Differential diagnosis and laboratory testing

The heterogeneity of uveitis has multiple impli-
cations. In terms of differential diagnosis, it is obviously
critical to distinguish an infection from an immune-
mediated cause of uveitis. Some infections, such as
syphilis and tuberculosis, can be quite variable in terms
of their presentation within the eye, and these types of
infections are frequently entered into the differential
diagnosis. Some of the more common infectious causes
of uveitis include herpes simplex, herpes zoster, toxo-
plasmosis, and cytomegalovirus (the latter usually
occuring in an immunocompromised host). Most infec-
tions of the uveal tract cause characteristic changes that
can be recognized with a slit lamp examination or with
indirect ophthalmoscopy. The “partnership” between a
rheumatologist and ophthalmologist is, in our opinion,
such that the rheumatologist must trust that the oph-
thalmologist has excluded infection as a potential etio-
logic factor; both specialists must be aware that a
patient who fails to respond to immunosuppression
could have an overlooked infectious cause for his or
her disease.

Likewise, 2 other etiologic factors, masquerade
syndromes and drug-induced disease, are relatively
rare, but each has a distinct therapeutic implication.
The most common uveitis “masquerade” is probably a
B cell lymphoma that is usually confined to the brain
and the eye (9,10). It typically occurs bilaterally in
patients who are older than age 45 years. This diagno-
sis can be easily missed. Medications do not usually
cause uveitis, but possible culprits may include intra-
venous bisphosphonates (11), tumor necrosis factor
(TNF) inhibitors (12), checkpoint inhibitors (13), and
several antibiotics (14).

In rheumatology, distinguishing gout from rheu-
matoid arthritis as a cause of joint swelling will mark-
edly change the therapeutic strategy. Most forms of
noninfectious uveitis are approached with the use of a
treatment algorithm that is not impacted by the cause
of the uveitis. Two prominent exceptions are Behc�et’s
disease and the anterior uveitis associated with JIA.

Table 3. Glossary of terms often used by a uveitis specialist

Anterior uveitis:
Inflammation predominantly anterior to the lens of the eye.

Band keratopathy:
Deposition of calcium in the corneal epithelium. It is a common
finding in the uveitis associated with juvenile idiopathic arthritis.

Cystoid macular edema:
A common complication of uveitis that affects central vision and is
often treated by a local injection of corticosteroid.

Flare:
The diffraction of the slit lamp beam caused by the increased
protein in the anterior chamber that results when the blood
aqueous barrier is disrupted, as in anterior uveitis.

Intermediate uveitis:
Inflammation predominantly in the vitreous humor. Technically,
neither the vitreous humor nor the anterior chamber is a part of
the uveal tract, but leukocytes in either usually indicate a uveitis,
just as cells in the synovial fluid usually indicate a synovitis.

Keratic precipitates:
The concretions of cells adherent to the endothelium of the
cornea, as seen with a slit lamp examination. Large concretions
are called “granulomatous” and are seen in such diseases as
sarcoidosis, tuberculosis, and herpes zoster infection.

Panuveitis:
Inflammation simultaneously in the anterior chamber, the vitreous
humor, and the retina and/or choroid.

Posterior synechiae:
The adherence of the iris to the lens. This is a nonspecific finding
that is nonetheless much more common in some forms of uveitis
(such as that associated with HLA–B27 or in sarcoidosis) than in
others.

Posterior uveitis:
Inflammation that involves the choroid and often adjacent
structures, such as the retina.

Retinal vasculitis:
An abnormality of retinal vessels, such as increased vascular
permeability. Retinal vasculitis is a common feature of many
forms of uveitis and does not correlate well with the occurrence
of a systemic vasculitis.

SUN criteria:
An acronym for the Standardization of Uveitis Nomenclature, an
international consortium that helped to define terms related to
uveitis.
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Table 4. Forms of uveitis of potential special interest to rheumatologists*

Diagnosis Comment Laboratory testing

Behc�et’s disease Typically a bilateral, recurrent, potentially blinding
panuveitis associated with retinal vasculitis.

No definitive test; strictly a clinical diagnosis.

Birdshot retinochoroidopathy A chronic, bilateral intermediate and posterior uveitis
very strongly associated with HLA–A29 and
frequently treated by long-term
immunosuppression.

Almost all patients are HLA–A29 positive.

Blau syndrome A very rare autosomal-dominant form of uveitis
associated with mutations in the nucleotide binding
domain of NOD2, a gene that codes for an
important component of the innate immune system
which recognizes the bacterial cell wall.

Genotyping identifies the mutations known to be
associated with this syndrome.

HLA–B27 related uveitis Typically, a sudden-onset, self-limited (resolves within
3 months), anterior, recurrent, unilateral uveitis.
Most uveitis from any cause is anterior, and 50%
of those with a sudden onset of anterior uveitis are
HLA–B27 positive, most of whom have some form
of spondyloarthropathy. Usually can be managed
by topical corticosteroids.

HLA–B27 typing; sacroiliac imaging to help diagnose
associated spondyloarthritis.

Idiopathic uveitis The most common diagnosis made in most series of
patients from a uveitis clinic. The term is used to
mean a form of uveitis that does not fit a
diagnostic niche. Other suggested terms include
nonclassifiable, undifferentiated, or primary (as
opposed to secondary to another condition, such as
ankylosing spondylitis).

A diagnosis made when all other diagnoses have been
excluded.

JIA-associated uveitis Characteristically, a bilateral, insidious-onset, chronic
(lasting longer than 3 months), anterior uveitis,
especially likely to occur in patients with JIA who
have a pauciarticular, early-onset, ANA-positive
form of arthritis.

A positive ANA finding is supportive of the
diagnosis, but is neither sensitive nor specific.

Pars planitis A relatively common form of uveitis that usually
begins insidiously and causes inflammation in the
vitreous humor, resulting in prominent floaters
(however, the majority of patients with floaters do
not have pars planitis). The disease is named for
the pars plana, an anatomic area immediately
posterior to the ciliary body and a site where
leukocyte concretions are found in this disease.

A clinical diagnosis based on the location of
inflammation; occasionally associated with multiple
sclerosis, for which a brain MRI is sometimes
obtained.

Primary intraocular lymphoma A very rare form of uveitis, usually occurring in
individuals older than age 45 years, and presenting
as bilateral cells in the vitreous humor, sometimes
with subretinal infiltrates, and often in association
with central nervous system lymphoma.

Definitive diagnosis is made by characterization of
malignant cells in the vitreous humor or on retinal
biopsy.

Sarcoidosis A form of uveitis with “promiscuous” or highly varied
presentations, ranging from anterior uveitis to
retinal vasculitis with or without chorioretinal
lesions. Ocular inflammation and pulmonary
disease are the 2 most common initial
manifestations of sarcoidosis, and it accounts for a
relatively common systemic illness among patients
in a uveitis clinic.

Chest computed tomography is the most sensitive
test. Biopsy is rarely required if symmetric hilar or
mediastinal adenopathy is present. Testing for
levels of ACE, lysozyme, and interleukin-2 receptor
has questionable specificity and limited sensitivity.

Syphilis Late secondary or tertiary syphilis are in the
differential diagnosis for any patient labeled as
having “idiopathic” uveitis.

FTA or comparable test is preferred. RPR can be
negative in up to 40% of patients with uveitis
secondary to syphilis.

Tubulointerstitial nephritis with
uveitis

A form of uveitis that is typically sudden in onset,
bilateral, and mostly anterior with a variable
amount of vitreous humor inflammation. The
disease has an extremely strong association with
HLA–DRB1*0102. Patients are typically
systemically ill with fever, myalgias, and arthralgias
as well as a markedly elevated sedimentation rate.

Elevation of urine b2-microglobulin levels is a
sensitive way to support the diagnosis. Renal biopsy
is definitive but often not required. Serum blood
urea nitrogen or serum creatinine levels have
limited sensitivity.
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For Behc�et’s disease, a monoclonal antibody that inhib-
its TNF is used frequently, because of its dramatic
efficacy (15). For the anterior uveitis associated with
JIA, the more frequent use of methotrexate and/or a
TNF inhibitor such as adalimumab has improved the
prognosis markedly for this disease (16).

The above considerations regarding differential
diagnosis obviously could impact the search for an eti-
ology. The rheumatologist is often tasked with finding
a systemic immune-mediated cause, but should not be
the practitioner who diagnoses an infection or masquerad-
ing malignancy as the cause. As is true of differ-
ential diagnosis in general, the history is key, and
pattern recognition aids greatly in the goal. Some forms
of uveitis, such as Behc�et’s disease or Vogt-Koyanagi-
Harada (VKH) syndrome, are clinical diagnoses that
lack a definitive diagnostic laboratory test. Other diag-
noses, like Crohn’s disease, ulcerative colitis, or sar-
coidosis, can be established or supported by biopsy or
imaging, but the procedure may be too costly, too toxic
(radiation from a computed tomography [CT] scan of a
young person), too unlikely to yield positive results, or
too uncomfortable (colonoscopy) to recommend on a
routine basis. Our practice is to choose tests selectively
based on clues gained from the examination or history.
For example, multiple areas of serous elevation of the
retina can be detected on examination and confirmed
by testing with such techniques as optical coherence
tomography or fluorescein angiography. The finding is
suggestive of a diagnosis of VKH.

The most common systemic disease associated
with uveitis is spondyloarthritis. Approximately one-half
of all patients with sudden-onset, noninfectious, anterior
uveitis in Europe or North America are HLA–B27 posi-
tive (17). Recent studies, one from an emergency room
in Dublin, Ireland (18) and another from Spain involving
798 subjects and a collaboration between rheumatolo-
gists and ophthalmologists (19), concluded that roughly
80% of patients with B27-associated acute anterior uve-
itis have axial spondyloarthritis based on the Assessment
of SpondyloArthritis international Society criteria. This
observation was attained even though both studies
excluded any patient with uveitis who had a known
spondyloarthropathy. Spondyloarthritis is less common
among those who have anterior uveitis and are HLA–
B27 negative, but the diagnosis remains surprisingly fre-
quent (19). Older studies using more stringent criteria to
diagnose spondyloarthritis had also concluded that
spondyloarthropathy was endemic among patients with
anterior uveitis (4,20). Rheumatologists who are un-
aware of this association will frequently fail to recognize
the clinical significance of the chronic inflammatory back
pain that afflicts many individuals with anterior uveitis.

Another critical cause of uveitis to appreciate is
sarcoidosis. In a study from the Cleveland Clinic, 57%
of women older than age 61 years with idiopathic uve-
itis had normal findings on chest radiography but had
chest CT evidence of sarcoidosis (21). We recently
found a similar, slightly lower yield by performing chest
CT on patients older than age 40 years with idiopathic

Table 4. (Cont’d)

Diagnosis Comment Laboratory testing

Tuberculosis A rare form of uveitis in the US, but a very common
form of uveitis in countries such as India or Saudi
Arabia. Also a very difficult diagnosis to confirm,
as the organism is rarely cultured from the eye.
The diagnosis should be considered if the patient
has a risk factor for tuberculosis (such as being
born outside the US or a history of incarceration)
or if the illness does not respond to
immunosuppression such as oral corticosteroids.

Culture is the ideal confirmatory test, but it is often
negative. PCR, when available, is a good
alternative. Interferon-c release assays and skin test
responses are useful in confirming exposure to
tuberculosis, but neither establishes whether active
infection is present.

Vogt-Koyanagi-Harada syndrome An autoimmune form of uveitis with the triggering
antigen putatively being tyrosinase. Patients are
almost always either Asian or native American or
are Spanish speaking. The uveitis is a bilateral,
severe panuveitis with serous retinal elevation.
Additional symptoms may include headache,
meningismus, eight nerve abnormalities, and
vitiligo.

Fluorescein angiography and/or optical coherence
tomography should show characteristic serous
elevation of the retina.

Whipple’s disease A rare but treatable cause of uveitis in association
with arthritis. The presentation in the eye is
generally cells in the vitreous humor.

Identification of the causative organism, Tropheryma
whippeli, in the vitreous humor or elsewhere.

* JIA = juvenile idiopathic arthritis; ANA = antinuclear antibody; MRI = magnetic resonance imaging; ACE = angiotensin-converting enzyme;
FTA = fluorescent treponemal antibody; RPR = rapid plasma reagin; PCR = polymerase chain reaction.
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uveitis (22). In addition, we noted that 21% of those
discovered to have sarcoidosis on chest CT also had
cardiac sarcoidosis with associated ventricular tachycar-
dia (22). Thus, recognition of the systemic illness had
potentially life-saving implications. A study from Japan
reached a similar conclusion about uveitis and cardiac
sarcoidosis (23).

While most systemic rheumatic diseases associ-
ated with uveitis, such as Behc�et’s disease, are diagnosed
on the basis of the clinical presentation, tubulointerstitial
nephritis with uveitis (TINU) is another of those easily
overlooked entities. Rheumatologists might be asked to
see a patient with TINU because the patient has redness
in both eyes and photophobia from the anterior uveitis,
and the patient is typically systemically ill with fever,
myalgias, a markedly elevated erythrocyte sedimentation
rate, mild anemia, and mildly abnormal liver enzyme
levels (24,25). Unless one is cognizant of the diagnosis
and requests a measurement of b2-microglobulin levels
in the urine, the diagnosis is frequently overlooked.

In virtually every series of patients with uveitis,
a diagnosis of “idiopathic” disease is the most common
etiology noted (26). Other terms to describe idiopathic
uveitis include nonclassifiable disease, primary uveitis,
or undifferentiated disease (27).

Despite the breadth of the differential diagnosis
for uveitis, the rheumatologist should be able to take a
relatively targeted approach to laboratory testing (28).
The initial examination by the ophthalmologist should
reveal any suspicion of a masquerade syndrome or an
infectious cause. The detailed history should point to
most of the possible associated systemic immune-
mediated diseases. If the history and clinical examina-
tion have failed to point to a probable cause, we screen
for syphilis, since this infection can be latent for many
years and its uveal manifestations are protean.

In addition, we obtain a chest radiograph, as sar-
coidosis might be asymptomatic in the lungs and this is
also useful as a screen for tuberculosis. The sensitivity of
chest radiography for either ocular tuberculosis or sar-
coidosis is probably 50% or lower. Because of the poten-
tial exposure to extensive radiation, we usually do not
obtain a chest CT scan to search for sarcoid, unless the
patient is more than 40 years of age (22). In the US, we
also do not screen for tuberculosis exposure, unless the
patient has a specific risk factor for tuberculosis, such as
birth outside the US or a history of incarceration (29).
Additional tests might be useful to monitor therapy,
such as a complete blood cell count and metabolic
panel. Targeted testing is also useful if the presentation
suggests a specific entity. For example, we often test for
HLA–B27 if the patient presents with unilateral, acute,

anterior uveitis. We check urine for the levels of
b2-microglobulin in patients who present with a bilateral,
sudden-onset, anterior uveitis. We consider a diagnosis
of multiple sclerosis if the patient relates the presence of
neurologic symptoms that might be explained by this
diagnosis.

Therapy

The heterogeneity of uveitis has impacted the
ability to design clinical trials. The relative rarity of
vision-threatening uveitis is such that different etiologies
are usually combined into a single clinical trial. However,
the manifestations of a disease such as birdshot retino-
choroidopathy are such that the end point for treatment
differs greatly from the end point for treatment of an
inflammation-related entity such as Behc�et’s disease.
This challenge in trial design may have contributed to
the failure of promising therapies, such as voclosporine
(a congener of cyclosporine), secukinumab (anti–IL-
17A) (30,31), gevokizumab (anti–IL-1b) (32), or intravit-
real rapamycin (33), to show consistent benefit in clinical
uveitis trials.

Most practitioners treat uveitis, especially ante-
rior uveitis, initially with topical corticosteroids. Al-
though these are frequently effective, their penetration
posterior to the lens is limited. In addition, use of topical
corticosteroids can be complicated by cataractogenesis
or elevated intraocular pressure. One formulation,
difluprednate, has greater ability to treat inflammation
posterior to the lens, but it also has a greater tendency to
cause a cataract or glaucoma. If topical corticosteroids
fail, a locally injected corticosteroid such as triamcin-
olone can be useful. However, in addition to being an
uncomfortable injection, risks include cataract, glau-
coma, lid ptosis, and, in rare instances, retinal detach-
ment. Triamcinolone can be injected directly into the
vitreous humor, where it has increased benefit and
increased risk of intraocular infection or hemorrhage.
Oral corticosteroids represent an additional option, but
long-term use has toxic effects that are well known to
rheumatologists (34). Antimetabolites, including myco-
phenolate mofetil, methotrexate, and azathioprine, are
popular corticosteroid-sparing drugs that are often uti-
lized by uveitis experts (35). Additional options include
calcineurin antagonists such as cyclosporine or tacroli-
mus (36), alkylators like cyclophosphamide, or long-last-
ing corticosteroid implants delivered either by surgery or
injection.

The rheumatologist has a major role to play in
managing the therapy in a subset of patients with ocu-
lar inflammatory disease. Many ophthalmologists are
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comfortable prescribing oral corticosteroids but rarely
resort to steroid-sparing medications (37). The dosage
of prednisone or its equivalent is often such that the
treatment has considerable morbidity. A National
Institutes of Health–sponsored trial known as MUST
(Multicenter Uveitis Steroid Treatment) for patients
with noninfectious, intermediate posterior uveitis or
panuveitis recently showed the superior efficacy of sys-
temic immunosuppression, as with antimetabolites,
compared to a sustained release of fluocinolone into
the vitreous humor of the eye. This conclusion was
based on findings of visual acuity testing after 7 years
of follow-up (38).

Progress in the approval of new therapies for uvei-
tis is hampered by the relative rarity of specific forms of
uveitis, by the variety of presumed causes, and by the
heterogeneity of outcomes that might define successful
therapy. In 2 time-to–treatment failure trials reported in
2016, adalimumab showed a clear-cut benefit in the
treatment of noninfectious intermediate, posterior uvei-
tis or panuveitis (39,40). In most instances, adalimumab
is indicated for patients whose previous treatment with
oral corticosteroids was unsuccessful, as well as for
patients who have failed treatment with another oral
immunosuppressant, such as methotrexate or mycophe-
nolate mofetil. The responsiveness of Behc�et’s disease to
adalimumab or infliximab is such that physicians some-
times consider the use of such therapy without conduct-
ing a trial of an antimetabolite (41). Multiple sclerosis
(MS) can be associated with intermediate uveitis (42).
Since a diagnosis of MS is a relative contraindication to
TNF inhibitor therapy, this diagnosis may need to be
excluded prior to the initiation of adalimumab therapy
for uveitis.

It is rare to prescribe a biologic agent for ante-
rior uveitis, since in most patients with anterior uveitis,
the disease can be controlled with topical medication
alone. An exception is the uveitis characteristically
associated with a subset of patients with JIA. The typi-
cal JIA patient with chronic uveitis develops the dis-
ease between ages 2 years and 8 years, and it affects a
few joints. The majority of JIA patients are antinuclear
antibody positive and are female. The SYCAMORE
study tested the efficacy of adalimumab for patients
with JIA whose uveitis was active despite treatment
with methotrexate and topical corticosteroids (43). The
trial was halted early, since the evidence of benefit was
apparent. Another randomized controlled trial used a
different outcome measure, quantification of protein in
the anterior chamber of the eye, and also concluded
that adalimumab was useful for the chronic anterior
uveitis associated with JIA (44).

These successes have encouraged additional uve-
itis trials, such as one assessing the benefit of the JAK
inhibitor filgotinib for indications similar to those sup-
porting the use of adalimumab. Many emerging biolog-
ics, however, have not been studied rigorously for
possible benefit in the treatment of uveitis. Moreover,
although uveitis is increasingly targeted in therapeutic
trials, a search of the ClinicalTrials.gov website (http://
www.clinicaltrials.gov) in February 2018 identified only 7
current or prior randomized controlled trials involving
patients with uveitis. A similar search for clinical trials in
patients with rheumatoid arthritis identified 54 trials.
Finally, although some ophthalmologists are comfort-
able prescribing immunosuppression without close physi-
cian collaboration, virtually all ophthalmologists lack an
infrastructure that is prepared to deal with the systemic
infectious complications, which are rare but unavoidable
when one suppresses the immune system.

To aid physicians who care for patients with uve-
itis, several international groups have recently offered
guidelines to assist in the care of patients with ocular
inflammatory diseases (45,46). The FOCUS (Fundamen-
tals of Care for Uveitis) group consisted of 146 interna-
tional experts who graded the strength of the evidence
and who used consensus methodology (45).

Patients with spondyloarthritis tend to have re-
current episodes of uveitis. As most of these episodes
are anterior, last for no more than 3 months, and can
be managed with topical corticosteroids alone, the issue
of prophylaxis often does not arise. Several medications
do reduce the frequency of uveitis. The use of sul-
fasalazine to prevent attacks of uveitis in patients with
spondyloarthritis is supported by the results of random-
ized controlled trials (47,48). Monoclonal antibodies
that neutralize TNF, especially adalimumab or inflix-
imab, also prevent attacks of uveitis (49), but these
treatments are generally not prescribed if the sole rea-
son is to prevent attacks of anterior uveitis. At this
time, extensive data on how treatments such as secuk-
inumab or tofacitinib affect recurrent uveitis in patients
with spondylitis have not been published.

In the future, therapies delivered locally to the
eye might become the treatment of choice for ocular
inflammation. Locally injected corticosteroid into the
eye itself can be very effective, but the therapy is limited,
in part because the medication frequently causes cataract
and glaucoma. Gene therapy for inherited retinal degen-
eration has now been approved by the US Food and
Drug Administration and is successful, in part, because
the injected gene enters a confined space with minimal
worries about expression in other tissues (50). In contrast
to that in polyarticular rheumatoid arthritis, successful
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gene therapy for ocular inflammation needs to target no
more than 2 locations. In the decades ahead, 1 or
more locally delivered inhibitors of inflammation might
become the standard of care for uveitis.

Conclusions

We recognize the challenges in attempting to
familiarize oneself with a group of diseases that one
cannot fully assess by using the tools in a conventional
rheumatology clinic. Moreover, we empathize with the
time requirements that impair optimal management of
a patient whose illness requires at least 2 subspecialists
to confer. Mechanisms that facilitate communication
with an ophthalmologist include interdisciplinary clinics
and case conferences to discuss patients whose illness
lies in the interstices between these 2 disciplines. The
gratification of practicing medicine derives primarily
from the opportunity to improve the welfare of our
patients. That welfare is best served if we as rheumatol-
ogists share our knowledge and experience, while wel-
coming the collaboration of ophthalmologists who,
quite literally, have a different view of our patients and
their disease. Just as a conductor of a symphony or-
chestra coordinates multiple musicians, physicians can
and should achieve a similar collaboration.
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REVIEW

The Lung in Rheumatoid Arthritis

Focus on Interstitial Lung Disease

Paolo Spagnolo,1 Joyce S. Lee,2 Nicola Sverzellati,3 Giulio Rossi,4 and Vincent Cottin5

Interstitial lung disease (ILD) is an increasingly
recognized complication of rheumatoid arthritis (RA)
and is associated with significant morbidity and mortal-
ity. In addition, approximately one-third of patients have
subclinical disease with varying degrees of functional
impairment. Although risk factors for RA-related ILD
are well established (e.g., older age, male sex, ever smok-
ing, and seropositivity for rheumatoid factor and anti–
cyclic citrullinated peptide), little is known about optimal
disease assessment, treatment, and monitoring, particu-
larly in patients with progressive disease. Patients with
RA-related ILD are also at high risk of infection and
drug toxicity, which, along with comorbidities, compli-
cates further treatment decision-making. There are dis-
tinct histopathologic patterns of RA-related ILD with
different clinical phenotypes, natural histories, and prog-
noses. Of these, the usual interstitial pneumonia (UIP)
subtype of RA-related ILD shares a number of clinical

and histopathologic features with idiopathic pulmonary
fibrosis, the most common and severe of the idiopathic
interstitial pneumonias, suggesting the existence of com-
mon mechanistic pathways and possibly therapeutic tar-
gets. There remain substantial gaps in our knowledge of
RA-related ILD. Concerted multinational efforts by
expert centers has the potential to elucidate the basic
mechanisms underlying RA-related UIP and other sub-
types of RA-related ILD and facilitate the development of
more efficacious and safer drugs.

Introduction

Pulmonary involvement is a common extraarticular
manifestation of rheumatoid arthritis (RA) and occurs, to
some extent, in 60–80% of patients with RA (1,2). The
pulmonary disease associated with RA can affect any of
the lung compartments and can be either secondary to the
underlying RA or a complication of RA therapy, such as
opportunistic infection and drug toxicity. One particular
type of pulmonary involvement in RA is interstitial lung
disease (ILD), which is associated with significant morbid-
ity and mortality (3–5) and is the focus of this review.

Epidemiology and risk factors

The precise prevalence and incidence of RA-related
ILD are unknown but range from 1% to 58% depending
on the methodology used (1,4,6–10). Population-based
studies in the US suggest that the cumulative incidence of
clinically significant RA-related ILD (defined as abnormal
high-resolution computed tomography [HRCT] and lung
function tests with clinical manifestations of ILD) is 5% at
10 years (11), 6.3% at 15 years (12), and 6.8% over 30 years
of follow-up (1). Another study that reviewed US death
certificates in decedents with RA identified clinically signif-
icant ILD in 6.8% of women and 9.8% of men (4). How-
ever, studies that rely on medical records review and
medical coding are subject to reporting bias and generally
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include only patients with clinically significant disease.
Another factor that complicates determining the preva-
lence and incidence of RA-related ILD is that the ILD is
often underrecognized (13). Patients with RA who undergo
screening, regardless of the presence of symptoms, often
have radiologic abnormalities on HRCT, referred to as sub-
clinical ILD and/or interstitial lung abnormalities. The
prevalence of subclinical ILD is variable and ranges from
19% to 57% (10,14). These radiographic findings are
reported to be progressive in ~50% of cases (6) and are
associated with increased respiratory symptoms and im-
paired lung function (15). Nonetheless, tools are lacking to
predict the individual risk of progression to clinically signifi-
cant RA-related ILD.

There are several recognized risk factors for the
development of ILD in patients with RA. The most consis-
tently reproduced associations across studies include older
age (3,12,16), male sex (3,10,14), a history of ever smoking
(6,14,17), and seropositivity for rheumatoid factor (RF) or
anti–cyclic citrullinated peptide (anti-CCP) antibodies
(6,13,17). Interestingly, smoking is associated with both an
increased risk of RA (18) and a greater risk of developing
RA-related ILD (13,18). RA disease activity has also been
associated with the development of RA-related ILD,
although these associations are less clear (3,12).

Hypothetical mechanisms behind the concomitance of
joint and lung involvement

The mechanisms of ILD in RA are poorly under-
stood, but genetic and environmental factors are believed
to play a role (19,20). HLA–B54, HLA–DQ1B*0601,
HLA–B40, and the site encoding a-1 protease inhibitor are
associated with an increased risk of ILD in patients with
RA (19). In addition, a conserved amino acid sequence at
position 70–74 (QKRAA, RRRAA, or QRRAA) in the
HLA–DRb chain, referred to as the shared epitope (SE),
is shared between the RA-associated HLA–DR alleles
(21–23). Notably, the SE confers susceptibility to the devel-
opment of RA and is highly associated with the presence
of anti-CCP antibodies. Citrullination is the posttransla-
tional enzymatic conversion of arginine to citrulline. In
patients who also possess the SE, citrullinated residues
may act as neoepitopes that break immunologic tolerance
and become a target for autoimmunity (24,25). The site
where this initial event occurs is unknown, but evidence
points toward mucosal sites (26).

Two potential pathways linking joint and lung
involvement have been proposed (27). In one of the path-
ways, RA-related ILD would begin in the synovial tissue
following an immune response against citrullinated pro-
teins that subsequently cross-react with similar antigens in

the lung. The plausibility of this hypothesis stems from
the observation that the majority of patients with RA-
related ILD develop articular disease prior to lung
involvement. In such cases, lung histology would exhibit
an inflammatory non–usual interstitial pneumonia (non-
UIP) pattern of disease. In the second pathogenetic para-
digm, immune tolerance breakdown takes place in the
lung, and ILD (including UIP) triggers an immune
response against citrullinated proteins that secondarily
spreads to the joints. The observations that ILD might
precede extrapulmonary manifestations of RA by years
(6,10), that an increased number of citrullinated peptides
may be seen in the lung parenchyma of patients with RA-
related ILD, and that the lung might locally produce RA-
related autoimmunity lend support to this latter hypothe-
sis (28,29).

Smoking is believed to play a major role in the
pathogenesis of RA-related ILD. Lung injury from ciga-
rette smoking and other sources of oxidative stress may
contribute to citrullination of proteins and the creation of
new epitopes that trigger SE-restricted autoimmune
responses characterized by cellular infiltration and release
of profibrotic cytokines (e.g., interleukin-4 [IL-4], IL-13,
and transforming growth factor b [TGFb]), chemokines,
and growth factors such as vascular endothelial growth fac-
tor (VEGF) and platelet-derived growth factor (PDGF)
that promote fibroblast proliferation and differentiation to
myofibroblasts. However, smoking may also induce the
activation of profibrotic pathways through repetitive injury
to the alveolar epithelium. In turn, matrix metallopro-
teinases released from damaged epithelia may promote
further cellular recruitment and activation of cytokines and
profibrotic mediators, thereby amplifying the cross-talk
between inflammatory and tissue-remodeling pathways.

Clinical features

The clinical manifestations of RA-related ILD
resemble those of idiopathic interstitial pneumonias, although,
in contrast to patients with idiopathic interstitial pneumo-
nias, patients with RA-related ILD may remain asymp-
tomatic despite significant radiographic abnormalities.
The most common presenting symptoms include exer-
tional dyspnea, which, in patients with debilitating arthritis
pain may be masked by limited mobility and nonproduc-
tive cough. Physical signs of respiratory involvement may
be minimal or absent despite the presence of radiographic
abnormalities, but tachypnea and bibasilar inspiratory
crackles are common (30). Pleural rubs may also be heard,
and, in advanced disease, cyanosis, edema, and signs of
pulmonary hypertension (PH) may occur. As with other
connective tissue diseases (CTDs), in RA patients, PH
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should be suspected in the presence of symptoms or exer-
cise-induced arterial oxygen desaturation disproportionate
to the severity of lung involvement. Clubbing has been
reported in as many as 75% of patients with RA-associated
UIP but occurs significantly less frequently in those with
other patterns of RA-related ILD (31). The temporal rela-
tionship between articular disease and ILD is variable.
One study showed a median duration of 4.9 years from the
diagnosis of RA to the diagnosis of ILD (32), but lung dis-
ease may also precede the joint manifestations (33). The
severity and extent of lung involvement do not necessarily
correlate with the severity of RA, although high titers of
RF are a known risk factor for the development of ILD.

Disease phenotypes

There are well-recognized phenotypes among
patients with RA-related ILD. One of the more notable
distinctions that often is made is the relationship to the
UIP pattern of disease. Indeed, in contrast to patients
with other CTD-related ILDs (e.g., systemic sclerosis
[SSc], idiopathic inflammatory myositis, and mixed con-
nective tissue disease), in which a nonspecific intersti-
tial pneumonia (NSIP) pattern is most frequently seen,
patients with RA have the highest prevalence of a UIP
pattern (34), both pathologically and radiologically
(Table 1). Patients with RA-related ILD with a histo-
logic UIP pattern tend to be older, more frequently are
male, and more frequently are active or former smok-
ers compared with patients with RA-related ILD with a
non-UIP pattern (5,6,32,33). Other data suggest that
patients with RA-related ILD with a UIP pattern expe-
rience more respiratory system–related hospitalizations
(35) and worse survival compared with those with a
non-UIP pattern, although some of the data are mixed
(5,36,37).

Similar to idiopathic UIP (e.g., idiopathic pul-
monary fibrosis [IPF]), the clinical course of RA-related
UIP is highly variable and can be punctuated by episodes
of acute decompensation termed “acute exacerbations.”
In IPF, acute exacerbation is defined as a clinically signifi-
cant worsening (or development) of dyspnea and lung
function typically of <1 month duration, accompanied by
new widespread pulmonary infiltrates on chest radiogra-
phy or HRCT in the absence of cardiac failure and fluid
overload (38). There are no studies comparing the preva-
lence of acute exacerbation across the spectrum of CTD-
related ILD, but patients with a UIP pattern appear to be
at higher risk for this complication irrespective of the
underlying disease (39). In a retrospective study of 51
patients with RA-related ILD, acute exacerbation
occurred in as many as 22% (11 of 51 patients) during a

median follow-up period of 8.5 years, with a mortality rate
of 64% (7 of 11 patients) (40). As expected, patients who
experienced acute exacerbation had significantly worse
survival compared with those who did not have acute
exacerbation (P = 0.001). The overall 1-year incidence of
acute exacerbation was 2.8% (6.5% in the UIP group and
1.7% in the non-UIP group). Older age at diagnosis, UIP
pattern on HRCT, and methotrexate (MTX) treatment
were associated with the development of acute exacerba-
tion on univariate analysis, whereas the study was too
small to perform multivariate analysis (40).

Given the phenotype of UIP in RA-related ILD,
comparisons with IPF have been made. Patients with RA-
related ILD with a UIP pattern on HRCT have similar
age, sex distribution, and smoking history compared with
patients with IPF (5,27). The radiologic pattern of UIP in
RA-related ILD is also predictive of UIP on surgical lung
biopsy, similar to what has been demonstrated in IPF
(41). Finally, clinical predictors of mortality appear to be
similar between RA-related UIP and IPF (40). NSIP
occurs in approximately one-third of patients with RA-
related ILD (33) and is generally associated with a longer
duration of articular manifestations, a lower risk of dis-
ease progression, a better response to treatment, and bet-
ter overall outcomes compared with UIP (5,6,36,42). The
most common presenting symptoms are dyspnea and
cough that have developed over weeks to months. Occa-
sionally, patients initially diagnosed as having idiopathic
NSIP may develop RA over time (43). The clinical course
of RA-related NSIP is heterogeneous, with some patients
remaining relatively stable and others (a minority) experi-
encing rapid deterioration (40). In addition, less frequent
patterns of RA-related ILD include organizing pneumo-
nia, lymphocytic interstitial pneumonia, diffuse alveolar
damage, and desquamative interstitial pneumonia.

Imaging

Radiographic surveys for the presence of ILD are
insensitive and imprecise in patients with RA. In a
prospective study of asymptomatic patients with early dis-
ease, chest radiograph showed features of ILD in 6% of
patients, and HRCT showed such features in 33% of pa-
tients (10). Abnormal chest radiographs can show bibasilar
ground-glass opacities, reticular and nodular changes, and
honeycombing. In advanced disease, enlargement of cen-
tral pulmonary arteries and attenuation of peripheral ves-
sels may suggest PH. On HRCT, ILD abnormalities are
more extensive in males, patients with severe deforming
joint disease, and those with high RF titers (9,10). How-
ever, in a study of 84 patients with longstanding RA,
HRCT abnormalities were present in as many as 11 of 38
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(29%) asymptomatic patients and 27 of 39 (69%) symp-
tomatic patients (44).

The spectrum of parenchymal changes that can be
observed include ground-glass opacity, bronchiectasis/
bronchiolectasis, linear opacities, and honeycombing (Fig-
ures 1A and B). Reticular changes, traction bronchiectasis/
bronchiolectasis, and honeycombing are consistent with UIP;
extensive ground-glass attenuation suggests NSIP, acute
interstitial pneumonia, or desquamative interstitial pneumo-
nia; and areas of subpleural consolidation suggest organiz-
ing pneumonia. In a large study of patients with RA-related
lung disease, 4 major HRCT patterns of disease were identi-
fied, namely UIP (37%), NSIP (30%), obliterative bronchi-
olitis (17%), and organizing pneumonia (8%). Notably, in
patients who underwent lung biopsy, the CT findings corre-
lated with the pathologic findings in the majority of cases
(45). A recent study showed that in patients with RA-related
ILD, a definiteUIPpattern onHRCT (characterized by basal,
subpleural reticular opacities, traction bronchiectasis, and

honeycombing) has a specificity of 96% and a sensitivity
of 45% for histopathologic UIP, indicating that radiologic
RA-related UIP may display features that mimic other
patterns of disease (e.g., NSIP) (41). This point is not triv-
ial, because patients with RA-related ILD rarely undergo
surgical lung biopsy.

Diffuse ground-glass opacity on CT may be difficult
to differentiate from desquamative interstitial pneumonia,
particularly in smokers with RA. However, the diagnosis
of desquamative interstitial pneumonia requires histologic
confirmation. Conversely, features of desquamative inter-
stitial pneumonia often overlap with those of NSIP and
UIP in patients with RA-related ILD. Similarly, although
lymphocytic interstitial pneumonia may be present in his-
tologic specimens from RA patients, its distinguishing CT
features (ground-glass opacity and/or reticular changes
with lung cysts) are uncommon in patients with RA-related
ILD and are far less frequent than in patients with primary
Sj€ogren’s syndrome.

Several non-ILD pulmonary features can be seen
on imaging that are important to consider when evaluating
patients with new-onset or established RA-related ILD.
Airway involvement encompasses a number of abnormali-
ties, including follicular bronchiolitis, bronchiectasis, and
obliterative bronchiolitis. Follicular bronchiolitis is charac-
terized on HRCT by centrilobular nodules measuring 1–12
mm in diameter, variably associated with peribronchial
nodules and patchy areas of ground-glass opacity, while
the CT appearance of obliterative bronchiolitis typically
consists of a mosaic attenuation pattern with areas of air
trapping on expiratory CT scan. Mild bronchial dilatation
and wall thickening are common accompanying features.
Rheumatoid nodules are generally associated with the
presence of subcutaneous nodules and may wax and wane.
Rheumatoid nodules may be single or multiple, of varying
size (from a few millimeters to several centimeters), well
circumscribed, and with the tendency to cavitate. Subpleu-
ral rheumatoid nodules may cause bronchopleural fistula
or pneumothorax. Rheumatoid nodules should be closely
monitored clinically and radiologically, because differenti-
ating them from pulmonary neoplasm (e.g., carcinoma or
lymphoma) or amyloidosis may be challenging.

Pulmonary function tests

In patients with RA-related ILD, pulmonary func-
tion tests may reveal a restrictive ventilatory defect with
decreased diffusing capacity of the lung for carbon
monoxide (DLCO) even in the absence of symptoms. In a
study of patients with early RA, 33% had a DLCO of
<80% of that predicted, while only 14% had symptoms
(10). The DLCO is highly sensitive for predicting the

Figure 1. A, Interstitial lung disease in a 57-year-old man with rheuma-
toid arthritis (RA). Subpleural reticular opacities, cystic changes (arrow),
and traction bronchiectasis in the lower lobes are shown. B, Advanced
pulmonary fibrosis in a 62-year-old man with RA who was listed for lung
transplantation. Bilateral predominantly subpleural reticular changes,
traction bronchiectasis (arrow), and honeycombing (arrowheads) consis-
tent with the usual interstitial pneumonia pattern are shown.
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presence of ILD, whereas lung volumes may be more use-
ful than DLCO for assessing disease extent (46,47). Similar
to IPF, changes over time that are considered clinically
relevant include a decrease in forced vital capacity (FVC)
of ≥10% or a decrease in the DLCO of ≥15% over 6–12
months (47).

Bronchoalveolar lavage (BAL)

Findings in BAL fluid obtained from patients
with RA-related ILD are frequently abnormal but are
nonspecific, although an increase in the neutrophil
count is more common in patients with UIP, and a lym-
phocytic cytology is more frequent in patients with
NSIP or organizing pneumonia. In addition, BAL lym-
phocytosis is more common in RA patients without
ILD (48). However, abnormalities in the cellular con-
stituents of BAL fluid are not useful for predicting out-
come or response to treatment. As a result, BAL is not
routinely performed in the diagnostic work-up of patients
with RA-related ILD. In RA patients with an acute onset
or worsening of respiratory symptoms and radiographic
abnormalities, BAL is useful for excluding ILDs other
than RA-related ILD, malignancy, or infection (47).

Pathology

RA may be associated with a variety of pleural and
pulmonary pathologies, including ILD, pleuritis, bronchioli-
tis, vascular abnormalities, and rheumatoid nodules (49,50).
However, with the exception of rheumatoid nodules, very
few of the histologic lesions observed in patients with RA
are unique, while the majority of them display features that
overlap with those of other entities (e.g., UIP/IPF).

In autopsy studies, pleural involvement has been
reported in up to 70% of RA patients (51); however, most
cases are asymptomatic and of no clinical relevance (52).
Typically, pleural effusion has features of a sterile exudate
with low pH (<7.3), a low glucose level (<60 mg/dl), and
an elevated lactate dehydrogenase level (>700 IU/liter)
(53). Chronic pleuritis is characterized by thickening of
the visceral pleura by fibrous connective tissue and a
chronic infiltration of lymphocytes and plasma cells. In
the early phases of rheumatoid pleuritis, fibrin deposition
with neutrophilic exudate is a common finding (49,54),
while late phases are characterized by chronic inflamma-
tory infiltrates accompanied by mesothelial hyperplasia
with fibroblasts and elongated histiocytes perpendicularly
oriented to the pleural surface (49,54). Cellular interstitial
pneumonia with aggregates of lymphoid tissue (Figure 2)
and follicular bronchitis/bronchiolitis, which consists of
peribronchial/peribronchiolar lymphoid follicles with

secondary germinal centers, are additional common find-
ings (30,55,56).

RA may be complicated by a spectrum of ILD pat-
terns, and UIP is more prevalent than NSIP (33,34,55,57)
(Figure 3). A UIP pattern, which is characterized by patchy
heterogeneous fibrosis with honeycomb changes, and
actively fibrogenic “fibroblastic foci” (56) can be seen in 28–
61% of patients with RA-related ILD (41,58). Compared
with IPF, RA-related UIP is characterized by the concurrent
presence of chronic pleuritis, follicular bronchiolitis, or cel-
lular bronchiolitis with interstitial chronic infiltrates. In
addition, lung biopsy specimens obtained from patients with
RA-related UIP have an increased number of CD4+ lym-
phocytes compared with those from IPF patients (59).

Figure 2. Photomicrograph showing highly cellulated interstitial
pneumonia with several aggregates of nodular lymphoid tissue (ar-
rows) around bronchi and bronchioles in a patient with rheumatoid
arthritis. Hematoxylin and eosin stained; original magnification 9 40.

Figure 3. Photomicrograph showing interstitial lung disease with a
usual interstitial pneumonia pattern and scattered follicular bronchi-
olitis (arrows) secondary to rheumatoid arthritis. Hematoxylin and
eosin stained; original magnification 9 100.
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Surgical lung biopsy is generally not required in
patients with RA-related ILD, unless the diagnosis of
CTD is unclear or not established (e.g., when ILD pre-
cedes the onset of articular manifestations of RA). Bron-
chiolar chronic inflammatory infiltrates, interlobular
lymphoid hyperplasia, cellular interstitial pneumonia,
desquamative interstitial pneumonia, and bronchiolitis
obliterans with organizing pneumonia, which may lead to
constrictive bronchiolitis, are additional histologic mani-
festations of RA-related ILD. Lung abnormalities in RA
patients may also be secondary to drug toxicity (e.g.,
MTX) or superimposed opportunistic infections. There-
fore, pathologists should be familiar with drug-induced
lung injury in patients with RA who are receiving im-
munosuppressive therapy, because virtually all drugs used
to treat RA can cause lung toxicity with patterns identical
to those observed in RA-related ILD, such as cellular
NSIP with or without granulomas (MTX), organizing
pneumonia and cellular interstitial pneumonia (ritux-
imab), and diffuse alveolar damage (leflunomide) (www.
pneumotox.com) (Table 2). A small proportion of pa-
tients with RA have rheumatoid nodules (54,57), which
may be single or multiple and are typically located in the
interlobular septa or on the pleural surface. The occur-
rence of potentially life-threatening infections should also
be considered in patients with RA-related ILD. In
suspected cases, special stains (e.g., methenamine–silver,
periodic acid–Schiff, and Ziehl-Neelsen) should be per-
formed when examining BAL fluid or lung tissue.

Management

The optimal treatment of RA-related ILD has not
been determined and is largely based on data derived from
other CTD-related ILDs, primarily SSc-associated ILD.

Therefore, careful attention should be paid to the baseline
assessment of disease severity, presentation (acute, suba-
cute, and chronic), and the risks and benefits of therapy
for each patient. In general, treatment should be consid-
ered in patients with clinical, functional, or radiologic dete-
rioration and histopathologic patterns other than UIP
(e.g., NSIP, organizing pneumonia, and lymphocytic inter-
stitial pneumonia). However, in a retrospective study of 84
patients with RA-related UIP, 29 of whom were treated
due to poor lung function or ILD progression, glucocorti-
coids alone or in combination with immunosuppressive
agents improved or stabilized the disease in 50% of the
patients (37). In IPF, however, the combination of gluco-
corticoids and immunosuppressive therapy is contraindi-
cated (60).

Glucocorticoids are the mainstay of clinical man-
agement, and therapy is generally initiated with oral pred-
nisone at a daily dose of 0.5 mg/kg, with gradual tapering
over weeks to months based on the clinical response
(47). An immunosuppressive agent such as mycopheno-
late mofetil (MMF) or azathioprine may be added to
treatment in patients who fail to respond to or experi-
ence intolerable side effects of glucocorticoid treatment,
although MTX is generally avoided in patients with RA-
related ILD due to the risk of lung toxicity (see below).
The safety and efficacy of MMF have been examined in a
large cohort of patients with CTD-associated ILD (n =
125), including 18 patients with RA-related ILD (61),
treated with MMF for a median of 897 days. Overall, the
drug was well tolerated, with a discontinuation rate due to
adverse events of less than 10%. In addition, MMF treat-
ment was associated with improvement in the FVC and
the DLCO in the subgroup of patients without UIP and
with stability of these same parameters in patients with
UIP. Among patients with RA-related ILD, the FVC
trended downward prior to MMF initiation and upward
following MMF treatment. In a large observational study
of rituximab-treated patients with RA (n = 700), including
56 patients with RA-related ILD, most patients remained
stable or improved after treatment over a prolonged fol-
low-up period (62). Notably, patients who deteriorated or
died had the most severe ILD prior to rituximab initia-
tion.

In severe and progressive forms of RA-related
ILD, lung transplantation is a reasonable option, although
extrapulmonary disease manifestations may complicate
transplantation, while side effects of long-term treatment
of RA (e.g., osteoporosis) may be a contraindication.
However, in a retrospective review of patients with RA-
related ILD (n = 10) who underwent lung transplantation,
1-year survival was comparable with that in lung trans-
plant recipients with IPF (67% and 69%, respectively)

Table 2. Potential noninfective pulmonary complications associated
with drugs used to treat RA*

Complication Drug

Fibrosis Azathioprine, cyclophosphamide,
gold, methotrexate, sulfasalazine

Obliterative
bronchiolitis

Gold, sulfasalazine

Drug-induced
lupus

Sulfasalazine, TNF inhibitors

Noncardiogenic
pulmonary
edema

Aspirin (high-dose), colchicine (overdose),
cyclophosphamide, methotrexate, NSAIDs,
rituximab, tocilizumab

Pneumonia Anakinra, azathioprine, cyclophosphamide,
gold, leflunomide, methotrexate, NSAIDs,
rituximab, sulfasalazine, TNF inhibitors,
tocilizumab

* RA = rheumatoid arthritis; TNF = tumor necrosis factor; NSAIDs =
nonsteroidal antiinflammatory drugs.
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(63). Another study with a broader population of patients
with non-SSc CTD-related lung disease, including RA,
demonstrated similar findings (64).

Pulmonary toxicity of drugs used to treat RA.
Several drugs used to treat RA may induce lung toxicity
(Table 2). MTX, one of the most effective and com-
monly used agents for the treatment of articular manifes-
tations of RA, is one such drug. A meta-analysis of
randomized controlled trials demonstrated an increased
risk of pulmonary complications in RA patients treated
with MTX (65). Another study suggested that MTX may
be a risk factor for progression of preclinical ILD (6).
However, in a large prospective study of patients starting
low-dose MTX treatment (n = 223, 154 of whom had
RA) only ~1% developed pneumonitis, suggesting that
this complication is not as common as previously thought
(66). Similarly, a systematic literature search including
21 prospective studies of MTX monotherapy identified
only 15 cases of pneumonitis among 3,463 patients
receiving low-dose MTX (0.43%) for up to 36.5 months
(67). Conversely, MTX treatment is associated with an
increased risk of developing pulmonary toxicity in
patients with preexisting ILD and should be avoided in
this setting (68,69). Controversy also exists for tumor
necrosis factor inhibitors (TNFi) and rituximab, with
some studies showing improvement and others demon-
strating worsening or development of ILD (70,71). How-
ever, recent reviews and meta-analyses suggest that
serious respiratory adverse events in patients receiving
TNFi have probably been overestimated (72). The risks
and benefits of these drugs must be weighed carefully,
but in patients with extensive or progressive pulmonary
disease, the potential benefits often outweigh the risks of
drug toxicity (30).

RA-related ILD and risk of infection. Patients
with RA-related ILD are at increased risk of serious
infections due to a combination of lung disease, im-
munosuppressive treatment, and abnormality of the
immune system. This concern has been confirmed by a

recent meta-analysis showing that the risk of infection
increases with an increasing immunosuppressant burden
(73). In addition, in a large cohort of patients with RA-
related ILD, the risk of serious infections (i.e., those
requiring antibiotic treatment or hospitalization) was
higher in those receiving daily prednisone doses of >10
mg during the first year after ILD diagnosis and in
patients with an organizing pneumonia pattern (com-
pared with UIP and NSIP) (74). Fifty-four serious infec-
tions were identified (for an infection rate of 7.4 per 100
person-years), with pneumonia, septicemia, and oppor-
tunistic infections representing the most common types
of infection. Notably, 15 of 72 deaths (21%) were
directly attributable to infection.

Prognosis

ILD is second only to cardiac disease as a cause of
mortality in patients with RA (3,4,30). In a large UK
inception cohort of patients with RA, pulmonary fibrosis
was the primary cause of death in 3.9% of cases (18 of
459) and contributed to or was a comorbid condition in
another 17 deaths (17 of 459 [3.7%]) (75). In addition,
ILD-associated PH may contribute to the high incidence
of cardiovascular disease–related deaths in patients with
RA. Indeed, although cases of isolated PH have also been
described, particularly in older patients and those with a
longer disease duration (76), PH generally occurs in the
context of RA-related ILD.

Several predictors of mortality have been identi-
fied in RA-related ILD (5,17,34,77–79). Major limitations
to these prior studies, however, have been the methodol-
ogy and sample size. Age is the most consistent variable
that has been identified as a significant predictor of a poor
prognosis across multiple studies. Other variables associ-
ated with RA-related ILD mortality include male sex, dis-
ease severity as assessed by the DLCO and FVC, the
extent of fibrosis on HRCT, a UIP pattern, acute exacer-
bation, and RA disease activity (5,12,56,77–82). More

Table 3. Ongoing clinical trials of pharmacologic interventions in RA-related ILD*

Trial identifier

Trial characteristics

Intervention Condition Phase Primary end point Status

NCT02808871 Pirfenidone vs. placebo RA-related ILD II Progression-free survival Not yet recruiting
EudraCT no. 2014-000861-32 Pirfenidone vs. placebo Progressive non-IPF

lung fibrosis†
II Change in FVC Recruiting

NCT02999178 Nintedanib vs. placebo Progressive fibrosing
ILD†

III Annual rate of decline in
FVC

Recruiting

NCT03084419 Abatacept RA-related ILD II (open-label) Change in FVC Not yet recruiting

* RA = rheumatoid arthritis; ILD = interstitial lung disease; IPF = idiopathic pulmonary fibrosis; FVC = forced vital capacity.
† The study population may include patients with RA-related ILD.
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recently, women with seropositive RA have been shown
to have a nearly 3-fold increased risk of mortality due to
respiratory disease (including chronic obstructive pul-
monary disease, asthma, pleurisy, lung abscess, bronchiec-
tasis, and pulmonary fibrosis) compared with women
without RA (83).

The potential of IPF-specific antifibrotic drugs in
RA-related ILD

RA-related ILD, particularly in patients with a UIP
pattern, shares a number of phenotypic features with IPF,
suggesting that RA-related ILD and IPF might also overlap
biologically and therapeutically (27,31). However, although
treatment of RA-related ILD generally consists of anti-
inflammatory and/or immunosuppressive agents, in IPF,
immunosuppression (e.g., combination therapy with aza-
thioprine, prednisone, and N-acetylcysteine) is associated
with increased all-cause mortality, hospitalization rate, and
serious adverse events (84). Because a large proportion of
patients with RA-related ILD have a histologic UIP pat-
tern, it is expected, albeit not demonstrated, that they also
may not benefit from immunosuppressive therapy.

Pirfenidone, a compound with antifibrotic, antiin-
flammatory, and antioxidant properties, and nintedanib,
an intracellular inhibitor of multiple tyrosine kinases,
including fibroblast growth factor receptor 1, VEGF recep-
tor 2, and PDGF receptor a (PDGFRa) and PDGFRb,
have recently been approved for the treatment of IPF,
based on their ability to reduce functional decline and
disease progression (85,86). Given the mechanistic similar-
ities between RA-related UIP and IPF, patients with
RA-related UIP may potentially benefit from antifibrotic
treatment, and a number of studies are currently evaluat-
ing the safety, tolerability, and efficacy of antifibrotic drugs
in RA-related ILD (Table 3). Despite the plausible ratio-
nale of antifibrotic therapy in RA-related ILD, there are
no published data for antifibrotic therapy in RA-related
ILD. There is also some concern that TGFb inhibitors,
such as pirfenidone and, to a lesser extent, nintedanib,
may increase joint inflammation, although joint pain was
an uncommon adverse event in clinical trials of pir-
fenidone in patients with IPF (87).

Conclusions

ILD is a frequent complication of RA and is
associated with increased morbidity and mortality.
Despite extensive research in this field, there remain
substantial gaps in knowledge, particularly with regard
to 1) identification, clinical significance, and manage-
ment of subclinical ILD in patients with RA; 2)

assessment, staging, and monitoring of RA-related
ILD; 3) identification of patients at higher risk of dis-
ease progression and mortality; 4) management of pro-
gressive disease; 5) potential utility of antifibrotic
therapies in RA-related UIP; and 6) role of mecha-
nisms involved in the pathogenesis of IPF (e.g., alter-
ations in telomere biology and genetics) in RA-related
ILD. A collaborative effort by expert centers has the
potential to answer some of these questions.
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IN MEMORIAM

Herbert Kaplan, MD, 1929–2018

Herbert Kaplan died peacefully with his family by his
side in his home at Loomis Village, South Hadley, MA on
June 23, 2018 at the age of 88. He was the son of a high
school math teacher and a mother who remained at home to
care for 3 children. He graduated with honors from the
University of Oklahoma and received his MD degree from
Albany Medical College and his postgraduate training at
Duke University Hospital and Yale–New Haven Hospital. He
was a member of Phi Beta Kappa and Alpha Omega Alpha.
After his training he served as Assistant Chief of Medical
Services at the US Army Hospital in Munich, Germany. Fol-
lowing this he moved to Denver, where he began his 4-decade
private practice of rheumatology.

Herb’s professional career was marked by an indelible
footprint of excellence at every milestone. He was a founding
member (with Walter Briney, MD) of the Denver Arthritis
Clinic, which became the prototype for the development of
many similar groups (private practice and traditional aca-
demic settings) that were focused on personal and compre-
hensive care. He was the quintessential compassionate and
caring physician clinician/rheumatologist who was an attentive
and careful listener. He intuitively knew the importance of
eye contact and the significance of a reassuring “healing
touch.”

Herb’s personal mentoring philosophy included the
importance of traditional medical diagnostic and therapeutic
core values and stressed the language of humanity and
kindness. His keen intellect, endless energy, and devotion
to understanding emerging scientific advances served to
enhance his diagnostic and therapeutic skills and fortify
patient confidence and trust. These attributes played impor-
tant roles, in his view, along with his humor and attention
to detail, in improving patients’ lives. His numerous stu-
dents have included a number of individuals who have
made important contributions to rheumatology and other
fields, including Jim O’Dell, President of the ACR in 2011–
2012.

Commitments to teaching, authoring scientific com-
munications, and community service focused on rheumatol-
ogy were all part of Herb’s overall devotion to
rheumatology and medicine. He had a long affiliation with
the Colorado Medical Center, where he was a Clinical Pro-
fessor of Medicine. He was the recipient of the Outstanding
Clinical Faculty Award and the Outstanding Service Award,
and was the first Distinguished Clinical Professor of Medi-
cine at the University of Colorado Department of Medicine.
He was a member of the Department of Medicine at Rose
Medical Center in Denver. In 1992, he was named Colorado

Internist of the Year. In addition, he was active in the
Arthritis Foundation (AF), Rocky Mountain Chapter and
was Chair of its Board of Directors in 1988–1990. He was
the recipient of the ACR Paulding Phelps Award (1996). He
was an author or co-author of more than 50 scientific publi-
cations.

Herb championed rheumatology in multiple national
and international venues. His involvement with the AF/ACR
spanned nearly 40 years and he held multiple leadership posi-
tions, which culminated in his election as President of the
ACR in 1993–1994. His leadership, vision, energy, attention to
detail, and wit were legendary and much admired by his col-
leagues. The breathtaking successes that have characterized the
ACR are largely due to the vision of Mark Andrejeski
and the ACR staff, as well as the tireless efforts and expertise
of many dedicated volunteers, including Herb. His special
interests included, but were not limited to, “defining what
rheumatologists do,” increased funding for rheumatology
research and education (in both the private practice and
academic settings), future rheumatology workforce needs,
increasing ACR leadership, gender equality (as partially
evidenced in the title and content of his 1994 ACR Presidential
Address: “My Granddaughter, The Rheumatologist”), main-
stream marketing initiatives, fortifying interactions with the
AF, expanding collaboration with other medical and
legislative organizations, and stressing the importance of
“hanging together” as an organization. His initiatives were
innovative, his leadership inspirational, and, as a result of
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his many ACR contributions, he became a Master of the
ACR in 1995 and was the recipient of the ACR Presidential
Gold Medal in 2012.

His advocacy for medicine throughout his career
exemplified the core values of the ACR mission statement
“Advancing Rheumatology,” namely, professionalism, service
to members, vitality of the profession, excellence in patient
care, transparency, and innovation. During a recent interview
with Dr. Aileen Pangan (The Rheumatologist, April 2018), the
essence of his ongoing commitment to and respect for his
specialty was reinforced when he once again stated that
“Rheumatology should get more widespread recognition. It is
a travesty to not be at the same level of importance as cardi-
ology or pulmonology.” His advice to young rheumatologists:

1) Take time off for vacation. 2) Treat your employees well.
3) Be a mentor; you learn by teaching. 4) Get involved with
the ACR.

In private life Herb was a devoted family man, an expe-
rienced traveler, an enthusiastic photographer, and an avid
sailor, mountain biker, and cross country skier. He is survived
by his wife of 67 years Beatrice (Bea) Swire Kaplan, 3 daugh-
ters Laura Kaplan Bensen, Janet Kaplan-Bucciarelli, and Susan
Kaplan Jacobs, their spouses, 8 grandchildren, 1 step-grandson,
and 4 great-grandchildren.

Joseph D. Croft, Jr., MD
Georgetown University Medical Center
Washington, DC

1556 IN MEMORIAM



An Economic Evaluation of Stopping Versus Continuing
Tumor Necrosis Factor Inhibitor Treatment in

Rheumatoid Arthritis Patients With Disease Remission
or Low Disease Activity

Results From a Pragmatic Open-Label Trial

An Tran-Duy,1 Marjan Ghiti Moghadam,1 Martijn A. H. Oude Voshaar,1 Harald E. Vonkeman,1

Annelies Boonen,2 Philip Clarke,3 Geoff McColl,3 Peter M. ten Klooster,1 T. R. Zijlstra,4

Willem F. Lems,5 N. Riyazi,6 E. N. Griep,7 J. M. W. Hazes,8 Robert Landew�e,9

Hein J. Bernelot Moens ,10 Piet L. C. M. van Riel,11 Mart A. F. J. van de Laar,1 and
T. L. Jansen,12 for the Dutch National POET Collaboration

Objective. To evaluate, from a societal perspec-
tive, the incremental cost-effectiveness of withdrawing
tumor necrosis factor inhibitor (TNFi) treatment
compared to continuation of these drugs within a
1-year, randomized trial among rheumatoid arthritis
patients with longstanding, stable disease activity or
remission.

Methods. Data were collected from a pragmatic,
open-label trial. Cost-utility analysis was performed
using the nonparametric bootstrapping method, and a
cost-effectiveness acceptability curve was constructed
using the net-monetary benefit framework, where a
willingness-to-accept threshold (WTA) was defined as
the minimal cost saved that a patient accepted for
each quality-adjusted life year (QALY) lost.

Results. A total of 531 patients were randomized
to the stop group and 286 patients to the continuation
group. Withdrawal of TNFi treatment resulted in a
>60% reduction of the total drug cost, but led to an
increase of � 30% in other health care expenditures.
Compared to continuation, stopping TNFi resulted in a
mean yearly cost saving of €7,133 (95% confidence inter-
val [95% CI] €6,071, €8,234]) and was associated with a
mean loss of QALYs of 0.02 (95% CI 0.002, 0.040). Mean
saved cost per QALY lost and per extra flare incurred in
the stop group compared to the continuation group was
€368,269 (95% CI €155,132, €1,675,909) and €17,670
(95% CI €13,650, €22,721), respectively. At a WTA of
€98,438 per QALY lost, the probability that stopping
TNFi treatment is cost-effective was 100%.

Conclusion. Although an official WTA is not
defined, the mean saved cost of €368,269 per QALY
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lost seems acceptable in The Netherlands, given exist-
ing data on willingness to pay.

Rheumatoid arthritis (RA) is a progressive,
immune-mediated inflammatory disease that has a
prevalence of ~1% in developed countries (1). The dis-
ease is characterized by synovial inflammation and with
time may involve articular damage, disability, and extra-
articular manifestations. Besides its negative impact on
the health of individual patients, RA imposes a signifi-
cant and increasing economic burden on health care sys-
tems and societies in the form of health care resource
utilization and (paid) productivity loss (2).

The main goal in the treatment of RA is to sup-
press inflammatory activity to control pain and prevent
unfavorable outcomes such as structural damage and
functional disability. Accumulating evidence suggests that
optimal clinical outcomes may be achieved if treatment is
started early and adjusted to reach predefined disease
activity targets (3,4). The subpopulation of patients
receiving biologic disease-modifying antirheumatic drugs
(bDMARDs), including tumor necrosis factor inhibitors
(TNFi), in this treat-to-target strategy has increased over
time and accounted for up to 20% of the population of
RA patients in various Western health care systems (5,6).
Although it is widely believed that the introduction
of bDMARDs has contributed to the overall improved
clinical picture of severe RA, particularly in patients with
methotrexate-refractory disease (7), their high cost has
raised the question of whether bDMARDs could be
discontinued in patients who achieve long-term, stable
controlled disease, without negatively affecting their
health (8).

As health care budgets are limited and money can
be spent only once, savings from stopping treatment with
bDMARDs could be used to reinvest in other treatments
or increase access to bDMARDs for a larger proportion
of the RA patient population. The recently completed
Potential Optimalisation of Expediency and Effective-
ness of TNFi (POET) trial aimed to evaluate the clinical
course of patients in whom TNFi treatment was with-
drawn, compared to that of patients who continued to
receive TNFi (9). The results showed that patients who
in whom TNFi treatment was withdrawn were >3 times
as likely to experience a disease flare compared to
patients who continued their TNFi treatment. However,
disease control could typically be quickly regained upon
TNFi restart. Although the withdrawal of TNFi is evi-
dently associated with lower medication costs, this may
be offset by higher non–drug-related health care costs or
by lasting impact on patients’ overall quality of life. From

the health economic point of view, it is currently unclear
whether the benefits of discontinuation of TNFi out-
weigh the harms. The present study aimed to evaluate,
from a societal perspective, the 1-year trial–based cost
utility and cost-effectiveness of withdrawing TNFi com-
pared to continuation of these drugs in RA patients with
longstanding stable disease, to inform rheumatologists
and patients about balance between savings and health
forgone.

PATIENTS AND METHODS

Study design and patients. The study outcomes and
design of the POET study (NTR3112) are described in detail
elsewhere (9). Briefly, this pragmatic, open-label trial was per-
formed at 47 rheumatology centers in The Netherlands and
included 817 adult patients fulfilling the American College of
Rheumatology 1987 classification criteria for RA (10) who
were treated with TNFi for at least 1 year. In addition, patients
met 1 of the following criteria: 1) Disease Activity Score in 28
joints (DAS28) <3.2 for at least 6 months preceding inclusion
(n = 672) or 2) perceived by a rheumatologist as having remis-
sion or low disease activity for at least 6 months prior to inclu-
sion, with DAS28 <3.2 at baseline and C-reactive protein level
<10 mg/liter at least once in the 6-month period prior to inclu-
sion (n = 145). Patients were randomized to either the stop
group (n = 531) or the continuation group (n = 286). After
inclusion, TNFi were withdrawn in the stop group but main-
tained in the continuation group. Any other treatment deci-
sions were made by rheumatologists with their patient and
continued unchanged as much as possible in both groups. The
primary outcome measure of the study was occurrence of dis-
ease flares, defined as a DAS28 increase of ≥0.6 compared to
baseline and a current DAS28 level of ≥3.2.

Follow-up procedures. Patients were assessed at base-
line and at least once every 3 months thereafter, for a period of
1 year. At each visit, components of the DAS28, the Health
Assessment Questionnaire (HAQ) disability index (DI)
(11,12), and the EuroQol 5-domain 3-level (EQ-5D-3L) ques-
tionnaire (13) were evaluated, laboratory tests conducted, and
patient-reported outcomes recorded. Patient-reported out-
comes included adverse events, days of sick leave, and frequen-
cies of health care resource utilization. Restart of a TNFi was
allowed when a flare occurred; for ethical reasons this included
cases where the patient’s perception of a flare could not be
objectively verified.

Health economic outcomes. At each visit, patients
answered the EQ-5D-3L questionnaire and reported the fre-
quencies of health care resource utilization and number of
days of sick leave (in those with a paid job) during the past 3
months. The health care resource utilization included visits to
rheumatologists and general practitioners, visits to nurse spe-
cialists, physiotherapists, and psychologists, numbers of diag-
nostic and laboratory tests, days in hospital, and hours of
formal and informal care.

For each patient, the health utility at 3-month visits
was computed using the Dutch tariffs for EQ-5D-3L (14),
and quality-adjusted life years (QALYs) were computed as
the area under the EQ-5D-3L curve. Nondrug direct costs
were calculated based on patient-reported frequencies of
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health care resource utilization. The unit costs were retrieved
from the Dutch Guideline for Economic Evaluations in
Healthcare. Drug costs were calculated based on the doses of
drug used and the medication prices. Indirect costs for those
patients with a paid job were calculated using the friction-cost
method with a 3-month friction period and were based on the
number of hours absent from work and the average wage per
hour for each age group and sex (15). The unit costs and
prices published before the current year (2016) were adjusted
to the current year using the consumer price index for The
Netherlands (16). Costs were not discounted because of the
short time horizon of 12 months.

Statistical and cost-effectiveness analyses. Between
10% and 15% of observations contained missing values for
costs or utilities (for details, see Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract). For the
cost-effectiveness analysis, these were replaced with estimates
using multiple imputation, as recommended by the Interna-
tional Society for Pharmacoeconomics and Outcomes Re-
search for cost-effectiveness analysis alongside clinical trials
(17). For each of the 10 imputed data sets, cost-effectiveness
analysis was performed using the nonparametric bootstrap-
ping method (18). Five thousand bootstrap samples were gen-
erated, from which the expected costs and QALYs over the
1-year follow-up in each treatment group and the ratios of
incremental cost to incremental QALYs or flares (ICERs)
were computed (19). Manca et al recommended an adjust-
ment of QALYs before calculation of ICERs when there was
an imbalance in the mean baseline health utility between 2
trial arms (20). Because mean baseline health utility and
other patient characteristics in our study were almost equal
between the stop and continuation groups, in the main analy-
ses and presentation of the results we used QALYs and costs
unadjusted for these negligible differences.

To examine the effect of QALYs and cost adjustment on
ICERs, we used the regression-based method proposed by
Manca et al (20), in which linear regression models for patient-
specific QALYs and costs were fitted to the observed data, with
predictors for QALYs being treatment and baseline health util-
ity, and predictors for costs being treatment, age, sex, disease
duration, DAS28 score, and HAQ DI score. Then we used the
coefficients for the treatment as the differential QALYs and
costs for the adjustment. We applied a Box-Cox transformation
for QALYs and a log transformation for costs to meet the
assumptions of normal distribution and equal variance of the
error term in the linear models (21). The results were pooled
across imputed data sets using Rubin’s rules (22) to take into
account the uncertainty introduced by the missing data. Because
the distribution of costs was skewed, the “approximate boot-
strap confidence” (ABC) algorithm (23) was used to estimate
the confidence intervals (CIs), instead of the usual symmetric
CI proposed by Rubin (22). For each imputed data set, a confi-
dence density curve was constructed for each of the outcome
variables. The 10 confidence density curves were then combined
by averaging the y-values to obtain the average density function,
on which the 95% CIs were established by determining the areas
under the curve that corresponded to 5% and 95% percentiles.
For each imputed data set, a cost-effectiveness acceptability
curve was constructed using the net-monetary benefit (NMB)
framework (24), where an expected NMB was calculated as the
difference between the willingness-to-accept threshold (WTA)

for each QALY lost multiplied by the mean QALYs ð�EiÞ, and
the mean cost obtained from each bootstrap replication
ð�CiÞ : NMB ¼ WTA� �Ei � �Ci. The Consolidated Health Eco-
nomic Evaluation Reporting Standards (CHEERS) were fol-
lowed to report the present study (for the CHEERS checklist,
see Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40546/abstract).

RESULTS

Baseline characteristics were similar in both
groups (Table 1). The majority of the patients had long-
standing, erosive disease and utility scores reasonably
close to general population norms (25). The sample was
further characterized by low disease activity at baseline
according to the DAS28, as per the inclusion criteria,
and low disability according to HAQ DI scores.

Health outcomes. Mean DAS28 and HAQ DI
scores in the continuation group were almost stable over
time (Figure 1), while in the stop group the mean DAS28
score increased from baseline to month 3 and then gradu-
ally decreased during the rest of the year, and the mean
HAQDI score slightly increased over time. Post hoc anal-
yses revealed significant differences in DAS28 scores at
all follow-up visits (P < 0.01), except baseline (P = 0.27).
No significant difference in HAQ DI scores between the
2 groups at any time point was observed.

The percentages of patients with 1 or 2 flares
within 12 months were 41.1% and 8.1% in the stop
group and 15.4% and 1.4% in the continuation group,
respectively. No patients and only 0.6% of patients had

Table 1. Baseline characteristics of the patients*

Characteristic
Stop group
(n = 531)

Continuation group
(n = 286)

Age, mean � SD years 60.1 � 11.8 59.7 � 10.6
Female, no. (%) 362 (68) 188 (66)
Disease duration,
mean � SD years

12.0 � 8.8 11.1 � 8.4

RF positive, no. (%) 238 (67.5) 178 (67.4)
Anti-CCP positive, no. (%) 332 (68.3) 179 (67.8)
Erosive disease, no. (%) 305 (62.8) 152 (57.6)
DAS28, mean � SD 1.98 � 0.76 2.05 � 0.73
HAQ score, mean � SD 0.63 � 0.59 0.62 � 0.55
EQ-5D-3L score, mean � SD 0.83 � 0.16 0.84 � 0.13
Patients taking TNFi, no (%)
Adalimumab 271 (51.1) 129 (45.1)
Etanercept 213 (40.2) 133 (46.5)
Infliximab 25 (4.7) 14 (4.9)
Golimumab 15 (2.8) 8 (2.8)
Certolizumab 7 (1.2) 2 (0.7)

* RF = rheumatoid factor; anti-CCP = anti–cyclic citrullinated pep-
tide antibody; DAS28 = Disease Activity Score in 28 joints; HAQ =
Health Assessment Questionnaire; EQ-5D-3L = EuroQol 5-domain
3-level measure; TNFi = tumor necrosis factor inhibitors.

COST-EFFECTIVENESS OF WITHDRAWING TNFi TREATMENT 1559

http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract


3 flares in the continuation and stop groups, respec-
tively. On average, within 12 months each patient expe-
rienced 0.59 flares (95% CI 0.53, 0.64) in the stop
group and 0.18 flares (95% CI 0.13, 0.24) in the contin-
uation group.

Mean health utility in the continuation group
slightly deteriorated during the first 6 months and then
remained relatively stable during the rest of the year,
while that in the stop group decreased within the first 3
months and then slightly increased until the end of the
year (Figure 2). Except for month 3 (P = 0.0005), mean
health utility was not significantly different at any time
points between the 2 groups (P > 0.05).

Health care, medication, and sick leave costs and
QALYs. Table 2 shows means and 95% CIs of nondrug
health care costs, drug costs, and sick leave costs (in
euros) and of QALYs per patient per year with the 2
treatment strategies. A detailed overview of health care
resource utilization in each category at baseline and cumu-
lative over 1 year, as well as the corresponding unit prices,
is provided in Supplementary Tables 2–6, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40546/abstract. Withdrawal of TNFi
resulted in a >60% reduction of the total drug cost, but
led to an increase of ~30% for the other health care
expenditures. Sick leave cost in the stop group was slightly
lower than that in the continuation group, although the
difference between the 2 groups was not significant. Since
the cost of TNFi treatment was much larger than the
increased expenditure in other cost components, the mean
total cost incurred by each patient per year in the continu-
ation group (€14,740 [95% CI €13,913, €15,676]) was
almost double that in the stop group (€7,607 [95% CI
€7,001, €8,261]). Mean QALY per patient in the stop and
continuation groups was 0.79 (95% CI 0.781, 0.805) and
0.81 (95% CI 0.799, 0.829), respectively.

Incremental cost-effectiveness and uncertainty.
An average patient in the stop group may save €7,133
(95% CI €6,071, €8,234) for society, but would lose 0.022
QALY (95% CI 0.002, 0.040) per year and experience
0.41 (95% CI 0.33, 0.48) more flares compared to an aver-
age patent in the continuation group. Mean saved cost
per QALY lost and per extra flare incurred in the stop
group compared to the continuation group was €368,269
(95% CI €155,132, €1,675,909) and €17,670 (95% CI
€13,650, €22,721), respectively. When QALYs and costs
were adjusted for differences in baseline health utility and
patient characteristics, mean saved cost per QALY lost in
the stop group compared to the continuation group
(€371,457 [95% CI €156,291, €1,736,887]) was slightly
higher than that when no adjustment was made. Because
the difference in mean sick leave costs between the 2
groups was very small, mean costs saved from the health
care perspective, per QALY lost (€366,642 [95% CI
€152,396, €1,662,057]) and per flare increase (€17,587
[95% CI €13,575, €22,642]) were similar to those from the
societal perspective. Hereafter, we focused on the out-
comes and interpretation from the societal perspective.

A scatter plot of the incremental mean costs
and QALYs resulting from 50,000 bootstrapped replica-
tions for 10 imputed data sets is provided in Figure 3.
All differences in mean costs were negative. Approxi-
mately 1.5% of all data points fell in the southeast
quadrant (i.e., saved cost with increased QALYs), indi-
cating that the probability of TNFi withdrawal being

Figure 1. Mean Disease Activity Score in 28 joints (DAS28) and
Health Assessment Questionnaire (HAQ) disability index (DI) at dif-
ferent points in time during the 1-year follow-up in the 2 treatment
groups. Vertical bars represent 95% confidence intervals.

Figure 2. Mean EuroQol 5-domain (EQ-5D) 3-level measure scores
at different points in time during the 1-year follow-up in the 2 treat-
ment groups. Vertical bars represent 95% confidence intervals.
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cost-effective at any level of WTA is negligible. At
WTAs of €330,450 and €98,438, the probabilities of
TNFi withdrawal being cost-effective were 0.5 and 1.0,
respectively (Figure 4). If stopping TNFi is considered
as the baseline comparator, it was almost certain that
the continuation of TNFi was not cost-effective at a
willingness-to-pay (WTP) of €100,000 per QALY gained.

DISCUSSION

Our analysis shows that stopping TNFi treatment
in RA patients with stable controlled disease (remission
or low disease activity) can save considerable cost, but
results in a small QALY loss. At the beginning of this

century, TNFi were developed, studied, and introduced
to control inflammatory disease activity in patients with
RA. Despite increasing budget impact over the first 15
years since the introduction of these drugs, evidence
regarding the possibility of discontinuing TNFi in the
maintenance phase is still sparse. Therefore, patients are
frequently kept on TNFi treatment indefinitely. Up to
now, TNFi have been recommended in most of the
developed countries for management of RA and reim-
bursed for patients with persistently high disease activity
despite adequate treatment with at least 2 conventional
synthetic DMARDs (csDMARDs) (26–29). These rec-
ommendations were predominantly based on evidence
of the favorable cost-effectiveness ratio of TNFi ther-
apy compared to csDMARDs in patients with severe
disease. For instance, a recent systematic literature
review on economic aspects of treatment with TNFi to
inform clinical recommendations by the European
League Against Rheumatism showed that the incremental
cost of the use of a TNFi after failure of 2 csDMARDs
per QALY gain was <€60,000 (conversion applied) in
14 of 18 studies (30). Regardless of the majority of
studies with outcomes in favor of the use of TNFi in
this population, concerns continue to be raised about

Table 2. Mean costs (€) and QALYs (95% confidence intervals) per patient per year in the 2 treatment groups*

Stop group Continuation group Incremental

Nondrug health care cost 2,122 (1,684, 2,563) 1,663 (1,384, 1,958) 459 (70, 890)
Drug cost 4,894 (4,396, 5,402) 12,450 (11,427, 13,472) �7,556 (�8,547, �6,629)
csDMARD 325 (220, 461) 324 (230, 471) 1 (�98, 121)
TNFi 4,568 (4,070, 5,067) 12,126 (11,106, 13,145) �7,558 (�8,534, �6,643)

Sick leave cost 591 (450, 735) 626 (452, 804) �35 (�226, 155)
Total cost 7,607 (7,001, 8,261) 14,740 (13,913, 15,676) �7,133 (�8,234, �6,071)
QALYs 0.79 (0.781, 0.805) 0.81 (0.799, 0.829) �0.022 (�0.040, �0.002)
ICER (€ per QALY) 368,269 (155,132, 1,675,909)

* QALYs = quality-adjusted life years; csDMARD = conventional synthetic disease-modifying antirheumatic drug; TNFi = tumor necrosis factor
inhibitor; ICER = incremental cost-effectiveness ratio.

Figure 3. Scatter plot of incremental mean cost against incremental
mean quality-adjusted life years (QALYs) with the stop strategy com-
pared to the continuation strategy. Each data point was obtained
from 1 bootstrap replication. ICER = incremental cost-effectiveness
ratio. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract.

Figure 4. Cost-effectiveness acceptability curve for continuation and
stop strategies. EUR = euros; QALY = quality-adjusted life year.
Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract.

COST-EFFECTIVENESS OF WITHDRAWING TNFi TREATMENT 1561

http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40546/abstract


the substantial impact of TNFi therapy on the health
care budgets, owing to the high prices of these drugs.
For economic reasons, withdrawal of TNFi treatment
has therefore been considered in patients with sus-
tained low disease activity.

To date, approximately a dozen studies examining
the effects of discontinuing TNFi treatment on clini-
cal outcomes have been published (9,31–35). Due to
the heterogeneity in study designs, characteristics of
patients, definitions of low disease activity, and criteria
for restarting TNFi therapy when failure was observed,
the results between studies differed remarkably; the pro-
portions of patients whose disease remained in remis-
sion or with low disease activity after discontinuation of
TNFi ranged from 0% to 33% at 7 months, and from
13% to 80% at 12 months (32). Despite the fact that
high treatment costs are a frequently cited motivation to
conduct such studies, unfortunately no reports of previ-
ous discontinuation studies addressed preference-based
health valuation such as the EQ-5D or health care costs,
which are important to inform health policy decisions.

In the present study, we showed that the mean
health utility did not significantly differ over time
between patients in the stop and continuation groups,
except for the first follow-up point after baseline. These
results suggest that discontinuing TNFi treatment in
patients with long-term stable disease is a strategy that
over the course of 1 year is associated with consider-
able saved cost and negligible loss of quality of life.
Very similar conclusions were reached in the Dose
Reduction Strategy of Subcutaneous TNF inhibitors
down-titration study, in which it was found that when
using a TNFi down-titration approach guided by dis-
ease activity, an amount of €390,493 could be saved for
each QALY lost, compared to continued tight control
treatment. Together, these findings suggest significant
potential for disinvestment decisions (i.e., to stop subsi-
dizing therapies that are not cost-effective) (36). This
could potentially free up resources that could be reallo-
cated to other more cost-effective interventions. One
way to do this would be to look for scope for imple-
menting other more cost-effective interventions for the
patients formerly receiving TNFi, as any improvement
in their health status could offset the loss in QALYs
due to discontinuation. Such an approach would avoid
having to make trade-offs involving reducing the health
of patients with RA.

While there is no explicit WTA threshold that
could be used to judge whether or not TNFi should be
discontinued, it is useful to consider the threshold for
WTP, which is suggested to be between €20,000 and
€73,000 per QALY in The Netherlands (37). The

estimated saving per QALY lost of €368,269 is much
higher than the maximal bound of this threshold range,
suggesting that it would be cost-effective to discontinue
TNFi in the maintenance phase while the patients are
in a state of low disease activity or remission. Adjust-
ment of QALYs and costs for differences in baseline
health utility and patient characteristics resulted in a
slightly higher saving than the above-mentioned value,
which increases the likelihood that stopping TNFi is
cost-effective.

Our study has strengths and weaknesses. It is
based on the largest randomized controlled trial on dis-
continuing TNFi in RA patients with stable low disease
activity, with high-quality data owing to a strictly elec-
tronic data collection protocol. Generalizability of the
results to the overall population of patients withdrawing
from TNFi is probably high, since our study was based
on a pragmatic trial with relatively few inclusion and
exclusion criteria being maintained during the recruit-
ment. We used advanced methods, i.e., a combination
of multiple imputation, bootstrap, and ABC algorithm
to capture the uncertainty surrounding the study results.
However, our findings on the cost-effectiveness of stop-
ping TNFi are valid only for an intervention duration of
12 months. Studies on the WTA thresholds in patients
with RA are important to support decision making.
Since patients with different disease durations and num-
bers of failed TNFi may respond differently to the dis-
continuation of the current TNFi, more research on
response to discontinuation is needed.

In conclusion, stopping TNFi treatment in RA
patients with stable low disease activity, on average,
was associated with a cost saving of €7,133, a loss of
0.022 QALYs, and an increase of 0.41 flares per patient
per year. Although an official WTA threshold is not
available, we found that the mean saved cost of
€368,269 per QALY lost would be cost-effective in The
Netherlands, given existing data on the WTP and the
WTA:WTP ratio. If the WTA threshold is €100,000,
the probability that stopping TNFi is cost-effective is
approximately 1.
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Serious Infections in Rheumatoid Arthritis Offspring Exposed to
Tumor Necrosis Factor Inhibitors

A Cohort Study

�Evelyne Vinet,1 Cristiano De Moura,2 Christian A. Pineau,3 Michal Abrahamowicz,3

Jeffrey R. Curtis,4 and Sasha Bernatsky1

Objective. To evaluate the risk of serious infec-
tions in rheumatoid arthritis (RA) offspring exposed
to tumor necrosis factor inhibitors (TNFi) in the gesta-
tional period compared to unexposed RA offspring, as
well as to children from the general population.

Methods. We used US claim data (2011–2015) to
identify 2,989 offspring born to women who have RA and
a randomly selected group of 14,596 control children,
matched ≥4:1 for maternal age, year of delivery, and state
of residence. We defined TNFi exposure based on ≥1 filled
prescription during pregnancy. We ascertained serious
infections based on ≥1 hospitalization, with infection as a
primary diagnosis, at ≤12 months of life. We performed
multivariable analyses, adjusting for maternal demo-
graphics, comorbidities, pregnancy complications, and
drugs.

Results. Among RA offspring, 380 (12.7%) were
exposed to TNFi during pregnancy. The percentage
of serious infections in RA offspring with no TNFi

exposure (2.0%; 95% confidence interval [95% CI] 1.5,
2.6) was similar to that in non-RA offspring (1.9%;
95% CI 1.9, 2.2), while the percentage of serious infec-
tions in RA offspring with TNFi exposure was 3.2%
(95% CI 1.5, 5.6). In multivariable analyses, we were
unable to establish an increased risk of serious infec-
tions in RA offspring exposed to TNFi versus both
non-RA offspring (odds ratio [OR] 1.7, 95% CI 0.8,
3.7) and RA offspring unexposed to TNFi (OR 1.4,
95% CI 0.7, 2.8).

Conclusion. We did not demonstrate a marked
excess risk for serious infections in RA offspring exposed
to TNFi during pregnancy versus unexposed RA offspring
or general population controls.

In North America, infections are the leading
cause of mortality in children age <5 years, accounting
for >30% of deaths (1). Tumor necrosis factor inhibitors
(TNFi) are important drugs in the treatment of rheuma-
toid arthritis (RA), being used in one-third of patients
(2). Since animal studies did not show fetal risk, TNFi
have been commonly and increasingly used during preg-
nancy, now prescribed in 20% of RA pregnancies, repre-
senting a 3-fold increase over the past 10 years (2).
Despite existing concerns that these potent drugs may
cause immunosuppression, there are limited data on the
risk of serious infection in exposed offspring.

During pregnancy, there is active transplacental
transport of maternal circulating immunoglobulins (IgG)
through their Fc portion (3). TNFi are all monoclonal
IgG with an Fc part, except for etanercept and cer-
tolizumab, which are, respectively, a fusion protein with
an Fc portion and a PEGylated Fab fragment without
an Fc component (4,5). Thus, most TNFi are actively
transported across the placenta, with some reaching higher
fetal than maternal blood levels. For instance, infliximab
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and adalimumab have the highest transplacental transfer
(reaching cord blood median levels at, respectively, 160%
and 150% of maternal blood levels), while etanercept and
certolizumab display the lowest passage (cord blood me-
dian levels at, respectively, 4–7% and <0.25% of maternal
blood levels) (4–8).

As fetuses could be exposed to therapeutic (and
potentially supratherapeutic) TNFi doses, there are con-
cerns that they could cause immunosuppression in the off-
spring. These concerns were initially raised following the
case report in 2010 of a mother with Crohn’s disease
receiving infliximab throughout pregnancy (9). After an
uncomplicated delivery, her healthy infant received a BCG
vaccine at 3 months of age and died of disseminated tuber-
culosis (TB). Due to the potential for immunosuppression
in exposed offspring and because of the TNFi differential
half-life and transplacental transfer, the European League
Against Rheumatism recommends discontinuing inflix-
imab and adalimumab before 20 weeks of gestation and
etanercept before 31–32 weeks tominimize the risk of infec-
tions in offspring, while they state that certolizumab can be
continued throughout pregnancy (10). The British Society
of Rheumatology guidelines for use of drugs during preg-
nancy also state that certolizumab is compatible with all
3 trimesters of pregnancy, but differ slightly in recom-
mending that infliximab be discontinued before 16 weeks,
and that etanercept and adalimumab be stopped before
the end of the second trimester (8).

Until now, there has been no reported study on
the risk of infection in RA offspring exposed in utero
to TNFi versus unexposed offspring. Therefore, we
aimed to evaluate serious infections in RA offspring
exposed to TNFi in the preconception and/or gesta-
tional period compared to unexposed RA offspring, as
well as to children from the general population.

PATIENTS AND METHODS

Data source and study population. We assembled the
Pregnancies in RA Mothers and Outcomes in Offspring in
the United States (PAROUS) cohort, a population-based
cohort of children born to women who have RA and a
matched control group of children born to unaffected moth-
ers, using MarketScan commercial databases (January 1, 2011
to December 30, 2015). The MarketScan commercial data-
base is a large prospective US database of >230 million sub-
jects with employer-provided health insurance (11). It
contains data on hospitalizations, outpatient visits, and drug
prescription claims.

To create the PAROUS cohort, we identified women
ages 15–45 years as RA subjects (using the International Clas-
sification of Diseases, Ninth and/or Tenth Revisions [ICD-9/10]
code 714/M05) if they had any of the following: 1) ≥1 hospital-
ization with a diagnosis of RA at or prior to delivery, or 2) ≥2
physician visits with a diagnosis of RA, the first occurring at

any time prior to the delivery and the second at any point dur-
ing the study period. This RA case definition demonstrated a
high sensitivity (83%) and excellent specificity (99%) when
using physician diagnosis as a reference (12). A group of
women without RA was randomly selected and matched ≥4:1
for age, year of delivery, and geographic location (i.e., state,
division, and region) of the primary beneficiary’s residence.
Only women continuously enrolled within MarketScan with
medical and pharmacy coverage for ≥12 months prior to deliv-
ery were included in PAROUS. We then identified the chil-
dren born live to RA and unexposed women, linking mothers
with their infants deterministically using family identifiers and
delivery dates corresponding to birth year. Children were fol-
lowed up from birth until 12 months of age, first event of
interest (i.e., serious infection), end of commercial insurance
eligibility, death, or end of study period (December 30, 2015),
whichever came first.

Delivery was defined using any inpatient hospital
admission record including a pregnancy-related diagnosis or
procedure code for vaginal or caesarean delivery identified by
the relevant ICD-9/10 codes and/or procedure codes (see
Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40536/abstract). We excluded deliveries with diagnostic
and/or procedure codes related to a molar pregnancy, sponta-
neous abortion or termination, and ectopic pregnancy.

Exposure. We defined TNFi exposure based on ≥1
filled prescription for adalimumab, certolizumab, etanercept,
golimumab, infliximab, and/or ≥1 infusion procedure claim for
golimumab and/or infliximab during the preconception and/or
gestational periods. We identified the date of the last menstrual
period (i.e., onset of gestational period) based on the delivery
date after applying a validated algorithm to term and preterm
deliveries separately (13). We further categorized TNFi expo-
sure according to the timing of the filled prescription or the
infusion procedure date in relation to the gestational period.

The main exposure categories were as follows: 1) RA
offspring with TNFi exposure at any time during pregnancy (i.e.,
any prescription filled or infusion procedure claim during the
gestational period), 2) RA offspring with TNFi exposure in the
last 12 weeks of pregnancy (i.e., any prescription filled or infu-
sion procedure claim within 12 weeks of delivery), 3) RA off-
spring with TNFi in the preconception period only (i.e., at least
1 prescription filled or infusion procedure claim in the 12 weeks
preceding the gestational period, but none within the gestational
period), 4) RA offspring without TNFi exposure (i.e., no pre-
scription filled or infusion procedure claim within the gesta-
tional period and the 12 weeks preceding it), and 5) children
born to non-RA mothers without TNFi exposure (i.e., no pre-
scription filled or infusion procedure claim within the precon-
ception and gestational periods).

Outcome measure. The outcome of interest was serious
infection occurring in the offspring. We ascertained serious
infections in the offspring based on ≥1 hospitalization with infec-
tion within the first 12 months of life, with a relevant diagnostic
code, as primary reason for admission (i.e., hospitalization where
the primary diagnosis was an infection, including ICD-9/10 cod-
ing by organism and/or organ involvement). This approach of
identifying serious infections has been shown to have a high sen-
sitivity (80%) and specificity (84%) when using chart review as a
reference (14). We only considered the first event if >1 event
was identified.
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Assessment of covariates. We assessed the following
maternal comorbidity and pregnancy complications based on at
least 1 physician billing and/or hospitalization with relevant
diagnostic codes: pregestational diabetes mellitus, gestational dia-
betes mellitus, and preterm birth. We also identified in utero drug
exposures to systemic corticosteroids, nonbiologic disease-
modifying antirheumatic drugs (DMARDs) (i.e., hydroxychloro-
quine, sulfasalazine, methotrexate, and leflunomide), and biologic
DMARDs other than TNFi (i.e., rituximab, abatacept, and tocili-
zumab), based on at least 1 prescription filled and/or perfusion
procedure claim by the mother during the gestational period.

Statistical analysis. We used descriptive statistics to
characterize the different exposure groups and calculated
crude measures of risk (i.e., proportions and incidence rates)
with 95% confidence intervals (95% CIs). As mean follow-up
time for offspring was very similar across exposure groups
(ranging from 285 to 296 days), we performed univariable
and multivariable analyses using a generalized estimating
equation (GEE) method to estimate the odds ratio (OR) for
the outcome of interest (i.e., serious infections), for children
born to women with RA with different TNFi exposures, rela-
tive to RA offspring unexposed to TNFi, as well as to unex-
posed children from unaffected mothers. The GEE method
accounts for correlation between observations, which might
arise from including >1 offspring from the same mother. In
addition, we assessed the robustness of our effect estimates
by conducting exploratory univariable and multivariable Cox
proportional hazards analyses, which provided very similar
results. In our multivariable analyses, we adjusted for mater-
nal age, pregestational diabetes mellitus, gestational diabetes
mellitus, preterm birth, and medications (i.e., corticosteroids
and nonbiologic and biologic DMARDs). All analyses were
performed using SAS, version 9.4.

Patient involvement. Patient advocates from the
Canadian Arthritis Patient Alliance (CAPA) were involved in
setting the research question, developing the study protocol,
and interpreting the study findings. We plan to disseminate
the results of the research to relevant patient communities
(e.g., CAPA, the Arthritis Society, the Arthritis Foundation,
CreakyJoints, and the ArthritisPower patient registry).

RESULTS

We identified 2,989 RA offspring and 14,596
matched offspring unexposed to maternal RA (see the
patient selection flow chart, Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40536/abstract).Among
RA offspring, 380 (12.7%) were exposed to TNFi during
pregnancy, 133 (4.4%) were unexposed during pregnancy
but exposed in the preconception period, and 2,476 (82.8%)
were unexposed during both the pregnancy and preconcep-
tion periods. Mean maternal age was similar across all RA
groups and non-RAmothers (Table 1).

Among mothers with RA a higher proportion
had pregestational diabetes mellitus and a higher pro-
portion experienced pregnancy complications, such as
preterm births and gestational diabetes mellitus
(Table 1), compared to unaffected mothers. In addi-
tion, in utero drug exposures to corticosteroids and
nonbiologic DMARDs were more frequent in RA off-
spring compared to offspring of non-RA mothers.

Over the first year of life, the percentage of
serious infections in RA offspring with no TNFi expo-
sure (2.0%; 95% CI 1.5, 2.6) was almost identical to
that in non-RA offspring (1.9%; 95% CI 1.7, 2.2),
while the percentage of serious infections in RA off-
spring with TNFi exposure was 3.2% (95% CI 1.5,
5.6). With regard to TNFi exposure in the third trime-
ster, the percentage of serious infections was 3.2%
(95% CI 1.2, 7.7), while for TNFi exposure in the pre-
conception period only, it was 1.5% (95% CI 0.3, 5.9)
(Table 2).

In multivariable analyses, we did not find an
increased risk of serious infections in RA offspring

Table 1. Maternal characteristics of children included in the PAROUS cohort (n = 17,585)*

Characteristic

RA and TNFi
pregnancy
(n = 380)

RA and TNFi
preconception

(n = 133)

RA and
no TNFi

(n = 2,476)
Non-RA

(n = 14,596)

Maternal age, mean � SD years 32.6 � 4.1 32.0 � 4.4 32.5 � 4.4 32.4 � 4.9
Maternal comorbidities, no. (%)
Preexisting hypertension 58 (15.3) 17 (12.8) 387 (15.6) 1,409 (9.7)
Preexisting diabetes mellitus 26 (6.8) 8 (6.0) 208 (8.4) 754 (5.2)
Asthma 21 (5.5) 11 (8.3) 201 (8.1) 665 (4.6)

In utero drug exposures, no. (%)
Corticosteroids 213 (56.1) 62 (46.6) 667 (26.9) 285 (2.0)
Nonbiologic DMARDs 74 (19.5) 23 (17.3) 379 (15.3) 9 (0.1)
Other biologic DMARDs 2 (0.5) 0 (0.0) 31 (1.3) 0 (0.0)

Obstetric outcomes, no. (%)
Gestational diabetes mellitus 82 (21.6) 26 (19.6) 483 (19.5) 2,384 (16.3)
Multiple birth 17 (4.5) 2 (1.5) 81 (3.3) 479 (3.3)
Preterm birth 45 (11.8) 20 (15.0) 273 (11.0) 1,313 (9.0)

* PAROUS = Pregnancies in RA Mothers and Outcomes in Offspring in the United States; RA = rheumatoid arthritis; TNFi =
tumor necrosis factor inhibitors; DMARDs = disease-modifying antirheumatic drugs.
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exposed to TNFi versus non-RA offspring (OR for
TNFi pregnancy 1.7 [95% CI 0.8, 3.7], OR for TNFi
preconception 0.9 [95% CI 0.2, 3.9]) (Table 3 and Fig-
ure 1). The OR estimates for serious infections in RA
offspring exposed to TNFi during pregnancy versus
unexposed RA offspring were fairly wide and precluded
a definitive conclusion (OR 1.4, 95% CI 0.7, 2.8), as
were the results when we restricted TNFi exposure to
the third trimester versus unexposed RA offspring (OR
1.4, 95% CI 0.5, 3.6).

When we looked at the percentage of serious
infections in RA offspring exposed to specific TNFi
(Table 4), we observed a trend toward more serious infec-
tions in RA offspring exposed to infliximab as opposed to
those exposed to other TNFi (absolute risk difference
5.4%; 95% CI �1.1, 20.4). However, the 95% CIs for all
the estimates were overlapping and, particularly in the
case of golimumab and certolizumab, very imprecise.

We evaluated the risk of serious infections in RA
offspring exposed to infliximab as opposed to other TNFi
in an exploratory multivariable analysis, adjusting for
maternal age and in utero corticosteroid exposure (but
unable to control for preterm birth and gestational dia-
betes mellitus since no case occurred for these covari-
ates). Again, there was a trend for an increased risk of

serious infections in RA offspring exposed to infliximab
during pregnancy versus RA offspring exposed to other
TNFi, although the 95% CI included the possibility of no
difference (OR 3.0, 95% CI 0.7, 11.8).

The most frequent type of serious infections in
RA offspring exposed to TNFi, unexposed RA off-
spring, and non-RA offspring was acute bronchiolitis
due to respiratory syncytial virus, accounting for 36%
(95% CI 14, 64), 31% (95% CI 19, 46), and 33% (95%
CI 27, 38) of cases, respectively, in these 3 groups
(Table 5). Among all cases of serious infection occur-
ring in RA offspring (exposed and unexposed to TNFi),
we did not identify any case of TB.

DISCUSSION

Within the largest cohort of RA offspring exposed
to TNFi ever assembled, we did not detect a marked
excess risk associated with overall TNFi exposure during
the preconception and gestational period. In addition,
we did not identify any cases of TB.

We observed a trend in the risk of serious infec-
tions in RA offspring exposed to infliximab, as opposed
to other TNFi, during pregnancy. In a recent study of
80 pregnant women with inflammatory bowel disease
(IBD) exposed to adalimumab or infliximab, investiga-
tors assessed maternal and cord blood levels of TNFi
(15). The median ratio of infant-to-mother drug concen-
tration at birth was 1.21 for adalimumab (95% CI 0.94,
1.49) and 1.97 for infliximab (95% CI 1.50, 2.43). The
investigators showed that the mean half-life of infliximab
and adalimumab was, respectively, 3.7 and 2.0 times
longer in infants than in adult nonpregnant patients.
This translated to a longer mean time to drug clearance
in infants exposed in utero to infliximab as opposed to
those exposed to adalimumab (respectively, 7.3 months
[95% CI 6.2, 8.3] and 4.0 months [95% CI 2.9, 5.0])
(15). Of note, drug concentrations were detectable up to
12 months of age in offspring exposed to infliximab.
These data suggest that the pharmacokinetic proper-
ties of TNFi (i.e., their half-life) combined with their

Table 2. Crude absolute risk estimates of serious infections in offspring included in the PAROUS cohort by exposure categories*

Exposure categories
Serious

infection events, no. Person-years
Serious infections,

% (95% CI)
Incidence rate per 100 person-years

(95% CI)

Non-RA (n = 14,596) 279 11,592 1.9 (1.7, 2.2) 2.4 (2.1, 2.7)
RA and no TNFi (n = 2,476) 49 1,977 2.0 (1.5, 2.6) 2.5 (1.9, 3.3)
RA and TNFi preconception (n = 133) 2 106 1.5 (0.3, 5.9) 1.9 (0.5, 7.6)
RA and TNFi pregnancy (n = 380) 12 287 3.2 (1.5, 5.6) 4.2 (2.4, 7.4)
RA and TNFi third trimester (n = 156) 5 118 3.2 (1.2, 7.7) 4.2 (1.8, 10.2)

* PAROUS = Pregnancies in RA Mothers and Outcomes in Offspring in the United States; 95% CI = 95% confidence interval; RA = rheumatoid
arthritis; TNFi = tumor necrosis factor inhibitors.

Table 3. Unadjusted and adjusted ORs for the risk of serious
infections comparing different exposure categories in the PAROUS
cohort*

Comparison
Unadjusted

OR (95% CI)
Adjusted

OR (95% CI)

TNFi pregnancy vs.
non-RA offspring

1.7 (0.9, 3.0) 1.7 (0.8, 3.7)

TNFi preconception vs.
non-RA offspring

0.8 (0.2, 3.2) 0.9 (0.2, 3.9)

TNFi pregnancy vs.
unexposed RA offspring

1.6 (0.9, 3.1) 1.4 (0.7, 2.8)

TNFi third trimester vs.
unexposed RA offspring

1.6 (0.6, 4.2) 1.4 (0.5, 3.6)

* ORs = odds ratios; PAROUS = Pregnancies in RA Mothers and Out-
comes in Offspring in theUnited States; 95%CI = 95% confidence inter-
val; TNFi = tumor necrosis factor inhibitors; RA = rheumatoid arthritis.
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immunologic structure (i.e., harboring an Fc fragment
or not) influence drug levels in exposed offspring and
the potential risk of having a serious infection.

Our study has many strengths. It is the first study
to evaluate the risk of serious infections in RA offspring
exposed to TNFi, using an RA group and general popu-
lation unexposed group as comparators. Owing to the
availability of data on maternal medical diagnoses and
prescription claims preceding delivery, we were able to
account for important confounding factors, such as
other medications, and present adjusted effect estimates
for each comparison. Another strength of our study
resides in the use of a large health plan database, which

allowed us to assess a rare outcome in RA offspring
exposed to TNFi. In addition, we used case definitions
for RA and serious infections that have been shown to
be valid in prior studies (12,14). Moreover, our data
source (i.e., MarketScan) has been extensively used for
the conduct of pharmacoepidemiologic studies in
rheumatic diseases, particularly related to biologic
DMARDs (such as TNFi) and RA outcomes (16–19).

Figure 1. Forest plot of the effect estimates for the risk of serious infections comparing offspring in the Pregnancies in RA Mothers and Out-
comes in Offspring in the United States cohort with different exposure categories. RA = rheumatoid arthritis; TNFi = tumor necrosis factor inhibi-
tor; trime = trimester; OR = odds ratio; 95% CI = 95% confidence interval.

Table 4. Percent of serious infections according to type of TNFi in
RA offspring exposed during pregnancy*

TNFi

Serious
infections,
% (95% CI)

Adalimumab (n = 108) 1.9 (0.3, 7.2)
Certolizumab (n = 19) 0.0 (0.0, 20.9)
Etanercept (n = 195) 3.6 (1.6, 7.6)
Golimumab (n = 10) 0.0 (0.0, 34.5)
Infliximab (n = 37) 8.1 (2.1, 23.0)

* TNFi = tumor necrosis factor inhibitor; RA = rheumatoid arthritis;
95% CI = 95% confidence interval.

Table 5. Most frequent types of serious infections across exposure
categories*

Types of serious
infection

Cases of serious infection

RA offspring
exposed to TNFi
in pregnancy

and/or
preconception

(n = 14)

RA
offspring
unexposed
to TNFi
(n = 49)

Non-RA
offspring
(n = 279)

Acute bronchiolitis
due to RSV

36 (14, 64) 31 (19, 46) 33 (27, 38)

Acute bronchiolitis
due to other
organisms

36 (14, 64) 20 (11, 34) 18 (14, 23)

Viral meningitis 7 (1, 31) 8 (3, 19) 4 (2, 7)
Other 21 (6, 51) 41 (27, 56) 55 (49, 61)

* Values are the % (95% confidence interval). TNFi = tumor necrosis
factor inhibitors; RA = rheumatoid arthritis; RSV = respiratory syncy-
tial virus.
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Furthermore, administrative database studies like ours
are less prone to selection bias or recall bias compared
to drug or pregnancy registries, which might differen-
tially select drug-exposed subjects based on certain char-
acteristics and/or outcomes or collect exposure
information after the outcome has occurred (20).

We must acknowledge some potential limitations,
particularly TNFi exposure misclassification. Exposure
to TNFi was defined based on filled prescriptions,
except for infliximab and golimumab exposures, which
were also identified by infusion procedure codes. There
might be some concerns that filled prescriptions may
not have reflected actual use. However, it is likely that
most women who filled a prescription for TNFi took at
least 1 dose, because within the MarketScan commercial
database the vast majority of subjects have out-of-pocket
costs associated with prescriptions filled (21). Thus, we
believe this would not have invalidated our findings.

As MarketScan (like most administrative data-
bases) does not provide information on the gestational
age at birth and/or the last menstrual period, we esti-
mated the gestational period by applying a validated
algorithm to term and preterm deliveries separately
(13). Thus, misclassification of TNFi during the gesta-
tional period is possible. However, since our sensitivity
analysis restricted to RA offspring exposed to TNFi in
the 12 weeks prior to delivery showed a similar effect
estimate to the one obtained in our primary analysis, we
do not think that misclassification explains all of our
study findings.

Since MarketScan does not explicitly record RA
activity measures, our study might be subject to resid-
ual confounding by this factor. However, we adjusted
for important drug exposures, such as the use of ste-
roids and nonbiologic DMARDs, which might be associ-
ated with high disease activity. Thus, by accounting for
medication exposures, this might have at least partially
controlled for disease activity.

To date, there have been limited data on the risk
of serious infections in children born to mothers with
inflammatory conditions such as IBD and exposed in
utero to TNFi. Mahadevan et al have reported findings
from the Pregnancy in Inflammatory Bowel Diseases And
Neonatal Outcomes (PIANO) registry, a US prospective
cohort of pregnant women with IBD and their offspring
followed up until 12 months after delivery (22). PIANO
includes 102 offspring exposed to TNFi monotherapy, 59
offspring exposed to combination therapy with TNFi and
thiopurines, as well as an unexposed group of 265 chil-
dren. The authors reported an increased risk of infections
at 12 months of age in offspring exposed to combination
therapy with TNFi and thiopurines relative to the

unexposed group (relative risk [RR] 1.50, 95% CI 1.08,
2.09). However, they did not report a specific effect esti-
mate for the risk of infections in children exposed to TNFi
monotherapy (compared to unexposed offspring). In
addition, the study results have only been reported in
abstract form so far.

In the study mentioned above that evaluated 80
IBD offspring exposed in utero to adalimumab or inflix-
imab, Julsgaard et al assessed the risk of infections in
the first year of life, as reported by the mothers (15). The
investigators did not observe an increased risk of infec-
tions in children exposed to TNFi monotherapy after the
thirtieth gestational week compared to those who were
only exposed before the thirtieth gestational week (RR
0.54, 95% CI 0.26, 1.16). However, offspring exposed to
both TNFi and thiopurines had a ≥2-fold increase in the
risk of infections compared to those only exposed to
TNFi (RR 2.7, 95% CI 1.09, 6.78). These study findings
and the preliminary results from the PIANO registry sug-
gest that TNFi are associated with a potential increase in
the risk of infections in IBD offspring when used in com-
bination with thiopurines during pregnancy.

In summary, we did not observe a marked excess
risk for serious infections in RA offspring exposed to
TNFi during pregnancy, including the third trimester,
versus unexposed RA offspring and children from the
general population. However, we cannot exclude a dif-
ferential risk according to specific TNFi, with infliximab
potentially resulting in a 3-fold increase in the risk of
serious infections compared to other TNFi. More stud-
ies are needed to further evaluate whether the risk of
serious infections in exposed offspring is influenced by
individual TNFi characteristics.
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BRIEF REPORT

Leg Length Inequality and Hip Osteoarthritis in the Multicenter Osteoarthritis
Study and the Osteoarthritis Initiative

Chan Kim ,1 Michael Nevitt,2 Ali Guermazi,1 Jingbo Niu,1 Margaret Clancy,1 Irina Tolstykh,2 Pia M. Jungmann,3

Nancy E. Lane,4 Neil A. Segal ,5 William F. Harvey,6 Cora E. Lewis,7 and David T. Felson8

Objective. Studies suggest that persons with a leg
length inequality (LLI) of ≥2 cm have an increased risk
of developing knee osteoarthritis (OA) in that limb. The
present study was undertaken to examine whether LLI
also confers an increased risk of hip OA.

Methods. Using long limb radiographs from sub-
jects in the Multicenter Arthritis Study (MOST) and the
Osteoarthritis Initiative (OAI), we measured LLI and
scored hip radiographs that were obtained at baseline
and 3–5-year follow-up. The associations of LLI of ≥1
cm and LLI of ≥2 cm with radiographic hip OA were
examined cross-sectionally and longitudinally, assessing
risk in shorter limbs and longer limbs compared to
limbs from subjects with no LLI. We carried out logistic
regression analyses with generalized estimating equa-
tions and adjusted for age, sex, body mass index, height,
and cohort of origin.

Results. There were 1,966 subjects from the
MOST and 2,627 subjects from the OAI. Twelve percent
had LLI of ≥1 cm and 1% had LLI of ≥2 cm. For LLI ≥1
cm, the adjusted odds ratio for prevalent hip OA in the
shorter leg was 1.47 (95% confidence interval [95% CI]
1.07–2.02) and for LLI ≥2 cm, it was 2.15 (95% CI 0.87–
5.34). For LLI ≥1 cm, the odds of incident hip OA in the
shorter leg were 1.39 (95% CI 0.81–2.39) while for LLI ≥2

cm, they were 4.20 (95% CI 1.26–14.03). We found no
increased risk of hip OA in longer limbs.

Conclusion. Our findings suggest that, as with
knee OA, legs that are at least 2 cm shorter than the con-
tralateral leg are at increased risk of hip OA.

Hip osteoarthritis (OA) is a significant source of
morbidity and a major cause of disability in the US. In the
urban/suburban community of Framingham, MA, the age-
standardized prevalence of symptomatic hip OA was
found to be 4.2% (1). Not much is known about modifi-
able risk factors for hip OA that could help identify treat-
ment strategies.

One potential risk factor for hip OA is leg length
inequality (LLI). In the Multicenter Osteoarthritis Study
(MOST), we found that among persons with LLI of least 1
cm, the incidence, prevalence, and progression of knee OA
in the shorter leg were increased compared to the longer
limb (2). The shorter leg is likely to sustain increased
impact force of the foot during gait, thus transmitting a
greater impulse up the ipsilateral leg. LLI is easily treatable
and could be modifiable. However, the longitudinal associ-
ation of LLI and hip OA has not been well characterized.
LLI of ≥1 cm is uncommon (~10–15% of subjects in the
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MOST), and LLI of ≥2 cm is rare (~1% in the MOST).
Furthermore, hip OA has a lower prevalence and incidence
than knee OA. Therefore, in the present study examining
the association of LLI with hip OA, we combined data
from the MOSTand the Osteoarthritis Initiative (OAI), 2
large longitudinal cohort studies of OA, in order to
increase the size of the study population.

PATIENTS AND METHODS

Multicenter Osteoarthritis Study. The MOST is a multi-
center longitudinal community-based study of 3,026 participants
ages 50–79 years with or at risk for knee OA. MOST participants
were recruited from 2 US communities: Birmingham, AL and
Iowa City, IA. Details of the study population have been
published elsewhere (3–5). Subjects were excluded if they had
bilateral total knee replacement, rheumatoid arthritis, ankylosing
spondylitis, psoriatic arthritis, reactive arthritis, or a history of
cancer (except for nonmelanoma skin cancer), needed dialysis,
were unable to walk without the help of another person or use of
a walker, or planned to move out of the area in the subsequent 3
years. Long limb radiographs obtained at baseline and 60 months
were used to assess LLI and radiographic hip OA.

Long limb length evaluation. Leg lengths were measured
as the distance from the center of the femoral head to the tibial
midplafond point (the most distal portion of the tibia directly
over the talar dome), and LLI was recorded as the difference
between legs in these lengths. A detailed description of the leg
length measurement in the MOST has been published (2).

Hip OA evaluation. Long limb radiographs were read
independently by 2 trained investigators, 1 an experienced mus-
culoskeletal radiologist (AG) and the other a rheumatologist
trained in reading hip radiographs (CK), for individual features
of radiographic OA of the hip (RHOA) in accordance with the
Osteoarthritis Research Society International (OARSI) atlas
(6,7). Definite femoral and acetabular osteophytes and supero-
lateral and superomedial joint space narrowing (JSN) were
defined as OARSI atlas grades of ≥2. Hips were classified as
having definite RHOA based on the individual radiographic fea-
tures present, using the following criteria (8): 1) a Croft grade of
≥2 (presence of 2 or more of the following: definite osteophytes,
definite JSN, sclerosis, cysts, or deformity); 2) definite JSN plus
OARSI grade ≥1 femoral osteophytes; 3) definite femoral osteo-
phytes regardless of the presence of other radiographic features;
or 4) definite superolateral JSN or OARSI grade ≥3 superome-
dial JSN regardless of other features. The rheumatologist read
all of the radiographs, and the radiologist read a selected num-
ber of radiographs including all of those the rheumatologist had
classified as showing RHOA. Intraobserver agreement (j) was
0.80 for the presence/absence of RHOA in a sample of 168
radiographs that were reread with the readers being unaware of
previous scores. Among 90 radiographs that were read as nega-
tive for OA by the rheumatologist, the radiologist classified 5 as
showing OA. If there was a disagreement between readers, the
classification made by the radiologist was used.

Osteoarthritis Initiative. The OAI is a multicenter lon-
gitudinal cohort study of OA in 4,796 persons ages 45–79 years
recruited during 2003–2005 at 4 centers: Columbus, OH, Provi-
dence, RI, Baltimore, MD, and Pittsburgh, PA. The researchers
recruited participants if they had or were at increased risk for

knee OA. A description of the OAI is available at www.oai.uc
sf.edu. Inclusion criteria required that participants had to be
ambulatory (use of assistive devices such as canes and walkers
was allowed) with no plans to move away from the area for at
least 3 years. Subjects were excluded if they had a history of
bilateral total knee replacement, bilateral bone-on-bone radio-
graphic knee OA, rheumatoid arthritis, contraindications to
magnetic resonance imaging, or comorbidities that might inter-
fere with the ability to participate in a study for 4 years. The long
limb radiographs used to measure leg length were obtained at
12-month, 24-month, 36-month, or 48-month follow-up visits
(26%, 40%, 30%, and 4% of subjects, respectively). Pelvic radio-
graphs were obtained at baseline and 48-month follow-up and
were used to assess radiographic hip OA.

Long limb length evaluation. The long limb measure-
ments were performed by the same readers who read the MOST
radiographs, using the same protocol.

Hip OA evaluation. In contrast to the MOST, in which
long limb radiographs were used to assess RHOA, the OAI par-
ticipants underwent standard weight-bearing anteroposterior pel-
vic radiography, which was used to assess RHOA. The pelvic
radiographs were read by 2 musculoskeletal radiologists (includ-
ing 1 of the authors [PMJ]) and a rheumatologist (NEL) for indi-
vidual radiographic features of hip OA, using the OARSI atlas
(6). A detailed radiograph reading protocol has been published
(7). RHOA was defined by the same criteria applied in the
MOSTcohort (8). Test–retest agreement (j) for the presence/ab-
sence of RHOA was 0.77 in a sample of 189 radiographs reas-
sessed under blinded conditions.

Analyses. Analyses were restricted to subjects with avail-
able leg length data from both limbs. Subjects with a total knee
or total hip replacement in either limb at baseline were
excluded. If outcome data were missing in 1 hip (usually unread-
able hip joint due to poor radiograph quality), the contralateral
limb was still included in the analysis. We performed analyses
using 2 different definitions of LLI (≥1 cm and ≥2 cm). For
analyses evaluating LLI of ≥1 cm, LLI was categorized as either
<1 cm (referent) or ≥1 cm. For analyses of LLI of ≥2 cm, LLI
was categorized as <1 cm (referent), 1 to <2 cm, or ≥2 cm. For
each LLI category we examined the risk of hip OA in the shorter
limb separately from the risk in the longer limb. First, we exam-
ined the cross-sectional association of LLI with the prevalence
of RHOA using logistic regression models with generalized
estimating equations. We then examined the longitudinal

Table 1. Characteristics of the study subjects from the MOST and
the OAI*

MOST
(n = 1,966)

OAI
(n = 2,627)

Age, mean � SD years 61.9 � 7.9 61.0 � 9.1
Sex, no. (%) male 777 (39.5) 1,114 (42.4)
Race, no. (%) white 1,671 (85.0) 2,144 (81.6)
BMI, mean � SD kg/m2 29.9 � 5.1 28.2 � 4.6
Height, mean � SD cm 169.4 � 9.4 168.2 � 9.5
Leg length difference category, no. (%)
Difference <1 cm 1,709 (86.9) 2,285 (87.0)
Difference between 1 cm and 2 cm 240 (12.2) 304 (11.6)
Difference ≥2 cm 17 (0.9) 28 (1.1)

* MOST = Multicenter Osteoarthritis Study; OAI = Osteoarthritis
Initiative; BMI = body mass index.
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relationship of baseline LLI with incident hip OA. Incident hip
OA was defined as a hip without RHOA at baseline that had
developed RHOA at follow-up. Although total hip replacements
at baseline were excluded, total hip replacements were not
excluded from the follow-up period, and a patient with a total
hip replacement was considered to have incident hip OA. Analy-
ses were adjusted for age, sex, race (white/nonwhite), body mass
index, height (sex-specific quartiles), and cohort of origin.

RESULTS

Characteristics of the subjects from both cohorts
are shown in Table 1. There were 1,966 subjects from
the MOST and 2,627 subjects from the OAI who had
complete data and were included in the analysis.

In the combined analysis of the MOST and OAI
cohorts with LLI ≥1 cm, the adjusted odds ratio (OR)
for prevalent RHOA in the shorter leg was 1.47 (95%
confidence interval [95% CI] 1.07–2.02) and the OR
for prevalent RHOA in the longer leg was 1.09 (95%
CI 0.77–1.55) (Table 2). With LLI ≥2 cm, the adjusted
OR for prevalent RHOA in the shorter leg and in the
longer leg was 2.15 (95% CI 0.87–5.34) and 1.31 (95%
CI 0.46–3.74), respectively (Table 3). For incident
RHOA with LLI ≥1 cm, the OR in the shorter leg was
1.39 (95% CI 0.81–2.39) and the OR in the longer leg
was 1.56 (95% CI 0.93–2.60). With LLI ≥2 cm, the OR
for incident RHOA was 4.20 (95% CI 1.26–14.03) in
the shorter leg and 1.32 (95% CI 0.20–8.66) in the
longer leg (Tables 2 and 3).

DISCUSSION

Our study provides mixed evidence that, in indi-
viduals with LLI, the shorter limb is at increased risk of
radiographic hip OA. With LLI ≥1 cm, the shorter limb
had a significant 1.47-fold odds of prevalent RHOA in
both cohorts combined. With LLI ≥2 cm, the OR for
prevalent RHOA in the shorter leg was increased (2.15
[95% CI 0.87–5.34]) but the increase did not reach statis-
tical significance. The lack of significance may be due to
limited numbers of subjects with this degree of LLI.

For incident RHOA, there was not a significant
association with LLI ≥1 cm. Among subjects with LLI ≥2
cm, there was a significant 4.2-fold increased odds of inci-
dent RHOA in the shorter limb. However, this positive
association was based on small numbers.

Minor degrees of LLI are common and have been
reported to occur in up to 70–90% of the population (9–
11). LLI may be congenital or acquired, with causes
including trauma, infection, and scoliosis causing pelvic tilt

Table 2. Relationship between leg length inequality of ≥1 cm and
hip OA*

Degree of leg length inequality

From –1 cm
to 1 cm

Shorter limb
when LLI
is ≥1 cm

Longer limb
when LLI
is ≥1 cm

Prevalent hip OA
Hips, n/N (%) 450/7,969 (5.6) 51/587 (8.7) 39/588 (6.6)
Crude OR

(95% CI)
Referent 1.58 (1.16–2.16) 1.18 (0.84–1.67)

Adjusted OR
(95% CI)†

Referent 1.47 (1.07–2.02) 1.09 (0.77–1.55)

Incident hip OA
Hips, n/N (%) 141/6,971 (2.0) 15/505 (3.0) 17/516 (3.3)
Crude OR

(95% CI)
Referent 1.50 (0.89–2.53) 1.65 (1.00–2.72)

Adjusted OR
(95% CI)†

Referent 1.39 (0.81–2.39) 1.56 (0.93–2.60)

* OA = osteoarthritis; LLI = leg length inequality; n/N = number of hips
with the outcome (prevalent hip OA or incident hip OA)/number of hips
in the LLI category; OR = odds ratio; 95% CI = 95% confidence interval.
† Adjusted for age, sex, race (white/nonwhite), body mass index, and
height (sex-specific quartiles).

Table 3. Relationship between leg length inequality of ≥2 cm and hip OA*

Degree of leg length inequality

From –1 cm
to 1 cm

Shorter limb when
LLI is ≥1 cm
but ≤2 cm

Longer limb when
LLI is ≥1 cm
but ≤2 cm

Shorter limb
when LLI
is ≥2 cm

Longer limb
when LLI
is ≥2 cm

Prevalent hip OA
Hips, n/N (%) 450/7,969 (5.6) 45/543 (8.3) 35/543 (6.4) 6/44 (13.6) 4/45 (8.9)
Crude OR (95% CI) Referent 1.50 (1.09–2.08) 1.15 (0.80–1.65) 2.60 (1.09–6.22) 1.62 (0.58–4.57)
Adjusted (95% CI)† Referent 1.41 (1.01–1.97) 1.07 (0.74–1.55) 2.15 (0.87–5.34) 1.31 (0.46–3.74)

Incident hip OA
Hips, n/N (%) 141/6,971 (2.0) 12/469 (2.6) 16/478 (3.3) 3/36 (8.3) 1/38 (2.6)
Crude OR (95% CI) Referent 1.30 (0.73–2.30) 1.67 (1.00–2.79) 4.17 (1.26–13.76) 1.41 (0.23–8.47)
Adjusted OR (95% CI)† Referent 1.20 (0.66–2.16) 1.57 (0.93–2.66) 4.20 (1.26–14.03) 1.32 (0.20–8.66)

* OA = osteoarthritis; LLI = leg length inequality; n/N = number of hips with the outcome (prevalent hip OA or incident hip OA)/number of hips
in the LLI category; OR = odds ratio; 95% CI = 95% confidence interval.
† Adjusted for age, sex, race (white/nonwhite), body mass index, and height (sex-specific quartiles).
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(12–14). However, the degree of LLI at which it becomes
clinically significant is controversial (9,10,15–18). In this
study, we chose to assess LLI of ≥1 cm and ≥2 cm.

Although it is known that LLI causes abnormal
loading of the lower extremities, the pathophysiology of its
contribution to lower extremity OA is not completely
understood. The shorter leg sustains increased impact force
with foot strike during gait, thus transmitting a greater
impulse up the ipsilateral leg. A prior cross-sectional study
of hip OA and LLI by Gofton and Trueman showed an
increased prevalence of RHOA in the longer limb in hip
arthroplasty patients (19). In that study, RHOA in the
longer limb was postulated to occur because the longer
limb sustained excessive load while weight bearing. In
cross-sectional data from the Johnston County Osteoarthri-
tis Study in which LLI was assessed using a physical exami-
nation measure, there was an association between shorter
leg length and ipsilateral right hip OA but not left hip OA
(20). In a longitudinal analysis, there was a nonsignificant
trend toward development of hip OA in the shorter limb
(21). In the present study, there was a modest increase in
prevalent RHOA in the shorter limb in the crude analyses,
whereas we found a significant association of LLI ≥2 cm
with incident hip OA. In a study of LLI and knee OA in
subjects from the MOST, higher rates of prevalent and inci-
dent knee OA occurred in the shorter limb (2).

A limitation of the present study is the fact that
severe hip OA with femoral head flattening may shorten
the affected limb; thus, the direction of causality in the
cross-sectional analyses is uncertain. In most cases of hip
OA, however, leg length should not be affected. Our find-
ing of a positive association of incident hip OA in the
shorter leg with LLI ≥2 cm was based on small numbers
(3 of 36 subjects with LLI ≥2 cm developed hip OA in the
combined cohort). Similarly, the Johnston County inci-
dent hip OA results were based on single-digit numbers of
outcomes for LLI ≥2 cm (9 hips with RHOA of 62 hips in
the shorter leg versus 3 hips with RHOA of 57 hips in the
longer leg). In general, marked LLI is uncommon and its
consequences are difficult to study even in large cohorts.
Furthermore, the follow-up period in the present study
(60 months in subjects from the MOSTand 48 months in
subjects from the OAI) may not be long enough to detect
robust numbers of new hip OA cases. Because our cohorts
included participants at risk for or with knee OA, the find-
ings may not be generalizable to the general population.
In the MOST specifically, RHOA was assessed on long
limb radiographs, and the limitations of this method have
been discussed previously (1,22).

LLI is likely treatable with shoe modifications such
as heel lifts, which are simple and inexpensive. Hip OA is a
disease with few significant modifiable risk factors, and

current nonsurgical treatment modalities are of only moder-
ate efficacy. The present study provides evidence to suggest
that equalizing leg lengths may reduce the risk of hip OA.

In summary, leg length inequality increased the
risk of prevalent and incident radiographic hip osteo-
arthritis, with a greater effect on risk in the shorter limb.
Leg length inequality is easily correctable, so this associa-
tion might identify a correctable cause of hip OA.
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Functional Characterization of the Osteoarthritis Genetic
Risk Residing at ALDH1A2 Identifies rs12915901 as

a Key Target Variant

Colin Shepherd ,1 Dongxing Zhu,2 Andrew J. Skelton,1 Jennifer Combe,1 Harrison Threadgold,1

Linyi Zhu,3 Tonia L. Vincent,3 Paul Stuart,4 Louise N. Reynard,1 and John Loughlin1

Objective. To identify the functional single-
nucleotide polymorphisms (SNPs) and mechanisms con-
ferring increased risk of hand osteoarthritis (OA) at the
ALDH1A2 locus, which is a retinoic acid regulatory
gene.

Methods. Tissue samples from 247 patients with
knee, hip, or hand OA who had undergone joint surgery
were included. RNA-sequencing analysis was used to
investigate differential expression of ALDH1A2 and
other retinoic acid signaling pathway genes in cartilage.
Expression of ALDH1A2 in joint tissues obtained from
multiple sites was quantified using quantitative reverse
transcription–polymerase chain reaction. Allelic expres-
sion imbalance (AEI) was measured by pyrosequencing.
The consequences of ALDH1A2 depletion by RNA inter-
ference were assessed in primary human chondrocytes.

In silico and in vitro analyses were used to pinpoint
which, among 62 highly correlated SNPs, could account
for the association at the locus.

Results. ALDH1A2 expression was observed
across multiple joint tissue samples, including osteo-
chondral tissue from the hand. The expression of
ALDH1A2 and of several retinoic acid signaling genes
was different in diseased cartilage compared to non-
diseased cartilage, with ALDH1A2 showing lower levels
in OA cartilage. Experimental depletion of ALDH1A2
resulted in changes in the expression levels of a number
of chondrogenic markers, including SOX9. In addition,
reduced expression of the OA risk–conferring allele was
witnessed in a number of joint tissues, with the strongest
effect in cartilage. The intronic SNP rs12915901 recapitu-
lated the AEI observed in patient tissues, while the Ets
transcription factors were identified as potential media-
tors of this effect.

Conclusion. The ALDH1A2 locus seems to in-
crease the risk of hand OA through decreased expression
of ALDH1A2 in joint tissues, with the effect dependent on
rs12915901. These findings indicate a mechanism that
may now be targeted to modulate OA risk.

Osteoarthritis (OA) is a common age-related
disease that is characterized by the focal loss of carti-
lage, and that is accompanied by pathologic alterations
to additional joint tissues (1). There are no disease-
modifying drugs for OA, with arthroplasty of the hips
and knees being a common procedure.

Epidemiologic studies have reported an OA heri-
tability of >40% at individual skeletal sites (2), while data
sets from candidate-gene and genome-wide association
studies have revealed that OA is polygenic, with the evi-
dence indicating that there is no risk-conferring loci of
large singular impact. As such, the disease is genetically
complex and multifactorial.
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To date, the OA loci identified are typically
located within regions of the genome harboring genes
encoding proteins involved in joint development, matu-
ration, or homeostasis and that tend to contribute to
disease susceptibility only at particular skeletal sites
(2–5). An example of this is the hand OA–associated
single-nucleotide polymorphisms (SNPs) in ALDH1A2
(6). ALDH1A2 codes for the enzyme RALDH2, which
synthesizes the morphogen retinoic acid. Studies have
shown that retinoic acid has pivotal roles in the devel-
opment and maintenance of the skeleton, with its effect
mediated at the gene transcriptional level (7,8).

The association of ALDH1A2 with OA risk was
discovered in Icelanders and replicated in cohorts from
the UK and Netherlands in studies using proxy SNPs
rs3204689 and rs4238326. The greatest odds ratio in
the combined analysis was 1.46 for rs3204689 (P = 1.1
9 10�11). None of the SNPs that correlate (r2 > 0.8)
with rs3204689 or rs4238326 are nonsynonymous, imply-
ing that the association acts by modulating gene expres-
sion as a quantitative trait locus (eQTL). The presence
of an eQTL operating on ALDH1A2 was confirmed
using the 30-untranslated region (30-UTR) SNP
rs3204689. An average 17.4% excess expression of
ALDH1A2 messenger RNA (mRNA) from the non-risk
G allele, relative to the risk-conferring C allele, was
reported in knee and hip cartilage samples (6). This is
equivalent to a 15% reduction in ALDH1A2 expression
in the presence of the risk allele.

In this study, we aimed to expand the allelic
expression imbalance (AEI) analysis into other synovial
joint tissues and to the trapezium of patients who had
undergone a trapeziectomy due to hand OA. We car-
ried out a broad analysis of the expression of
ALDH1A2 and genes involved in the retinoic acid path-
way. Finally, we performed experiments to identify a
SNP or SNPs in the association signal that recapitulate
the AEI effect observed in patient tissues and which
could, therefore, be functional candidate SNPs.

PATIENTS AND METHODS

Patients. Joint tissue samples were obtained through 2
centers in the UK, Newcastle and Oxford. The Newcastle col-
lection was undertaken essentially as previously described (9).
The Newcastle and North Tyneside Research Ethics Commit-
tee granted ethics approval for the collection. Each donor pro-
vided verbal and written informed consent (REC reference no.
14/NE/1212). Samples were collected from 1) patients with pri-
mary hip or knee OA who had undergone joint replacement
surgery, 2) patients with primary hand OA who had undergone
trapeziectomy, and 3) patients who had undergone hip replace-
ment due to a neck-of-femur (NOF) fracture. For patients with

hand OA, cartilage could not be readily separated from frac-
tured subchondral bone; therefore these samples comprised
subchondral bone with attached cartilage (i.e., osteochondral
samples). Tissue preparation and grinding was performed as
described previously (10).

DNA and RNA were extracted from the cartilage,
bone, and trapezieum samples using TRIzol reagent (Life
Technologies). For the synovium and fat pad, DNA and RNA
were extracted using an E.Z.N.A. DNA/RNA isolation kit
(Omega Biotek, VWR) (11). Primary human chondrocytes
were prepared and cultured as previously reported (12).

The Oxford Musculoskeletal Biobank collection pro-
vided samples of OA trapezium. Patients gave their informed
consent for sample collection (REC reference no. 09/H0606/
11). Trapezium cartilage was dissected from the bone within 2
hours of surgical removal from the joint, and the tissue was
then snap frozen in liquid nitrogen and stored at �80°C. Car-
tilage and bone tissue were ground using a Cryo-Cup Grinder
(Biospec). RNA was extracted from cartilage using an
RNeasy Micro kit (Qiagen). DNA was extracted from the
bone using DNAzol (Thermo Fisher Scientific).

Further details regarding both the Newcastle and
Oxford patients can be found in Supplementary Table 1
(available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40545/abstract).

Quantitation of gene expression. Synthesis of comple-
mentary DNA (cDNA) and analysis by quantitative reverse
transcription–polymerase chain reaction (qRT-PCR) were per-
formed as described previously (9). Predesigned TaqMan
assays (Integrated DNA Technologies) were used to quantify
expression of the housekeeping genes HPRT1, 18S, and
GAPDH and the target genes COL2A1, COL10A1, SOX9,
ACAN, ADAMTS5, VEGFA, RUNX2, and MMP13. For target
genes ALDH1A2, RARA, RARB, RARG, RXRA, RXRB,
CRABP2, and CYP26B1, primers were designed using the
Roche probe library system (see Supplementary Table 2,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40545/abstract). P val-
ues were calculated using a Mann-Whitney 2-tailed exact test.

RNA-sequencing (RNA-seq) analysis. RNA-seq analy-
sis was performed on the cartilage of 10 patients with hip OA
and 6 patients with NOF fracture (non-OA controls) (the
RNA-seq data have been deposited in the NCBI Gene
Expression Omnibus [accession no. GSE111358]). Quality of
the raw sequencing data was assessed using Fastqc (version
0.11.5) and compiled for experiment-wide context using
MultiQC (version 1.0dev) (13,14). Salmon software (version
0.8.2) was used to quantify raw Fastq files, based on an index
derived from Gencode V24 transcript sequences (15,16).
Salmon was run in sequence and G/C bias correction models,
with 100 bootstraps. Abundance estimations were analyzed in
R (version 3.4.1), and estimates were imported using Tximport
(version 1.4.0) (17–19). Statistical modeling was performed
using DESeq2 (version 1.16.1) (20) to library-scale normalize
the raw counts and fit a negative binomial generalized linear
model. Hypothesis testing was performed using the DESeq2
implementation of the Wald test. Statistical significance of
the analyzed genes was determined on the basis of a false dis-
covery rate–corrected P value of <0.01 and a fold change fil-
ter of 2.

Genotyping. The rs3204689 SNP was genotyped by a
restriction fragment length polymorphism assay. The SNP was
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amplified by PCR using the primers listed in Supplementary
Table 3 (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40545/abstract).
The discriminatory enzyme was SfcI (New England Biolabs),
which cuts at the non-risk G allele.

The rs4238326 SNP was genotyped by pyrosequencing
(see Supplementary Table 3 for the primers used). PCR prod-
ucts were analyzed using the PyroMark Q24 MDx platform
(Qiagen), with use of the sequencing primer listed in Supple-
mentary Table 3 and PyroMark Gold Q96 reagents, in accor-
dance with the manufacturer’s instructions.

Determination of allelic expression imbalance (AEI).
AEI at rs3204689 was quantified by pyrosequencing, using the
pyrosequencing methods described above and the PCR and
sequencing primers listed in Supplementary Table 3. Analysis of
the results was performed as described previously (9). P values
were calculated using a Mann-Whitney 2-tailed exact test.

Determination of mRNA stability. Chondrocytes were
isolated from the cartilage of 4 patients with knee OA who
were heterozygous at rs3204689. The cells were seeded in
6-well plates at 400,000 cells per well, and then treated with
5 lg/ml actinomycin D (Sigma-Aldrich) for 0, 4, 8, 12, and
24 hours. Nucleic acid was extracted using TRIzol reagent
(Life Technologies), and expression of ALDH1A2 was measured
by qRT-PCR.

AEI at rs3204689 was assessed by pyrosequencing.
Expression of ALDH1A2 mRNA in the combined group of
patients was compared at each time point relative to time 0.
P values were calculated using a Mann-Whitney 2-tailed exact
test.

RNA interference (RNAi). RNAi was performed in
chondrocytes isolated from the cartilage of 3 patients with
knee OA, essentially as described previously (9). For each
patient, the cells were seeded in each well of a 6-well plate at
a density of 350,000 cells per well. Cells were transfected with
50 nM Dharmacon ON-TARGETplus SMARTpool small
interfering RNA (siRNA) targeted against ALDH1A2 (L-
008118-00) or a nontargeting siRNA as the control (D-
001810-10-20). RNA and protein were extracted concurrently
using the Nucleospin RNA/protein kit (Macherey-Nagel).
Gene expression was assessed by qRT-PCR using cDNA syn-
thesized from RNA extracted from each well, with 5 technical
repeats per analyzed gene. P values were calculated using a
Student’s 2-tailed t-test.

Immunoblotting. For immunoblot analysis of
RALDH2 depletion following RNAi, 10 lg of protein was
resolved on 10% (weight/volume) sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) gels. Blots
were probed with an anti-ALDH1A2 antibody (HPA010022;
Atlas Antibodies) or anti-GAPDH antibody (Cell Signaling
Technology). RALDH2 depletion was quantified using ImageJ
software (21), with RALDH2 values normalized to the levels
of anti-GAPDH. P values were calculated using Student’s 2-
tailed t-test.

For immunoblot analysis of RALDH2 in ground
trapezium bone samples, cellular protein was extracted with
radioimmunoprecipitation assay buffer. Twenty micrograms of
clarified lysate was resolved by SDS-PAGE and immunoblot-
ted as described above.

Luciferase reporter assays. DNA regions surrounding
the 39 SNPs selected for analysis were cloned and used for
luciferase reporter analysis, essentially as described previously

(9). Primer sequences are listed in Supplementary Table 4
(available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40545/abstract). The cell
lines SW1353 and HEK 293 (both from ATCC) were seeded
at 10,000 cells per well in 96-well plates, and after 24 hours,
they were transfected with the firefly and Renilla luciferase
constructs. P values were calculated using a Mann-Whitney
2-tailed exact test.

Electrophoretic mobility shift assays (EMSAs).
Nuclear protein was extracted from SW1353 and HEK 293
cells as previously described (22). For each allele of each of
the 8 SNPs studied, forward and reverse single-stranded
DY682-labeled oligonucleotides (Eurofins MWG Operon),
spanning 15 bp each side of the SNP (see Supplementary
Table 5, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40545/abstract),
were annealed to generate double-stranded probes. EMSAs were
then undertaken as previously described (22). For rs12915901, an
Ets random competitor probe was used as a negative control
(see Supplementary Table 6, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40545/abstract).

RESULTS

Quantitative expression of ALDH1A2 in joint
tissues. We measured ALDH1A2 expression by qRT-
PCR in the cartilage, fat pad, synovium, and trabecular
bone from OA patients who had undergone knee or
hip joint replacement surgery. Expression was also
measured in osteochondral tissue from patients who
had undergone a trapeziectomy. Expression was highest
in the cartilage and lowest in the bone and trapezium.
In fact, the expression of ALDH1A2 was below the
limit of detection (established as a threshold cycle
value of ≥40) in 17 of the 25 bone samples and 2 of
the 8 trapezium samples (Figure 1A).

Having confirmed expression of ALDH1A2
mRNA in the joint tissues, including samples from the
trapezium of patients who underwent a trapeziectomy,
we next confirmed expression of the RALDH2 protein by
immunoblotting of the protein extracted from the trapez-
ium tissue of patients with hand OA (see Supplementary
Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40545/
abstract).

Using RNA-seq data from the cartilage of OA
patients and that from non-OA controls (i.e.,
age-matched patients with NOF fracture) who had
undergone hip replacement surgery, we characterized
the expression pattern of the ALDH1A2 transcript iso-
forms. The Ensembl database (available at http://www.
ensembl.org/index.html) lists 25 isoforms for this gene,
of which 8 are predicted to be protein coding. Nine of
the 25 isoforms were expressed in the analyzed
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cartilage above a mean transcripts-per-million threshold
of 1, including 4 of the 8 protein-coding isoforms
(Figure 1B) (see also Supplementary Table 7, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40545/abstract).
When assessing expression of all ALDH1A2 isoforms
combined (designated the ALDH1A2 gene in Figure 1B),
there was a 0.3-fold decrease in ALDH1A2 expression in
the OA cartilage compared to the non-OA control carti-
lage (P < 0.01).

Differential expression of RA pathway genes in
OA cartilage. The reduced expression of ALDH1A2 in
OA compared to non-OA cartilage prompted us to

investigate our RNA-seq data for the relative expression
of other genes active in the retinoic acid pathway (see
Supplementary Table 8, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40545/abstract). Of a panel of 13
genes selected as a representative cross-section of the
retinoic acid pathway, and due to their relatively abun-
dant levels of expression, several of these genes were
differentially expressed between OA cartilage and non-
OA control cartilage (Figure 1C). RARRES1, which
codes for retinoic acid receptor responder 1, was one of
the most significantly differentially expressed genes, with
a 2.4-fold decreased expression in OA cartilage (P =

Figure 1. Expression analysis of ALDH1A2 and retinoic acid pathway genes in multiple tissue samples from patients with osteoarthritis (OA). A,
Expression of ALDH1A2 mRNA was measured by quantitative reverse transcription–polymerase chain reaction in OA cartilage, fat pad, synovium,
bone, and trapezium. B, Expression of ALDH1A2 gene and transcript isoforms (designated by their Ensembl database identification [ID] numbers)
was measured in hip cartilage from OA patients and patients with neck-of-femur (NOF) fracture as controls, using RNA-sequencing data. The cat-
egory “ALDH1A2 gene” represents all isoforms combined. C, Expression of a panel of retinoic acid pathway genes was measured in hip cartilage
from OA patients and non-OA NOF controls, using RNA-sequencing data. The data for ALDH1A2 are replotted for comparison. In C, transcripts
per million (TPM) kilobase values are plotted as the log10. P values were calculated using Mann-Whitney 2-tailed exact test in A and Wald test
within the DESeq2 package in B and C. In A, symbols represent individual samples; horizontal lines with bars show the mean � SEM. In B and
C, results are the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001.
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6 9 10�12). The results of this analysis imply that there
is a widespread differential regulation of the retinoic
acid pathway between OA and non-OA cartilage.

AEI analysis of ALDH1A2. The investigators
who reported the association of OA risk with
ALDH1A2 observed a reduction in expression of the
OA risk–conferring allele of the gene in AEI analysis.
We replicated this observation, detecting an average

reduction of 28% in the expression of the risk C allele
in the cartilage of patients who were heterozygous at
rs3204689 (P < 0.0001), with the majority of patients
demonstrating AEI (Figure 2A).

In our expanded analysis, we observed an aver-
age reduction of 14% in the expression of the risk C
allele in the fat pad (P < 0.0001) (Figure 2B) and a
reduction of 15% in the bone samples (P = 0.001)

Figure 2. Allelic expression imbalance (AEI) analysis of ALDH1A2. A–E and G, AEI analysis of rs3204689 was carried out in osteoarthritis (OA)
patient cartilage (n = 31) (A), fat pad (n = 24) (B), bone (n = 16) (C), synovium (n = 18) (D), trapezium (n = 10) (E), and primary chondrocytes (n = 9)
(G). Plots in the left panels show the risk/non-risk (C/G) allelic ratios, with a ratio of <1 indicating decreased expression of the C allele. The right pan-
els show the mean values for DNA and cDNA from all patients combined, with results represented as box-and-whisker plots, in which the lines within
the box represent the median, the box represents the 25th to 75th percentiles, and the whiskers represent the minimum and maximum values. A mini-
mum of 3 technical repeats were performed for each patient’s DNA and cDNA. P values were calculated using Mann-Whitney 2-tailed exact test. F,
AEI analysis was carried out in 4 OA patients for whom cartilage samples and tissue from at least one other site were available. The broken horizontal
line indicates a C/G ratio of 1, which is indicative of no allelic imbalance. Values are the mean � SD AEI plotted for each individual in each tissue
tested. Individual patients are designated by their anonymized identification (ID) numbers. ** = P < 0.01; **** = P < 0.0001. NS = not significant.
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(Figure 2C), whereas in the synovium, the reduction
was nonsignificant (average reduction 2%; P > 0.05)
(Figure 2D). We observed an average reduction of
18% in the expression of the risk allele in the trapez-
ium (P < 0.01) (Figure 2E). Despite the nonsignificant
AEI observed in synovium samples, there were individ-
uals who did demonstrate clear AEI in the synovium
(patients 88 and 112 in Figure 2D).

The reduction in expression of the OA risk
allele was less profound in these noncartilaginous joint
tissues, as was most clearly demonstrated when we
compared AEI ratios in 4 patients for whom cartilage
tissue and tissue from at least 1 other site from the
same joint could be concurrently analyzed. In each
patient, cartilage showed a larger AEI than that
observed in any of the noncartilaginous tissue samples
(Figure 2F).

It is noteworthy that in a small number of
patients, the OA risk–conferring C allele was expressed
at a higher level, rather than a lower level, than was
the non-risk allele (Figures 2A–E). This was most obvi-
ous in the synovium of patient 97 (Figure 2D) and the
osteochondral trapezium of patient 212 (Figure 2E).

Finally, we assessed AEI stability during tissue
culture by extracting chondrocytes from the knee carti-
lage of 9 OA patients who were heterozygous at
rs3204689, culturing the cells in monolayer for a mini-
mum of 10 days and then undertaking AEI analysis
(Figure 2G). We observed an average reduction of

25% in the expression of the risk allele (P = 0.004),
which is comparable to the reduction seen in OA carti-
lage tissue samples (Figure 2A), thus suggesting that
the AEI is stable during cell division in vitro.

Effect of knockdown of ALDH1A2 on chondro-
cyte gene expression. Having demonstrated that the
OA risk–conferring C allele of rs3204689 is correlated
with decreased expression of ALDH1A2, we next mod-
eled this effect. Chondrocytes were isolated from the
knee cartilage of 3 OA patients, and then cultured in
monolayer and subjected to ALDH1A2 knockdown by
RNAi. Compared to the effects of the scrambled
siRNA control, siRNA targeting ALDH1A2 achieved a
mean knockdown at the ALDH1A2 mRNA level of
89% (P < 0.0001) (Figure 3A), with a 22% reduction
at the protein level (P < 0.05) (Figure 3B).

We next assessed the effect of this knockdown of
ALDH1A2 on the expression of 7 retinoic acid pathway
genes (RARA, RARB, RARG, RXRA, RXRB, CRABP2,
and CYP26B1) and 8 chondrogenic genes (SOX9,
ADAMTS5, MMP13, ACAN, COL2A1, COL10A1,
RUNX2, and VEGFA). Depletion of ALDH1A2 corre-
lated with a significant reduction in the expression of
RARB (P = 0.001), SOX9 (P = 0.002), ADAMTS5 (P =
0.007), ACAN (P = 0.04), and VEGFA (P = 0.004) (Fig-
ures 3C–G). Therefore, in this model system, depletion
of ALDH1A2 transcript and of its protein in OA knee
cartilage had a significant impact on genes that encode
regulators of cartilage homeostasis.

Figure 3. Effects of knockdown of ALDH1A2 in primary chondrocytes from patients with osteoarthritis (OA). A, ALDH1A2 knockdown with
small interfering RNA (siRNA) targeting ALDH1A2 (siALDH1A2) was carried out in cultured knee chondrocytes from 3 OA patients, in compar-
ison to the effects of a nontargeting siRNA control (siControl). ALDH1A2 expression was measured by quantitative reverse transcription–poly-
merase chain reaction. Values represent the mean � SD fold change in expression compared to siControl, with the data combined for the 3
patients. B, Representative results from immunoblotting demonstrate depletion of RALDH2 protein following ALDH1A2 knockdown. GAPDH
was used as a loading control. C–G, The fold change in expression of RARB (C), SOX9 (D), ADAMTS5 (E), ACAN (F), and VEGFA (G) following
ALDH1A2 knockdown, relative to that with the siControl, was assessed in chondrocytes from the 3 OA patients combined. Values are the
mean � SD. P values were calculated using Student’s 2-tailed t-test. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001.
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Lack of involvement of UTR SNPs in regulating
transcript stability. The 30-UTRs offer binding sites for
microRNAs (miRNAs) that can regulate transcript sta-
bility. The 30-UTR of ALDH1A2 contains 2 SNPs that
correlate with the rs3204689 association signal:
rs3204689 itself and rs9325 (r2 = 0.96 with rs3204689).
A search of TargetScan (http://www.targetscan.org/vert_
71/) revealed that both of these SNPs reside within pre-
dicted miRNA binding sites. In order to assess whether
the eQTL operating on ALDH1A2 was the result of
miRNA-mediated transcript degradation, we measured
AEI in cultured chondrocytes following treatment with
the transcriptional inhibitor actinomycin D. If the ratio
of AEI endures following treatment, this would imply
that the AEI results from differential transcription
between alleles, rather than differential transcript sta-
bility.

We investigated chondrocytes from 4 patients
with knee OA who were heterozygous at rs3204689.
Levels of ALDH1A2 mRNA expression were signifi-
cantly decreased in the chondrocytes after 12 hours (P <
0.01) and 24 hours (P < 0.0001) of actinomycin D treat-
ment, compared to time 0 (Figure 4A), but the allelic
ratio remained stable for the duration of the time course
in each patient’s cells (Figure 4B). These data therefore
support the notion that an effect on transcription, rather
than transcript stability, is the mechanism through which
the association signal impacts on ALDH1A2 expression.

Triage to identify functional candidate SNPs.
We aimed to identify SNPs that correlated with the OA
association signal, and in which the 2 SNP alleles
demonstrated differential transcriptional activity. Such
SNPs would be strong functional candidates responsible
for the AEI. To achieve this, we applied a triage system
that had 3 sequential stages: 1) identification of SNPs
showing a correlation (r2 ≥ 0.8) with either rs3204689
or rs4238326 and that could be predicted in silico to be
potentially functional; 2) luciferase reporter analysis of
both alleles of these SNPs in transformed cell lines;
and 3) further functional characterization by EMSA of
the SNPs that demonstrated AEI in the luciferase anal-
ysis.

SNPs correlated with the OA association signal.
Using HaploReg version 4.1 (http://archive.broadinstitute.
org/mammals/haploreg/haploreg.php), we identified 54
SNPs that strongly correlated with rs3204689 and 8 SNPs
that strongly correlated with rs4238326 (each r2 ≥ 0.8)
(see Supplementary Tables 9 and 10, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40545/abstract). All resided within
the gene body or immediately downstream of ALDH1A2,
and encompassed a 145-kb region.

We screened all 62 of these SNPs, as well as
rs3204689 and rs4238326, for predicted transcriptional
functionality using RegulomeDB (http://www.regulomedb.
org) (for more details on the RegulomeDB scores, see
Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40545/abstract). This analysis identified 38
positive SNPs (as indicated by the RegulomeDB scores
listed in Supplementary Tables 9 and 10), and these
were taken forward for luciferase analysis. We also
included rs4646563, despite there being no supporting
RegulomeDB data for this SNP, as it resides close to
the CpG dinucleotide cg12031962, which marks an
ALDH1A2 methylation QTL (mQTL) that we described
in a previous report (23). In total, we took forward 39
SNPs for luciferase analysis.

Figure 4. ALDH1A2 transcript stability in osteoarthritis (OA) chon-
drocytes. A, Chondrocytes from 4 OA patients were cultured in the
presence of actinomycin D for 0, 4, 8, 12, or 24 hours and the effects
on ALDH1A2 mRNA expression were assessed by quantitative
reverse transcription–polymerase chain reaction. At each time point,
the mean � SEM ALDH1A2 mRNA expression level in the 4
patients combined was compared to time 0. P values were calculated
using a Mann-Whitney 2-tailed exact test. B, The allelic ratio (C/G)
at rs3204689 was determined by pyrosequencing in the chondrocytes
from the 4 OA patients at each time point. Values are the mean ratio
determined from 6 technical repeats. Individual patients are desig-
nated by their anonymized identification (ID) numbers. ** = P <
0.01; **** = P < 0.0001.
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Allelic expression differences identified at 8
SNPs by luciferase analysis. For these 39 SNPs, each
allele was cloned into a pGL3-promoter plasmid (with
multiple SNPs cloned together if they were <200 bp
apart) and relative luciferase activity was compared in
2 human cell lines, SW1353 chondrosarcoma cells and
HEK 293 cells. The former was chosen because of its
chondrocyte origin, and the latter because it abundantly
expresses ALDH1A2.

Six constructs encompassing a total of 8 SNPs
displayed significant allelic differences in transcriptional
activity (P < 0.05) (Figures 5A and B). These SNPs
were rs4646636, rs12915901, rs4646563, and rs4646586,
which correlated with rs3204689, and rs11071365,
rs11071366, rs4646571, and rs4646572, which correlated
with rs4238326.

Of the 8 SNPs, rs12915901 was particularly note-
worthy in that both the A and G alleles of this SNP
acted as an enhancer in both cell types (normalized
luciferase activity >1.0), with the A allele (equivalent to
the risk-conferring C allele of rs3204689) showing
lower expression relative to the non-risk G allele in
both cell types. The relative reduction in expression of
the risk allele observed for rs12915901 was 15% in
SW1353 cells and 14% in HEK 293 cells. These reduc-
tions are comparable to those observed in OA patient
cartilage (28%), fat pad (14%), and bone (15%) for
the C allele of rs3204689 (Figure 2). As such,
rs12915901 recapitulated the AEI seen in OA patients.
The additional 7 SNPs that displayed allelic differences
in transcriptional activity did not meet the same criteria
as met by rs12915901.

EMSA characterization of differential allelic
binding at rs12915901. We used EMSAs to character-
ize protein complex binding to each of the 8 positive
SNPs that emerged from our luciferase analysis. This
analysis revealed differential allelic binding of 2 protein
complexes to rs12915901 (results in SW1353 cells in
Figure 6A; results in HEK 293 cells in Supplementary
Figure 3A, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40545/abstract). We found no consistent allelic dif-
ferences in protein complex binding for the other 7
SNPs analyzed. The 2 rs12915901 complexes bound
almost exclusively to the non-risk G allele of the SNP,
with the higher molecular weight complex competing
much less efficiently with the A allele than with the G
allele competitor (Figure 6B).

A search of the online databases JASPAR (http://
jaspar.genereg.net) and UniProbe (http://the_brain.bwh.
harvard.edu/uniprobe/) identified the Ets family of tran-
scription factors as potentially binding to rs12915901 and
its flanking sequence, but only for the non-risk G allele:
the highly conserved Ets DNA binding domain is
50-GGAA-30, which is intact for the G allele of rs12915901
but is abolished in the A allele, with the sequence chang-
ing to 50-GAAA-30 (underline indicates the rs12915901
base).

This hypothetical loss of Ets binding was consis-
tent with our EMSA data, in that the 2 protein com-
plexes bind to the G allele but not the A allele of the
SNP. We therefore used an Ets competitor sequence in
our EMSA. This competed very efficiently for binding
to the 2 protein complexes, implying that they do

Figure 5. Luciferase reporter analysis of single-nucleotide polymorphism (SNP) alleles. Four SNPs correlating with rs3204689 (A) and 2 SNP pairs
correlating with rs4238326 (B) demonstrated allelic expression differences in SW1353 and HEK 293 cells. Values are plotted as the mean � SEM
normalized luciferase activity from 6 biologic repeats, each with 6 technical repeats. For each SNP, the osteoarthritis risk–associated allele is shown
as light gray–shaded bars. The horizontal dashed line indicates no difference in expression relative to the Renilla transfection control (normalized
luciferase activity value of 1.0). P values were calculated using a Mann-Whitney 2-tailed exact test. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
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contain at least 1 Ets transcription factor (Figure 6B
and Supplementary Figure 3B, http://onlinelibrary.wiley.
com/doi/10.1002/art.40545/abstract). A random competi-
tor sequence had no effect (data not shown). Ets is one
of the largest family of transcription factors, with 29 Ets
genes in humans. Using our RNA-seq data, we deter-
mined that the majority of these Ets transcription fac-
tors were expressed in cartilage.

DISCUSSION

Retinoic acid plays a crucial role in organism
development (24), via its regulatory effects on chondro-
genesis and osteogenesis (25). Its synthesis involves the
oxidation of retinaldehyde to retinoic acid. This step is
catalyzed by the RALDH enzymes, of which there are 3
in humans (RALDH1, RALDH2, and RALDH3), each
coded for by a separate gene (ALDH1A1, ALDH1A2,
and ALDH1A3). RALDH2/ALDH1A2 is pivotal, with
knockout of the mouse ortholog being lethal (24).

A 2014 report discussing an association with OA
of SNPs at the ALDH1A2 locus (6) was the first occasion
in which the retinoic acid pathway had been associated
with OA at a genome-wide significance level, and those
findings highlighted the fact that a molecule key to early
postnatal development can have an impact on a disease
that tends to develop in older individuals. That prior
report contained a number of features common in OA
genetic studies: 1) the signal is to a gene involved in a
regulatory pathway; 2) the functional effect of the
genetic susceptibility is on gene expression; and 3) the

signal is not a risk factor for disease at all skeletal sites
examined (2,4,5).

We set out to replicate and expand upon the
findings included in the 2014 study. We confirmed that
the risk-conferring C allele of rs3204689 correlated
with reduced expression of ALDH1A2 in cartilage, and
demonstrated that this effect was common in the fat
pad and bone of OA patients, albeit to a lower degree.
AEI was less common in the synovium examined. Our
data suggest that the functional consequence of the
genetic risk is not uniform across joint tissues, with car-
tilage being the major target tissue. The fact that carti-
lage showed a more pronounced AEI when we studied
several joint tissue sites from the same individual sug-
gests that nongenetic modulators have a role. We have
previously demonstrated that ALDH1A2 is subject to
an mQTL that correlates with the association signal
(23). A detailed analysis of DNA CpG methylation and
ALDH1A2 AEI in multiple joint tissues from the same
donor is clearly merited.

We examined osteochondral tissue from patients
with hand OA who had undergone a trapeziectomy. Sev-
ere thumb OA was one of the clinical phenotypes for
which an association with ALDH1A2 was demonstrated
in the 2014 report. In the present study, we observed sta-
tistically significant AEI in the osteochondral tissue,
confirming, for the first time, that the risk allele at this
locus correlates with decreased expression of ALDH1A2
in the trapezium of patients with hand OA.

Our RNA-seq data revealed reduced expression
of ALDH1A2 in OA hip cartilage compared to non-OA

Figure 6. Electrophoretic mobility shift assay (EMSA) analyses of expression of the rs12915901 G and A alleles in SW1353 cells. A, Increasing
concentrations of unlabeled G allele and the A allele competitor were added to the EMSA reactions containing cell nuclear extract and a G or A
allele probe. B, Increasing concentrations of an unlabeled Ets competitor were added to the EMSA reaction containing a G allele or an A allele
probe. Arrows indicate 2 complexes binding with much greater affinity to the G allele than to the A allele.
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hip cartilage. Reduction in expression in OA cartilage,
combined with carriage of 1 or 2 copies of the low-
expressing C allele of rs3204689, may be the risk-
conferring scenario. In the same RNA-seq data set, we
observed differential expression of several retinoic acid–
related genes. This implies that a systemic alteration in
the activity of the retinoic acid pathway occurs in OA.
We are not aware of any reports that have discussed a
significant association of any of the other investigated
retinoic acid genes with OA, but an analysis of these
genes as candidate genes may be worthwhile.

A functional role of retinoic acid and retinoic acid
receptors in the pathogenesis of OA has been described.
Increased concentrations of retinoic acid receptor
ligands were previously reported in synovial fluid samples
extracted from patients with OA as compared to non-OA
controls (26). These increased concentrations of retinoic
acid metabolites and derivatives are suggested to be
detrimental to cartilage through the stimulation of
catabolic processes in chondrocyte explant cultures.
Paradoxically, our data suggest that decreased ALDH1A2
expression, and, by extrapolation, decreased retinoic
acid availability, may also compromise cartilage
integrity through modulation of SOX9 expression. The
catabolic effects of altered retinoic acid levels in carti-
lage perhaps suggest that the tight regulation of retinoic
acid production during development is also critical for
the long-term maintenance of healthy cartilage.

The results of our studies utilizing treatment of
chondrocytes with actinomycin D suggest that the alter-
ations in allelic expression occur as a result of the
effects on the rate of transcription rather than on tran-
script stability, while our knockdown of ALDH1A2
resulted in the reduced expression of several genes,
including the gene coding for the key chondrogenic
transcription factor SOX9. A recent report highlighted
the finding that ALDH1A2 expression is a positive
determinant of SOX9 expression in chondrocytes (27),
thereby supporting our own observations.

Our in silico and in vitro analyses of SNPs
correlating with the OA association signal identified the
ALDH1A2 intronic SNP rs12915901 as a SNP exhibiting
differences in allelic activity that matched the allelic
effects seen in our patient-based studies. Our EMSA anal-
yses implicated the Ets family of transcription factors as
positive regulators of expression. Members of this family
have previously been reported to have a role in OA via
regulation of the expression of chondrogenic genes
(28,29). Detailed analysis of these Ets transcription fac-
tors in the context of the ALDH1A2 association signal
and ALDH1A2 expression is now warranted.

We analyzed several samples of OA trapezieum
tissue, but the vast majority of our tissue came from hip
or knee arthroplasties, reflecting the small volume of
hand OA surgical procedures undertaken relative to hip
and knee procedures. In our quantification of ALDH1A2
expression, the trapezium samples displayed relatively
low levels compared to the hip and knee cartilage sam-
ples. We posit therefore that where the expression of the
gene is already low, as in the hand, that joint may not be
able to tolerate further reduction in expression brought
about by carriage of the risk allele.

In conclusion, we have characterized the eQTL
operating on ALDH1A2 in multiple joint tissue sites,
including trapezium samples obtained from patients
with hand OA. We highlight the functional effect of
decreased ALDH1A2 expression in human chondro-
cytes and show that retinoic acid–related genes are dif-
ferentially expressed between OA diseased cartilage
and non-OA control cartilage. Our findings prioritize a
SNP as a functional variant potentially responsible for
the modulation of ALDH1A2 expression. Experiments
building on our findings can now be planned to
develop strategies to mitigate the effect of the risk of
OA conferred by ALDH1A2.
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Association of Inflammatory Bowel Disease and
Acute Anterior Uveitis, but Not Psoriasis, With Disease

Duration in Patients With Axial Spondyloarthritis

Results From Two Belgian Nationwide Axial Spondyloarthritis Cohorts

Ga€elle Varkas,1 Nathan Vastesaeger,2 Heleen Cypers ,1 Roos Colman,3 Thomas Renson,1
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Luc Corluy,5 Yves Piette,5 Jan Lenaerts,5 Kristof Thevissen,5 Benedicte Vanneuville,5

Filip Van den Bosch,1 and Dirk Elewaut 1

Objective. To determine the link between extraar-
ticular manifestations (EAMs) and baseline characteris-
tics in patients with axial spondyloarthritis (SpA), and to
define their potentially differential prognostic value in 2
large, independent Belgian axial SpA cohorts with dis-
tinct recruitment periods.

Methods. Information on demographic and clini-
cal characteristics and extraarticular manifestations
(EAMs) was obtained from patients with axial SpA

originating from the (Be)Giant (Belgian Inflammatory
Arthritis and Spondylitis) cohort, which includes consec-
utive axial SpA patients whose data have been collected
since 2010, and from the ASPECT (Ankylosing Spondyli-
tis Patients Epidemiological Cross-sectional Trial)
cohort, a Belgian registry of cross-sectional data collected
between February 2004 and February 2005 from consecu-
tive patients with ankylosing spondylitis (AS) or probable
AS.

Results. Among the 1,250 Belgian patients stud-
ied, disease duration was associated with risk of develop-
ing inflammatory bowel disease (IBD), with an increase
in risk by 20% per 10 years of disease duration (relative
risk [RR] 1.2, P = 0.026), and associated with risk of
developing acute anterior uveitis, with an increase in risk
by 30% per 10 years of disease duration (RR 1.3, P <
0.001). In the subgroup of 171 newly diagnosed patients
with prospective follow-up data, higher mean C-reactive
protein levels over time were demonstrated in those with
acute anterior uveitis or IBD compared to those without
EAMs or those with psoriasis alone (each P = 0.01).

Conclusion. The risk of developing acute anterior
uveitis or IBD, but not psoriasis, in patients with axial SpA
seems to increase with disease duration and appears to be
linked to a higher cumulative exposure to inflammation,
thus providing a possible explanation for the differential
structural progression observed in those with axial SpA.

The prevalence of extraarticular manifestations
(EAMs) in patients with ankylosing spondylitis (AS) is
well-known, with hazard ratios (HRs) compared to the
general population of 15.5 for acute anterior uveitis, 1.5
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for skin psoriasis, and 3.3 for inflammatory bowel disease
(IBD) (1). Similarly, increasing frequencies of EAMs in
different stages of disease have been reported across obser-
vational cohorts such as the GESPIC (German Spondy-
loarthritis Inception Cohort) and the DESIR (Devenir des
Spondyloarthropathies Indiff�erenci�ees R�ecentes) cohort
of patients with inflammatory back pain (IBP) (2,3). Nev-
ertheless, research on the potential value of these EAMs
as tools for the stratification of patients and for disease
prognosis is scarce.

In patients with axial SpA, radiographic progres-
sion has been shown to be associated with baseline clinical
characteristics, such as an elevated C-reactive protein
(CRP) level, hip involvement, HLA–B27 positivity, smok-
ing, structural damage, and evidence of inflammation on
magnetic resonance imaging (MRI) (4–6). Meanwhile,
acute anterior uveitis in patients with axial SpA has been
found to be strongly associated with the presence of
HLA–B27 (7,8), while gut inflammation has been shown
to be associated with the severity of sacroiliitis (9), both of
which were previously recognized as a predisposing factor
for structural progression in axial SpA. However, the pres-
ence of psoriasis in patients with axial SpA has been asso-
ciated with less evidence of inflammation on MRI and
less frequent radiographic damage (10).

Therefore, in the present study our goal was to
examine any potential link of psoriasis with baseline
clinical characteristics in patients with axial SpA in com-
parison to that in axial SpA patients who develop acute
anterior uveitis or IBD, and to explore the role of expo-
sure to systemic inflammation over time—with CRP as a
surrogate marker—as a potential explanation for the dis-
crepancy in structural progression between patients dis-
playing these different types of EAMs. We anticipated
that the axial SpA patients with IBD and/or acute anterior
uveitis would display more inflammation, rendering them
more prone to structural progression.

PATIENTS AND METHODS

Patients and study design. The analyzed data originated
from the (Be)Giant (Belgian Inflammatory Arthritis
and Spondylitis) cohort, which includes consecutive patients
diagnosed as having SpA since 2010, and from the ASPECT
(Ankylosing Spondylitis Patients Epidemiological Cross-sectio-
nal Trial) cohort, which is a large cohort of consecutive patients
diagnosed as having AS or probable AS, from whom data were
obtained between February 2004 and February 2005.

The (Be)Giant is an observational cohort comprising
both patients with peripheral SpA and patients with axial SpA,
of which the subset of 227 patients with axial SpA was analyzed
in the present study, and part of this cohort has been previously
described in a study by Van Praet et al (11). The ASPECT

registry is a Belgian cross-sectional database containing informa-
tion on 847 axial SpA patients who fulfilled the modified New
York criteria for AS (12). The aim of ASPECT was to describe
the phenotype of an average axial SpA patient in a Belgian
rheumatology practice (6,12) prior to the initiation of anti–tu-
mor necrosis factor (anti-TNF) therapy for axial SpA. Another
176 patients in the ASPECTcohort who did not fulfill the crite-
rion of radiographic damage in the modified New York criteria
were classified as having probable AS. Similar to the (Be)Giant
cohort, all patients in the ASPECTcohort received their clinical
diagnosis of axial SpA from a rheumatologist prior to inclusion.

Considering that some of the patients in the ASPECT
cohort had received a diagnosis of probable AS, the baseline
characteristics did not differ from those in a contemporary popu-
lation of patients with nonradiographic axial SpA. Moreover,
76.6% of patients (108 of 141 [n = 35 with missing data]) were
HLA–B27 positive, of whom 63.9% (69 of 108) fulfilled the
Assessment of SpondyloArthritis international Society (ASAS)
clinical criteria for SpA (13), based on the combined presence of
HLA–B27 positivity and ≥2 typical characteristics of SpA (i.e.,
IBP, arthritis, enthesitis, acute anterior uveitis, skin psoriasis,
IBD, family history, and elevated CRP level). Unfortunately, no
data on dactylitis and/or the patients’ response to nonsteroidal
antiinflammatory drug (NSAID) therapy were available, nor
were there any MRI data available at that time. Therefore, this
cohort of patients with probable AS mirrors the phenotype of
patients who we currently classify as having nonradiographic
axial SpA (6). By introducing a large cohort of axial SpA patients
who received their diagnosis in an unbiased manner (due to the
introduction of EAMs as a criterion in the 2009 ASAS criteria
for SpA), an extra dimension was added to the analysis.

Both observational cohorts and the study protocol were
authorized by the local ethics committee of the University
Hospital of Ghent. Written informed consent was obtained from
all patients prior to inclusion.

Variables. Sex, age, disease duration, HLA–B27 status,
enthesitis, arthritis, CRP level, fulfillment of disease classifica-
tion criteria, family history, and scores on the Bath Ankylosing
Spondylitis Disease Activity Index (BASDAI) (scale 0–10) (14)
and Bath Ankylosing Spondylitis Functional Index (BASFI)
(scale 0–10) (15) were collected from patients in the ASPECT
and (Be)Giant cohorts. The outcome measures (EAMs, psoria-
sis, IBD, acute anterior uveitis, arthritis, and enthesitis) were
recoded into dichotomous variables as present versus absent.
Paradoxical psoriasis was not included in the analysis. In the
(Be)Giant cohort, only EAMs documented by a physician in the
electronic patient file were included. In the ASPECT cohort,
past or present EAMs were collected by the treating rheumatol-
ogist at the time of inclusion in the cohort. For the prospective
analysis, data on the CRP level were collected through a thor-
ough file search within the electronic files of the patients who
had not yet been treated with anti-TNF agents, both prospec-
tively and retrospectively up to 1 year prior to diagnosis and up
to 4.5 years after inclusion. Patients were included when at least
2 CRP values were available, obtained over at least a 6-month
interval. CRP values collected by the general practitioner were
not included, as these were more likely to represent an infectious
episode.

Statistical analysis. The statistical analysis was per-
formed using SPSS version 24. Significance was set at an alpha
level of 0.05.
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The nonparametric Mann-Whitney U test was applied to
asses any differences in the continuous variables between the
(Be)Giant and ASPECT cohorts, and between the patients with
acute anterior uveitis and/or IBD and the patients without
EAMs or those with skin psoriasis only. For variables with a
parametric distribution, the Student’s t-test was applied. The chi-
square test for a 2 9 2 table was employed to identify differences
in sex, HLA–B27 status, presence of acute anterior uveitis, pres-
ence of psoriasis, and presence of IBD between the cohorts and
subgroups, as well as to identify differences in family history,
presence of arthritis, and presence of enthesitis.

The association of the presence of EAMs with different
patient characteristics was analyzed by multiple logistic regres-
sion. Variables were selected on the basis of clinical relevance.
The number of variables entered in the model was based on ~10
events per variable. The Hosmer and Lemeshow goodness-of-fit
test was evaluated for model fit, with no signs of overfitting
observed. The relative risk (RR) associated with the odds ratio
(OR) was calculated using the following formula, as recom-
mended by Grant (16): RR = OR/(1 – p + [p 9 OR]), where p
represents the baseline risk. Since the CRP level was collected
from patients at the time of diagnosis in the (Be)Giant cohort,
but was collected at a cross-sectional inclusion time point in the
ASPECTcohort, an interaction between CRP and the cohort vari-
able was included in the model to correct for differential effect
across the cohorts. However, this interaction was not significant.
There were no signs of collinearity between the variables. Interac-
tions of the variables with the cohort variable were explored, but
none were significant. Sensitivity analyses in which we excluded
patients treated with anti-TNF therapy were conducted.

In the prospective analysis, the cumulative exposure to
log-transformed CRP (log[CRP]) over time was calculated by
linear mixed models analysis, with the group and time point
(and their interaction) as fixed factors and subjects as a ran-
dom factor. Since the outcome variable CRP was log-trans-
formed, the results of this model are presented on the original
scale (mg/dl) as the geometric mean, with corresponding 95%
confidence interval. Similarly, the proportion of patients with

measurements of CRP above the cutoff level of 0.5 mg/dl per
group was analyzed by mixed logistic regression, with the group
and time point as fixed factors and subjects as a random factor.

RESULTS

Baseline characteristics of the patients. The base-
line characteristics of the 928 patients who fulfilled the
modified New York criteria for AS, including 847 in the
ASPECTcohort and 81 in the (Be)Giant cohort, and 322
patients with nonradiographic axial SpA, including 176 in
the ASPECT cohort and 146 in the (Be)Giant cohort,
were compared across the cohorts. All of the baseline
demographic and clinical characteristics of these patients
(Table 1) were consistent with the data reported previ-
ously in cohorts of patients with early or established dis-
ease. The higher proportion of patients in the (Be)Giant
cohort with elevated CRP levels can be explained by the
fact that the serum collection took place at the time of
diagnosis as opposed to the time of inclusion, regardless
of time of diagnosis, in the ASPECT cohort.

Cross-sectional analysis of EAMs in patients with
axial SpA. Prevalence of EAMs at inclusion. The preva-
lence of EAMs at the time of inclusion was not signifi-
cantly different across the cohorts despite the inclusion of
patients at different stages of disease. Overall, 34.4% of
patients in the (Be)Giant cohort had already experienced
EAMs prior to inclusion, as compared to 39.7% of
patients in the ASPECT cohort experiencing EAMs by
the time of inclusion (P not significant). Overlap between
the different EAMs (psoriasis, IBD, and acute anterior
uveitis) appeared to be limited, even in patients with

Table 1. Baseline characteristics of the patients in the (Be)Giant and ASPECT cohorts by diagnosis*

AS Nonradiographic axial SpA

(Be)Giant cohort
(n = 81)

ASPECT
cohort

(n = 847) P
(Be)Giant cohort

(n = 146)

ASPECT cohort
(probable AS)

(n = 176) P

Male, no. (%) 44 (54.3) 575 (68) 0.012 68 (46.6) 87 (49.4) NS
Age, mean � SD years 35.3 � 10.8 44.6 � 12.1 <0.001 32.6 � 9.0 39.7 � 11.2 <0.001
Symptom duration, median (range) years 10.3 (0.1–44.8) 16.3 (0.1–66.2) <0.001 3.3 (0.0–32.6) 6.0 (0.0–39.4) <0.001
HLA–B27+, no. (%) 66 (83.5) 560 (83) NS 99 (68.8) 108 (76.6) NS
Elevated CRP, no. (%)† 45 (57.0) 351 (42.6) 0.014 51 (36.2) 42 (23.9) 0.017
BASDAI, median (range) 4.1 (0.4–9.2) 5.5 (0.0–10.0) <0.001 4.3 (0.0–9.6) 4.8 (0.2–9.1) 0.037
BASFI, median (range) 2.7 (0.0–8.5) 5.2 (0.0–10.0) <0.001 2.3 (0.0–8.2) 3.4 (0.0–9.8) <0.001
Anti-TNF therapy, no. (%) 3 (3.7) 98 (11.6) 0.030 3 (2.0) 6 (3.4) NS
Positive family history, no. (%) 33 (41.8) 395 (46.6) NS 62 (44.6) 69 (39.2) NS
Arthritis (ever), no. (%)‡ 13 (16) 490 (57.9) <0.001 33 (22.9) 98 (55.7) <0.001

* AS = ankylosing spondylitis; SpA = spondyloarthritis; NS = not significant; BASDAI = Bath Ankylosing Spondylitis Disease Activity Index (scale
0–10); BASFI = Bath Ankylosing Spondylitis Functional Index (scale 0–10); anti-TNF = anti–tumor necrosis factor.
† Levels of C-reactive protein (CRP) in the (Be)Giant (Belgian Inflammatory Arthritis and Spondylitis) cohort were collected at diagnosis,
whereas CRP values in the ASPECT (Ankylosing Spondylitis Patients Epidemiological Cross-sectional Trial) cohort were collected at a cross-sec-
tional time point.
‡ Arthritis in patients in the ASPECT cohort was recorded as present at the clinical discretion of the treating rheumatologist, whereas it was
defined as clinical suspicion combined with objective confirmation by ultrasound in the (Be)Giant cohort.
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longstanding disease (Figure 1). After stratification of
patients based on who did or did not fulfill the ASAS clas-
sification criteria, the prevalence of EAMs remained com-
parable between the 2 groups (Figure 2).

Features associated with EAMs. The presence or
history of any EAM at the time of inclusion was signifi-
cantly associated with disease duration in analyses cor-
rected for age, sex, classification criteria present, BASFI
score, BASDAI score, CRP level, and HLA–B27 status.
The overall increase in the risk of developing EAMs
was 20% per 10 years of disease duration (RR 1.2, P <
0.001). Interestingly, we also found a significant associa-
tion between the risk of EAMs and the time point of
inclusion (pre–ASAS criteria versus post–ASAS criteria),
with a 30% increase in risk in patients considered to
have met the ASAS criteria (RR 1.3, P = 0.047). This
finding might be explained by the implementation of the
ASAS criteria, which incorporates the presence of

EAMs. Conceivably, this made physicians more aware of
these features of SpA, which would lead to referral. Dis-
ease duration nevertheless remained an independent
predictor of the risk of developing EAMs in multivariate
analyses, after correction for multiple variables, includ-
ing the specific cohort as a factor.

We noticed that patients in the ASPECT cohort
who were already taking anti-TNF medication at baseline
were more likely to have already encountered an EAM
(RR 1.5, P = 0.004). This was clearly manifested in patients
who developed IBD, in whom a significant association with
taking an anti-TNFagent at the time of inclusion was noted,
with an increase in the RR of 140%. Indeed, uncontrolled
IBD is more likely to be recognized as an indication for bio-
logic therapy than is psoriasis or acute anterior uveitis.

Moreover, a 20% increased risk of developing
IBD was noted per 10 years of disease duration in the
patient cohorts, in addition to an increase in the risk by

Figure 1. Distribution of extraarticular manifestations (EAMs) according to disease duration groups of <10 years versus ≥10 years in patients with
axial spondyloarthritis (SpA) from the ASPECT (Ankylosing Spondylitis Patients Epidemiological Cross-sectional Trial) cohort and (Be)Giant
(Belgian Inflammatory Arthritis and Spondylitis) cohort. The Venn diagrams of data from the cross-sectional analysis show the overlap in EAMs
in axial SpA patients. Values are the percentage of patients in each EAM cluster. IBD = inflammatory bowel disease.

Figure 2. Comparison of the frequency of EAMs at the time of inclusion between patients with ankylosing spondylitis (left) and patients with
nonradiographic axial spondyloarthritis (right) in the (Be)Giant and ASPECT cohorts. EAMs include skin psoriasis, IBD, and acute anterior uveitis
(AAU). Values above the bars are the percentage of patients. See Figure 1 for other definitions.

IBD AND ANTERIOR UVEITIS ASSOCIATED WITH DURATION OF AXIAL SpA 1591



70% in those with HLA–B27 negativity. Similarly, acute
anterior uveitis was linked to disease duration, with an
increase in risk by 30%, and, as expected, those with
HLA–B27 positivity also had an increased risk, by 90%.
In contrast, the risk of developing skin psoriasis as an
EAM was solely associated with HLA–B27 negativity,
with an increase in risk of 90%, and with male sex, with
an increase in risk of 50% (Table 2).

Another surrogate of the inflammatory burden,
peripheral arthritis, showed a marked increase in risk, by
20%, per 10 years of disease duration (RR 1.2, P < 0.001),
whereas in those receiving anti-TNF therapy at baseline,
the increase in risk was 50% (RR 1.5, P = 0.005). How-
ever, with regard to enthesitis, the association with disease
duration did not reach statistical significance (P = 0.096)
(data not shown).

Linkage of IBD and acute anterior uveitis to cumu-
lative exposure to inflammation in patients with axial SpA
in a prospective analysis. A striking observation was that
only IBD and acute anterior uveitis appeared to be associ-
ated with disease duration in the patient cohorts, which
may be reflective of a higher cumulative load of inflamma-
tion over time in these patients. To test this hypothesis, a
subanalysis of 171 patients from the (Be)Giant cohort with
newly diagnosed axial SpA for whom prospective follow-
up data were available was conducted. A comparison of
the geometric mean CRP value over time was made
between patients who developed IBD or acute anterior
uveitis and those who did not.

Overall, 5.3% of patients (9 of 171) presented with
IBD and 16.4% (28 of 171) presented with acute anterior
uveitis. Psoriasis was present in 8.8% of patients in this
subset (15 of 171) at the end of follow-up. Overlap of the
EAMs was present in only 5.8% of patients (10 of 171),
with 0.6% of the patients (1 of 171) developing IBD and
acute anterior uveitis, 2.9% (5 of 171) developing both
acute anterior uveitis and psoriasis, and 2.3% (4 of 171)
developing IBD and psoriasis. Patient characteristics at

Table 2. Variables associated with the presence or history of
extraarticular manifestations at presentation*

OR (95% CI) RR P

IBD†
Disease duration, per 10 years 1.3 (1.0–1.6) 1.2 0.026
HLA–B27 negativity 1.8 (1.0–3.2) 1.7 0.049
Baseline anti-TNF therapy 2.8 (1.4–5.3) 2.4 0.002

Acute anterior uveitis‡
Disease duration, per 10 years 1.5 (1.3–1.8) 1.3 <0.001
HLA–B27 positivity 2.7 (1.6–4.4) 1.9 <0.001

Psoriasis§
HLA–B27 negativity 2.1 (1.3–3.4) 1.9 0.002
Sex, male 1.6 (1.0–2.5) 1.5 0.041

* OR = odds ratio; 95% CI = 95% confidence interval; RR = relative
risk; IBD = inflammatory bowel disease; anti-TNF = anti–tumor necrosis
factor.
† Corrected for sex, cohort, C-reactive protein (CRP) level, classifica-
tion criteria present, Bath Ankylosing Spondylitis Disease Activity
Index (BASDAI) score, and Bath Ankylosing Spondylitis Functional
Index (BASFI) score.
‡ Corrected for cohort, age, classification criteria present (P = 0.064),
BASDAI score, BASFI score, CRP level, sex, and anti-TNF therapy
at baseline.
§ Corrected for cohort, age, classification criteria present, BASDAI
score, BASFI score, CRP level, disease duration, and anti-TNF therapy
at baseline.

Table 3. Baseline characteristics of the patients exhibiting IBD and/or acute anterior uveitis compared to patients without EAMs or with
psoriasis only*

IBD and/or acute
anterior uveitis (n = 47)

Without EAMs
or with psoriasis only (n = 124)

Male, no. (%) 22 (46.8) 63 (50.8)
Fulfilled modified New York criteria, no. (%) 23 (48.9) 40 (32.3)†
Age, mean � SD years 35.3 � 8.2 33.1 � 8.7
Symptom duration, median (range) years 5.1 (0.3–22.7) 3.9 (0.0–28.4)
HLA–B27+, no. (%) 39 (83.0) 88 (71.5)
SPARCC score of the SI joints, median (range)‡ 9.4 (0.0–60.75) 10.1 (0.0–54.8)
BASDAI score, mean � SD 3.7 � 1.9 4.0 � 2.0
CRP level at baseline, median (range) mg/dl 0.40 (0.0–2.4) 0.35 (0.0–6.7)
BASFI score, median (range) 2.3 (0.0–6.6) 2.3 (0.0–8.5)
ASDAS, mean � SD 2.4 � 0.8 2.5 � 0.9
SJC, median (range) 0.0 (0.0–1.0) 0.0 (0.0–6.0)
Enthesitis, no. (%) 8 (17.4) 13 (10.3)
Chronic gut inflammation, no. (%)§ 19 (47.5) 17 (21.5)¶

* EAMs = extraarticular manifestations; NS = not significant; BASDAI = Bath Ankylosing Spondylitis Disease Activity Index (scale 0–10); CRP = C-
reactive protein; BASFI = Bath Ankylosing Spondylitis Functional Index (scale 0–10); ASDAS = Ankylosing Spondylitis Disease Activity Score (score
>2.1 but <3.5 indicates high disease activity); SJC = swollen joint count.
† P = 0.044 versus other group.
‡ The Spondyloarthritis Research Consortium of Canada (SPARCC) score is an index for scoring inflammation of the sacroiliac (SI) joints by mag-
netic resonance imaging (scale 0–72).
§ Combination of both overt inflammatory bowel disease (IBD) and microscopic chronic gut inflammation.
¶ P = 0.004 versus other group.
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the time of inclusion did not differ between the groups,
except for a higher percentage of AS in the IBD and/or
acute anterior uveitis group (P = 0.044).

Because microscopic gut inflammation occurs in
~50% of patients with SpA and is linked to more severe
sacroiliac inflammation, we also determined the presence
of gut inflammation in relation to the presence of clinically
overt EAMs. Gut inflammation (including both acute and
chronic microscopic gut inflammation and clinically overt
IBD) was present in 60% of patients in the IBD and/or
acute anterior uveitis group compared to 41.8% of
patients in the group without EAMs or with psoriasis only
(P = 0.06). Chronic gut inflammation (which resembles
Crohn’s disease) and/or overt IBD was present in 47.5%
of patients in the IBD and/or acute anterior uveitis group
compared to only 21.5% of patients in the subset without
EAMs or with psoriasis alone (P = 0.004) (Table 3).

Both groups presented with high disease activity at
baseline, as defined by an Ankylosing Spondylitis Disease
Activity Score of >2.1 (Table 3). The mean follow-up time
in patients with acute anterior uveitis or IBD and patients
without EAMs or with psoriasis alone was 28.9 months
and 26.9 months, respectively (P not significant).

Consistent with our hypothesis, we observed sig-
nificantly higher geometric mean CRP values over time

in patients with IBD or acute anterior uveitis compared
to those without EAMs or those with psoriasis alone (P
= 0.01) (Figure 3). In addition, in more than 37% of the
patients with IBD and/or acute anterior uveitis, the CRP
measurements reached ≥0.5 mg/dl, compared to 24.5%
of patients without EAMs or those with psoriasis alone
displaying a CRP level of ≥0.5 mg/dl (P = 0.057).

Thus, patients with axial SpA who develop IBD
or acute anterior uveitis experience higher levels of CRP
over time, as well as a higher frequency of gut inflamma-
tion and AS, as compared to axial SpA patients without
EAMs or with skin psoriasis only.

DISCUSSION

In this study, a striking association between acute
anterior uveitis, IBD, and disease duration in axial SpA
was found. Surprisingly, this was not the case for psoria-
sis. We show that this duality could reflect an overall dif-
ferential cumulative exposure to inflammation over time,
with higher exposure in patients with IBD and/or acute
anterior uveitis. To our knowledge, this is the first study
to link a discriminative association of IBD and/or acute
anterior uveitis, as opposed to psoriasis, to structural
progression in axial SpA.

Figure 3. Evolution of the C-reactive protein (CRP) level over time in patients with IBD or acute anterior uveitis compared to patients without
EAMs or patients with only skin psoriasis (PSO) in the prospective (Be)GIANT cohort. Values are the cumulative exposure to change in log-
transformed CRP levels over time, calculated by linear mixed models. The results of this model are presented on the original scale (mg/dl) as the
geometric mean with corresponding 95% confidence interval. M = month (see Figure 1 for other definitions).

IBD AND ANTERIOR UVEITIS ASSOCIATED WITH DURATION OF AXIAL SpA 1593



It is well-known that the genetic predisposition
and cytokine-driven pathways of AS and psoriasis, acute
anterior uveitis, and IBD are closely linked (1,17–21).
The common physiopathology in the spectrum of SpA is
illustrated by the shared success of anti-TNF therapy.
Nevertheless, the variable success of other modes of
action, such as the interleukin-17 (IL-17) and anti–IL-12/
IL-23 pathways (22), illustrates the differences in tissue-
specific responses.

The major histocompatibility complex region
HLA–Cw6 has been shown to be increased in frequency
in patients with psoriatic skin disease, whereas HLA–B27
was more closely related to joint disease in patients with
psoriatic arthritis (23). Besides the lack of association with
HLA–B27 in the present and previous studies (24,25),
only a few shared loci were found between patients with
AS and patients with psoriasis. In sharp contrast, much
more overlap was reported between patients with AS and
patients with IBD, with at least 23 shared loci (26). Like-
wise, the genetic overlap between AS and acute anterior
uveitis is much greater than with psoriasis (27).

In addition to the genetic component, imaging fea-
tures in patients with axial SpA with or without psoriasis
(or psoriasis patients with spondylitis) seem to present dif-
ferently, with sacroiliitis being preferentially located uni-
laterally, aberrant expression of syndesmophytes, and
more frequent involvement of the cervical spine (28–32).
Consistent with the results of the present study, psoriasis
was associated with less inflammation, as evidenced on
MRI of the spine and sacroiliac joints, and with less radio-
graphic damage in a follow-up study of patients with early
disease (10). Recently, Costantino et al reported on the
possible existence of different phenotypes in the DESIR
cohort of patients with IBP, with the analysis showing clus-
tering of patients based on specific phenotypes, such as a
cluster of patients with predominantly axial symptoms and
a better response to NSAIDs in contrast to a cluster of
patients with IBP and more prominent peripheral disease,
consisting of arthritis, dactylitis, and enthesitis closely
linked to psoriasis (33). Accordingly, our study findings
revealed a similar trend toward a higher range of swollen
joint counts in patients without EAMs or in patients dis-
playing psoriasis.

A similar overall prevalence of the different
EAMs was observed at the time of inclusion in both
cohorts, which mirrors data from the DESIR cohort and
the GESPIC cohort of patients with AS or nonradio-
graphic axial SpA (2,3). In concordance with our results,
the prevalence of acute anterior uveitis in AS has been
reported to increase with disease duration or with dura-
tion of IBP (34–36). However, up until now, no investiga-
tors have been able to determine the association of IBD

or psoriasis with disease duration, which is most likely
attributable to the underrepresentation of patients with
a shorter disease duration (34). Similarly, in the GESPIC
cohort, no significant difference in EAM frequencies was
observed between axial SpA patients with >5 years of
symptom duration and axial SpA patients with ≤5 years
of symptom duration, although the prevalence of both
IBD and acute anterior uveitis was distinctly lower com-
pared to that in other cohorts containing patients with a
longer disease duration. Notably, this was not the case
for psoriasis (3).

Remarkably, even in those with longstanding dis-
ease, overlap between EAMs appeared to be rather limited
in axial SpA. Nevertheless, in a study by Wendling et al, an
association between IBD with SpA and psoriasis in a well-
established cohort of patients with IBP was found (36),
while a lower prevalence of acute anterior uveitis in patients
with IBD and SpA as compared to patients with classic AS
has been reported (35,37–39). These seemingly contradic-
tory results might be explained by overlap with peripheral
disease, in which the link with EAMs is clearly different.

In the present study, a higher mean CRP level over
time was observed in axial SpA patients with IBD or acute
anterior uveitis compared to patients without EAMs or
psoriasis only. Since CRP is a key predictor of radio-
graphic progression over time, it may contribute to the
divergent radiographic findings between these groups.
Although our findings are indicative of an association
between the presence of certain EAMs and CRP levels,
these findings do not necessarily portray a causal relation-
ship. The appearance of IBD or acute anterior uveitis
may just as well be an expression of cumulative exposure
to systemic inflammation. Alternatively, patients with
IBD or acute anterior uveitis might simply develop more
inflammation. Interestingly, patients with IBD and/or
acute anterior uveitis not only displayed a higher CRP
level over time, but also had a significantly higher fre-
quency of AS at inclusion. In addition, a higher propor-
tion of patients with IBD and/or acute anterior uveitis had
gut inflammation, especially chronic gut inflammation,
which in turn has been linked to more severe inflamma-
tion of the sacroiliac joints on MRI (9). The results of this
analysis support the hypothesis that the overall exposure
to systemic inflammation differs according to the spec-
trum of EAM in patients with axial SpA, potentially
entailing a higher risk of structural progression in patients
with IBD and/or acute anterior uveitis as compared to
patients with psoriasis. As these EAMs frequently seem to
occur early in the disease, and prior to diagnosis, they
may be an early indication of risk of progressive disease.

Possible limitations of this study include the cross-
sectional design of the ASPECT study compared to the

1594 VARKAS ET AL



prospective nature of the (Be)Giant cohort. However, by
including the cohort as a variable in our model, we cor-
rected for this potential confounder, rendering our results
independently associated with the presence of EAMs.
Likewise, by including an interaction of CRP with
the cohort in our model, we corrected for a possible differ-
ential effect of CRP in the different cohorts, as CRP values
at diagnosis were not available in the ASPECT cohort,
thus explaining the lower CRP values in the ASPECT
patients compared to the (Be)Giant patients at baseline.

From a conceptual point of view, our data suggest
that we should reconsider whether acute anterior uveitis,
IBD, and psoriasis are 3 entities equally associated with
axial SpA, even though a strong association between pso-
riasis and peripheral SpA has been established in the past.
Overall, the risk of developing acute anterior uveitis or
IBD, but not psoriasis, seems to increase with disease
duration in axial SpA and appears to be linked to a higher
cumulative exposure to inflammation.
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Errata

In the article by Wilkinson et al in the August 2017 issue of Arthritis & Rheumatology (Matriptase
Induction of Metalloproteinase-Dependent Aggrecanolysis In Vitro and In Vivo: Promotion of
Osteoarthritic Cartilage Damage by Multiple Mechanism [pages 1601�1611]), the name of one of
the authors was omitted. Hui Wang, MD (Newcastle University, Newcastle upon Tyne, UK [current
address: University of Aberdeen, Aberdeen, UK]) should have been listed as the second author.

DOI 10.1002/art.40719

In the review by Zaid et al in the April 2018 issue of Arthritis & Rheumatology (Chikungunya Arthri-
tis: Implications of Acute and Chronic Inflammation Mechanisms on Disease Management
[pages 484–495]), the terminology used throughout the text to describe clinical manifestations asso-
ciated with chikungunya virus infection should have been “chikungunya virus disease” or “CHIKVD,”
rather than “chikungunya virus.” The authors would like to highlight the stark distinction between
the two terms: specifically, “chikungunya virus” refers to the pathogen, and “chikungunya virus dis-
ease” refers to the range of clinical manifestations (as discussed in detail in the article) of the dis-
ease caused by the pathogen.

In addition, the authors would like to clarify that the findings described in reference 36 (Hoarau
et al, J Immunol 2010) suggesting that chikungunya virus antigen persists in the tissues of patients
with chronic chikungunya disease have not yet been confirmed in other studies (e.g., Chang et al,
in the same issue of Arthritis & Rheumatology [pages 578–584]). Clearly more studies are needed to
determine the extent of RNA/antigen persistence in chronic CHIKVD.

We regret the errors.
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Toll-Like Receptor 9 Deficiency Breaks Tolerance
to RNA-Associated Antigens and Up-Regulates

Toll-Like Receptor 7 Protein in Sle1 Mice

Teja Celhar,1 Hiroko Yasuga,1 Hui Yin Lee,1 Olga Zharkova,1 Shubhita Tripathi,1

Susannah I. Thornhill,1 Hao K. Lu,1 Bijin Au,2 Lina H. K. Lim,3 Thomas P. Thamboo,3

Shizuo Akira,4 Edward K. Wakeland,5 John E. Connolly,2 and Anna-Marie Fairhurst1

Objective. Toll-like receptors (TLRs) 7 and 9 are
important innate signaling molecules with opposing
roles in the development and progression of systemic
lupus erythematosus (SLE). While multiple studies
support the notion of a dependency on TLR-7 for dis-
ease development, genetic ablation of TLR-9 results in
severe disease with glomerulonephritis (GN) by a large-
ly unknown mechanism. This study was undertaken to
examine the suppressive role of TLR-9 in the develop-
ment of severe lupus in a mouse model.

Methods. We crossed Sle1 lupus-prone mice with
TLR-9–deficient mice to generate Sle1TLR-9�/� mice.
Mice ages 4.5–6.5 months were evaluated for severe
autoimmunity by assessing splenomegaly, GN, immune
cell populations, autoantibody and total Ig profiles,
kidney dendritic cell (DC) function, and TLR-7 protein
expression. Mice ages 8–10 weeks were used for func-
tional B cell studies, Ig profiling, and determination of
TLR-7 expression.

Results. Sle1TLR-9�/� mice developed severe
disease similar to TLR-9–deficient MRL and Nba2
models. Sle1TLR-9�/� mouse B cells produced more
class-switched antibodies, and the autoantibody reper-
toire was skewed toward RNA-containing antigens. GN
in these mice was associated with DC infiltration, and
purified Sle1TLR-9�/� mouse renal DCs were more effi-
cient at TLR-7–dependent antigen presentation and
expressed higher levels of TLR-7 protein. Importantly,
this increase in TLR-7 expression occurred prior to dis-
ease development, indicating a role in the initiation
stages of tissue destruction.

Conclusion. The increase in TLR-7–reactive im-
mune complexes, and the concomitant enhanced expres-
sion of their receptor, promotes inflammation and
disease in Sle1TLR9�/� mice.

The pattern-recognition receptors Toll-like recep-
tor 7 (TLR-7) and TLR-9 are intracellular sensors of sin-
gle-stranded RNA and double-stranded DNA (dsDNA),
respectively (1). Upon binding microbial nucleic acids,
signaling cascades are activated to rapidly induce an
inflammatory immune response designed to clear the
pathogen (1). Several mechanisms prevent the activation
of TLR-7 and TLR-9 by self nucleic acids, including
endosomal localization, tight regulation of their traffick-
ing, and proteolytic processing prior to receptor activa-
tion (2,3). In systemic lupus erythematosus (SLE),
however, a unique combination of self nucleic acid over-
load and the presence of antinuclear autoantibodies
(ANAs) leads to aberrant TLR-7/9 activation (4,5). The
immune complexes (ICs) formed between ANAs and
their respective antigens (RNA/DNA and RNA/DNA-
associated proteins) deposit in tissues where they cause
chronic inflammation and ultimately lead to irreversible
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organ damage (6). Due to the similarities between TLR-
7 and TLR-9 expression and shared signaling pathways,
it has been predicted that the deletion of either of these
receptors would be beneficial in terms of disease pro-
gression. Unexpectedly, TLR-9 deletion caused disease
exacerbation in multiple models of spontaneous and
induced lupus, while TLR-7 proved to be essential for
disease development (7–14). These data suggest that the
system is more complex than originally thought; how-
ever, the means by which TLR-9 prevents progression to
severe disease are largely unknown.

Supporting the notion of their divergent in vivo
roles, analysis of TLR-7/9 messenger RNA (mRNA)
expression reveals a separation in regulatory mecha-
nisms. TLR-7 is rapidly induced in human immune cells
following stimulation with bacteria, viruses, lipopolysac-
charide (LPS), CpG, interferon-a (IFNa), and SLE
patient serum (15–19). However, TLR-9 can be induced
in B cells, but is either down-regulated or unchanged in
other cell types (16–20). We have previously shown this
in human dendritic cell (DC) subsets, where plasmacy-
toid DCs (pDCs), BDCA-1+, and BDCA-3+ DCs all
up-regulated TLR-7 mRNA in response to IFNa or
influenza, but TLR-9 mRNA was down-regulated in
pDCs (15). These differences suggest a separation of
TLR-7/9 receptor roles, which might have important
implications in SLE. Abundant immune complex–bound
TLR-7/9 ligands and inflammatory mediators such as
IFNa in SLE serum can chronically interfere with the
expression of TLR-7 and TLR-9, disrupting homeostatic
mechanisms to retain tolerance. Studies involving TLR-
9– and/or TLR-7–deficient autoimmune mice can signif-
icantly contribute to the understating of these mecha-
nisms, since TLRs are highly conserved in vertebrates
(21) and humans and mice with lupus share the same
autoantibody repertoire (22).

In this study we set out to examine the cellular
mechanisms by which TLR-9 deficiency results in severe
lupus nephritis. We bred B6.NZM2410-derived Sle1 con-
genic mice, which develop mild autoimmune traits, with
TLR-9–deficient mice to generate Sle1TLR-9�/� mice
(23,24). By ages 4–6.5 months, female Sle1TLR9�/� mice
developed severe autoimmunity, characterized by sple-
nomegaly and kidney disease, similar to findings in TLR-
9–deficient MRL and Nba2 mice (8,10). Glomeru-
lonephritis (GN) was associated with DC infiltration,
and upon extraction, Sle1TLR-9�/� mouse renal DCs
were more efficient at TLR-7–dependent antigen presen-
tation than Sle1 mouse controls. A comprehensive analy-
sis of intracellular TLR-7 protein expression revealed
an increase in TLR-7 expression in renal DCs and
macrophages, which positively correlated with their

recruitment into the kidney. Importantly, this increase in
TLR-7 occurred prior to disease development, indicating
a role in the initiation stages of tissue destruction. Addi-
tionally, our data show that, in the absence of TLR-9,
Sle1 mouse B cells are primed to produce more class-
switched antibodies, and the autoantibody repertoire is
skewed toward RNA-containing antigens. In summary,
this study provides a unique understanding of the protec-
tive role TLR-9 plays in the development of autoimmu-
nity and identifies the TLR-7 pathway as a critical
instigator of disease development.

MATERIALS AND METHODS

Mice. Mice were bred at the Biomedical Resource Cen-
ter (Singapore) or the University of Texas Southwestern Medi-
cal Center. The derivations of the B6.Sle1 (Sle1), TLR-9�/�,
and TLR-7�/� mouse strains have been described previously
(23–25). TLR-9�/� and TLR-7�/� mice (backcrossed to B6
more than 10 generations) and OT-II–transgenic mice were
bred with Sle1 mice (defined by the microsatellite markers
D1Mit17, D1Mit113, and D1Mit202). SLE disease traits were
evaluated in 4.5–6.5-month-old female mice, and functional
cellular assessments were conducted using 8–10-week-old
female mice. The care and use of laboratory animals
conformed to the National Institutes of Health guidelines, and
all experimental procedures were conducted according to an
Institutional Animal Care and Use Committee–approved
animal protocol.

Pathologic assessment of mouse kidneys. Proteinuria
was assessed using Albustix (Bayer). Blood urea nitrogen
(BUN) was assessed using a QuantiChrom Urea Assay Kit
(BioAssay Systems). For evaluation of GN, mouse kidneys
were fixed in formalin and embedded in paraffin, and 3-lm
sections were stained with hematoxylin and eosin and with
periodic acid–Schiff. Microscopic morphologic analysis was
performed by an independent pathologist (TPT) according to
the International Society of Nephrology/Renal Pathology
Society 2003 criteria for the classification of lupus nephritis
(26).

Autoantibody enzyme-linked immunosorbent assays
(ELISAs). Serum autoantibodies were measured using
ELISAs to detect antinucleosomes (histones and dsDNA),
anti-dsDNA, anti–U1 small nuclear RNP (anti–U1 snRNP),
or anti-RNA as previously described (27,28). Bound IgG was
detected with alkaline phosphatase–conjugated anti-mouse
IgG (Jackson ImmunoResearch) using paranitrophenyl phos-
phate as a substrate (Sigma). Absorbance was measured at
405/410 nm. Results are shown as arbitrary units (AU) that
were calculated as absorbance at 405 nm (sample minus
blank). For anti-RNA, serial dilutions of pooled serum from
diseased mice were used to construct a standard curve.

ANA Luminex assay. An AtheNA Multi-Lyte ANA III
Test System (Zeus Scientific) was used to measure 10 analytes
(autoantibodies to SSA 52, SSA 60, SSB, Sm, RNP, Scl-70,
Jo-1, centromere B, ribosomal P, and dsDNA) according to
the recommendations of the manufacturer, with a goat poly-
clonal secondary antibody to mouse IgG heavy and light
chains (Dylight 550; Abcam). Samples were run on a
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Luminex 200 system using Luminex 100 IS software and ana-
lyzed using AtheNA Multi-Lyte Test System data analysis soft-
ware (Zeus Scientific). Unit values reported are IU/ml for
dsDNA and AU/ml for the remaining analytes.

Ig isotyping assays. Ig subtypes (IgA, IgG1, IgG2a/c,
IgG2b, IgG3, and IgM) were measured using a mouse Ig iso-
typing bead panel (EMD Millipore), according to the recom-
mendations of the manufacturer. This panel is designed to
detect IgG2a (from BALB/c mice), which cross-reacts with
IgG2c from mice on the B6 background, which we have
labeled as IgG2a/c (29). Luminex plates were read on a Flex-
map 3D System (Luminex) with Bio-Plex Manager version 6.0
software (Bio-Rad). IgM concentrations from cell culture
supernatants were analyzed with an IgM ELISA (eBioscience)
according to the recommendations of the manufacturer.

Microscopy. ANA screening was performed with
NOVA Lite HEp-2 slides and the Crithidia luciliae indirect
immunofluorescence test (CLIFT) using NOVA Lite dsDNA
Crithidia luciliae substrate slides (both from Inova Diagnos-
tics) according to the recommendations of the manufacturer.
Sera were diluted 200-fold for HEp-2 and 40-fold for CLIFT,
and a goat anti-mouse IgG DyLight 488 secondary anti-
body (Abcam) was used for detection. CLIFT slides were
counterstained with DAPI. All images were obtained using a
Zeiss LSM 800 upright confocal microscope with Zeiss Zen
(Blue edition) software at 1009 and 2009 magnification for
HEp-2 and CLIFT, respectively. HEp-2 staining patterns were
evaluated by 2 independent investigators according to the
International Consensus on Antinuclear Antibody Patterns.
Confocal images of splenic germinal centers were obtained
with an Olympus FV1000 confocal laser scanning microscope
and were processed with FluoView (Olympus).

Flow cytometric analysis and cell sorting. Single-cell
suspensions of the mouse spleen and kidneys were obtained as
previously described with additional collagenase digestion for
splenic DC analysis (30). Cells were blocked for 15 minutes in
staining buffer (phosphate buffered saline with 1% fetal calf
serum and 15 mM HEPES) containing 20% 2.4G2 hybridoma
supernatant and incubated on ice for 30 minutes with the anti-
bodies listed in Supplementary Table 1 (available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40535/abstract). When a biotin-conjugated anti-
body was used, cells were washed and incubated for an addi-
tional 30 minutes with a streptavidin-conjugated fluorophore.
Red blood cell lysis was achieved using BD FACS lysing
solution, followed by washing and resuspension in 1% para-
formaldehyde. For sorting of live kidney cells, ACK lysis buffer
(Lonza) was used, and cells were resuspended in staining
buffer. For intracellular staining with anti–TLR-7, the BD
Cytofix/Cytoperm fixation/permeabilization solution kit was
used according to the recommendations of the manufacturer.
Acquisition and analysis were completed using a BD Canto II,
BD Fortessa, BD LSR II, or BD Symphony system, with
FlowJo 10 for Windows (Tree Star). Mouse kidney cells were
sorted using BD Aria II, Aria IV, and Aria V.

In vitro B cell stimulation. Mouse splenocytes stained
with 5,6-carboxyfluorescein succinimidyl ester (CFSE) were
resuspended in complete RPMI media, consisting of RPMI
1640 (Gibco Life Technologies) supplemented with 10% fetal
bovine serum (HyClone; ThermoFisher Scientific), 15 mM
HEPES, 100 lg/ml streptomycin, 100 units/ml penicillin, 200 lM
L-glutamine,10 lM nonessential amino acids, 100 lM sodium

pyruvate (all from Gibco), and 45 lM 2-mercaptoethanol
(Sigma-Aldrich). They were plated at 1.5 9 106 cells/ml in round-
bottomed 96-well plates in the presence of either CpG-B (ODN
1826), R848, or LPS-EB Ultrapure (all from InvivoGen) at the
indicated concentrations. Activation was measured by CD69 and
CD86 up-regulation at 24 hours, and proliferation at 72 hours
was measured by CFSE dilution using flow cytometry. Ig subtype
analysis in supernatants was measured 96 hours after stimulation.

Renal DC antigen presentation assay. Mouse kidneys
cells were sorted, and cells were seeded in a 96-well plate at
1 9 104 cells per well. Where indicated, cells sorted from
multiple mice were pooled to achieve sufficient cell numbers.
Cells were stimulated overnight with or without 1 lg/ml R848
(InvivoGen), and then incubated with 10 lg/ml ovalbumin
(Sigma-Aldrich). After 4 hours, medium was replaced with
CFSE-stained Sle1OT-II mouse splenocytes at 2 9 105 cells
per well. After 5 days of incubation, T cell proliferation was
assessed by CFSE dilution.

Statistical analysis. Data were analyzed using Graph-
Pad Prism 7.01 for Windows. Normal distribution was assessed
using the Kolmogorov-Smirnov test. Gaussian data were ana-
lyzed using Student’s t-test for 2 comparisons and ordinary one-
way analysis of variance with post hoc Bonferroni adjustment
for multiple comparisons for 3 or more comparisons. Nonpara-
metric data were assessed using the Mann-Whitney test for 2
comparisons and the Kruskal-Wallis test with post hoc Dunn’s
multiple comparisons test for 3 or more comparisons. Where
indicated, a multiple t-test corrected with the Holm-Sidak
method was used.

RESULTS

Severe autoimmune disease in Sle1 mice with
genetic ablation of TLR-9. Cohorts of 4.5–6.5-month-
old female Sle1TLR-9�/� mice and controls were ana-
lyzed for pathologic traits associated with common
models of SLE. Genetic ablation of TLR-9 in Sle1 mice
resulted in splenomegaly and the expansion of all
major leukocyte subsets (Figures 1A and B). There was
a significant increase in CD11b+ cell numbers in Sle1
mice versus wild-type C57BL/6J (B6) mice and in TLR-
9�/� mice versus wild-type mice, indicating that both
genetic components contribute to splenic myeloid cell
expansion (Figure 1B). We detected an expansion of
germinal center B cells in Sle1TLR-9�/� mice com-
pared to Sle1 controls, similar to observations in
Sle1bTLR-9�/� and MRL/+TLR-9�/� mice (Figures 1C
and D and Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40535/abstract) (9,31). We also
observed increases in CD138+B220� plasma cell num-
bers (Supplementary Table 2) and a decreased fre-
quency of marginal zone B cells (Supplementary
Figure 1A, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40535/abstract), which are characteristics of lupus
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models overexpressing TLR-7 (32,33). CD4+ and CD8+
T cells from Sle1TLR-9�/� mice had a more activated
phenotype, with higher percentages of CD62Llow

CD44high effector memory cells and CD4+ follicular
helper T cells, and increased programmed death 1 and

inducible costimulator expression, consistent with
observations in Sle1bTLR-9�/� mice and in Sle1 mouse
models overexpressing TLR-7, such as Sle1Tg7
(15,31,32) (Figure 1E, Supplementary Figures 1B–D,
and Supplementary Table 2).

Figure 1. Severe disease in Toll-like receptor 9 (TLR-9)–deficient mice. Female B6, TLR-9�/�, Sle1, and Sle1TLR-9�/� mice ages 4.5–6.5 months
were analyzed for lupus disease features. A, Left, Representative spleens from the indicated mouse strains. Right, Cumulative splenic weights for the
indicated mouse strains. Symbols represent individual mice; bars show the mean (n = 30–65 mice/group). B, Numbers of leukocytes of each subset in
the spleens of mice of the indicated strains. My = myeloid cells. C, Representative images of germinal center (GC) staining in the spleens of Sle1 and
Sle1TLR-9�/� mice. PNA = peanut agglutinin. Bars = 200 lm; original magnification 9 100. D, GC frequency measured by flow cytometric analysis
of GL-7+Fas+ cells and presented as the percentage of B cells (CD19+B220+). E, Flow cytometric analysis of naive (CD62Lhigh

CD44low) and effector memory (CD62LlowCD44high) CD4+ T cells in the spleens of mice of the indicated strains. F, Left, Representative photomicro-
graphs of an Sle1 mouse glomerulus with mild segmental mesangial proliferation and an Sle1TLR-9�/� mouse glomerulus with global endocapillary
proliferation. Periodic acid–Schiff stained. Bars = 20 lm; original magnification 9 600. Right, Kidney glomerulonephritis (GN) class (I–IV repre-
sented as 1–4) in Sle1 and Sle1TLR-9�/� mice. G and H, Functional assessment of mouse kidneys. Blood urea nitrogen (BUN) (G) and urinary pro-
tein levels (measured by Albustix) (H) were determined. I, Infiltration of CD45+ leukocytes into the mouse kidney, assessed by flow cytometry. All
flow cytometry data (in B, D, E, and I) are from 2–5 separate cohorts with a total of 6–17 mice per group. In B, D, E, and I, bars show the mean �
SEM. In F–H, circles represent individual mice; horizontal lines and error bars show the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001;
**** = P < 0.0001, by one-way analysis of variance (with Bonferroni adjustment for multiple comparisons) for parametric data or Kruskal-Wallis test
(with Dunn's multiple comparison test) for nonparametric data, taking into consideration all 4 groups; # = P < 0.05; ## = P < 0.01, by Student’s
t-test for parametric data or Mann-Whitney test for nonparametric data, taking into consideration only 2 groups.
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Analysis of the splenic CD11b+ myeloid lineage
revealed increases in the numbers of Gr1high polymor-
phonuclear leukocytes (PMNs) and SSC-Ahigh eosino-
phils in Sle1TLR-9�/� mice compared to controls
(Supplementary Table 2 and Supplementary Figure 1E).
Gr1�/low cells represented the majority of the expanding
myeloid population (Supplementary Figure 1E) and
were further analyzed for CD11c and major histocom-
patibility complex (MHC) class II expression (Supple-
mentary Figure 1F). Conventional CD11b+ DCs (cDCs)
expressing MHC class II, and a possible precursor,
which lacks MHC class II, were increased; both were
previously characterized in the Sle1Tg7 model (Supple-
mentary Figure 1F and Supplementary Table 2) (15).
Splenic F4/80+CD64+CD11bintermediate macrophage,
CD8+ DC, and pDC numbers, but not frequencies,
were increased due to increased cellularity in TLR-9–
deficient Sle1 mice (Supplementary Table 2).

Pathologic analysis confirmed that the majority
of Sle1TLR-9�/� mice developed severe GN (class III–
IV), characterized by segmental to global endocapillary
proliferation of the glomeruli (Figure 1F). Increased
serum BUN levels and urinary protein levels confirmed
these findings (Figures 1G and H). GN was associated
with an infiltration of CD45+ leukocytes into the
mouse kidney, consisting mainly of T cells and CD11b+
myeloid cells (Figure 1I and Supplementary Table 2).
CD11b+ cells were mostly Gr1�/low, as determined pre-
viously in Sle1Tg7 mice (Supplementary Figure 1G)
(15). B cells and pDCs comprised minor populations in
the kidney infiltrates and were not significantly
increased in the absence of TLR-9 (Supplementary
Table 2).

TLR-9 deficiency in Sle1 mice skews the autoan-
tibody profile toward RNA-associated autoantigens.
Previous studies have shown that TLR-9 deletion on the
MRL mouse background results in a shift from homoge-
nous nuclear to cytoplasmic ANA HEp-2 staining pat-
terns and the loss of binding to mitotic chromatin (7–9).
This coincides with lower levels of antinucleosome anti-
bodies, but not with lower anti-dsDNAantibody titers as mea-
sured by ELISA (8). Similarly, elimination of TLR-9
decreased antinucleosome/chromatin antibodies in B6.Fas/lpr,
Plcg2Ali5, and B6Nba2 mice, while anti-dsDNA levels
measured by ELISA were increased or unchanged
(10,13,34).

Next, we examined the autoantibody profile in
Sle1TLR-9�/� mice, using a variety of methods for clar-
ity. Microscopy of HEp-2 cells revealed that serum
autoantibodies from Sle1TLR-9�/� mice bound primar-
ily to the cytoplasm, with some nucleolar specificity, in
contrast to Sle1 mouse sera, which bound primarily to

the nucleus (Figures 2A–C). All Sle1TLR-9�/� mouse
sera tested lost the ability to bind mitotic chromatin
(Figures 2A and D). Consistent with this finding, the
levels of antinucleosome autoantibodies were signifi-
cantly decreased in Sle1TLR-9�/� mice compared to
Sle1 controls (Figure 2E). However, we detected in-
creased levels of anti-dsDNA antibodies using an in-
house ELISA and a commercial Luminex-based assay
(Figure 2E and Supplementary Figure 2F, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40535/abstract). In clinical prac-
tice, dsDNA ELISAs have shown low specificity and poor
correlation with superior detection assays, such as CLIFT
(35,36). We therefore tested Sle1TLR-9�/� samples from
Figures 2A–D with the CLIFT assay, and 6 of 8 serum
samples showed positive kinetoplast staining, confirming
the presence of anti-dsDNA antibodies despite negative
chromatin staining (Supplementary Figures 2A and B).
High levels of anti-dsDNA as determined by anti-dsDNA
ELISA did not correlate with positive CLIFT findings
(Supplementary Figure 2C), confirming low specificity of
the ELISA. Discrepancies between ELISA and CLIFT
for anti-dsDNA measurement in TLR-9�/� lupus models
have also been observed by other groups and are due to a
number of factors, including the origin and purity of the
DNA antigen used for ELISA (8,13).

The cytoplasmic HEp-2 staining pattern of
Sle1TLR-9�/� mouse serum is characteristic of RNA-
reactive antibodies (33,37) (Figures 2A and C), which
we confirmed by anti-RNA ELISA (Figure 2E). More-
over, cytoplasmic staining intensity positively correlated
with anti-RNA titers (Supplementary Figures 2D and
E). Additionally, anti-snRNP autoantibody levels were
higher in Sle1TLR-9�/� mice than Sle1 mice (Figure
2E). A Luminex autoantigen assay confirmed this
change and detected significant increases in several
other RNA-associated autoantibodies, including anti-
SSA 52 and 60, anti-SSB, anti-Sm, and anti–ribosomal
P (Supplementary Figure 2F). Analyses of serum Ig
levels by Luminex showed that TLR-9 deficiency re-
sulted in significantly higher concentrations of total
IgG2a/c, IgG2b, and IgM antibodies compared to Sle1
controls, while IgA concentrations were decreased
(Figure 2F).

Systemic up-regulation of TLR-7 in diseased
Sle1TLR-9�/� mice. Increased TLR-7 expression leads to
an augmentation in autoimmunity (15,27,33). However, it
is unknown if TLR-9�/� mice express higher levels of
TLR-7 protein. Bossaller et al recently showed an infil-
tration of Ly6GhighLy6Chigh cells with higher levels of
TLR-7 in the peritoneal cavity of TLR-9�/�BALB/c mice
with pristane-induced lupus (14). Therefore, we assessed
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TLR-7 expression by flow cytometry using the same anti-
body clone (A9410). We verified binding specificity using
TLR-7–deficient B6 mice (TLR-7�/�) and a fluorescence

minus one control. Our analyses showed that TLR-7
levels were significantly higher in B cells, pDCs, CD11b+
DCs, F4/80+ macrophages, and in the CD11c+MHCII�

Figure 2. Toll-like receptor 9 (TLR-9) deletion in mice breaks tolerance to RNA-associated antibodies. A, Representative microscopy images of
nuclear (n) and cytosolic (c) HEp-2 staining patterns of serum autoantibodies from B6, Sle1, and Sle1TLR-9�/� mice ages 4.5–6.9 months. White
arrows show mitotic chromosome staining; orange arrows indicate the absence of mitotic chromosome staining. B and C, Analysis of nuclear (B)
and cytoplasmic (C) staining patterns determined by HEp-2 staining and microscopy. D, Percentage of Sle1 and Sle1TLR-9�/� mice with mitotic
chromatin positivity. Serum for HEp-2 staining was obtained from 3 independent cohorts with a total of 6 Sle1 mice and 8 Sle1TLR-9�/� mice.
E, Levels of antinucleosome (double-stranded DNA [dsDNA]/histone), anti-dsDNA, anti–small nuclear RNP (anti-snRNP), and anti-RNA autoan-
tibodies in Sle1 and Sle1TLR-9�/� mice. Serum dilutions were 1:100 for anti-RNA and 1:200 for all other autoantibodies. AU represents absor-
bance at 405 nm (sample minus blank). Values for anti-RNA antibodies are represented as logarithmic values of dilutions calculated from a
standard curve. F, Levels of IgG subtypes in sera from Sle1 and Sle1TLR-9�/� mice analyzed by Luminex. In E and F, mouse sera were from 6
independent cohorts. Circles represent individual mice; horizontal lines and error bars show the mean � SEM. All data presented are from 4.5–
6.9-month-old mice. Parametric data were assessed by one-way analysis of variance (with Bonferroni adjustment for multiple comparisons) or
Student’s t-test, and nonparametric data were assessed by Kruskal-Wallis test (with Dunn’s multiple comparison test) or Mann-Whitney test.
Significance in D was determined by Fisher’s exact test. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
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precursor population in Sle1TLR-9�/� mice than in Sle1
controls (Figure 3A). TLR-7 expression positively corre-
lated with the expansion of CD11b+ DCs and CD11c+
MHCII� subsets, but not with pDC frequencies (Fig-
ures 3B–D). TLR-7 was expressed in splenic PMNs and
at significantly higher levels in TLR-9–deficient Sle1 mice
(Supplementary Figure 3A, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40535/abstract). No differences were
observed in splenic CD11b+Gr-1intermediate cells, which

had highly variable TLR-7 expression (Supplementary
Figure 3B). As expected, TLR-7 expression was not
detected in CD3+ T cells or CD8+ DCs (Supplementary
Figures 3C and D).

Regulation of IgG production by TLR-9 in Sle1
lupus-prone mice. Given the essential role of humoral
immunity in the development of SLE, we assessed B cell
functional responses to TLR-7 in young prediseased mice.
We stimulated mouse splenocytes with the TLR-7 ligand
R848 and TLR-4 ligand LPS as a TLR-7–independent

Figure 3. Regulation of Toll-like receptor 7 (TLR-7) protein expression in the mouse spleen by TLR-9 deficiency. A, Representative histograms
(top) and median fluorescence intensity (MFI) data (bottom) for TLR-7 expression, measured by intracellular flow cytometry, in the indicated
spleen cell subsets in Sle1 and Sle1TLR-9�/� mice ages 5.7–6.4 months. Results are from 3 independent experiments each conducted with a TLR-
7�/� and fluorescence minus one (FMO) control (n = 8 Sle1 mice, 8 Sle1TLR-9�/� mice, 3 TLR-7�/� controls, and 3 FMO controls). Symbols rep-
resent individual samples; horizontal lines and error bars show the mean � SEM. M/ = macrophage. B–D, Correlation of leukocyte expansion in
Sle1 and Sle1TLR-9�/� mouse spleens with TLR-7 expression in plasmacytoid dendritic cells (pDCs) (B), CD11b+ DCs (C), and CD11c+ major
histocompatibility complex class II (MHCII)� cells (D). Parametric data were assessed by Student’s t-test, and nonparametric data were assessed
by Mann-Whitney test. Correlations were determined using Spearman’s rank correlation for nonparametric data and Pearson’s correlation for
parametric data. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001.
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signal. We used flow cytometry assays to measure B cell
survival, activation, and proliferation and did not detect
any significant differences between Sle1 and Sle1TLR-9�/�

mice within a wide range of R848 concentrations, in con-
trast to the findings of an earlier study in B6.TLR-9�/�

CD19+B220+ mouse splenocytes (38) (Figures 4A and
B and Supplementary Figures 4A–C, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40535/abstract). Consistent with
the lack of increased activation upon TLR-7 ligation, we

Figure 4. Regulation of antibody production by Toll-like receptor 9 (TLR-9) in Sle1 mice. A and B, B cell (B220+) activation (A) and proliferation
(B) in splenocytes from young (8–10-week-old) Sle1 and Sle1TLR-9�/� mice that were left untreated (media), stimulated with R848 (0.01 lg/ml),
or stimulated with lipopolysaccharide (LPS; 1 lg/ml). B cell activation was measured by flow cytometry after 24 hours of stimulation and is shown
as the percentage of CD69+ cells. B cell proliferation was measured according to the 5,6-carboxyfluorescein succinimidyl ester dilution after 72
hours of stimulation. C, TLR-7 expression, measured by intracellular flow cytometry, in mouse splenic B220+ B cells. TLR-7–deficient Sle1 mice
(Sle1TLR-7�/�) (n = 4) and fluorescence minus one (FMO) samples were used as negative controls. MFI = median fluorescence intensity. D,
Levels of IgG subtypes, measured by Luminex, in Sle1 and Sle1TLR-9�/� mouse culture supernatants collected after 96 hours of incubation. Cul-
tures were left untreated, stimulated with R848, or stimulated with LPS. E, Expression of surface IgG (sIgG) (IgG1/IgG2a/IgG2b/IgG3) on freshly
isolated B220+CD19+ splenocytes from Sle1 and Sle1TLR-9�/� mice. F and G, TLR-7 expression and frequencies of splenic CD138+ plasma/plas-
mablasts (F) and CD11b+ dendritic cells (DCs) (G) in Sle1 and Sle1TLR-9�/� mice. In A, B, and D, bars show the mean � SEM from 2–3 inde-
pendent experiments (n = 9–15 mice per group). Data were assessed by multiple t-tests, and statistical significance was corrected using the Holm-
Sidak method. In C, E, F, and G, data are from 1 representative experiment with 8–10-week-old mice (n = 8 Sle1 and 5 Sle1TLR-9�/� mice). Cir-
cles represent individual mice; horizontal lines and error bars show the mean � SEM. Significance was determined by Student’s t-test. * = P <
0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001.
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did not detect an increase in TLR-7 protein in B cells
in young mice (Figure 4C). However, analyses of super-
natants collected on day 4 revealed that Sle1TLR-9�/�

mouse cultures produced significantly higher amounts of
IgG upon stimulation with R848 or LPS (Figure 4D).
Moreover, in the absence of any stimulation, Sle1TLR-
9�/� B cells spontaneously released IgG2b and IgG3, in
contrast to their Sle1 counterparts (Figure 4D).

No differences were detected between Sle1TLR-
9�/� mice and Sle1 mice in IgM and IgGA production,
suggesting an increase in IgG isotype switching (Sup-
plementary Figure 4D). We thus stained freshly isolated
mouse splenocytes with a cocktail of anti-IgG1/IgG2a/
IgG2b/IgG3 antibodies and analyzed them by flow
cytometry (gating strategy is shown in Supplementary

Figure 4E). We confirmed that Sle1TLR-9�/� mouse B
cells expressed significantly more surface IgG than
their Sle1 mouse counterparts (Figure 4E). Addition-
ally, the frequencies of CD138+ plasma/plasmablast
cells were increased and they expressed significantly
higher TLR-7 protein levels in the absence of TLR-9
(Figure 4F and Supplementary Figure 4F). Extrafollicu-
lar plasmablast responses and antibody switching in
lupus have been attributed to DCs (39). We detected
increased frequencies of splenic CD11b+ DCs with
higher TLR-7 expression in Sle1TLR-9�/� mice (Fig-
ure 4G). This early stage expansion of TLR-7–high
DCs might play a role in the increase in CD138+
plasma/plasmablasts and IgG-switched B cells in
Sle1TLR-9�/� mice.

Figure 5. Infiltration of dendritic cells (DCs) with increased Toll-like receptor 7 (TLR-7) protein expression into Sle1TLR-9�/� mouse kidneys. A,
Analysis of renal CD45+CD11b+Gr-1�/low subsets using antibodies to CD11c, major histocompatibility complex class II (MHCII), F4/80, and
CD11b. The magenta boxed area includes the CD11c+MHCII� precursor population. The black boxed area includes the CD11c+MHCII+ cells.
CD11c+MHCII+ cells were further subdivided into F4/80+ macrophages (M/; green encircled area) and F4/80�/low DCs (blue encircled area). B,
Cumulative frequencies of renal CD11b+Gr-1� subsets identified in A in Sle1 and Sle1TLR-9�/� mice. Bars show the mean � SEM. Data are
from 3 independent cohorts of 4.5–6.5-month-old mice with a total of 9–16 mice per group. C, Proliferation of CD4+TCRva2+ Sle1OT-II cells
exposed to ovalbumin-pulsed F4/80+ macrophages or F4/80�/low DCs, with or without prior stimulation with R848. Circles represent cells sorted
from an individual mouse (n = 6), except for Sle1 F4/80�/low DCs that were pooled to a total of 3 samples due to low cell numbers. D, Analysis of
TLR-7 protein expression, using flow cytometry, in the CD11b+Gr-1� subsets identified in A in Sle1 and Sle1TLR-9�/� mice. Symbols represent
individual samples; horizontal lines and error bars show the mean � SEM. E, Correlation of TLR-7 expression in Sle1 and Sle1TLR-9�/� mice with per-
centages of renal macrophage and DC infiltration. Data in D and E are from 3 independent experiments with a total of 8 mice (ages 5.7–6.4 months) per
group. Each experiment was conducted with a TLR-7�/� and a fluorescence minus one (FMO) control (a total of 3 each). Parametric data were assessed
by one-way analysis of variance (with Bonferroni adjustment for multiple comparisons) or Student’s t-test, and nonparametric data were assessed by
Kruskal-Wallis test (with Dunn’s multiple comparison test) or Mann-Whitney test. Correlations were determined using Spearman’s rank correlation for
nonparametric data and Pearson’s correlation for parametric data. * = P < 0.05; ** = P < 0.01. NS = not significant; MFI = median fluorescence intensity.
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Kidney disease in Sle1TLR-9�/� mice is charac-
terized by infiltrating renal cDCs that overexpress
TLR-7. To further understand kidney pathogenesis in
Sle1TLR-9�/� mice, we characterized renal leukocyte
infiltrates, using a similar flow cytometry strategy as pre-
viously described for Sle1 mice overexpressing TLR-7
(Sle1Tg7) (15). The majority of infiltrating cells in
Sle1TLR-9�/� mouse kidneys were CD11b+Gr-1�/low

(Supplementary Figure 1G). These consisted of 3
CD11c+ populations: MHCII�, F4/80+ macrophages,
and F4/80�/low DCs (Figures 5A and B). As in Sle1Tg7
mice, the proportions of MHCII� and F4/80�/low DCs
were increased in the kidneys of Sle1TLR-9�/� mice
compared to Sle1 mice, while the proportions of macro-
phages did not change significantly (15) (Figure 5B).

We then assessed the ability of DCs to present
antigen and induce T cell proliferation by purifying
renal DCs, or macrophages as a control, and exposing
them to ovalbumin before culturing with Sle1OT-II
T cells (15). Unstimulated DCs from Sle1TLR-9�/�

mouse kidneys induced more T cell proliferation than
those from Sle1 controls, which was enhanced with the
TLR-7 ligand R848 (Figure 5C and Supplementary Fig-
ure 5A, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40535/
abstract). Renal macrophages did not show augmented
T cell proliferation with R848, consistent with earlier
data from bone-marrow derived and peritoneal macro-
phages (40). Both renal DCs and macrophages had
increased TLR-7 protein expression in the absence of
TLR-9, and the levels positively correlated with the
percentage of infiltrating renal DCs and macrophages
(Figures 5D and E). Additionally, TLR-7 expres-
sion was increased in TLR-9–deficient Sle1 kidney
Gr1intermediate CD11b+ cells, but not in pDCs and B cells
(Supplementary Figure 5B). We did not detect TLR-7
expression in kidney PMNs and T cells (data not shown).
To assess whether the increases in TLR-7 occurred prior
to the development of GN, we analyzed younger
Sle1TLR-9�/� mice with less severe disease, as confirmed
by splenic weight and a lack of significant CD45+ kidney
infiltration (Supplementary Figure 5C). Expression of
TLR-7 was increased in Sle1TLR-9�/� mouse kidney
F4/80+ macrophages and F4/80�/low DCs, but not in
MHCII� cells, similar to their older counterparts (Sup-
plementary Figure 5D).

DISCUSSION

Over the last decade, multiple studies have sup-
ported the notion of a fundamental role of TLR-7 in
SLE disease development; however, little progress has

been made to elucidate the regulatory role of TLR-9
(7–10,12–14,27,31–34,41). Moreover, the lack of data
from human studies has reduced enthusiasm for under-
standing the cellular and molecular roles in TLR-9–
deficient mice. In the present study, we have shown for
the first time that TLR-7 is increased at the protein
level prior to disease onset in TLR-9–deficient Sle1
mice. Our data also show that in B cells, TLR-9 main-
tains tolerance to RNA and RNA-associated antigens,
prevents antibody switching and antibody production,
and regulates B cell maturation. Thus, in the absence
of TLR-9, there is an accumulation of TLR-7–reactive
RNA/anti-RNA–associated ICs that can activate the
increased TLR-7 in DCs and B cells (Figure 6). This
essentially yields an identical kidney inflammation phe-
notype to that observed in Sle1Tg7 mice, which have a
modest increase in TLR-7 expression (15).

We and others have proposed a multistep model
of lupus pathogenesis whereby there is an initial loss of
tolerance to self, which, together with an additional
immune alteration, leads to the progression of severe
disease (42–44). We propose that the loss of tolerance to
RNA plays a key role in the transition to active disease.
Surprisingly, anti-RNA antibodies have not been studied
extensively, despite showing high specificity for SLE
(28). However, autoantibodies to RNA-associated
molecules, such as snRNP, Sm, SSA/Ro, and SSB/La,
are well characterized, and the presence of anti-Sm
antibodies is part of the immunologic criteria for SLE
diagnosis (45).

BWR4, an anti-RNA antibody derived from
(NZB 9 NZW)F1 mice, forms ICs in vitro by binding
RNA present in the tissue culture supernatant (37).
These RNA-containing ICs then activate cells through a
B cell receptor (BCR)– and TLR-7–dependent mecha-
nism. We showed that Sle1TLR-9�/� mouse serum pre-
dominantly produces a cytoplasmic HEp-2 staining
pattern, similar to the anti-RNA antibody BWR4 (37).
The increase in the cytoplasmic HEp-2 staining pattern
and/or increased anti-RNA antibody levels are common
to the few TLR-9–deficient model systems that have
been examined (8,9,14). Increased levels of RNA-asso-
ciated autoantibodies, such as anti-Sm, U1 snRNP-1,
PM/Scl-100, and/or anti–ribosomal P, were also observed
in TLR-9�/� models that develop severe kidney disease
(8–10). On the other hand, when TLR-9 was eliminated
on a milder autoimmune background, such as Sle1b,
there was no increase in anti-Sm/RNP IgG (31). This
might have important implications for human SLE, since
there is evidence that anti-Sm and anti-snRNP antibod-
ies are present immediately preceding the manifestation
of clinical symptoms (42).
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Aside from the autoantibody switch to RNA
specificity, our data also suggest that the concomitant
increase in TLR-7 plays a crucial role in the progression
to end-organ damage. Since SLE serum and the TLR-7
agonist R848 have been shown to increase TLR-7 expres-
sion (19,46), the RNA-associated ICs in the circulation
can increase TLR-7 through a positive feedback
loop. This is supported by clinical data that shows a

preferentially higher TLR-7 expression in SLE patients
with an anti-RNA–associated antibody profile (47).
Additionally, it has recently been shown that RNA-
associated antibodies are more prone to form circulating
ICs compared to antibodies to dsDNA (48). U1 RNA,
which forms the U1 snRNP complex together with Sm
and RNP proteins (49), is elevated in the circulation of
SLE patients and correlates with disease activity (50).

Figure 6. Schematic overview of the proposed mechanisms leading to severe disease in the absence of Toll-like receptor 9 (TLR-9). (1) B cells
from prediseased Sle1TLR-9�/� mice are primed to produce more IgG-switched antibodies, most likely due to the presence of increased numbers
of CD11b+ dendritic cells (DCs) with increased TLR-7 protein expression. (2) In the absence of TLR-9, the autoantibody repertoire shifts toward
RNA/RNA-associated antigens (Ags), which leads to the generation of RNA-containing immune complexes (ICs). These complexes act as TLR-7
ligands through Fc receptor (FcR) and B cell receptor (BCR)–mediated uptake and induce TLR-7 protein expression through a positive feedback
loop at the systemic (3) and organ (4) levels. A simultaneous increase in the levels of TLR-7 and its ligands leads to ongoing inflammation and tis-
sue destruction through various mechanisms, including T cell proliferation and inflammatory cytokine generation. Anti-snRNP = anti–small nuclear
RNP; pDCs = plasmacytoid DCs; PMNs = polymorphonuclear leukocytes; M/ = macrophages.
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Thus, while anti-RNA/RNA-associated antibodies might
be less common than anti-dsDNA in SLE patients
(28,49), they can form ICs more easily and enhance
disease progression through TLR-7 binding and up-
regulation (Figure 6).

In our earlier investigations we proposed that
renal cDCs play a fundamental role in disease progres-
sion given their location, their increased inflammatory
properties, and the correlation of their expansion with
disease progression (15). Consistent with the findings of
this study, Sle1TLR-9�/� renal cDCs have increased
levels of TLR-7 protein and have an increased ability to
stimulate T cells following TLR-7 ligation. Furthermore,
TLR-7 in these populations correlated with leukocyte
infiltration. Importantly, our analyses in younger mice
indicated that the increase in renal cDCs occurred prior
to significant leukocyte infiltration, suggesting that cDCs
play a crucial role in disease progression.

In summary, we have identified multiple roles
for the innate dsDNA receptor, TLR-9, in preventing
the systemic inflammation and progression to severe
disease in a lupus-prone mouse strain. In B cells, TLR-
9 prevents excessive Ig production and the switch to
RNA-reactive antibody production. In addition, TLR-9
controls TLR-7 at the protein level, most likely in an
indirect manner by preventing TLR-7 ligands from
being generated and by favoring DNA sensing over
RNA sensing in the endosome (51). In the absence of
TLR-9, the concomitant increase in the levels of TLR-7
and its ligands leads to ongoing inflammation and tis-
sue destruction.
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Anti–Calponin 3 Autoantibodies: A Newly Identified Specificity in Patients With
Sj€ogren’s Syndrome

Julius Birnbaum, Ahmet Hoke, Aliya Lalji, Peter Calabresi, Pavan Bhargava, and Livia Casciola-Rosen

Objective. Autoantibodies are clinically useful for
phenotyping patients across the spectrum of auto-
immune rheumatic diseases. Using serum from a pa-
tient with Sj€ogren’s syndrome (SS), we detected a new
specificity by immunoblotting. This study was under-
taken to identify this autoantibody and to evaluate its
disease specificity.

Methods. A prominent 40-kd band was detected
when immunoblotting was performed using SS patient
serum and lysate from rat dorsal root ganglia (DRGs).
Using 2-dimensional gel electrophoresis and liquid
chromatography tandem mass spectrometry peptide
sequencing, the autoantigen was identified as calponin
3. Anti–calponin 3 antibodies were evaluated in sera
from patients with primary SS (n = 209), patients with
systemic lupus erythematosus (SLE; n = 138), patients
with myositis (n = 138), patients with multiple sclero-
sis (MS; n = 44), and healthy controls (n = 46) by
enzyme-linked immunosorbent assay. Expression of
calponin 3 was assessed by immunohistochemistry.

Results. Calponin 3 was identified as a new
autoantigen. Anti–calponin 3 antibodies were detected in
23 (11.0%) of the 209 SS patients, 12 (8.7%) of the 138
SLE patients, 7 (5.1%) of the 138 myositis patients, 3
(6.8%) of the 44 MS patients, and 1 (2.2%) of the 46
healthy controls. Among SS patients, the frequency of

anti–calponin 3 antibodies was highest in those with neu-
ropathies (7 [17.9%] of 39). In this subset, the frequency
of anti–calponin 3 antibodies differed significantly from
that in the control group (P = 0.02). Calponin 3 was
expressed primarily in rat DRG perineuronal satellite
cells but not neurons.

Conclusion. Calponin 3 is a novel autoantigen.
Antibodies against this protein are found in SS and
associate with the subset of patients experiencing neu-
ropathies. Intriguingly, we found that calponin 3 is
expressed in DRG perineuronal satellite cells, suggest-
ing that these may be a target in SS.

Autoantibodies across the spectrum of autoim-
mune rheumatic diseases are of significant clinical utility
because they may serve as diagnostic biomarkers, help to
define prognosis, and provide insight into pathogenesis.
In Sj€ogren’s syndrome (SS), antibodies may be associ-
ated with specific types of extraglandular disease or help
to define mechanisms of end-organ damage (1). In this
study, we defined and validated a new autoantibody
specificity, anti–calponin 3, in a cohort of patients with
SS. We also examined the frequency of these antibodies
in subgroups of SS patients classified according to neuro-
pathic pain and peripheral nerve status. Interestingly,
although the frequency of these antibodies in the overall
SS group was not significantly different from that in the
healthy control group (11.0% versus 2.2%; P = 0.09), the
difference was significant when the subset of patients
with SS with neuropathy was compared to controls
(17.9% versus 2.2%; P = 0.02). Since patients with sys-
temic lupus erythematosus (SLE) and myositis may share
underlying mechanisms of robust humoral autoimmunity
with SS (e.g., anti–Ro 52, anti–Ro 60, and anti-La) (2),
we also examined the frequency of anti–calponin 3 anti-
bodies in these disease groups. Anti–calponin 3 antibod-
ies were found in both of these patient cohorts, albeit
less frequently than in the SS cohort (8.7% and 5.1%,
respectively).

Interestingly, our immunohistochemical studies
showed that calponin 3 is expressed in perineuronal
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satellite cells but not neurons of rat dorsal root ganglia
(DRGs). While anti-DRG antibodies that primarily
target DRG neurons have been identified in several
neurologic diseases (3), our findings provide the first
example in which a novel antibody specificity is primar-
ily directed against satellite cells. Such findings may
provide insight into SS neurologic disease.

PATIENTS AND METHODS

Study type and cohorts. We studied a cross-sectional
cohort of SS patients (n = 209) consecutively enrolled from
2008 to 2015. Patients were evaluated at the Jerome L.
Greene Sj€ogren’s Syndrome Center at Johns Hopkins Univer-
sity. The diagnosis of SS was made using the 2002 American–
European Consensus Group criteria (4), since patients could
be enrolled prior to publication of the 2012 American Col-
lege of Rheumatology classification criteria (5). Since the
Center encompasses a Neuro-Rheumatology Clinic, this
cohort is enriched with patients referred for evaluation of
potential neuropathies, performed by a board-certified neu-
rologist and rheumatologist (JB). SS patients without neu-
ropathies were evaluated by a rheumatologist.

For some analyses, we identified the following 3
patient subsets within the cohort of 209 SS patients: those
with a neuropathy (n = 39), those who described neuropathic-
type pain but did not have a neuropathy (n = 71) (see below),
and those without neuropathies (n = 99). Peripheral nerve
status was evaluated using a validated neuropathic pain symp-
toms questionnaire, neurologic examination, nerve conduction
studies to assess large myelinated Ab fibers, and punch skin
biopsies to assess the intra-epidermal nerve-fiber density of
nonmyelinated nerves. The Self-Administered Leeds Assess-
ment of Neuropathic Symptoms and Signs pain scale was
used to ascertain the presence of neuropathic-type pain (6).
Findings of neurologic examination and nerve conduction
studies were used to define patients with large-fiber neu-
ropathies, including large-fiber sensory neuronopathies, axo-
nal sensory or sensorimotor polyneuropathies, and vasculitic

neuropathies (7). Findings of neurologic examination and skin
biopsies were used to classify patients as having small-fiber
neuropathies (8).

Table 1 shows that compared to SS patients without
neuropathies, the subsets of SS patients with neuropathy and
with neuropathic-type pain without neuropathy had lower fre-
quencies of most known antibody specificities, including
antinuclear antibodies (ANAs) ≥1:320, anti–Ro 52, anti–Ro
60, and anti-La/SSB antibodies, rheumatoid factor, and poly-
clonal gammopathy. This enrichment of seronegative disease
by patients with SS with small-fiber and neuropathic pain
accounts for the lower frequency of antibodies compared to
previously described SS cohorts (5,9).

Sera obtained from 138 SLE patients seen consecu-
tively at the Johns Hopkins Lupus Center, and from 138
myositis patients seen at the Johns Hopkins Myositis Center
were also studied. Forty-four serum samples from patients
with multiple sclerosis (MS) were obtained from the Johns
Hopkins Multiple Sclerosis Center Biorepository; diagnosis of
MS was based on the 2010 revised McDonald criteria (10).
Sera from 46 healthy individuals were used as controls.

The study protocol was approved by the Johns
Hopkins Institutional Review Board. All patients provided
written informed consent to participate.

Cell culture and lysates. Human skeletal muscle cells
from a single donor, human keratinocytes (both from Lonza),
HeLa cells, fibroblasts, and Jurkat cells were cultured using
standard techniques. An immortalized rat DRG neuronal cell
line, 50B11, was cultured and differentiated as previously
described (11). The cells were lysed in buffer A containing
Nonidet P40, 20 mM Tris pH 7.4, 150 mM NaCl, 1 mM
EDTA, and protease inhibitors. HeLa cells were transiently
transfected with DNA encoding full-length human calponin 3
(OriGene) or vector alone using Lipofectamine 2000, per the
manufacturer’s protocol (Invitrogen), and lysed as described
above.

Immunoblotting. Gel samples prepared from cell
lysates or recombinant full-length human calponin 3 were
electrophoresed on 10% sodium dodecyl sulfate (SDS)–
polyacrylamide gels and transferred to nitrocellulose mem-
branes. Primary antibody incubations were performed using a

Table 1. Demographic and immunologic features of the SS cohorts*

Characteristic
SS

(n = 209)

SS without
neuropathic pain

(n = 99)
SS with neuropathy

(n = 39)†

SS with neuropathic-type pain
without neuropathy

(n = 71)

Age, mean � SD years 52.5 � 13.5 52.5 � 13.9 55.8 � 12.3 50.8 � 13.2
Sex, female 185/209 (88.5) 93/99 (93.9) 28/39 (71.8) 64/71 (90.1)
Race, white 178/209 (85.2) 81/99 (81.8) 32/39 (82.1) 65/71 (91.5)
ANA ≥1:320 132/199 (66.3) 70/96 (72.9) 26/38 (68.4) 36/65 (55.4)
RF positive 80/196 (40.8) 52/92 (56.5) 10/37 (27.0) 18/67 (26.9)
Anti–Ro 52 positive 155/208 (74.5) 86/98 (87.8) 27/39 (69.2) 42/71 (59.2)
Anti–Ro 60 positive 137/205 (66.8) 76/99 (76.8) 23/37 (62.2) 38/69 (55.0)
Anti-La/SSB positive 83/208 (39.9) 45/98 (45.9) 9/39 (23.1) 29/71 (40.8)
Polyclonal gammopathy 78/193 (40.4) 42/87 (48.3) 12/39 (30.8) 24/67 (35.8)
Anti–calponin 3 23/209 (11.0) 10/99 (10.1) 7/39 (17.9) 6/71 (8.5)

* Except where indicated otherwise, values are the no./no. assessed (%). SS = Sj€ogren’s syndrome; ANA = antinuclear anti-
body; RF = rheumatoid factor.
† Subtypes of neuropathies included 19 patients with pure small-fiber neuropathies, 4 patients with mixed small-fiber neu-
ropathies and large-fiber sensory neuronopathies, 4 patients with mixed small-fiber neuropathies and large-fiber axonal sen-
sorimotor polyneuropathies, 5 patients with large-fiber sensory neuronopathies, and 7 patients with large-fiber axonal
sensorimotor polyneuropathies.
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polyclonal anti–calponin 3 antibody (Abcam), an anti-FLAG
antibody (Sigma-Aldrich), the prototype patient serum
(SJ193; 1:5,000 dilution), or serum from a healthy individual
(1:5,000 dilution). Blots were subsequently incubated with
horseradish peroxidase (HRP)–conjugated secondary antibod-
ies (Jackson ImmunoResearch), visualized using chemilumi-
nescence (Pierce), and imaged using a FluorChem imaging
platform (Protein Simple).

Proteomic identification. Cultured rat DRGs were
lysed in isoelectric focusing buffer (8M urea, 2M thiourea, 4%
CHAPS, 1% dithiothreitol, and protease inhibitors) and run on
2-dimensional gels (first dimension, pI range 3–10; second
dimension, 10% SDS–polyacrylamide gel electrophoresis) as
previously described (12). The spot corresponding to the pro-
tein of interest was determined by immunoblotting using the
prototype patient serum (SJ193) (12). Preparative 2-

dimensional gels were subsequently run and stained with Gel-
Code Blue (Thermo Scientific), and the protein spot of interest
was plucked, as well as a “blank” gel plug. These were sent to
the Johns Hopkins Mass Spectrometry and Proteomics Facility
for liquid chromatography tandem mass spectrometry peptide
sequencing as previously described (11).

Calponin 3 antibody enzyme-linked immunosorbent
assay (ELISA). Recombinant full-length human calponin 3 was
purchased from OriGene. Purity and specificity were confirmed
by Coomassie staining and by immunoblotting with anti–FLAG
and anti–calponin 3 antibodies (Figure 1C). ELISA plates were
coated with 50 ng/well of calponin 3 (overnight at 4°C).
ELISAs were performed using sera diluted 1:100 in 1% bovine
serum albumin/phosphate buffered saline (PBS)–Tween,
followed by incubation with HRP-labeled goat anti-human anti-
body (1:10,000; Jackson ImmunoResearch) and color develop-
ment with SureBlue peroxidase reagent (KPL). The prototype
serum was included as a reference in every ELISA (optical den-
sity in the linear range of the assay), and all absorbances at 450
nm were calibrated relative to it.

Anti–calponin 3 immunostaining. Lumbar DRGs were
dissected from adult female Sprague-Dawley rats, fixed in 4%
paraformaldehyde overnight, and then transferred to 15%
and then 30% sucrose in PBS. DRGs were cryosectioned
and stained with polyclonal anti–calponin 3 antibody (Acris)
overnight (4°C; 1:200 dilution). After blocking in goat serum,
calponin 3–positive cells were visualized using an ImmPRESS
HRP goat anti-rabbit IgG (peroxidase) polymer detection kit
(Vector). Sections were counterstained with eosin to better
visualize the neuronal structures.

Statistical analysis. Bivariate associations between
anti–calponin 3 antibodies, known antibody specificities, and
subsets of comparator groups were evaluated by chi-square
test or Fisher’s exact test.

RESULTS

Identification and validation of calponin 3 as a
new autoantibody specificity. Antibodies against DRGs
have been identified primarily in paraneoplastic disor-
ders (3) and are associated with a wide variety of
peripheral nervous system disorders. Given the fre-
quency and wide spectrum of neuropathies in SS, we
screened sera from this autoimmune disease spectrum
by immunoblotting to evaluate if any novel specificities
were enriched in DRG lysates.

A panel of lysates (equal protein amounts of
each) from rat DRGs and human HeLa, fibroblast,
myoblast, keratinocyte, and Jurkat cells was immuno-
blotted with SS patient sera (1:5,000 dilution). Serum
SJ193 immunoblotted a novel 40-kd band (Figure 1A).
This serum was known to have high-titer anti–Ro 60
antibodies and was negative for Ro 52 and SSB
antibodies. When lysates were run on 2-dimensional
gels, the 40-kd protein was noted to have a pI of ~5.7.
Since this 40-kd protein was also detected by other
sera, we sought to identify this new specificity.

Figure 1. Identification of a new 40-kd autoantigen and confirmation
that it is calponin 3 (CNN3). A, Immunoblotting of a panel of lysates
made from different cell types with serum from a patient with
Sj€ogren’s syndrome (SJ193). Equal protein amounts were loaded in
each gel lane. An unidentified 40-kd band was blotted and was
expressed at varying levels in the different lysates. DRG = dorsal root
ganglion. B, Immunoblotting of equal protein amounts of lysates
made from cells transfected with calponin 3 DNA or with vector
alone. Lysates were immunoblotted with anti–calponin 3 antibody,
serum SJ193, or antivinculin antibody. C, Immunoblotting of recombi-
nant calponin 3 (50 ng/lane) with anti–calponin 3 antibody, serum
SJ193, a control serum, or anti–FLAG antibody. A 40-kd band, corre-
sponding to calponin 3, was immunoblotted by all except the control
serum.
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For autoantigen identification, we selected rat
DRGs as the source material because the 40-kd protein
was prominently represented (Figure 1A). Proteomic
analysis was performed by selecting the spot correspond-
ing to the unidentified 40-kd protein on a 2-dimensional
gel as described in Patients and Methods. Post-pluck
blotting confirmed that the pluck had captured the pro-
tein of interest. Among the peptides identified by mass
spectrometric sequencing, calponin 3 was the top hit;
peptides gave 21% coverage. Since the molecular weight
and pI of calponin 3 were consistent with those of the
40-kd protein, we prioritized calponin 3 for validation.

We confirmed that the 40-kd protein was indeed
calponin 3 as follows. Lysates were made from HeLa
cells transiently transfected with calponin 3 DNA or
empty vector. Robust calponin 3 expression in the trans-
fected cell lysates only was confirmed by immunoblotting
with a commercial anti–calponin 3 antibody (Figure 1B).
Identical data were obtained when the transfected
lysates were blotted with serum SJ193 (Figure 1B).
Vinculin immunoblots confirmed equal protein loading
(Figure 1B). In a second validation approach, immu-
noblotting was performed using recombinant FLAG-
tagged human calponin 3. This was detected robustly by

Figure 2. Detection of autoantibodies against calponin 3 in patients with Sj€ogren’s syndrome (SS) and systemic lupus erythematosus (SLE), and
expression of calponin 3 in perineuronal satellite cells in rat dorsal root ganglia (DRGs). A, Levels of anti–calponin 3 antibody in healthy controls
(n = 46), patients with SS (n = 209), patients with SLE (n = 138), and patients with myositis (n = 138). Anti–calponin 3 antibodies were detected
in 11.0% of the patients with SS (P = 0.09 versus controls), 8.7% of the patients with SLE (P = 0.19 versus controls), 5.1% of the patients with
myositis (P = 0.68 versus controls), and 2.2% of the controls. B, Levels of anti–calponin 3 antibody in healthy controls and the 209 patients with
SS subgrouped by neurologic status as patients without neuropathy (neurop), patients with neuropathy, and patients with neuropathic-type pain
(NP) without neuropathy. Antibodies against calponin 3 were associated (denoted **) with the subgroup of SS patients with neuropathy versus
normal controls (P = 0.02). In contrast, this association was not seen (denoted *) in patients with SS with neuropathic-type pain without neuropa-
thy (P = 0.24 versus controls) or in SS patients without neuropathy (P = 0.17 versus controls). In A and B, antibodies against calponin 3 were
assayed by enzyme-linked immunosorbent assay, as described in Patients and Methods. Each symbol represents an individual serum sample; hori-
zontal and vertical lines show the mean � SD. Broken lines show the cutoff for positivity. C, Staining of adult rat DRGs with a commercial anti–
calponin 3 antibody. Staining was primarily seen in perineuronal cells (arrows) surrounding DRG neurons. Original magnification 9 200.
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a rabbit anti–calponin 3 antibody, an anti-FLAG mono-
clonal antibody, and the prototype serum. As expected, a
control human serum did not immunoblot the purified
protein (Figure 1C).

Anti–calponin 3 antibodies in patients with SS,
SLE, or MS. To determine the prevalence of antibodies
against calponin 3 in patients with SS and in other
autoimmune disease cohorts, we developed an ELISA.
Sera were designated antibody positive if the relative
absorbance value was >4 SD higher than the mean
value obtained from assaying 46 healthy controls. Note
that in the control set, there was a single outlier with a
high absorbance. To calculate the mean in the control
group, the outlier was excluded. This outlier was in-
cluded in determining how many antibody-positive sera
there were in the control set. The levels of calponin 3
antibodies in the 3 autoimmune rheumatic disease
cohorts studied, as well as the healthy controls, are
shown in Figure 2A. Anti–calponin 3 antibodies were
detected in 23 (11.0%) of 209 SS patients, 12 (8.7%)
of 138 SLE patients, 3 (6.8%) of 44 MS patients, and 7
(5.1%) of 138 myositis patients.

Compared to controls, these antibodies were
detected at a frequency that approached significance in
the SS cohort (P = 0.09). The frequency of this antibody
in the SLE and myositis cohorts did not differ signifi-
cantly from that in controls (P = 0.19 for SLE patients
versus controls and P = 0.68 for myositis patients versus
controls). This was also true when the myositis cohort
was analyzed as 3 separate groups (patients with der-
matomyositis, patients with inclusion body myositis, and
patients who were anti–hydroxymethylglutaryl-coenzyme
A reductase positive).

Since the antibody was discovered using lysates
from rat DRGs (which have been implicated in SS neu-
ropathies) and because the P value for the SS cohort
tended toward significance, we subsequently subgrouped
the 209 SS patients into 3 sets based on neurologic
findings and evaluated the frequency of anti–calponin 3
antibodies in each subgroup versus healthy controls
(Figure 2B). This analysis showed that calponin 3 anti-
bodies were significantly associated with the SS neuropa-
thy group (7 [17.9%] of 39; P = 0.02). In contrast, anti–
calponin 3 antibodies were not associated with SS
without neuropathy (10 [10.1%] of 99; P = 0.17) or with
SS with neuropathic-type pain without neuropathy (6
[8.5%] of 71; P = 0.24). There was no statistically signifi-
cant difference in the presence of anti–calponin 3 anti-
bodies among these 3 subgroups (P = 0.27). Within the
group of 39 patients with neuropathies, we did not find
demographic, clinical, or other immunologic differences
when comparing patients with versus those without anti–

calponin 3 antibodies. Furthermore, there was no differ-
ence in the frequency of anti–calponin 3 antibodies
between patients with non–length-dependent neuropa-
thies (i.e. non–length-dependent small-fiber neuropa-
thies and large-fiber sensory neuronopathies) and those
with length-dependent neuropathies (12.5% [2 of 16]
versus 21.7% [5 of 23]; P = 0.68). There was no differ-
ence in the frequency of ANA ≥1:320 in SS patients with
versus those without anti–calponin 3 antibodies (69.6%
[16 of 23] versus 65.9% [116 of 176]; P = 0.90), nor with
anti–Ro 52, anti–Ro 60, and anti-La/SSB antibodies,
rheumatoid factor, or polyclonal gammopathy (data not
shown).

Expression of calponin 3 in rat DRG perineu-
ronal satellite cells but not neurons. Calponin 3 is widely
expressed, including by neurons and glial cells in the cen-
tral nervous system (13). However, its expression in the
peripheral nervous system is unknown. To address this,
adult rat DRGs were immunostained using a commercial
anti–calponin 3 antibody. Robust calponin 3 staining was
noted in perineuronal satellite cells in rat DRGs. Satel-
lite cells surrounding both large and small DRG neurons
were stained with anti–calponin 3 antibody (Figure 2C),
but none of the DRG neurons stained.

DISCUSSION

We have identified anti–calponin 3 antibodies as
a novel specificity found in 11.0% of SS patients. The
frequency of these antibodies trended toward signifi-
cance when compared to healthy controls (P = 0.09).
Anti–calponin 3 antibodies were also found, albeit at
lower frequencies, in SLE (8.7%), myositis (5.1%), and
MS (6.8%). Our study also demonstrated that calponin
3 is expressed mainly in nonneuronal satellite cells but
not in DRG neurons.

When the SS patients were subgrouped accord-
ing to neuropathic pain and peripheral nerve status, we
found that those with neuropathies had a significantly
increased frequency of anti–calponin 3 antibodies com-
pared to healthy controls (P = 0.02). This was not
noted in patients without neuropathies or in any of the
other cohorts evaluated. The spectrum of neuropathies
seen in the anti–calponin 3–positive SS patients was
informative. It included SS patients with non–length-
dependent small-fiber neuropathies and large-fiber sen-
sory neuronopathies (Table 1), which are associated
with cytotoxic CD8 T cell injury of small-sized and
large-sized DRGs (7,14). It is noteworthy that when we
immunodepleted calponin 3 antibodies from sera that
also had antibodies against Ro 52 and Ro 60, these
reactivities remained unchanged, indicating that these

1614 BIRNBAUM ET AL



associations are not due to antibody cross-reactivity (re-
sults are available upon request from the corresponding
author). Further studies are warranted to evaluate the
specificity of anti–calponin 3 antibodies in larger
cohorts of well-defined SS patients with peripheral neu-
ropathies.

We determined the expression of calponin 3 in
rat DRGs versus other nonneuronal cells by immuno-
staining. Calponin 3 was expressed most robustly in
nonneuronal satellite cells compared to DRG neurons.
These findings are notable given that other antibodies
associated with immune-mediated neurologic disorders
exclusively target neuronal DRGs while sparing non-
neuronal satellite cells. The significance of this observa-
tion is presently unclear, but given that anti–calponin 3
antibodies were associated with neuropathy and pain,
the mechanism that leads to neuropathic behavior is
likely to be indirect. Satellite cells play an important
neurotrophic role for DRGs (15), and antibodies that
target satellite cells may contribute either to sensitiza-
tion or neurotoxic injury to DRGs. Interestingly, we
did not detect calponin 3 by immunohistochemistry in
skeletal muscle paraffin sections (data not shown). Cal-
ponin 3 is an actin-binding protein expressed in several
other tissues (cartilage, brain, and trophoblasts) (13).
By binding to the cytoskeleton, it may play a regulatory
role in the development of osteoarthritis, neurite out-
growth, seizures, and trophoblast fusion. Future studies
can similarly evaluate how the functional role of anti–
calponin 3 antibodies may give new insights into the
pathogenesis of neuropathies in SS patients with these
autoantibodies.

Some limitations of our study should be noted.
There were differences in the recruitment of patients
with SS compared to the SLE and myositis cohorts.
Patients in the latter 2 cohorts were consecutively
enrolled. In contrast, there was recruitment bias in the
SS cohort because patients were enrolled from the
Neuro-Rheumatology Clinic, which is enriched with SS
patients with peripheral neuropathies. However, this
bias was crucial in enabling us to identify a significant
association between anti–calponin 3 antibodies and the
subgroup of SS patients with peripheral neuropathies.

In summary, we identified a novel anti–calponin 3
antibody in serum from a patient with SS. We have
shown that these antibodies are found more frequently
in SS patients than SLE, myositis, and MS patients.
Among SS patients, these antibodies are significantly
associated with the subset of patients who have periph-
eral neuropathies. These studies highlight the impor-
tance of applying subgroup filters to understand antibody
associations.
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Molecular Profiling and Clonal Tracking of Secreted
Rheumatoid Factors in Primary Sj€ogren’s Syndrome

Jing J. Wang,1 Joanne H. Reed,2 Alex D. Colella,1 Amanda J. Russell,2 William Murray-Brown,1

Tim K. Chataway,3 Katherine J. L. Jackson,2 Christopher C. Goodnow,2 and Tom P. Gordon1

Objective. Rheumatoid factors (RFs) are associ-
ated with systemic disease in primary Sj€ogren’s syndrome
(SS) and may be pathogenic as mixed cryoglobulins. Cur-
rent detection methods cannot resolve RFs at a molecular
level. This study was undertaken to perform the first pro-
teomic and transcriptomic analysis of secreted and
membrane-bound IgM-RF in primary SS and identify
unique heavy-chain peptide signatures for RF clonotype
tracking.

Methods. Purified heavy chains of serum RFs
from 15 patients with primary SS were subjected to de
novo mass spectrometric sequencing. The circulating B
cell Ig repertoire was determined by massively parallel
sequencing of IGH RNA from matched peripheral blood
mononuclear cells (n = 7). RF-specific heavy-chain third
complementarity-determining region (CDR3) peptides
were identified by searching RF heavy-chain peptide se-
quences against the corresponding IGH RNA sequence
libraries. Heavy-chain CDR3 peptides were used as
biomarkers to track serum RF clonotypes using quantita-
tive multiple reaction monitoring.

Results. Serum RFs were clonally restricted and
composed of shared sets of IgM heavy-chain variable region
(Ig VH) 1–69, 3–15, 3–7, and 3–74 subfamilies. Cryoprecip-
itable RFs from patients withmixed cryoglobulinemia (MC)

were distinguishable from nonprecipitating RFs by a higher
frequency of amino acid substitutions and identification of
stereotypic heavy-chain CDR3 transcripts. Potentially
pathogenic RF clonotypes were detected in serum by mul-
tiple reaction monitoring years before patients presented
with MC. Levels of Ig VH4–34 IgM-RF decreased following
immunosuppression and remission ofMC.

Conclusion. Cryoprecipitable RF clonotypes linked
to vasculitis in primary SS have different molecular pro-
files than nonprecipitating RFs, suggesting different under-
lying mechanisms of production. The combined omics
workflow presented herein provides molecular biomarkers
for tracking and removal of pathogenic RF clones.

Rheumatoid factors (RFs) are commonly found in
the serum and saliva of patients with primary Sj€ogren’s
syndrome (SS) and are associated with high Ig levels, the
presence of anti-Ro/SSA and anti-La/SSB, and extraglan-
dular manifestations (1–5). Reflecting the prominent B
cell hyperactivity in primary SS, RFs along with anti-Ro/
La autoantibodies are produced years before the clinical
onset and diagnosis of the disease, akin to their appear-
ance before joint disease in rheumatoid arthritis (6–8).
Serum RFs have recently been shown to be independent
predictors of lymphoma in primary SS, where they are
hypothesized to be linked to lymphomagenesis via chronic
stimulation of RF-positive B cells by anti-Ro/La immune
complexes (6,9–14). Providing further evidence of the
pathologic importance of RFs in primary SS, overexpres-
sion of stereotypic RF clonotypes, notably of the Ig
heavy-chain variable region (Ig VH) 1–69, 4–34, and 3–7
subfamilies, can lead to precipitation of IgG/IgM-RF
complexes and mixed cryoglobulinemia (MC), which is
associated with higher mortality and is a strong predictor
of lymphoma development (14–16).

Serum RFs have been detected for decades in the
clinical setting by semiquantitative agglutination methods,
such as nephelometry or enzyme-linked immunosorbent
assay. While simple to perform, these methods lack the
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resolving power to profile clonality, Ig VH subfamily com-
position, and/or V-region somatic mutations. Changes in
the levels of individual RF clonotypes in complex serum
mixtures, some of which may be pathogenic, are thus
invisible to these assays. Antiidiotypic antibody detection
methods partly address this issue, but these methods are
unable to profile the global V-region repertoire and indi-
vidualized heavy-chain third complementarity-determining
regions (CDR3). Heavy-chain CDR3 generate most of
the diversity in the human repertoire as well as being a
major determinant of binding specificity, thus serving—
along with details of the IGHV and IGHJ gene segments
—as clonotypic markers of an antibody (17). While hybrid-
oma and recombinant antibody technologies can provide
full nucleotide sequences of antibodies, single-cell meth-
ods do not generally reflect the overall secreted (serum)
RF repertoire (18). Direct sequencing of serum antibody
repertoires by mass spectrometry (MS) is limited currently
by technical difficulties in sequencing heavy-chain CDR3
peptides. Theoretically, this limitation could be addressed
by reference to the nucleotide sequences of Ig RNAs
from peripheral blood lymphocytes in the same patient,
provided the serum autoantibody is also expressed as
RNA by circulating cells and provided the B cell RNA
repertoire could be sequenced at sufficient depth to
detect rare circulating B cells or plasmablasts (19–21).

Given the clinical importance of RFs in primary SS
and other systemic rheumatic diseases, there is a need for
biomarkers in sera for identification and tracking of patho-
genic RF clonotypes that can be tailored to individual
patients. Molecular profiling of Ig VH subfamily expression
and somatic mutations may also provide insights into mech-
anisms of RF production in different subsets of patients
and/or lead to novel molecular biomarkers of responsive-
ness to biologics (22). Based on recently developed pro-
teomic workflows that can perform de novo sequencing on
microgram amounts of autoantibodies in sera, we present a
simple purification method for MS-based sequencing of
heavy chains of serum RFs and analysis of their Ig VH sub-
family composition (23–25). We then identify heavy-chain
CDR3 markers by a combined proteomic and RNA reper-
toire approach and monitor the expression of specific RF
clonotypes by quantitative proteomics.

PATIENTS AND METHODS

Patients and controls. Sera were obtained from 15
patients with primary SS whose sera were RF positive by neph-
elometry (Table 1). Blood samples were obtained at different
time points from patients SS1, SS2, and SS4 for the longitudinal
study, while a single blood sample was obtained from each of the
remaining 12 patients. At the same time serum was collected,

non-coagulated blood was obtained from a subset of these
patients (n = 7), and peripheral blood mononuclear cells (PBMCs)
were prepared with Ficoll-Histopaque and cryopreserved in
RPMI 1640, 50% fetal calf serum, and 10% DMSO. Patients
with primary SS fulfilled at least 4 of the 6 American–European
Consensus Group Criteria (26). The patients were not being
treated with any immunomodulatory medications at the time of
initial blood sampling, except for patients SS1 and SS5, who
were taking azathioprine 100 mg daily and prednisolone 5 mg
daily, respectively. Patient SS4 was started on prednisolone and
methotrexate after a baseline blood sample was obtained. The
study was approved by the Clinical Ethics Committee of Flinders
Medical Centre. Control sera were obtained from 10 healthy
donors, 5 RF-negative SS patients, and 3 asymptomatic subjects
positive for IgM-RF and anti-Ro/La without sicca symptoms,
MC, or other features of primary SS. Demographic and serologic
characteristics are shown in Table 1. The European League
Against Rheumatism Sj€ogren’s Syndrome Disease Activity Index
(ESSDAI) was scored as previously described (27).

Purification of heavy chains of serum RF. IgM-RFs were
purified from serum by a heat-aggregated IgG (HAGG) precipi-
tation method. Briefly, 20 ll of HAGG obtained by heating
human intravenous Ig (Flebogamma; Grifols) at 20 mg/ml for 30
minutes at 63°C was mixed with 60 ll patient serum and incu-
bated at 4°C for 1 hour to allow IgM-RF HAGG complex for-
mation. Following centrifugation at 14,000 revolutions per
minute (rpm) for 20 minutes, the IgM-RF HAGG pellet was
washed twice with cold Milli-Q water and subjected to reduced
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) to separate the 75-kd RF heavy-chain band from
the residual HAGGmigrating at 50 kd.

Serum samples from patients with MC were collected at
37°C, placed at 4°C for 72 hours, and centrifuged at 4°C at
14,000 rpm for 20 minutes. Cryoprecipitates were washed twice
in cold Milli-Q water and identified as type II by IgM immunofix-
ation (28). Cryoglobulins were solubilized at 37°C, and 75-kd RF
heavy chains were isolated by reduced SDS-PAGE as described
above.

Mass spectrometry. IgM heavy-chain gel bands at 75 kd
were excised from reduced SDS-PAGE and digested with Pierce
trypsin protease (ThermoFisher Scientific) and chymotrypsin
(Promega), separately. Digested peptides were analyzed using a
TripleTOF 5600+ mass spectrometer (AB Sciex) coupled to an
Ekspert NanoLC 415 HPLC (Eksigent) as previously described
(23,25). Purification of IgM-RF from individual patient sera
was carried out on at least 2 independent occasions, and the
RF heavy-chain tryptic and chymotryptic digests from each
purification were subjected to MS as 2 technical replicates,
respectively.

Protein sequence data analysis. MS data files were first
analyzed using ProteinPilot 5.0.1 (AB Sciex), and post-calibrated
Mascot generic files were exported for combined de novo amino
acid sequencing and database matching by Peaks Studio version
8.0 software (Bioinformatics Solutions) using combined IMGT
(F + ORF + in-frame P) version 3.1.2 (http://www.imgt.org),
NCBI (NCBI Human Database), and Uniprot 2016-12 data-
bases. The parameters for database searches, data refinement,
and Ig VH gene family assignments have been described previ-
ously (23,24,29). Briefly, the parameters include a maximum of 2
missed cleavages, precursor mass/charge tolerance of <10 parts
per million, product ion error tolerance of 0.02 daltons, and

1618 WANG ET AL

http://www.imgt.org


precursor charge state of +2 to +4. The Ig VH region gene family
is assigned based on the presence of a unique peptide corre-
sponding to the gene family.

Massively parallel IGH repertoire sequencing of PBMCs.
RNA was prepared from 0.5–8 million thawed PBMCs using an
RNeasy kit (Qiagen). Complementary DNA was synthesized from
0.5 lg RNA using oligo(dT) and random hexamer primers. A 2-
step polymerase chain reaction (PCR) approach was used to gen-
erate Ig heavy-chain amplicons for deep sequencing. The first step
uses forward primers binding leader peptide sequences of V seg-
ments and reverse primers binding l constant regions (30), incor-
porating a universal 50 sequence for the Illumina Nextera protocol.
Using the resulting IgM amplicons as templates, the second PCR
step uses the Nextera Index kit and incorporates sample barcodes
to allow pooling of multiple samples, before massively parallel
sequencing on an Illumina MiSeq with 300-bp paired end reads to
a depth of at least 1 million read pairs per sample.

IGH RNA nucleotide sequence analysis. Ig heavy-chain
amplicon libraries were processed using MiXCR software to
identify B cell clonal lineages and to determine their frequencies
within each patient’s IgM repertoire (31). Clonal lineages are
defined as having matching V and J gene segment usage, >90%
nucleotide sequence identity, and same length CDR3. Individu-
alized IGH reference databases for each patient were generated
from productive Ig heavy-chain amino acid sequences. Trans-
lated sequences were generated by aligning merged paired-end
amplicons (32) against the IMGT human reference IGHV,

IGHD, and IGHJ gene segments (33) using a local installation of
IgBLAST (34) before extracting in-frame Ig heavy-chain amino
acid sequences from the IgBLASToutput.

Multiple reaction monitoring. A quantitative proteomics
approach was developed using multiple reaction monitoring,
targeting specific RF clonotypes. This involved the mass spectrome-
ter repeating a 3-second cycle that comprised an MS scan of all
intact peptide ions, followed by the isolation and fragmentation
of 29 different peptide masses corresponding to unique RF
clonotype peptides. A TripleTOF 5600+ mass spectrometer (AB
Sciex) coupled to an Ekspert nano415 HPLC (Eksigent) was
used to perform this analysis. Multiple reaction monitoring data
files were processed using Multiquant 1.2 software (AB Sciex)
that performed peak detection and integration on 5 different
fragment ions per RF peptide targeted. These fragment ions
were selected since they were sufficient to represent a unique
spectral signature of each peptide. The peak areas for all 5 frag-
ment ions were then summed to provide a quantitative measure
of heavy-chain CDR3 peptide levels expressed as spectral counts
per second.

RESULTS

Purification of RF heavy chains from primary SS
sera. We have developed a combined omics workflow to
analyze secreted (serum) IgM-RF repertoires in patients

Table 1. Characteristics of the patients with primary SS*

Patient/
age/sex

Disease
duration,
years

Autoantibodies Total
IgG,

mg/ml‡

RF
<14

IU/ml‡

Low C3
(<0.85
gm/liter)

Low C4
(<0.12
gm/liter)

Lymphopenia
(<1.5 9

109/liter) Clinical features ESSDAIRo 52† Ro 60† La†

SS1/49/F 30 + + + 12.8 69 � + + Salivary gland enlargement,
purpura, MC

14

SS2/61/F 7 + + + 15.7 300 + + + Purpura, MC 18
SS3/76/F 30 + + + 11.1 329 � + + Salivary gland enlargement,

purpura, MC
20

SS4/68/F 20 + + + 17.4 320 + + + Salivary gland enlargement,
urticarial vasculitis,
arthritis, MC

15

SS5/36/F 17 + + + 15.4 19 � � � Interstitial nephritis,
tubular acidosis, baby
with CHB

10

SS6/45/F 16 + + + 27.2 210 + + + Persistent cough, Raynaud’s
phenomenon

7

SS7/56/F 22 + + + 12.2 346 � � � Salivary gland enlargement,
arthritis

6

SS8/44/F 1 + + � 19.6 220 � � + Arthralgia 4
SS9/61/F 8 + + + 32.6 220 � � + Salivary gland enlargement,

purpura
14

SS10/59/F 6 + + + 26.8 320 � � � Neutropenia, Raynaud’s
phenomenon

4

SS11/26/F 9 + + + 59 190 � + + Mild fever, salivary gland
enlargement, purpura

17

SS12/59/F 9 + + + 28.7 430 + � + Salivary gland enlargement 8
SS13/66/F 10 + + � 13.3 110 � � � Salivary gland enlargement,

erythema multiforme
5

SS14/46/F 19 + + + 26.5 36 � + � Salivary gland enlargement 4
SS15/75/F 10 + + + 35.8 190 + + + Salivary gland enlargement 9

* SS = Sj€ogren’s syndrome; RF = rheumatoid factor; ESSDAI = European League Against Rheumatism Sj€ogren’s Syndrome Disease Activity
Index; MC = mixed cryoglobulinemia; CHB = congenital heart block.
† Measured by line blot immunoassay.
‡ Measured by nephelometry.
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with primary SS (Figure 1). The initial proteomics arm
involves purification of RF heavy-chain protein from as
little as 60 ll of patient serum using HAGG as a surrogate
immune complex to precipitate RFs, followed by high-
resolution mass spectrometric sequencing of in-gel
digests. The serum RF heavy chains bound to HAGG
migrate as 75-kd bands on reduced SDS-PAGE and can
be sequenced directly without additional purification
steps. The method specifically isolates RF heavy chains
since no 75-kd bands are observed in HAGG pulldown/
SDS-PAGE of sera from healthy controls or patients with
primary SS who are seronegative for RF by nephelometry
(see Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40539/abstract). Furthermore, RF activity
as assessed by nephelometry is undetectable in the

supernatant after HAGG pulldown. While sequencing the
75-kd heavy chains, this method does not separate RF
light chains from HAGG light chains, which both migrate
at 25 kd. RF heavy chains can be gel purified and pre-
pared for sequencing within hours, shortening earlier
autoantibody sequencing methods by days (35).

Serum RF heavy chains from primary SS patients
express shared sets of Ig VH subfamilies. Mass spectro-
metric sequencing of heavy-chain peptides was performed
on in-gel trypsin and chymotrypsin digests of purified RF
heavy chains from 15 unrelated patients with anti-Ro/La
antibody–positive primary SS and 3 asymptomatic subjects
who were positive for IgM-RFs and anti-Ro/La. This
represents the largest direct sequencing study of secreted
systemic autoantibodies to date (35). We applied highly
stringent methods for peptide selection to minimize

Figure 1. Combined omics workflow for serum rheumatoid factor heavy-chain (IgH-RF) repertoire analysis. RF heavy chains are purified from
serum and digested with enzymes to generate peptides for liquid chromatography mass spectrometry/mass spectrometry (LC-MS/MS). IgM heavy-
chain variable region peptide sequences are analyzed by combined de novo sequencing and database matching. In parallel, total RNA from periph-
eral blood mononuclear cells (PBMCs) is reverse transcribed, and more than 1 million IgM heavy-chain RNA nucleotide sequences are obtained
by massively parallel DNA sequencing. RF heavy-chain peptide sequences are searched against the matched IGH RNA data set to identify clono-
typic heavy-chain third complementarity-determining region (HCDR3) peptides, which are then used for multiple reaction monitoring (MRM)–
based clonotype tracking.

Table 2. Proteomic profiling of Ig VH composition of serum RF heavy chains in patients with primary SS*

Ig VH1–3 Ig VH1–69 Ig VH3–15 Ig VH3–23 Ig VH3–7 Ig VH3–74 Ig VH4–34 Ig VH4–61 Ig VH5–51 Ig VH7–4

SS1 + +† � � +† � � � � +
SS2 � +† � � +† � � � � �
SS3 � +† � � � � � � � �
SS4 � +† + � + + +† � � �
SS5 � � + � + + � � + �
SS6 � � + � + + � + � �
SS7 � � + � + + � � + �
SS8 � � + � + + � + � �
SS9 � + + � + + � � � �
SS10 � + � + + + � + � �
SS11 � + + + + � � � � �
SS12 � + � + + + � � � �
SS13 � + + � + � � � � �
SS14 � + + � + � � � � �
SS15 � � � + + + � � � �
AS1 � � + + + + � � � �
AS2 + + + � + + � � � �
AS3 � � + � + + � � � �
* IgM heavy-chain variable region (Ig VH) subfamily peptide sequence maps are available from the corresponding author upon request. SS =
Sj€ogren’s syndrome; AS = asymptomatic subject positive for rheumatoid factor (RF).
† Cryoprecipitable RF.
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false-positive antibody repertoire matches, by requiring
b- and/or y-ions for each amino acid in the peptides. Rep-
resentative high-confidence spectra are available from
the corresponding author upon request. Combined de
novo amino acid sequencing and database matching
revealed shared oligoclonal patterns with common expres-
sion of Ig VH 3–7 in 14 of 15 patients, Ig VH 1–69 in 10 of
15 patients, and Ig VH 3–15 and 3–74 subfamilies in 9 of 15
patients. RF heavy-chain proteomes from the 3RF-positive
asymptomatic subjects revealed similar profiles of heavy-
chain subfamily expression as seen in the patients with pri-
mary SS (Table 2).

Sequencing of 75-kd heavy chains from washed cryo-
globulins from patients SS1–SS4 revealed Ig VH 1–69/3–7
cryoglobulins for patients SS1 and SS2 with dominant uti-
lization of Ig VH 3–7 for patient SS1 and of Ig VH 1–69 for
patient SS2; Ig VH 1–69 cryoglobulins for patient SS3; and
Ig VH 1–69/4–34 (Ig VH 4–34 dominant) cryoglobulins for
patient SS4, which were homologous with their serum RF
heavy-chain counterparts. Dominant Ig VH region usage
was determined by spectral counts of Ig VH subfamily–
specific peptides and read counts from IGH RNA-Seq
libraries (data not shown). Our finding of multiple RF cryo-
globulins in 3 patients is consistent with recent reports of
oligoclonal RF in type II MC (36).

A comparison between the numbers of V-region
amino acid substitutions in cryoprecipitable and non-
precipitating RF heavy chains from the Ig VH 1–69 and
3–7 subfamilies showed a significant increase in the over-
all frequency of amino acid substitutions in the heavy
chains of cryoprecipitable RFs versus the heavy chains of
nonprecipitating RFs (P = 0.0006 by Mann-Whitney U
test) (Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40539/abstract).

Identification of RF heavy-chain CDR3 peptides
by combined proteotranscriptomics. A limitation of the
single proteomic workflow is that clonality cannot be
established because accurate heavy-chain CDR3 peptide
sequences are difficult to identify because of the small
amounts of available heavy chains for de novo sequencing
and lack of reference databases for rearranged V–D–J
segments. We therefore searched our serum MS/MS
V-region peptide libraries against corresponding massively
parallel IGH RNA data from the same patient, identifying
matched heavy-chain CDR3 peptide/RNA sequences for
the 6 cryoprecipitable RF heavy chains in patients SS1,
SS2, and SS4 with MC. These patients shared the stereo-
typic (rearrangements utilizing the same gene segments
with similar heavy-chain CDR3 amino acid composition

Table 3. Matched heavy-chain CDR3 peptide and transcript signatures of RF heavy-chain clonotypes from patients with primary SS with MC*

Patient Ig VH Ig DH Ig JH
Translated heavy-chain CDR3 sequences

(% of total IgM transcripts)
Matched heavy-chain CDR3

peptide sequences

SS1 3–7† 3–22 3‡ ARGDYYDSGGSDWVDAFDVW (2.6) YCARGDYY (peptide 1)§
DSGGSDWVDAF (peptide 2)§

SS1 1–69 3–22 4¶ ARGPGDSSGYYYFFW (0.014)#
ARGPGDSGGYYYFFW (0.02)#
ARGPGDSSGYDYW (<0.0001)
ARGPGDSSGYSAFDYW (<0.0001)

CARGPGDSSGY
CARGPGDSGGY

SS2 1–69† 3–22 4¶ AREYERDSSGYYYLYW (12.0)**
AREYERDSSGYYFLYW (9.2)**
AREYERESSGYYYLYW (0.4)**

YCAREY (peptide 3)§
ERESSGYY (peptide 4)§
ERDSSGYY (peptide 5)§
LYWGQGTL
FLYWGQGTL

SS2 3–7 3–22 3‡ ARGDYYDSGGSDWVDAFDVW (0.0002) YCARGDYY
DSGGSDWVDAF

SS4 4–34† 5–18/5–5
3–16/3–10

5
5

ARSYEEHLGFDPW (0.0008)††
ARSYDEHLGFDPW (0.0006)††

YCARSY (peptide 6)§
EEHLGFDPW (peptide 7)§
EHDLGFDPW (peptide 8)§

SS4 1–69 3–9
6–6

4
4

AGSFDSGDPPKPFNYW (<0.0001)
AREFGAAPGRESYFAYW (<0.0001)

DSGDPPKPF
FCAREF
GAAPGRESY

* CDR3 = third complementarity-determining region; SS = Sj€ogren’s syndrome; MC = mixed cryoglobulinemia; Ig VH = IgM heavy-chain variable
region; Ig DH = IgM heavy-chain diversity region; Ig JH = IgM heavy-chain joining region.
† Dominant rheumatoid factor (RF) heavy-chain clonotypes sequenced in cryoglobulins from each patient.
‡ V3–7 stereotypic RF heavy chain.
§ Peptide sequence used as a surrogate peptide in multiple reaction monitoring.
¶ RF-WOL (Wa) stereotypic heavy-chain idiotype.
# Mutational variants arising within a clonal lineage.
** Mutational variants arising within a clonal lineage.
†† Mutational variants arising within a clonal lineage.
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in unrelated subjects) IGVH1-69/D3-22/J4 rearrangement
of the RF-WOL (Wa) idiotype expressed by patients with
SS-related mucosa-associated lymphoid tissue (MALT)–
type lymphoma, hepatitis C virus–infected patients with
cryoglobulinemia, and patients with chronic lymphocytic
leukemia (37–42). In addition, cryoprecipitable IgM-RFs
from unrelated patients SS1 and SS2 shared an identical
IGHV3-7/D3-22/J3 rearrangement and heavy-chain
CDR3 sequence (ARGDYYDSGGSDWVDAFDVW),
providing a rare example of a secreted public clonotype
(Table 3). Stereotypic Ig VH 3–7/DH3–22/JH3, denoted as
Ig VH3–7 RF, has also been found in SS-related MALT
lymphoma and chronic lymphocytic leukemia (10,38,41).
Matched peptide and RNA heavy-chain CDR3 sequences
were also detected in serum and PBMCs from patient
SS4 with RF cryoglobulins encoded by the inherently
autoreactive Ig VH4–34 subfamily (43).

In contrast to the heavy-chain CDR3 protein–RNA
matches identified for cryoprecipitable RFs, no matched
heavy-chain CDR3 peptide sequences were found for any
of the soluble RFs encoded by the Ig VH 1, 3, 4, and 5 sub-
families in patients SS5, SS6, SS8, and SS10 when searched
against their IGH RNA data sets, despite identical sample
processing and bioinformatics analysis. We infer that the B
cell and/or plasma cell precursors of soluble RFs in these
patients do not circulate or are present in low levels that
are undetectable by the IGH RNA sequencing protocol
used in this study. This is corroborated by a recent report

that proteomic-sequenced antibodies may not be detected
in B cells sequenced in parallel from the same patient,
since only a fraction of the B cell repertoire is sampled
from humans (21). Given the heterogeneity of heavy-chain
CDR3 sequences, it is also possible that some heavy-chain
CDR3 do not digest well, giving rise to peptides that are
either too small, large, hydrophilic, or hydrophobic to be
adequately resolved by MS.

Tracking of serum RFs in SS patients with MC by
quantitative multiple reaction monitoring/MS using heavy-
chain CDR3 peptide markers. Having identified serum
heavy-chain CDR3 peptide markers of clinically important
cryoprecipitable RFs, we next developed a novel multiple
reaction monitoring/MS platform to investigate whether
specific RF antibodies sequenced from patients SS1 and
SS2 with MC were detectable in stored serum samples
obtained years before the patients presented with MC. In
this context, multiple reaction monitoring involves targeting
of heavy-chain CDR3 peptides unique to particular RF
clonotypes, which when fragmented produce a quantifiable
spectral fingerprint specific to the heavy-chain CDR3
sequence.

For patient SS1, RF heavy-chain CDR3 peptides
associated with Ig VH3–7 clonotypes were identified in a
serum sample stored in 2012, at a time when the patient
did not have clinical features of MC. However, when she
presented 3 years later with cutaneous vasculitis and MC,
multiple reaction monitoring/MS revealed an ~10-fold

Figure 2. Tracking of serum rheumatoid factor (RF) clonotypes in patients with primary Sj€ogren’s syndrome (SS) by multiple reaction monitoring/
mass spectrometry using specific heavy-chain third complementarity-determining region (HCDR3) peptide (pep) markers. A, In patient SS1, Ig
VH3–7 clonotype expression showed a 10-fold increase from 2012 to 2015, when the patient presented with mixed cryoglobulinemia (MC) and
cutaneous vasculitis (CV). B, Similarly, in patient SS2, Ig VH1–69 clonotype expression increased 2-fold over 2 years concordant with the develop-
ment of MC and CV. C, In patient SS4, levels of the Ig VH4–34 clonotype became undetectable after 4 months of prednisolone and methotrexate
treatment associated with the disappearance of MC and remission of urticarial vasculitis (UV). The amino acid sequences of surrogate peptides
(peptides 1–8) are shown in Table 3. Heavy-chain CDR3 peptides are expressed as spectral counts per second (cps). Data are the mean � SEM of
4 replicates. ESSDAI = European League Against Rheumatism Sj€ogren’s Syndrome Disease Activity Index; cryo = cryoglobulin.
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increase in the serum level of the RF-specific clonotypes
(Figure 2A). Similarly for patient SS2, there was a 2-fold
increase in Ig VH1–69 heavy-chain CDR3 peptide expres-
sion in serum from 2011 to 2013, concordant with the
development of MC and cutaneous vasculitis (Figure 2B).
Taken together, these preliminary results suggest that cry-
oprecipitable RF clonotypes are stable moieties that per-
sist in sera over years but can be detected by targeted
multiple reaction monitoring/MS before precipitation as
IgG-RF complexes and development of MC.

We then assessed changes in the levels of cryopre-
cipitable IgM-RFs utilizing Ig VH4–34 for patient SS4 fol-
lowing treatment with prednisolone (25 mg daily) and
methotrexate (15 mg weekly) for MC. After 4 months of
therapy, serum heavy-chain CDR3 peptide levels became
undetectable, concordant with a decrease in RF levels by
nephelometry, disappearance of the cryoglobulin, and
remission of the patient’s urticarial vasculitis (Figure 2C).
These observations suggest that levels of selected RF
clonotypes assayed by quantitative multiple reaction mon-
itoring/MS may have potential as molecular biomarkers
of responsiveness to therapy.

DISCUSSION

In this study, we performed the first proteomic pro-
filing of secreted (serum) RF responses in primary SS
using a simple purification method for RF heavy chains
followed by de novo Ig sequencing and database matching.
As reported for other systemic autoantibodies in lupus and
primary SS, such as anti-Ro/La, anti-Sm, and anti–ribosomal
P, serum IgM-RF repertoires express shared sets of Ig
VH subfamilies and reveal moderate levels of somatic
hypermutation (23–25,29,44,45). While an early study of
RF hybridomas reported a diverse usage of germline-
encoded Ig VH genes in primary SS, single-cell studies pro-
vide a limited view of the actual secreted RF repertoire in
comparison with direct high-resolution mass spectrometric
sequencing (46). We used a combined Ig peptide RNA
sequencing approach for RF clonal matching between
serum and peripheral B cells, with the translational goal of
identifying specific heavy-chain CDR3 peptide barcodes
expressed by IgM-RF cryoglobulins. To verify and quantify
expression of clonotypic peptides in patient sera, a quanti-
tative proteomic platform was designed for targeted identi-
fication and monitoring of pathogenic RF clonotypes in
patients presenting with MC, with preliminary findings
revealing changes in levels of specific clonotypes over time
and following treatment.

The molecular analysis of RFs described here dif-
ferentiates pathogenic, cryoprecipitable RFs from appar-
ently benign, nonprecipitating RFs, in terms of a higher

frequency of amino acid substitutions and identification
of matched heavy-chain CDR3 RNAs in the peripheral
blood B cells. The cryoprecipitable RF clonotypes, linked
to the development of systemic vasculitis and higher mor-
tality in primary SS, expressed stereotypic RF idiotypes of
the RF-WOL (Wa) and Ig VH3–7 RF families that have
been reported in MALT lymphomas from primary SS
patients, consistent with the notion that chronic stimula-
tion of these RF-positive B cells by circulating anti-Ro/La
immune complexes can lead to their transition to malig-
nant lymphoma (9–14).

The different molecular characteristics of these
RF subsets may reflect separate mechanisms of produc-
tion. We surmise that soluble RFs are sustained by Toll-
like receptor–driven activation of naive RF-positive B
cells in extracellular foci, with T cells having a facultative
role with low rates of somatic hypermutation, as shown in
experimental models of RF production (47). Intermittent
waves of plasmablasts generated by this mechanism may
not be sampled in peripheral blood, accounting for the
absence of matched B cell receptor (BCR) transcripts. In
contrast, we suggest that the precipitating RFs linked to
immune complex formation are secreted by repetitive
recall responses on RF-positive memory B cells derived
from rounds of affinity maturation in germinal centers,
leading to continuous release of B cell precursors into the
circulation.

Combined omics profiling of RFs requires special-
ized technology yet represents a major advance over con-
ventional RF detection methods such as agglutination and
solid-phase immunoassay. Here we present the first multi-
ple reaction monitoring technology for tracking expression
of specific human autoantibodies in complex serum
samples. Once a set of personalized heavy-chain CDR3
sequences has been identified by BCR repertoire sequenc-
ing and matched to secreted proteomes, selected RF
clonotypes can plausibly be tracked in serial samples over
years with MS precision and accuracy. Furthermore, multi-
ple reaction monitoring/MS technology can readily be
multiplexed to quantitate multiple RF marker peptides
(and other autoantibodies of interest) in small volumes of
individual sera. The workflow described herein can be
used for molecular profiling of RFs in patients with rheu-
matoid arthritis and other systemic autoimmune diseases,
and readily adapted for targeted detection of other sys-
temic autoantibodies. Furthermore, RF heavy-chain mo-
lecular biomarkers hold promise for the monitoring of
individual RF responses to conventional and biologic ther-
apies for primary SS (22,48). Given that RF is an indepen-
dent predictor of lymphoma in patients with primary SS
(12), it will be interesting to sequence serum RFs to search
for associations with particular Ig VH expression profiles
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and mutational patterns in patients progressing from initial
presentation to MC and to lymphoma.

In summary, this first combined omics analysis of
the serum RF repertoire in a prototypical systemic autoim-
mune disease reveals a restricted yet convergent reper-
toire, consistent with the idea that these specific germline
V(D)J combinations have an affinity for identical epitopes
on IgG Fc with further shaping by somatic selection. The
discovery of public and individualized RF heavy-chain pep-
tides requires further investigation with respect to their
utility as diagnostic and prognostic biomarkers in longitu-
dinal studies of larger patient cohorts. Determination of
heavy-chain CDR3 markers of pathogenic RF subsets
linked to systemic vasculitis, the main autoimmune cause
of death in patients with primary SS (49), may have a ther-
apeutic application in terms of the selective removal of
precursor B cell clonotypes by an antiidiotypic approach.
Finally, it is likely that molecular profiling studies of RFs
and other systemic autoantibodies using the workflow
described herein will set the scene for further integrative
studies of human autoimmunity, by providing specific
BCR repertoire biomarkers for phenotypic and single-cell
analyses of autoreactive B cell clones.
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Association Between Reappearance of Myeloperoxidase–
Antineutrophil Cytoplasmic Antibody and Relapse in

Antineutrophil Cytoplasmic Antibody–Associated Vasculitis

Subgroup Analysis of Nationwide Prospective Cohort Studies
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Objective. To evaluate clinical links between
levels of myeloperoxidase (MPO)–antineutrophil cyto-
plasmic antibody (ANCA) and relapse in patients with
ANCA-associated vasculitis (AAV) using a data set from
2 nationwide prospective cohort studies.

Methods. From the cohort studies, MPO-ANCA–
positive patients who achieved remission during the 6
months after remission induction therapy were enrolled.
We measured MPO-ANCA levels at months 0, 3, 6, 12,
18, 24, and at the time of relapse. The primary outcome
measure was relapse. A nested case–control analysis and
multivariable analysis were performed to investigate the
relationship between ANCA reappearance and relapse.

Results. Of 271 patients, 183 were classified as
having microscopic polyangiitis, 34 as having granulo-
matosis with polyangiitis, 15 as having eosinophilic
granulomatosis with polyangiitis, and 39 were unclassi-
fiable. The median age was 73 years, and 165 (61%)
were female. In 195 patients (72%), MPO-ANCA levels
decreased to normal levels within 6 months after com-
mencement of treatment, and MPO-ANCA reappeared
in 73 of 181 patients (40%) with complete follow-up
data. Reappearance of MPO-ANCA was more frequent
in patients with relapse than in 75 age- and sex-
matched control patients without relapse (odds ratio
26.2 [95% confidence interval 8.2–101], P < 0.0001)
after adjustment for confounding factors.
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Conclusion. Reappearance of MPO-ANCA could
be a clinically useful biomarker for predicting relapse
in patients with MPO-ANCA–positive AAV in remis-
sion. This suggests that routine MPO-ANCA monitor-
ing should be implemented in this patient population.

Antineutrophil cytoplasmic antibody (ANCA)
was first discovered in 1982 in sera from patients with
segmental necrotizing glomerulonephritis (1). Two major
antigens of ANCA were detected in the late 1980s:
myeloperoxidase (MPO) and proteinase 3 (PR3) (2).
The diagnostic utility of ANCA testing has been widely
accepted, and ANCA has been used for the classification
or the diagnosis of ANCA-associated vasculitis (AAV)
(3,4). While PR3-ANCA is generally regarded as a mark-
er for granulomatosis with polyangiitis (GPA) (2),
MPO-ANCA is regarded as a marker for microscopic
polyangiitis (MPA)/renal limited vasculitis (5).

Although it has been well documented that
patients with PR3-ANCA have a higher risk of relapse
than those with MPO-ANCA (6), the usefulness of moni-
toring ANCA levels to predict disease activity, especially
relapse, is controversial. In 2012, a meta-analysis showed
that persistence of, or a rise in, ANCA during remission is
modestly predictive of future disease relapse (7). Two
recent studies have shown that an increase in MPO-
ANCA levels seems to be a reliable marker for future
relapse (8,9), but there was variation in the period of
observation of the patients and the timing of ANCA eval-
uation (8). Inconsistent intervals of ANCA evaluation
may underestimate the reappearance of ANCA, and long
intervals between ANCA reappearance and relapse may
make the relevance obscure. Therefore, it is difficult to
draw a firm conclusion about the association between
MPO-ANCA transition and relapse from previous studies.

MPO-ANCA is predominant in patients with
AAV in Japan. Thus, cohorts of Japanese patients with
AAV are suitable for investigating the clinical relevance
of monitoring MPO-ANCA. The aim of this study was
to investigate the association between the transition of
MPO-ANCA at predetermined time points over a 24-
month period in patients with incident AAV. We also
aimed to evaluate their clinical features, then deter-
mine the association between reappearance of MPO-
ANCA and relapse using data sets from 2 nationwide
prospective cohort studies in Japan.

PATIENTS AND METHODS

Database. We previously conducted 2 nationwide
prospective cohort studies. In the former study (Remission

Induction Therapy in Japanese Patients With ANCA-
Associated Vasculitides [UMIN000001648]), consecutive pa-
tients with newly diagnosed AAV were enrolled between April
2009 and December 2010 from 22 tertiary care institutions,
while 53 tertiary care institutions participated in the latter
study (Remission Induction Therapy in Japanese Patients with
ANCA-associated Vasculitides and Rapidly Progressive Glo-
merulonephritis [UMIN000005136]) from April 2011 to March
2014 (for a list of participating tertiary care institutions, see
Appendix A). For both studies, the criteria for enrollment were
1) diagnosis of AAV by the site investigators, 2) fulfilling the
criteria for primary systemic vasculitis as proposed by the Euro-
pean Medicines Agency algorithm (3), and 3) starting immuno-
suppressive treatment based on the discretion of the site
investigators. The exclusion criteria were 1) age younger than
20 years, 2) prevalent AAV, 3) serologic evidence of hepatitis B
or C virus infection, and 4) a history of malignancy. The Base-
line data recorded for each patient consisted of demographic
information, laboratory data, disease activity according to the
Birmingham Vasculitis Activity Score (BVAS) 2003, disease
severity, and imaging data. The disease severity of the enrolled
patients was classified as localized, early systemic, generalized,
or severe, according to the European Vasculitis Study Group–
defined disease severity types (10). Patients with threatened vital
organ function were classified as having generalized disease, and
patients with organ failure were classified as having severe dis-
ease. Detailed definitions of disease severity were described in
our previous report (11). Follow-up data consisted of labora-
tory findings, treatments, and outcomes at months 3, 6, 12, 18,
and 24, and at the time of relapse.

Patient selection and outcome measures. In this analy-
sis, patients with MPO-ANCA–associated vasculitis (MPO-
AAV) who achieved remission by month 6 after initiation of
remission induction therapy were enrolled. Disease activity was
determined systematically using the BVAS 2003 (12). Remis-
sion was defined as a BVAS score of 0 on 2 consecutive occa-
sions at least 1 month apart, according to the European League
Against Rheumatism recommendations (10), plus a daily gluco-
corticoid dosage of ≤15 mg prednisolone by month 6. Renal
remission was also defined as stable or decreasing creatinine
levels and the absence of red cell casts (13,14). Stable or
decreasing creatinine was evaluated using the BVAS compo-
nent (“Rise in creatinine >30% or creatinine clearance fall
>25%”). Patients without follow-up data within 6 months were
excluded.

The primary outcome measure of this study was
relapse. Relapse was defined as the recurrence or new onset of
clinical signs and symptoms attributable to active vasculitis.
Secondary outcome measures included cumulative and overall
end-stage renal disease (ESRD)–free survival rates. ESRD was
defined as dependence on dialysis or an irreversible increase in
serum creatinine levels of >5.6 mg/dl (500 moles/liter).

ANCA measurements and definition of status. In each
institution, MPO-ANCA was evaluated using commercial assays
according to the manufacturers’ instructions. During the study
period, the fluorescent enzyme immunoassay (FEIA) EliA (cut-
off 3.5 IU/ml; ThermoFisher Diagnostics), chemiluminescent
enzyme immunoassay MPO-STACIA MEBLux test (cutoff 3.5
units/ml), and enzyme-linked immunosorbent assays (ELISAs)
Mesacup-2 test, MPO-ANCA test (BS) (cutoff 9 units/ml;
MBL), Nephroscholar MPO-ANC II kit (cutoff 20 units/ml;
Nipro), and Euroimmun (cutoff 20 relative units/ml) had been
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available in clinical practice in Japan. Negative conversion was
defined when a patient presented with disappearance of MPO-
ANCA without relapse by month 6, or had a relapse by month 6
with disappearance of MPO-ANCA before the relapse. Reap-
pearance of MPO-ANCA was defined as conversion from nega-
tive to positive after fulfilling the above definition of negative
conversion.

Statistical analysis. The enrolled patients were initially
divided into 2 groups: a negative conversion group and a non–
negative conversion group. Baseline data, treatments, and out-
comes were compared between the 2 groups. Subsequently, the
negative conversion group was divided into 2 subgroups: those
with reappearance of MPO-ANCA and those without. Labora-
tory data at baseline and at the time of negative conversion of
MPO-ANCA, treatments, and outcomes were compared be-
tween the 2 groups. Continuous variables were compared using
the Mann-Whitney U test or Welch’s t-test depending on data
distribution, and categorical variables were compared using the
chi-square test or Fisher’s direct probability test, as appropriate.

In the present study, a nested case–control analysis
was performed to analyze the relationship between relapse
and ANCA reappearance. In the negative conversion group,
we identified cases who experienced relapse and controls who
did not experience relapse, who were matched for age, sex,
observational period, and timing of ANCA evaluation. Then,
multivariable analysis was performed using a logistic regres-
sion model to adjust for confounding factors. Age, sex, AAV
type, and BVAS score were included as potential confounders
based on previous reports (15,16). P values less than 0.05
were considered significant. All statistical analyses were per-
formed using the JMP 9.0 software package (SAS Institute).

Ethical considerations. This study was approved by
the Ethics Committee of the Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical Sciences
(authorization no. 1610-007) and was conducted according to
the principles of the Declaration of Helsinki. Informed

consent was obtained from all patients to participate in the
study, as well as permission to have their data published.

RESULTS

Patient characteristics. A flow chart describing
patient selection is shown in Figure 1. Of 477 patients
enrolled in the 2 cohort studies, 271 patients were
included in this analysis. Of those, 183 were classified
as having MPA, 34 as having GPA, 15 as having eosino-
philic granulomatosis with polyangiitis (EGPA), and 39
were unclassifiable. Among the unclassifiable patients,
organ involvements were as follows: general 28 (72%),
cutaneous mucous membranes/eyes 6 (15%), ear/nose/
throat 2 (5.1%), chest 11 (28%), cardiovascular 1
(2.5%), abdominal 1 (2.5%), renal 22 (56%), and ner-
vous system 16 (41%). The median age of the patients
was 73 years (interquartile range [IQR] 65–78 years),
and 165 (61%) were female.

Comparison of patients with and those without
negative conversion of MPO-ANCA. Of the 271 enrolled
patients, 195 patients (72%) were classified into the
negative conversion group. To investigate relationships
between clinical manifestations and negative conversion
of MPO-ANCA, characteristics of the negative conver-
sion group and non–negative conversion group were
compared (Table 1). All EGPA patients exhibited nega-
tive conversion of MPO-ANCA. The disease severity
was similar in the 2 groups. Although renal involvement
was less frequent in the negative conversion group

Figure 1. Flow chart showing allocation of patients to the study groups. RemIT-JAV-RPGN = Remission Induction Therapy in Japanese Patients
With ANCA-Associated Vasculitides and Rapidly Progressive Glomerulonephritis; MPO-ANCA = myeloperoxidase–antineutrophil cytoplasmic
antibody; PSL = prednisolone.
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compared to the other group (78% versus 91%; P =
0.015), the frequency of renal involvement was similar
in the 2 groups if patients with EGPA were not included
(147 of 180 [82%] versus 69 of 76 [91%]; P = 0.09). Of
the 271 patients, 43 (16%) experienced relapse; at the

time of relapse, MPO-ANCA was positive in 27 patients
and negative in 11 patients. In the other 5 patients, data
on ANCA were not available. Relapse rates, overall sur-
vival rates, and renal survival rates were similar in the 2
groups (relapse rate 14% in the negative conversion

Table 1. Comparison of patients with and those without negative conversion of MPO-ANCA*

Variables at baseline

Negative
conversion group

(n = 195)

Non–negative
conversion group

(n = 76)

Male/female, no. 75/120 31/45
Age, median (IQR) years 72 (65–78) 74 (67–80)
EGPA/GPA/MPA/unclassifiable, no. 15/23/129/28 0/11/54/11
Localized/early systemic/generalized/severe, no. 7/31/123/34 3/15/42/16
Serum creatinine, median (IQR) mg/dl 1.1 (0.7–3.1) 1.5 (0.8–3.4)
C-reactive protein, median (IQR) mg/dl 7.1 (1.8–11.8) 6.4 (1.6–11.6)
BVAS score, median (IQR) 15 (12–20) 16 (12–21)
Renal involvement, no. (%) 152 (78)† 69 (91)
Interstitial lung disease, no. (%) 87 (45) 37 (49)
Glucocorticoid, median (IQR) mg/day‡ 40 (30–50) 40 (30–46)
Glucocorticoid pulse therapy, no. (%) 84 (43) 28 (37)
CYC, no. (%)§ 66 (34) 28 (37)
Concomitant immunosuppressants
(AZA/MTX/others), no.

15/2/9 9/0/9

* MPO-ANCA = myeloperoxidase–antineutrophil cytoplasmic antibody; IQR = interquartile range; EGPA = eosinophilic
granulomatosis with polyangiitis; GPA = granulomatosis with polyangiitis; MPA = microscopic polyangiitis; BVAS = Birming-
ham Vasculitis Activity Score; CYC = cyclophosphamide; AZA = azathioprine; MTX = methotrexate.
† P < 0.015 versus non–negative conversion group.
‡ Prednisolone equivalent.
§ During the initial 3 weeks of treatment.

Table 2. Comparison of patients with and those without reappearance of MPO-ANCA*

With
MPO-ANCA
reappearance

(n = 73)

Without
MPO-ANCA
reappearance
(n = 108)

Variables at baseline
Male/female, no. 30/43 39/69
Age, median (IQR) years 71 (62–76) 74 (65–78)
EGPA/GPA/MPA/unclassifiable, no. 8/9/51/5 7/12/67/22
BVAS score, median (IQR) 14 (12–21) 16 (12–20)
Renal involvement, no. (%) 59 (81) 82 (76)
Interstitial lung disease, no. (%) 37 (51) 47 (44)
Serum creatinine, median (IQR) mg/dl 1.1 (0.7–2.2) 1.1 (0.7–3.6)
C-reactive protein, median (IQR) mg/dl 4.7 (1.0–10.9) 7.6 (2.2–12.4)
Initial glucocorticoid, median (IQR) mg/day† 40 (30–50) 40 (30–50)
Glucocorticoid pulse therapy, no. (%) 32 (44) 48 (44)
CYC, no. (%)‡ 27 (37) 36 (33)

Variables at the time of negative conversion of MPO-ANCA
Serum creatinine, median (IQR) mg/dl 1.0 (0.7–1.5) 1.0 (0.7–1.9)
C-reactive protein, median (IQR) mg/dl 0.09 (0.03–0.32) 0.08 (0.02–0.28)
Glucocorticoid, median (IQR) mg/day† 12.5 (10–15)§ 15 (11–18)
Concomitant immunosuppressants, no. (%) 37 (51) 53 (49)
Concomitant immunosuppressants (CYC/RTX/AZA/MTX/others), no. 27/1/5/0/4 35/0/13/1/4

* MPO-ANCA = myeloperoxidase–antineutrophil cytoplasmic antibody; IQR = interquartile range; EGPA = eosinophilic
granulomatosis with polyangiitis; GPA = granulomatosis with polyangiitis; MPA = microscopic polyangiitis; BVAS = Birming-
ham Vasculitis Activity Score; CYC = cyclophosphamide; RTX = rituximab; AZA = azathioprine; MTX = methotrexate.
† Prednisolone equivalent.
‡ During the initial 3 weeks of treatment.
§ P < 0.015 versus without MPO-ANCA reappearance group.
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group versus 21% in the non–negative conversion group
[P = 0.19]; overall survival rate 7% versus 4% [P =
0.57]; and renal survival rate 11% versus 8% [P = 0.65],
respectively). The median number of days to the conver-
sion (positive to negative) of MPO-ANCA was similar
between patients with and those without relapse (114
days [IQR 102–129 days] versus 114 days [IQR 98–141
days]; P = 0.75).

Comparison of patients with and those without
reappearance of MPO-ANCA. Next, we investigated the
association between reappearance of MPO-ANCA and
clinical features (Table 2). Of 195 patients in the nega-
tive conversion group, 14 patients were excluded due to
insufficient follow-up data (Figure 1). After negative
conversion of MPO-ANCA, 73 of 181 patients (40%)
experienced reappearance of MPO-ANCA by month 24.
Patient demographics, disease severity, and organ
involvement at baseline and types of induction treatment
did not differ in the reappearance and nonreappearance
groups. Median levels of serum creatinine and C-reactive
protein at the time of negative conversion were similar.
However, the median daily prednisolone dosage at the
time of negative conversion was lower in the reappear-
ance group (12.5 mg/day [IQR 10–15] versus 15 mg/day
[IQR 11–18]; P = 0.015). Of all 43 patients with relapse,
19 patients experienced reappearance of MPO-ANCA at
a mean of 34 days before the relapse: the glucocorticoid

doses from 3 to 12 months were smaller in patients with
reappearance compared to those without reappearance
(Figure 1 and Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40538/abstract). Of 181 pa-
tients in the negative conversion group with sufficient
follow-up data, 25 patients (14%) experienced relapse.

In patients with renal involvement (n = 141), 17
of 21 patients with relapse and 42 of 120 patients without
relapse experienced the reappearance of MPO-ANCA
(81% versus 35%; P = 0.0002). In patients without renal
involvement (n = 40), patients with relapse experienced
the reappearance of MPO-ANCA more frequently
than those without relapse, but the difference was not
significant (2 of 4 [50%] versus 12 of 36 [33%]; P = 0.6).
We implemented a nested case–control analysis as
described in Patients and Methods. As controls, 75 age-,
sex-, observational period-, and timing of ANCA evalua-
tion–matched patients were selected from those who
had not experienced relapse in the negative conversion
group. Characteristics of the patients with and those with-
out relapse are shown in Table 3. Although AAV types,
disease activity, laboratory data, organ involvement,
and treatment were similar in the 2 groups, reappear-
ance of MPO-ANCA was observed more frequently in
patients with relapse than those without (76% versus
12%; P < 0.0001), and the odds ratio (OR) was 23.2

Table 3. Characteristics of the patients who experienced relapse and the controls who did not experience relapse from the
negative conversion group*

Cases
(n = 25)

Controls
(n = 75)

Variables at baseline
Male/female, no. 12/13 36/39
Age, median (IQR) years 72 (67–79) 73 (66–77)
EGPA/GPA/MPA/unclassifiable, no. 2/4/17/2 5/7/52/11
BVAS score, median (IQR) 14 (13–23) 15 (12–21)
Renal involvement, no. (%) 21 (84) 58 (77)
Interstitial lung disease, no. (%) 14 (56) 36 (48)
Serum creatinine, median (IQR) mg/dl 1.0 (0.7–1.7) 1.3 (0.7–3.1)
C-reactive protein, median (IQR) mg/dl 7.5 (3.7–11.9) 7.6 (2.1–12.3)
Initial glucocorticoid, median (IQR) mg/day† 40 (30–50) 35 (30–50)
Glucocorticoid pulse therapy, no. (%) 7 (28) 31 (41)
CYC, no. (%)‡ 10 (40) 21 (28)

Variables at the time of negative conversion of MPO-ANCA
Serum creatinine, median (IQR) mg/dl 1.0 (0.7–1.5) 1.1 (0.8–1.6)
C-reactive protein, median (IQR) mg/dl 0.1 (0.03–0.35) 0.1 (0.03–0.26)
Glucocorticoid, median (IQR) mg/day† 12.5 (10–16) 15 (11–17.5)
Concomitant immunosuppressants (CYC/AZA/others), no. 12/2/2 23/8/5
Reappearance of MPO-ANCA, no. (%) 19 (76)§ 9 (12)
Observational period, median (IQR) days 374 (260–539) 395 (365–558)

* IQR = interquartile range; EGPA = eosinophilic granulomatosis with polyangiitis; GPA = granulomatosis with polyangiitis;
MPA = microscopic polyangiitis; BVAS = Birmingham Vasculitis Activity Score; CYC = cyclophosphamide; MPO-ANCA =
myeloperoxidase–antineutrophil cytoplasmic antibody; AZA = azathioprine; MTX = methotrexate.
† Prednisolone equivalent.
‡ During the initial 3 weeks of treatment.
§ P < 0.0001 versus controls.
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(95% confidence interval [95% CI] 7.3–73.5). The med-
ian duration from negative to positive conversion was
shorter in patients with relapse compared to those with-
out relapse (238 days [IQR 105–378 days] versus 363 days
[IQR 270–479 days]; P = 0.036). After adjustment for
potential confounders (age, sex, AAV type, and BVAS
score) using multivariable analysis, the reappearance of
MPO-ANCA was still the superior statistically significant
predictor for relapse (OR 26.2 [95% CI 8.2–101], P <
0.0001).

Relapse among the patients with reappearance of
MPO-ANCA. Although patients with reappearance of
MPO-ANCA were more likely to experience relapse,
some patients with reappearance of MPO-ANCA did
not experience relapse. To elucidate the factor associ-
ated with relapse in patients with reappearance of MPO-
ANCA, characteristics of patients with relapse (n = 19)
and without relapse (n = 54) among the patients with
reappearance of MPO-ANCA (see Supplementary
Table 2, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40538/abstract) were compared. Demographics and
clinical characteristics, including organ involvement,
laboratory data, and types of treatments, were compara-
ble. Laboratory data and treatment at negative conver-
sion of MPO-ANCA also did not differ significantly
between the 2 groups. The survival rate tended to be
lower in patients with relapse compared to those with-
out, but the difference was not statistically significant
(11% in patients with relapse versus 2% in those with-
out; P = 0.16).

DISCUSSION

In the present study, MPO-ANCA negative con-
version occurred in 72% of patients with MPO-AAV
after remission induction therapy within 6 months. After
negative conversion of MPO-ANCA, reappearance
occurred in 40% of patients and was associated with a
subsequent or concomitant relapse. The reappearance of
MPO-ANCA may be a promising marker for relapse.

The proportion of ANCA-negative conversion has
been investigated in several studies, which were included
in the previous meta-analysis (7). In the studies using
immunofluorescence for the evaluation of ANCA, the
proportion of conversion from positive to negative after
induction treatment varied from 38% to 100% (17–20).
In the studies using ELISA for ANCA detection, 64–79%
of PR3-ANCA–positive patients and 74–80% of MPO-
ANCA–positive patients achieved ANCA negativity
(8,9,21,22). Therefore, methods for ANCA detection
may affect the dispersion of the proportions of negative

conversion. An ELISA was used for detection of ANCA
in our study, so our negative conversion rate was consis-
tent with these previous results.

Negative conversion of MPO-ANCA may be
related to disease classification. This is the first study to
explore the factors related to ANCA seroconversion. In
the present study, all EGPA patients experienced nega-
tive conversion of MPO-ANCA. Renal involvement was
also significantly related to negative conversion, but was
insignificant when EGPA patients were excluded. This is
also the first study to evaluate ANCA seroconversion in
patients with EGPA (21,23).

Elevation of ANCA levels has been reported to
predict relapse, but the definition of elevation ranges
widely from a 130% to a 400% increase, and the interval
between ANCA measurements also varies (7) anywhere
from 1 to 6 months. To address the variability, Kemna
et al determined the optimal cutoff value of the slope of
ANCA transition (24), but it requires several calculations.
On the other hand, several studies have evaluated the
association of ANCA conversion from negative to posi-
tive with relapse, and cytoplasmic or PR3-ANCA is gen-
erally reported to accompany or closely precede relapse
(19,21,22,25). Two previous studies showed that MPO-
ANCA conversion from negative to positive was signifi-
cantly associated with relapse (8,9). The results were
consistent with those of the present study, but our study
also had key strengths, i.e., the homogeneous patient
population (MPO-AAV just after induction treatment),
the unified interval of time between ANCA measure-
ments, and the matched observational period. Kemna
et al also suggested that ANCA rise was more useful for
prediction of relapse in patients with nonpersistently posi-
tive ANCA compared to those with persistently positive
ANCA (24). The ANCA reappearance seemed to be
more useful for prediction of the subsequent relapse in
clinical settings than the ANCA rise. One of the limita-
tions of their study was the heterogeneity, in that they
included patients during remission after a relapse, with
both MPO- and PR3-ANCA.

We confirmed that the ANCA reappearance was a
useful biomarker for relapse in patients with renal
involvement. Previous studies showed that monitoring
ANCA was useful for predicting relapse in patients with
renal vasculitis (9,24,26). Regarding other related factors,
Yamaguchi et al reported that lung involvement was sig-
nificantly associated with relapse in renal AAV (adjusted
hazard ratio 2.29 [95% CI 1.13–4.65], P = 0.022) in addi-
tion to a rise in ANCA, in a study using multivariate ana-
lysis (9). Therefore, a rise in ANCA could predict relapse
in patients with renal involvement. In this study, only 4
patients without renal involvement experienced relapse,
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and a larger study is necessary to address the association
of ANCA reappearance with relapse in nonrenal AAV
patients.

The present study has several limitations. First,
this was a subanalysis of observational studies, although
data were collected prospectively. Second, different assay
kits for ANCA were used in the participating institutions,
and the rise in titer could not be evaluated. Because the
concordances of MPO-ANCA positivity among commer-
cial kits using ELISA, chemiluminescent immunoassay,
and FEIA were high according to a previous study (27),
we deemed it possible to assess the ANCA reappearance
in our patients with different assay kits. To the best of
our knowledge, this is the largest study evaluating the
association between ANCA transition and relapse and
the first study in which the association between ANCA
status and relapse was validated by case–control analysis.
Moreover, the homogeneity of enrolled patients (remit-
ted MPO-AAV) was a strength of our study.

In conclusion, negative conversion of MPO-
ANCA after remission induction therapy was not
associated with subsequent relapse and survival, but reap-
pearance of MPO-ANCA after the negative conversion
can be a useful biomarker for predicting relapse in
patients with MPO-AAV in remission. This suggests that
routine MPO-ANCA monitoring should be implemented
in this patient population.
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Lysophosphatidic Acid Receptor 1 Antagonist SAR100842 for
Patients With Diffuse Cutaneous Systemic Sclerosis

A Double-Blind, Randomized, Eight-Week Placebo-Controlled Study Followed
by a Sixteen-Week Open-Label Extension Study

Yannick Allanore,1 Oliver Distler,2 Alexandre Jagerschmidt,3 Stephane Illiano,3 Laetitia Ledein,3

Eric Boitier,4 Inoncent Agueusop,5 Christopher P. Denton,6 and Dinesh Khanna7

Objective. Preclinical studies suggest a role for
lysophosphatidic acid (LPA) in the pathogenesis of sys-
temic sclerosis (SSc). We undertook this study to assess
SAR100842, a potent selective oral antagonist of the LPA1

receptor, for safety, biomarkers, and clinical efficacy in
patients with diffuse cutaneous SSc (dcSSc).

Methods. An 8-week double-blind, randomized,
placebo-controlled study followed by a 16-week open-label
extension with SAR100842 was performed in patients
with early dcSSc who had a baseline modified Rodnan
skin thickness score (MRSS) of at least 15. The primary
end point was safety during the double-blind phase of the
trial. Exploratory end points included the identification
of an LPA-induced gene signature in patients’ skin.

Results. Seventeen of 32 patients were randomly
assigned to receive placebo and 15 to receive SAR100842;

30 patients participated in the open-label extension study.
The most frequent adverse events reported for SAR
100842 during the blinded phase were headache, diar-
rhea, nausea, and falling, and the safety profile was
acceptable during the open-label extension. At week 8,
the reduction in MRSS was numerically greater in the
SAR100842 group than in the placebo group (mean � SD
change �3.57 � 4.18 versus �2.76 � 4.85; treatment
effect �1.2 [95% confidence interval �4.37, 2.02]; P =
0.46). A greater reduction of LPA-related genes was
observed in skin samples from the SAR100842 group at
week 8, indicating LPA1 target engagement.

Conclusion. SAR100842, a selective orally avail-
able LPA1 receptor antagonist, was well tolerated in
patients with dcSSc. The MRSS improved during the
study although the difference was not significant, and
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additional gene signature analysis suggested target en-
gagement. These results need to be confirmed in a larger
controlled trial.

Systemic sclerosis (SSc) is characterized by fibro-
sis of the skin and internal organs, prominent alterations
of the microvasculature, and frequent abnormalities of
cellular and humoral immunity (1). SSc is an orphan dis-
ease with high morbidity, which strongly impairs the
quality of life, and it has a high case-specific mortality
(2). The high burden of severe skin and internal organ
involvement in the early stages of diffuse cutaneous SSc
(dcSSc) has been highlighted by many cohort studies.
Safe and effective treatments for skin and other mani-
festations of dcSSc are lacking (3).

The pathogenesis of SSc is complex, and at present
there is no unifying theory that may explain all its aspects.
There is consensus that early vascular events associated
with autoimmunity and inflammation lead to fibroblast
activation and differentiation, promoting subsequent fibro-
sis. A broad range of biologic processes interact in SSc, and
these include involvement of key profibrotic cytokines and
growth factors, an imbalance in Th1/Th2/Th17/Treg cell
systems promoting inflammation and fibrosis, and activa-
tion of B cells promoting production of autoantibodies (1).

Lysophosphatidic acid (LPA) is a lipid mediator
that signals through specific G protein–coupled receptors,
designated LPA1 through LPA6. It is generated at sites of
inflammation or cell injury by the action of lysophospholi-
pase D, also known as autotaxin, on lysophosphatidylcho-
line and other lysophospholipids (4). LPA exerts various
physiologic effects on the receptors of parenchymal cells
with some tissue specificities with regard to the various
receptors (5–7). LPA mediates a variety of cell activities,
including mitogenesis, cell differentiation, cell survival,
cytoskeletal reorganization, cell migration, and extracellu-
lar matrix production. Recent studies of circulating
markers, in vitro cell activation, or animal models have
suggested that LPA is involved, and plays an important
role, in the pathogenesis of SSc. The role of LPA has also
been demonstrated in several animal models of organ
fibrosis independently of SSc (8–11).

SAR100842 is a potent selective LPA1 receptor
antagonist (Sanofi R&D). In vivo, SAR100842 reversed
dermal thickening and significantly inhibited myofibroblast
differentiation and reduced collagen content in a mouse
model of skin fibrosis. Similar antifibrotic properties were
observed using the Tsk1 mouse model (Illiano S, et al:
unpublished observations). Mechanistic investigations
showed that the antifibrotic effects of LPA1 blockade could
be mediated partly via inhibition of the Wnt signaling

pathway. Taking into account the promise of LPA1 recep-
tor blockade in preclinical models of fibrosis and the
unmet need of patients with early dcSSc, we performed a
randomized proof of biologic activity study assessing the
effects of SAR100842 in patients with early dcSSc.

PATIENTS AND METHODS

Study design. This was a double-blind, randomized, pla-
cebo-controlled, 8-week phase IIa study followed by an open-
label extension study for 16 weeks (see Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40547/abstract). The ob-
jective was to investigate the effects of orally administered
SAR100842 in patients with dcSSc, characterizing safety as well
as plasma pharmacokinetics and pharmacodynamics, with a
focus on clinical efficacy and on SSc-related biomarkers. In the
double-blind phase of the study, SAR100842 at 300 mg or
matching placebo was administered orally twice a day (in the
treatment arm, patients received 100 mg plus 200 mg tablets of
SAR100842 twice daily for a total daily dose of 600 mg). Follow-
ing a screening period of up to 14 days, eligible patients were
randomized. Clinical and biologic parameters were assessed,
and skin biopsy samples were obtained from a predefined area
of the forearm at baseline and end of treatment (week 8).

Patients who had completed the 8-week treatment and
who did not meet any discontinuation criteria (see Amended
Clinical Trial Protocol 5, http://onlinelibrary.wiley.com/doi/10.
1002/art.40547/abstract) were invited to participate in the open-
label noncontrolled 16-week extension phase of the study with
the same dosage of SAR100842 as in the initial part of the trial.
Patients were evaluated at the end of the extension phase (week
24) for clinical and biologic assessments including 2 additional
skin biopsies in those who consented.

The dose of 300 mg twice a day was selected for the study
based on activity/efficacy data from in vitro pharmacology models
and in vivo animal disease models as well as on the safety profile
observed in healthy volunteers (Illiano S, et al: unpublished
observations). The duration of 8 weeks was chosen based on
expert opinion, which suggested that an 8-week treatment dura-
tion would be sufficient to demonstrate significant changes in
SSc-related biomarkers. This design reduced the exposure of
dcSSc patients to an experimental drug in this phase IIa study,
while it provided the necessary data on safety and activity to sup-
port full development of the drug. A total of 12 active clinical
sites located in Switzerland, France, the UK, Italy, and the US
participated in this study.

Patients. Patients met the 1980 American College of
Rheumatology (ACR) preliminary classification criteria for SSc
(12), with diffuse cutaneous involvement according to the cri-
teria of LeRoy et al (13), and had disease duration of less than
36 months since the onset of the first SSc manifestation other
than Raynaud’s phenomenon. Other key inclusion criteria were
a baseline modified Rodnan skin thickness score (MRSS) ≥15
of 51 (14) together with an area of definite involvement of the
mid-volar forearm allowing 4-mm skin biopsy samples.

Immunosuppressive therapies stable for 4 weeks prior
to enrollment were permitted including prednisolone up to 10
mg/day, methotrexate up to 25 mg/week, azathioprine up to
100 mg/day, and mycophenolate mofetil up to 2 gm/day (for
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exclusion criteria for medication dosages, see Amended Clini-
cal Trial Protocol 5, http://onlinelibrary.wiley.com/doi/10.1002/
art.40547/abstract). We excluded patients experiencing ortho-
static hypotension (postural reduction of systolic blood pres-
sure by >20 mm Hg or reduction of diastolic blood pressure by
>10 mm Hg), moderate-to-severe postural dizziness, or presyn-
cope or syncope within the last 6 months of screening. These
exclusion criteria were related to the current knowledge of the
study drug obtained in phase I studies.

Study end points. The primary end point was safety and
tolerability during the 8-week treatment period. Secondary end
points were change from baseline to week 8 in skin and blood
biomarkers, changes from baseline to week 8 in the MRSS and
Scleroderma Health Assessment Questionnaire (SHAQ) (15),
safety and tolerability during the extension treatment period,
and pharmacokinetics. Skin biopsy samples were used for RNA
extraction, and some messenger RNA (mRNA) biomarkers
were assessed using quantitative reverse transcription–polymer-
ase chain reaction (qRT-PCR), including cartilage oligomeric
matrix protein (COMP), thrombospondin 1 (TSP-1), plasmino-
gen activator inhibitor 1, Wnt-2, and secreted Frizzled-related
protein 4 (sFRP-4). Other skin biopsy samples were dedicated to
immunohistochemistry. Labeling for a-smooth muscle actin
(a-SMA) was performed on serial slides, and skin thickness (his-
tology) was evaluated. LPA markers were selected based on liter-
ature data and internal confirmation using dermal fibroblasts
from SSc patients treated with LPA. The choice of other markers
(COMP, TSP-1, type I collagen, and a-SMA) was based on liter-
ature data selecting genes or proteins that may play a key role in
the evolution of fibrosis in SSc patients (16,17).

To explore the effect of SAR100842 on the LPA pathway,
we used the results of a parallel study performed using cultured
dermal fibroblasts from patients with SSc. LPA gene expression
response was defined in the cultured dermal fibroblasts study.
This LPA response was used in combination with the expression
profile in patient skin biopsy samples for identifying an LPA sig-
nature, according to a guided clustering algorithm. The goal of
using this data integration approach was to ensure that the identi-
fied gene cluster with high LPA treatment response was also con-
sistently expressed and correlated in skin biopsy samples. The
identified fibroblast LPA signature was subsequently reduced to a
single composite biomarker called the pathway activation index
(PAI), computed as the coefficient of a robust regression on the
expression matrix of the LPA signature at each treatment visit
(median polish algorithm) (18). The PAI was then used as a surro-
gate biomarker for investigating SAR100842 treatment response.
Exploratory end points were change from baseline to week 24 on
the MRSS and SHAQ, and also the change in pain or pruritus
from baseline to week 8 and week 24.

Statistical analysis. Sample size determination. No for-
mal sample size calculation was performed for this proof of bio-
logic activity study, and the sample size for the study was based
on empirical considerations.

Safety analyses. The safety analyses were based on the
safety population of all randomized patients who actually
received at least 1 dose of the investigational medicinal product,
and they were performed according to the treatment actually
received in the core or extension phases of the study. The safety
analyses were descriptive.

Efficacy analyses. The efficacy analyses were based on the
modified intent-to-treat (ITT) population, which included all ran-
domized patients who had actually received at least 1 dose of the

investigational medicinal product and who had undergone at least
1 measurement after administration of the investigational medici-
nal product during the blinded period of the study (the double-
blind phase). The modified ITT population for the open-label
extension phase included all randomized patients who did actually
receive at least 1 dose of the investigational medicinal product
during the open-label extension phase and who had undergone at
least 1 measurement after administration of the investigational
medicinal product during the open-label extension phase.

An analysis of covariance (ANCOVA) was performed
for the total MRSS and the Health Assessment Questionnaire
disability index (HAQ DI) score (19) on the change from base-
line to week 8 in the modified ITT population, with treatment
group as the main factor and the baseline MRSS and HAQ DI
scores centered on their means in the modified ITT population
as a continuous covariate. Student’s t-test was used to deter-
mine the superiority of 300 mg SAR100842 twice a day over
placebo at week 8, with a nominal 2-sided Type I error rate of
5%. The analysis of other SHAQ variables was purely descrip-
tive. All other secondary end points were described by treat-
ment and analyzed within an ANCOVA.

Biomarker analyses. The biomarker analyses were based
on the population of all randomized and treated patients who
received at least 4 weeks of study drug with at least a baseline
and a postbaseline assessment. Prior to all statistical analyses,
mRNA data were normalized. Each biomarker was analyzed
using descriptive statistics. For each of the skin biomarkers
related to the disease (i.e., COMP, TSP-1, and type I collagen
mRNAs and a-SMA [16]), the change from baseline to week 8
measurement was analyzed using a rank ANCOVA, with treat-
ment group as fixed effect and baseline value as covariate.

Target engagement. SSc fibroblasts were prepared from
forearm biopsy samples following established outgrowth conditions
and were cultured in Ham’s F-12 medium with 10% heat-inacti-
vated fetal calf serum, 100 units/ml penicillin, 100 lg/ml strepto-
mycin, and 0.3 mg/ml L-glutamine. Dermal fibroblasts from 4
healthy volunteers and 10 SSc patients were seeded and treated
with vehicle or LPA at 10 lM for 24 hours. Supernatants were
removed and cells were rinsed and stored, and total RNA was
purified using an RNeasy Mini kit (Qiagen). The same methodol-
ogy was used to extract RNA from skin biopsy samples from
patients in Sanofi study no. ACT12339. Gene expression was mea-
sured by whole transcriptome profiling analysis using Affymetrix
GeneChip Human Genome U133 Plus 2.0 arrays. From each array
result, a probe cell intensity data file was computed, which repre-
sented an individual gene expression profile. Samples were clus-
tered based on Euclidean distance and correlation for evaluating
the similarity of the quality of each array to the quality of the other
arrays. We performed principal components analysis on expression
data as well as on quality control metrics of the raw data provided
by the Affymetrix platform (R-package simpleaffy; https://rdrr.io/
bioc/simpleaffy/).

The guided clustering algorithm (18) was used for the
identification of a set of genes that had high LPA perturbation in
the cell culture study and that were consistently expressed in the
skin biopsy samples from patients with SSc. A logistic regression
model was computed for each probe set separately, with the
LPA treatment label as the outcome variable (LPA = 1, placebo
= 0) and the probe set as the independent variable. Each model
was adjusted by fibroblast type (normal/SSc). The coefficient of
the probe set in the model was used as the LPA activation
strength for weighting the probe sets. The obtained weights were
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used in conjunction with the expression profile in skin biopsy
samples at baseline to extract the LPA signature. The LPA signa-
ture was condensed into 1 surrogate marker called the PAI.
Descriptive statistics of change in the LPA PAI from baseline to
the end of the 8-week treatment period were computed by treat-
ment arm. The difference between SAR100842 and placebo was
investigated using the following equation:

DPAImain part ¼ b0 þ b1 � treatmentþ b2 � PAIscaled baseline þ n

where b0 is the mean effect, b1 is the treatment effect, b2 is
the PAI value effect at baseline, and n represents residuals
from the model. Targeted gene expression analysis of selected
LPA-related and fibrosis genes was carried out in the same
skin biopsy samples using qRT-PCR.

Ethics approval. The protocol and its amendments were
submitted to independent ethics committees and/or institutional
review boards for review and written approval. All patients pro-
vided written informed consent prior to the conduct of any
study-related procedures, and the optional skin biopsy informed
consent form was obtained from patients who agreed to the col-
lection of skin biopsy samples. In addition, dermal fibroblasts
were grown from skin biopsy samples obtained from another
cohort of SSc patients fulfilling the ACR/European League
Against Rheumatism 2013 classification criteria (20). The pro-
cedure was approved by the local ethics committee (University
of Naples), and patients signed informed consent forms.

RESULTS

Baseline characteristics of the patients, flow of
enrollment into the study, discontinuations, and compli-
ance. Of 48 patients screened, 16 (33.3%) were deter-
mined to be ineligible. Thirty-two patients were
randomized into the study; for a period of 8 weeks, 15
received 300 mg SAR100842 twice a day and 17 received
placebo twice a day. Patients in each group had compara-
ble demographic characteristics at baseline, consistent
with the overall population of dcSSc patients (Table 1).

One patient receiving SAR100842 discontinued
treatment on personal request but was included in the
modified ITTanalysis. Of the 32 patients initially random-
ized to the double-blind phase, 30 were enrolled into the
open-label extension phase (16 initially treated with pla-
cebo and 14 initially treated with SAR100842). One
patient in the placebo/SAR100842 group and 1 patient in
the SAR100842/SAR100842 group requested to discon-
tinue treatment due to adverse events (AEs). The mean
overall compliance was comparably high between treat-
ment groups (99.6% in the placebo group versus 98.5% in
the SAR100842 group).

Table 1. Baseline characteristics of the patients*

Placebo
(n = 17)

SAR100842
(n = 15)

All
(n = 32)

Age, mean � SD years 50.6 � 11.3 48.8 � 10.3 49.8 � 10.7
Female 12 (71) 9 (60) 21 (66)
Caucasian/white 13 (76) 13 (87) 26 (81)
Weight, mean � SD kg 70.6 � 16.8 75.1 � 19.3 72.7 � 17.9
Current smoker 3 (18) 2 (13) 5 (16)
Disease duration, mean � SD months 19.6 � 7.4 20.4 � 8.9 20.0 � 8.0
Raynaud’s phenomenon 17 (100) 14 (93) 31 (97)
Digital ulcers (past or current) 6 (35) 4 (27) 10 (31)
Joint synovitis 5 (29) 4 (27) 9 (28)
Tendon friction rubs 6 (35) 7 (47) 13 (41)
Renal crisis 1 (6) 0 1 (3)
Dyspnea (significant) 7 (41) 2 (13) 9 (28)
Fibrosis on plain radiograph 3 (18) 1 (7) 4 (13)
ACA positive 1 (6) 0 1 (3)
Anti–Scl-70 positive 5 (29) 4 (27) 9 (28)
Anti–RNA polymerase III positive 4 (24) 8 (53) 12 (38)
MRSS
Mean � SD 24.8 � 7.8 22.7 � 8.2 23.8 � 7.9
Median (range) 23 (15–38) 21 (15–44) 22 (15–44)

HAQ DI score
Mean � SD 1.27 � 0.75 1.23 � 0.77 1.25 � 0.75
Median (range) 1.25 (0.0–2.5) 1.38 (0.0–2.4) 1.37 (0.0–2.5)

Previous immunosuppressive or steroid
medications

14 (82) 10 (67) 24 (75)

Mycophenolate mofetil 5 (29) 7 (47) 12 (38)
Methotrexate 9 (53) 1 (7) 10 (31)
Systemic steroids 8 (47) 6 (40) 14 (44)
Topical steroids 1 (6) 1 (7) 2 (6)

* Except where indicated otherwise, values are the number (%). ACA = anticentromere antibody;
MRSS = modified Rodnan skin thickness score; HAQ DI = Health Assessment Questionnaire disability
index.

SAR100842 FOR PATIENTS WITH dcSSc 1637



Good safety and tolerability of SAR100842. Over-
all, SAR100842 was well tolerated. AEs are described in
Supplementary Table 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.40547/abstract. Eighty percent of patients in
the SAR100842 group versus 71% of patients in the pla-
cebo group reported at least 1 treatment-emergent AE.
However, most treatment-emergent AEs were mild to
moderate in intensity. There was 1 treatment-emergent
serious AE (SAE) in the SAR100842 group (syncope) in
a patient with a medical history of syncope in childhood.
In the open-label extension phase, 2 patients reported a
treatment-emergent SAE, 1 in each group. Dyspnea was
reported in 1 patient 6 days after switching from placebo
to SAR100842, and this was considered to be related to
the investigational medicinal product, while an infected
digital ulcer in another patient was not considered to be
drug-related. Two patients discontinued prematurely due
to treatment-emergent AEs, 1 for moderate arthritis in
the SAR100842/SAR100842 group and 1 for pruritus,
skin discoloration, and facial swelling in the placebo/
SAR100842 group. With regard to the laboratory safety
assessments, no safety concern emerged from the various
laboratory parameters (see Supplementary Table 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.40547/abstract).

Efficacy as determined by change in MRSS during
the controlled and extension phases. A primary analysis
was conducted in the modified ITT population on patients
who were treated until week 8. There was a numerically
greater decrease from baseline in the total MRSS in the
SAR100842 group compared to the placebo group, al-
though the difference did not reach statistical significance
(mean � SD change �3.57 � 4.18 versus �2.76 � 4.85;
treatment effect �1.2 [95% confidence interval {95% CI}
�4.37, 2.02]; P = 0.46) (median change �4.00 [inter-
quartile range {IQR} �5, �1] versus �1.00 [IQR �5, 0],
respectively) (Figure 1).

After 24 weeks of treatment, patients in the SAR
100842/SAR100842 group experienced a clinically meaning-
ful decrease in total MRSS versus baseline (mean � SD
change �7.36 � 4.24; median change �7.50), and a high
percentage (78.6%) of patients improved by at least 5 points
(the definition of responders). Patients initially receiving 8
weeks of placebo also demonstrated an improvement in
MRSS after 24 weeks (mean � SD change �7.31 � 4.59;
median change from baseline �7.00), with a responder rate
of 69.2%.

Changes in quality of life during controlled and
extension phases. There was no statistically significant
difference between the SAR100842 and placebo groups
in change in HAQ DI total score from baseline to week
8 (mean � SD change 0.00 � 0.33 in the placebo group
versus �0.14 � 0.30 in the SAR100842 group; treatment

effect �0.1 [95% CI �0.38, 0.09]). However, it should
be pointed out that the mean absolute difference from
baseline observed in the SAR100842 group (�0.14) was
clinically meaningful; indeed, a HAQ DI score improve-
ment of ≥0.14 is considered to be the minimum clinically
important difference in patients with SSc. In contrast to
the improvement between baseline and week 8, the
improvement seen in the mean HAQ DI total score was
clinically meaningful from baseline to week 24 in both
the placebo/SAR100842 group and the SAR100842/
SAR100842 group (mean � SD change �0.23 � 0.30
versus �0.15 � 0.33, respectively), and the percentages
of patients whose HAQ DI total scores decreased by ≥
�0.14 were comparable in the 2 groups.

Effects on pruritus and pain during controlled and
extension phases. Based on the preclinical rationale, LPA
receptor antagonists may be effective against pruritus.
Interestingly, despite a low baseline value, there was
numerical improvement in the SAR100842 group and
worsening in the placebo group (mean � SD change
�0.37 � 3.92 versus 0.25 � 1.79) in the severity of pruritus
assessed by patients from baseline to week 8 using a 0–10-
cm visual analog scale. Similarly, reduced pruritus severity
was observed in SAR100842/SAR100842-treated patients
compared to placebo/SAR100842-treated patients (mean
� SD change �1.38 � 2.85 versus �0.84 � 1.67). Com-
pared to week 8, the severity of pruritus was further
decreased at week 24 in patients initially treated with
SAR100842 or placebo. The severity of pain assessed by

Figure 1. Change in modified Rodnan skin thickness score (MRSS)
from baseline to week 8 in the modified intent-to-treat population.
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 per-
centiles. Circles indicate outliers.
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patients using a numerical pain scale was low at baseline in
the study population, and no conclusion could be drawn.

No significant differences between groups in skin
and blood biomarker end points. There was no statisti-
cally significant differential expression of any skin mRNA
and protein biomarkers or blood protein biomarkers
between placebo- and SAR100842-treated patients. Type
I collagen and a-SMA were used as fibrosis markers and
were not modulated by SAR100842 treatment (Figure 2).
Disease signature was evaluated using either the 4-gene
biomarker as described by Farina et al (16) or a combina-
tion of TSP-1 and COMP. No changes in these genes were
correlated with change in MRSS (Table 2). However,
after 8 weeks there was a trend toward a reduction in
TSP-1 with SAR100842 compared to placebo, although
this did not reach statistical significance (Figure 3). We
also evaluated the gene for membrane-spanning 4
domains, subfamily A, member 4A (a marker of M2-type
macrophages). The expression of this marker, such as in
the 2-gene signature (17), was not modulated by SAR
100842 and was not correlated with the change in MRSS
(not shown).

Global change in gene expression in skin samples
at 8 weeks between vehicle- and SAR100842-treated
patients was evaluated using a stringent cutoff for false
discovery rate (P = 0.05) or less stringent criteria (P =

0.1). No significant difference was observed under any
conditions. Data obtained using a cutoff for a false dis-
covery rate of <0.1 are presented in Supplementary
Table 3, http://onlinelibrary.wiley.com/doi/10.1002/art.405
47/abstract.

SAR100842 induces target engagement in the LPA
pathway. There was a nonsignificant numerical reduction
from baseline in some LPA pathway biomarkers (plasmin-
ogen activator inhibitor 1, Wnt-2, and sFRP-4) in SAR
100842-treated patients compared to placebo-treated
patients (Figure 4). Although the decrease in these
biomarkers was not significant, it is of interest since they
have been shown to be regulated by LPA and SAR100842
in dermal fibroblasts from SSc patients. Thus, a post hoc
analysis was performed to identify a more global LPA sig-
nature in SSc dermal fibroblasts and skin biopsy samples
and to evaluate the impact of SAR100842 on this signa-
ture in patient skin to assess target engagement.

The signature was identified using both microarray
data obtained in SSc dermal fibroblasts treated for 24
hours with LPA and microarray data from skin biopsy
samples from SSc patients at baseline. A guided cluster-
ing method was performed to give weight to genes that
were expressed at a significant level following LPA treat-
ment but that were also expressed at a significant level in
skin biopsy samples. This led to a list of 47 genes identi-
fied as an LPA signature (see Supplementary Table 4,
http://onlinelibrary.wiley.com/doi/10.1002/art.40547/abstract).
This signature reflects pathways such as those for prolif-
eration and epidermal growth factor signaling, which are
known to be mechanistically part of LPA responses in
other cell types. These genes were reduced to a unique
surrogate biomarker in 1 dimension called the PAI,
using the median polish algorithm (21). The PAI was
extracted as a row effect as it represents the summary
expression in each patient. A significant decrease in the

Table 2. Absence of correlation of change in 4 gene biomarkers
with change in MRSS*

Gene
Correlation of change in

gene with change in MRSS P

COMP 0.01 0.96
TSP1 0.0074 0.97
SIGLEC1 0.043 0.82
IFF44 �0.031 0.87

* MRSS = modified Rodnan skin thickness score.

Figure 2. Changes in the skin fibrosis markers a-smooth muscle actin (a-SMA) and type I collagen from baseline to week 8. 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.
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PAI was observed in the SAR100842 group (P = 0.0089)
(Figure 5).

DISCUSSION

LPA is a phospholipid growth factor that targets
cells through a number of cell surface receptors, and it
has been implicated in the pathogenesis of SSc. Of great-
est interest, it appears that it may contribute to excessive
tissue fibrosis, mainly through LPA1 receptor activation
(5), as observed in SSc. Recent findings further empha-
size the key roles of autotaxin and the LPA axis in SSc
(22). SAR100842 is a low molecular weight, selective
inhibitor of the LPA1 receptor that is being developed as
a potential novel therapy for SSc with the aim of
reducing or even reversing the progression of fibrosis.
This phase IIa study is the first to assess oral administra-
tion of SAR100842 in patients with early dcSSc. The
safety and tolerability of SAR100842 was the primary
outcome measure, and SAR100842 was shown to be well
tolerated in patients with dcSSc.

In preclinical studies, the administration of SAR
100842 to rats at doses up to 2,000 mg/kg/day caused no
toxicologically relevant effects. Findings related to the
compound were limited to a slightly higher incidence of
regurgitation in females at a high dose, and the present
study did not show any specific gastrointestinal AEs in
SSc patients. In previous phase I studies, the safety profile
was very good, and overall the most frequently reported
SAR100842-related AEs were headache, symptomatic
orthostatic hypotension or postural dizziness, and flatu-
lence. Those AEs were not severe or serious. In the pres-
ent study, both in the short-term double-blind phase and
in the longer term open-label extension phase, no safety
signals emerged regarding vital signs, orthostatic hypoten-
sion, electrocardiography, or laboratory parameters. A
common toxicologic concern with antifibrotic agents is
whether patients may exhibit a delay in normal wound
healing. Studies with LPA receptor antagonists using inci-
sional and excisional wounding in rats have been reassuring
(22), but it is noteworthy that in the present study,
although one-third of patients had digital ulcerations at

Figure 3. Changes from baseline to week 8 in 4 gene biomarkers of skin fibrosis. 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.
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baseline, no overt safety concerns emerged for them,
confirming the good safety profile in SSc patients.

The clinical efficacy of SAR100842 was part of the
secondary end points, but no effect was expected on the
MRSS after 8 weeks of treatment because the MRSS is
slow in changing. Nevertheless, at the end of the double-
blind period, a numerically greater decrease in total
MRSS score from baseline in the SAR100842 group com-
pared to the placebo group was detected without reaching
statistical significance (treatment effect �1.2 [95% CI
�4.37, 2.02]; median change �4.00 versus �1.00, respec-
tively). Also, there was a numerically greater reduction
without reaching statistical significance in the HAQ DI
score in the SAR100842 group (treatment effect �0.1
[95% CI �0.38, 0.09]). These findings are promising; they
might be due to the mechanism of action of SAR100842
and/or they might also be explained by a large proportion
of subjects receiving background immunosuppressive
medications. These findings were supportive of the effect
observed after 24 weeks of treatment, when patients expe-
rienced a clinically meaningful decrease in total MRSS

Figure 4. Changes from baseline to week 8 in lysophosphatidic acid pathway markers. 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 per-
centiles. Circles indicate outliers.

Figure 5. Change in the pathway activation index (PAI) from baseline
to week 8. Data are presented as box plots, where the boxes repre-
sent the 25th to 75th percentiles, the lines within the boxes represent
the median, and the lines outside the boxes represent the 10th and
90th percentiles. Circles indicate outliers.
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(median change �7.50) and a high percentage of them
(78.6%) improved by at least 5 points from baseline (re-
sponders) (23); similar benefit was observed in the HAQ
DI score. Although these were secondary end points and
had weak statistical power, the size of the decreases must
be noted and is larger than that observed in other trials
targeting the same SSc population. Furthermore, the
similar trend observed for skin changes and quality of life
is encouraging and promising for future trials. Neverthe-
less, and despite being encouraging, the open-label data
should be interpreted with caution.

This study must be interpreted while taking its lim-
itations into account. The sample size was not large but
was consistent with the design of a proof of biologic activ-
ity study looking primarily at safety. The duration may be
considered short, and most trials are expected to last
more than 6 months, but the observed changes in MRSS
in this population are promising. SSc is a systemic disease
and organ involvement defines the prognosis. No data
could be provided on organ involvement from the present
study, and this will have to be addressed in the future.

Pharmacodynamic and biomarker assessments were
part of the secondary end points. There was no statistically
significant differential expression of any biomarker be-
tween the 2 groups of patients.

Using a new unbiased statistical analysis, a guided
clustering algorithm allowed the identification of a set of
genes that had high LPA perturbation in the cell culture
study and that were consistently expressed and corre-
lated with similar expression in skin samples from
patients. This LPA signature was then reduced to 1 di-
mension, and change in the resulting PAI was computed
in skin biopsy samples from patients treated with placebo
versus patients treated with SAR100842. A significant
effect of SAR100842 on change from baseline in the PAI
was indicative of an effect of SAR100842 on the LPA
signature (15 patients per treatment arm), demonstrat-
ing target engagement upon SAR100842 treatment for 8
weeks.

The optimal clinical trial duration for patients with
SSc is still unknown. Some observations regarding colla-
gen metabolism suggest that a clinical trial duration of 24
weeks or longer might be recommended. Indeed, in the
phase II tocilizumab data (24), the 2-gene biomarker was
able to differentiate tocilizumab from placebo at 24
weeks. The biomarkers in clinical trials of SSc have been
shown to correlate with skin fibrosis (as seen here) rather
than to predict skin progression. In addition, the collagen
turnover (which is a product of collagen production and
collagen degradation) may require several weeks to be
modulated, and this also depends on whether the pharma-
cologic agent directly (e.g., knockout) or indirectly (the

current inhibitor) targets collagen products. A longer ver-
sion of this trial with clinical and biologic outcome mea-
sures at 4–6 months might have shown statistically
significant differences.

This study demonstrates that LPA1 blockade by
SAR100842 is well tolerated in patients with early dcSSc.
The results show target engagement with SAR100842 as
well as some promising clinical and biologic changes. Nev-
ertheless, treatment effect cannot be inferred from skin
fibrosis biomarkers, but these biomarkers may be informa-
tive as shown in other recent trials (24–26). Taken to-
gether, these results suggest the potential clinical benefit
of SAR100842 in dcSSc patients with unmet needs (27),
and SAR100842 deserves evaluation in confirmatory trials.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Drs. Allanore and Khanna had full
access to all of the data in the study and take responsibility for the
integrity of the data and the accuracy of the data analysis.
Study conception and design. Allanore, Distler, Jagerschmidt, Illiano,
Ledein, Boitier, Agueusop, Denton, Khanna.
Acquisition of data. Allanore, Distler, Denton, Khanna.
Analysis and interpretation of data. Allanore, Distler, Jagerschmidt,
Illiano, Denton, Khanna.

ROLE OF THE STUDY SPONSOR

Sanofi was involved in the design and conduct of the study,
oversaw the collection, management, and statistical analysis of the
data, and contributed to the interpretation of the data and the pre-
paration, review, and approval of the manuscript. The final decision
on manuscript submission was made by the authors. Publication of
this article was not contingent upon approval by Sanofi.

REFERENCES

1. Denton CP. Systemic sclerosis: from pathogenesis to targeted
therapy. Clin Exp Rheumatol 2015;33:S3–7.

2. Elhai M, Meune C, Avouac J, Kahan A, Allanore Y. Trends in
mortality in patients with systemic sclerosis over 40 years: a sys-
tematic review and meta-analysis of cohort studies. Rheumatol-
ogy (Oxford) 2012;51:1017–26.

3. Nagaraja V, Denton CP, Khanna D. Old medications and new
targeted therapies in systemic sclerosis. Rheumatology (Oxford)
2015;54:1944–53.

4. Zhao Y, Natarajan V. Lysophosphatidic acid (LPA) and its recep-
tors: role in airway inflammation and remodeling. Biochim Bio-
phys Acta 2013;1831:86–92.

5. Swaney JS, Chapman C, Correa LD, Stebbins KJ, Broadhead
AR, Bain G, et al. Pharmacokinetic and pharmacodynamic char-
acterization of an oral lysophosphatidic acid type 1 receptor-
selective antagonist. J Pharmacol Exp Ther 2011;336:693–700.

6. Tigyi G. Aiming drug discovery at lysophosphatidic acid targets.
Br J Pharmacol 2010;161:241–70.

7. Rancoule C, Prad�ere JP, Gonzalez J, Klein J, Valet P, Bascands
JL, et al. Lysophosphatidic acid-1-receptor targeting agents for
fibrosis. Expert Opin Investig Drugs 2011;20:657–67.

8. Tokumura A, Carbone LD, Yoshioka Y, Morishige J, Kikuchi M,
Postlethwaite A, et al. Elevated serum levels of arachidonoyl-

1642 ALLANORE ET AL



lysophosphatidic acid and sphingosine 1-phosphate in systemic
sclerosis. Int J Med Sci 2009;6:168–76.

9. Ohashi T, Yamamoto T. Antifibrotic effect of lysophosphatidic acid
receptors LPA1 and LPA3 antagonist on experimental murine scle-
roderma induced by bleomycin. Exp Dermatol 2015;24:698–702.

10. Castelino FV, Seiders J, Bain G, Brooks SF, King CD, Swaney JS,
et al. Amelioration of dermal fibrosis by genetic deletion or phar-
macologic antagonism of lysophosphatidic acid receptor 1 in a
mouse model of scleroderma. Arthritis Rheum 2011;63:1405–15.

11. Yin Z, Carbone LD, Gotoh M, Postlethwaite A, Bolen AL, Tigyi
GJ, et al. Lysophosphatidic acid-activated Cl� current activity in
human systemic sclerosis skin fibroblasts. Rheumatology (Oxford)
2010;49:2290–7.

12. Subcommittee for Scleroderma Criteria of the American
Rheumatism Association Diagnostic and Therapeutic Criteria
Committee. Preliminary criteria for the classification of systemic
sclerosis (scleroderma). Arthritis Rheum 1980;23:581–90.

13. LeRoy EC, Black C, Fleischmajer R, Jablonska S, Krieg T,
Medsger TA Jr, et al. Scleroderma (systemic sclerosis): classifica-
tion, subsets and pathogenesis. J Rheumatol 1988;15:202–5.

14. Clements P, Lachenbruch P, Seibold J, White B, Weiner S, Martin
R, et al. Inter and intraobserver variability of total skin thickness
score (modified Rodnan TSS) in systemic sclerosis. J Rheumatol
1995;22:1281–5.

15. Steen VD, Medsger TA Jr. The value of the Health Assessment
Questionnaire and special patient-generated scales to demon-
strate change in systemic sclerosis patients over time. Arthritis
Rheum 1997;40:1984–91.

16. Farina G, Lafyatis D, Lemaire R, Lafyatis R. A four-gene bio-
marker predicts skin disease in patients with diffuse cutaneous
systemic sclerosis. Arthritis Rheum 2010;62:580–8.

17. Rice LM, Ziemek J, Stratton EA, McLaughlin SR, Padilla CM,
Mathes AL, et al. A longitudinal biomarker for the extent of skin
disease in patients with diffuse cutaneous systemic sclerosis.
Arthritis Rheumatol 2015;67:3004–15.

18. Maneck M, Schrader A, Dieter K, Spang R. Genomic data
integration using guided clustering. Bioinformatics 2011;27:
2231–8.

19. Fries JF, Spitz P, Kraines RG, Holman HR. Measurement of
patient outcome in arthritis. Arthritis Rheum 1980;23:137–45.

20. Van den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M,
Tyndall A, et al. 2013 classification criteria for systemic sclerosis:
an American College of Rheumatology/European League Against
Rheumatism collaborative initiative. Arthritis Rheum 2013;65:
2737–47.

21. Mosteller F, Tukey JW. Data analysis and regression: a second
course in statistics. Reading (MA): Addison-Wesley; 1977.

22. Castelino FV, Bain G, Pace VA, Black KE, George L, Probst CK,
et al. An autotaxin/lysophosphatidic acid/interleukin-6 amplifica-
tion loop drives scleroderma fibrosis. Arthritis Rheumatol 2016;
68:2964–74.

23. Khanna D, Furst DE, Hays RD, Park GS, Wong WK, Seibold
JR, et al. Minimally important difference in diffuse systemic scle-
rosis: results from the D-penicillamine study. Ann Rheum Dis
2006;65:1325–9.

24. Khanna D, Denton CP, Jahreis A, van Laar JM, Frech TM,
Anderson ME, et al. Safety and efficacy of subcutaneous tocilizu-
mab in adults with systemic sclerosis (faSScinate): a phase 2,
randomised, controlled trial. Lancet 2016;387:2630–40.

25. Quillinan NP, McIntosh D, Vernes J, Haq S, Denton CP. Treat-
ment of diffuse systemic sclerosis with hyperimmune caprine
serum (AIMSPRO): a phase II double-blind placebo-controlled
trial. Ann Rheum Dis 2014;73:56–61.

26. Rice LM, Padilla CM, McLaughlin SR, Mathes A, Ziemek J,
Goummih S, et al. Fresolimumab treatment decreases biomarkers
and improves clinical symptoms in systemic sclerosis patients.
J Clin Invest 2015;125:2795–807.

27. Khanna D, Distler J, Sandner P, Distler O. Emerging strategies
for treatment of systemic sclerosis. J Scleroderma Relat Disord
2016;1:186–93.

SAR100842 FOR PATIENTS WITH dcSSc 1643



CCL21 as a Potential Serum Biomarker for
Pulmonary Arterial Hypertension in Systemic Sclerosis

Anna-Maria Hoffmann-Vold,1 Roger Hesselstrand,2 H�avard Fretheim,1 Thor Ueland,1

Arne K. Andreassen,3 Cathrine Brunborg,3 Vyacheslav Palchevskiy,4 Øyvind Midtvedt,3

Torhild Garen,3 P�al Aukrust,1 John A. Belperio,4 and Øyvind Molberg1

Objective. Systemic sclerosis (SSc) is a major
cause of pulmonary arterial hypertension (PAH). Mu-
rine models indicate key roles for chemokines CCL19
and CCL21 and their receptor CCR7 in lung inflamma-
tion leading to PAH. The objective of this study was to
assess the chemokine CCL19–CCL21 axis in patients
with SSc-related PAH.

Methods. Serum samples obtained from 2 inde-
pendent prospective SSc cohorts (n = 326), patients with
idiopathic PAH (n = 12), and healthy control subjects
(n = 100) were analyzed for CCL19/CCL21 levels, by
enzyme-linked immunosorbent assay. The levels were
defined as either high or low, using the mean + 2 SD
value in controls as the cutoff value. Risk stratification at
the time of PAH diagnosis and PAH-related events were
performed. Descriptive and Cox regression analyses were
conducted.

Results. CCL21 levels were higher in patients with
SSc compared with controls and were elevated prior to
the diagnosis of PAH. PAH was more frequent in patients
with high CCL21 levels (≥0.4 ng/ml) than in those with
low CCL21 levels (33.3% versus 5.3% [P < 0.001]). In mul-
tivariate analyses, CCL21 was associated with PAH (haz-
ard ratio [HR] 5.1, 95% CI 2.39–10.76 [P < 0.001]) and
occurrence of PAH-related events (HR 4.7, 95% CI 2.12–

10.46, P < 0.001). Risk stratification at the time of PAH
diagnosis alone did not predict PAH-related events. How-
ever, when risk at diagnosis was combined with high or
low CCL21 level, there was a significant predictive effect
(HR 1.3, 95% CI 1.03–1.60 [P = 0.027]). A high CCL21
level was associated with decreased survival (P < 0.001).

Conclusion. CCL21 appears to be a promising
marker for predicting the risk of SSc-related PAH and
PAH progression. CCL21 may be part of a dysregu-
lated immune pathway linked to the development of
lung vascular damage in SSc.

Systemic sclerosis (SSc) is a complex autoimmune
disorder characterized by progressive fibrosis of the skin
and internal organs, vascular pathology, and distinct
autoantibodies in serum (1). Mortality is high, and precap-
illary pulmonary hypertension (PH) and interstitial lung
disease (ILD) are major causes (2–4). The 2 main forms of
PH in SSc are pulmonary arterial hypertension (PAH)
(World Health Organization [WHO] group 1) and PH sec-
ondary to ILD (WHO group 3 PH). It is important to dif-
ferentiate these forms, because SSc-related PAH may
respond to targeted PH therapies, particularly if treatment
is introduced at an early stage when vascular damage is not
too advanced, while SSc-related PH complicating ILD
(PH-ILD) is resistant to current therapies (5–8).

Unfortunately, the onset of PH in patients with
SSc is typically insidious, resulting in delayed diagnosis (9).
Multimodal screening by echocardiography, N-terminal
pro–brain natriuretic peptide (NT-proBNP) tests, and
pulmonary function tests (PFTs) may reduce diagnostic
delay (10–12), but this is an expensive strategy that pri-
marily detects established PH and does not differentiate
PAH from PH-ILD. Hence, there is an unmet need for
early and specific PAH (WHO group 1) markers in SSc
for early diagnosis.

Immune processes originating in the lungs appear
to drive the development of PAH (13), and various
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studies indicate that these immune processes may leave
distinct fingerprints in the systemic circulation (14–17).
A prime example is the high systemic level of chemo-
kine CXCL4 that was recently identified in SSc-related
PAH (16). Surprisingly, the CXCL4 level was also ele-
vated in patients in whom ILD was developing, indicat-
ing low specificity for PAH (16). The effects of age
were not assessed in the CXCL4 study. This was unfor-
tunate, because age is a risk factor for SSc-related PAH
(18,19) and appears to influence systemic chemokine
levels (20,21).

Data derived from murine models support the
notion of PAH as an immune-driven process and have
identified chemokine receptor CCR7 and its ligands
CCL19 and CCL21 as potential factors in PAH devel-
opment (22). This chemokine axis is essential for
directing naive T cells to dendritic cells in lymph nodes
but is also highly inducible in the periphery, with selec-
tive induction of CCL21 in lung tissue (23). Mice defi-
cient in CCR7 have perivascular lung inflammation and
develop PAH (24), and there are indications of dysreg-
ulated CCR7 and/or CCL21 in human PAH (25,26).
These observations are consistent with the notion that
CCL21 is a potent regulator of angiogenesis (27) and a
marker of vascular inflammation and damage in human
cardiovascular diseases (28,29).

We hypothesized that the CCR7–CCL19/CCL21
axis could be dysregulated in SSc-related PAH. To
approach this issue, we analyzed serum samples from a
large, prospective, well-characterized SSc cohort covering
the whole spectrum of disease severities, including com-
plete longitudinal data sets on PAH and ILD (30–32).
Follow-up analyses were performed in patients with idio-
pathic PAH, and the data were validated in an indepen-
dent cohort of patients with SSc-related PAH (33).

PATIENTS AND METHODS

Study cohorts. All included SSc patients from the unse-
lected, prospective Oslo University Hospital SSc cohort met the
American College of Rheumatology/European League Against
Rheumatism 2013 classification criteria for SSc (31) and had
serum samples and complete longitudinal data on cardiopul-
monary disease development available (as detailed below) (30).
As internal controls, we included serum samples from 12
patients with idiopathic PAH at the Department of Cardiology,
Oslo University Hospital and from 100 healthy blood donors.
All serum samples were collected in Nunc tubes (Thermo
Fisher), processed within 30 minutes, and stored according to
the Oslo University Hospital protocol. For validation, we
selected SSc patients with and those without PAH from the
prospective Lund University Hospital SSc cohort. All patients
selected from the Lund cohort met the inclusion criteria
described above. The study was conducted in compliance with

the Declaration of Helsinki and was approved by the Data Pro-
tection Authority in Norway (No.2006/119). Informed consent
was obtained from all included subjects.

Clinical parameters. Clinical data including SSc subset
(1), autoantibody status, smoking history, and vital status were
retrieved from the Oslo University Hospital and Lund University
Hospital SSc registries (34). Disease onset was defined as the
first non–Raynaud’s phenomenon manifestation of SSc, and dis-
ease duration was defined as the period from disease onset until
study end (June 2017) or time of death.

Serial assessments of ILD. Paired PFTs and high-
resolution computed tomography (HRCT) lung images from
baseline and the last available follow-up visit were analyzed
as previously described (30,32,35). Briefly, the extent of lung
fibrosis was expressed as the percentage of total lung vol-
ume, and PFTs were carried out according to the American
Thoracic Society/European Respiratory Society guidelines,
using an automated Vmax V6200 system (SensorMedics)
(30,36).

PH surveillance, diagnostic procedures, and PAH risk
stratification at diagnosis. Annual PH surveillance procedures
in the Oslo and Lund SSc cohorts include complete clinical
examination, echocardiography with estimated systolic pul-
monary artery pressure (PAP), PFTs, 6-minute walk test, and NT-
proBNP test. These data were retrieved for the baseline visit and
the last available assessment (follow-up). The threshold for refer-
ral for right-sided heart catheterization (RHC) is low, and the
indication is based on clinical suspicion of PH, typically due to
increasing or unexplained dyspnea, a significant decline in the
diffusing capacity for carbon monoxide (DLCO), increasing NT-
proBNP levels, and a systolic blood pressure of >40 mm Hg as
determined by echocardiography. In January 2014, the DETECT
algorithm was added to the Oslo University Hospital SSc proto-
col, and all patients with a DETECT score of >35 were referred
for RHC (37).

PH was diagnosed by RHC according to the European
Society of Cardiology (ESC) guidelines, using a Swan-Ganz pul-
monary artery thermodilution catheter (Baxter Healthcare)
(38,39). A follow-up RHC was conducted if it was clinically indi-
cated. Differentiation between SSc-related PAH (WHO group 1)
and PH-ILD (WHO group 3) was performed as previously
described (11), with SSc-related PAH defined as the presence of
precapillary PH and the absence of significant lung fibrosis (<10%
on HRCT) and forced vital capacity (FVC) of >70% of the pre-
dicted value at both baseline and follow-up, with other causes of
precapillary PH ruled out (6). Risk stratification at the time of
PAH diagnosis was performed using the low-risk, intermediate-
risk, and high-risk grouping system suggested in the 2015 ESC
guidelines (38). Patients with ≥1 measure of poor prognosis
were considered to be at high risk, and those with ≥1 measure
of intermediate prognosis were considered to be at intermedi-
ate risk. The composite outcome measure “PAH-related
events” was defined as previously described (40) and included
PAH progression, end-stage PAH, hospitalization for PAH
worsening, and all-cause mortality.

Chemokine enzyme-linked immunosorbent assay. Blood
samples from all patient populations (SSc, idiopathic PAH, and
controls) at Oslo University Hospital and Lund University
Hospital were obtained according to the same standardized pro-
cedures, and processing and storing of blood samples were simi-
lar in these cohorts. The European League Against Rheumatism
(EULAR)/EULAR Scleroderma Trial and Research
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recommendations for biobanking (41) were followed. Samples
were centrifuged at room temperature within 30 minutes, and
serum aliquots were stored at �70°C until assayed. Circulating
CCL19 and CCL21 were analyzed in all samples by enzyme
immunoassay (R&D Systems) using undiluted serum in all
included samples at Oslo University Hospital, and all samples
were measured in duplicate. The 100 healthy control samples
were drawn from blood bank donors. The Norwegian law for
blood donors is strict, allowing inclusion of only healthy individ-
uals without cardiovascular disease, immune deficiencies, any
chronic disease, or infection.

Statistical analysis. Analyses were performed using
IBM SPSS software version 22 and Stata version 14. Pearson’s
chi-square test, Fisher’s exact test, or t-test for independent sam-
ples was used as appropriate. For correlation analyses, Pearson‘s
or Kendall’s tau-b coefficients were applied as appropriate, and
Cohen’s criteria for correlation were applied (<0.3 = medium
correlation, and <0.5 = strong correlation). Cox regression analy-
ses with hazard ratios (HRs) and 95% confidence intervals
(95% CIs) were applied to analyze cardiopulmonary outcome
measures. The association, predictive value, and the prognosti-
cation of CCL21 in relation to PAH were evaluated by Cox
regression analyses. Independent risk factors from univariable
analyses with a significance level of 20%, along with all variables
of known clinical importance were included in the multivariable

Cox regression analysis. A manual backward stepwise elimina-
tion procedure was performed to identify independent risk fac-
tors for PAH (42). Multivariable analyses were preceded by an
estimation of the correlation between risk factors. To avoid mul-
ticollinearity between age at onset and CCL21 levels, separate
models including either CCL21 (model 1) or age at onset (model
2) were constructed and discriminated by the C index (values
>0.7 were considered acceptable). Cumulative survival rates
were computed using the Kaplan-Meier method, and signifi-
cance was determined by log rank test. Items with significant
effects on survival were entered into the Cox proportional haz-
ards model.

RESULTS

Serum levels of CCL21 in the SSc cohort and con-
trols. In total, 298 SSc patients from the prospective Oslo
University Hospital SSc cohort were included (Figure 1).
Demographics and clinical characteristics of the subjects
are shown in Table 1. The serum levels of CCL19 did not
differ between the groups (Figure 2A). The mean � SD
CCL21 levels in serum were higher in SSc patients (0.36

Figure 1. Flow chart of the included patients from the Oslo University Hospital and Lund University Hospital cohorts. Inclusion of all subjects
from the Oslo and Lund cohorts, the number of right-sided heart catheterizations (RHCs) conducted, and the frequency of pulmonary hyperten-
sion (PH), categorized according to World Health Organization (WHO) groups for PH, are shown. All included subjects had sera analyzed for
CCL21 (red bar) and all patients had available clinical data (yellow bar). Systemic sclerosis (SSc) patients with pulmonary arterial hypertension
(PAH) (dark pink–shaded box) were included in the association studies. Light pink–shaded box indicates predictive studies, and blue-shaded boxes
indicate prognotication studies. Echo = echocardiography; NT-proBNP = N-terminal pro–brain natriuretic peptide; PFT = pulmonary function test;
HRCT = high-resolution computed tomography; iPAH = idiopathic PAH. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40534/abstract.
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� 0.24 ng/ml) compared with those in 100 healthy con-
trols (0.18 � 0.06 ng/ml [P < 0.001]) (Figure 2B). CCL21
levels did not differ between patients with limited cuta-
neous SSc and patients with diffuse cutaneous SSc
(Figure 2C), across major SSc-related autoantibodies
(Figure 2D), or in patient with and those without SSc-
related ILD. In the Oslo cohort, the highest CCL21 levels
were in SSc patients with PAH (n = 41) followed by
patients with PH secondary to ILD (n = 25) (Figure 2E
and Table 1). The CCL19 level was not elevated in
patients with PAH. The finding of elevated CCL21 levels
in patients with SSc-related PAH was confirmed in an
independent cohort from Lund University Hospital (n =
28). CCL21 levels were similar in PAH patients from the
Oslo (n = 41) and Lund cohorts (n = 16) (Table 1). Addi-
tionally, elevated CCL21 levels were not observed in the
limited number of patients with idiopathic PAH (n = 12)
(Figure 2E).

A CCL21 level of ≥0.40 ng/ml (i.e., more than +2
SD of the mean level in healthy controls) was identified in
90 of 298 SSc patients in the Oslo cohort. These 90
patients were defined as the “CCL21 high” subset, while
the remaining 208 patients with a CCL21 level of <0.40
ng/ml were defined as the “CCL21 low” subset. Patients
in these 2 subsets were similar with regard to disease
duration but differed in age at disease onset and sex distri-
bution. We did not observe that use of immunosuppres-
sive drugs had any impact on the CCL21 analyses.

Absolute risk of cardiopulmonary disease in the
CCL21 high and CCL21 low subsets of SSc patients.
Among the 298 SSc patients from the Oslo cohort, 126
(43.3%) underwent at least 1 RHC during the

observation period and was diagnostic for PAH in 41 SSc
patients with WHO group 1 (PAH) and 25 with WHO
group 3 (PH-ILD) (Figure 1). Patients with WHO
groups 2, 4, and 5 (n = 13) were excluded from further
analyses. In the CCL21 high subset, we estimated the
absolute risk of developing PAH during the observation
period to be 33.3% (30 of 90 patients), while it was
5.3% (11 of 208 patients) in the CCL21 low subset.
Hence, as a stand-alone PAH test item in this unse-
lected SSc cohort, serum CCL21 showed 80% specificity
and 73% sensitivity.

Analyses of RHC parameters indicated more se-
vere PAH in the CCL21 high subset (Table 2), and further
analyses showed that the CCL21 level correlated with the
cardiac index (r = �0.28, P = 0.019), pulmonary vascular
resistance (r = 0.5, P = 0.004), and SvO2 (r = �0.34, P =
0.045). Consistent with the RHC data, we observed higher
baseline estimated systolic PAP and plasma NT-proBNP
levels in the CCL21 high subset (Table 2). Moreover, the
CCL21 high subset had lower DLCO values at baseline
compared with the low CCL21 subset (mean � SD 62.6 �
22.9 versus 70.6 � 20.8; P = 0.004) and an increased fre-
quency of a decrease in the DLCO of >15% per year (50 �
25.5% versus 35 � 39.8%; P = 0.015). CCL21 was also
correlated with the C-reactive protein (CRP) level (r =
0.4, P < 0.001) and the erythrocyte sedimentation rate
(ESR) (r = 0.4, P < 0.001). Parameters associated with
SSc-related ILD (baseline FVC, annual FVC deteriora-
tion, baseline extent of lung fibrosis, and annual progres-
sion of lung fibrosis) did not differ between the CCL21
high and CCL21 low subsets. The mean � SD time from
disease onset to PAH diagnosis was shorter in the CCL21

Table 1. Demographics, clinical characteristics, and CCL21 levels in patients from the Oslo University Hospital and Lund
University Hospital cohorts*

SSc-PH

Total,
Oslo

(n = 298)

PAH,
Oslo

(n = 41)

PAH,
Lund

(n = 16)

PH-ILD,
Oslo

(n = 25)

iPAH,
Oslo

(n = 12)

Age at onset, years† 56 � 13.9 66.8 � 8.2 68.6 � 10.3 59.5 � 10.2 40.3 � 14.5
Time from onset to PH, years NA 12.1 � 10.8 15.2 � 6.5 8.7 � 5.6 0 (0)
Time from serum sampling to PH, years NA �2.1 � 3.8 �2.6 � 0.7 �1.4 � 2.7 0.07 � 1.2
Male, no. (%) 55 (18.5) 9 (22) 2 (12.5) 9 (36) 2 (16.7)
Deceased, no. (%) 99 (31.6) 21 (51.2) 11 (68.8) 15 (60) 4 (33.3)
Diffuse cutaneous SSc, no. (%) 78 (26.2) 4 (9.8) 0 (0) 6 (24) NA
ACAs, no. (%) 127 (46.9) 25 (69.4) 8 (50) 5 (20) NA
mPAP at diagnosis, mm Hg NA 39.1 � 11.9 38.5 � 10.1 36.3 � 11.6 55.1 � 17.1
CCL21 at baseline, pg/ml 0.36 � 0.24 0.51 � 0.2 0.60 � 0.3 0.33 � 0.1 0.26 � 0.1

* None of the parameters were significantly different between patients with pulmonary arterial hypertension (PAH) in the
Oslo University Hospital and the Lund University Hospital cohorts. Except where indicated otherwise, values are the mean
� SD. SSc-PH = systemic sclerosis–related pulmonary hypertension; PH-ILD = PH-related interstitial lung disease; iPAH =
idiopathic PAH; NA = not applicable; ACAs = anticentromere antibodies; mPAP = mean pulmonary artery pressure.
† Defined as disease onset in the total cohort and PAH onset in all other cohorts.
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high subset than in the CCL21 low subset (6.8 � 7.1 years
versus 15.4 � 16.3 years; P = 0.04).

Associations between CCL21 and PAH in SSc. For
these analyses, we included all patients in the Oslo and
Lund cohorts who had undergone an RHC procedure. In
57 patients (41 from the Oslo cohort and 16 from the
Lund cohort), PAH was diagnosed during the observation
period (Figure 1). Univariable Cox regression analyses
showed that CCL21 was associated with PAH (HR 3.3,
95% CI 1.81–5.97 [P < 0.001]) and age at onset (HR 1.12,
95% CI 1.08–1.15 [P < 0.001]). There was a significant
correlation between CCL21 and age at onset (r = 0.4, P <
0.001), and 2 separate multivariable models were chosen

to avoid multicollinearity (1 including CCL21 and 1
including age). C-index analyses of the 2 models showed
superiority of the model that included CCL21 (model 1)
compared with the model including age at onset (model
2) (C index 0.89 and 0.84, respectively). In the superior
multivariable model, we observed that CCL21, anticen-
tromere antibodies (ACAs), systolic PAP by echocardiog-
raphy, and DLCO were independently associated with
PAH (Table 3).

CCL21 and prediction of PAH development in the
SSc cohort. To estimate the predictive value of CCL21 for
development of PAH, we analyzed data for patients in
whom the serum samples used for CCL21 analyses had

Figure 2. A and B, CCL19 levels (A) and CCL21 levels (B) in healthy control subjects and patients with SSc from the Oslo University Hospital
cohort. Horizontal lines show the mean. C, CCL21 levels in SSc patients categorized as having diffuse cutaneous SSc or limited cutaneous SSc. D,
CCL21 levels stratified by positivity for anticentromere (anti-CENP), anti–topoisomerase I (anti–topo I), and anti–RNAP III (anti-RNAP) antibo-
dies. E, CCL21 levels in healthy control subjects, patients with SSc, patients with SSc-related PAH (SSc-PAH), patients with PH-related interstitial
lung disease (PH-ILD), and patients with iPAH. In C–E, 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. The circle represents an
outlier. See Figure 1 for other definitions.
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been obtained >6 months prior to RHC, before PAH was
diagnosed in the patients. Such pre-PAH samples were
available for 40 patients (Figure 1). The clinical charac-
teristics of the 40 patients with pre-PAH samples did not
differ from those of the 17 other Oslo/Lund cohort
patients with SSc-related PAH. Again, due to strong
collinearity between CCL21 and age at onset, we used 2
models to avoid multicollinearity and found that the
model that included CCL21 (model 1) was superior to

model 2 (C index 0.89 and 0.82, respectively). Using this
model, we showed that factors independently predicting
PAH were CCL21, ACAs, systolic PAP, and DLCO

(Table 3).
Utility of CCL21 for predicting PAH in patients

with SSc. The value of CCL21 for predicting PAH-related
events was assessed in the 41 patients with SSc-related
PAH from the Oslo University Hospital cohort. At the
time of PAH diagnosis, 12 of these 41 patients (29%)
belonged to the low-risk subgroup, as defined by the 2015
ESC guidelines, while 32% had an intermediate risk and
39% had a high risk. CCL21 levels were significantly
higher in the high-risk group compared with the interme-
diate- and low-risk subgroups (P < 0.001). During the
observation period, 28 (68%) of 41 patients developed a
PAH-related composite event. In univariable analyses,
baseline variables associated with the development of a
PAH event were CCL21 (HR 4.7, 95% CI 2.12–10.46 [P <
0.001]), syncope (HR 5.9, 95% CI 1.59–21.53 [P = 0.008]),
New York Heart Association functional class (43) (HR
2.3, 95% CI 1.17–4.46 [P = 0.016]), age at onset (HR 1.12,
95% CI 1.08–1.16 [P < 0.001]), and SvO2 (HR 0.95, 95%
CI 0.91–0.99 [P = 0.025]). Due to high intervariable corre-
lations, no further multivariable analyses were performed.
None of the 3 risk groups (low, intermediate, and high)
predicted the development of PAH-related events (HR
1.6, 95% CI 0.99–2.50 [P = 0.055]). However, when risk at
diagnosis was combined with high or low CCL21 levels,

Table 2. Risk of cardiopulmonary disease in the low CCL21 and high CCL21 subsets of patients in the Oslo
University Hospital SSc cohort*

Total
cohort

(n = 298)

Low
CCL21
(n = 208)

High
CCL21
(n = 90) P†

Right-sided heart catheterization
Diagnostic for PAH, no. (%) 41 (13.8) 11 (5.3) 30 (33.3) <0.001
Baseline mPAP, mm Hg 37.8 � 11.4 35.9 � 12.2 38.2 � 10.2 0.499
Follow-up mPAP, mm Hg‡ 36.2 � 11.9 29.0 � 10.4 40.3 � 11.0 0.020
Baseline cardiac index, liters/minute/m2 2.7 � 0.83 3.2 � 1.0 2.5 � 0.66 0.029
Follow-up cardiac index, liters/minute/m2‡ 3.0 � 0.87 3.5 � 0.99 2.7 � 0.71 0.049
Baseline PVR, Wood units 2.2 � 1.9 5.3 � 3.2 7.5 � 4.5 0.147
Follow-up PVR, Wood units‡ 4.8 � 3.4 3.2 � 2.0 6.5 � 3.9 0.005

Estimated systolic PAP by echocardiography, mm Hg
Baseline 27.7 � 19.2 33.6 � 19.1 56.6 � 34.3 0.043
Follow-up 34.9 � 35.0 55.2 � 25.5 69.3 � 29.1 0.162

Serum NT-proBNP, pmoles/liter
Baseline 73.5 � 304.4 26.7 � 36.6 128.3 � 172.7 0.004
Follow-up 201.5 � 576.9 58.0 � 101.7 348.7 � 398.1 0.001

Cardiovascular events
Myocardial infarction, no. (%) 3 (7.3) 2 (1.0) 1 (1.1) 0.681
Angina pectoris, no. (%) 4 (9.8) 1 (0.5) 3 (3.3) 0.190

* Except where indicated otherwise, values are the mean � SD. SSc = systemic sclerosis; PAH = pulmonary
arterial hypertension; mPAP = mean pulmonary artery pressure; PVR = pulmonary vascular resistance; NT-
proBNP = N-terminal pro–brain natriuretic peptide.
† Low CCL21 versus high CCL21.
‡ Measured in 25 patients in the low CCL21 subset and 16 patients in the high CCL21 subset.

Table 3. CCL21 and other variables associated with PAH and
predictive of PAH*

Variable

Associated with PAH Predictive of PAH

HR (95% CI) P HR (95% CI) P

CCL21 5.1 (2.39–10.76) <0.001 3.3 (1.52–7.10) 0.003
ACAs 2.6 (1.40–4.67) 0.002 2.9 (1.38–6.14) 0.005
Systolic PAP 1.02 (1.01–1.03) <0.001 1.02 (1.01–1.03) 0.002
DLCO, %
predicted

0.98 (0.96–0.99) 0.010 0.97 (0.95–0.99) 0.001

* Adjusted multivariable Cox regression analyses included all patients
with systemic sclerosis in the Oslo University Hospital and Lund
University Hospital cohorts who had pulmonary arterial hypertension
(PAH) diagnosed by right-sided heart catheterization and for whom
data on CCL21 were available (n = 57). The model used for the pre-
diction of PAH development included 40 patients in whom the serum
samples used for the CCL21 analysis had been obtained >6 months
before the diagnosis of PAH (i.e., pre-PAH serum samples). HR =
hazard ratio; 95% CI = 95% confidence interval; ACAs = anticen-
tromere antibodies; PAP = pulmonary artery pressure (by echocardio-
graphy); DLCO = diffusing capacity for carbon monoxide.
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resulting in 6 risk groups, the predictive value was signifi-
cant (HR 1.3, 95% CI 1.03–1.60 [P = 0.027]).

Follow-up RHC was performed in 26 (63.4%) of
41 patients. Analyses of serial RHC demonstrated that
an increase in the mean pulmonary artery pressure from
diagnosis to follow-up differed between the CCL21 high
and CCL21 low subsets (9.1 mm Hg versus 1.6 mm Hg;
P = 0.031). PAH treatment did not differ between the
CCL21 high and CCL21 low subsets (data not shown).

Longitudinal assessment of CCL21 in the Oslo
and Lund cohorts. At least 2 serum samples obtained at
different time points (>12 months apart) were available
for 126 (38.7%) of 326 SSc patients from the combined
(Oslo and Lund) cohort. Analyses of these paired samples
showed that the serum levels of CCL21 were stable across
time in the vast majority of patients (Figure 3A). The
cohort of 126 SSc patients with available serial serum
samples included 20 patients in whom the first serum
sample had been drawn at a time point before PAH was
diagnosed by RHC (pre-PAH sample), while the last sam-
ple was drawn after PAH was diagnosed (post-PAH sam-
ple) (Figure 3B). Combined analyses of these pre-PAH
and post-PAH samples showed that the level of CCL21
was elevated prior to PAH diagnosis and remained stably
elevated over time, even after initiation of PAH treatment
(Figure 3B).

High CCL21 level and survival in SSc. Eighty-
seven (29%) of 298 patients in the Oslo University Hospi-
tal SSc cohort and 16 (57%) of 28 patients in the Lund
University Hospital SSc cohort died during the observa-
tion period; no causes of deaths were available. Patients
with high CCL21 levels had reduced 5-year and 10-year
cumulative survival compared with patients with low
CCL21 levels (87% and 71% versus 96% and 91%,
respectively [P < 0.001 by log rank test]). CCL21 (HR 2.1,
95% CI 1.21–3.70 [P = 0.008]) and age at onset (HR 1.1
95% CI 1.07–1.11 [P < 0.001]) were associated with mor-
tality in univariate Cox proportional hazard analyses of
the combined cohorts. We found that the model that
included age (model 2) was superior to the model that
included CCL21 (model 1) (C index 0.84 and 0.88, respec-
tively).

DISCUSSION

There is an unmet need for biomarkers that allow
for earlier detection of precapillary PH in patients with
SSc. Here, we present data indicating the potential of
CCL21 as a serum marker associated with early precapil-
lary PH, with the strongest association with PAH, the pre-
dictive value for development of PAH, and progression of
PAH. This observation may have implications for clinical
practice, and it should contribute to new hypotheses
about the immune mechanisms operative in SSc-
associated cardiopulmonary involvement that certainly
could include CCL21–CCR7 interactions.

From a clinical point of view, we believe that the
observed ability of CCL21 to predict PAH development
is of key importance. The results of the current study
suggest that a high CCL21 level in patients with SSc is
specific for PAH and could be integrated with other

Figure 3. Serial measurements of CCL21. A, Serial measurements of
CCL21 in serum samples obtained at different time points (>12
months apart) from 126 patients with SSc. Broken red line indicates
the cutoff value. B, Serial measurements of CCL21 in serum samples
obtained at different time points (>2 months apart) from 20 SSc
patients in whom PAH was diagnosed. Lines connect the data points
for each patient. Each symbol represents a different patient. See Fig-
ure 1 for definitions. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40534/abstract.
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known risk factors such as age, sex, the FVC:DLCO

ratio, and ACA status in an improved algorithm for ear-
lier detection and diagnosis of PAH (9,18). The serial
sample analyses showed that serum levels of CCL21
were elevated prior to the diagnosis of PAH, indicating
that the CCL21 level may be useful as a marker used to
predict the development of PAH, but validation studies
in independent cohorts, and prospective studies in unse-
lected patient cohorts, with repeat serum samplings
from disease onset and onward, are required to fully
elucidate its predictive value in SSc. Additionally, our
findings indicate that the CCL21 level may be helpful in
risk stratification at the time of PAH diagnosis, thereby
aiding decisions regarding treatment.

Earlier studies of SSc-related PH, including
DETECT, focused on PH markers, such as echocardio-
graphic right-sided heart strain measures and NT-
proBNP (10,11). Those studies provided valuable infor-
mation but were designed to detect established PH and
did not differentiate between the 2 major subtypes of
SSc-related PH. Because of these limitations, there is
an ongoing search for new markers linked to the patho-
genesis of SSc-related PH. With the critical role of
immune genes in SSc (44), and the body of evidence
linking aberrant immune activation to PH development
(14), the focus has been on markers with established or
presumed immunologic functions. In 2014, van Bon
et al reported that the CXCL4 level in plasma was
highly elevated in patients with early diffuse cutaneous
SSc and predicted the development of SSc-associated
ILD and PAH (16). This report of an association with
both ILD and PAH contrasts with the findings in the
current study, in which we concluded, based on com-
plete longitudinal data sets (i.e., paired PFTs and lung
HRCTs) that CCL21 was not associated with ILD.
Thus, it is likely that CXCL4 and CCL21 mark differ-
ent immune pathways related to SSc-related PAH.
Because most studies of potential SSc-related PAH
markers have not included ILD analyses, we do not
know whether the CCL21 level is unique as a selective
PAH marker (15,17,45,46).

Interestingly, we observed that CCL21 levels
were lower in patients with idiopathic PAH compared
with those in patients with SSc-related PAH, indirectly
supporting the notion that the mechanisms behind
these PAH forms may differ (47). These data should,
however, be cautiously interpreted, because the number
of cases of idiopathic PAH was low. Moreover, the patients
with idiopathic PAH were younger than the patients with
SSc-related PAH.

Due to the links between CCR7–CCL21 and vascu-
lar inflammation, it is tempting to speculate that CCL21

could mark pathways linked to angiogenesis, inflamma-
tion, and vascular damage. This notion is supported by the
staining pattern of SSc-related PAH we observed (data not
shown), which indicated that CCL21, expressed on
endothelial cells, could recruit CCR7-positive mononu-
clear cells to the vascular wall and induce inflammation.
This concept was also supported by the fact that CCL21
was correlated with the CRP level and the ESR, both of
which are mononuclear cell markers.

In contrast to other immune-mediated systemic
diseases, SSc is more severe in patients with an older age
at disease onset (1). This is also true for SSc-related
PAH, in which older age at onset is a negative prognostic
factor (9). In the current study, we observed an age-
dependent increase in CCL21 levels in both patients with
SSc and controls. Studies of age-associated immune dys-
regulation indicated that this age effect was physiologic
(20,21,48), but because it occurred in a setting in which
there was a clear impact of age, we needed expert statis-
tical advice to handle it correctly. The favored solution
was to apply separate models for CCL21 and age at
onset (see Patients and Methods).

We observed that high CCL21 levels were asso-
ciated with reduced survival but appeared to have less
influence on mortality compared with age at onset. This
minor impact of CCL21 on mortality probably reflects
that PAH, even though it is an important mortality risk
factor, accounts for only 12% of all SSc deaths in
Norway (3).

The current study has major strengths. First, it was
performed in a large SSc cohort with complete longitudinal
data sets for ILD and PH/PAH, and serial serum samples
were available for one-third of the patients. Second, the
study included control populations and a replication
cohort with comparable SSc characteristics. Third, due to
the unique personal identification numbers in Norway and
the official mortality statistics, we had no “loss to follow-
up.” The most important limitations were interindividual
variations in disease duration and observational length,
which were attributable to the cohort study design in which
patients are included consecutively and then followed up
annually. Also, the controls and SSc patients were not com-
pletely matched for age and sex. This may have had aminor
effect on the cutoff value used to define the high CCL21
and low CCL21 subsets but had no impact on the data
regarding PAH. Finally, the blood samples from the Oslo
and Lund cohorts were obtained at 2 different sites, which
could possibly influence the chemokine levels.

In conclusion, our results indicate that CCL21 has
promise for predicting the risk of pulmonary vascular dis-
ease associated with SSc. The data also indicate that
CCL21 may be part of a dysregulated immune pathway
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that is operative in SSc and may be linked to the develop-
ment of lung vascular damage. Further clinical and mech-
anistic studies are warranted to elucidate the roles of the
CCR7–CCL21 axis in SSc.
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Objective. Whole-exome sequencing (WES) studies
in systemic sclerosis (SSc) patients of European American
(EA) ancestry have identified variants in the ATP8B4 gene
and enrichment of variants in genes in the extracellular
matrix (ECM)–related pathway that increase SSc suscep-
tibility. This study was undertaken to evaluate the associa-
tion of the ATP8B4 gene and the ECM-related pathway
with SSc in a cohort of African American (AA) patients.

Methods. SSc patients of AA ancestry were enrolled
from 23 academic centers across the US under the Genome
Research in African American Scleroderma Patients con-
sortium. Unrelated AA individuals without serologic evi-
dence of autoimmunity who were enrolled in the Howard
University Family Study were used as unaffected controls.
Functional variants in genes reported in the 2 WES studies
in EA patients with SSc were selected for gene association
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testing using the optimized sequence kernel association test
(SKAT-O) and pathway analysis by Ingenuity Pathway
Analysis in 379 patients and 411 controls.

Results. Principal components analysis demon-
strated that the patients and controls had similar ances-
tral backgrounds, with roughly equal proportions of mean
European admixture. Using SKAT-O, we examined the
association of individual genes that were previously re-
ported in EA patients and none remained significant,
including ATP8B4 (P = 0.98). However, we confirmed the
previously reported association of the ECM-related path-
way with enrichment of variants within the COL13A1,
COL18A1, COL22A1, COL4A3, COL4A4, COL5A2, PROK1,
and SERPINE1 genes (corrected P = 1.953 10�4).

Conclusion. In the largest genetic study in AA
patients with SSc to date, our findings corroborate the role
of functional variants that aggregate in a fibrotic pathway
and increase SSc susceptibility.

Systemic sclerosis (SSc; scleroderma) is a chronic
multisystem disease, characterized by fibrosis of the skin
and internal organs, systemic vasculopathy, and autoimmu-
nity. Compared with individuals of European American
(EA) ancestry, African Americans (AA) in the US have a
higher incidence and prevalence of SSc (1). SSc occurs at
an earlier age in persons of AA descent compared to EA
and is more likely to be manifested as diffuse skin involve-
ment and the presence of anti–topoisomerase I or

antifibrillarin antibodies—features that are associated with
severe disease and a worse outcome (2). AA individuals
are more likely to develop severe interstitial lung disease
(ILD) or pulmonary arterial hypertension. This lung dis-
ease accounts for the major overall SSc-related deaths in
all racial groups (3).

The etiology of SSc is unknown, but several environ-
mental agents and genetic variants have been implicated. A
strong role of genetic etiologic factors has been suggested
by family studies in SSc, which have demonstrated an abso-
lute risk of 1.6% in families as compared to 0.026% in the
general population (4). Candidate gene, family-based, and
genome-wide association studies (GWAS) investigating
common variants, that have been conducted mostly in EA
patients with SSc, have revealed autoimmune disease sus-
ceptibility loci that are not unique to SSc (5). These studies
focused on common variants that have been able to only
partially account for SSc heritability. Rare variants (minor
allele frequency [MAF] <0.5%) and low-frequency variants
(MAF 0.5–5%) have recently been implicated in several
diseases and could account for a portion of the missing data
on SSc heritability.

Recent reports suggest an increased burden of rare
coding variants in genes and pathways of complex diseases
beyond the common variants identified by GWAS (6,7).
Various techniques used to identify genes with aggrega-
tion of deleterious variants include candidate gene Sanger
sequencing for a hypothesis-driven approach. Next gen-
eration sequencing platforms, including whole-exome
sequencing (WES) and whole-genome sequencing, pro-
vide hypothesis-neutral approaches. Gao et al (6) recently
performed WES in 78 EA patients with SSc and found an
enrichment in functional ATP8B4 variants as compared to
controls (P = 2.77 9 10–7). Furthermore, a single missense
variant (rs55687265) was associated with SSc (P = 9.35 9

10–10), and when this variant was removed, the ATP8B4
gene–based association was eliminated. Mak et al (7) per-
formed WES in 32 EA patients with SSc, identifying 70
genes enriched for deleterious variants in the diffuse SSc
subset; they reported significant enrichment of variants
in the COL4A3, COL4A4, COL5A2, COL13A1, and
COL22A1 genes in the extracellular matrix (ECM)–
related pathway (P = 0.002). Given the potential impor-
tance of the findings of these prior smaller WES studies
in EA patients with SSc, we investigated their significance
in a larger cohort of AA patients with SSc by performing
WES gene and pathway-based association testing.

Our understanding of genetic susceptibility in AA
patients with SSc is limited and restricted to HLA anti-
gens, due to the lack of extensive studies in the AA pop-
ulation (8). The Genome Research in African American
Scleroderma Patients (GRASP) consortium was created
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to assemble a large cohort of AA patients with SSc in
order to conduct systematic and comprehensive genetic
studies. Within the cohort, 400 AA patients with SSc
and 482 controls have undergone WES, and studies of
select genes from the WES analysis are being replicated
in an independent series for confirmation. Herein we
present the results of our analyses for gene-level associa-
tions and pathway associations in genes that were previ-
ously reported in WES studies of 76 EA patients with
SSc by Gao et al and 32 EA patients with SSc by Mak
et al (6,7). We replicated a collective enrichment of cod-
ing and deleterious variants in genes of the fibrotic path-
way in AA patients with SSc.

PATIENTS AND METHODS

Study population. AA patients with SSc were enrolled in
the GRASP consortium from 23 academic centers in the US (see
Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40541/
abstract). Enrolled patients self-identified as African American.
All patients met the 1980 American College of Rheumatology
(ACR) or the 2013 ACR/European League Against Rheumatism
classification criteria for SSc (9,10) or had at least 3 of the 5 fea-
tures of CREST syndrome (calcinosis, Raynaud’s phenomenon,
esophageal dysmotility, sclerodactyly, telangiectasias) (11). Con-
trol samples were obtained from the Howard University Family
Study, a population-based study of AA families and unrelated
individuals enrolled in the Washington, DC metropolitan area
(12). Only unrelated individuals were included as controls. Sera
obtained from controls were tested for antinuclear antibodies
(ANAs) by indirect immunofluorescence, and only those with a
titer of <1:80 were included in this study. DNA was extracted
from samples of whole blood or saliva.

Sequence analysis. WES was performed on 400 SSc
and 482 control samples using SeqCap EZ Human Exome +
UTR Probes (Roche), and libraries were sequenced on the
HiSeq 2000 platform (Illumina) using 2 9 100-bp paired-end
reads. WES data were analyzed using the computational
resources of the NIH high-performance computing Biowulf
cluster (http://hpc.nih.gov). Multiple variant and sample quality
control filters were used prior to analyses (see Supplementary
Methods, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40541). The
sequence data shown in this study are accessible from the
Sequence Read Archive under the accession number SRP140756.

Identity by descent, admixture, and principal compo-
nents analyses. Identity by descent analysis was performed using
common variants (MAF >5%) from the sequence data after
linkage disequilibrium (LD) pruning (r2 <0.5) for estimating kin-
ship coefficients. In order to remove familial relatedness, only 1
sample with the highest call rate was included from individuals
with pi-hat >0.085. We used the ADMIXTURE software tool
(13) and the 1000 Genomes populations as references for esti-
mation of population admixture in our patients and controls.
Principal components analysis (PCA) was used to estimate
population stratification. A set of 35,280 markers (LD pruned
[r2 <0.5] and MAF >5%) was used to compute principal compo-
nents and the top ten principal component eigenvalues were

used to correct for population stratification using SNP & Varia-
tion Suite v8.7.1 (Golden Helix). Samples that clustered within
the European cluster were removed from the analysis.

Statistical analysis. Gene-level testing was performed
using an optimized sequence kernel association test (SKAT-O)
with Madsen and Browning marker weighting and was corrected
for ancestry using the top 10 principal components. Functional
variants (missense, nonsense, and splice site) with a MAF of
<0.05 present on 20 candidate genes as reported by Gao et al
(6), and functional variants of all frequencies present on 87
genes from the diffuse disease and ILD subsets of SSc patients
analyzed by Mak et al (7) were examined for association in the
GRASP cohort (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40541/abstract). In order to account for
multiple gene testing, Bonferroni correction was applied for the
total number of tests performed. This included 20 tests for the
Gao et al study and 87 for the Mak et al study, which yielded
P value significance thresholds of 0.0025 and 0.00057, respec-
tively (6,7). Ingenuity Pathway Analysis (IPA) software was used
to identify canonical pathways with all of the reported genes in
the studies by Gao and colleagues and Mak and colleagues.
P values for pathways were generated using Fisher’s right-tailed
exact test and were corrected for multiple testing using the
Benjamini-Hochberg false discovery rate criterion.

RESULTS

Patient characteristics. A few controls (2.17%)
were ANA+ (titer ≥1:80) and were excluded from the
study. As we had hypothesized, there were more female
subjects in the SSc cohort as compared to the control
cohort (Table 1). Detailed sociodemographic, clinical, and
serologic characteristics of the GRASP cohort have been
reported by Morgan et al (11). In order to address popula-
tion stratification, we performed PCA and plots showed
that the patients and controls in the GRASP cohort were
well-matched and that there was no major stratification at
a global genomic level (Figure 1 and Supplementary

Table 1. Clinical and serologic characteristics of the African American
patients with SSc and healthy controls*

SSc patients
(n = 379)

Healthy controls
(n = 411)

Sex, male/female 64 (16.9)/315 (83.1) 217 (52.8)/194 (47.2)
SSc skin involvement
Limited 166 (43.8) –
Diffuse 188 (49.6) –

Autoantibodies
Anticentromere 44 (11.6) –
Anti–topoisomerase I 107 (28.2) –

Pulmonary arterial
hypertension

73 (19.3)† –

Interstitial lung disease 114 (30.1)‡ –

* Values are the number (%) of patients with systemic sclerosis (SSc)
and unaffected controls.
† Data are based on right-sided heart catheterization.
‡ Data are based on computed tomography of the chest.
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Figures 2 and 3, available at http://online.library.wiley.
com/doi/10.1002/art.40541/abstract).

Results of sequence analysis. A total of 400 SSc
and 482 control exomes were sequenced using the same
platform and were analyzed simultaneously. After
filtration for quality control, 379 SSc cases and 411 con-
trols remained and were used for further analysis (see
Supplementary Methods, available at http://online.library.
wiley.com/doi/10.1002/art.40541/abstract). An average of
90% of targeted bases produced high-confidence calls,
and mean depth of coverage was 479 in the targeted
region. The transition-to-transversion ratio for the coding
region was 3.29, and the ratio for heterozygous-to-
nonreference homozygous variants was 2.6.

PCA was performed for fine characterization of
genetic ancestry. A 3-dimensional PCA plot depicted the
AA patients to be spread between the West African and
European clusters based on their degree of European
admixture (Figures 1A and B, and Supplementary Fig-
ures 2 and 3, http://online.library.wiley.com/doi/10.1002/
art.40541/abstract). The GRASP samples were closer to
the West African cluster and distinct from the East Afri-
can cluster, confirming West Africa as the main ancestral
home of the AA patients. The admixture proportions in
GRASP samples were similar to those in AA persons in
the 1000 Genomes Project (Americans of African Ances-
try in southwestern US), with major contributions from
West African and European ancestries and a minor

Figure 1. A and B, Three-dimensional principal components analysis (PCA) plots of the 1000 Genomes populations (A) and the 1000 Genomes
populations along with the systemic sclerosis (SSc) patients and controls from the present study (B). Each dot represents an individual subject.
Patients with SSc (red), controls (blue), Americans of admixture (Colombians from Medellin, Colombia [CLM], subjects of Mexican Ancestry from
Los Angeles, California [MXL], and Puerto Ricans from Puerto Rico [PUR]) (gold), African Americans (light blue), East Africans (Luhya in
Webuye, Kenya [LWK]) (orange), East Asians (Han Chinese in Beijing [CHB], Southern Han Chinese [CHS], and Japanese in Tokyo, Japan
[JPT]) (purple), Europeans (Utah Residents of North and Western Europe ancestry [CEU], Finnish in Finland [FIN], British in England and Scot-
land [GBR], Iberian population in Spain [IBS], and Toscani in Italy [TSI]) (black), and West Africans (Yoruba in Ibadan, Nigeria [YRI]) (light
green) are shown. C, Admixture plot of the 1000 Genomes populations along with the SSc patients and controls from the present study. Each indi-
vidual subject is represented as a vertical bar. The y-axis depicts contributions from African (green), European (blue), Asian (red), and Hispanic
ancestries. The results in cases and controls are similar to each other and similar to those in the Americans of African Ancestry in southwestern
US (ASW) group from the 1000 Genomes project. D, Three-dimensional PCA with the top 3 principal components. Each dot represents an indi-
vidual subject. Patients with SSc (red) and controls (blue) are shown.
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contribution from Asian ancestry, likely representing
Native American admixture (Figure 1C). The mean �
SD individual European admixture was 16.98 � 12.4%
in the SSc samples and 16.52 � 11.7% in controls, and
the difference was not statistically significant (P = 0.59,
by t-test) (see Supplementary Figure 4, available at http://
online.library.wiley.com/doi/10.1002/art.40541/abstract).
The PCA plot also confirmed that the patients and
controls were very ancestrally similar to each other
(Figure 1D).

Gene-level analysis. All variants in the 20 genes, as
described in the report by Gao and colleagues (6), were
included for gene-level testing by SKAT-O with the top 10
principal components as covariates. The ATP8B4 gene-level
association reported in EA patients did not reach statistical
significance in the GRASP cohort (P = 0.98) (see Supple-
mentary Tables 2 and 3, available at http://online.library.
wiley.com/doi/10.1002/art.40541/abstract). A missense vari-
ant (rs55687265), which was found to be the primary signal
for association in the ATP8B4 gene in the study by Gao
et al (6), had similar frequency in the SSc patients and con-
trols and was not statistically significant in the GRASP
cohort (P = 0.84) (Supplementary Table 4, http://online.
library.wiley.com/doi/10.1002/art.40541/abstract).

The 87 unique genes that were identified in the
study by Mak and colleagues (7) were evaluated in the
GRASP cohort by SKAT-O. For the COL4A4 gene,
the P value was 0.038, but this did not remain significant
after correction for multiple testing (see Supplementary
Table 5, available at http://online.library.wiley.com/doi/10.
1002/art.40541/abstract). Upon examining the subset of SSc
patients with diffuse disease, we discovered the MSR1 gene
(P = 0.01), and when evaluating the subset of SSc patients
with ILD we identified the ZNF492 gene (P = 0.01), the
FOLR3 gene (P = 0.03), and the STAB1 gene (P = 0.04).
After correction for multiple testing, however, these associa-
tions were not statistically significant (see Supplementary
Tables 6 and 7, available at http://online.library.wiley.com/
doi/10.1002/art.40541/abstract). The growth differentiation
factor 2 gene (GDF-2) was reported by Mak et al to have a
potential enrichment of variants by burden ratio (7) and was
significant with an uncorrected P value of 0.00029 in the
study by Gao et al (6). In the GRASP cohort this gene ini-
tially showed significance (uncorrected P = 0.04), but it did
not remain significant after correction for multiple testing
(see Supplementary Table 2, available at http://online.library.
wiley.com/doi/10.1002/art.40541/abstract).

Pathway-based analysis. IPA was used to predict
pathways enriched with gene variants. Gene-level associa-
tion results from the SKAT-O analysis of the 20 genes
from the study by Gao et al and the 87 genes from the
study by Mak et al (6,7), in all SSc patients, were used for

pathway prediction. None of the pathways that were pre-
dicted based on the gene list from the study by Gao and
colleagues were statistically significant after correction for
multiple testing. The hepatic fibrosis/hepatic stellate cell
activation pathway, identified with IPA based on the gene
list in the study by Mak and colleagues, comprised not
only the COL13A1, COL22A1, COL4A3, COL4A4, and
COL5A2 genes, but additionally included the COL18A1,
PROK1, and SERPINE1 genes belonging to the same
pathway (see Supplementary Table 8, available at http://
online.library.wiley.com/doi/10.1002/art.40541/abstract).
In the GRASP cohort, this was the only pathway that was
statistically significant after correction for multiple testing
(corrected P = 1.95 9 10–4) (Table 2). After correction
for multiple testing, the hepatic fibrosis/hepatic stellate
cell activation pathway was the only significant pathway in
the subset of SSc patients with diffuse disease (Table 2).

DISCUSSION

In this large cohort of AA patients with SSc, we
examined the 20 candidate genes as identified by Gao
et al and the 87 candidate genes as identified by Mak
et al in their recent WES studies of EA patients with SSc
(6,7). Despite having a much larger sample size than these
original studies, we were unable to replicate the ATP8B4
gene association or the rs55687265 variant in the ATP8B4
gene in the present study. We were, however, able to
replicate the association with the ECM-related pathway,
but found no additional associations.

Table 2. Pathway analysis of the candidate genes in the GRASP cohort*

Ingenuity pathway P† Corrected P‡

All SSc patients versus controls
Hepatic fibrosis/hepatic stellate
cell activation

2.09 9 10–6 1.95 9 10–4

Melatonin degradation III 0.005 0.22
Coagulation system 0.01 0.29
Complement system 0.01 0.29
Atherosclerosis signaling 0.02 0.34

Diffuse SSc subset of patients
versus controls

Hepatic fibrosis/hepatic stellate
cell activation

2.27 9 10–6 2.14 9 10–4

Melatonin degradation III 0.005 0.22
Coagulation system 0.01 0.29
Complement system 0.01 0.29
Atherosclerosis signaling 0.02 0.36

* Data depict the top 5 pathways and results from the optimized se-
quence kernel association test of the 87 genes (from the study by Mak
et al [7]) in all patients with systemic sclerosis (SSc) and in the diffuse
SSc patient subset. The Ingenuity Pathway Analysis program was used
for predicting pathways. GRASP = Genome Research in African Ameri-
can Scleroderma Patients.
† By Fisher’s right-tailed exact test.
‡ Corrected for multiple testing using the Benjamini-Hochberg
correction.
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One of the greatest accomplishments achieved as
a result of this investigation is the establishment of the
GRASP cohort, which comprised a large sample of AA
patients with SSc and controls with similar ancestral back-
grounds. The GRASP cohort will serve as a valuable
resource for future transethnic genomic studies in SSc.

Based on the genes reported as candidates for asso-
ciation in the study by Mak et al (7), pathway analysis in
the GRASP cohort highlighted a fibrotic pathway that had
enrichment of genes with functional variants involved in
ECM biology. The gene list included several genes in the
collagen family and genes involved in fibrinolysis and
angiogenesis. The clustering of these genes into a fibrosis
network corresponds to the excessive synthesis and deposi-
tion of ECM proteins observed in SSc and, thus, could be
a potential candidate for targeted therapy. The GDF2
gene (also known as bone morphogenetic protein 9) that
was evaluated in the present study and identified in the
studies by Gao et al and Mak et al (6,7) did not reach sta-
tistical significance after correction for multiple testing,
but remains an interesting candidate gene involved in
modulation of the ECM.

In the GRASP cohort, the ancestries of AA pa-
tients as well as the controls were primarily derived from
West Africa, and on average the AA patients and controls
had similar proportions of African, European, and Asian
(likely Native American) descent. The patients and con-
trols were recruited from different geographic locations in
the US and, using PCA and the ADMIXTURE software
tool, we were able to demonstrate that there was no major
population stratification between the patients and controls.

Ancestry-specific associations have previously been
identified in complex diseases. Similar to the PADI4 gene
association in Asians and the PTPN22 gene association in
Europeans with rheumatoid arthritis, it may be the case
that there are differences in SSc susceptibility loci in dif-
ferent ancestral populations (14). The admixture of the
AA population is a recent event in human admixture his-
tory and, as we have demonstrated, contains varying
amounts of European and Asian ancestries. This differ-
ence in genetic architecture could explain the lack of asso-
ciation of the ATP8B4 gene and the rs55687265 variant in
AA patients with SSc.

In the original report of the association of the
rs55687265 variant with scleroderma in EA patients by Gao
and colleagues (6), the discovery set contained 78 patients
in whom the likelihood of association was significant (odds
ratio [OR] 6.11, P = 9.35910–10) and the replication set had
415 patients in whom a significant association was found
(OR 1.86, P = 0.01). Nevertheless, a recent study of 7,426
SSc patients and 13,087 controls of European ancestry was
also unable to replicate the association with the rs55687265

variant (15). This underscores the importance of replication
in genetics studies in large well-established cohorts to
demonstrate reproducibility, provide a better estimate of
effect size, and confirm that the original association is not
due to unidentified biases present in a single study. We
expect that, upon completion of the GRASP targeted rese-
quencing and final analysis of ~400 genes, at least a few of
these genes will show a statistically significant association
with scleroderma and increase our understanding of molec-
ular pathways involved in SSc pathogenesis.
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Inhibitory Regulation of Skin Fibrosis in Systemic Sclerosis by
Apelin/APJ Signaling

Yoko Yokoyama, Akiko Sekiguchi, Chisako Fujiwara, Akihiko Uchiyama, Akihito Uehara,
Sachiko Ogino, Ryoko Torii, Osamu Ishikawa, and Sei-ichiro Motegi

Objective. Apelin/APJ signaling has been deter-
mined to regulate cardiac and arterial fibrosis and to be
involved in the pathogenesis of pulmonary arterial hyper-
tension. Our objective was to elucidate the role of apelin
in skin fibrosis in systemic sclerosis (SSc).

Methods. Expression of apelin/APJ in normal and
SSc fibroblasts was compared. Effects of small interfer-
ing RNA depletion and the addition of apelin in fibro-
blasts were analyzed. The effect of apelin injections on
bleomycin-induced dermal fibrosis in mice was investi-
gated. We analyzed the effects of the biased agonist of
APJ, MM07, on skin fibrosis in vitro and in vivo.

Results. The expression of apelin in SSc fibro-
blasts was significantly lower than that in normal fibro-
blasts. Serum apelin levels were negatively correlated with
the modified Rodnan skin thickness score in SSc patients.
Stimulation with transforming growth factor b1 (TGFb1)
inhibited apelin expression in fibroblasts, suggesting that
activation of TGFb1 signaling in SSc might be responsible
for reduced apelin expression in SSc fibroblasts. Small
interfering RNA depletion of apelin from fibroblasts
significantly enhanced fibrosis-related gene expression,
and treatment with apelin protein significantly inhibited
TGFb1 signaling in fibroblasts. Administration of apelin
significantly inhibited bleomycin-induced dermal fibrosis
in mice. We demonstrated that MM07 had greater poten-
tial than apelin to inhibit fibrosis in vivo and in vitro.

Conclusion. Collectively, TGFb1 signaling and
apelin signaling may counteract each other in the

fibrotic process of SSc. Inhibitory regulation of TGFb1-
induced skin fibrosis by apelin/APJ signaling may be
involved in the pathogenesis of SSc and could be a thera-
peutic target for fibrosis in SSc patients.

Systemic sclerosis (SSc) is an autoimmune connec-
tive tissue disorder characterized by the development of
fibrosis in the skin and internal organs as well as by vascu-
lar dysfunction, including Raynaud’s phenomenon (RP),
digital ulcers, and pulmonary arterial hypertension (PAH)
(1–5). These complications account for the high morbidity
and mortality of SSc patients. Although several treat-
ments for vascular dysfunction are approved, there are no
approved targeted therapies for fibrosis. Therefore, there
is a great need for novel therapies for fibrosis.

The secreted protein apelin is a selective endoge-
nous ligand of the G protein–coupled receptor APJ, and
apelin/APJ signaling mainly regulates cardiovascular func-
tions, fluid homeostasis, angiogenesis, and adipose tissue
functions (6–13). Apelin expression is widely distributed
in various peripheral tissues and is mainly produced by
vascular endothelial cells (ECs), adipocytes, and epithelial
cells (6–13). APJ is expressed ubiquitously, especially in
ECs and vascular smooth muscle cells (VSMCs) (6–13).

Regarding the regulation of cardiovascular func-
tions, it has been reported that apelin is secreted by ECs
and pericytes and binds to APJ, resulting in the dilation of
blood vessels and increased blood flow (9,10). Apelin/APJ
signaling also regulates the parallel alignment of arteries
and veins in the skin (11). Many studies have indicated the
important roles of apelin/APJ signaling in the pathogenesis
of cardiovascular diseases, including atherosclerosis, coro-
nary heart disease, heart failure, hypertension, myocardial
ischemia-reperfusion injury, and PAH (12–18). Recently, it
has been reported that the expression of apelin in pul-
monary arterial ECs in PAH patients was significantly
reduced. In addition, the down-regulation of apelin/APJ
signaling induced the inhibition of microRNA-424/503
(miR-424/503) and enhanced the expression of fibroblast
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growth factor 2 (FGF-2) and its receptor FGF receptor 1
(FGFR-1), resulting in EC and VSMC proliferation (12).
It has also been reported that hypoxia-induced PAH was
exacerbated in apelin-knockout mice (13). These findings
suggest that decreased apelin expression in ECs is associ-
ated with the pathogenesis of PAH.

There is growing evidence that apelin is associated
with tissue fibrosis. Interstitial fibrosis of the heart was
enhanced in apelin-knockout mice with chronic pressure
overload by surgical constriction of the aorta (14,15). Ape-
lin/APJ signaling inhibited cardiac fibrosis by inhibiting
transforming growth factor b (TGFb) signaling (16,17).
Also, it has been reported that administration of apelin
significantly inhibited TGFb-induced epithelial–mesenchy-
mal transition and attenuated unilateral ureteral obstruc-
tion–induced renal tubulointerstitial fibrosis (19,20). In
contrast, several studies showed that activated apelin/APJ
signaling was associated with the initiation and mainte-
nance of liver fibrosis (21,22).

With respect to the role of apelin in SSc, a recent
study has shown that the prevalence of severe vascular
involvement, including intractable skin ulcers, renal cri-
sis, and PAH, was significantly higher in patients with
elevated serum apelin levels in late stage SSc (>10 years),
suggesting that apelin might be involved in the pathogen-
esis of vasculopathy in SSc (23). However, the roles of
apelin in the development of skin fibrosis in SSc have
not been fully investigated. In this study, we examined
the association of serum apelin levels with clinical and
laboratory features in SSc patients, the effect of small
interfering RNA (siRNA) depletion of apelin and the
effect of the addition of apelin on fibrosis in fibroblasts
in vitro, and the effect of apelin injections on bleomycin-
induced dermal fibrosis in mice. Furthermore, we exam-
ined the effect of the synthetic biased agonist of APJ,
MM07 (24,25), on fibrosis in vitro and in vivo.

PATIENTS AND METHODS

Patients and clinical assessments. All SSc patients ful-
filled the preliminary classification criteria of the American Col-
lege of Rheumatology (ACR) (26) and the ACR/European
League Against Rheumatism 2013 classification criteria (27).
Sera were obtained from 67 Japanese patients with SSc (61
women, mean � SD age 60 � 2.3 years). Of these 67 patients,
41 had limited cutaneous SSc (lcSSc) and 26 had diffuse cuta-
neous SSc (dcSSc) according to the classification by LeRoy et al
(28). Skin sclerosis was assessed using the modified Rodnan skin
thickness score (MRSS) (29). We obtained human dermal
fibroblasts from skin biopsy samples from the affected dorsal
forearm areas of 5 dcSSc patients and 7 age-, race-, and sex-
matched healthy volunteers. For immunohistochemical staining
of apelin, we obtained human skin tissues from skin biopsy sam-
ples from the affected dorsal forearm areas of 11 dcSSc patients

and 8 age-, race-, and sex-matched healthy volunteers. The study
was approved by the institutional review board and the local
research ethics committee of Gunma University. All of the
patients and volunteers provided informed consent before par-
ticipating in the study. This study was conducted according to
the principles of the Declaration of Helsinki.

Interstitial lung disease (ILD) was defined as the pres-
ence of bibasilar interstitial fibrosis or a ground-glass shadow on
high-resolution computed tomography scans. PAH was defined
as an elevated right ventricular systolic pressure (>35 mm Hg) as
assessed by echocardiography and subsequently as an elevated
mean pulmonary artery pressure (>25 mm Hg) as assessed by
cardiac catheterization.

Cell culture. Human dermal fibroblasts were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) and 10% fetal
bovine serum and were used before passage 8.

Reverse transcription–polymerase chain reaction (RT-
PCR) analysis. Human dermal fibroblasts were incubated in
DMEM with or without [Pyr1]-Apelin-13 (Tocris), MM07 (cyclo
[1-6]CRPRLCHKGPMPF; synthesized by Sigma-Aldrich) (25),
or recombinant human TGFb1 (R&D Systems) for the indicated
periods of time. To examine the effect of apelin on production of
TGFb1-induced a-smooth muscle actin (a-SMA), collagen a1(I),
tissue inhibitor of metalloproteinases 1 (TIMP-1), and sphin-
gosine kinase 1 (SPK-1), the cells were pretreated with apelin or
MM07 for 60 minutes and then stimulated with TGFb1 (1 ng/ml)
for 24 hours. Total RNA was isolated by RNeasy Mini Kits (Qia-
gen) and analyzed by quantitative RT-PCR (qRT-PCR) (for fur-
ther details, see Supplementary Patients and Methods, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40533/abstract).

To inhibit the expression of apelin, siRNA specific for
human apelin messenger RNA (mRNA) was designed by and
purchased from Thermo Fisher Scientific. Human dermal fibro-
blasts (5 9 105 cells per 60-mm plate) were transfected with 10 nM
apelin siRNA or AllStars negative control siRNA (Qiagen) using
HiPerFect Transfection Reagent (Qiagen). After 48 hours, apelin,
a-SMA, collagen a1(I), TIMP-1, SPK-1, TGFb1, connective tissue
growth factor (CTGF), and 18S mRNA levels were assessed by
qRT-PCR.

Histochemical and immunofluorescence staining. Der-
mal fibroblasts from SSc patients or normal individuals were
seeded in 8-well culture slides (BD Biosciences). Cells were then
either left untreated or treated with TGFb1 (1 ng/ml) and
[Pyr1]-Apelin-13 (100 nM) or MM07 (10 nM) for 24 hours and
fixed in 4% paraformaldehyde (PFA) in phosphate buffered sal-
ine (PBS) at room temperature for 1 hour. Frozen sections (4-
lm thick) of human skin were also fixed in 4% PFA. After being
blocked with 3% skim milk–PBS supplemented with 5% normal
goat serum for 30 minutes at room temperature, cells were
stained with rabbit anti-apelin antibody (Santa Cruz Biotechnol-
ogy), rabbit anti-human APJ antibody (Abcam), anti–a-SMA
antibody (Sigma), and anti–fibroblast surface protein antibody
(Abcam) followed by Alexa Fluor 488– or Alexa Fluor 568–con-
jugated secondary antibodies (Invitrogen). Cells were mounted
in ProLong Gold antifade reagent (Invitrogen). Quantification
of the amount of staining was performed using ImageJ software
version 1.46r (National Institutes of Health).

Next, 4-lm–thick sections of mouse skin tissue embed-
ded in paraffin were stained with hematoxylin and eosin or
Masson’s trichrome. Skin fibrosis was quantified by measuring
the thickness of the dermis, which was defined as the distance
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from the epidermal–dermal junction to the dermal–subcuta-
neous junction, at 6 randomly selected microscopic fields. For
immunohistochemical staining, tissue sections of human or
mouse skin were treated for antigen retrieval with a pressure
cooker for 10 minutes at 121°C. After blocking using Peroxi-
dase Blocking (Dako) for 5 minutes and Protein Block (Dako)
for 10 minutes, the sections were incubated with rabbit anti-
apelin antibody, anti–a-SMA antibody, anti-CD3 antibody
(Abcam), anti-CD68 antibody (AbD Serotec), and anti-CD31
antibody (Abcam). After washing, the sections were incubated
with a horseradish peroxidase–labeled polymer-conjugated sec-
ondary antibody (ENVISION+; Dako). Finally, color was
developed with 3,30-diaminobenzidine tetrahydrochloride.

Western blotting. Western blot analyses were performed
according to previously described protocols (30). To examine the
effect of apelin or MM07 on TGFb1-induced a-SMA or collagen
a1(I) production, cells were pretreated with [Pyr1]-Apelin-13 (100
nM) or MM07 (10 nM) for 60 minutes and then stimulated with
TGFb1 (1 ng/ml) for 48 hours. To examine the effect of apelin or
MM07 on TGFb1-induced phosphorylated Smad2/3, cells were
pretreated with [Pyr1]-Apelin-13 (100 nM) or MM07 (10 nM) for
60 minutes and then stimulated with TGFb1 (1 ng/ml) for 3 hours
(for further details, see Supplementary Patients and Methods,
http://onlinelibrary.wiley.com/doi/10.1002/art.40533/abstract).

Bleomycin-induced skin fibrosis model. Dermal fibrosis
was induced in 8-week-old C57BL/6 mice with injections of bleo-
mycin. Injections of 300 ll of bleomycin (Nippon Kayaku) at a
concentration of 1 mg/ml were given 5 times per week for 2
weeks as previously described (31,32). Injections of 300 ll of
PBS were used as controls for treatment with bleomycin. To
examine the effect of apelin, mice received intraperitoneally
[Pyr1]-Apelin-13 (0.1 lmoles/kg/day) dissolved in 100 ll of PBS
or PBS alone 5 times per week for 2 weeks. To examine the
effect of MM07, mice received intraperitoneally MM07 (0.01
lmoles/kg/day) dissolved in 100 ll of PBS or PBS alone 5 times
per week for 2 weeks. In the therapeutic model, apelin or MM07
intraperitoneal injection was initiated 7 days after starting bleo-
mycin treatment. C57BL/6 mice were purchased from Japan
SLC. Mice were maintained in the Institute of Experimental
Animal Research of Gunma University under specific
pathogen–free conditions. All experiments were approved by the
Gunma University Animal Care and Experimentation Commit-
tee and carried out in accordance with approved guidelines.

Measurement of serum apelin concentration. A specific
enzyme-linked immunosorbent assay (ELISA) kit for human
apelin-36 (Phoenix Pharmaceuticals) was used for measuring
serum apelin levels. This ELISA kit has cross-reactivity with
human apelin-12 and apelin-13; therefore, the summation of
serum human apelin-12, apelin-13, and apelin-36 was measured.

Statistical analysis. P values were calculated by Stu-
dent’s t-test or one-way analysis of variance followed by Bonfer-
roni post hoc test for multiple comparisons. A chi-square
analysis was used to compare frequencies. Spearman’s rank cor-
relation coefficients were used to examine the relationship with
clinical data between 2 continuous variables. Values are reported
as the mean � SEM, and numbers of experiments are indicated.

RESULTS

Significantly lower expression of apelin in SSc
fibroblasts than in normal fibroblasts. We first examined
the expression of apelin and APJ in the skin tissue and

dermal fibroblasts from SSc patients and normal individu-
als. The mRNA levels of apelin in the whole-skin tissue,
including epidermis and dermis from affected skin lesions
in SSc patients, were significantly reduced compared with
those in normal individuals (Figure 1A). Next, we examined
the expression and distribution of apelin in the skin in nor-
mal individuals and SSc patients. The summary of the quan-
tification of apelin staining in 11 SSc patients and 8 normal
individuals is provided in Supplementary Table 1 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40533/abstract), and
representative results are shown in Figure 1B. Immunohis-
tochemical staining of apelin in dermal fibroblasts from
SSc patients was reduced compared with that in those
from normal individuals (Figure 1B; also see Supplemen-
tary Table 1). Staining of apelin in dermal small vessels
from SSc patients was also reduced (Figure 1B; also see
Supplementary Table 1). We also determined that apelin
was expressed in CD31+ ECs and fibroblast surface pro-
tein–positive cells (which may be fibroblasts in the dermis)
by immunofluorescence staining (see Supplementary Fig-
ure 1, http://onlinelibrary.wiley.com/doi/10.1002/art.40533/
abstract).

Consistent with these findings, mRNA levels of ape-
lin in SSc fibroblasts were significantly reduced compared
with those in normal fibroblasts (Figure 1C). Furthermore,
protein levels of apelin in SSc fibroblasts were significantly
reduced (Figures 1D and E). Messenger RNA levels for the
receptor of apelin, APJ, in normal and SSc fibroblasts were
not changed (Figure 1F). We confirmed that the production
of a-SMA, collagen a1(I), and TIMP-1 in SSc fibroblasts
was significantly higher than that in normal fibroblasts (see
Supplementary Figure 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.40533/abstract). These results suggest that sup-
pression of apelin production in dermal fibroblasts might be
associated with the pathogenesis of fibrosis in SSc.

Association of decreased serum apelin levels
with skin sclerosis and peripheral vasculopathy in SSc
patients. To examine the association of serum apelin
levels with skin sclerosis and other clinical features, such
as peripheral vascular disorder, we examined serum ape-
lin levels in 67 SSc patients. We determined that serum
apelin levels were negatively correlated with the MRSS
in SSc patients (Figure 1G). In addition, we determined
that serum apelin levels were negatively correlated with
the MRSS in both early (<3 years, 10 patients) and late
(≥10 years, 36 patients) stages of SSc (P < 0.05 for the
early stage; P < 0.01 for the late stage) (see Supplemen-
tary Figure 3A, http://onlinelibrary.wiley.com/doi/10.
1002/art.40533/abstract). Serum apelin levels did not dif-
fer between the early, middle, and late stages of the dis-
ease (see Supplementary Figure 3B) or between lcSSc
and dcSSc (see Supplementary Figure 3C).
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We also found that serum apelin levels in SSc
patients with digital ulcers were significantly lower than
those in patients without digital ulcers (mean � SEM
1.76 � 0.11 ng/ml versus 2.2 � 0.11 ng/ml; P < 0.01)

(Figure 1H). Serum apelin levels in SSc patients with
acro-osteolysis (resorption of the terminal tuft of the
digit) were also significantly lower than those in patients
without acro-osteolysis (mean � SEM 1.67 � 0.14 ng/ml

Figure 1. Expression of apelin in systemic sclerosis (SSc) and normal fibroblasts, and serum apelin levels in SSc patients. A, Apelin mRNA in skin
tissue from 4 healthy individuals and 6 SSc patients, determined using quantitative reverse transcription–polymerase chain reaction. ** = P < 0.01.
B, Representative immunohistochemical staining of apelin in skin from SSc patients and normal individuals. Boxed areas in left panels are shown
at higher magnification in right panels, which exhibit representative dermal small vessels (arrows) and dermal fibroblasts (arrowheads). Bars = 200
lm in left panels; 50 lm in right panels. C and F, Apelin mRNA levels (C) and APJ mRNA levels (F) in fibroblasts from 5 healthy individuals
and 6 SSc patients. ** = P < 0.01. D, Expression of apelin in normal and SSc fibroblasts by immunofluorescence staining. Bar = 50 lm. Values are
from 10 randomly chosen fibroblasts from 3 normal individuals and 3 SSc patients. * = P < 0.05. E, Apelin expression in 2 normal and 2 SSc
fibroblasts by immunoblotting. Quantification of relative levels of apelin (normalized to GAPDH) was accomplished via densitometry using ImageJ
software (National Institutes of Health) (n = 5 donors in each group). * = P < 0.05. G, Correlation of serum apelin levels with modified Rodnan
skin thickness score (MRSS) in SSc patients. H, Association of serum apelin levels with clinical symptoms and organ involvement in 67 SSc
patients. Values in A, C–F, and H are the mean � SEM.
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versus 2.15 � 0.1 ng/ml; P < 0.01) (Figure 1H). In con-
trast, serum apelin levels did not differ significantly
between patients with and those without RP, PAH, and
ILD. These results suggest that decreased serum apelin
levels might be associated with skin sclerosis and periph-
eral vasculopathy, such as digital ulcers and acro-osteolysis,
in SSc patients.

TGFb1 stimulation–induced decreased apelin
synthesis in fibroblasts. Next, we assessed the effects of
TGFb1 on apelin expression in normal and SSc fibrob-
lasts. Apelin mRNA expression was significantly inhibited
by TGFb1 stimulation in a dose-dependent manner in
normal and SSc fibroblasts (Figures 2A and B). In addi-
tion, levels of apelin protein were significantly decreased
by TGFb1 treatment in normal and SSc fibroblasts (Fig-
ures 2A and B). In contrast, APJ expression on the

surface of normal and SSc fibroblasts was not changed by
TGFb1 stimulation (Figure 2C). These results suggest
that activation of TGFb1 signaling in SSc might be
responsible for reduced apelin mRNA and protein
expression in SSc fibroblasts.

Enhanced expression of a-SMA, collagen a1(I),
and SPK-1 in fibroblasts resulting from siRNA depletion
of apelin. Next, we analyzed the effects of siRNA depletion
of apelin in normal fibroblasts (Figure 3). The expression
of apelin mRNA in normal fibroblasts treated with siRNA
specific for apelin was reduced by ~80% compared with
that in fibroblasts treated with control siRNA. Small inter-
fering RNA depletion of apelin significantly enhanced a-
SMA and collagen a1(I) expression in normal fibroblasts.
It has been reported that TGFb1 induced the expression
of a-SMA and TIMP-1 via SPK-1 in dermal fibroblasts

Figure 2. Decreased apelin synthesis in fibroblasts induced by stimulation with transforming growth factor b1 (TGFb1). A, Apelin mRNA levels (left)
and protein levels (right) in normal fibroblasts that were either left untreated or treated with TGFb1. B, Apelin mRNA levels (left) and protein levels
(right) in systemic sclerosis (SSc) fibroblasts that were either left either untreated or treated with TGFb1. Values are the mean � SEM from 3 experi-
ments, relative to mRNA levels in fibroblasts not treated with TGFb1. Quantification of relative levels of apelin (normalized to GAPDH protein levels)
was accomplished via densitometry using ImageJ software (National Institutes of Health) (n = 3 donors in each group). The level of apelin in untreated
normal or SSc fibroblasts was assigned a value of 1. * = P < 0.05. C, APJ staining in normal and SSc fibroblasts that were either left untreated or treated
with TGFb1. Bar = 50 lm. Values are the mean� SEM from 10 randomly chosen fibroblasts from 3 normal individuals and 3 SSc patients.

APELIN/APJ SIGNALING IN SKIN FIBROSIS IN SSc 1665



(33,34). We found that siRNA depletion of apelin signifi-
cantly enhanced SPK-1 expression in normal fibroblasts.
TIMP-1 mRNA expression in fibroblasts tended to be
enhanced by siRNA depletion of apelin. These results sug-
gest that apelin might have an inhibitory effect on mRNA
expression of fibrosis-related genes in dermal fibroblasts.

Apelin inhibition of TGFb1/Smad signaling and of
TGFb1-induced overexpression of a-SMA, collagen a1(I),
TIMP-1, and SPK-1 in fibroblasts. To assess the inhibitory
effect of apelin on fibrosis, we analyzed the effects of add-
ing apelin ([Pyr1]-Apelin-13) to fibroblasts. TGFb1-induced
a-SMA, collagen a1(I), TIMP-1, and SPK-1 mRNA overex-
pression in normal fibroblasts was inhibited by the addition
of apelin in a dose-dependent manner (Figures 4A–D).
TGFb1-induced a-SMA and collagen a1(I) protein
expression was also inhibited by the addition of apelin,
as shown by Western blot (Figure 4E) and immunofluo-
rescence staining (Figure 4G). In addition, the expres-
sion of collagen a1(I), a-SMA, CTGF, and TIMP-1 in
SSc fibroblasts was also inhibited by the addition of

apelin (see Supplementary Figure 4, http://onlinelibrary.
wiley.com/doi/10.1002/art.40533/abstract).

It has been known that TGFb1 induces a-SMA,
collagen a1(I), SPK-1, and TIMP-1 production via phos-
phorylated Smad2/3 (33–36). We found that TGFb1-
induced phosphorylated Smad2/3 was inhibited by the
addition of apelin (Figure 4F). The expression of TGFb
receptor types I and II was not changed by addition of
apelin (see Supplementary Figure 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.40533/abstract). Administration
of apelin did not affect the proliferation of fibroblasts
(see Supplementary Figure 6A, http://onlinelibrary.wiley.
com/doi/10.1002/art.40533/abstract), which suggests that
there might be no toxicity of apelin in vitro. These results
suggest that apelin might have an inhibitory action against
TGFb1-induced skin fibrosis.

Significant inhibition of bleomycin-induced
dermal fibrosis in mice by apelin administration. Next,
we examined the effect of apelin injections on
bleomycin-induced dermal fibrosis in mice. Mice with

Figure 3. Small interfering RNA (siRNA) depletion of apelin enhances expression of a-smooth muscle actin (a-SMA), collagen a1(I), and sphin-
gosine kinase 1 (SPK-1) in fibroblasts. Shown are levels of mRNA for apelin, a-SMA, collagen a1(I), SPK-1, tissue inhibitor of metalloproteinases
1 (TIMP-1), transforming growth factor b1 (TGFb1), and connective tissue growth factor (CTGF) in control siRNA (siCtl)–treated and apelin
siRNA (siApe)–treated normal fibroblasts, determined using quantitative reverse transcription–polymerase chain reaction. Quantification was nor-
malized to 18S ribosomal RNA levels. Values are the mean � SEM from 7 experiments using fibroblasts from 7 different donors, relative to levels
of mRNA in control siRNA–treated fibroblasts. * = P < 0.05; ** = P < 0.01.
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bleomycin-induced dermal fibrosis received intraperi-
toneal injections of apelin or PBS. Bleomycin-enhanced
dermal thickness was significantly suppressed by apelin
injections (Figures 5A and B). We confirmed that bleo-
mycin-induced dermal fibrosis, as revealed by Masson’s
trichrome staining, was significantly reduced by apelin
injections (Figure 5C). The thickness of the subcutaneous
adipose layer was significantly reduced by bleomycin, and
apelin injections reversed bleomycin-induced suppression
(see Supplementary Figure 7, http://onlinelibrary.wiley.
com/doi/10.1002/art.40533/abstract). In addition, bleo-
mycin-induced mRNA levels of IL-6, TGFb1, and
CTGF in lesional skin were significantly decreased by
apelin injections (Figure 5D). The numbers of a-SMA+
myofibroblasts and CD3+ T cells were enhanced in
lesional skin in bleomycin-treated mice, and apelin
injections inhibited the numbers of these myofibroblasts
and T cells in lesional skin (Figure 5E), while the num-
ber of CD68+ macrophages in lesional skin was not
changed (Figure 5E). We noted the presence of dilated
blood vessels in the dermis in lesional skin in apelin-
injected mice (Figure 5F). The number of CD31+
blood vessels was not changed by apelin injections

(Figure 5F). These results suggest that apelin might
inhibit skin fibrosis in vivo.

Biased agonist of APJ, MM07, inhibits TGFb1/
Smad signaling and TGFb1-induced overexpression of
a-SMA and collagen a1(I) in fibroblasts in vitro and bleo-
mycin-induced dermal fibrosis in mice. Finally, we investi-
gated the effect of the synthetic biased agonist of APJ,
MM07 (24,25), on fibrosis in vitro and in vivo. First, we
assessed the inhibitory effect of MM07 on mRNA ex-
pression of fibrosis-related genes in fibroblasts. TGFb1-
induced a-SMA and collagen a1(I) mRNA overexpression
was significantly inhibited by the addition of MM07 in a
dose-dependent manner (Figures 6A and B). Interestingly,
the inhibitory effect of MM07 on TGFb1-induced gene
expression in fibroblasts was higher than that of apelin
([Pyr1]-Apelin-13) (compare Figures 6A and B with Fig-
ures 4A and B). Additionally, TGFb1-induced a-SMA
and collagen a1(I) protein expression was also inhibited by
the addition of MM07, as shown by Western blot (Fig-
ure 6C) and immunofluorescence staining (Figure 6E).
TGFb1-induced phosphorylated Smad2/3 was also inhibited
by the addition of MM07 (Figure 6D). Administration
of MM07 did not affect the proliferation of fibroblasts

Figure 4. Apelin inhibits transforming growth factor b1 (TGFb1)/Smad signaling and TGFb1-induced overexpression of a-smooth muscle actin (a-
SMA), collagen a1(I), tissue inhibitor of metalloproteinases 1 (TIMP-1), and sphingosine kinase 1 (SPK-1) in fibroblasts. A–D, Levels of mRNA for a-
SMA (A), collagen a1(I) (B), TIMP-1 (C), and SPK-1 (D) in normal fibroblasts treated with apelin and/or TGFb1 (1 ng/ml for 24 hours), determined
using quantitative reverse transcription–polymerase chain reaction. E, Levels of a-SMA and collagen a1(I) protein in normal fibroblasts treated with
apelin (100 nM) and/or TGFb1 (1 ng/ml), determined by immunoblotting (n = 3 donors). F, Levels of pSmad2/3 and Smad2/3 protein in normal fibrob-
lasts treated with apelin (100 nM) and/or TGFb1 (1 ng/ml), determined by immunoblotting (n = 3 donors). Quantification of relative levels of a-SMA,
collagen a1(I), and pSmad2/3 was accomplished via densitometry using ImageJ software (National Institutes of Health). The expression level in
untreated fibroblasts was assigned a value of 1. Values are the mean � SEM from 3 experiments, relative to levels of mRNA in fibroblasts treated with
TGFb1 without apelin. * = P < 0.05; ** = P < 0.01 versus cells treated with TGFb1 without apelin. G, Immunofluorescence staining of a-SMA in der-
mal fibroblasts that were either left untreated or treated with TGFb1 (1 ng/ml) and/or apelin (100 nM) for 24 hours. Bar = 50 lm.
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(see Supplementary Figure 6B, http://onlinelibrary.wiley.
com/doi/10.1002/art.40533/abstract), which suggests that
there might be no toxicity of MM07.

Next, we examined the effect of MM07 on bleo-
mycin-induced dermal fibrosis in mice. Bleomycin-
enhanced dermal thickness was significantly inhibited

Figure 5. Administration of apelin significantly inhibits bleomycin (Bleo)–induced dermal fibrosis in mice. A and C, Representative images of
hematoxylin and eosin staining (A) or Masson’s trichrome staining (C) of the skin in mice treated with subcutaneous injections of phosphate
buffered saline (PBS) or bleomycin and subsequently treated with intraperitoneal injections of PBS or apelin ([Pyr1]-Apelin-13). Bars = 50 lm. B,
Quantification of dermal thickness of lesional skin in mice, determined in 3 random microscopic fields in 6 mice per group. D, Levels of mRNA
for interleukin-6 (IL-6), transforming growth factor b1 (TGFb1), and connective tissue growth factor (CTGF) in skin of PBS- or bleomycin-treated
mice subsequently injected with PBS or apelin, determined using quantitative reverse transcription–polymerase chain reaction (n = 3 mice per
group), relative to levels of mRNA in skin of control mice. E, Numbers of a-smooth muscle actin (a-SMA)–positive myofibroblasts, infiltrating
CD3+ T cells, and CD68+ macrophages in the dermis, determined by counting cells in 5 random microscopic fields in 3–6 mice per group. F, Rep-
resentative imaging of CD31 staining of the skin in bleomycin-treated mice subsequently treated with PBS or apelin. Arrowheads indicate dilated
small vessels. Bar = 50 lm. The number of CD31+ vessels in the dermis was determined by counting in 5 random microscopic fields in 3–6 mice
per group. Values are the mean � SEM. * = P < 0.05; ** = P < 0.01.
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by intraperitoneal injections of MM07 (Figures 6F and G).
We confirmed that the amount of collagen in the skin
revealed by Masson’s trichrome staining was enhanced by
bleomycin, and this enhancement was inhibited by MM07
treatment (Figure 6H). The numbers of a-SMA+ myofi-
broblasts, CD3+ T cells, and CD68+ macrophages were

increased in lesional skin in bleomycin-treated mice, and
MM07 injections significantly decreased the number of bleo-
mycin-induced myofibroblasts in lesional skin (Figure 6I),
while the number of CD68+ macrophages in lesional skin
was not changed byMM07 treatment (Figure 6I). Similar to
the results with apelin-injected mice, dilated dermal small

Figure 6. MM07 inhibits transforming growth factor b1 (TGFb1)–induced fibrosis in fibroblasts in vitro and bleomycin (Bleo)–induced dermal fibrosis
in mice. A and B, Levels of mRNA for a-smooth muscle actin (a-SMA) (A) and collagen a1(I) (B) in normal fibroblasts treated with MM07 and/or
TGFb1 (n = 4 donors). C and D, Levels of a-SMA and collagen a1(I) (C) and levels of pSmad2/3 and Smad2/3 (D) in normal fibroblasts treated with
MM07 and/or TGFb1, determined by immunoblotting (n = 3 donors). Quantification of relative expression levels was accomplished via densitometry
using ImageJ software (National Institutes of Health). Values are the mean � SEM. * = P < 0.05; ** = P < 0.01 versus cells treated with TGFb1 without
MM07. E, Immunofluorescence staining of a-SMA in fibroblasts that were either left untreated or treated with TGFb1 and/or MM07. Bar = 50 lm. F
and H, Representative images of hematoxylin and eosin staining (F) or Masson’s trichrome staining (H) of the skin in mice treated with subcutaneous
injections of phosphate buffered saline (PBS) or bleomycin and subsequently treated with intraperitoneal injections of PBS or MM07. Bars = 50 lm. G,
Quantification of dermal thickness in mice, determined in 3 randommicroscopic fields in 6 mice per group. I and J,Numbers of a-SMA+myofibroblasts,
CD3+ Tcells, CD68+macrophages (I), and CD31+ vessels (J; right) in the dermis, determined by counting in 5 random microscopic fields in 6 mice per
group. J, Left, Representative imaging of CD31 staining in bleomycin-treated mice treated with PBS or MM07. Arrowheads indicate dilated dermal
small vessels. Bar = 50 lm. Values are the mean� SEM. * = P < 0.05; ** = P < 0.01.
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vessels in lesional skin were noted in MM07-injected mice
(Figure 6J). The number of CD31+ blood vessels was not
changed byMM07 injections (Figure 6J).

Finally, we examined the effect of apelin/MM07 on
fibrosis in the therapeutic model. Apelin/MM07 injections
were initiated 7 days after starting bleomycin treatment.
We found that bleomycin-enhanced dermal thickness
tended to be inhibited by injections of apelin/MM07, but
these differences did not reach statistical significance (see
Supplementary Figure 8, http://onlinelibrary.wiley.com/doi/
10.1002/art.40533/abstract). The numbers of bleomycin-
induced a-SMA+ myofibroblasts and CD68+ macrophages
were significantly decreased by apelin/MM07 injections.
These results suggest that the biased agonist of APJ,
MM07, might inhibit TGFb1/Smad signaling and TGFb1-
induced fibrosis in fibroblasts in vitro and might inhibit skin
fibrosis in vivo.

DISCUSSION

It has been reported that reduced apelin expres-
sion was associated with cardiac, renal, and pulmonary
artery fibrosis (12,19,37). Consistent with these findings,
we determined that apelin expression was significantly
reduced in SSc fibroblasts in lesional skin compared with
that in normal fibroblasts. Furthermore, we found that
the expression of apelin was significantly inhibited by
TGFb1 stimulation in normal and SSc fibroblasts, sug-
gesting that activation of TGFb1 signaling in SSc fibro-
blasts might be partly responsible for reduced apelin
expression in SSc fibroblasts.

Several studies have examined serum apelin levels
in patients with fibrotic diseases or SSc-related diseases.
Serum apelin levels were decreased in patients with car-
diac, renal, and pulmonary fibrosis and PAH (13,38,39).
In contrast, serum apelin levels were elevated in patients
with liver fibrosis (40). In this study, we determined that
serum apelin levels were negatively correlated with skin
sclerosis in SSc patients, which suggests that decreased
serum apelin levels might be associated with skin fibrosis
in SSc. It has been reported that apelin/APJ signaling
plays an important role in the pathogenesis of cardiovas-
cular diseases, including PAH (18). In addition, apelin/
APJ signaling regulates cardiovascular tone, blood pres-
sure, blood flow, and parallel alignment of arteries and
veins in the skin (9–11). We found that apelin staining of
dermal small vessels in SSc patients was decreased and
that serum apelin levels in SSc patients with peripheral
vasculopathy, such as digital ulcers and acro-osteolysis,
were significantly reduced. Therefore, reduced apelin pro-
duction may also be involved in the pathogenesis of
peripheral vasculopathy as well as PAH in SSc.

Recent studies indicate that microRNA can regulate
fibrosis in human dermal fibroblasts and may be involved in
the pathogenesis of skin fibrosis in SSc (41). Nagpal et al
reported that TGFb1 induced expression of miR-125b and
that overexpression of miR-125b inhibited the expression of
apelin in cardiac fibroblasts, suggesting that TGFb1 might
suppress the expression of apelin via miR-125b in cardiac
fibroblasts (37). Apelin deficiency in pulmonary artery ECs
led to increased expression of FGF-2 and FGFR-1 via
decreased expression of miR-424 and miR-503 (42). Fur-
thermore, miR-130/301 regulated the apelin–miR-424/503–
FGF-2 regulatory axis (12). These findings suggest that
microRNA may be involved in the inhibition of apelin
expression in fibroblasts by TGFb1. Additional studies are
warranted to elucidate the role of microRNA in the regula-
tion of apelin expression in fibroblasts.

In SSc fibroblasts, TGFb1/Smad signaling is gen-
erally activated, resulting in myofibroblast transition and
collagen overproduction (43). TGFb1 binds to TGFb
receptor types I and II, induces the phosphorylation of
Smad2/3, and subsequently binds to Smad4. A Smad
complex translocates to the nucleus and enhances the
expression of target genes, such as those for a-SMA,
collagen a1(I), and CTGF (44). SPK-1 is an important
component of TGFb1/Smad signaling and the key medi-
ator of collagen and a-SMA production (33,34,45). With
respect to the regulation of TGFb1/Smad signaling by
apelin, Pchejetski et al reported that apelin suppressed
the expression of SPK-1 and collagen production in
cardiac fibroblasts in vitro (16). In addition, previous
studies have revealed that apelin inhibited the TGFb1-
induced increase of phosphorylated Smad2/3 in vitro
and attenuated the up-regulation of TGFb receptor I
and its downstream Smad signaling in vivo (19).

In the present study, we assessed the role of apelin
in TGFb1/Smad signaling in dermal fibroblasts. We deter-
mined that siRNA depletion of apelin enhanced a-SMA,
collagen a1(I), and SPK-1 expression in fibroblasts and
that addition of apelin inhibited TGFb1-induced overex-
pression of a-SMA, collagen a1(I), TIMP-1, SPK-1, and
phosphorylated Smad2/3 in fibroblasts. However, expres-
sion of TGFb receptor types I and II was not inhibited by
apelin. These results are consistent with previous findings
and suggest that apelin might inhibit TGFb1/Smad signal-
ing, myofibroblast differentiation, and TGFb1-induced
skin fibrosis. These results also indicate that inhibitory
regulation by apelin may be mediated by inhibition of
phosphorylation of Smad2/3. However, the precise mech-
anisms by which apelin inhibits TGFb1/Smad signaling
are unknown, and further studies are needed.

Several studies demonstrated that the administra-
tion of apelin significantly inhibited fibrosis in animal
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models, such as models of myocardial infarction, renal
interstitial fibrosis, and pulmonary fibrosis (16,19,46,47).
In our study, we demonstrated that the administration of
apelin inhibited skin fibrosis in bleomycin-induced fibro-
sis. These in vivo results were consistent with our in vitro
results, which suggested that apelin might have therapeu-
tic potential by blocking TGFb1/Smad signaling under
pathogenic conditions. We also noticed that several der-
mal small vessels in lesional skin were dilated in apelin-
injected mice, suggesting that injected apelin might act
both on ECs and on fibroblasts in the skin.

Apelin produced by adipocytes acts as an adipokine
(7). Several studies suggested the possible contribution of
adipokines, such as leptin and adiponectin, to the patho-
logic process of SSc (48,49). Marangoni et al reported that
adipose tissue loss and adipocyte–myofibroblast transition
might be primary events in the pathogenesis of cutaneous
fibrosis in SSc (50). Since SSc patients had significantly
lower body mass indexes and fat tissue compared with nor-
mal individuals (51), reduced fat tissue in SSc patients may
subsequently result in the reduced apelin/APJ signaling in
SSc fibroblasts and, in turn, in enhanced fibrosis in SSc.

Collectively, we propose a model for the role of ape-
lin in the regulation of skin fibrosis in SSc (see Supplemen-
tary Figure 9, http://onlinelibrary.wiley.com/doi/10.1002/
art.40533/abstract). In SSc fibroblasts, activated TGFb1 sig-
naling inhibits apelin production, and reduced adipose tis-
sue may lead to a decreased amount of apelin. These
changes may attenuate the inhibitory effect of apelin on
TGFb1/Smad signaling and collagen production, resulting
in the acceleration of skin fibrosis. TGFb1 signaling and
apelin signaling may counteract each other in the fibrotic
process of SSc. The current findings provide new insight
into the regulation of fibrosis by apelin/APJ signaling in SSc
fibroblasts.

It has been reported that infusion of apelin leads
to vasodilation in humans in vivo (25). However, since
chronic administration of apelin causes receptor desensiti-
zation by b-arrestin–mediated internalization of APJ,
there is a limitation for the clinical use of apelin. MM07 is
the cyclic apelin peptide that preferentially activates G
protein responses with low potency in b-arrestin–mediated
receptor internalization (24). It is of interest that an intra-
brachial infusion of MM07 increased the forearm blood
flow in human volunteers without any severe adverse
effects (25). We demonstrated that MM07 inhibited
TGFb1/Smad signaling and TGFb1-induced fibrosis in
fibroblasts in vitro, and that administration of MM07 sig-
nificantly inhibited bleomycin-induced dermal fibrosis in
mice. Furthermore, we demonstrated that MM07 had
greater potential than apelin to inhibit fibrosis in vivo
and in vitro. These results suggest that administration of

MM07 may have therapeutic efficacy for fibrosis in SSc
patients. Further clinical investigation is needed to deter-
mine the efficacy and safety of the clinical use of MM07.
In conclusion, the inhibitory regulation of fibrosis by ape-
lin/APJ signaling may be involved in the pathogenesis of
SSc and could be a therapeutic target for fibrosis in SSc.
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The Antifibrotic Effect of A2B Adenosine Receptor Antagonism
in a Mouse Model of Dermal Fibrosis
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Objective. Systemic sclerosis (SSc; scleroderma) is
a chronic disease that affects the skin and various inter-
nal organs. Dermal fibrosis is a major component of this
disease. The mechanisms that promote dermal fibrosis
remain elusive. Elevations in tissue adenosine levels and
the subsequent engagement of the profibrotic A2B adeno-
sine receptor (ADORA2B) have been shown to regulate
fibrosis in multiple organs including the lung, kidney, and
penis; however, the role of ADORA2B in dermal fibrosis
has not been investigated. We undertook this study to test
our hypothesis that elevated expression of ADORA2B in
the skin drives the development of dermal fibrosis.

Methods. We assessed the involvement of ADORA2B
in the regulation of dermal fibrosis using a well-
established mouse model of dermal fibrosis. Using an
orally active ADORA2B antagonist, we demonstrated how
inhibition of ADORA2B results in reduced dermal fibrosis
in 2 distinct experimental models. Finally, using human
dermal fibroblasts, we characterized the expression of
adenosine receptors.

Results. We demonstrated that levels of ADORA2B
were significantly elevated in dermal fibrosis and that the
therapeutic blockade of this receptor in vivo using an
ADORA2B antagonist could reduce the production of
profibrotic mediators in the skin and attenuate dermal
fibrosis. Antagonism of ADORA2B resulted in reduced
numbers of arginase-expressing macrophages and myofi-
broblasts and in reduced levels of the extracellular matrix
proteins fibronectin, collagen, and hyaluronan.

Conclusion. These findings identify ADORA2B as
a potential profibrotic regulator in dermal fibrosis and
suggest that ADORA2B antagonism may be a useful
approach for the treatment of SSc.

Dermal fibrosis is a prominent feature of sclero-
derma (systemic sclerosis [SSc]), which is a chronic and
complex autoimmune disease that affects the skin and
various internal organs (1). It has been proposed that the
dermal fibrosis seen in SSc is driven in part by pathways
that are similar to those found in normal wound healing,
including the regulation of inflammation (2), the recruit-
ment and proliferation of fibroblasts (3), and extracellular
matrix production (3). Despite efforts to understand the
immunologic and pathologic pathways involved in this dis-
ease, the mechanisms that promote dermal fibrosis in SSc
remain elusive, and there are no effective therapies to halt
the progression of dermal fibrosis in SSc patients.

Adenosine is a signaling molecule that is produced
in response to tissue injury and inflammation (4). Extra-
cellular adenosine can regulate numerous cellular re-
sponses through engagement of 4 cell surface adenosine
receptors (A1 adenosine receptor [ADORA1], ADORA2A,
ADORA2B, and ADORA3) (5). Consistent with the notion
that dermal fibrosis is associated with the activation of
wound healing pathways, chronic elevations in adenosine
have been implicated in the regulation of dermal fibrosis
through the engagement of ADORA2A on dermal
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fibroblasts (6). Indeed, ADORA2A has been implicated in
several processes pertinent to the regulation of wound heal-
ing and fibrosis (6). Similarly, ADORA2B has also been
implicated in processes associated with wound healing and
fibrosis (7,8). These include the ability of this receptor to
regulate profibrotic activities on fibroblasts (9) and macro-
phages (10). Moreover, work using genetically modified
mice and selective ADORA2B antagonists has demon-
strated that this receptor is effective in regulating the pro-
gression of pulmonary fibrosis (11,12), kidney fibrosis (13),
and fibrosis in the penis (14). However, the role of
ADORA2B in dermal fibrosis has not been systematically
investigated.

The goal of this study was to assess the involve-
ment of ADORA2B in the regulation of dermal fibrosis
using a well-established mouse model of dermal fibrosis
that is elicited by the subcutaneous (SC) injection of bleo-
mycin (15) as well as by using the TSK1 mouse model
(16). Using the bleomycin model, we characterized the
expression of the adenosine receptors and demonstrated
that levels of ADORA2B were significantly elevated in
dermal fibrosis. Moreover, the therapeutic blockade of
this receptor in vivo using an ADORA2B antagonist was
shown to reduce the production of profibrotic mediators
in the skin and to attenuate dermal fibrosis both in the
bleomycin model and in TSK1 mice. Experiments using
human fibroblasts from normal or SSc patients revealed
high expression of ADORA2B. We also found increased
hyaluronan synthase 2 (HAS-2) expression and increased
HA levels in SSc skin. Collectively, this study identifies
ADORA2B as a potential profibrotic regulator in dermal
fibrosis and suggests that ADORA2B antagonism may be
a useful approach for the treatment of SSc.

MATERIALS AND METHODS

Mouse model of bleomycin-induced skin fibrosis and
TSK1 mice. Male wild-type C57BL/6J mice were acquired from
Envigo. Bleomycin (0.02 units/day/mouse; Teva Parenteral
Medicines) dissolved in saline or saline alone was administered
to 8-week-old mice by daily SC injections in 2 distinct sites on
shaved backs of mice. On day 28, mice were killed, and lesional
skin was obtained for protein lysates, total RNA, and histology
(15). Each group consisted of 10 mice. In experiments using the
ADORA2B antagonist GS-6201, the drug was provided mixed in
chow starting on day 15 until the end of the study. Control mice
received chow with vehicle. TSK1 mice were obtained from The
Jackson Laboratory. Eight-week-old TSK1 mice were fed chow
containing vehicle or GS-6201 for 30 days until the end of the
study. Animal experiments were approved by the Animal Welfare
Committee (AWC) of UTHealth (protocol no. AWC-13-043).

Histochemical studies and immunohistochemistry.
Five-micrometer thick sections of paraffin-embedded skin tissues
were stained with hematoxylin and eosin, Masson’s trichrome
(both from Sigma-Aldrich), or picrosirius red (Abcam). Skin

fibrosis was quantified by measuring the thickness of the dermis,
defined as the distance from the epidermal–dermal junction to
the dermal–adipose layer junction, at 6 randomly selected sites/
microscopic fields in each skin sample (15). To analyze the accu-
mulated collagen content in the lesional skin, deparaffinized
sections were stained with Masson’s trichrome. Fibrosis in
picrosirius red–stained skin was quantified using ImageJ and
Macro Language software (National Institutes of Health; https://
imagej.nih.gov/ij/docs/examples/stained-sections/index.html). Data
were calculated as percentage of total area.

Immunohistochemistry was performed using antibodies
against fibronectin (FN; Abcam), a-smooth muscle actin (a-
SMA; Sigma-Aldrich), and arginase 1 (Bioss) or a biotinylated
HA-binding protein (EMD Millipore). Bound antibodies were
detected with secondary antibodies from a Vectastain kit (Vec-
tor). Fibroblasts were identified by their spindle morphology,
and inflammatory cells were identified by round morphology.
For immunofluorescence-stained slides, Vector Red (Vector) or
Alexa Fluor 488 (Life Technologies) was used to visualize the
primary antibody. Sections were mounted with medium contain-
ing DAPI or propidium iodide (Abcam) as counterstain.

For immunofluorescence experiments with human tis-
sues, fluorescein isothiocyanate–conjugated anti–a-SMA (Sigma-
Aldrich) was used. Antibodies against ADORA2B (Thermo Sci-
entific) and HAS-2 (Santa Cruz Biotechnology) were conjugated
to Texas Red (Santa Cruz Biotechnology). Slides were counter-
stained with DAPI. All imaging was performed with a Leica
DM4000 (Leica Microsystems) equipped with a monochrome
camera (DFC 3000G; Leica). For immunohistochemistry experi-
ments with human tissues, antibodies against a-SMA (clone 1A4
mouse monoclonal; Sigma-Aldrich), ADORA2B, and HAS-2
were used. a-SMA was visualized with Vector Blue (Vector) using
an ImmPRESS-APAnti-Mouse IgG (alkaline phosphatase) Poly-
mer Detection Kit (Vector). ADORA2B and HAS-2 were visual-
ized with ImmPACT Diaminobenzidine Peroxidase Substrate
(Vector) after incubation using an ImmPRESS HRPAnti-Rabbit
IgG (peroxidase) Polymer Detection Kit (Vector). Morphometric
evaluation of cells positive for a-SMA and ADORA2B or of cells
positive for a-SMA and HAS-2 was performed by a scientist (KP)
who was blinded with regard to group status. Evaluations were
performed using a total of 10 control or 10 SSc double-stained
skin samples. Demographic characteristics of the SSc patients and
controls who donated tissue used for immunohistochemistry are
presented in Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40554/abstract.

Determination of messenger RNA (mRNA) levels by
quantitative reverse transcription–polymerase chain reaction
(RT-PCR). Total RNA was isolated from lesional skin tissue
using TRIzol reagent (Life Technologies) and purified with an
RNeasy Mini kit (Qiagen). Quantitative RT-PCR was per-
formed using validated gene expression assays for ADORA1,
ADORA2A, ADORA2B, ADORA3, COL1A1, interleukin-6
(IL-6), monocyte chemoattractant protein 1 (MCP-1), HAS-2,
and FN (Sigma-Aldrich). Cyclophilin A (PPIA) and b-actin were
used as endogenous controls to normalize transcript levels of
total RNA of each sample.

The following primers were used for this study: ADORA1
forward 50-TGTGCCCGGAAATGTACTGG-30, reverse 50-TCT-
GTGGCCCAATGTTGATAAG-30; ADORA2A forward 50-TTC-
CACTCCGGTACAATGGC-30, reverse 50-CGATGGCGAATG-
ACAGCAC-30; ADORA2B forward 50-GCGTCCCGCTCAG-
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GTATAAAG-30, reverse 50-CGGAGTCAATCCAATGCCAAAG-
30; ADORA3 forward 50-ACGGACTGGCTGAACATCAC-30,
reverse 50-AGACAATGAAATAGACGGTGGTG-30; COL1A1
forward 50-GCTCCTCTTAGGGGCCACT-30, reverse 50-CCACG
TCTCACCATTGGGG-30; IL-6 forward 50-ACCGCTATGAAG-
TTCCTCTC-30, reverse 50-CTCCGACTTGTGAAGTGGTA-30;
MCP-1 forward 50-AGCATCCACGTGTTGGCTC-30, reverse 50-
TGGGATCATCTTGCTGGTG-30; HAS-2 forward 50-TGTGA-
GAGGTTTCTATGTGTCCT-30, reverse 50-ACCGTACAGTCCA-
AATGAGAAGT-30; PPIA forward 50-GAGCTGTTTGCAGAC-
AAAGTTC-30, reverse 50-CCCTGGCACATGAATCCTGG-30; b-
actin forward 50-GGCTGTATTCCCCTCCATCG-30, reverse 50-
CCAGTTGGTAACAATGCCATGT-30. Data were analyzed with
GraphPad Prism software using the 2–DDCt method.

Quantification of tissue collagen. The collagen content
of skin was determined using a Sircol Collagen Assay (Biocolor).
Collagen content was normalized to total protein content (Brad-
ford assay; Bio-Rad).

Plasma MCP-1 assay. MCP-1 enzyme-linked immuno-
sorbent assays (ELISAs) were performed on plasma using a
Quantikine ELISA kit (R&D Systems). Results are given as the
mean� SEM pg/ml.

Primary normal human dermal fibroblasts (HDFs). Pri-
mary normal HDFs were obtained from Lonza (batch no.
0000214247) and cultured according to instructions provided by
Lonza. These cells originated from a 41-year-old woman under-
going either reduction mammaplasty or abdominoplasty. RNA
isolation and RT-PCR for human adenosine receptors were per-
formed as previously described (17). Cells were washed twice in
Hanks’ balanced salt solution and incubated in serum-free basal
medium (Lonza) with or without the agonist 50-N-ethylcarboxa-
midoadenosine (NECA) or the selective ADORA2B antagonist
CVT-6694 (18) for 18 hours. The concentration of IL-6 in cell
medium was then determined using ELISA kits (Thermo Fisher).
In experiments using fibroblasts isolated from patients with SSc
or healthy controls, 5 SSc and 5 control fibroblast cell lines from
age- and sex-matched individuals were used. All experiments
were performed in passage 6. Demographic characteristics of the
SSc patients and controls who donated primary cells are summa-
rized in Supplementary Table 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.40554/abstract.

Availability of data and material. The data sets used
and/or analyzed during the current study are available on rea-
sonable request from the corresponding author.

RESULTS

Elevated fibroproliferative lesions in the skin follow-
ing bleomycin exposure. To demonstrate our ability to con-
sistently induce fibrosis in the skin of mice, we injected
bleomycin SC into a cohort of animals and assessed various
fibrosis end points. Masson’s trichrome staining of sections
of skin from mice exposed to phosphate buffered saline or
bleomycin demonstrated a consistent increase in dermal
fibrosis in mice exposed to bleomycin (representative
findings are shown in Supplementary Figure 1A, http://
onlinelibrary.wiley.com/doi/10.1002/art.40554/abstract). These
observations were consistent with increased quantifi-
able metrics of fibrosis including increased transcripts for

collagen and FN in the skin of mice exposed to bleomycin
(see Supplementary Figures 1B and C). These findings
demonstrate our ability to consistently induce dermal fibro-
sis in mice using bleomycin.

Elevated ADORA2B expression in dermal fibrosis.
Adenosine has been shown to play a detrimental role in
several organs where aberrant tissue remodeling and the
development of fibrosis are consequences of chronic injury
(7,8). Our laboratory and those of others have attributed
the profibrotic effects of adenosine to the engagement of
ADORA2B (11); however, the involvement of this recep-
tor in bleomycin-induced skin fibrosis has not been exam-
ined. To gain insight into the potential role of ADORA2B
in dermal fibrosis, we examined transcript levels of
ADORA2B and other adenosine receptors in RNA lysates
generated from mice exposed to bleomycin. Results
demonstrated that there was a significant increase in
ADORA2B transcript levels in the fibrotic skin of mice
exposed to bleomycin (see Supplementary Figure 1F, http://
onlinelibrary.wiley.com/doi/10.1002/art.40554/abstract). In-
terestingly, transcript levels for ADORA1, ADORA2A, or
ADORA3 (see Supplementary Figures 1D, E, and G)
were not increased in this model. These findings suggest
that ADORA2B is increased in association with dermal
fibrosis.

Inhibition of dermal fibrosis by an ADORA2B
antagonist. Previous studies have shown that treatment
with ADORA2B antagonists during stages of active fibro-
sis can attenuate fibrosis in the lung (11,12), kidney (13),
and penis (14). These findings led us to hypothesize that
ADORA2B antagonism would attenuate dermal fibrosis
following bleomycin exposure. To test this hypothesis, we
examined the therapeutic efficacy of an ADORA2B
antagonist in attenuating bleomycin-induced skin fibrosis.
Mice were exposed to SC bleomycin, and a cohort was
provided with chow containing the ADORA2B antagonist
GS-6201 beginning on day 15 following bleomycin admin-
istration, a stage when skin fibrosis is already evident (15).
On day 28, the skin of mice with exposure to bleomycin
and GS-6201 treatment was examined for metrics of skin
fibrosis. Mice exposed to bleomycin and treated with the
ADORA2B antagonist GS-6201 exhibited reduced der-
mal fibrosis compared to bleomycin-exposed control
chow–treated mice, as observed histologically in Masson’s
trichrome–stained skin sections (Figure 1A). These quali-
tative observations were validated with quantifiable analy-
sis of skin fibrosis, including reduced dermal thickness
assessed morphometrically (Figure 1B) and reduced col-
lagen transcript levels (Figure 1C). We next stained skin
sections with a-SMA to identify myofibroblasts. There
were increased numbers of myofibroblasts within fibrotic
lesions in mice exposed to bleomycin, and these increased
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numbers were attenuated in bleomycin-exposed mice
treated with GS-6201 (Figure 1D).

Taken together, these observations demonstrate
that treatment with GS-6201 starting on day 15 after the

initiation of bleomycin exposure is able to halt the pro-
gression of dermal fibrosis. These experiments suggest a
potential therapeutic role for GS-6201 in the treatment of
skin fibrosis.

Figure 1. Attenuation of skin fibrosis by GS-6201. A, Masson’s trichrome–stained skin sections from representative mice treated with phosphate buffered
saline (PBS) plus control chow, PBS plus GS-6201, bleomycin (bleo) plus control chow, or bleomycin plus GS-6201. Bar = 500 lm. B, Dermal thickness
assessed morphometrically from Masson’s trichrome–stained skin sections from mice treated as shown in A. C, COL1A1 transcript levels in skin sections
from mice treated as shown in A. PPIA = cyclophilin A. D, Immunofluorescence for a-smooth muscle actin (a-SMA; red) counterstained with DAPI (blue)
in skin sections from mice treated as shown in A. Arrowheads indicate myofibroblasts. Bar = 25 lm. In B and C, values are the mean� SEM. * = P < 0.05;
*** = P < 0.001 versus PBS plus control chow. # = P < 0.05; ## = P < 0.01 versus bleomycin plus control chow, by analysis of variance.
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ADORA2B antagonism attenuates FN expression
and reduces the number of alternatively activated macro-
phages found in dermal fibrosis. Further analysis of fibrot-
ic lesions showed increased expression of the extracellular
matrix molecule FN in mice exposed to SC bleomycin.
Levels of FN were attenuated in bleomycin-exposed mice

treated with GS-6201 (Figures 2A and C), further indicat-
ing the ability of this ADORA2B antagonist to regulate
dermal fibrosis in this model.

Alternatively activated macrophages have been
implicated in the regulation of fibrosis in various organs in
part by the ability of ADORA2B on these cells to elicit the

Figure 2. GS-6201 reduces fibronectin (FN) levels and numbers of alternatively activated macrophages. A and B, Immunofluorescence for FN
(green) and counterstaining with propidium iodide (PI; red) (A) and immunohistochemical staining for arginase 1 (ARG-1) and counterstaining
with hematoxylin (B) in skin sections from mice treated with phosphate buffered saline (PBS) plus control chow, PBS plus GS-6201, bleomycin
(bleo) plus control chow, or bleomycin plus GS-6201. Arrowheads in B indicate ARG-1–positive cells. Bars = 50 lm. C–E, Transcript levels of FN
(C) and interleukin-6 (IL-6) (D) and protein levels of monocyte chemoattractant protein 1 (MCP-1) (E) in skin sections from mice in the 4 treat-
ment groups. Values are the mean � SEM. ** = P < 0.01; *** = P < 0.001 versus PBS plus control chow. # = P < 0.05; ### = P < 0.001 versus
bleomycin plus control chow, by analysis of variance. PPIA = cyclophilin A.
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production of profibrotic molecules (19). To begin to
assess whether a similar pathway may be active in dermal
fibrosis, we stained tissue sections with arginase 1, a mar-
ker for alternatively activated macrophages (Figure 2B).
Staining for arginase 1 demonstrated increased numbers of
alternatively activated macrophages in bleomycin-exposed
skin (Figure 2B). Interestingly, arginase 1–positive alterna-
tively activated macrophages appeared to be less prevalent
in the dermis of bleomycin-exposed mice treated with GS-

6201 (Figure 2B). We have previously demonstrated that
engagement of ADORA2B on alternatively activated
macrophages regulates the production of the profibrotic
molecule IL-6 (10,20) and of the immunoregulatory mole-
cule MCP-1 (21). To determine if these molecules were
regulated by ADORA2B signaling during dermal fibrosis,
we measured IL-6 and MCP-1 transcripts in the skin of
mice exposed to bleomycin with and without GS-6201
treatment. Results demonstrated significant elevations in

Figure 3. Increased levels of dermal hyaluronan (HA) in bleomycin (bleo)–exposed mice. A, Immunofluorescence for HA (red) and counterstaining
with DAPI (blue) in skin sections from mice treated with phosphate buffered saline (PBS) plus control chow, PBS plus GS-6201, bleomycin plus
control chow, or bleomycin plus GS-6201. Bar = 75 lm. B and C, Transcript levels of HA synthase 2 (HAS-2) (B) and A2B adenosine receptor
(ADORA2B) (C) in skin sections from mice in the 4 treatment groups. Values are the mean � SEM. * = P < 0.05 versus PBS plus control chow.
## = P < 0.01 versus bleomycin plus control chow, by analysis of variance. PPIA = cyclophilin A.
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IL-6 (Figure 2D) and MCP-1 (Figure 2E) in the skin of
mice exposed to bleomycin. Furthermore, there was a sig-
nificant reduction in IL-6 transcript levels in bleomycin-
exposed mice treated with GS-6201 (Figure 2D) and a
trend toward reduction in MCP-1 transcripts (Figure 2E).
These findings demonstrate that GS-6201 treatment is able
to reduce numbers of alternatively activated macrophages
and attenuate fibrosis mediators in the skin of mice
exposed to bleomycin.

Attenuation of HA pathways following treatment
with an ADORA2B antagonist. Recent studies have shown
that engagement of ADORA2B leads to enhanced HA
production through increased expression of HAS-2 (22).
HA has been implicated in mediating fibrosis through its
interaction with fibroblasts (22); however, this profibrotic
molecule has not been examined in dermal fibrosis. To
address this gap in knowledge, we examined levels of HA
and HAS-2 in the skin of mice exposed to bleomycin and
determined the impact of GS-6201 treatment on these
levels (Figure 3). Staining for HA revealed increased

signals in bleomycin-exposed mice that were attenuated
in bleomycin-exposed mice treated with GS-6201 (Fig-
ure 3A). These observations were consistent with
increased HAS-2 expression in bleomycin-exposed mice
that was attenuated in bleomycin-exposed mice treated
with GS-6201 (Figure 3B). These findings suggest that
ADORA2B-dependent up-regulation of HAS-2, and sub-
sequently of HA, may impact dermal fibrosis (Figures 3B
and C).

Attenuation of skin fibrosis in the TSK1 mouse fol-
lowing treatment with an ADORA2B antagonist. To inves-
tigate whether a similar antifibrotic effect could be
achieved in a secondary model of dermal fibrosis, GS-6201
was administered to TSK1 mice, mice with genetically
induced dermal fibrosis caused by fibrillin 1 mutation in
which fibrotic changes are observed in the hyperdermal
layer (16). Female TSK1 mice age 6–8 weeks were fed
chow containing vehicle or GS-6201 for 30 days. Skin was
collected on day 30 for fibrosis examination. As observed
in the Masson’s trichrome–stained sections, TSK1 mice

Figure 4. Reduction of dermal fibrosis by GS-6201 in TSK1 mice. Eight-week-old female TSK1 mice were fed control chow or chow containing
GS-6201 for 30 days. A, After 30 days, skin was collected for Masson’s trichrome staining or picrosirius red staining to evaluate skin thickness and
collagen deposition. Arrows indicate extent of dermal fibrosis at the hyperdermal layer. Bar = 500 lm. B, Skin thickness at the hyperdermal layer
was measured and quantified. C, Picrosirius red–stained skin was quantified, and data were expressed as percentage of the total area. D–H, Quan-
titative reverse transcription–polymerase chain reaction was performed to determine transcript levels of COL1A1 (D), fibronectin (E), interleukin-
6 (IL-6) (F), monocyte chemoattractant protein 1 (MCP-1) (G), and hyaluronan synthase 2 (HAS-2) (H) in skin collected from TSK1 mice fed
control chow or chow containing GS-6201. In B–H, values are the mean � SEM. * = P < 0.05 versus control. PPIA = cyclophilin A.
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treated with GS-6201 presented with reduced dermal
fibrosis at the hyperdermal layer (Figure 4A). Analysis
blinded with regard to dermal thickness confirmed a sig-
nificant reduction in hyperdermal layer thickness (Fig-
ure 4B). These changes were consistent with reduced
COL1A1 and FN expression levels (Figures 4D and E).
In addition, we observed that both IL-6 and MCP-1 tran-
script expression levels were reduced in the skin of mice
treated with GS-6201 (Figures 4F and G), which suggests
that the ADORA2B antagonist is able to attenuate fibro-
sis mediators and inflammation markers associated with
alternatively activated macrophages in TSK1 mice. How-
ever, HAS-2 transcript levels were not significantly altered
in mice treated with GS-6201 compared to control mice
(Figure 4H). Taken together, our findings demonstrate
that treatment with GS-6201 can halt progression of der-
mal fibrosis in TSK1 mice.

High expression of ADORA1 and ADORA2B in
normal HDFs. Our experiments to determine the
expression levels of adenosine receptors in normal HDFs
demonstrated that ADORA1 and ADORA2B, but not
ADORA2A or ADORA3, were highly expressed in

normal HDFs (Figure 5A). We found that normal HDFs
treated with NECA, an adenosine receptor analog (18),
led to increased levels of IL-6 in media, and that this was
blocked by CVT-6694, a selective ADORA2B antagonist
(Figure 5B). Interestingly, primary dermal fibroblasts cul-
tured from normal donors or patients diagnosed as having
SSc revealed that ADORA2B was the primary adenosine
receptor expressed in dermal fibroblasts (Figure 5C).
However, no significant differences in adenosine receptor
expression were observed between normal and SSc
dermal fibroblasts. Furthermore, assessment of mRNA
expression levels for adenosine deaminase (ADA) and
adenosine kinase, 2 enzymes involved in the degradation
of adenosine, revealed a significant increase in adenosine
kinase expression but not in ADA expression in SSc sam-
ples compared to normal samples (Figure 5D). ADA is
normally responsible for extracellular adenosine degrada-
tion, while adenosine kinase usually degrades intracellular
adenosine. In addition, there were no significant differ-
ences in CD73 expression levels, but HAS-2 expression
levels were elevated in SSc fibroblasts compared to nor-
mal fibroblasts (Figure 5D).

Figure 5. Adenosine receptors and A2B adenosine receptor (ADORA2B) response in normal human dermal fibroblasts (HDFs). A, Adenosine
receptor expression levels in normal HDFs (n = 3 experiments). B, Interleukin-6 (IL-6) release from normal HDFs (n = 4 experiments). Cells were
incubated with 50-N-ethylcarboxamidoadenosine (NECA) (10 lM) with or without CVT-6694 (100 nM) for 18 hours. C and D, Adenosine receptor
expression (C) and transcript levels for adenosine deaminase (ADA), adenosine kinase (AK), CD73, and hyaluronan synthase 2 (HAS-2) (D) in
primary HDFs from 5 normal donors and 5 patients diagnosed as having systemic sclerosis (SSc). Values are the mean � SEM. In B, *** = P <
0.001 versus control; ### = P < 0.001 versus NECA alone, by analysis of variance. In D, * = P < 0.05 versus HDFs from normal donors, by t-test.
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Similarly, immunofluorescence staining and sub-
sequent morphometric evaluation revealed coexpres-
sion of ADORA2B and a-SMA in fibroblasts in normal
and SSc skin (Figure 6A), with an increased number of
ADORA2B-positive myofibroblasts in SSc skin com-
pared to control skin (Figure 6A). In sections immuno-
histochemically stained for HAS-2 and a-SMA, we
observed increased HAS-2–positive myofibroblasts in
SSc skin compared to control skin (Figure 6B), which
was consistent with increased HA deposition in SSc
skin sections (Figure 6C).

DISCUSSION

Extracellular adenosine has been associated with
the progression of several chronic diseases, including dis-
eases in which fibrosis is a major component (7,8). Mice
deficient in ADA exhibit progressive and chronic eleva-
tions in adenosine levels due to the absence of the enzyme
that breaks down adenosine (23). These mice sponta-
neously develop fibrosis in many organs including the lung
(24,25), liver (24), kidney (13), penis (14), and skin (26).
These findings led to the hypothesis that chronic elevations

Figure 6. Expression of A2B adenosine receptor (ADORA2B), hyaluronan, and hyaluronan synthase 2 (HAS-2) in human normal and systemic
sclerosis (SSc) skin tissue. A and B, Immunofluorescence and morphometric evaluation of cells double positive for a-smooth muscle actin
(a-SMA; blue) and ADORA2B (brown) (A) and of cells double positive for a-SMA and HAS-2 (brown) (B). Arrowheads in A indicate a-SMA
and ADORA2B double-positive cells; arrowheads in B indicate a-SMA and HAS-2 double-positive cells. Bars = 100 lm. Values are the mean �
SEM. * = P < 0.05 versus control, by Student’s 2-tailed t-test. C, Staining for a-SMA (green) and hyaluronan (white) with DAPI counterstaining
(blue). Bar = 50 lm.
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in adenosine serve as a profibrotic signal (7) and initiated a
series of studies to investigate the mechanisms involved.
With regard to skin fibrosis, substantial amounts of experi-
mental work have demonstrated that adenosine generation
(27) and its signaling through ADORA2A constitute a
major profibrotic regulator in dermal fibrosis (6). Fernan-
dez and colleagues have demonstrated that antagonism of
ADORA2A in the ADA-deficient mouse model can atten-
uate adenosine-driven skin fibrosis (26). In addition, this
group has shown that direct engagement of ADORA2A
on dermal fibroblasts can access numerous profibrotic
pathways (28–30). Thus, adenosine clearly plays a role in
regulating dermal fibrosis through ADORA2A expressed
on dermal fibroblasts.

Work from our laboratories has shown that
ADORA2B plays an important role in the regulation of
fibrosis in several organs (8). Moreover, the highly selec-
tive ADORA2B antagonist GS-6201 has been used in
these studies to show that ADORA2B plays an impor-
tant role in the regulation of pulmonary fibrosis (11).
Treatment with GS-6201 was able to attenuate pul-
monary fibrosis in ADA-deficient mice (11) and mice in
which pulmonary fibrosis was induced by bleomycin
(11,12). Importantly, in these studies, GS-6201 was given
to mice after pulmonary fibrosis was well-established
(12), demonstrating that blockade of this pathway was
therapeutic. A major finding of the current study was
that treatment with this same antagonist was also effec-
tive in attenuating dermal fibrosis in the SC bleomycin
model and in TSK1 mice. Similar to studies on pul-
monary fibrosis, GS-6201 was effective in attenuating
several metrics of dermal fibrosis even though treatment
was not initiated until late in the model. These findings
provide the first evidence that ADORA2B plays a role in
regulating dermal fibrosis, and they suggest that target-
ing this receptor may be an attractive approach for the
treatment of fibrotic dermal disorders such as SSc.

Additional evidence to support a role for
ADORA2B in dermal fibrosis was our finding that levels
of this receptor were elevated in skin samples from mice
exposed to SC bleomycin. Elevations in ADORA2B levels
are commonly seen in fibrotic tissues in both mice and
humans (12,20), where various profibrotic activities have
been identified on different cell types. For example,
ADORA2B levels are found to be elevated on myo-
fibroblasts (9), where ADORA2B signaling can promote
both the differentiation of myofibroblasts and the produc-
tion of fibrosis mediators. In addition to its importance for
myofibroblasts, ADORA2B has recently been shown to be
important in regulating the function of a subtype of macro-
phages known as alternatively activated macrophages (10).
Alternatively activated macrophages have been suggested

to play an important role in the regulation of fibrosis in
many organs (19), and a recent study has demonstrated
that the expression of ADORA2B on this cell type con-
tributes to the progression of pulmonary fibrosis in mice
(10). ADORA2B is known to induce the production of the
profibrotic molecule IL-6 from alternatively activated
macrophages both in mice (10) and in humans (20) with
pulmonary fibrosis, and genetically removing ADORA2B
from macrophages is associated with reduced IL-6 produc-
tion and reduced pulmonary fibrosis (10).

Similarly, in the current study, we demonstrate that
IL-6 levels are elevated in the SC bleomycin model in con-
junction with increased numbers of alternatively activated
macrophages. Moreover, we show that treatment with an
ADORA2B antagonist is associated with fewer alterna-
tively activated macrophages and reduced production of
IL-6 both in the SC bleomycin model and in TSK1 mice.
Taken together, these results suggest that ADORA2B sig-
naling on alternatively activated macrophages in fibrotic
skin may regulate IL-6 production, which could regulate
dermal fibrosis. In support of these studies, blockade of IL-
6 was shown to lead to significant reduction in skin thicken-
ing in a randomized controlled trial in SSc patients (31).

We recently found that ADORA2B-driven fibrotic
responses in the lungs of mice are also associated with
increased HA signaling (22). Similarly, we demonstrated
in the current study that there are substantial increases
both in the enzyme that produces hyaluronan, HAS-2,
and in HA itself in fibrotic lesions of mice exposed to
bleomycin and in skin samples from patients with SSc.
Moreover, treatment with GS-6201 was associated with
decreased HAS-2 expression and with a reduction in HA
in fibrotic skin. HA signaling contributes to the progres-
sion of fibrosis by stimulating profibrotic activities on
fibroblasts (22), and our findings suggest that the
ADORA2B-dependent regulation of this pathway may
contribute to dermal fibrosis. These findings echo our
observations in experimental models of lung injury
in which treatment with GS-6201 or depletion of
ADORA2B in myeloid cells reduced the extent of fibrotic
deposition in the lungs and attenuated vascular remodel-
ing and pulmonary hypertension (10,12). Further studies
by our group identified increased HA as a modulator of
enhanced fibrotic deposition and vascular remodeling
(10,22) that can be targeted therapeutically (32). These
observations have important implications for SSc, in
which the development of interstitial lung disease or pul-
monary hypertension is a serious complication (33,34).

Consistent with these results, in experiments using
normal HDFs we demonstrate that both ADORA1 and
ADORA2B are highly expressed in these cells and that acti-
vation of ADORA2B leads to increased levels of the
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profibrotic cytokine IL-6. Interestingly, our data from pri-
mary cells isolated from SSc patients or controls did not
show increased ADORA1 signals. This may be explained by
the origin of the normal HDFs obtained from Lonza. These
cells originated from 1 donor, a 41-year-old female who
underwent reduction mammaplasty or abdominoplasty,
while our results from primary cells represent average sig-
nals from cells obtained from the forearms of 5 controls
and 5 SSc patients. Thus, we believe that our data from iso-
lated primary fibroblasts may be more representative than
the data from normal HDFs.

Our experiments using immunofluorescence showed
expression of ADORA2B in fibroblasts in both normal and
SSc tissue. These findings are significant as this response is
likely augmented in fibrotic normal HDFs in which
increased ADORA2B expression is expected (8). This is
consistent with previously published data showing in-
creased IL-6 levels from SSc skin lesions following exposure
to ATP (35).

It is also important to point out that although our
experiments in mice did not show increased ADORA2A
levels, increased expression of ADORA2A has been
shown in fibroblasts from SSc patients (36). Furthermore,
activation of ADORA2A by CGS-21680 has been shown
to stimulate fibroblast-to-myofibroblast differentiation in
human SSc fibroblasts (36). In contrast, ADORA2A-
deficient mice or mice treated with the ADORA2A
antagonist ZM241385 have exaggerated dermal fibrosis
due to abrogated production of transforming growth fac-
tor b and connective tissue growth factor (26,29). These
studies clearly show an important role of adenosine sig-
naling through ADORA2A in dermal fibrosis.

ADORA2A and ADORA2B are both coupled to
adenylyl cyclase by the stimulatory G protein subunit
(Gas) and can induce intracellular cAMP levels.
ADORA2B has the lowest affinity to extracellular adeno-
sine; therefore, it is normally activated in pathologic con-
ditions due to elevated extracellular adenosine (37).
Previous studies in lymphocytes indicate that surface
expression of ADORA2A is partially responsible for
surface expression of ADORA2B in lymphocytes (38),
indicating that activation of ADORA2A promotes
ADORA2B signaling. The different turnover rate may
contribute to the low ADORA2A expression in dermal
fibroblasts. However, because ADORA2A has much
higher affinity than ADORA2B, we believe that
ADORA2A and ADORA2B both play potential roles
during the pathogenesis of dermal fibrosis. Despite this,
our results reveal that ADORA2B is the adenosine recep-
tor most abundantly expressed both in normal and in SSc
fibroblasts, yet no differences were identified in adenosine
receptor expression between normal and SSc samples.

Taken together, these results point to the potential
benefit of ADORA2A antagonists to treat human dermal
fibrosis, in addition to ADORA2B antagonism. Interest-
ingly, our data also show increased expression of adeno-
sine kinase but not ADA in SSc skin samples. These
results are significant since adenosine kinase metabolizes
adenosine back to AMP intracellularly, while ADA de-
grades adenosine to inosine extracellularly. These results
may suggest that in SSc, increased intracellular adenosine
levels are present that lead to increased expression of
adenosine kinase.

In conclusion, we have shown that the ADORA2B
antagonist GS-6201 is effective in reducing dermal fibrosis
in a mouse model of SC bleomycin exposure. These find-
ings suggest that this receptor could play a role in regulat-
ing dermal fibrosis and that targeting this receptor may
prove beneficial in the treatment of disorders such as SSc,
in which dermal fibrosis is prominent. These studies were
not able to resolve the relative difference between the
ADORA2A and ADORA2B signaling pathways in der-
mal fibrosis; therefore, additional studies are needed to
address this issue and to identify when and how best to
promote the use of adenosine-based therapeutics for the
treatment of dermal fibrosis.
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Risk Factors and Biomarkers for the Occurrence of
Uveitis in Juvenile Idiopathic Arthritis

Data From the Inception Cohort of Newly Diagnosed Patients With
Juvenile Idiopathic Arthritis Study

Christoph Tappeiner ,1 Jens Klotsche,2 Claudia Sengler,3 Martina Niewerth,3 Ina Liedmann,3

Karoline Walscheid,4 Miha Lavric,5 Dirk Foell,5 Kirsten Minden,2 and Arnd Heiligenhaus4

Objective. To analyze the prognostic value of demo-
graphic, clinical, and therapeutic factors and laboratory
biomarkers and to assess their role in predicting uveitis
occurrence in patients with juvenile idiopathic arthritis
(JIA).

Methods. Patients with JIA were enrolled within
the first year after JIA diagnosis. Demographic and clini-
cal parameters were documented. Serum samples were
collected at study enrollment, at 3-month follow-up visits
within the first year, and then every 6 months. A multi-
variable Cox regression analysis was performed to evalu-
ate the impact of demographic, clinical, laboratory, and
therapeutic parameters on uveitis onset.

Results. We included 954 JIA patients (67.2%
female, 54.2% antinuclear antibody [ANA] positive, mean
� SD age at onset 7.1 � 4.6 years). Uveitis occurred in 133
patients (observation period 44.5 months). Young age at
JIA onset and ANA positivity were significantly associated
with the onset of uveitis (both P < 0.001). Treatment of
arthritis with methotrexate alone (hazard ratio [HR] 0.18
[95% confidence interval (95% CI) 0.12–0.29], P < 0.001)
or combined with etanercept (HR 0.10 [95% CI 0.04–0.23],
P < 0.001) or adalimumab (HR 0.09 [95% CI 0.01–0.61], P
= 0.014) reduced the risk of uveitis onset and the occur-
rence of uveitis-related complications. Predictors of uveitis
onset included elevated erythrocyte sedimentation rate at
baseline (HR 2.36 [95% CI 1.38–4.02], P = 0.002) and con-
tinuing moderate or high disease activity during follow-up
as measured by the 10-joint clinical Juvenile Arthritis Dis-
ease Activity Score (HR 4.30 [95% CI 2.51–7.37], P <
0.001). Additionally, S100A12 levels ≥250 ng/ml at baseline
were significantly associated with the risk of uveitis (HR
2.10 [95% CI 1.15–3.85], P = 0.016).

Conclusion. Apart from demographic risk factors
and treatment modalities, JIA disease activity scores and
laboratory biomarkers could be used to better define the
group of JIA patients at high risk of uveitis onset.

Juvenile idiopathic arthritis (JIA) is a heteroge-
neous group of diseases with arthritis onset before age 16
years. In ~9–13% of patients with JIA, uveitis becomes
manifest (1,2) and may lead to vision-threatening compli-
cations (3–5). Previous studies have identified different
risk factors for uveitis onset in JIA, namely, oligoarthritis
subtype, young age at arthritis onset, short duration of JIA
disease, and antinuclear antibody (ANA) positivity (6–8).
Uveitis occurrence is subject to geographic variations, with
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a higher rate in northern countries (e.g., Scandinavian
countries and Germany) and a lower frequency in eastern
and southern Asia (1,2,7). Furthermore, disease-modifying
antirheumatic drug (DMARD) treatment in JIA patients
may reduce the risk of uveitis onset, especially if instituted
early in the course of disease (9).

Different molecular biomarkers have recently
been investigated in arthritis patients in order to detect
residual inflammation and the risk of arthritis flares after
remission or after discontinuing treatment. A laboratory
biomarker that offers the potential of a reliable outcome
measure would be desirable for clinicians. An elevated
erythrocyte sedimentation rate (ESR) may indicate activ-
ity of an autoimmune disease. Indeed, previous studies
indicated an elevated risk of uveitis in JIA patients with
an elevated ESR (10–13), while no such correlation was
found in others (2,14). For other factors (e.g., C-reactive
protein [CRP]), no correlation with uveitis risk in JIA has
been found previously (10,12,13).

A new and promising approach is the determina-
tion of serum levels of S100 proteins, a group of damage-
associated molecular pattern molecules expressed in cells
of myeloid origin. S100 molecules mediate inflammatory
responses of the innate immune system and recruit inflam-
matory cells to the site of tissue damage (15). S100A8/A9
complexes (myeloid-related protein 8 [MRP-8]/MRP-14;
calprotectin) and S100A12 are calcium-binding proteins
that mediate inflammatory responses through the receptor
for advanced glycation end products and Toll-like recep-
tors, after release from activated or necrotic cells (16). It
has been shown that the MRPs S100A8 and S100A9 play
a distinct role in neutrophil and monocyte activation (17).
Analysis of these factors represents a promising tool for
monitoring inflammation in JIA patients and in other
(auto)inflammatory or autoimmune diseases (15,17–20).
Indeed, serum levels of S100A8 and S100A9 have been
shown to be useful for assessing the risk of further arthritis
flares after methotrexate (MTX) withdrawal in JIA (21).
Increased levels of S100A12 reflect neutrophil activation
(15,20) and—similar to S100A8/A9—are useful for detecting
low-level inflammation and predicting risk of relapses in
JIA (19,22). Although it has been shown that elevated
S100 serum levels reflect intraocular inflammation in JIA
(23), no data are available about the impact of S100
serum protein levels on uveitis occurrence, outcome, and
response to treatment. This would be a desirable monitor-
ing instrument and prospective marker for assessing JIA
patients at risk of uveitis manifestations or of a severe
course of this ocular disease.

The aim of this study was to analyze the role of
demographic factors, DMARD treatment, and laboratory
biomarkers—particularly S100A12—to predict occurrence

of uveitis in the prospective, controlled Inception Cohort
of Newly diagnosed patients with Juvenile Idiopathic
Arthritis (ICON-JIA).

PATIENTS AND METHODS

Patients and controls. The ICON-JIA study is a prospec-
tive, controlled, observational, multicenter study. We included
patients with JIA defined according to the International League
of Associations for Rheumatology classification (24) and with
recent disease onset (diagnosis <12 months before enrollment).
Eleven pediatric rheumatology centers in Germany are participat-
ing in this study (during the recruitment period, the units reached
>33% of patients with incident JIA expected in the population in
Germany). For more details on the ICON-JIA cohort study, see
Sengler et al (25). For this analysis, the observation period ended
at the last follow-up visit in patients without uveitis and on the
date of occurrence of uveitis in patients who developed uveitis
during the follow-up period. The loss to follow-up was low, with
an annual dropout rate of 3.4% over the study period.

Data and blood sample collection. Patients were exam-
ined by a pediatric rheumatologist and an ophthalmologist quar-
terly during the first year and every 6 months thereafter. Various
demographic and clinical data (e.g., count of joints with active
disease [range 0–70] and global assessment of disease activity on
a Numerical Rating Scale [21-point; 0–10]) and medical and
family history were collected with standardized case report forms
and questionnaires. JIA disease activity was evaluated using the
10-joint clinical Juvenile Arthritis Disease Activity Score (cJA-
DAS-10). The cJADAS-10 (range 0–30) includes the physician’s
global assessment of disease activity, the parents’ global assess-
ment of overall well-being, and the number of joints with active
disease (maximum of 10). The cJADAS-10 thresholds proposed
by Consolaro and Ravelli (26) were applied to define disease
activity states for oligoarticular and polyarticular JIA (≤1 = inac-
tive; >1–≤1.5 and >1–≤2.5 = minimal; >1.5–≤4 and >2.5–≤8.5 =
moderate; >4 and >8.5 = high, respectively).

At enrollment and at the follow-up visits every 3 months
within the first year and every 6 months thereafter, standard
inflammation markers (e.g., ESR, CRP level, and platelet count)
and S100 proteins, cytokines, and chemokines were measured
from serum samples. A double-sandwich enzyme-linked immu-
nosorbent assay system was used to determine S100A12 levels.
The ESR cutoff of ≥20 mm/hour was applied to define elevated
ESR levels in accordance with the definition of the JADAS-10
(27). The readers of the laboratory assays were blinded with
regard to the diagnosis. Additionally, immunoglobulins, autoan-
tibodies (rheumatoid factor [RF] and ANAs), and HLA–B27
status were determined at inclusion. Ophthalmologic screening
was performed according to current screening recommendations
(2); findings were directly recorded with standardized question-
naires by the ophthalmologist who cared for the patient, and
uveitis was classified according to the Standardization of Uveitis
Nomenclature Working Group criteria (28).

Statistical analysis. Descriptive data were reported as
the mean � SD or the median and interquartile range for con-
tinuously distributed variables, as appropriate. Distributions of
categorical variables were described by absolute and relative
frequencies. A multivariable Cox regression analysis was per-
formed to evaluate the associations of demographic, clinical
(JADAS-10 score, etc.), laboratory (S100A12 and ESR), and
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therapeutic parameters with uveitis onset. These analyses also
included time-dependent covariates (change in disease severity
across time and change in therapy) to model the change in the
underlying risk of incidence of uveitis. A clinically meaningful
threshold of 250 ng/ml for S100A12 levels was determined at
the maximum of the Youden index based on receiver operating
characteristic curve analysis (29). Missing values in categorical
predictor variables were modeled by an additional category.
Hazard ratios (HRs) are reported with 95% confidence inter-
vals (95% CIs). P values less than 0.05 were considered signifi-
cant. All statistical analyses were conducted using SAS
software, version 9.3 (SAS Institute).

Ethics committee approval. The study was approved
by the ethics committee of the Charit�e Universit€atsmedizin
Berlin. Subjects’ consent was obtained according to the Dec-
laration of Helsinki, and the design of the work conforms to
the standards currently applied in Germany.

RESULTS

Demographic data. A total of 954 JIA patients
were included in the study (67.2% female, 54.2% ANA
positive, mean � SD age at onset 7.1 � 4.6 years)
(Table 1). The mean � SD follow-up time was 44.5 �
22.8 months. Uveitis occurred in 133 patients (13.9%)
during the observation period. Uveitis developed in 4 of
these patients (0.4% of all JIA patients; 3.0% of all with
uveitis) before the first JIA symptoms became manifest,
with a mean � SD duration of 11.0 � 5.6 months between
uveitis onset and first JIA symptoms. New uveitis onset
was recorded for 65 (6.8% of all JIA patients; 48.9% of
all with uveitis), 24 (2.5% of all JIA patients; 18.0% of all
with uveitis), and 19 (2.0% of all JIA patients; 14.3% of
all with uveitis) patients in the first, second, and third
year, respectively, after first JIA symptoms. In 52 patients
(5.5% of all JIA patients; 39.1% of all with uveitis), uveitis
occurred after first JIA symptoms became manifest and
before ICON-JIA study enrollment. A total of 21 patients
(2.2% of all JIA patients; 15.8% of all with uveitis) devel-
oped uveitis after 3 years or later after JIA onset (see
Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40544/abstract).

Established risk factors for uveitis. The estab-
lished risk factors for uveitis onset were analyzed in the
total sample of 954 patients. Female sex, young age at
JIA onset, the JIA category of oligoarthritis, and ANA
positivity were significantly associated with the onset of
uveitis in univariate analyses (Table 2). Moreover, ANA
positivity (HR 2.79 [95% CI 1.66–4.69], P < 0.001) and
age <3 years at JIA onset (HR 2.8 [95% CI 1.9–4.0], P <
0.001) were also significantly associated with risk of uve-
itis in multivariable analysis. The multivariable model
had good power to predict the risk of uveitis (Harrel’s
C = 0.77).

Impact of treatment on uveitis onset. The influ-
ence of treatment on the risk of uveitis was analyzed in
898 patients (the sample excluded patients with uveitis
onset before enrollment in the ICON-JIA study [see
Table 1]). Treatment of arthritis with MTX significantly
reduced the risk of subsequent uveitis onset (HR 0.16
[95% CI 0.11–0.24], P < 0.001). This effect was also statis-
tically significant after adjustment for established uveitis
risk factors (HR 0.14 [95% CI 0.09–0.21], P < 0.001).

Table 1. Demographic and clinical data on the JIA patients at
enrollment in the ICON-JIA study*

Total
sample

Sample excluding
patients with uveitis
before enrollment in
the ICON-JIA study

(n = 954)† (n = 898)‡

Female 641 (67.2) 601 (66.9)
Age at symptom onset,
mean � SD years

7.1 � 4.6 7.3 � 4.7

Time from symptom onset
to diagnosis,
median (IQR) months

3.0 (1.0–7.0) 3.0 (1.0–7.0)

Time from diagnosis to
enrollment,
median (IQR) months

1.6 (0.4–4.4) 1.5 (0.4–4.2)

JIA category
Systemic arthritis 35 (3.7) 35 (3.9)
Oligoarthritis 445 (46.7) 410 (45.7)
Psoriatic arthritis 39 (4.1) 38 (4.2)
Enthesitis-related arthritis 100 (10.5) 94 (10.5)
RF-positive polyarthritis 15 (1.6) 15 (1.7)
RF-negative polyarthritis 252 (26.4) 242 (26.9)
Undifferentiated arthritis 68 (7.1) 64 (7.1)

cJADAS-10, mean � SD 9.8 � 6.2 9.9 � 6.3
Inactive disease 56 (6.1) 51 (5.9)
Minimal disease activity 24 (2.6) 22 (2.6)
Moderate disease activity 173 (18.9) 164 (19.0)
High disease activity 664 (72.4) 626 (72.5)

ANA positive§ 517 (54.2) 469 (52.2)
RF positive§ 31 (3.3) 31 (3.5)
HLA–B27 positive§ 146 (15.3) 139 (15.5)
ESR, mean � SD mm/hour¶ 22.8 � 21.7 22.7 � 21.9
S100A12, mean � SD ng/ml# 337.5 � 806.8 347.8 � 833.0
Uveitis 133 (13.9) 77 (8.6)

* Except where indicated otherwise, values are the number (%). JIA =
juvenile idiopathic arthritis; ICON-JIA = Inception Cohort of Newly
diagnosed patients with Juvenile Idiopathic Arthritis; IQR = interquartile
range; cJADAS-10 = 10-joint clinical Juvenile Arthritis Disease Activity
Score.
† Sample for the analysis of “classic” risk factors.
‡ Sample for the analysis of clinical parameters and biomarkers for
the risk of uveitis during follow-up.
§ Percentages refer to the total numbers of 954 and 898 patients in
the total sample and the sample excluding patients with uveitis before
enrollment, respectively. Test results were missing for antinuclear anti-
body (ANA) positivity (44 patients [4.6% of all patients]), rheumatoid
factor (RF) positivity (177 patients [18.6% of all patients]), and HLA–
B27 positivity (234 patients [24.5% of all patients]).
¶ Erythrocyte sedimentation rate (ESR) was reported in 794 and 744
patients, respectively.
# Measured in 529 and 494 patients in the total sample and the sam-
ple excluding patients with uveitis before enrollment, respectively.
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Patients receiving MTX monotherapy (HR 0.18 [95% CI
0.12–0.29], P < 0.001; n = 414) or MTX combined with
etanercept (HR 0.10 [95% CI 0.04–0.23], P < 0.001; n =
170) showed a reduced risk of uveitis onset. This effect

might rely mostly on the effect from MTX, as the uveitis
risk was not altered with etanercept monotherapy (HR
0.76 [95% CI 0.28–2.07], P = 0.589; n = 16). However, the
study might have been underpowered for the analysis of

Table 2. Risk of incident uveitis from onset of first JIA symptoms in the Inception Cohort of Newly diagnosed patients with Juvenile Idiopathic
Arthritis study (n = 954)*

Patients without
uveitis at

Patients with
uveitis at

Incidence of
uveitis at Univariate analysis Multivariable analysis§

follow-up follow-up follow-up
(n = 821) (n = 133) (n = 133)† HR (95% CI) P C‡ HR (95% CI) P

Female 542 (66.0) 99 (74.4) 99 (15.4) 1.50 (1.01–2.23) 0.048 0.55 0.97 (0.64–1.45) 0.865
Age at JIA symptom onset,
mean � SD years

7.7 � 4.6 3.8 � 3.0 – 0.79 (0.74–0.84) <0.001 0.75 0.82 (0.78–0.88) <0.001

JIA category
Oligoarthritis 360 (43.9) 85 (63.9) 85 (19.1) 2.16 (1.51–3.10)¶ <0.001 0.59 1.36 (0.94–1.96)¶ 0.104
RF-negative polyarthritis 219 (26.7) 33 (24.8) 33 (13.1)
RF-positive polyarthritis 15 (1.8) 0 (0.0) 0 (0.0)
Psoriatic arthritis 37 (4.5) 2 (1.5) 2 (5.1)
Enthesitis-related arthritis 92 (11.2) 8 (6.0) 8 (8.0)
Systemic arthritis 35 (4.3) 0 (0.0) 0 (0.0)
Undifferentiated arthritis 63 (7.7) 5 (3.8) 5 (7.4)

ANA positive, no. (% tested) 404 (49.2) 113 (85.0) 113 (21.9) 5.00 (3.03–8.23) <0.001 0.66 2.79 (1.66–4.69) <0.001
RF positive, no. (% tested) 31 (3.8) 0 (0.0) 0 (0.0) – – – – –
HLA–B27 positive, no.
(% tested)

135 (16.4) 11 (8.3) 11 (7.5) 0.52 (0.28–0.97) 0.040 0.54 0.80 (0.42–1.50) 0.481

* Except where indicated otherwise, values are the number (%). HR = hazard ratio; 95% CI = 95% confidence interval; RF = rheumatoid factor.
† Incidence of uveitis within a group (row percentage).
‡ Harrel’s C, a measure to evaluate the predictive power of parameters to predict the risk of uveitis ranging between 0.5 and 1 (0.5 = prediction
by chance, 1 = perfect prediction). The multivariable model had good power to predict the risk of uveitis (Harrel’s C = 0.77).
§ Predictors in the multivariable model were female sex, age at first symptoms of juvenile idiopathic arthritis (JIA), oligoarthritis (versus all other
JIA categories), antinuclear antibody (ANA) positivity, and HLA–B27 positivity.
¶ The reference is all other categories of JIA.

Table 3. Univariate and multivariable analysis of the impact of cJADAS-10, ESR, and S100A12 levels on the
incidence of uveitis in the Inception Cohort of Newly diagnosed patients with Juvenile Idiopathic Arthritis
study, at enrollment and during follow-up*

Univariate analysis Multivariable analysis†

HR (95% CI) P HR (95% CI) P

Parameters at enrollment
(visits with available measurements)
cJADAS-10 (882)‡ 1.00 (0.96–1.04) 0.867 1.02 (0.98–1.07) 0.308
Moderate or high disease activity 1.56 (0.57–4.28) 0.390 1.72 (0.62–4.78) 0.301
ESR (770)‡ 1.02 (1.01–1.03) <0.001 1.02 (1.01–1.03) <0.001
ESR ≥20 mm/hour 2.98 (1.78–5.00) <0.001 2.36 (1.38–4.02) 0.002
S100A12 (517)‡ 1.40 (1.14–1.72) 0.001 1.50 (1.15–1.96) 0.003
S100A12 ≥250 ng/ml 2.66 (1.47–4.82) 0.001 2.10 (1.15–3.85) 0.016

Time-varying parameters at follow-up
(visits with available measurements)
cJADAS-10 (6,104)‡ 1.10 (1.05–1.15) <0.001 1.17 (1.11–1.23) <0.001
Moderate or high disease activity 3.41 (2.01–5.77) <0.001 4.30 (2.51–7.37) <0.001
ESR (4,329)‡ 1.03 (1.01–1.04) <0.001 1.03 (1.01–1.05) 0.001
ESR ≥20 mm/hour 2.57 (1.48–4.46) 0.001 2.44 (1.37–4.36) 0.003
S100A12 (1,901)‡ 1.18 (0.81–1.72) 0.379 1.21 (0.81–1.82) 0.351
S100A12 ≥250 ng/ml 1.45 (0.57–3.70) 0.438 1.54 (0.60–3.99) 0.372

* 95% CI = 95% confidence interval.
† Adjusted for age at disease onset, oligoarthritis, antinuclear antibody positivity, and treatment with
methotrexate and biologic disease-modifying antirheumatic drugs.
‡ Hazard ratio (HR) for the increase by 1 unit in the 10-joint clinical Juvenile Arthritis Disease Activity Score (cJA-
DAS-10) and the erythrocyte sedimentation rate (ESR), and for the increase by 50 units in the S100A12 level.
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etanercept monotherapy. Treatment with adalimumab as
monotherapy (n = 17) or in combination with MTX (n =
55) was also associated with a lower risk of uveitis onset
(HR 0.09 [95% CI 0.01–0.61], P = 0.014; n = 72).

Laboratory and clinical biomarkers as risk factors
for uveitis onset. ESRs (in mm/hour) and S100A12 levels
(in ng/ml) were available at enrollment for 770 and 517
patients, respectively. A total of 216 patients (42%) with
S100A12 measurement at baseline started DMARD treat-
ment prior to the first S100A12 measurement (median
duration of 1.5 months between start of DMARD treat-
ment and S100A12 measurement at baseline). During the
follow-up period, ESRs and S100A12 levels could be ana-
lyzed for 4,329 and 1,901 visits, respectively. Patients with-
out uveitis during the observation period had a mean� SD
ESR of 21.8 � 21.3 mm/hour at enrollment compared to
32.5 � 26.4 mm/hour in patients with uveitis manifestations
(see Supplementary Figure 2A, available at http://online
library.wiley.com/doi/10.1002/art.40544/abstract). Similarly,
mean � SD S100A12 levels were 338 � 849 ng/ml in
patients without uveitis at enrollment and 434 � 681 ng/ml
in patients with uveitis at follow-up (see Supplementary
Figure 2B). Both ESR and S100A12 were significantly

associated with risk of uveitis onset in univariate and multi-
variable analyses (Table 3). Elevated S100A12 levels (≥250
ng/ml) during the JIA disease course did not show a signifi-
cant association with the risk of uveitis at follow-up (HR
1.45 [95% CI 0.57–3.70], P = 0.438) (Table 3).

Importantly, clinically active arthritis—in fact,
moderate or high active disease state as measured by the
cJADAS-10—during the follow-up period significantly pre-
dicted subsequent uveitis onset (HR 3.41 [95% CI 2.01–
5.77], P < 0.001). Patients with an elevated ESR (≥20 mm/
hour) at the visit before uveitis onset were at higher risk of
developing uveitis (HR 2.44 [95% CI 1.37–4.36], P =
0.003) (Table 3 and Figure 1), after adjustment for the
established risk factors and arthritis treatment. In a multi-
variable analysis, moderate or high active disease state as
measured by the cJADAS-10 and elevated ESRs was also
significantly associated with uveitis onset (Table 3).

Identifying children at risk of uveitis onset is espe-
cially important for JIA subgroups in which (silent)
chronic anterior uveitis may occur, as uveitis may go unno-
ticed for a longer time period in these children compared
to children in other JIA subgroups (e.g., enthesitis-related
arthritis [ERA], with acute anterior uveitis). Therefore, we

Figure 1. Relative risk of uveitis onset based on age at onset of juvenile idiopathic arthritis (JIA), antinuclear antibody (ANA) positivity, and
erythrocyte sedimentation rate (ESR) at follow-up, adjusted for the 10-joint clinical Juvenile Arthritis Disease Activity Score and treatment with
methotrexate (MTX) and MTX/biologic disease-modifying antirheumatic drugs.
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performed a subgroup analysis for those children who
typically may develop chronic anterior uveitis (i.e., oligo-
arthritis, RF-negative polyarthritis, psoriatic arthritis, and
undifferentiated arthritis) (see Supplementary Tables 1
and 2, available at http://onlinelibrary.wiley.com/doi/10.
1002/art.40544/abstract). The risk factors for uveitis mani-
festations (Supplementary Table 1) and the predictive value
of ESR and S100A12 (Supplementary Table 2) in this sub-
group were similar to those in the whole JIA cohort in the
ICON-JIA study, without any remarkable differences
(Tables 2 and 3, respectively). The subgroup analysis for
children with ERA, who may typically develop acute ante-
rior uveitis instead of chronic anterior uveitis, was under-
powered (n = 8 patients with uveitis) due to a low number
of uveitis events or even none in the individual categories of
the risk factors.

Clinical characteristics at first uveitis documenta-
tion. A detailed characterization of uveitis at initial docu-
mentation was available for 116 patients (87%), providing
information on 162 affected eyes. At first uveitis documenta-
tion, bilateral uveitis was seen in 47 patients (40.5%), and
an anterior chamber cell grade ≤2+ was found in 92% of
patients (0.5+ in 20.7%, 1+ in 27.6%, and 2+ in 28.7% of
patients). Uveitis-related complications were present in
28.7% of patients at first uveitis documentation (mainly pos-
terior synechiae in 20.9% of patients and cataracts in 7.8%).

Patients with and those without uveitis-related
complications at first uveitis documentation did not dif-
fer remarkably with regard to sex, JIA category, ANA
positivity, and age at disease onset (Table 4). JIA
patients being treated with DMARDs, specifically MTX
or biologic DMARDs before uveitis onset, had slightly

fewer uveitis-related complications at first uveitis docu-
mentation (Table 4). In the exploratory analysis of
patients with uveitis onset after ICON-JIA study enroll-
ment, parameters such as the cJADAS-10, ESR, and
S100A12 level were analyzed with regard to the pres-
ence of secondary complications of uveitis at first docu-
mentation of disease (Table 5).

DISCUSSION

As uveitis manifestations in patients with JIA are
often initially asymptomatic and may lead to irreversible
vision impairment, identifying children at risk of uveitis is
crucial. Current screening guidelines, based on JIA cate-
gory, ANA positivity/negativity, age at JIA onset, and JIA
disease duration, recommend screening intervals between
3 and 12 months (2,30). Using additional demographic,
clinical, and laboratory biomarkers to even better define
patients at risk of uveitis onset would be highly desirable.
Furthermore, early DMARD treatment might be consid-
ered for the high-risk group with high rates of uveitis
onset and ocular complications if the number needed to
treat as well as a better outcome for such an approach
could be justified by confirmed evidence.

In this study cohort, uveitis occurred in 13.9%
of children with JIA, which is consistent with previous

Table 4. Presence of uveitis-related ocular complications at initial
uveitis documentation (univariate analyses)*

No uveitis-related
complications

Any uveitis-related
complications

(n = 82) (n = 33)

Female sex 64 (78.1) 24 (72.7)
Oligoarticular JIA 54 (65.9) 21 (63.6)
ANA positivity 69 (84.2) 30 (90.9)
HLA–B27 positivity 5 (6.1) 3 (9.1)
Age at JIA onset,
mean � SD years

3.4 � 2.7 4.6 � 3.3

Age at JIA onset ≤3 years 50 (61.0) 14 (42.4)
JIA disease duration,
mean � SD months

17.4 � 16.9 6.0 � 23.1

Uveitis onset after JIA onset 1 (1.2) 3 (9.1)
Previous therapy
No DMARDs 56 (68.3) 30 (90.9)
Methotrexate 23 (28.1) 3 (9.1)
Etanercept 6 (7.3) 2 (6.1)
Adalimumab 1 (1.2) 0 (0.0)

* Except where indicated otherwise, values are the number (%). JIA =
juvenile idiopathic arthritis; ANA = antinuclear antibody; DMARDs =
disease-modifying antirheumatic drugs.

Table 5. Presence of uveitis-related ocular complications at initial
uveitis documentation for patients with uveitis onset after enrollment
in the Inception Cohort of Newly diagnosed patients with Juvenile
Idiopathic Arthritis study*

No uveitis-related
complications

Any uveitis-related
complications

(n = 54) (n = 8)

Parameters at enrollment
cJADAS-10, mean � SD 9.57 � 5.05 9.88 � 8.00
Moderate or high disease
activity

51 (94.4) 7 (87.5)

ESR, mean � SD
mm/hour

32.27 � 22.72 37.03 � 27.61

ESR ≥20 mm/hour 37 (68.5) 6 (75.0)
S100A12, mean � SD
ng/ml

497.53 � 777.64 412.80 � 131.26

S100A12 ≥250 ng/ml 19 (51.4) 4 (80.0)
Parameters at follow-up
cJADAS-10, mean � SD 4.95 � 4.27 3.00 � 2.98
Moderate or high disease
activity

32 (65.3) 3 (60.0)

ESR, mean � SD
mm/hour

20.57 � 15.37 13.60 � 7.79

ESR ≥20 mm/hour 19 (38.0) 1 (20.0)
S100A12, mean � SD
ng/ml

204.15 � 147.50 81.00 (–)

S100A12 ≥250 ng/ml 6 (31.6) 0 (0.0)

* Except where indicated otherwise, values are the number (%).
cJADAS-10 = 10-joint clinical Juvenile Arthritis Disease Activity
Score; ESR = erythrocyte sedimentation rate.
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publications reporting an overall prevalence of uveitis in
JIA of ~9–13% (1,7,31,32); however, higher rates from
Nordic countries of up to 20.5% have also been reported
(14). In this large, prospective, multicenter study, demo-
graphic risk factors, namely, young age at JIA onset, JIA
category, and ANA positivity, were significantly associ-
ated with the risk of uveitis onset. These findings corrob-
orate the results of previous studies (2,9,14,33). In our
study, female sex was found to be a significant risk factor
for uveitis in the univariate analysis but not in the multi-
variable analysis. This corresponds to the results from
other cohorts, in which sex was not found to be an inde-
pendent risk factor (1,2,14,34,35). This may be explained
by the predominance of females among those with onset
of oligoarticular JIA at young age and by the higher per-
centage of ANA-positive females (35). A lower risk of
uveitis onset within this group of JIA patients with inter-
mediate follow-up duration was found for HLA–B27–
positive children; however, this was significant only in
the univariate analysis. HLA–B27 positivity in uveitis
cases has been described previously, particularly in the
ERA subgroup, and uveitis occurrence might increase
with longer follow-up duration (2,36).

Children receiving conventional synthetic or bio-
logic DMARDs had a significantly lower risk of uveitis
onset in the current study, especially when receiving MTX
and/or adalimumab. Preliminary evidence for a protective
effect of MTX in JIA was found in a retrospective study
by Papadopoulou et al, with uveitis developing in 10.5%
of patients receiving MTX compared to 20.2% in those
not receiving MTX (odds ratio 0.46, P = 0.049) (37), while
such a role of immunosuppressive drugs was not clearly
confirmed in other studies (14,38). Ravelli et al (39)
recently reported an open-label trial comparing intraartic-
ular corticosteroids alone to intraarticular corticosteroids
plus MTX in JIA and found no significant difference in
new-onset uveitis between patients who received MTX
and those who did not (P = 0.4957). A protective effect of
DMARD treatment has also been suggested in one of our
previous studies, in which the uveitis prevalence de-
creased significantly between 2002 and 2013 from 13% to
11.6% in a national pediatric database, corresponding to
an increasing rate of both synthetic (mostly MTX) and
biologic DMARD use in the same time period (31).
Finally, in another prospective study by our group based
on a national database of 3,512 children with JIA in Ger-
many, we found that DMARD treatment significantly
reduced the risk of uveitis (for MTX alone, HR 0.63, P =
0.022; for tumor necrosis factor inhibitors, HR 0.56, P <
0.001; for a combination of the 2 medications, HR 0.10,
P < 0.001) (9). A maximum of 300 ICON-JIA study
patients may also have been included in our previous study,

which would represent 8.5% of the patient group exam-
ined. The different results for the potential protective
effect of MTX on uveitis manifestations might be
explained by differences in study populations, study designs
(particularly differences in ophthalmologic screening and
documentation, for example, frequent prospective uveitis
documentation only in the ICON-JIA study specifically
focusing on uveitis occurrence and course), follow-up peri-
ods, analysis power, and adjustment for other risk factors.

Furthermore, our study gave new insight into the
role of clinical activity scores and biomarkers (e.g., ESR
and S100A12) as prognostic markers for uveitis in JIA. In
4 previous studies, elevated ESR predicted uveitis mani-
festations (10–13), while this was only true for the ERA
subgroup of JIA in another study from a German cohort
(2). It may be speculated that a high ESR correlates with
the activity of autoimmune processes in JIA, potentially
under the influence of Treg cells (13). Furthermore, the
fact that high cJADAS scores indicate a higher risk of
uveitis onset supports this theory and also supports previ-
ous notions (9). In our study, an ESR ≥20 mm/hour at
enrollment indicated a significant risk of uveitis onset
(HR 2.36, P = 0.002). As ESR is tested routinely in chil-
dren with JIA, its use as a biomarker could easily be
implemented more systematically in clinical practice and
also in screening guidelines, as also suggested by
Haasnoot et al (13). When analyzing the absolute ESR
(instead of a cutoff of ≥20 mm/hour), only a modest HR
of 1.02 (P < 0.001) was found, which means that for each
1-mm elevation of ESR, the odds for the occurrence of
uveitis increase by 2%. Haasnoot et al (13) also found an
almost identical ratio (HR 1.016, P = 0.001).

Interestingly, S100A12 levels at enrollment pre-
dicted uveitis onset. In a pilot study, elevated S100A12
levels were found in the serum and aqueous humor of pa-
tients with autoimmune uveitis (23), indicating a promis-
ing potential for this biomarker. Previous data support
the use of S100A12 and S100A8/9 levels as a disease
activity marker for predicting disease relapse and to help
make therapeutic decisions in JIA (21,40,41). However, in
our study S100A12 levels during the course of JIA disease
did not show a significant relationship with the occurrence
of uveitis, which might be explained by the influence of
antiinflammatory treatment (23) (e.g., DMARDs), the
limited number of samples available for S100A12 analysis,
and high variations in levels. It must be considered that
the HR indicated a positive association of uveitis risk with
S100A12 levels during the course of disease, although
without statistical significance. This might have been
caused by low statistical power due to missing S100A12
measurements (compared to the numbers of available
ESR measurements).
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The ocular characteristics of eyes with uveitis at
study inclusion (n = 116 patients with complete ophthalmo-
logical documentation) were similar to those previously
reported (2,31,34). Occurrence of ocular complications
during the course of JIA-associated uveitis was described
in up to 90% of patients (32,42–47). At study inclusion,
uveitis-related complications were already found in 28.7%
of our patients, compared to 20–64% in previous reports
(2,34,48). Such differences may be explained by the intro-
duction of screening programs, the adoption of new JIA
treatment regimens in the past few decades, and early and
more aggressive treatment, particularly with biologic
DMARDs (31). In this regard, the inclusion of patients
within 1 year after JIA diagnosis (and not directly after JIA
or uveitis onset) has to be considered for our study. Simi-
larly, posterior synechiae and cataracts were the most com-
mon ocular complications at first presentation in previous
observations (2,34,48). In our study, risk factors for the
presence of early ocular uveitis-related complications were
young age at disease onset and absence of any DMARD
treatment. Interestingly, children treated with MTX, espe-
cially, demonstrated a significantly lower occurrence of
uveitis-related complications at study inclusion. Such a
relationship has also been found in previous studies (31).

The strengths of this study are its prospective multi-
center design with a clearly defined inception cohort (inclu-
sion of JIA patients within the first year of JIA diagnosis
only) that included a remarkably large number of patients
with documented ophthalmologic and pediatric rheumatic
conditions based on clearly defined outcome criteria.
Allowing the inclusion of children within 1 year and not
directly at JIA onset might represent a certain limitation of
this study; however, this made it possible to include this large
cohort of children. Although the majority of the patients
likely developed uveitis during the observation period, the
possibility cannot be excluded that more children could
develop uveitis after the mean follow-up period of 44.5
months. It must be mentioned that the ICON-JIA study did
not explicitly distinguish between insidious (chronic) and
acute-onset anterior uveitis. Due to this lack of differentia-
tion in the data collection, we performed a subgroup analy-
sis excluding all patients at risk of acute anterior uveitis (i.e.,
ERA, systemic arthritis, and RF-positive polyarthritis), and
we found no relevant differences compared to the analysis
of the whole JIA cohort (see Results).

It would be interesting to know the ANA titer and
its influence on uveitis risk. However, the ICON-JIA study
is an observational study that does not include the deter-
mination of ANAs in a central laboratory. The results of
the ANA determinations were only reported by the pedia-
tric rheumatologists, and these were carried out as part of
the diagnostic procedure at the routinely assigned local

laboratory. The cutoff for a positive titer of ANA may vary
among the ICON-JIA study center laboratories. There-
fore, only the ANA status (positive, negative, not deter-
mined) was recorded and not the ANA titer itself. The
cutoff of 250 ng/ml that we used to define elevated
S100A12 levels was estimated in our sample. This cutoff
has to be confirmed in other cohorts before it may be
applicable in general. Missing values in categorical predic-
tor variables were modeled by an additional category. A
complete case sensitivity analysis showed that the results
from the regression analyses were comparable to the
results reported herein. Because of this, the risk of biased
estimates may be limited (49). The analysis of uveitis-
related complications at first uveitis documentation had an
exploratory character because the study was not powered
for this analysis.

In conclusion, this prospective study has confirmed
demographic risk factors for uveitis in a large, prospective,
multicenter setting. Furthermore, it adds knowledge about
the predictive value of JIA disease activity scores and labo-
ratory biomarkers (e.g., ESRs and S100A12 levels) for the
risk of uveitis manifestations in JIA. Indeed, these parame-
ters are promising tools to better define the group of JIA
patients at high risk of uveitis onset. High S100A12 levels
and ESRs at JIA onset and high ESRs and high cJADAS-
10 scores during follow-up have been found to be signifi-
cant risk factors for uveitis manifestations.
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Clinical Images: Monoclonal gammopathy–associated scleromyxedema presenting as leonine facies

The patient, a 61-year-old man previously in good health, was referred to the scleroderma clinic for a 2-year history of slowly pro-
gressive cutaneous eruption involving the dorsal hands, extremities, and central area of the face. Physical examination revealed
nodular, erythematous, indurated lesions on the forehead and erythematous papular lesions on the nose with coalescence of firm
erythematous papulonodules, resulting in a leonine facies. On the dorsal hands, arms, and legs were numerous, shiny, firm, closely
set, slightly translucent papules measuring 1–2 mm with background erythema (A). Skin biopsy demonstrated a spindled fibroblas-
tic proliferation in the dermis with increased mucin and variable fibrosis (B). The clinical and histologic findings were diagnostic
of scleromyxedema. Scleromyxedema is a rare disorder of unknown pathogenesis characterized by a generalized lichenoid papular
cutaneous eruption and resulting in diffuse skin induration that may simulate scleroderma. Rarely, larger exophytic nodules, as
seen in this patient, may be present. The majority of scleromyxedema cases occur in association with a monoclonal gammopathy.
The patient was found to have an IgGk M protein spike. This patient did not exhibit any CRAB features (hypercalcemia, renal
insufficiency, anemia, and bone lesions), and evaluation including hematologic studies culminated in a diagnosis of IgGk
monogammopathy of unclear significance, with plans for ongoing observation. For his scleromyxedema, the patient received intra-
venous immunoglobulin (IVIG) at doses of up to 2 gm/kg/month (1), with significant improvement in the appearance of lesions
after 16 months (C). He continues to receive a maintenance dose of 1 gm/kg IVIG every 4 weeks.

Dr. Khanna’s work was supported by the NIH (National Institute of Arthritis and Musculoskeletal and Skin Diseases grants K24-
AR-063121 and R01-AR-070470).
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Reduction of CD83 expression on B cells and the
genetic basis for rheumatoid arthritis: comment on the
article by Thalayasingam et al

To the Editor:

In a recent article in Arthritis & Rheumatology,
Thalayasingam et al (1) reported that the 6p23 locus, associ-
ated with rheumatoid arthritis (RA), has a B cell–specific
expression quantitative trait locus (eQTL) effect on CD83.
The B cell–specific eQTL effect at this locus is robust and has
also been reported by others (2), and it presumably contributes
to the pathogenesis of RA by decreasing the expression of
CD83 on B cells. We sought to determine the basis for the B
cell–specific eQTL effect and to further elucidate the mecha-
nism by which it contributes to RA pathogenesis.

Publicly available epigenomic data showed that
rs12529514, the lead single-nucleotide polymorphism (SNP)
from RA genome-wide association studies (3), resides near a

DNase hypersensitivity site in B cells (4) (Figure 1A). Further-
more, NF-jB induces the expression of CD83 (5), and
rs74405933, which is in tight linkage disequilibrium with
rs12529514 (r2 = 1.00 in Asians), alters an NF-jB binding motif.
Thus, the B cell–specific eQTL effect may be due to a change in
the binding of NF-jB to this locus in B cells.

CD83 regulates the development of murine B cells
(5). We therefore hypothesized that CD83 expression might
influence the development of human B cells, and we exam-
ined the relationship between this haplotype and peripheral
blood B cells in healthy subjects from our data set (2,6). Indi-
viduals with the RA risk SNP had an increased frequency of
CD27�IgD� double-negative B cells (Figure 1B), a subset
that is increased in the peripheral blood of RA patients and
thought to be pathogenic (6–8). Thus, the rs12529514 risk
haplotype, by reducing the expression of CD83 on B cells,
may induce changes in B cell differentiation and skew the B
cell compartment toward a phenotype similar to that
observed in RA.

Supported by Takeda Pharmaceutical.

Figure 1. The rs12529514 rheumatoid arthritis risk haplotype and B cells. A, Data from the Roadmap Epigenomics Project (4), indicating that
rs12529514 resides near a DNase hypersensitivity site in B cells and alters an NF-jB binding site close by. B, Flow cytometric analysis of periph-
eral blood from 106 healthy donors (6). Plots indicate the frequencies of B cell subsets by rs12529514 genotype. Cell subset frequency was
normalized by inverse normal transformation, and linear regression was used to assess the effect of rs12529514 genotype on cell subset frequency.
Data are presented as box plots, where the boxes represent the interquartile range, the lines within the boxes represent the median, and the lines
outside the boxes represent values within 1.5 times the interquartile range. Circles indicate outliers.
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Mounting evidence indicates that escalating doses of
allopurinol are unnecessary for cardiovascular
protection: comment on the article by Coburn et al1

To the Editor:

We read with interest the recent report by Coburn et al
(1) of a methodologically sound propensity score–matched

cohort study evaluating the effect of dose escalation of
allopurinol on cardiovascular-related and overall mortality.
Although the results of that study indicate that increasing
doses of allopurinol are associated with a higher risk of mor-
tality, the authors comment that failure to achieve daily
doses of ≥600 mg may have contributed to the absence of a
protective effect.

In terms of pharmacodynamics, experimental evi-
dence (2) has shown that maximum blockade of xanthine
oxidase occurs at relatively low concentrations of oxypurinol
(<6 mg/liter or 39.5 lM). These concentrations are much
lower than those observed in patients receiving allopurinol
at a mean dosage of 300 mg/day (15.2 mg/liter or 100 lM)
(2). In addition, high concentrations of oxypurinol (>100–
150 lM) have been associated with increased oxidative stress
(3). Despite the pooled evidence from experimental studies
suggesting that allopurinol can improve parameters of
endothelial function, there was no significant association
between the dose of allopurinol or the magnitude of
decrease in the serum uric acid level and improvement in
flow-mediated dilation (4). The recently published results of
a randomized controlled trial (RCT) evaluating allopurinol
at a dosage of 600 mg/day in patients with cardiac syndrome
X failed to show a positive effect of this treatment on
endothelial function (5).

In our recent meta-analysis (6), we observed no bene-
ficial effect on CV outcomes with high-dose (600 mg) allop-
urinol or oxypurinol, especially in heart failure studies,
despite a significant reduction (>25%) in uric acid levels in
the intervention groups. Interestingly, a recent RCT in
patients with chronic heart failure (7) receiving allopurinol at
a dosage of 300 mg/day showed significant improvement in
clinical, echocardiographic, and laboratory measures of car-
diovascular function but no significant reduction (5–7%) in
uric acid levels compared with baseline levels and those in
the placebo group. Stamp et al (8) compared escalating doses
of allopurinol and fixed low doses of allopurinol over 1 year
in an RCT, and observed that cardiovascular-related death
occurred in 5 of 90 patients in the escalating-dose group
compared with 1 of 93 patients in the fixed-dose control
group. In the CARES (Cardiovascular Safety of Febuxostat
and Allopurinol in Participants With Gout and Cardiovascu-
lar Comorbidities) trial (9), febuxostat treatment resulted in
a greater reduction in uric acid levels compared with allop-
urinol but promoted a significant increase in cardiovascular
mortality.

Considering the study by Coburn et al (1) and previous
evidence, we conclude that escalating doses of allopurinol and
control of uric acid using such doses are unnecessary for a car-
diovascular protective effect and may be related to adverse
cardiovascular outcomes.

Markus Bredemeier, MD, MSc, PhD
Hospital Nossa Senhora da Conceic�~ao

Grupo Hospitalar Conceic�~ao
Porto Alegre, Brazil
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Reply

To the Editor:
We thank Dr. Bredemeier for his comments regarding

our study of allopurinol dose escalation and mortality. He
presents important evidence to consider in support of an
interesting hypothesis that dose escalation of allopurinol may
be unnecessary for cardiovascular protection and may actually
be related to adverse cardiovascular outcomes. Although we
agree that there is evidence suggesting that low doses of
allopurinol may be sufficient for cardiovascular protection, we
believe that the studies cited highlight a number of areas in
which knowledge gaps remain that preclude any definitive
conclusions about the effect of dose escalation.

For instance, the mechanistic link between allopuri-
nol treatment and cardiovascular risk is still in the early
stages of study. Although higher concentrations of oxypuri-
nol have been associated with increased oxidative stress, the
relevant study cited by Dr. Bredemeier was not randomized
and did not indicate the allopurinol doses used (1). With-
out the beneficial insight of a study randomizing patients
to high-dose and low-dose allopurinol, it is difficult to

determine whether the association between higher oxypuri-
nol concentrations and oxidative stress represents anything
more than an epiphenomenon. Assuming that oxypurinol
concentrations act as a pathologic culprit, as proposed, it is
thus surprising that increasing doses of allopurinol have
been demonstrated to yield both cardiovascular and renal
protection relative to febuxostat, because oxypurinol is not
a byproduct of the latter (2,3). The current evidence, albeit
limited, renders additional study in this area of great
interest.

We also believe that the current evidence regarding
cardiovascular mortality at higher doses of allopurinol is insuf-
ficient. Although our nonrandomized study supports Dr.
Bredemeier’s proposed hypothesis, we are more reserved in
our conclusions. The findings from the Bredemeier meta-
analysis showing that higher doses of allopurinol were not
associated with cardiovascular benefit were primarily driven by
a single 24-week study assessing a composite heart failure out-
come that included clinical encounters for worsening heart fail-
ure and patient’s global assessment of heart failure (4,5).
Importantly, the study duration, population, and sample size
were not designed to assess cardiovascular mortality in patients
with gout, which was the significant recently reported finding
from the CARES trial (showing an increased risk in gout
patients treated with febuxostat relative to those treated with
allopurinol) (2). Furthermore, it is uncertain whether the driv-
ers of cardiovascular risk among patients with gout are similar
enough to generalize from the broader population among
whom high-dose allopurinol has been considered to have bene-
ficial cardiovascular effects.
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Clinical Images: Persistent acrocyanosis—a rare manifestation revealing anti–PL-12 syndrome

The patient, a 69-year-old woman with asthenia, anorexia, and weight loss of several weeks’ duration, was referred for a subacute
onset of painful permanent acrocyanosis of the arms and legs without Raynaud’s phenomenon. The patient had concomitantly
developed grade I/IV dyspnea. Physical examination revealed livedoid acrocyanosis of distal phalanges of the hands (A), associ-
ated with flame-shaped hemorrhages (B) (arrowheads) and dilated capillaries at the proximal nailfolds (B) (arrow), Gottron’s sign
over the metacarpophalangeal and proximal interphalangeal joints, and a discrete heliotrope rash with a palpable V-shaped rash
on the upper chest and forehead. Fine bibasilar crackles were present, and computed tomography showed interstitial lung disease
(ILD) (C). Immunodot assay revealed anti–PL-12 antibodies. Anti–PL-12 syndrome is usually described as an amyopathic cluster
in anti–aminoacyl–transfer RNA synthetase syndrome (ARS). Pulmonary involvement is the most common leading manifestation,
with most cases presenting as isolated ILD with dyspnea (1,2). Acute ischemic phenomena are rare in ARS and are generally
associated with a history of Raynaud’s phenomenon. In our case, the discovery of vascular abnormalities of the arms and legs is
what led us to the diagnosis of ARS. Little is known about the pathogenesis of subacute vascular manifestations in ARS. It might
be due to several causes of immune-mediated vasculopathy (3). The patient’s clinical manifestations initially responded well to
high-dose steroid therapy and prostaglandin infusion (D), but she experienced a recurrence with cold weather on day 28 (E and
F). The treatment regimen was replaced with intravenous pulse cyclophosphamide and bosentan with a satisfactory outcome by
day 63 (G–I). In addition to classic dermatologic manifestations, such as Gottron’s papules, mechanic hands, or cuticular over-
growth, physicians should note the existence of uncommon acral manifestations, such as ischemic symptoms, that can also indicate
ARS and an increased risk of developing necrosis.
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