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Synovial Immunophenotype in Rheumatoid Arthritis Predicts 
Treatment Response 
Some patients with rheumatoid arthritis (RA) 
develop serum anti–citrullinated peptide 
antibodies (ACPAs) prior to presenting 

with symptoms of RA. 
The presence of these 
antibodies appears to 

predict the development of more severe, 
erosive disease. These patients also have a 
decrease in peripheral blood lymphocytes 
compared to patients with ACPA– RA. 
Researchers have suggested that this change 
in circulating lymphocytes may reflect a 
documented increase in the expression of 
synovial CXCL12 in patients with ACPA+ 
RA. In this issue, Orr et al (p. 2114) report on 
their prospective study of patients with RA. 
The purpose of the study was to determine 
the immunophenotype of synovial tissue and 
assess whether it varied by ACPA status. The 
researchers also sought to understand whether 
ACPA status affects response to treatment 
and erosion status. The study included 123 
patients, 78 of whom were ACPA+. 

The investigators found that the 
levels of B cell infiltrates and lymphoid 
aggregates were significantly higher 
in patients with ACPA+ RA relative to 
those with ACPA– RA. Specifically, 
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synovium from patients with ACPA+ RA 
had significantly higher levels of CD19+ 
B cells as well as CD3+ and CD8+ T 
cells. These results are consistent with 
previous studies that found that increased 
expression of CD3 and CD8 is associated 
with the ACPA+ RA disease subtype. The 
researchers also found, however, that the 
levels of CD19+ B cell infiltrates were 
significantly higher in patients who were 
naive to treatment. 

Increased levels of CD19+ B cell 
infiltrates in ACPA+ patients were also 
associated with higher serum levels of 
CXCL13 and more erosions during disease 
progression. When the investigators 
assessed the European League Against 
Rheumatism (EULAR) response to tumor 
necrosis factor inhibitors, they found 
that a positive treatment response was 
associated with increased levels of CD3+ 
and CD8+ T cell and CD68+ macrophage 
infiltrates in the synovium.

As reported in this issue, Macfarlane et al (p. 2144) used a UK 
national biologics registry to estimate the proportion of patients 
with axial spondyloarthritis (SpA) who met the criteria for 

fibromyalgia (FM). Their study is the largest to 
date to document the co-occurrence of axial 
SpA and FM and delineate the characteristics 

of these patients. The multicenter registry included a relatively 
unselected patient population from secondary care centers. 
The investigators found that 20.7% of patients with axial SpA 
(n = 311) met the 2011 research criteria for FM and that these 
patients had significant unmet clinical needs.  

The British Society for Rheumatology Biologics Register 
in Ankylosing Spondylitis (BSRBR-AS) included 1,504 patients 
with the clinical information necessary to analyze whether 
they met the criteria for FM. When the investigators evaluated 
the cohort using different criteria for AS, they found some 

differences in the percentage of patients who met the distinct 
criteria. Specifically, they found that 19.7% of patients who 
fulfilled the modified New York criteria for AS, 25.2% of patients 
who fulfilled the Assessment of SpondyloArthritis international 
Society (ASAS) imaging criteria but not the modified New York 
criteria, and 9.5% of patients who fulfilled only the ASAS clinical 
criteria met the current research criteria for FM. Meeting the 
FM criteria was not related to elevated C-reactive protein 
levels or most extraspinal manifestations but was associated 
with a higher likelihood of having received biologic therapy.

Patients who met the criteria for FM reported significantly 
worse disease activity, function, global severity scores, and 
quality of life. Patients with FM were much more likely to have 
moderate or severe levels of mood disorder and clinically 
important fatigue. These patients also reported experiencing 
work impairment approximately half of their working time.
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One in 5 Patients With Axial Spondyloarthritis Has 
Fibromyalgia

Figure 1. A, Representative images of immuno-
staining for CD19+ B cells along with paired hand 
radiographs from an ACPA+ RA patient with 
erosions (top) compared to an ACPA– RA patient 
without erosions (bottom) are shown. Original 
magnification × 20. B, High CD19+ B cell expression 
is associated with erosive disease in the sublining 
layer (SL) of synovial tissue from RA patients (n = 
26) as compared to that from RA patients with no 
evidence of erosive disease (n = 41). Results are the 
mean ± SEM. ** = P ≤ 0.01.

http://onlinelibrary.wiley.com/doi/10.1002/art.40218/full
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Intravenous Golimumab Is Safe and Effective in Patients With 
Active Psoriatic Arthritis 
In this issue, Kavanaugh et al (p. 2151) 
report the results through week 24 of 
the GO-VIBRANT study. They found 

that patients with active 
psoriatic arthritis (PsA) 
who received 2 mg/

kg of intravenous (IV) golimumab had 
greater improvements in the signs and 
symptoms of PsA than did patients who 
received IV placebo. Three-quarters of 
treated patients achieved the primary end 
point of the study, which was meeting the 
American College of Rheumatology 20% 
improvement criteria (ACR20) at week 
14. In contrast, only 21.8% of patients 
in the placebo group achieved an ACR20 
response. At week 14, similar differences 
between the two groups were seen for the 
ACR50 response (43.6% versus 6.3%), the 
ACR70 response (24.5% versus 2.1%), 
and the Psoriasis Area and Severity Index 
(PASI75) response (59.2% versus 13.6%). 

The patients in the golimumab group 
also had greater mean changes in the 
Health Assessment Questionnaire dis-
ability index (HAQ DI) score at week 
14.  The changes persisted through week 
24, and the patients maintained im-

provements in enthesitis and dactylitis. 
In addition, treated patients had less ra-
diographic progression through Week 
24, when the mean change in total PsA-
modified Sharp/van der Heijde (SHS) 
score was -0.4 in the golimumab group 
and 2.0 in the placebo group.

Roberts et al (p. 2162) present in this issue the results of the first 
longitudinal study to examine whether trauma exposure and 
posttraumatic stress disorder (PTSD) are associated with an increased 

risk of incident systemic lupus erythematosus (SLE).  
Their research findings are consistent with the 
growing understanding that psychosocial trauma and 

associated stress responses may lead to autoimmune disease.  The large 
longitudinal study of civilian women revealed that trauma exposure and 
PTSD were strongly associated with an increased risk of incident SLE.  
Subclinical PTSD was also associated with an increased risk of SLE,  
although the association did not reach statistical significance.

The investigators examined the association over 24 years 
of follow-up in a US longitudinal cohort of 54,763 women. They  
calculated incident SLE in women meeting ≥4 American College of 
Rheumatology criteria,  as determined by self-report and confirmed by 
medical record review,  and they assessed PTSD and trauma exposure 
using the Short Screening Scale for Diagnostic and Statistical Manual 

of Mental Disorders, Fourth Edition PTSD and the Brief Trauma 
Questionnaire, respectively.  The researchers categorized women 
as having no trauma, trauma and no PTSD symptoms, subclinical 
PTSD (1–3 symptoms), or probable PTSD (4–7 symptoms).  They 
then examined whether longitudinally assessed health factors,  such 
as smoking, body mass index (BMI), or use of oral contraceptives, 
accounted for increased SLE risk among women with trauma exposure 
and PTSD versus those without.  When they compared women with 
no trauma exposure to women with 4–7 PTSD symptoms, they  
found that the women with PTSD symptoms were more likely to  
have ever taken oral contraceptives and ever smoked and were less 
likely to have a healthy BMI. Despite this, the association between  
PTSD and SLE did not appear to result from confounding or  
reverse causality.  The authors recommend that future research take  
a closer look at the biologic changes subsequent to trauma and PTSD  
to determine any important mechanisms by which trauma and 
PTSD increase the risk of SLE. 

Trauma and Posttraumatic Stress Disorder Are 
Associated With Lupus
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The rates of adverse events (AEs) 
were 46% in the golimumab group and 
41% in the placebo group, with infec-
tion being the most common type of AE. 
The AEs were thus consistent with those 
seen with other anti–tumor necrosis fac-
tor agents.

Figure 1. Cumulative probability plot of change from baseline in modified Sharp/van der Heijde score with 
modifications for patients with psoriatic arthritis (PsA-modified SHS). SDC = smallest detectable change.

http://onlinelibrary.wiley.com/doi/10.1002/art.40226/full
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ACR Meetings 

Annual Meetings 
October 19–24, 2018, Chicago 

Winter Rheumatology Symposium 
January 20–26, 2018, Snowmass 

State-of-the-Art Clinical Symposium 
April 14–15, 2018, Chicago 

For additional information, contact the ACR office. 

ACR 2018 Winter Rheumatology Symposium

The 2018 Winter Rheumatology Symposium boasts a 
carefully crafted program that provides a unique blend of world-
class lectures and interactive sessions in an intimate setting, al-
lowing for quality interactions with peers and experts in the field. 
Don’t miss this year’s interactive sessions, including a session that 
plays on the classic game show Jeopardy!, as well as the ever- 
popular Points-on-Joints session, in addition to panel discussions. 
Registration and housing are limited, so be sure to register by the 
early-bird deadline of November 29, 2017, and book your hotel room 
by December 6, 2017. For additional information and to register, visit 
www.rheumatology.org/Learning-Center/Educational-Activities. 

Video Abstracts Coming to Arthritis & Rheumatology and  Arthritis 
Care & Research

Authors of accepted manuscripts in Arthritis & 
 Rheumatology and Arthritis Care & Research will now have the 
option of including a video abstract to further illustrate the find-
ings reported in their article. The video abstract format currently 
being offered consists of professionally produced short animated 
videos developed by Research Square in collaboration with the 
author. Authors will pay a fee for these videos and will in turn be 
able to use them for teaching purposes. In A&R, an important 
goal of these videos will be to elucidate concepts presented in 

basic research articles in a way that is useful to clinicians; a  desire 
for this was expressed by clinician respondents in the recent jour-
nal survey. The first video abstract in this format appears in the 
current issue of A&R. Early in 2018, we anticipate offering an 
 additional video abstract format in which authors may provide 
their own videos at no charge; in these videos, authors would 
discuss the study with the use of PowerPoint. The Editors are 
pleased and excited about this new enhancement to the journals’ 
content. 

Education Programs

Fourteenth International Sjögren’s Symposium. April 
18–21, 2018, Capital Hilton Hotel,  Washington, DC. The Inter-
national Sjögren’s Symposium is designed to facilitate precision 
medicine  practices in all aspects of clinical care, including patient 
diagnosis, prognosis, therapeutic responses, and prevention. 
Specifically, the symposium is meant to bring together leaders 
from the Sjögren’s syndrome/autoimmunity  research community 
to enhance translation of novel discoveries into clinical practice. 
 Presented by the Johns Hopkins University School of Medi-
cine and the NIH. The deadline for submission of abstracts is 
 December 1, 2017. To register or for additional information, visit 
the web site http://tinyurl.com/ISSS2018DC.

Eleventh International Congress on  Autoimmunity. 
May 16–20, 2018, Lisbon, Portugal. The International 
 Congress on  Autoimmunity encompasses the most up-to-
date  clinical and  basic research findings on more than 80 au-
toimmune  diseases, with courses and lectures by some of the 
world’s most  distinguished  experts. The deadline for submis-
sion of abstracts is  November 22, 2017. The official language 
will be English.  Registration fees are e620 (early; until March 6), 
e720 (March 7–May 8), and e820 (May 9–onsite) for full par-
ticipants, and e380 (early; until March 6), e430 (March 7–May 
8), and e480 (May 9–onsite) for trainees (students/fellows/resi-
dents) and nurses. Optional courses and functions are avail-
able for  additional fees. For additional information, e-mail 
reg_ autoimmunity18@kenes.com, phone +41 22 908 0488, or 
visit the web site http://autoimmunity.kenes.com/2018. 
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Cover image: The figure on the cover shows a hematoxylin and eosin–stained paraffin section 
demonstrating necrotizing vasculitis of small vessels with inflammatory infiltration involving 
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issue of Arthritis & Rheumatology features a report on the results of a randomized trial examin-
ing the efficacy and safety of adding azathioprine to remission-induction glucocorticoid treat-
ment for systemic necrotizing vasculitis without poor prognosis factors (Puéchal et al, pages 
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EDITORIAL

Response to the American College of Physicians Osteoporosis Guideline,
2017 Update

Liron Caplan,1 Karen E. Hansen,2 and Kenneth G. Saag3

The American College of Physicians (ACP)
recently updated its clinical practice guidelines for the
treatment of low bone density and osteoporosis (1).
These guidelines, aimed at generalists, importantly
emphasize the critical nature of osteoporosis and pro-
vide a basic framework to guide its management. We
support the ACP’s effort to improve awareness and
treatment of osteoporosis. However, we would like to
address some important limitations encompassed by
the 6 ACP recommendations that are particularly rele-
vant to specialists, such as rheumatologists.

Recommendation 1: “ACP recommends that clinicians offer
pharmacologic treatment with alendronate, risedronate,
zoledronic acid, or denosumab to reduce the risk for hip and
vertebral fractures in women who have known osteoporosis.
(Grade: strong recommendation; high-quality evidence)”

Despite acknowledging data from clinical trials
showing that “raloxifene and ibandronate reduce radio-
graphic vertebral fractures, and teriparatide reduces
vertebral and nonvertebral fractures,” the committee
did not recommend raloxifene, ibandronate, or teri-
paratide as first-line therapies. The rationale for not
doing so was that “studies have shown no benefit for

these drugs to reduce all fracture types,” suggesting that
providers should only prescribe medications that reduce
hip fractures. Some concerns with the logic behind rec-
ommendation 1 include the following: 1) According to
the Methods section, the ACP did not explicitly plan to
recommend an osteoporosis drug only if it reduces hip
fractures. Moreover, the Food and Drug Administration
has approved several osteoporosis medications that did
not reduce rates of hip fractures in clinical trials. 2)
Osteoporosis clinical trials have not typically been
designed with a reduction in hip or all fracture types as
the primary outcome measure. Instead, many trials have
focused on vertebral fractures, which are much more
common than hip fractures. Vertebral fractures impart a
substantial health burden, and in certain populations,
may account for more profound impact on public health
than hip fractures (2). Moreover, reduction in vertebral
fractures is the typical end point required in osteoporo-
sis clinical trials submitted in order to obtain regulatory
approval for pharmacologic agents. Thus, not recom-
mending raloxifene, ibandronate, or teriparatide in
these guidelines might reduce the likelihood that pro-
viders will prescribe approved, effective medications to
their osteoporosis patients.

In particular, we believe there is a strong case to
be made for teriparatide. The evidence cited by the ACP
assessed the efficacy of bone therapies versus placebo,
but they seemed to dismiss the head-to-head data sup-
porting nonrecommended agents, such as teriparatide,
versus recommended agents (alendronate and rise-
dronate) (3–5). It is not clear why the authors did not
weigh the head-to-head evidence more heavily, given
that the ACP was willing to accept even weaker evidence
in support of other recommendations (e.g., recommen-
dation 2, below). We believe their interpretation that
“Network meta-analyses . . . mostly show no statistically
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significant differences among the various therapies” does
not acknowledge important differences between agents.
These differences include possible lower rates of verte-
bral fractures with denosumab versus bisphosphonates
and lower rates of vertebral fractures with zoledronic
acid in comparison to other bisphosphonates (6–9). Indi-
rect evidence relatively favoring teriparatide over alen-
dronate is also available from glucocorticoid-induced
osteoporosis clinical trials (10).

Of note, the limited update of the literature
search performed in October 2016 did not identify a
randomized controlled trial of abaloparatide published
in August 2016 (11). We believe this recently approved
agent also should have been included in the recommen-
dations and considered in a similar light to teriparatide.

Recommendation 1 may also inappropriately con-
strain the approval of anabolic therapy by health care pay-
ors, despite a variety of clinical scenarios that support
their use. For example, prior treatment with antiresorptive
agents may blunt the bone mineral density (BMD) gains
achieved with anabolic agents (12,13). Thus, in certain
high-risk patients (i.e., those with severe osteoporosis [14]
or glucocorticoid-induced osteoporosis), teriparatide or
abaloparatide may be the preferred first-line agent.

Finally, we have a general concern that the ACP’s
evidence report did not capture all the relevant litera-
ture. For example, Appendix Table 1 suggests that there
were only 2 randomized controlled trials from 2008 to
2016 to supplement the prior evidence report from 2008
—a number that did not include studies cited in the body
of the recommendations (15). Via an informal search
related to ACP recommendation 1 alone, we identified
the abaloparatide study mentioned above and at least 2
additional articles that might have been relevant, but
were not referenced in the evidence report (16,17).

Recommendation 2: “ACP recommends that clinicians treat
osteoporotic women with pharmacologic therapy for 5 years.
(Grade: weak recommendation; low-quality evidence)”

While we agree that many patients can take oral
bisphosphonates for 5 years followed by a “drug holi-
day,” the wording of recommendation 2 suggests that all
osteoporosis medications can and/or should be pre-
scribed for only 5 years. First, the guidelines should bet-
ter clarify what constitutes “pharmacologic therapy.”
The summary table, for example, lists many interven-
tions across multiple medication classes without specify-
ing whether the 5-year recommendation applies to all of
them. Second, the evidence supporting this recommen-
dation was weak, especially when compared to the
evidence for the use of teriparatide, which the ACP

declined to include in recommendation 1 as noted
above. The scientific support for recommendation 2
arose from clinical trial extension studies rather than
randomized controlled trials, resulting in poor generaliz-
ability and studies that were underpowered to compare
the incidence of fractures. The 5-year interval would be
potentially too long for some therapies and too short for
others, as described below.

Treatment durations of <5 years might be recom-
mended in a number of circumstances, e.g., intravenous
zoledronate therapy may be limited to 3 years, oral
bisphosphonate therapy to 4–5 years, and teriparatide
therapy to 24 months (at which time initiation of bisphos-
phonate or raloxifene therapy should be considered)
(18,19). Following completion of denosumab treatment,
a bisphosphonate course of only 6–12 months should be
considered, due to reports describing a post-denosumab
rebound increase in bone turnover (20) and decline in
BMD (21,22), which may lead to increased fracture risk
(23).

Furthermore, there are circumstances in which
treatment durations of >5 years might be recommended.
The action of raloxifene disappears very rapidly after
treatment is suspended, and therefore a drug holiday is
not recommended with this agent—treatment may con-
tinue beyond 5 years. After 5 years of bisphosphonate
exposure, clinicians might consider continuing this treat-
ment in patients with prior osteoporotic fractures with
stable BMD but persistent femoral neck T scores of
≤�3.0; these individuals remain at very high fracture risk
and might benefit from continuing on the bisphosphonate
beyond 5 years or switching to teriparatide (24). The
safety of a drug holiday is unknown in the setting of gluco-
corticoid therapy. Thus, osteoporosis medications might
be continued beyond 5 years for individuals who remain
on a regimen of prednisolone ≥7.5 mg/day (according to
the UK National Osteoporosis Guidelines Group [25]) or
adults ≥40 years of age who take prednisone at ≥7.5 mg/
day and are classified as being at moderate or high frac-
ture risk (according to the American College of Rheuma-
tology [ACR] [26]). Osteoporosis medications may be
continued beyond 5 years in individuals who have new
fractures despite bisphosphonate therapy.

Recommendation 3: “ACP recommends that clinicians offer
pharmacologic treatment with bisphosphonates to reduce
the risk for vertebral fracture in men who have clinically
recognized osteoporosis. (Grade: weak recommendation;
low-quality evidence)”

We wish to emphasize that men included in
osteoporosis clinical trials did not necessarily have
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symptomatic fractures (i.e., clinically recognized osteo-
porosis); some were included on the basis of low BMD
without clinical fractures (27). Thus, men with osteo-
porosis diagnosed only by BMD can benefit from
osteoporosis therapy. We also remind clinicians to rec-
ognize the potential ability to prolong lifespan by treat-
ing men with a recent hip fracture (28).

We identified a number of studies in the search
of the period from 2008 through 2016 that might have
contributed materially to the recommendations (29–32)
but did not appear in the guideline update. There was
also at least one relevant study (33) that was cited in
the article, but did not appear in the evidence report.

Recommendation 4: “ACP recommends against bone
density monitoring during the 5-year pharmacologic
treatment period for osteoporosis in women. (Grade: weak
recommendation; low-quality evidence)”

While monitoring, in and of itself, may not
reduce fractures, it is a necessary prerequisite for many
of the actions that can reduce fractures. Multiple meta-
analyses have demonstrated the relationship between
increasing BMD and reduced spine fractures (34–36).
Without monitoring during the 5-year interval of phar-
macologic therapy, the only event that would prompt a
change in therapy would be a symptomatic fragility
fracture. However, the primary reason to prescribe
osteoporosis therapy is to avoid such fractures. Not sur-
prisingly, observational data suggest that patients are
more likely to adhere to a bisphosphonate regimen
when their BMD has been measured (37), although a
single randomized controlled trial failed to identify any
increase in guideline-concordant pharmacologic treat-
ment when patients were informed of their BMD
results (38).

The ACP’s recommendation against monitoring
bone density falls outside the recommendations of
other professional societies. Indeed, the American
Society for Bone and Mineral Research recommends
a more individualized approach that encourages
reassessment of BMD after 3 years of intravenous
bisphosphonate treatment (39). The National Osteo-
porosis Foundation recommends BMD assessments 1–
2 years after initiation of therapy and every 2 years
thereafter (40). Finally, the ACR does not recom-
mend specific intervals at which to measure BMD.
Rather, the ACR recommends against measuring
BMD more frequently than every 2 years, unless a
rapid change in BMD is expected (41). The discrep-
ancies between these various guidelines illustrate a
paucity of evidence in the medical literature

regarding the optimal interval for monitoring, but the
ACP guidelines actively recommend against BMD
testing during treatment.

Recommendation 5: “ACP recommends against using
menopausal estrogen therapy or menopausal estrogen plus
progestogen therapy or raloxifene for the treatment of
osteoporosis in women. (Grade: strong recommendation;
moderate-quality evidence)”

The ACP’s opposition to the use of hormone
therapy reflects the considerable evidence regarding the
potential adverse effects of these medications. However,
there are clinical scenarios in which estrogens might be
the optimal or only suitable therapy to help prevent frac-
tures. For example, in postmenopausal women with
osteoporosis and a strong family history of estrogen
receptor–positive invasive breast cancer, raloxifene has a
positive risk/benefit ratio (42), particularly for women
with osteoporosis of the lumbar spine and osteopenia of
the femoral neck. Similarly, raloxifene might be appro-
priate in younger women with low bone mass, low cardio-
vascular risk, and high fracture risk; in this population,
patients’ concerns regarding rare adverse drug reactions
from long-term bisphosphonate use may outweigh those
regarding raloxifene.

Recommendation 6: “ACP recommends that clinicians
should make the decision whether to treat osteopenic
women 65 years of age or older who are at a high risk for
fracture based on a discussion of patient preferences,
fracture risk profile, and benefits, harms, and costs of
medications. (Grade: weak recommendation; low-quality
evidence)”

We believe this very sensible recommenda-
tion should be expanded. The balancing of patient
preferences, fracture risk profile, benefits, harms, and
costs of medications should occur for all patients,
regardless of their age or whether they have osteopenia
or osteoporosis.

Report summary table

The ACP report summary table included the
observation that “there is lack of evidence linking
FRAX scores to treatment efficacy.” We believe the
authors intended to highlight the lack of randomized
controlled trials to test whether use of FRAX scores
(https://www.shef.ac.uk/FRAX/tool.jsp) in clinical prac-
tice improves fracture outcomes (i.e., an intervention
group treated based on FRAX scores and a control
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group in which treatment is initiated without formal
FRAX scores—perhaps based on clinicians’ gestalt). The
feasibility and ethics of such a study would be challeng-
ing, with a very large sample size needed in order to
demonstrate differences in adverse drug reactions and
fractures resulting from inappropriate overtreatment or
undertreatment. Nor is FRAX intended to guide the
selection between therapies (i.e., therapies with different
efficacies). The purpose of the FRAX tool is to support
discussions with patients about the risks and benefits of
treating low BMD. While FRAX scores were not used to
recruit subjects in osteoporosis clinical trials, this would
not be a reason to avoid use of the FRAX risk assess-
ment. Ultimately, clinicians must base their treatment
decisions on information obtained with well-designed
and validated clinical tools such as the FRAX or on their
somewhat subjective overall judgment and impression;
we argue for the former.

Conclusions

It is exceptionally laudable that the ACP took
on the difficult task of developing osteoporosis guideli-
nes at a time when there is a crisis in the field, as evi-
denced by a 50% reduction in the use of prescription
bone therapy after hip fractures (43). Despite the clear
value of the ACP guidelines to many patients and clini-
cians, these guidelines fall short in a number of impor-
tant nuances and circumstances familiar to specialty
providers. Our goal in presenting this critique is not to
“pour cold water” on a good initial effort, but instead
to “turn up the heat” on our colleagues in an effort to
advance a more evidence-based approach where possi-
ble, to generate more evidence where needed, and to
personalize care, particularly when there is a shortage
of suitable evidence. We believe such an approach will
yield the best outcomes in the care of the many
patients with complex cases of osteoporosis seen by
rheumatologists and other specialty practitioners.
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REVIEW

The Evolving Landscape for Complement Therapeutics in
Rheumatic and Autoimmune Diseases

Joshua M. Thurman, Ashley Frazer-Abel, and V. Michael Holers

The complement system is increasingly under-
stood to play major roles in the pathogenesis of human
inflammatory and autoimmune diseases. Because of
this situation, there are rapidly expanding commercial
efforts to develop novel complement inhibitors and
effector pathway–modulating drugs. This review pro-
vides insights into the evolving understanding of the
complement system components, mechanisms of acti-
vation within and across the 3 pathways (classical,
alternative, and lectin), how the pathways are normally
controlled and then dysregulated in target tissues, and
what diseases are known to be, in large part, comple-
ment-dependent through the successful development
and approval of complement therapeutics in patients.
Mechanisms of complement activation in rheumatoid
arthritis, lupus, and thrombotic microangiopathies are
also illustrated. In addition, the specific therapeutic
drugs that are both approved and under development
are discussed in the context of both nonrheumatic and
rheumatic diseases. Finally, the methods by which the
complement system can be assessed in humans
through biomarker studies are outlined, with the goal
of understanding, in specific patients, how the system
is functioning.

Introduction

The complement system is a major component
of innate immunity (1) and plays central roles in protec-
tive immune processes, including pathogen clearance,
recognition of foreign antigens, amplification of hu-
moral and cellular immunity, removal of apoptotic cells
and debris, and promotion of organogenesis and regen-
eration of certain tissues such as the liver following
transplantation (2,3). In contrast, inappropriate comple-
ment activation directed against self tissues underlies
the pathogenesis of a number of human inflammatory
and autoimmune diseases. The successful development
of complement therapeutics, as well as the presence of
a substantial pipeline of drugs under development (4),
has advanced opportunities for the application of com-
plement therapeutics to rheumatic and inflammatory
diseases. In this review, we will briefly describe the com-
plement system and then focus on 1) emerging under-
standing of the pathogenic roles of complement
activation in rheumatic and closely related diseases, and
2) updating contemporary complement pathway testing
methodologies to answer questions regarding use of this
approach in clinical settings and therapeutic develop-
ment programs.

Initiation, amplification, regulation, and effector
pathways in the complement system

Activation. The complement system comprises 3
activation pathways: classical, alternative, and lectin
(Figure 1). The classical pathway is initiated through
antibody-dependent and antibody-independent means,
which act as the “targeting” mechanism to direct the
powerful effector arms of complement to specific sites
(5). IgM and IgG antibodies activate the classical path-
way, while IgA can activate the alternative pathway, and
IgE is not an effective complement-activating isotype.
Following antigen recognition and binding by C1q of
the tripartite C1 complex, autocatalytic activation of
C1r and transactivation of C1s result in the latter
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molecule sequentially cleaving C4 and C2 into C4b and
C2a, respectively. These 2 proteins associate noncova-
lently as the classical pathway C3 convertase C4b2a.
Antibody-independent classical pathway activators,
which may be particularly important when products of
tissue damage are elaborated, include the pentraxin C-
reactive protein as well as b-amyloid fibrils, and mito-
chondrial proteins; each of these molecules directly
interacts with C1q and activates C1r/C1s. C1q also exhi-
bits additional functions involving the clearance of
apoptotic debris and regulation of synaptic pruning (6).

The lectin pathway is initiated using different
target recognition molecules designated collectins, a

family that includes mannose-binding lectin (MBL),
ficolins 1–3, and collectins 10–11, and is involved in
protective clearance through the recognition of invari-
ant features of foreign organisms (7). The lectin
pathway is also engaged during tissue injury through
the direct recognition of proteins such as cytokeratin
1 and other less well characterized ligands, as well as
IgM/IgG antibodies containing agalactosyl carbohy-
drates (8). As in the classical pathway, connectivity
to downstream generation of C3 and C5 convertases
occurs through the engagement and conformation-
dependent elaboration of proteases, here MBL-asso-
ciated serine protease 1 (MASP-1), MASP-2, and

Figure 1. Overview of complement system pathways and targets of complement therapeutics. The 3 complement activation pathways, and regula-
tory factors that control them, as illustrated through processes initiated on pathogens by binding of antibodies and lectin pathway recognition
molecules. Cells are normally protected against these processes; however, when activation is excessive, damage ensues, and additional downstream
inflammatory molecules are generated. Thick green X symbols indicate the sites where complement therapeutic inhibitors are focused. C1-INH =
C1 esterase inhibitor; FB = factor B; MASP-1 = mannose-binding lectin–associated serine protease 1; sC5b–9 = soluble C5b–9; MAP-1 = man-
nose-binding lectin/ficolin-associated protein 1.
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MASP-3, that cleave and activate C4, C2, and possi-
bly C3 directly.

The alternative pathway, in contrast, is unique in
being initiated through spontaneous conformational
changes of C3 in a process designated “tick-over,” which
results in binding of factor B and cleavage by factor D,
stabilization (and in some settings directed focusing)
through properdin binding, and the ultimate formation
of the C3 initiation convertase C3(H2O)BbP (9). This
process is accelerated through the binding of C3 to sur-
faces including gas bubbles, platelet surfaces, biomateri-
als, and microparticles as well as a convertase-stabilizing
autoantibody designated C3 nephritic factor and some
immunoglobulin light chains. Importantly, the same
components also serve as an “amplification loop” fol-
lowing C3b fixation to targets through any of the 3 path-
ways (10), which is an essential mechanism for
complement-dependent injury in vivo (11).

During the processes of C3 activation by its con-
vertases, the thioester bond in C3 is broken, allowing the
formation of covalent ester or amide linkages from C3b
to neighboring molecules (12). The subsequent sequen-
tial cleavage of C3b to iC3b/C3dg by factor I and
cofactors provides the capacity to interact with specific
high-affinity/avidity C3 receptors (13). The formation of
C3b is followed by the formation of the multiprotein
classical pathway and alternative pathway C5 conver-
tases, C5 cleavage to C5b, and assembly of the pore-like
membrane attack complex. Also generated through the
convertase activation processes are the soluble anaphyla-
toxins C3a and C5a, which have multiple proinflamma-
tory and complex immune regulatory roles (14).

Receptors. High-affinity complement receptors
are engaged by proteolytic cleavage fragments gener-
ated during the activation process. Receptors include
complement receptor type 1 (CD35), a widely dis-
tributed molecule that acts as the major receptor on
erythrocytes for binding and processing circulating
immune complexes containing C3b and/or C4b, acts on
B cells to modulate responses to antigens (15), and
functions on neutrophils and macrophages as a phago-
cytosis-promoting receptor (16). A second receptor,
which binds the iC3b and C3dg fragments, is CR2/CD21,
a receptor expressed on B cells, epithelial cells, follicu-
lar dendritic cells (FDCs), thymocytes, and a subset of
peripheral T cells. CR2 promotes B cell activation,
traps and retains immune complexes on FDCs within
lymphoid tissues, and serves as a modulator of B cell
self-reactivity (15,17). CR3 and CR4 are integrins that
bind iC3b, are expressed on phagocytes and FDCs, and
exhibit immune regulatory roles (2). Another receptor
is complement receptor of the immunoglobulin

superfamily, which is expressed on Kupffer cells and
mediates clearance of targets from the circulation. The
anaphylatoxic peptides, C5a and C3a, exhibit multiple
proinflammatory properties, and are each recognized
by C5a receptor (C5aR)/CD88 and C3aR, which are
members of the rhodopsin family (18). C5a is a particu-
larly important molecule, demonstrating multiple proin-
flammatory properties, including leukocyte chemotaxis,
aggregation of neutrophils and platelets, release of
mast cell mediators, generation of leukotrienes, cytoki-
nes, and reactive oxygen metabolites, and activation-
modulating cross-talk with IgG Fc receptors (19).
Similarly, C3a plays key roles in inflammatory disorders
(20).

Regulators. Several mechanisms are used to
restrain complement activation. For example, the classi-
cal and lectin pathways are blocked by a C1 esterase
inhibitor (C1-INH) (21), which serves as a trap for C1r/
C1s and activated MASP-1/MASP-2. C1-INH also inac-
tivates the proteases kallikrein, factor XIa, XIIa, and
plasmin of the contact and clotting systems. In addi-
tion, membrane and circulating proteins accelerate the
decay and inactivation of the C3 and C5 convertases
(22). These include factor I, which cleaves and inacti-
vates/processes C3b and C4b at specific sites when they
are either free in the fluid phase or target-bound. Fac-
tor H, a soluble inhibitor, is a decay accelerator of the
alternative pathway and also serves as a cofactor for
factor I–mediated cleavage of C3b. With regard to the
classical pathway, C4b binding protein is a fluid-phase
protein that exhibits mechanisms similar to those of
factor H.

Proteins that block complement activation on the
cell membrane include decay-accelerating factor (DAF;
CD55), membrane cofactor protein (MCP; CD46), and
membrane inhibitor of reactive lysis (CD59) (23). DAF
binds C3b or C4b and increases the spontaneous decay
of both the classical pathway and alternative pathway
C3 complexes. MCP serves as a cofactor for the cleav-
age of C3b and C4b into their inactive forms. CD59
binds C8 to block the effective incorporation of C9 and
also blocks C9 polymerization, which is required for
pore formation. Finally, C5a and C3a undergo a rapid
loss of activity mediated by C-terminal cleavage of argi-
nine by carboxypeptidase (24).

Another type of regulatory activity is manifest by
members of the complement factor H–related (CFHR)
family, for which many associations with human diseases
have been observed (25). These conditions include age-
related macular degeneration (AMD), atypical hemolytic
uremic syndrome (HUS), IgA nephropathy, and systemic
lupus erythematosus (SLE). In this regard, some CFHR
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members appear to act as inhibitors of factor H by block-
ing its binding to target surfaces, resulting in enhanced
local complement activation.

Overview of complement therapeutic approaches

Only 2 anti-complement drugs are currently
approved (26). The first, eculizumab, is a humanized
monoclonal antibody directed against C5 (27), while
the second encompasses a number of molecular ver-
sions of C1-INH (28). Eculizumab is approved for
the treatment of paroxysmal nocturnal hemoglobinuria
(PNH) and atypical HUS (29), while C1-INH prepara-
tions are approved for the treatment of hereditary
angioedema (HAE). In addition, therapeutics are being
developed that are directed to molecules including the
C3 and C5 convertases, C3 itself, C1s, MASP-2, MASP-
3, properdin, factor D, factor B, C5, C5a, C3a, and C6
as a means to disrupt the membrane attack complex
(Figure 1 and Table 1). In addition to the soluble pro-
teins, inhibitors of receptors are being evaluated. Ther-
apeutic modalities include monoclonal antibodies,

recombinant forms of natural inhibitors, small molecules
with various backbones and structures, RNA-based
drugs, other recombinant proteins, modular chimeric
proteins, and gene therapy. In addition, tissue- or
cell-targeted therapeutics are under development, with
the goal of directing inhibitors more directly to sites of
complement activation (30).

Disease indications that are currently being
evaluated include myasthenia gravis and neuromyelitis
optica. Additional focus is on local delivery, especially into
the eye for AMD, as well as C3 glomerulopathy, a dis-
ease characterized by associations with alternative
pathway–activating mutations and autoantibodies (22).
Challenges in the development of complement inhibitors
include the high levels of circulating proteins, which are
much higher than cytokine levels. Additional challenges
include the relatively rapid turnover, the acute-phase
response–mediated increases in circulating factor levels,
and the potent biologic activity of locally synthesized
factors (26). The risks inherent in the use of systemic
complement inhibitors, especially long-term use, likely
mirror the phenotypes seen in patients with homozygous

Table 1. Examples of complement inhibitors that are under preclinical development, clinical development, or are approved*

Target Therapeutic Developer/distributor Development phase achieved/indication(s)

C1q Anti-C1q mAb Annexon Preclinical/neurodegenerative disorders
C1 C1-INH CSL Behring, Salix

Pharmaceuticals, Shire
All approved/HAE

C1s Anti-C1s mAb True North Therapeutics Clinical development/cold agglutinin disease,
antibody-mediated hemolytic anemia

MASP-2 Anti–MASP-2 mAb Omeros Clinical development/atypical HUS
MASP-3 Anti–MASP-3 mAb Omeros Preclinical
Factor D Anti–factor D mAb

(lampalizumab)
ACH-4471

Genentech

Achillion

Clinical development/AMD

PNH
Factor B Factor B siRNA

Anti–factor B mAb
Ionis
Novelmed/Alexion

Preclinical

Properdin Anti-properdin mAb Novelmed Preclinical
C3/C5

convertases
Compstatin/derivatives
Soluble CR1/TP10
MiniFH
Mirococept
CR2–factor H/TT30

Apellis, Amyndas
Celldex
Amyndas
AdProTech
Alexion

Clinical development/PNH, atypical HUS,
C3 glomerulopathy, renal transplantation, AMD

C5 Anti-C5 mAb Eculizumab Approved/PNH, atypical HUS
C5 follow-on Biosimilar mAb

Coversin/OmCI
RA101495
ALN-CC5
ARC1905
ALXN1210

Multiple
Akari
RaPharma
Alnylam
Ophthotech
Alexion

Clinical/PNH, atypical HUS, AMD, myasthenia gravis

C5a/C5a receptor CCX168 ChemoCentryx Clinical
C3a/C3a receptor Various Undisclosed Preclinical
C6 Anti-C6 mAb

C6 antisense RNA
Regenesance Preclinical

* Due to the large number of rapidly evolving development programs, as well as the expanding list of indications that are under consideration, this
list should not be considered complete but rather is illustrative of key features of the complement therapeutic pipeline. Additional molecular enti-
ties are described in ref. 26. mAb = monoclonal antibody; C1-INH = C1 esterase inhibitor; HAE = hereditary angioedema; MASP-2 = mannose-
binding lectin–associated serine protease 2; HUS = hemolytic uremic syndrome; AMD = age-related macular degeneration; PNH = paroxysmal
nocturnal hemoglobinuria; siRNA = small interfering RNA.
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complement deficiencies (31) and include disruption of
immune complex processing, bacterial infection, and
potentially the impairment of cellular regeneration and
repair cycles. Practical experience in the area of infec-
tion risk mitigation has been gained through the clinical
use of eculizumab and the means by which infection
with Neisseria has been partially mitigated through long-
term antibiotic treatment and/or close monitoring (27).

Use of complement therapeutics in genetically defined
and related diseases that are in the differential
diagnosis with rheumatic diseases

There is a wealth of experimental data from ani-
mal models pointing to the importance of the comple-
ment system in causing cell and tissue damage (2).
However, the most important insights have been gained
through human therapeutic trials for rare human dis-
eases caused by mutations that directly affect the com-
plement system.

Paroxysmal nocturnal hemoglobinuria. PNH
was the first disease in which the major complement-
dependent aspects (red blood cell [RBC] lysis, platelet/
endothelial cell activation, and clotting) could be thera-
peutically blocked (27). PNH is caused by somatic
mutations in the gene PIGA that result in the absence
of DAF/CD55 and CD59 on clonal populations and
the subsequent inability of these lineages, especially
RBCs, to control spontaneous alternative pathway–
mediated complement activation. Treatment of patients
with eculizumab markedly abrogates hemolysis and
other associated clinical sequelae, inclusive of throm-
botic events that were previously the primary cause of
death (32).

Antibody-mediated hemolytic syndromes. The
complement system has long been thought to play
important roles in these syndromes, especially cold
agglutinin disease, in which activation of complement
leads not primarily to direct lysis but rather to the clear-
ance of IgM and C3 fragment–coated RBCs in the liver
through a process designated extravascular hemolysis.
Recent therapeutic development in this area has
included the use of a monoclonal antibody inhibitor of
C1s, which is demonstrating promise in studies in
patients with cold agglutinin disease (33). The approach
of blocking complement activation through the classical
pathway would also be appropriate to test in patients
who demonstrate autoimmune hemolytic anemia.

Hereditary angioedema. HAE is associated with
heterozygous mutations in the gene encoding C1-INH
and has been treated with the purified protein obtained
from plasma as well as antifibrinolytic agents and

attenuated androgens (34). Replacement therapy with
recombinant C1-INH for HAE attacks has been
approved, and this has also opened up potential oppor-
tunities for its use in other diseases.

Atypical HUS. Atypical HUS is a multiorgan dis-
ease caused by complement-mediated inflammation
and thrombosis in the microvasculature. Patients typi-
cally present with thrombocytopenia, hemolytic anemia,
and renal failure. Most cases of HUS (~90%) are caused
by enteric infection with bacteria that produce Shiga-like
toxin, and the term “atypical” is used to describe those
patients in whom the disease develops in the absence of
Shiga-like toxin–producing bacteria. The majority of
patients with atypical HUS have genetic or acquired
defects in their ability to control activation of the alter-
native pathway (35). Disease-associated mutations have
been identified in the genes for factor H, MCP, factor I,
C3, factor B, and thrombomodulin. Mutations in the
complement regulatory proteins impair complement reg-
ulation by the affected proteins, whereas mutations in
the C3 and complement factor B genes are gain-of-func-
tion mutations. Some patients with atypical HUS have
inhibitory autoantibodies that impair the ability of factor
H to control activation of the alternative pathway (36).
In 2 phase II studies of eculizumab in patients with atypi-
cal HUS (37), eculizumab treatment led to significant
clinical improvement, and additional studies also con-
firmed that eculizumab is an effective treatment for this
disease (38).

Uveitis, AMD, and other ophthalmologic disor-
ders. Based on extensive literature regarding experi-
mental disease models (39), the complement system
has been considered to play a major role in the patho-
genesis of autoimmune uveitis. Additional impetus for
studies of ophthalmologic disorders has been provided
by the findings that informative polymorphisms and
rare variants of complement genes are associated with
a heightened risk for the development of AMD (40).

Rheumatic diseases that are likely to be partly
complement-dependent

Rheumatoid arthritis (RA). RA affects 0.8–
1.0% of the population and is associated with substan-
tial personal and societal costs (41). The pathogenesis
of RA can be divided into 3 distinct phases: initiation,
perpetuation, and chronic inflammation. Innate
immune mechanisms involving the complement system
are likely to be involved in each phase (42). Studies
have demonstrated the presence of IgG-containing
immune complexes along with complement C3 activa-
tion fragments in >90% of patient cartilage samples
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(43), as well as extensive synovial complement deposi-
tion and synthesis (44). Notably, an unbiased analysis
of the epigenetics of RA fibroblast-like synoviocytes
revealed that the complement system was among the
top 6 pathways identified as being expanded in samples
from RA patients (45). Studies in murine models have
revealed that complement is key to initiating, amplify-
ing, and driving effector mechanisms (46). In addition,
cartilage-derived proteins in RA exhibit both comple-
ment-activating and complement-regulatory functions
(47). Experimental models have identified key roles for
the alternative and lectin pathway initiation and ampli-
fication mechanisms, chemotactic peptides and their
receptors, local complement synthesis, and release and
dysregulation mechanisms on cartilage and cells. A
mechanism-based model is shown in Figure 2.

With regard to adaptive immunity in RA, the
CR2–C3dg interaction plays an important role in mur-
ine models, in which inhibition of the receptor leads to
a decrease in clinical disease activity, tissue damage,
and development of pathogenic anticollagen and other
disease-specific autoantibodies (48). Enthusiasm with
regard to the use of complement inhibitors in RA has
waned since the finding that C5aR blockade did not
reduce synovial inflammation in RA patients (49),
although the increasing understanding of the immune
complex mechanisms underlying the initial joint

inflammation suggests that earlier treatment may be
more effective (50).

Systemic lupus erythematosus. The role of com-
plement in SLE is paradoxical insofar as the comple-
ment system helps to prevent autoimmunity, yet it is
also an important mediator of inflammation-
associated tissue injury in SLE. Individuals with defi-
ciencies of C1, C2, and C4 are all at increased risk
of the disease (51). The complement system is believed
to prevent autoimmunity via several mechanisms. Intra-
cellular antigens are released when cells die, and
opsonization of the antigens by complement facilitates
their rapid phagocytosis (52), which may reduce the
likelihood of an autoimmune response to the exposed
self antigens. Complement activation may also improve
B cell and T cell tolerance to self antigens (53).

Once autoimmunity develops, circulating immune
complexes deposit in tissue or form in situ when
antibodies bind to tissue antigens. Deposited immune
complexes activate the complement system, with several
proinflammatory and cytotoxic effects (Figure 3). It
stands to reason that this inflammatory process causes
more severe injury in patients with a reduced ability to
control complement activation, and genetic studies sug-
gest that this is the case (54). Opsonization of injured
cells with complement proteins may also amplify produc-
tion of type I interferons (55).

Figure 2. Complement in the pathogenesis of experimental rheumatoid arthritis. The schematic diagram shows the roles of complement
activators, regulators, and cells (adipocytes, fibroblast-like synoviocytes) whose global dysregulation allows pathogenic activation of complement
pathways on the cartilage surface, amplification of injury, and provision of new proteins that fuel local amplification. TNF = tumor necrosis factor;
IL-1 = interleukin 1; MASP-1 = mannose-binding lectin–associated serine protease 1; MAC = membrane attack complex; CFHR = complement
factor H–related; CP = classical pathway; LP = lectin pathway; anti–CII Ab = anti–type II collagen antibody.
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Ideally, treatment regimens for patients with
lupus would rapidly block the inflammatory effects of
immune complexes within tissue and also modulate the
adaptive immune responses that underlie autoantibody
generation. A rational approach might therefore be to
combine a complement inhibitor with drugs that target
the adaptive immune response. This combination could
prevent irreversible injury by immune complexes
already deposited in tissue while awaiting the adaptive
immune effects. Notably, eculizumab has been success-
fully used off-label in the setting of severe lupus
nephritis, even in the absence of thrombotic microan-
giopathy lesions (56), although no large series or trials
have been conducted.

The optimal complement-inhibitory drug in SLE
would block the pathogenic effects of complement
without impairing its role in protecting against autoim-
munity. This outcome could be achieved by selectively
blocking the alternative pathway and by using drugs
that are targeted to sites of tissue injury (30).

Vasculitis. Several autoimmune diseases can pre-
sent with small vessel vasculitis and glomerulonephritis.

Immunofluorescence microscopy of tissue biopsy speci-
mens from patients with these diseases reveals promi-
nent immunoglobulin and complement deposits. Tissue
biopsy specimens obtained from patients with antineu-
trophil cytoplasmic antibody (ANCA)–associated vas-
culitis (AAV), in contrast, display only small quantities
of immune deposits (“pauci-immune”). Nevertheless, a
growing body of experimental and clinical observations
indicates that complement activation is critical to the
development of ANCA-mediated disease.

A role of complement was first shown in a murine
model of ANCA-associated vasculitis, in which comple-
ment depletion with cobra venom factor, factor B defi-
ciency, and C5 deficiency were each protective (57). In a
subsequent study, the investigators observed that
ANCAs cause neutrophil activation in vitro, and factors
released from the neutrophils (including reactive oxygen
species) caused generation of C5a when mixed with
serum (58). C5a, in turn, increased expression of ANCA
antigens by neutrophils and primed them to respond to
ANCAs. ANCAs thereby induce a feedback loop in
neutrophils, and C5a is an essential intermediary.

Figure 3. Complement in the pathogenesis of systemic lupus erythematosus (SLE). The complement system functions both to prevent SLE and as
a mediator of tissue injury in SLE. Complement activation facilitates the removal of apoptotic and damaged cells, helping to clear nuclear contents
that are released from the injured cells. Complement activation may also help to establish tolerance to nuclear antigens. Consequently, deficiencies
of various complement components increase the risk of developing SLE. However, complement activation increases production of type I interfer-
ons by dendritic cells and mediates immune complex–mediated tissue injury.
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Using an in vivo model of AAV, the authors
observed that mice with C5a receptor–deficient bone
marrow developed significantly milder disease than
mice with wild-type bone marrow. Although C3 depos-
its are less prominent in the glomeruli of patients with
AAV than in the glomeruli of patients with immune
complex diseases, they are detected in >40% of
patients and correlate with poor outcomes (59). In
addition, the levels of complement activation fragments
(Bb, C3a, C5a, and soluble C5b–9) are also elevated in
the plasma and urine (60) of patients with active dis-
ease, indicating that the alternative pathway is acti-
vated. Based on the efficacy of CCX168 in the murine
model and the evidence of complement activation in
patients with vasculitis, a phase II trial of CCX168 was
conducted (61). This study randomized patients to 3
different treatments: standard therapy (corticosteroids
plus cyclophosphamide), standard therapy with reduced
prednisone dosing plus CCX168, or CCX168 used in
lieu of corticosteroids. The rate of renal disease remis-
sion and the reduction in the Birmingham Vasculitis

Activity Score (62) was greater in the groups that
received CCX168, and additional studies are underway
that will compare the efficacy of CCX168 with that of
prednisone at inducing remission when the drugs are
used in combination with either cyclophosphamide or
rituximab.

Antiphospholipid syndrome (APS) and catas-
trophic APS (CAPS). APS is a clinical syndrome that is
diagnosed by detection of these antibodies in patients
in whom thrombotic events or recurrent fetal loss has
occurred. CAPS refers to a syndrome in which multiple
organs are affected, and it can lead to multiorgan fail-
ure or death. An important role of the complement sys-
tem in APS was identified by several studies that used
antibodies from patients with APS to cause pregnancy
loss in mice (63). These studies revealed critical
involvement of the classical pathway, the lectin path-
way, and C5a in the pathogenesis of APS. C5a and the
membrane attack complex cause endothelial cell activa-
tion, adhesion molecule expression, cytokine release,
and release of prothrombotic molecules such as tissue

Figure 4. Pathogenesis of antiphospholipid syndrome. Antiphospholipid antibodies bind to b2-glycoprotein I (b2GPI) in complex with phospho-
lipids on the surface of endothelial cells. The antibodies activate the complement cascade, generating C5a and C5b–9. C5b–9 and C5a cause acti-
vation of endothelial cells, which then express adhesion molecules. Activated endothelial cells also release tissue factor and plasminogen activator
inhibitor 1 (PAI-1), creating a hypercoagulable environment. C5a induces monocytes to release soluble vascular endothelial growth factor 1
(sVEGF-1) and neutrophils to release tumor necrosis factor (TNF). Thrombin and fibrinogen can also cause complement activation, perpetuating
these proinflammatory and hemostatic processes.
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factor and plasminogen activator inhibitor 1 (Figure 4).
C5a also induces neutrophils to release tissue factor
and induces monocytes to release soluble vascular
endothelial growth factor 1 (64). Because thrombin and
fibrinogen catalyze complement activation, microvascu-
lar cross-talk between the complement and coagulation
cascades is probable.

A previous study showed clinical evidence of
complement activation in patients with APS, in whom
C3 and C4 levels were lower and C3a and C4a levels
were higher than those in control subjects (65). There
are now several case reports of patients with treatment-
refractory disease who were successfully treated with
eculizumab. Recurrence of APS is common after kid-
ney transplantation, particularly in patients with CAPS,
and case series of high-risk CAPS patients who were
prophylactically treated with eculizumab to prevent dis-
ease recurrence after renal transplantation have been
published (66).

Neuromyelitis optica. Neuromyelitis optica is
associated with and likely is caused by the actions of
complement-activating IgG autoantibodies to aquaporin 4,
which act as major drivers in experimental injury models.
In support of the notion that complement has a role in this

disorder, autoantibody-positive patients have been success-
fully treated with eculizumab, as manifest by decreasing
the number of attacks as well as achieving secondary end
points (67).

Complement system diagnostic approaches

Recognition of the role of complement in
human diseases and interest in complement therapeu-
tics have increased the need for robust complement
analysis. The currently used complement diagnostic
testing can be divided into 4 general categories: compo-
nent protein levels, pathway function assays, activation
marker levels in both the circulation and deposited on
cells, and analysis of complement genetics. Table 2
shows suggested approaches to working-up patients
with suspected diseases or to assure coverage of the
pathway targeted by therapeutics. Assays of the levels
of the complement components, particularly C3 and
C4, are the most common complement tests and have
proved useful for following a number of rheumatic dis-
orders. However, these assays have shortcomings that
should be considered, especially when readily available
tests for the levels of complement components do not

Table 2. Diagnostic complement testing*

Disorder Recommended serum test(s) Recommended genetic test(s) Considerations

PNH CD55 and CD59 by FACScan, acid lysis test This is a somatic-level mutation,
so genetic testing is not
appropriate

Atypical
HUS

CH50, AH50, or ELISA-style equivalents,
soluble C5b–9, C3, factor B, factor H, factor I,
factor H function, anti–factor H antibodies,
CD46 by FACScan

CFH, CFI, C3, factor B, CD46, FHR-1–5,
MCP, DGKE, THBD, ADAMTS-13

HAE C1-INH level and function, C4, C1q,
anti–C1-INH antibodies

Serpin G1, factor XII

AMD Potential for activation fragment testing TBD This is a developing area, and
the ability to use circulating
levels of complement to
predict the level in the eye is
still under development

RA C3, C4, and CH50 MBL-2 testing has been proposed
but remains unproven

OA Soluble C5b–9 (soluble terminal complement
complex) has been suggested

SLE CH50/CP ELISA, C1q level, C3, C3a/C3b, soluble
C5b–9, anti-C1q antibody

C4 (C4A/C4B) halplotypes CP CAP testing is also under
consideration for SLE
diagnosis

Vasculitis Soluble C5b–9, C3a, Bb, and C5a have been suggested;
C1q autoantibodies in HUVS

* Many of these tests will require a laboratory specializing in complement testing. The exact laboratories and their test menus are subject to
change, so consultation with their send-out department or use of similar resources is recommended. PNH = paroxysmal nocturnal hemoglobinuria;
HUS = hemolytic uremic syndrome; ELISA = enzyme-linked immunosorbent assay; CFH = complement factor H; FHR-1 = factor H–related pro-
tein 1; MCP = membrane cofactor protein; DGKE = diacylglycerol kinase ε; THBD = thrombomodulin; HAE = hereditary angioedema; C1-INH
= C1 esterase inhibitor; AMD = age-related macular degeneration; TBD = to be determined; RA = rheumatoid arthritis; MBL-2 = mannose-bind-
ing lectin 2; OA = osteoarthritis; SLE = systemic lupus erythematosus; CP = classical pathway; CAP = catastrophic antiphospholipid syndrome;
HUVS = hypocomplementemic urticarial vasculitis syndrome.
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identify whether C3, for example, is intact or cleaved.
In addition, because many of the complement compo-
nents are acute-phase reactants, measured levels bal-
ance disease-related consumption against increased
production (68).

The second and most historic category of assays
is the functional assay, particularly of CH50. Interest in
functional testing has increased with the advent of com-
plement-inhibiting therapeutics, and new methodologies
have been designed to simplify functional testing. For
instance, historic hemolytic assays are now joined by
assays that utilize engineered lysosomes, the disruption
of which is measured by enzyme-linked immunosorbent
assay–style assays that are more amenable to use in
routine immunology laboratory testing. All functional
assays represent appropriate screening approaches for
the whole complement pathway, from activation
through the terminal complex. However, if a functional
assay is going to be used to assess a patient receiving
complement therapeutics, it is important to note that
standard assays require substantial dilution of patient
serum, which may artificially dilute the drug that is
being tested and yield a result that does not parallel
the in vivo inhibition. The alternative pathway (AH50)
hemolytic assay utilizes lower dilutions and could,
therefore, be the better choice for following up patients
receiving complement inhibitor.

The final class of protein-level analysis of com-
plement testing is the measurement of complement
activation markers. These include the split products
that are produced during the cleavage cascade of com-
plement activation, as well as testing the convertases
and complexes that are also produced upon comple-
ment activation, which therefore have the potential to
serve as markers of ongoing or uncontrolled activa-
tion. The markers may be measured in the circulation,
using standard immunologic testing, or as deposited
on cells, using flow cytometry. These tests may reveal
the specific pathway involved or inhibited and the
extent of complement modulation that is occurring.
This has led to particular interest in the measurement
of terminal complement complex soluble C5b–9 for
monitoring of C5 inhibitors. The limited implementa-
tion of activation marker testing revolves around avail-
ability as well as the requirement for rapid processing
and freezing of the specimens (69). Specifically,
because the complement system is very prone to
ex vivo activation, activation markers can increase (or
functions decrease) substantially if not handled prop-
erly and frozen quickly at �80°C (70).

Interest in complement genetic testing has also
increased. A number of novel mutations have been

associated with atypical HUS as well as with C3G and
overlapping patterns of AMD (72,73) (see Table 2).
Because certain mutations in factor H, in particular,
are clearly mechanistically connected to pathogenesis,
complement genetic testing can aid in diagnosis and
prognosis. In addition, pairing complement genetic test-
ing with phenotypic testing can be informative in deter-
mining the biologic outcome of novel mutations.
Finally, additional methods are being evaluated that
will utilize imaging of local complement activation
in vivo and will provide insights into the local levels of
fixation (for review, see ref. 73).

Although challenges in complement testing
remain, such testing has great potential to aid in the
diagnosis of the increasing number of complement-
associated disorders identified. With the rapid develop-
ment of more complement-specific therapeutics, testing
will only expand, increasing the pressure for more labo-
ratories to be able to perform complement testing.
During this phase, it may be especially advisable to
work with those specialized laboratories that are famil-
iar with this still esoteric field of testing.

Conclusions

The field of complement therapeutics and diag-
nostics has entered a new phase of expanded impor-
tance in the treatment and diagnosis of human
disease. Although the first phases of treatment have
been limited to rare diseases, the development of
additional therapeutics should open up the field to
evaluation of inhibitors in more common rheumatic
and autoimmune diseases. Both successful utilization
of existing therapies as described in case reports of
rheumatic diseases, as well as the long history of
experimental and clinical association studies illustrat-
ing close relationships of complement activation with
disease manifestations, bode well for future success in
these endeavors.
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Synovial Immunophenotype and Anti–Citrullinated Peptide
Antibodies in Rheumatoid Arthritis Patients

Relationship to Treatment Response and Radiologic Prognosis

Carl Orr,1 Aurelie Najm,1 Monika Biniecka,1 Trudy McGarry,2 Chin-Teck Ng,3 Francis Young,1

Ursula Fearon,2 and Douglas J. Veale1

Objective. Serum anti–citrullinated peptide anti-
bodies (ACPAs) may be present before the development
of rheumatoid arthritis (RA) and may be predictive of
more severe, erosive disease. This study was undertaken
to examine the synovial tissue immunophenotype
according to ACPA status in patients with RA, as well as
the response to treatment and erosion status.

Methods. Consecutive RA patients were prospec-
tively recruited and underwent clinical and serologic
assessments before and after treatment. Radiologic
assessment was performed at the time of clinical fol-
low-up. Synovial tissue was immunostained for specific
markers of B cells (CD19), T cells (CD3, CD4, and
CD8), macrophages (CD68), and blood vessels (factor
VIII). Serum CXCL13 levels were quantified by
enzyme-linked immunosorbent assay. Synovial tissue
sections were analyzed for immunophenotype accord-
ing to ACPA status, using a validated semiquantitative
scoring method, and also analyzed for the presence of
lymphoid aggregates. Response to treatment with non-
biologic or biologic disease-modifying antirheumatic
drugs was assessed using the European League
Against Rheumatism (EULAR) response criteria.

Results. In total, 123 subjects (78 ACPA+) were
included. Compared to ACPA– RA patients, synovium
from ACPA+ RA patients was characterized by signifi-
cantly higher levels of CD19+ B cells and CD3+ and
CD8+ T cells (each P < 0.05), and CD19+ B cell levels
were significantly higher in patients who were naive to
treatment. The CD19+ B cell infiltrate level was higher
in patients with erosions at follow-up (P = 0.0128).
Levels of lymphoid aggregates of CD19+ B cells were
significantly higher in ACPA+ patients (P < 0.05), and
this was associated with increased serum CXCL13
levels. The EULAR response was significantly associ-
ated with the level of CD3+ T cell infiltrates (P < 0.05),
while CD68+ macrophage and CD8+ T cell levels were
predictive of the response to tumor necrosis factor
inhibitors (P < 0.05).

Conclusion. The results of this prospective study
demonstrate that the levels of synovial B cell infiltrates
and lymphoid aggregates were significantly higher in
ACPA+ RA patients, especially those who were naive to
treatment. In addition, ACPA+ subjects developed
more erosions during progression of the disease and
had higher serum levels of CXCL13. The EULAR
response to therapy in ACPA+ RA patients was associ-
ated with increased levels of T cell and macrophage
markers.

Rheumatoid arthritis (RA) is a common, chronic
autoimmune disease that is characterized by inflamma-
tion of the synovium. There have been a few studies
attempting to define specific disease phenotypes within
the RA spectrum; however, predicting the course of
the disease or outcomes in individual subjects has been
so far unsuccessful. In recent years, findings from sev-
eral studies have suggested that first-order stratification
of RA should be based on the presence or absence of
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rheumatoid factor (RF) and anti–citrullinated peptide
antibodies (ACPAs) in the serum (1,2). ACPAs,
detected with the use of an artificial antigen in anti–
cyclic citrullinated peptide (anti-CCP) assays, are pre-
sent in 50–70% of patients with RA (3) and have been
shown, in some cases, to predate the onset of arthritis
by many years (4,5).

The presence of ACPAs in a patient with RA
defines a distinct clinical phenotype with a tendency
toward the development of chronic disease (6,7), early
onset of erosions, more destructive disease (8–12), and
more extraarticular manifestations (13,14). ACPAs offer
the significant advantage of being stable biomarkers,
even in patients with early RA, of whom only 5%
experience seroconversion (15). Whether there is a dif-
ference in the inflammatory burden between the sub-
groups is still debated, and recent evidence suggests
that those with ACPA-negative RA may have a higher
inflammatory burden, at least in the early phase of the
disease (16).

ACPAs have been directly implicated in the
pathogenesis of RA. The autoantibodies themselves are
present in the RA synovium at concentrations >7-fold
higher than that in the serum (17). Furthermore, clones
of plasma cells specific for secretion of ACPAs have
been identified in the RA synovium—evidence of the
antigen-driven maturation of B cells and the subse-
quent diffusion of their products (17,18). Citrullinated
targets for some ACPAs in RA have been identified in
the synovium, including varying components of fibrin
(19,20) and fibronectin (21). A direct link between
ACPAs and bone resorption by osteoclasts has been
demonstrated in vitro (22). Furthermore, the concomi-
tant presence of ACPAs and RF shows an additive
effect on the erosion number and erosion size in
patients with RA (23). Taken together, these findings
suggest that ACPAs are likely to be directly pathogenic.

Some studies have suggested that the presence
of synovial B cells and ACPA positivity may be predic-
tive of chronic inflammation and the response to B cell
therapies (23,24). Amara and colleagues, using single B
cell–based cloning technology to isolate immunoglobu-
lin genes from joint-derived B cells in RA patients with
active disease, demonstrated accumulation of ACPA-
producing B cells and plasma cells in the RA joint
(25). The mechanisms by which this occurs are unclear,
but studies have shown increased expression of the B
cell chemoattractant CXCL13 in RA synovium, which
is associated with higher prevalence of ACPA positivity
and erosive disease (26). Furthermore, CXCL13 has
been shown to be predictive of disease activity in early
RA (27). However, given the centrality of the role that

CXCL13 plays in B cell–mediated disease, we studied
the relationship of serum levels of this chemokine to
ACPA status and disease activity in a cohort of patients
comprising a broad spectrum of RA.

Despite differences in clinical phenotypes de-
fined by the presence or absence of ACPAs, and the
evidence for a direct role of ACPAs in the pathogene-
sis of RA, immunophenotyping of synovial tissue to
compare the 2 subgroups (ACPA+ and ACPA– RA)
has yielded conflicting results (28–30). Important histo-
logic differences in the synovium between patients with
RA and those with psoriatic arthritis are well-defined
(31). Whether the 2 distinct disease subsets within RA
also have differences in cellularity at the synovial level,
and whether differences in cellularity can be a predic-
tor of disease outcome, remain clinically important
questions. Therefore, the aim of this study was to
determine the expression of immune cells in the syn-
ovial tissue from patients with active RA, and to ana-
lyze the patients by ACPA status, presence versus
absence of erosive disease, and response to nonbiologic
and biologic disease-modifying antirheumatic drug
(DMARD) therapy.

PATIENTS AND METHODS

Patient recruitment. Consecutive RA patients were
recruited from outpatient clinics in the Department of
Rheumatology at St. Vincent’s University Hospital. Synovial
biopsy was performed in each patient by needle arthroscopy
of an actively inflamed knee joint. All patients fulfilled the
classification criteria for RA (32,33) and all provided their
written informed consent. Ethics approval to conduct this
study was granted by St. Vincent’s Healthcare Group Medical
Research and Ethics Committee.

Arthroscopy. After local anesthesia was administered,
arthroscopy of the knee was performed using a 2.7-mm
needle arthroscope (Karl Storz, Germany) as previously
described (34). The joint cavity was inspected, and the
degree of synovitis and vascularity was recorded by experi-
enced operators (CO and DJV) on a 0–100-mm visual analog
scale (VAS) (35). Prior to arthroscopy, patients underwent a
full clinical assessment that included profiles of age, sex, dis-
ease duration, and use of medications. A 28–joint count for
the numbers of swollen and tender joints was performed.
Patients completed assessments of global health on a 0–100-
mm VAS. The level of disease activity was calculated using
the Disease Activity Score in 28 joints with C-reactive pro-
tein level (DAS28-CRP) (36), and the DAS28-CRP scores
were used to group patients according to their respective dis-
ease activity category (mild, moderate, or severe) based on
the European League Against Rheumatism (EULAR) rec-
ommendations. Laboratory investigations included measure-
ments of ACPAs and RF, as well as the CRP level and
erythrocyte sedimentation rate (ESR), all of which were
determined in serum samples obtained from patients immedi-
ately before arthroscopy.

SYNOVIAL IMMUNOPHENOTYPING OF ACPA+ AND ACPA� RA 2115



Synovial tissue immunohistologic staining. Freshly
obtained synovial biopsy samples were immediately embed-
ded in OCT mounting medium. Thereafter, 7-lm tissue sec-
tions were allowed to reach room temperature, and then
fixed in acetone for 10 minutes and air-dried. A routine 3-
stage immunoperoxidase labeling technique incorporating
avidin–biotin–immunoperoxidase complex (Dako) was used.
Sections were incubated with anti-CD3, anti-CD4, anti-CD8,
anti-CD19, anti-CD68, and anti–factor VIII (anti-FVIII)
primary mouse monoclonal antibodies (Dako) at room
temperature for 1 hour. Color was developed in solution
containing diaminobenzidine tetrahydrochloride (Sigma-Aldrich)
with 0.5% H2O2 in phosphate buffered saline (pH 7.6). Slides
were counterstained with hematoxylin and mounted. All slides
were stained and scored under blinded conditions for the
intensity of staining, using a well-established semiquantitative
scoring method, with scores ranging from 0 to 4 (where 0 =
no staining, 1 = <25%, 2 = 25–49%, 3 = 50–74%, and 4 =
75–100% staining) (29,30). Sections were scored by 2 reviewers
(CO and DJV) independently in both the lining and sub-
lining layers. Differences in scoring between the observers
were reviewed together, and consensus was achieved in each
instance.

The presence or absence of CD19+ lymphoid aggre-
gates was also determined in the synovial tissue, based on
previously reported standard definitions of an aggregate (37).
FVIII was scored by counting the mean number of blood ves-
sels stained per high-power field (at 209 magnification).

ACPA assay. A specific enzyme-linked immunosorbent
assay (ELISA) (Thermo Fisher immunoassay) with second-gen-
eration anti-CCP antigen was used to detect and measure
ACPAs in patients included in the cohort after March 2010.

CXCL13 measurement. Serum CXCL13 was mea-
sured using a specific ELISA (R&D Systems) according to
the manufacturer’s instructions. The standard range of
CXCL13 levels in this ELISA was 7.8 pg/ml to 500 pg/ml.

Clinical outcomes and treatment response. Patients
were followed up to determine their disease course and clini-
cal outcomes. The most recent set of plain-film radiographs
of the hands and feet during follow-up (median follow-up
20.2 months, interquartile range [IQR] 7.9–53.7 months) was
assessed in a dichotomous manner for the presence or
absence of erosions, on the basis of the radiographic status at
the time of follow-up. In addition, patients’ response to treat-
ment with nonbiologic DMARDs and tumor necrosis factor
inhibitors (TNFi) was assessed using the EULAR response
criteria (38). In this regard, subjects were considered to be
nonbiologic DMARD nonresponders if they had commenced
treatment with a biologic agent during follow-up, and were
considered to be TNFi nonresponders if they had been
switched from one TNFi to another or had begun treatment
with an alternative biologic DMARD.

Statistical analysis. Continuous and ordinal data that
were normally distributed are presented as the mean � SD,
and non-normally distributed data are presented as the me-
dian (IQR). Differences between groups were analyzed using

Table 1. Demographic and clinical features of the RA patients at baseline and follow-up, in total and by ACPA status*

Total ACPA+ ACPA– P

No. of patients 123 78 45 –
Male, no. (%) 36 (29.3) 25 (32.1) 11 (24.4) NS
Age, mean � SD years 55.8 � 13.2 56.4 � 12.6 54.6 � 14.1 NS
RF positive, no. (%) 73 (59.4) 66 (84.6) 7 (15.6) <0.0001
Disease characteristic
Duration of RA, years 6.0 (1.0–13.0) 6.5 (1.0–13.0) 6.0 (1.0–16.5) NS
DAS28-CRP, mean � SD 4.44 � 1.20 4.73 � 1.11 3.92 � 1.20 <0.005
DAS28-ESR, mean � SD 4.77 � 1.34 5.13 � 1.22 4.16 � 1.34 <0.005
CRP, mg/liter 10.9 (3.4–26.6) 12.1 (4.3–29.3) 6.6 (2.9–21.5) NS
ESR, mm/hour 25.0 (13.0–44.0) 26.0 (17.0–47.0) 22.5 (7.3–35.8) NS
SJC (28 joints) 4.0 (1.0–8.0) 6.0 (2.0–9.0) 2.0 (1.0–5.0) <0.005
TJC (28 joints) 4.0 (2.0–9.0) 6.0 (3.0–10.0) 2.0 (1.0–5.3) <0.005
Patient’s global health (100-mm VAS) 60 (40–80) 60 (38–80) 60 (40–80) NS
Synovitis score (100-mm VAS) 62.5 (50–80) 67.5 (40–80) 60.0 (50–80) NS
Vascularity score (100-mm VAS) 70 (40–80) 60 (40–80) 70 (40–80) NS

Current treatment, no. (%)†
Naive 48 (39.0) 30 (38.5) 18 (40.0) NS
Nonbiologic DMARD 46 (37.4) 29 (37.2) 17 (37.8) NS
TNFi 23 (18.7) 15 (19.2) 8 (17.8) NS
Other biologic DMARD 6 (4.9) 4 (5.1) 2 (4.4) NS

Follow-up
Patients with available data, no. (%) 106 (86.2) 68 (87.2) 38 (84.4)
Duration of RA, months 19.2 (7.6–53.0) 17.8 (6.8–59.3) 21.0 (10.4–50.6) NS
DDAS28-CRP, mean � SD –1.39 � 1.59 –1.75 � 1.54 –0.75 � 1.48 <0.005
DDAS28-ESR, mean � SD –1.33 � 1.73 –1.68 � 1.68 –0.62 � 1.64 <0.005
Patients with erosions, no./total no. (%) 45/117 (38.5) 31/75 (41.3) 14/42 (33.3) NS

* Except where indicated otherwise, values are the median (interquartile range). RA = rheumatoid arthritis; ACPA = anti–
citrullinated peptide antibody; NS = not significant; RF = rheumatoid factor; DAS28-CRP = Disease Activity Score in 28
joints with C-reactive protein level; DAS28-ESR = DAS28 with erythocyte sedimentation rate; SJC = swollen joint count;
TJC = tender joint count; VAS = visual analog scale; DMARD = disease-modifying antirheumatic drug; TNFi = tumor
necrosis factor inhibitor.
† Current treatment refers to the time at which the synovial tissue biopsy was performed.
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unpaired 2-tailed t-tests for normally distributed data, while
for non-normally distributed data, differences between groups
were analyzed using the Mann-Whitney U test. Categorical
data are presented as the number (percent) of subjects, and
differences between groups were analyzed using either the
Fisher’s exact test or chi-square test, as appropriate. For nor-
mally distributed data, associations were calculated using
Pearson’s correlation coefficients (reported as r2 values), and
for non-normally distributed data, associations were calcu-
lated using Spearman’s correlation coefficients (reported as
rho values). Statistical analysis was performed using Graph-
Pad Prism version 6.07 for Windows. P values less than 0.05
were considered significant.

RESULTS

Patients and outcomes. One hundred twenty-
three consecutive RA patients were recruited. The
baseline demographic and disease characteristics of the
patients, as shown in Table 1, were similar to those in
other large cohorts of RA patients. ACPA positivity
was found in 63.4% of patients, and 59.4% were posi-
tive for RF. The distribution of current treatments at
the time of biopsy sampling was as follows: naive to
treatment (had not received a DMARD) (n = 48), non-
biologic DMARD (n = 46), TNFi (due to inadequate
response to nonbiologic DMARDs) (n = 23), and other
biologic agents (n = 6). There was no significant differ-
ence in the duration of RA, treatment strategies, CRP
level, or ESR at the time of biopsy between ACPA+
and ACPA– RA patients. Interestingly, there was also
no difference observed in the macroscopic arthroscopy
scores of synovitis or vascularity.

RA patients who were positive for APCAs had
higher median swollen and tender joint counts and a
higher DAS28-CRP score at baseline. However, there
was no significant difference in the patients’ global
assessment of health status (Table 1). The duration of
clinical follow-up after arthroscopy was similar in both
groups. Although more ACPA+ patients than ACPA–
patients had erosive disease at follow-up, this differ-
ence did not reach statistical significance. ACPA+ RA
patients showed a greater improvement in disease
activity scores over the course of the follow-up.

Immunophenotype by ACPA status. Representa-
tive images of synovial tissue immunostaining for
CD19, CD3, CD8, and CD68 in ACPA+ and ACPA–
RA patients are shown in Figure 1. Significantly higher
expression of CD19+ B cells (in the sublining, P =
0.020; in the lining, P = 0.007), CD3+ T cells (in the
sublining, P = 0.046), and CD8+ T cells (in the sublin-
ing, P < 0.001; in the lining, P = 0.012) was observed in
the synovium of ACPA+ patients compared to ACPA–
patients (Figures 2A–C). No difference in the lining or

sublining expression levels of CD68+ macrophage infil-
trates was observed (Figure 2D). Furthermore, there
was no difference in the levels of CD4+ cells or FVIII
vascular staining between the groups (data not shown).

To determine potential differences in the
presence or absence of B cell aggregates between
ACPA+ and ACPA– RA patients, CD19 expression was
assessed in relation to the presence or absence of lym-
phoid aggregates. B cell aggregates were present in
47% of ACPA+ RA patients, compared to only 15% of
ACPA– RA patients. Figure 3A demonstrates that
increased expression of CD19+ lymphoid aggregates
was significantly associated with ACPA+ RA synovial
tissue (P < 0.023). Analysis of the ACPA+ RA patients
who did not have lymphoid aggregates demonstrated
similar clinical, histologic, and erosion scores as those
in the ACPA– RA patients.

The B cell chemokine CXCL13 was measured
by ELISA in serum samples that were collected on the

Figure 1. Representative images of immunostaining for CD19+ B
cells, CD3+ T cells, CD8+ T cells, and CD68+ macrophages in syn-
ovial biopsy tissue from anti–citrullinated peptide antibody–positive
(ACPA+) rheumatoid arthritis (RA) patients versus ACPA– RA
patients. Original magnification 9 20.
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same day as the synovial tissue biopsy samples. Higher
serum levels of CXCL13 were demonstrated in ACPA+
subjects compared to ACPA– subjects, although this
difference did not reach statistical significance (Fig-
ure 3B). In addition, comparison of ACPA+ patients
with lymphoid aggregates and those without lymphoid
aggregates showed that higher serum levels of CXCL13
were observed in those with aggregates present;
however, this difference did not reach statistical signifi-
cance. Serum levels of CXCL13 positively correlated
with the DAS28-CRP scores (Spearman’s rho = 0.35,
P < 0.001) (Figure 3C).

Finally, we compared immunohistologic findings
in the synovial tissue between the various treatment
cohorts, irrespective of ACPA status. The sublining and
lining layer levels of CD19 cells were significantly lower
in the treatment-naive and DMARD-treated patient
groups compared to the TNFi-treated group. No differ-
ences in the levels of other cells or vascular markers
were observed between the treatment groups.

Immunophenotype and the clinical outcome of
erosive disease. Patients with evidence of erosive dis-
ease had significantly greater mean numbers of CD19+
B cells (mean � SEM 1.35 � 0.24 in those with ero-
sions present versus 0.61 � 1.12 in those with erosions
absent; P = 0.0128) (Figure 4B). Furthermore, the
number of CD4+ T cell infiltrates in the synovial sublin-
ing was greater in patients with erosions compared to
those without erosions (mean � SEM 2.69 � 0.17 ver-
sus 2.02 � 0.19; P = 0.0163). No difference between
those with and those without erosive disease was
observed for the numbers of CD8+, CD68+, and FVIII

markers (data not shown). Figure 4A shows representa-
tive images of synovial immunostaining for CD19 and
paired hand radiographs from an ACPA+ RA patient
with erosive damage and an ACPA– RA patient with
no erosive disease. The images show intense synovial
expression of CD19+ B cells in the ACPA+ patient as
compared to minimal CD19+ B cell expression in the
ACPA– patient.

Response to specific treatments. Compared to
ACPA– RA patients, RA patients who were positive
for ACPAs showed a greater clinical response to treat-
ment, as evidenced by a higher mean change in the
DAS28-CRP score overall (–1.75 in ACPA+ patients ver-
sus –0.75 in ACPA– patients; P < 0.005) (Table 1).
Patients naive to treatment at the time of biopsy who
later started treatment with a nonbiologic DMARD or
with a TNFi and who experienced a moderate or good
response to the treatment had higher levels of CD3+
T cell infiltrates than those who were considered non-
responders to these treatments (P = 0.035 and P =
0.002, respectively) (Figures 5A and D). Patients
achieving a moderate or good response to a TNFi also
had higher levels of infiltrates of CD68+ cells (P =
0.037) (Figure 5B) and CD8+ cells (Figure 5C) in the
sublining synovium.

Finally, in those patients who were naive to
treatment with a TNFi at the time of biopsy and who
experienced only a good response to treatment with a
TNFi, the sublining infiltration of CD3+ T cells was
higher than that in patients who did not respond to a
TNFi (P < 0.05) (Figure 5E). It is not possible to
identify the predictive value of ACPAs or the

Figure 2. Semiquantitative analysis of CD19+ (A), CD3+ (B), CD8+ (C), and CD68+ (D) cellular infiltrates in synovium from ACPA+ RA patients
(n = 78) versus ACPA– RA patients (n = 45), in the lining layer (LL) and sublining layer (SL). Results are the mean � SEM. * = P ≤ 0.05; ** = P
≤ 0.01; *** = P ≤ 0.001. See Figure 1 for other definitions.
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immunohistologic markers in the separate treatment
subgroups, because the numbers of patients within
each subgroup were too small to evaluate significance.

DISCUSSION

The aim of this study was to determine the
immunophenotype of the synovial tissue in RA patients

who were either positive or negative for ACPAs. We
demonstrated that synovium obtained from ACPA+ RA
patients was characterized by significantly higher levels
of synovial infiltrates of CD19+ B cells, CD3+ T cells,
CD8+ T cells, and lymphoid aggregates as compared to
the synovium from ACPA– RA patients. CD19+ B cells
were also more represented in the synovium of ACPA+
patients who were naive to treatment, and CD19+ B
cell levels were associated with increased evidence of
radiologic erosions. RA patients achieving a moderate-
to-good EULAR response to treatment with nonbio-
logic DMARDs and TNFi also had significantly higher
levels of infiltrates of CD3+ T cells. Finally, CD68+
and CD8+ cell levels were found to be significantly
higher in TNFi responders compared to nonrespon-
ders.

In this study, significant differences in the cellu-
lar composition between ACPA+ and ACPA– RA were
observed for the subsets of CD19+, CD3+, and CD8+
cells. The observed differences in T cell expression are
consistent with the findings in previous studies demon-
strating that increased expression of CD3 and CD8 was
associated with the ACPA+ RA disease subtype (28), as
well as with the development of persistent arthritis and
the presence of specific ACPAs (39), suggesting that
synovial T cells may be directed against specific citrulli-
nated peptides.

Furthermore, a decrease in peripheral blood cir-
culating lymphocytes, paralleled by increased expres-
sion of synovial CXCL12, has been demonstrated in
ACPA+ RA patients as compared to ACPA– RA
patients. CXCL12 is a potent chemotactic for lympho-
cytes, suggesting that it may promote the homing of
infiltrating lymphocytes from the systemic circulation to

Figure 4. A, Representative images of immunostaining for CD19+ B
cells along with paired hand radiographs from an ACPA+ RA patient
with erosions (top) compared to an ACPA– RA patient without
erosions (bottom) are shown. Original magnification 9 20. B, High
CD19+ B cell expression is associated with erosive disease in the sublin-
ing layer (SL) of synovial tissue from RA patients (n = 26) as compared
to that from RA patients with no evidence of erosive disease (n = 41).
Results are the mean � SEM. ** = P ≤ 0.01. See Figure 1 for other
definitions.

Figure 3. Presence versus absence of CD19+ lymphoid aggregates,
and serum levels of CXCL13 in ACPA+ RA patients (n = 44) versus
ACPA– RA patients (n = 19). A, B cell aggregates were present in
47% of ACPA+ patients compared to only 15% of ACPA– RA
patients. * = P ≤ 0.05 by Fisher’s exact test. B, Serum levels of
CXCL13 were higher in ACPA+ RA patients compared to ACPA– RA
patients. Results are the mean � SEM. C, Serum CXCL13 levels were
correlated with the Disease Activity Score in 28 joints with C-reactive
protein level (DAS28-CRP). Correlations were assessed using Spear-
man’s rank correlation coefficient. See Figure 1 for other definitions.
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the site of local inflammation (28). Increased numbers
of CD4/CD8 double-positive T cells have also been
found in ACPA+ RA patients, and not in ACPA– RA
patients (40). In contrast, although other studies have
found no differences in the levels of T cell infiltrates
between ACPA+ and ACPA– patients, they have shown
that ACPA+ patients had significantly higher levels of
T cell–derived proinflammatory cytokines compared to
ACPA– patients, further suggesting that this phenotype
has a distinct synovial pathophysiologic role (29). No
differences were observed in the levels of CD68+
macrophages, a finding that is also supported by previ-
ous studies (28,39).

Importantly, we found that increased levels of
CD19+ B cells were also associated with ACPA+ RA
and with increased frequencies of erosive disease,
which, to our knowledge, has not been reported previ-
ously. Furthermore, when patients were analyzed within
disease activity categories, CD19+ and CD8+ cell infil-
trates were expressed at higher levels in ACPA+
patients. It is specifically important that ACPA+ RA
patients who were naive to treatment at the time of

biopsy exhibited significantly greater levels of CD19+
and CD8+ cell infiltrates, because of the known inher-
ent relationship of B cells to ACPA production.

ACPAs are autoantibodies directed against a
peptide antigen, and these peptides, presented in the
context of the major histocompatibility complex, are
recognized by the T cell receptor, suggesting that B and
T lymphocytes play an important role in ACPA+ RA
(1). In addition, the association of HLA–DRB1 shared
epitope alleles with ACPA+ RA suggests that HLA sub-
types may be important in presenting specific epitopes
in RA (41,42).

CD19+ B lymphocytes are more directly related
to autoantibody production. CD8+ T cells have been
shown to be involved in the formation of ectopic ger-
minal centers in RA synovial tissue, which have a
critical role in antibody formation (43). Ectopic ger-
minal centers have also been shown to produce more
inflammatory cytokines (44). In the present study,
both lymphoid aggregates and CD8+ T cells were
more frequently observed in ACPA+ patients. Further-
more, in studies that have examined the lymph nodes

Figure 5. Expression levels of CD3, CD8, CD19, and CD68 in the lining layer (LL) and sublining layer (SL) of synovial tissue from rheumatoid
arthritis patients with no response versus those with a moderate or good response to treatment with nonbiologic or biologic disease-modifying anti-
rheumatic drugs (DMARDs). Treatment response was analyzed in relation to synovial sublining and lining expression of CD3 in patients naive to
treatment with nonbiologic DMARDs at the time of biopsy who later began nonbiologic DMARD treatment (nonresponders [NR], n = 15; moder-
ate and good responders [Mod/Good R], n = 10) (A) and also analyzed in relation to synovial sublining and lining expression of CD68 (B), CD8
(C), and CD3 (D and E) in patients naive to treatment with tumor necrosis factor inhibitors (TNFi) at the time of biopsy who later began TNFi
treatment (nonresponders, n = 16 in B–E; moderate and good responders, n = 13 in B–D; good responders only, n = 7 in E). Results are the mean
� SEM. * = P ≤ 0.05; ** = P ≤ 0.01.
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of patients with very early disease, an increase in acti-
vated CD19+ B cells and CD69+CD8+ T cells was
observed (45).

Previous studies have suggested that the pres-
ence of synovial B cells and ACPA positivity may be
predictive of chronic inflammation and the response to
B cell therapies (23,24). The mechanisms by which this
occurs remain unclear, but studies have shown that
expression of the B cell chemoattractant CXCL13 is
increased in RA synovium, and this is associated with
a higher frequency of ACPA positivity and erosive
disease (26).

The results of the present study demonstrated a
significant association between CD19+ B cells in the
RA synovium and erosive disease on long-term follow-
up. The mechanisms by which ACPAs and B cells
mediate bone loss are unclear; however, some studies
have shown that ACPAs can have direct functional
effects on osteoclastogenesis and bone resorption
(22). Harre and colleagues demonstrated that affinity-
purified human autoantibodies against mutated citrul-
linated vimentin bound to osteoclast surfaces and
induced osteoclastogenesis and bone-resorptive activ-
ity, an effect mediated through TNF, thus providing a
direct link between the adaptive immune system and
bone (22). Production of proinflammatory cytokines
from T cells, Th17 cell subsets, and macrophages trig-
gers bone loss by inducing the expression of RANKL,
which in turn induces osteoclastogenesis (46–49). Acti-
vation of T cells, particularly those of the proinflam-
matory Th17 cell subset, fosters the expression of
RANKL and also induces osteoclastogenesis (48). In a
recent study utilizing both in vitro and in vivo animal
models, Krishnamurthy and colleagues demonstrated
that ACPA-induced bone resorption may, in part, be
dependent on the activity of interleukin-8 at an early
stage of the disease (49). Furthermore, previous stud-
ies have shown that activated B cells can induce osteo-
clast differentiation, an effect mediated through
increased expression of RANKL on their surface
(50,51).

Finally, many studies have examined the effect
of various treatments on the RA synovium by assess-
ing synovial biopsy samples before and after treat-
ment. Higher numbers of CD3+, CD68+, and
CD163+ cells and higher expression of TNF have
been observed in the synovium of patients who
achieved a good response to infliximab (52). In one
preliminary study of anti–B cell therapy (rituximab)
in RA patients, a good clinical response was associ-
ated with complete depletion of synovial B cells in
the synovial tissue, whereas all patients refractory to

treatment showed persistence of B cells in the
synovium (53).

The presence of lymphoid aggregates has also
been shown to be a predictor of the response to inflix-
imab (54). However, in follow-up studies, although an
association between these aggregates and the degree of
synovial inflammation was demonstrated, a relationship
to disease outcome measures was not found (55).
Indeed, a higher level of inflammation in the synovial
tissue has itself been shown to be a predictor of the
response to infliximab (56). The findings in our study
demonstrated that, for an extended follow-up period,
and irrespective of the TNFi agent used, higher expres-
sion levels of CD3+, CD68+, and, for the first time,
CD8+ cells in the synovial tissue are useful markers in
predicting the response to TNFi. In a previous, multi-
center study, a correlation between change in the num-
ber of CD68+ cells in the synovial sublining and
change in the DAS28 scores was confirmed, suggesting
that CD68+ cell numbers are a useful biomarker of
therapeutic response (57).

Although our study results demonstrated an
association between CD19+ synovial infiltrates and ero-
sive disease, and ACPA+ RA patients had greater
changes in disease activity, it is a limitation of the study
that we were unable to determine whether CD19+ B
cells in early disease could be predictive of later ero-
sions. While CD68+ cells are associated with a greater
clinical response to TNFi, there is no link between the
levels of CD68+ cells and ACPA positivity; this raises
the intriguing possibility that ACPAs and CD68 may be
2 distinct markers of responsiveness in patients with
RA. Again, although this study included large numbers
of RA patients, to adequately power a study that could
distinguish the contribution of these markers will
require far greater numbers of patients, likely derived
from many centers.

This is the first large prospective, longitudinal
cohort study to demonstrate important differences in
synovial tissue cellularity between ACPA+ and ACPA–
RA patients. It demonstrates higher levels of CD19+ B
cells and lymphoid aggregates in ACPA+ RA synovium.
In addition, we demonstrated important associations
of synovial cellularity with radiographic erosions on
follow-up, and with clinical responses to treatment with
either nonbiologic DMARDs or biologic DMARDs
over an extended period of time.
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Therapeutic Modulation of Plasmacytoid Dendritic Cells in
Experimental Arthritis
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Objective. The role of plasmacytoid dendritic
cells (PDCs) and type I interferons (IFNs) in rheuma-
toid arthritis (RA) remains a subject of controversy.
This study was undertaken to explore the contribution
of PDCs and type I IFNs to RA pathogenesis using
various animal models of PDC depletion and to moni-
tor the effect of localized PDC recruitment and activa-
tion on joint inflammation and bone damage.

Methods. Mice with K/BxN serum–induced
arthritis, collagen-induced arthritis, and human tumor
necrosis factor transgene insertion were studied. Symp-
toms were evaluated by visual scoring, quantification of
paw swelling, determination of cytokine levels by

enzyme-linked immunosorbent assay, and histologic
analysis. Imiquimod-dependent therapeutic effects were
monitored by transcriptome analysis (using quantitative
reverse transcriptase–polymerase chain reaction) and
flow cytometric analysis of the periarticular tissue.

Results. PDC-deficient mice showed exacerbation
of inflammatory and arthritis symptoms after arthrito-
genic serum transfer. In contrast, enhancing PDC
recruitment and activation to arthritic joints by topical
application of the Toll-like receptor 7 (TLR-7) agonist
imiquimod significantly ameliorated arthritis in various
mouse models. Imiquimod induced an IFN signature
and led to reduced infiltration of inflammatory cells.

Conclusion. The therapeutic effects of imiquimod
on joint inflammation and bone destruction are depen-
dent on TLR-7 sensing by PDCs and type I IFN signal-
ing. Our findings indicate that local recruitment and
activation of PDCs represents an attractive therapeutic
opportunity for RA patients.

Rheumatoid arthritis (RA) is a chronic multifac-
torial autoimmune disease (1), and secondary autoin-
flammatory mechanisms are major contributors to its
perpetuation (2). The disease etiology involves different
cell types, including innate and adaptive immune cells,
which, along with resident synovial fibroblasts, interact
to initiate and maintain an inflammatory milieu in the
affected joint (3). Our current understanding is that
interaction between the genetic background and envi-
ronmental factors triggers the disruption of tolerance
to self antigens, which leads to activation of both B
and T cells. This B and T cell activation in turn leads to
a proinflammatory loop including cytokine production,
aberrant adaptive response, neovascularization, and
synoviocyte activation. To control or avoid this patho-
genic interplay of cells in the synovium of RA patients,
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drugs that affect different cellular and/or molecular
actors have been developed (4), and major successes
have been obtained in the past 15 years (5,6), especially
with biologic agents that target various cytokines (7).
These treatments, however, have serious side effects in
some cases (4).

While currently available therapies aim to con-
trol the various actors in RA pathogenesis, dendritic
cells (DCs), which are at the crossroads between innate
and adaptive immune cells, have not received due
attention as potential therapeutic targets. Of interest is
a subpopulation of DCs, the plasmacytoid DCs (PDCs),
which are defined by their capacity to secrete large
amounts of type I interferons (IFNs). IFNs are inflam-
matory cytokines of paramount importance in the
pathophysiology of many autoimmune or autoinflam-
matory diseases (8). However, while the involvement of
type I IFNs in RA pathogenesis is substantiated by sev-
eral observations, such as an association with single-
nucleotide polymorphisms in genes like IFN regulatory
factor 5 (IRF-5) or IRF-8 (9) or the presence of the
so-called “IFN signature” in the peripheral blood cells
of RA patients (10,11), the precise effect of these
cytokines remains a subject of controversy. This is par-
ticularly well evidenced by the dichotomy between the
positive and promising action of type I IFNs adminis-
tered intraarticularly in animal models (12) and the
subsequent absence of biologic effects when these
molecules were delivered in the context of unsuccessful
clinical trials (13). Hence, the precise role of type I
IFNs, either beneficial or detrimental in RA pathogen-
esis, remains a subject of debate. Therefore, the poten-
tial to target these cytokines or the cells that produce
them (PDCs) in order to expand the spectrum of mole-
cules that may be prescribed to RA patients is still large-
ly unexplored, despite obvious medical needs (among
RA patients, 30–40% do not respond to biologic agents
and complete remission is achieved in only 25–30%
[4]) and clear evidence demonstrating the presence of
PDCs in the synovium of RA patients (14).

The present study aimed to clarify this issue. In
various mouse models of PDC depletion in which joint
inflammation was triggered by arthritogenic K/BxN
serum transfer, we observed worsened symptoms, sug-
gesting that PDCs exert protective functions in RA. We
next showed that mobilization and activation of PDCs
upon topical application of the Toll-like receptor 7
(TLR-7) ligand imiquimod induces a notable reduction
in the inflammation and bone erosion seen in 3 differ-
ent mouse models of RA. This effect is accompanied
by local recruitment of PDCs and reduced neutrophil
infiltrates in the joint, as revealed by flow cytometry

and transcriptome analysis. Importantly, the beneficial
effects of imiquimod require type I IFN signaling.
These observations highlight the potential efficacy of
imiquimod, a molecule approved by the Food and Drug
Administration, and its possible future use as the first
topical treatment for RA.

MATERIALS AND METHODS

Mice. Ikaros-deficient mice (IkL/L mice) have been
described previously (15). TLR-7�/� mice were provided
by Lena Alexopoulou, PhD (Centre d’Immunologie de
Marseille-Luminy, Marseille, France), BDCA2-DTR mice
were obtained from Maria Sibilia, MD (Medical University of
Vienna) with the agreement of Marco Colonna, MD (Wash-
ington University, St. Louis, MO), and IFNAR-1�/� mice
were obtained from Rolf Zinkernagel, MD (University Hospi-
tal Zurich, Zurich, Switzerland). Mice used in all experiments
were age and sex matched. Animals were maintained under
pathogen-free conditions in the animal care facility of our lab-
oratory (Institut d’Immunologie et d’H�ematologie, Strasbourg,
France). Human tumor necrosis factor (TNF)–transgenic mice
were provided by George Kollias, MD (Biomedical Sciences
Research Center Alexander Fleming, Vari, Greece) and main-
tained in the animal facility of the Medical University of
Vienna.

Study approval. Handling of mice and experimental
procedures were conducted in accordance with French law
for the protection of laboratory animals. The procedures were
approved by the Service V�eterinaire de la Pr�efecture du Bas-
Rhin (Strasbourg, France) and by the Regional Ethics Com-
mittee for Animal Experimentation of Strasbourg University,
under authorization number 01608.01. Experiments per-
formed in Vienna were approved by the animal ethics com-
mittee of the Medical University of Vienna and comply with
institutional guidelines (BMWF-66.009/0103-C/GT/2007 and
BMWF-66.009/0241-II/3b/2011). For additional information
on study methods, see Supplementary Methods, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40225/abstract.

Statistical analysis. To analyze the time-dependent evo-
lution of several parameters (paw thickness, joint arthritis
score, and weight), we calculated the area under the curve and
used the Mann-Whitney nonparametric unpaired 2-tailed test
to compare 2 independent groups using GraphPad 5.04 soft-
ware. Similarly, interleukin-6 (IL-6) expression, quantitative
reverse transcriptase–polymerase chain reaction (qRT-PCR)
results, quantification of cell population, and OsteoMeasure
data were analyzed by Mann-Whitney 2-tailed unpaired test.
P values less than 0.05 were considered significant.

RESULTS

PDC deficiency exacerbates joint inflammation
in a serum-transfer model of arthritis. To evaluate the
contribution of PDCs to RA pathogenesis, we first used
a serum-transfer model of arthritis (in which B and T
cells are dispensable) (16). In this model, arthritogenic
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K/BxN serum was injected into control mice and IkL/L

mice, which have a hypomorphic mutation that causes
a deletion of peripheral PDCs, while myeloid cells (like
neutrophils) and lymphoid cells (B, T, and natural killer
cells) remain unaffected (15,17). (See Supplementary
Figures 1A–C, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40225/abstract.)

The severity of joint inflammation was evaluated
by measurement of paw thickness. IkL/L mice exhibited
a significant increase in joint swelling compared to con-
trols from days 6 to 15 (Figure 1A). Visual scoring of
the joints (considering redness and swelling) yielded
similar results (Supplementary Figure 1D). Increased
weight loss in IkL/L mice compared to controls (Fig-
ure 1B) additionally indicated that PDC depletion pro-
moted more severe systemic effects in IkL/L mice upon
serum transfer. These observations were confirmed by
cytokine quantification showing increased IL-6 and IL-
1b gene expression in the paws of IkL/L mice at the
peak of the response (on day 9) (Figures 1C and D)
and augmented secreted IL-6 in the blood of mutant
animals on days 5 and 9 (Figures 1E and F). Histologic
examination was performed on day 9. (Representative
tartrate-resistant acid phosphatase staining is shown
in Figures 1K and L.) Histologic analysis indicated
increased inflammatory infiltrates, osteoclast numbers,
and importantly, bone erosion in the paws of IkL/L mice
(Figures 1G–I).

While the serum-transfer model of arthritis is a
model of acute disease characterized by quick recovery,
we observed lasting bone erosion in IkL/L mice 22 days
after the induction of arthritis (Figure 1J). Of note,
IkL/L mice did not spontaneously develop any obvious
bone defects, as evidenced by an exhaustive bone mor-
phometric analysis (Supplementary Table 1, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40225/abstract).
Furthermore, similar numbers of osteoclasts were
obtained upon RANKL stimulation of bone marrow
cells from wild-type and IkL/L mice (Supplementary
Figure 1E), indicating that osteoclastogenesis is not
affected by the Ikaros mutation. Finally, we also
detected a population of infiltrating PDCs in the
periarticular tissue of control mice, but not IkL/L mice,
with serum-transfer arthritis on day 10 (Supplementary
Figures 1F–I). (These were CD45+B220lowPDCA1+
cells, which also stain with anti-CCR9 antibody, but not
anti–Siglec H antibody [results not shown].) Of note,
increased immune cell (CD45+) infiltrate, of which
neutrophils are likely the majority (18), was
observed in IkL/L mice compared to wild-type mice

(Supplementary Figure 1H). Taken together, these data
indicate that the presence of PDCs is important to
limit or resorb the joint inflammation triggered by
serum transfer.

To further analyze the role of PDCs, we used 2
different ablation methods. First, mice were injected
with 120G8 monoclonal antibody (mAb) (19), which is
specific for bone marrow stromal antigen 2 (tetherin/
CD317), predominantly expressed by mouse PDCs (20),
and then inflammatory arthritis was examined following
K/BxN serum transfer. Paw swelling was significantly
increased in mice receiving 4 injections of 120G8 mAb
compared to those in which a control isotype antibody
was injected (Supplementary Figure 2A, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40225/abstract). Serum IL-6
levels quantified 5 days after arthritis induction were
increased in 120G8-treated mice compared to controls
(Supplementary Figure 2B). However, histologic analysis
did not reveal marked differences between PDC-
depleted and control animals (Supplementary Figures
2C–G), which might be related to the resistant popula-
tion of PDCs (B220+PDCA1+CD11c+) remaining after
injections of 120G8 mAb (Supplementary Figures 2H
and I) or, alternatively, to the consumption of comple-
ment caused by the iterative mAb injections.

Indeed, inflammation in the serum-transfer mod-
els of arthritis is particularly complement dependent
(21). To circumvent this, we induced PDC ablation
in BDCA2-DTR–transgenic mice (22). Using this
approach, we first noticed that 5 successive injections of
diphtheria toxin (on days 0, 2, 4, 6, and 8) partially
phenocopied the IkL/L mutation. Indeed, a significant
increase in paw swelling (Supplementary Figure 3A) and
systemic IL-6 secretion on day 5 (Supplementary Fig-
ure 3B) was observed in DTR-transgenic mice upon
diphtheria toxin injection. However, qRT-PCR quantifi-
cation of IL-6 and IL-1b transcripts on day 9 did not
show any difference between control and BDCA2-DTR
mice (Supplementary Figure 3C). Accordingly, this pro-
tocol, although efficient, did not enable PDC depletion
as extensive as that seen in in IkL/L mice (Supplementary
Figures 3D and E). Therefore, consistent with our previ-
ous analysis of 120G8-depleted mice, BDCA2-DTR–
transgenic animals did not exhibit enhanced arthritis
characteristics upon histologic analysis (Supplementary
Figures 3F–H). Taken together, these data suggest a pro-
tective role of PDCs in inflammatory arthritis.

Dampened inflammation and reduced bone
destruction upon PDC recruitment and activation in
mouse models of RA. We next sought to recruit and
activate PDCs with the aim of controlling experimental
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inflammatory arthritis. Imiquimod, a TLR-7 agonist,
has been shown to induce psoriasis-like lesions upon
topical application via the recruitment and activation
of PDCs (23,24). We first tested the effect of a cream
containing 5% imiquimod in the serum-transfer arthritis
model (see Supplementary Video, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40225/abstract). We observed
that 2 topical applications of 0.75 lg of imiquimod on the
inflamed joints on days 4 and 9 significantly reduced
swelling (Figures 2A and B). This was accompanied by a
decrease in local IL-6 and IL-1b gene expression

(Figures 2C and D) and systemic IL-6 secretion (Fig-
ure 2E). Of note, increased IFNb secretion was also
observed after application of imiquimod on day 5 (Fig-
ure 2F). This reduced inflammation enhanced bone qual-
ity, as seen by decreased erosion in the imiquimod-treated
group compared to the vehicle-treated group (Figures 2G
and H).

Importantly, imiquimod application increased
the population of periarticular PDCs in wild-type ani-
mals (compared to vehicle-treated mice, see Supple-
mentary Figure 1F), but not in IkL/L mutant mice
(Figures 2I–K), in which the treatment did not appear

Figure 1. Enhanced arthritis symptoms in Ikaros mutant (IkL/L) mice upon K/BxN serum transfer. A, Clinical quantification of paw swelling in
wild-type and IkL/L mice with serum-transfer arthritis. B, Effect of serum-transfer arthritis on the weight of wild-type and IkL/L mice. In A and B, val-
ues are the mean � SEM. D0 = day 0. C and D, Relative quantification (RQ) of interleukin-6 (IL-6) (C) and IL-1b (D) expression in the paws of
wild-type mice (n = 4) and IkL/L mice (n = 4) by quantitative reverse transcriptase–polymerase chain reaction 9 days after serum-transfer arthritis
induction. E and F, Quantification of serum IL-6 in wild-type mice (n = 6) and IkL/L mice (n = 6) by enzyme-linked immunosorbent assay 5 days (E)
and 9 days (F) after serum-transfer arthritis induction. G–I, Histomorphometric quantification of the area of inflammation (G), number of osteo-
clasts (H), and bone erosion area (I) in the hind paws of wild-type mice (n = 8) and IkL/L mice (n = 6) 9 days after serum-transfer arthritis induction.
J, Histomorphometric quantification of bone erosion in the hind paws of wild-type mice (n = 8) and IkL/L mice (n = 6) 22 days after serum-transfer
arthritis induction. In C–J, symbols represent individual mice; horizontal lines and error bars show the mean � SEM. K and L, Representative
images of tartrate-resistant acid phosphatase staining of the hind paws of wild-type mice (K) and IkL/L mice (L) 9 days after serum-transfer arthritis
induction. Original magnification 9 5. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. Results are representative of at least 2 experiments.
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to be effective either locally (as measured by paw
swelling and visual score) or systemically (as measured by
weight) (Figures 2L–N). Furthermore, IkL/L mice trea-
ted with vehicle and those treated with imiquimod
exhibited similar joint inflammation (Supplementary

Figures 4A–E, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40225/abstract), although a weak and transient IFN
response was noticed in IkL/L mice following imiquimod
application (Supplementary Figure 4F), which can

Figure 2. Reduction in joint inflammation and bone damage in serum-transfer arthritis upon topical application of imiquimod (IMQ). A–H show
results for C57BL/6 wild-type mice (n = 6 per group in C and D; n = 10 vehicle-treated mice and 8 imiquimod-treated mice in E; n = 6 vehicle-
treated mice and 4 imiquimod-treated mice n F; n = 6 vehicle-treated mice and 8 imiquimod-treated mice in H). Animals were treated with topical
application of 5% imiquimod or a vehicle cream on the ankle joints of the front and hind paws on days 4 and 9. A and B, Paw swelling (A) and
clinical score (B) in mice with serum-transfer arthritis. C and D, Relative quantification (RQ) of interleukin-6 (IL-6) (C) and IL-1b (D) expression
in mouse paws by quantitative reverse transcriptase–polymerase chain reaction 9 days after serum-transfer arthritis induction. E, Quantification of
serum IL-6 by enzyme-linked immunosorbent assay (ELISA) 9 days after serum-transfer arthritis induction. F, Quantification of serum interferon-
b (IFNb) by ELISA 5 days after serum-transfer arthritis induction. G, Representative images showing tartrate-resistant acid phosphatase staining
of mouse hind paws 9 days after serum-transfer arthritis induction. Bars = 500l. H, Histomorphometric quantification of bone erosion in mouse
hind paws 9 days after serum-transfer arthritis induction. I and J, Representative flow cytometric analysis of joint-infiltrating plasmacytoid den-
dritic cells (PDCs; CD45+PDCA1+B220+) in wild-type (Ik+/+) mice (I) and IkarosL/L (IkL/L) mice (J) treated with topical application of imiqui-
mod 5%. K, Quantification of joint-infiltrating PDCs in wild-type mice (n = 3) and IkL/L mice (n = 3) treated with topical application of
imiquimod 5%. L–N, Paw thickness (L), visual score (M), and weight (N) in wild-type mice and IkL/L mice treated with topical application of imi-
quimod 5%. In A, B, and L–N, values are the mean � SEM. In C–F, H, and K, symbols represent individual mice; horizontal lines and error bars
show the mean � SEM. * = P < 0.05; ** = P < 0.01. Results are representative of at least 2 experiments. D0 = day 0.

2128 NEHMAR ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40225/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40225/abstract


reflect the presence of a small proportion of PDCs, or
alternatively, the response of imiquimod-responding
cells, such as conventional DCs, expressing low levels of
TLR-7.

Next, we induced joint inflammation using serum
transfer and treated mice (on days 4 and 9) in the right
hind paw only. Paw thickness and visual score did not
differ significantly between the contralateral (untreated)

Figure 3. Reduction in joint inflammation and bone damage in DBA/1 mice with collagen-induced arthritis (CIA) by topical application of
imiquimod (IMQ). A, Paw swelling in mice with CIA. Animals were treated with topical application of 5% imiquimod or a vehicle cream on the
ankle joints of the front and hind paws on days 28, 31, 36, 41, and 46. Values are the mean � SEM. D0 = day 0. B and C, Quantification of serum
interleukin-6 (IL-6) by enzyme-linked immunosorbent assay in vehicle-treated mice (n = 7) and imiquimod-treated mice (n = 6) 32 days (B) and 50
days (C) after induction of CIA. Symbols represent individual mice; horizontal lines and error bars show the mean � SEM. D, Representative images
of tartrate-resistant acid phosphatase staining of the hind paws of vehicle-treated mice (left) and imiquimod-treated mice (right) 50 days after CIA
induction. Bars = 500l. E–G, Histomorphometric quantification of the area of inflammation (E), number of osteoclasts (F), and bone erosion area
(G) in the hind paws of vehicle-treated mice and imiquimod-treated mice 50 days after CIA induction. Symbols represent individual mice; horizontal
lines and error bars show the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. Results are representative of at least 2 experiments.
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paws of treated mice and the paws of mice that received
no imiquimod, thereby indicating that imiquimod exerts
its maximal effects at the site of application (Supplemen-
tary Figures 5A–C, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40225/abstract).

To expand these observations to alternative mod-
els of RA (18), we also tested the effect of iterative
imiquimod applications in DBA/1 mice with collagen-
induced arthritis (CIA). We initiated imiquimod appli-
cations on day 28, when the first signs of inflammation
appeared, and then repeated the treatment 4 times (on
days 31, 36, 41, and 46). This led to a significant reduc-
tion in paw swelling compared to that in animals given
the vehicle cream (Figure 3A and Supplementary Fig-
ure 6, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40225/
abstract). This observation was corroborated by
decreased IL-6 secretion in the imiquimod-treated
group at the peak of symptoms (on day 50) (Figure 3B).
Histologic analysis of the paws revealed a marked
reduction in the area of inflammation, the numbers of
osteoclasts per hind paw, and, importantly, the bone ero-
sion area (Figures 3E–G). In addition, imiquimod appli-
cation induced a significant decrease in the production
of anti–type II collagen antibodies on day 50 (Supple-
mentary Figure 7, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40225/abstract).

Finally, we administered serial imiquimod (or
vehicle) applications to human TNF–transgenic mice,
which are considered to be a relevant model of erosive
arthritis (25). Each mouse received treatments on 1 hind
paw. As seen in Figure 4, mice receiving imiquimod
exhibited reduced arthritis symptoms, as monitored by
histologic parameters.

Imiquimod-mediated therapeutic effects require
type I IFN signaling. Having established the beneficial
effect of topical imiquimod on joint inflammation, we
aimed to describe its mechanism of action. First, we
confirmed that topical application of imiquimod
requires signaling through TLR-7 to induce its protec-
tive effects on joint inflammation. As shown in
Supplementary Figure 8 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40225/abstract), application of imi-
quimod on days 4 and 9 had no beneficial effects on
local arthritis symptoms (increased joint swelling and
score) (Supplementary Figures 8A and B) or systemic
arthritis symptoms (weight loss) (Supplementary
Figure 8C) caused by K/BxN serum transfer in TLR-7�/�

animals. These observations correlate with the
steady-state levels of circulating IL-6 seen on day 5
(Supplementary Figure 8D) and lack of PDC mobiliza-
tion in the joints (Supplementary Figures 8E and F).

We gathered additional details by first using flow
cytometry to analyze the effects of imiquimod applica-
tion on the innate immune cell populations present in
the periarticular tissue (gating strategy is shown in Sup-
plementary Figure 9, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40225/abstract). In addition, we per-
formed a transcriptome analysis of this microenviron-
ment. We noticed that application of imiquimod (but
not the vehicle cream) to the joints of wild-type mice
on days 4 and 9 following K/BxN serum transfer drasti-
cally reduced the CD45+ immune cell infiltrate (Fig-
ure 5A). (See also Supplementary Figure 10, available
on the Arthritis & Rheumatology web site at http://on
linelibrary.wiley.com/doi/10.1002/art.40225/abstract, for
absolute numbers of cells present in the joint.) This is
consistent with reduced swelling and a decrease in the

Figure 4. Reduced severity of arthritis symptoms in human tumor necrosis factor–transgenic mice treated with topical application of imiquimod
(IMQ). Animals were treated with vehicle (n = 6) or imiquimod 5% (n = 6). A, Histomorphometric quantification of the area of inflammation in
vehicle-treated and imiquimod-treated mice. B, Number of osteoclasts per hind paw in vehicle-treated and imiquimod-treated mice. C, Bone ero-
sion area in the hind paws of vehicle-treated and imiquimod-treated mice. Symbols represent individual mice; horizontal lines and error bars show
the mean � SEM. * = P < 0.05. Results are representative of at least 2 experiments.
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expression of markers of inflammation (IL-6 and IL-1)
(Figures 2C–E).

Furthermore, imiquimod induced the recruit-
ment or the activation of PDCs, the proportion of
which increased in the periarticular tissue of treated
animals (Figures 5B and F), while absolute numbers
remained steady (Supplementary Figure 10B). These

changes were accompanied by reduced numbers of neu-
trophils (Figure 5D) and conventional DCs (Fig-
ure 5E). Consistent with these observations, we found
that imiquimod induced changes in transcriptome
profiling, such as decreased expression of the genes
encoding the neutrophil chemoattractants CXCL1 and
CXCL2 (26), and increased expression of CCL2 and

Figure 5. Induction of major cellular and transcriptional changes in the inflamed joints of mice with serum-transfer arthritis treated with
imiquimod (IMQ). A, Quantification of immune (CD45+) cells by flow cytometry. B–E, Proportion of plasmacytoid dendritic cells (PDCs) (B),
macrophages (Mac) (C), neutrophils (Neutro) (D), and conventional DCs (CDCs) (E) in the periarticular tissue of vehicle-treated C57BL/6 mice
(n = 4) or imiquimod-treated C57BL/6 mice (n = 6) 9 days after serum-transfer arthritis induction. In A–E, symbols represent individual mice;
horizontal lines and error bars show the mean � SEM. F, Proportions of conventional DCs, neutrophils, macrophages, and PDCs in CD45+ cells
in the periarticular tissue of vehicle-treated C57BL/6 mice (n = 4) and imiquimod-treated C57BL/6 mice (n = 6) 9 days after serum-transfer
arthritis induction. Bars show the mean � SEM. G, Heatmap depicting transcriptional profiling in the paws of vehicle-treated C57BL/6 mice
(n = 10) and imiquimod-treated C57BL/6 mice (n = 12) 9 days after serum-transfer arthritis induction. * = P < 0.05; ** = P < 0.01.
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CCL5, the products of which attract monocytes (27)
and PDCs (28) (Figure 5G and Supplementary Fig-
ure 11, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40225/abstract).

Importantly, the ratio of arginase 1 to inducible
nitric oxide synthase indicated that infiltrating macro-
phages of imiquimod-treated mice are likely polarized
toward alternative activation (M2) (29), which is consis-
tent with reduced IL-6, IL-1, and CD14 expression
and reduced major histocompatibility complex class II
staining in macrophages (Supplementary Figure 9D).
Of note, a clear IFN signature was evidenced by

increased levels of IRF-7 and several IFN-stimulated
genes (ISGs), such as Mx-1, IFN-induced protein with
tetratricopeptide repeats 1, and CXCL10 transcription.
The lack of changes in the expression of IFNb, IFNa4,
and IFNa2 might reflect the fact that these genes are
fast, non-lasting responders. Finally, the quantification
of transcripts encoding matrix metalloproteinases
(MMPs), which are important effectors participating in
the bone damage following serum-transfer arthritis,
confirms the protective effect of imiquimod. Indeed,
expression of MMP-8 (whose knockout increases bone
erosion, thereby classifying this MMP as “protective”
[30]) was augmented by imiquimod application, while

Figure 6. Type I interferon signaling is necessary for imiquimod (IMQ)–mediated antiinflammatory and bone-protective effects. A–C, Paw thickness
(A), visual score (B), and weight (C) in IFNAR1�/� mice with serum-transfer arthritis treated with vehicle or imiquimod on days 4 and 9 after arthri-
tis induction. D0 = day 0. D, Quantification of serum interleukin-6 (IL-6) by enzyme-linked immunosorbent assay in vehicle-treated IFNAR1�/�

mice (n = 5) and imiquimod-treated IFNAR1�/� mice (n = 6) 5 days after serum-transfer arthritis induction. E, Relative quantification (RQ) of IL-
1b transcripts in the paws of vehicle-treated IFNAR1�/� mice (n = 10) and imiquimod-treated IFNAR1�/� mice (n = 12) by quantitative reverse
transcriptase–polymerase chain reaction 9 days after serum-transfer arthritis induction. F–H, Histomorphometric quantification of the area of inflam-
mation (F), number of osteoclasts (G), and bone erosion area (H) in the hind paws of vehicle-treated IFNAR1�/� mice (n = 10) and imiquimod-treat-
ed IFNAR1�/� mice (n = 12) 9 days after serum-transfer arthritis induction. In A–C, values are the mean � SEM. In D–H, symbols represent
individual mice; horizontal lines and error bars show the mean � SEM. Results are representative of at least 2 experiments. NS = not significant.
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transcripts encoding the “pathogenic” MMP-9 (31) and
MMP-13 (32) were slightly reduced.

Quantitative RT-PCR of a set of osteoclast-
related genes additionally showed reduced expression
of the calcitonin receptor gene in the imiquimod-
treated samples, consistent with the effects of the
treatment on bone erosion, as seen on histologic exami-
nation. Transcripts encoding IL-10 remained below
detection levels in this assay (results not shown). This
analysis showed that topical application of imiquimod
induced profound changes in the cellular cocktail that
infiltrates the joint after serum-transfer arthritis induc-
tion. Most of these changes (such as M2 polarization
of macrophages and the reduced proportion of neu-
trophils) likely account for the beneficial effects of
imiquimod on joint inflammation and subsequent bone
damage induced in mice with serum-transfer arthritis.

Finally, the transcriptomic “IFN signature”
prompted us to evaluate the importance of type I IFN
signaling in the antiinflammatory effects mediated by
application of imiquimod. We examined the impact of
imiquimod application in IFNAR�/� mice upon K/BxN
serum transfer. The data demonstrated that absence
of type I IFN signaling impairs imiquimod-dependent
antiinflammatory effects, as determined by paw swell-
ing, weight, IL-6 expression, and histologic features of
the arthritic joints (Figure 6). Taken together, our find-
ings indicate a stepwise scenario whereby the sequence
imiquimod/TLR-7/PDCs/type I IFN creates an appro-
priate environment for dampening joint inflammation
and reducing subsequent bone damage.

DISCUSSION

The role of type I IFNs in the pathogenesis of RA
remains a matter of controversy (10). Several previous
studies pointed to an association between increased
type I IFN secretion and subsequent transcription of
ISGs (the so-called “IFN signature” [33]) in some RA
patients (34). This suggests that this cytokine family
exerts proarthritogenic effects, which correlate with
cases of disease induction in patients with hepatitis C
virus treated with PEGylated IFN (35). However, several
mouse studies have challenged this concept. For
instance, IRF-7–deficient mice are resistant to serum-
transfer arthritis (36), and several authors have reported
beneficial effects of IFNb injections in mice (12) or rhe-
sus monkeys (37) after arthritis induction. This led to a
first clinical trial involving a small number of patients (n
= 11) (38) whose promising results could not be repro-
duced when the number of subjects was scaled up (n =
209) (13). Furthermore, a pathogenic role of type I IFNs

is also difficult to reconcile with the correlation between
a reduction in PDCs and the severity of arthritis shown
in mice (39) and in humans (40), since PDCs are the
main source of type I IFNs. The most striking demon-
stration of the controversial role of type I IFNs in RA is
perhaps illustrated by 2 publications from the same
group reporting that IFNAR-knockout mice can either
protect (41) or enhance (42) RA pathology, depending
on the model.

In this study, using 3 models of PDC depletion,
we provide substantial evidence for a protective role of
PDCs in inflammatory arthritis (Figure 1 and Supple-
mentary Figures 1–3). We also managed to mobilize
these cells at the inflamed site using topical application
of imiquimod, a TLR-7 ligand. Imiquimod is the active
component of a Food and Drug Administration–
approved topical treatment for superficial basal cell
carcinoma and external genital warts, a process which
is also PDC dependent (28). This simple procedure
exhibited remarkable efficacy for both resolution of
inflammation and protection from bone damage.
Importantly, we demonstrated that this protocol is effi-
cient in 3 different models of arthritis characterized by
different mechanisms of disease initiation and perpetu-
ation (43): the K/BxN serum–transfer model of arthri-
tis, CIA, and human TNF–transgenic mice (Figures 2–4).
Finally, our flow cytometry and transcriptome analyses
(Figure 5) of periarticular tissues revealed that
imiquimod application induces a TLR-7/PDC/type I
IFN cascade that ultimately reduces the proportion of
infiltrating neutrophils, the cytotoxic functions of which
make them major contributors to RA pathology (44).
This is accompanied by an increased number of macro-
phages, whose polarization toward an alternatively acti-
vated phenotype likely contributes to the maintenance
of an antiinflammatory milieu.

Consistent with a previous report describing CpG-
mediated inhibition of serum-transfer arthritis (45), our
data suggest that PDCs are majors players in the regula-
tion of inflammatory reactions in the joint. While the pre-
cise mechanisms of the cellular cross-talk remain to be
deciphered, both imiquimod- and CpG-mediated resolu-
tion of inflammatory arthritis appear to converge toward
a reduction of the neutrophil infiltrate in the joint.
A more thorough transcriptome analysis (using RNA
sequencing) of the inflamed joint following imiquimod
application is needed to identify signatures enabling the
identification and activation status of the different innate
immune cells present in this compartment (46). However,
our work extends these observations beyond the innate
immunity–dependent models of arthritis in mice (namely,
K/BxN serum transfer and human TNF–transgenic mice)
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to the CIA model in which T and B cell activation is
required. Furthermore, the present work points to an
essential role of type I (and possibly type III [47]) IFN
signaling in the protective effect of imiquimod following
experimental arthritis. This is illustrated by the up-
regulation of the ISG CXCL10 which, through its
antiangiogenic properties (48), may also participate in this
therapeutic process. In addition, our data are consistent
with recent observations that enabled a re-evaluation of
the role of IFNb and PDCs in the dampening of excessive
inflammation occurring in various pathologic settings
(49,50).

Up to now, manipulation of DCs for therapeutic
purposes has been accomplished by means of adoptive
transfer, for instance, of PDCs, which confer recovery
from experimental autoimmune encephalomyelitis (49),
or of tolerogenic DCs in RA patients (51). While infu-
sion of autologous tolerogenic DCs appears feasible,
and possibly beneficial (although not yet demonstrated)
in large joints, this expensive procedure is unlikely to
be applicable to the ever-growing number of patients in
developed countries. Furthermore, it does not appear
suitable for smaller joints in which injections remain a
very painful procedure. We believe that mobilization of
PDCs upon topical application of imiquimod, although
not devoid of risks (52), might represent an attractive,
cost-effective, and efficient alternative for improving
the management of RA. A future clinical trial should
clarify this opportunity.
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Varus Thrust and Incident and Progressive Knee Osteoarthritis

Leena Sharma,1 Alison H. Chang,1 Rebecca D. Jackson,2 Michael Nevitt,3

Kirsten C. Moisio,1 Marc Hochberg,4 Charles Eaton,5 C. Kent Kwoh,6 Orit Almagor,1

Jane Cauley,7 and Joan S. Chmiel1

Objective. To determine if varus thrust, a bowing
out of the knee during gait (i.e., the first appearance or
worsening of varus alignment during stance), is associ-
ated with incident and progressive knee osteoarthritis
(OA), we undertook an Osteoarthritis Initiative ancil-
lary study. We further considered hypothesized associa-
tions adjusted for static alignment, anticipating some
attenuation.

Methods. Gait was observed for the presence of
thrust by 1 of 2–3 examiners per study site at 4 sites.
In eligible knees, incident OA was defined as subse-
quent incident Kellgren/Lawrence grade ≥2, whole-
and partial-grade medial joint space narrowing (JSN),
and annualized loss of joint space width (JSW); pro-
gression was defined as medial JSN and JSW loss. Out-
come measures were assessed for up to 7 years of
follow-up. Analyses were knee-level, using multivariable

logistic and linear regression with generalized estimat-
ing equations to account for between-limb correlation.

Results. The incident OA sample included 4,187
knees (2,610 persons); the progression sample included
3,421 knees (2,284 persons). In knees with OA, thrust
was associated with progression as assessed by each out-
come measure, with adjustment for age, sex, body mass
index, and pain on the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) pain sub-
scale. In knees without OA, varus thrust was not associ-
ated with incident OA or other outcomes. After
adjustment for alignment, the thrust–progression asso-
ciation was attenuated, but an independent association
persisted for partial-grade JSN and JSW loss outcome
models. WOMAC pain and alignment were consistently
associated with all outcome measures. Within the stra-
tum of varus knees, thrust was associated with an
increased risk of progression.

Conclusion. Varus thrust visualized during gait
is associated with knee OA progression and should be
a target of intervention development.

Varus thrust is a bowing out of the knee during
gait, a first appearance or worsening of varus alignment
while the limb is bearing weight, with return to less
varus as weight is transferred off the limb. It represents
a dynamic worsening of varus alignment in a phase of
gait when the knee is most vulnerable to abnormal
loading. In individuals with knee osteoarthritis (OA) in
the Mechanical Factors in Arthritis of the Knee
(MAK) study, varus thrust visualized during gait was
associated with medial OA progression over the subse-
quent 18 months, after adjustment for age, sex, body
mass index (BMI), and pain (1). To our knowledge, it
has not been reported whether varus thrust is associ-
ated with incident radiographic knee OA. In the MAK
study, gait was observed by 1 examiner. It is not known
whether the association between varus thrust and knee
OA disease progression is replicable with multiple
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examiners. To evaluate these questions, we undertook
an Osteoarthritis Initiative (OAI) ancillary study.

In contrast to the dynamic phenomenon of a
varus thrust, varus alignment (i.e., a hip–knee–ankle
[HKA] angle >0� in the varus direction) is a static mea-
surement on a standing full-limb radiograph. It is not
clear to what extent the association of varus thrust with
knee OA outcomes can be explained by underlying
varus alignment. Similarly, it is not known to what
extent alignment associations can be explained by coex-
isting thrust. The large size of the OAI provided an
excellent setting in which to study these possibilities.
Varus thrust represents worse varus alignment than
seen under static conditions and manifests instability.
In theory, a thrust’s deleterious effect may be due to
abnormal load distribution originating from instability
and/or a fixed static malalignment. The nature of inter-
vention will differ depending upon whether malalign-
ment or thrust is the target; understanding whether the
thrust effect is explained by malalignment is important.

Our first hypothesis was that in knees without
radiographic OA (Kellgren/Lawrence [K/L] grade <2 [2]
at OAI enrollment [0 months] and at the 12-month
visit), varus thrust (at 12 months; our study baseline)
would be associated with subsequent (to 12 months)
incident K/L grade ≥2 (hypothesis 1a), medial joint
space narrowing (JSN) by ≥1 whole grade (hypothesis
1b), medial JSN by ≥1 partial grade (hypothesis 1c), and
loss of medial joint space width (JSW) (hypothesis 1d).
Our second hypothesis was that in knees with radio-
graphic OA (K/L grade ≥2 at 0 months or 12 months),
varus thrust would be associated with subsequent (to 12
months) medial JSN by ≥1 whole grade (hypothesis 2a),
medial JSN by ≥1 partial grade (hypothesis 2b), and loss
of medial JSW (hypothesis 2c). We further considered
the hypotheses adjusted for static alignment, anticipat-
ing some, but not complete, attenuation of any associa-
tion detected in the primary models.

PATIENTS AND METHODS

The OAI is a prospective, observational cohort study
of men and women ages 45–79 years enrolled at Baltimore,
MD, Columbus, OH, Pittsburgh, PA, or Pawtucket, RI. Eligi-
bility for the OAI progression subcohort required symptoms
in ≥1 knee on most days for ≥1 month during the previous 12
months and a definite tibiofemoral osteophyte (3,4). Eligibil-
ity for the OAI incidence subcohort required the absence of
symptomatic radiographic OA in both knees, along with the
presence of characteristics that increased the risk of develop-
ing it (knee symptoms, overweight, knee injury, knee surgery,
family history of a total knee replacement for OA, Heber-
den’s nodes, repetitive knee bending, age 70–79 years) (3,4).

Exclusion criteria were rheumatoid arthritis or inflammatory
arthritis; severe JSN in both knees at baseline, or unilateral
total knee replacement and severe contralateral JSN; bilateral
total knee replacement or plans for it within 3 years; con-
traindications for magnetic resonance imaging; positive preg-
nancy test result; use of mobility aids (e.g., walker) other than
1 straight cane for 50% of ambulation; comorbid conditions
precluding long-term study; and current participation in a
double-blind randomized trial (3,4). The Institutional Review
Board at each site approved the study.

Assessment of varus thrust. At the 12-month visit
(our study baseline), gait was observed for the presence of
thrust by 1 of 2–3 examiners per study site according to a
protocol standardizing the following: participant clothing, foo-
ties with sole grips; a designated hallway marked by orange
cones 10 meters apart; a script; observation while the partici-
pant walked at a comfortable speed toward, away from, and
toward the examiner; a sequence of examiner observation
steps; and an approach to recording the results. Centralized
training included a didactic session, observation of volunteers
with known thrust status, and certification testing. The exam-
iners were blinded with regard to the study hypotheses.

To study intraexaminer reliability, because there is no
way of concealing identity to eliminate all possibility of
remembering an individual, we previously videotaped 40 indi-
viduals (waist down, identically clothed, 1 participant per
tape) with varying habitus and OA severity (1). The order
was altered between 2 viewing sessions. Intrarater reliability
was very good (j = 0.81). To assess interexaminer reliability,
22 persons with, or at higher risk of, knee OA and with or
without thrust were examined by 1 of the authors (LS) and by
1 of 3 other examiners (2 of whom were coauthors [AHC,
KCM]) among whom the examinations were distributed (7, 7,
and 8 per examiner). An unbalanced distribution of the pres-
ence of thrust made it problematic to calculate a meaningful
kappa coefficient. Therefore, we based reliability on percent-
age agreement between examiner LS and the pooled second
examiners. For right and left knee varus thrust, agreement
was 95% and 100%, respectively.

Covariates. Covariates (using 12-month data in analy-
ses) included BMI and pain using the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) pain
subscale (5), which was adapted in the OAI to score each knee.
Varus alignment was measured in the OAI as mechanical axis
(HKA angle) using 2 full-limb radiographic measurement
approaches (represented by the variable names HKANGLE
and HKANGJD, assigned by the OAI) and as anatomic axis
(femorotibial angle [FTA]) on knee radiographs. Because
HKANGLE data were available only in a subset of knees with
HKANGJD data and because the 2 measures were highly cor-
related (r = 0.98), we used the HKANGJD data.

In the OAI, standing bilateral full-limb radiographs
were acquired at either 12 months or 24 months (6).
HKANGJD data were calculated from 3 landmarks (7) as the
angle subtended between the line through the femoral head
and knee centers and the line through knee and tibiotalar joint
centers, with varus as negative and valgus as positive (7). FTA
measurement on the fixed-flexion knee radiographs involved
femoral axis definition using a coordinate system from location-
specific JSW measurement methods, tibial axis by shaft center
10 cm below the plateau, and a customized software tool (8–
11). For FTA, valgus is more positive, varus is more negative.
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Outcome measures. In the OAI, knee radiograph
acquisition incorporated the posteroanterior fixed-flexion
weight-bearing protocol (3,6) with a SynaFlexer frame
(Synarc). All knees with ≥1 follow-up radiograph by the 48-
month visit were read centrally (12). For knees with K/L
grade <2 at baseline, every knee radiograph acquired (at any
time point) was read. Concerning knees with K/L grade ≥2 at
baseline, all radiographs obtained (at any time point) through
48 months were read, and 72-month/96-month readings were
performed in a random selection of knees with K/L grade 2
or 3 at baseline (12). Serial radiographs were read grouped,
with baseline known to readers and later time points ran-
domly ordered. Two experts who were blinded with regard to
each other’s readings, the study hypotheses, and all other data
assessed K/L grade and Osteoarthritis Research Society Inter-
national JSN grades (2,13). A third reader was included to
adjudicate disagreements regarding K/L grade ≥2 versus K/L
grade <2 at any time point, and, between any time points, to
adjudicate disagreements regarding change in OA status, K/L
grade, and JSN (13).

In knees with K/L grade <2 at 0 months and 12 months,
incident OA was defined as subsequent (to 12 months) incident
K/L grade ≥2, medial JSN by ≥1 whole grade, and medial JSN
by ≥1 partial grade. In knees with K/L grade ≥2 at 0 months or
12 months, progression was defined as subsequent (to 12
months) medial JSN by ≥1 whole grade and by ≥1 partial grade.
Outcomes were assessed up to the 96-month OAI visit. For
these outcomes, only the OAI-released calculated (“V99”) vari-
ables were used, as recommended (12). Knees with baseline
JSN grade 3 in the medial or lateral compartment could not
progress and were excluded.

A customized software tool was used to measure
JSW, as described by Duryea et al (14). Measures of medial

compartment minimum JSW and fixed-location JSW (JSW[x])
were made from digitized knee images at each time point. A
value of x = 0.250 was selected as being within the optimal
range for measuring medial JSW based on a previous study
(10). Annualized JSW loss (in mm), the difference between
baseline and final time point measured divided by the number
of years, was analyzed.

Statistical analysis. All analyses were knee-based. For
each hypothesis with a dichotomous outcome (1a, 1b, 1c, 2a,
2b), we used multivariable logistic regression models with gen-
eralized estimating equations (GEE) to account for between-
limb correlation within each person, to evaluate the association
of the presence of varus thrust (versus no varus thrust) with the
outcome measure for the hypothesis. Results are summarized
as adjusted odds ratios (ORs) and 95% confidence intervals
(95% CIs) and were considered to be statistically significant if
the 95% CI did not include 1. For hypotheses with a continuous
outcome (1d, 2c), we used multivariable linear regression mod-
els with GEE, with results summarized as adjusted regression
coefficients (in units of the continuous outcome for the pres-
ence of thrust versus no thrust) and 95% CIs. Results of the
continuous outcome models were statistically significant if the
95% CI did not include 0. Separate models in knees with and
those without radiographic OA at baseline were initially
adjusted for age (continuous), sex, and BMI (continuous) and
then also for WOMAC pain (continuous). In the alignment
substudy samples, each model was adjusted for age, sex, BMI,
and WOMAC pain and then for alignment (HKA angle and
FTA; continuous). The alignment models were further adjusted
by including a multiplicative interaction term between thrust
and alignment. We repeated these analyses stratified by HKA
angle (varus, neutral, valgus). We used SAS software version
9.3 (SAS Institute) for all analyses.

Figure 1. Derivation of analysis samples from the 4,796 persons enrolled in the Osteoarthritis Initiative (OAI). The 4 samples at the bottom were
used for testing hypotheses 1a–d and 2a–c, described in the text. Samples † and ‡ had overlapping data. In sample *, the mean � SD age was
61.2 � 0.2 years, the mean � SD body mass index (BMI) was 28.6 � 4.8 kg/m2, and 2,804 (58.5%) were women. In sample †, the mean � SD age
was 61.4 � 9.1 years, the mean � SD BMI was 28.6 � 4.8 kg/m2, and 2,295 (58.0%) were women. In sample ‡, the mean � SD age was 61.9 �
9.1 years, the mean � SD BMI was 29.1 � 4.8 kg/m2, and 1,784 (58.8%) were women. In sample §, the mean � SD age was 60.5 � 9.2 years, the
mean � SD BMI was 27.8 � 4.5 kg/m2, and 1,455 (56%) were women. In sample ¶, the mean � SD age was 62.6 � 9.0 years, the mean � SD
BMI was 29.6 � 4.8 kg/m2, and 1,339 (59%) were women. In sample #, the mean � SD age was 60.5 � 9.0 years, the mean � SD BMI was 28.2
� 4.5 kg/m2, and 760 (57.3%) were women. In sample **, the mean � SD age was 62.6 � 9.0 years, the mean � SD BMI was 29.6 � 4.8 kg/m2,
and 1,364 (57.8%) were women. K/L = Kellgren/Lawrence grade.
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RESULTS

Derivation of each analysis sample and corre-
sponding descriptive data are shown in Figure 1. In the
4,796 persons enrolled in the OAI, 7,608 knees (3,960
persons) had thrust assessment and calculated radio-
graphic outcome data, and 5,386 knees (3,035 persons)
had thrust assessment and JSW data. Attributes of
these samples did not differ from those of the full
cohort (Figure 1).

In knees with K/L grade <2 at enrollment and at
12 months, varus thrust at 12 months was not associ-
ated with subsequent K/L grade ≥2, medial JSN whole
grade or partial grade, or loss of medial JSW, after
adjustment for age, sex, BMI, and WOMAC pain
(Table 1). For this sample, median follow-up time was
84 months (i.e., from baseline at 12 months), with an
interquartile range (IQR) of 60–84 months. Further
adjustment for HKA angle or FTA minimally altered
these findings (data not shown). Thrust was not associ-
ated with the dichotomous outcomes in men (n =
1,812) or women (n = 2,375) analyzed separately.
Thrust was associated with loss of JSW in women (n =
1,020, adjusted coefficient 0.025 [95% CI 0.002, 0.048])
but not in men (n = 716, adjusted coefficient –0.006
[95% CI –0.030, 0.019]).

In contrast, in knees with K/L grade ≥2 at
enrollment or at 12 months, varus thrust at 12 months
was associated with each outcome measure in adjusted
models (Table 2). For this sample, median follow-up
time was 84 months (IQR 36–84 months). Findings
were similar in women (n = 2,078) for the whole-grade

JSN outcome (adjusted OR 1.64 [95% CI 1.23, 2.18])
and the partial-grade JSN outcome (adjusted OR 1.92
[95% CI 1.49, 2.48]) and in men (n = 1,485) for the
partial-grade JSN outcome (adjusted OR 1.65 [95% CI
1.27, 2.13]). Thrust was associated with JSW loss in
women (n = 2,165, adjusted coefficient 0.043 [95% CI
0.015, 0.071]) and in men (n = 1,485, adjusted coeffi-
cient 0.055 [95% CI 0.025, 0.085]).

Results were similar after further adjustment for
injury in the models in Tables 1 and 2 (data not
shown). For the models in Table 2, after further adjust-
ment for injury and baseline K/L grade, the adjusted
OR for whole-grade narrowing was 1.49 (95% CI 1.21,
1.85), the adjusted OR for partial-grade narrowing was
1.68 (95% CI 1.39, 2.02), and the adjusted coefficient
for JSW loss was 0.047 (95% CI 0.026, 0.068). For all
the fully adjusted models shown in Tables 1 and 2, we
further considered models that included nonlinear (i.e.,
quadratic) terms for continuous variables (e.g., age and
BMI) and found similar relationships between thrust
and outcome measures in these models (data not
shown).

We next evaluated the results in knees with OA
after further adjustment for alignment. Among 6,187
knees for which we had thrust and HKA angle data,
1,570 had a varus thrust. In these 1,570 knees, mean �
SD static alignment was –1.97 � 3.37�, and 1,138 of
them (72.5%) had static varus alignment (HKA angle
<0�). In the 4,617 knees without a varus thrust, mean �
SD alignment was –0.88 � 3.11�, and 2,837 (61.4%)
had varus alignment. Among the 6,187 knees for which
we had varus thrust and HKA angle data, 3,975 had

Table 1. Association of varus thrust at 12 months with incident radiographic knee OA, medial JSN, and annualized loss of
medial JSW in knees without OA (at enrollment and at 12 months) for up to 7 years of subsequent follow-up*

Models and covariates

Incident K/L
grade ≥2,

no. (%) or adjusted
OR (95% CI)

Medial JSN
(whole grade),

no. (%) or adjusted
OR (95% CI)

Medial JSN
(partial grade),

no. (%) or adjusted
OR (95% CI)

Annualized loss of
medial JSW in mm,

mean � SD or adjusted
regression coefficient (95% CI)†

Varus thrust present‡ 123 (12.5) 68 (6.9) 71 (7.2) 0.092 � 0.149
Varus thrust absent§ 370 (11.6) 212 (6.6) 226 (7.1) 0.077 � 0.151
Varus thrust, adjusted for

age, sex, and BMI
1.09 (0.86, 1.37) 0.98 (0.73, 1.32) 0.96 (0.71, 1.28) 0.011 (–0.006, 0.028)

Varus thrust, adjusted for
age, sex, BMI, and
WOMAC pain

1.09 (0.86, 1.37)¶ 0.98 (0.73, 1.32)# 0.96 (0.72, 1.28)# 0.011 (–0.006, 0.028)**

* OA = osteoarthritis; OR = odds ratio; 95% CI = 95% confidence interval; WOMAC = Western Ontario and McMaster Univer-
sities Osteoarthritis Index.
† Measured at x = 0.250 location.
‡ In 987 knees for scoring of Kellgren/Lawrence (K/L) grade and joint space narrowing (JSN); in 425 knees for measurement of
joint space width (JSW).
§ In 3,200 knees for scoring of K/L grade and JSN; in 1,311 knees for measurement of JSW.
¶ Body mass index (BMI) and sex (increased risk in women) were significant.
# BMI was significant.
** Sex (decreased risk in women) was significant.
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Table 2. Association of varus thrust at 12 months with medial JSN and annualized loss of medial JSW in knees with
OA (at enrollment or at 12 months) for up to 7 years of subsequent follow-up*

Models and covariates

Medial JSN (whole grade),
no. (%) or adjusted

OR (95% CI)

Medial JSN (partial grade),
no. (%) or adjusted

OR (95% CI)

Annualized loss of medial
JSW in mm, mean � SD
or adjusted regression
coefficient (95% CI)†

Varus thrust present‡ 192 (19.7) 329 (33.7) 0.173 � 0.290
Varus thrust absent§ 345 (14.1) 525 (21.5) 0.117 � 0.230
Varus thrust, adjusted for age,

sex, and BMI
1.50 (1.22, 1.85)¶ 1.81 (1.51, 2.17)¶ 0.053 (0.032, 0.074)¶

Varus thrust, adjusted for age,
sex, BMI, and WOMAC pain

1.49 (1.20, 1.83)¶# 1.80 (1.50, 2.16)¶** 0.049 (0.028, 0.069)¶††

* See Table 1 for definitions.
† Measured at x = 0.250 location.
‡ In 975 knees for scoring of JSN; in 1,085 knees for measurement of JSW.
§ In 2,446 knees for scoring of JSN; in 2,565 knees for measurement of JSW.
¶ P < 0.05 (OR estimates with 95% CIs excluding 1.00 and regression coefficients with 95% CIs excluding 0 are
significant).
# BMI and WOMAC pain were also significant.
** BMI, sex (decreased risk in women), and WOMAC pain were also significant.
†† Sex (decreased risk in women) and WOMAC pain were also significant.

Table 3. Alignment substudy data in knees with OA (at enrollment or at 12 months), showing association of varus thrust
with medial JSN and annualized loss of medial JSW, with and without adjustment for alignment by HKA angle and FTA, for
up to 7 years of subsequent follow-up*

Medial JSN
(whole grade),

no. (%) or adjusted
OR (95% CI)

Medial JSN
(partial grade),

no. (%) or adjusted
OR (95% CI)

Annualized loss of medial
JSW in mm, mean � SD
or adjusted regression
coefficient (95% CI)†

Models and covariates including HKA angle
Varus thrust present‡ 152 (18.9) 270 (33.5) 0.176 � 0.287
Varus thrust absent§ 295 (14.3) 447 (21.6) 0.117 � 0.223
Varus thrust, adjusted for age, sex, BMI,

and WOMAC pain
1.37 (1.09, 1.74)¶ 1.76 (1.45, 2.15)¶ 0.053 (0.031, 0.074)¶

Varus thrust, adjusted for age, sex, BMI,
WOMAC pain, and HKA angle

1.00 (0.78, 1.29) 1.27 (1.03, 1.58)¶ 0.027 (0.006, 0.047)¶

Varus thrust, adjusted for age, sex, BMI,
WOMAC pain, HKA angle, and thrust–HKA
angle interaction

1.16 (0.84, 1.60)# 1.56 (1.21, 2.01)¶** 0.020 (–0.001, 0.040)††

Models and covariates including FTA
Varus thrust present‡‡ 191 (19.8) 327 (34.0) 0.174 � 0.291
Varus thrust absent§§ 345 (14.3) 522 (21.6) 0.117 � 0.231
Varus thrust, adjusted for age, sex, BMI,

and WOMAC pain
1.47 (1.19, 1.82)¶ 1.80 (1.50, 2.16)¶ 0.049 (0.029, 0.070)¶

Varus thrust, adjusted for age, sex, BMI,
WOMAC pain, and FTA

1.09 (0.87, 1.37) 1.28 (1.04, 1.56)¶ 0.025 (0.005, 0.045)¶

Varus thrust, adjusted for age, sex, BMI,
WOMAC pain, FTA, and thrust–FTA interaction

1.77 (0.90, 3.52)¶¶ 3.04 (1.64, 5.63)¶## 0.007 (–0.039, 0.052)***

* See Table 1 for other definitions.
† Measured at x = 0.250 location.
‡ In 806 knees for scoring of JSN; in 906 knees for measurement of JSW.
§ In 2,069 knees for scoring of JSN; in 2,172 knees for measurement of JSW.
¶ P < 0.05 (OR estimates with 95% CIs excluding 1.00 and regression coefficients with 95% CIs excluding 0 are significant).
# BMI, WOMAC pain, and hip–knee–ankle (HKA) angle were also significant.
** Age, BMI, WOMAC pain, HKA angle, and thrust–HKA angle interaction were also significant.
†† WOMAC pain and HKA angle were also significant.
‡‡ In 963 knees for scoring of JSN; in 1,073 knees for measurement of JSW.
§§ In 2,415 knees for scoring of JSN; in 2,535 knees for measurement of JSW.
¶¶ BMI, WOMAC pain, and femorotibial angle (FTA) were also significant.
## Age, BMI, WOMAC pain, FTA, and thrust–FTA interaction were also significant.
*** Sex (decreased risk in women), WOMAC pain, and FTA were also significant.
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varus alignment, of which 1,138 (28.6%) had a varus
thrust, and 2,212 had neutral or valgus alignment, of
which 432 (19.5%) had a varus thrust.

The thrust–progression association was attenu-
ated (Table 3), but an independent association persisted
for partial-grade JSN and JSW loss models including
HKA angle and FTA. Further inclusion of an alignment–
thrust interaction term led to an increase in the magni-
tude of the OR for thrust in the partial-grade outcome
(interaction term significant) and loss of significance in
the continuous JSW outcome (interaction term not sig-
nificant). WOMAC pain and alignment were consistently
associated with outcome measures in these models
(Table 3). Adjusted ORs (95% CIs) or adjusted regres-
sion coefficients for each covariate in the models in
Tables 1–3 are available upon request from the corre-
sponding author.

Finally, we repeated models to investigate whether
these results persisted within HKA angle strata. Signifi-
cant associations persisted in the varus and neutral
knees (Table 4).

DISCUSSION

Over a follow-up period of up to 7 years, in
knees with radiographic OA, varus thrust was associ-
ated with subsequent medial knee OA progression,
assessed using various outcome measures—medial JSN
worsening by a whole grade, by a partial grade, or loss
of JSW—in models adjusted for age, sex, BMI, and

pain. In knees without radiographic OA, varus thrust
was not associated with incident OA or other out-
comes. Findings were similar in women and men exam-
ined separately. After adjustment for static alignment,
the thrust–progression association was attenuated, but
an independent association persisted for partial-grade
JSN and JSW loss outcome models. WOMAC pain and
alignment were consistently associated with outcome
measures. Within the strata of varus knees and of neu-
tral knees, thrust was associated with an increased risk
of progression.

To our knowledge, this is the first confirmation of
our original findings in the MAK study (1). Chang et al
found that varus thrust was associated with medial OA
progression in the subsequent 18 months (age-, sex-,
BMI-, and pain-adjusted OR 3.96 [95% CI 2.11, 7.43]),
with attenuation after further adjustment for alignment
(adjusted OR 1.76 [95% CI 0.87, 3.56]). In varus-aligned
knees, findings persisted (adjusted OR 3.17 [95% CI
1.60, 6.31]) (1). Previous studies have shown that varus
thrust is associated with knee symptoms (15–17), includ-
ing pain during weight-bearing activities (15).

The MAK study relied on 1 examiner. The cur-
rent findings support the idea that, after training, gait
observation can be applied in a multisite setting. To
our knowledge, there has been no previous report con-
cerning thrust and incident radiographic OA. Wink
et al recently reported, in Multicenter Osteoarthritis
Study participants with a range of OA severity, that
varus thrust visually assessed by high-speed video was

Table 4. Alignment substudy data in knees with OA (at enrollment or at 12 months), showing association of
varus thrust with medial JSN and annualized loss of medial JSW, by strata of alignment (hip–knee–ankle angle),
for up to 7 years of subsequent follow-up*

Models and covariates

Medial JSN (partial grade),
no./no. in the specified group (%)

or adjusted OR (95% CI)

Annualized loss of medial
JSW in mm, mean � SD or adjusted
regression coefficient (95% CI)†

Varus knees with varus thrust 207/462 (44.8) 0.216 � 0.315 (552 knees)
Varus knees without varus thrust 282/780 (36.2) 0.170 � 0.243 (821 knees)
Varus thrust, adjusted for age, sex,

BMI, and WOMAC pain
1.40 (1.08, 1.80)‡ 0.041 (0.010, 0.073)‡

Neutral knees with varus thrust 59/248 (23.8) 0.142 � 0.238 (249 knees)
Neutral knees without varus thrust 145/864 (16.8) 0.098 � 0.192 (880 knees)
Varus thrust, adjusted for age, sex,

BMI, and WOMAC pain
1.52 (1.06, 2.17)‡ 0.045 (0.009, 0.080)‡

Valgus knees with varus thrust 4/96 (4.2) 0.042 � 0.159 (105 knees)
Valgus knees without varus thrust 20/425 (4.7) 0.063 � 0.219 (471 knees)
Varus thrust, adjusted for age, sex,

BMI, and WOMAC pain
0.98 (0.32, 3.01) –0.020 (–0.058, 0.017)

* For medial JSN, a total of 2,875 knees were tested (1,242 varus, 1,112 neutral, and 521 valgus); for annualized
loss of medial JSW, a total of 3,078 knees were tested (1,373 varus, 1,129 neutral, and 576 valgus). See Table 1
for definitions.
† Measured at x = 0.250 location.
‡ P < 0.05 (OR estimates with 95% CIs excluding 1.00 and regression coefficients with 95% CIs excluding 0 are
significant).
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associated with increased risk of incident bone marrow
lesions (but not incident medial cartilage loss), worsen-
ing bone marrow lesions, and worsening medial carti-
lage loss, findings that persisted in varus knees
examined separately (18). Our finding of an association
of thrust with progression but not with incident OA in
the same study may relate to the healthier state of
knees at risk of incident OA (versus knees with OA).
While static varus alignment has been found to be asso-
ciated with both incident and progressive OA (which
the current study confirms), the magnitude appears
stronger for progression.

In the progression findings, the outcome requir-
ing medial JSN by only a partial grade and the JSW
loss outcome were more sensitive than the outcome
requiring whole-grade JSN. Our findings suggest that
some but not all of the thrust effect was explained by
static varus alignment. Static varus alignment findings
(significant in every model) were minimally affected by
the addition of varus thrust. There was evidence of
interaction in the partial-grade models. Notably, in
varus knees and in neutral knees, varus thrust presence
was associated with a greater risk of progression. These
findings in varus knees may reflect added, dynamic
effects of a thrust. While varus thrust was associated
with outcome, its contribution was more modest than
that from static varus alignment. Treatment for thrust
without concomitantly addressing static varus is unlikely
to have a substantial impact on disease progression.

In the MAK study, which included both gait
observation for thrust and quantitative gait analysis,
knees with (versus knees without) varus thrust had a
greater maximum external knee adduction moment
(KAM) (1). Chang et al found that the presence of a
varus thrust was associated with greater peak knee
varus angular velocity and greater peak knee varus
angle during the stance phase, in analyses adjusted for
age, sex, BMI, gait speed, and static alignment (19).
Notably, the difference in angular velocity (which cap-
tures both movement direction and speed) between
knees with and those without varus thrust was unaf-
fected by adjustment for alignment, while the differ-
ence in peak knee varus angle was in part explained by
alignment (19). In another study, in women with medial
knee OA, the knee adduction angle during gait and
shank mean angular velocity were greater from heel
strike to 30% stance in the OA group than in controls
and were associated with maximum KAM (20). Mah-
moudian et al found that varus thrust (measured as
knee varus angle increase during the weight-bearing
phase of gait) was greater in groups with early OA or
established OA than in controls, suggesting problems

with stabilization in early knee OA (21). Varus thrust
magnitude was correlated with KAM second peak (21).

The current study has several limitations. The
findings are based on examiner gait observation to visu-
ally assess thrust presence. Although it is not feasible to
perform quantitative gait analysis in clinical settings, a
more precise method of quantifying the movement
visualized as a thrust may result in different findings.
Notably, we were able to detect an association with pro-
gression outcome measures even with simple gait obser-
vation performed by multiple examiners at 4 study sites.
It remains possible that our thrust assessment was not
precise enough to detect an association between thrust
and incident OA. It was important to evaluate thrust by
gait observation as this is the most easily used approach
in large-scale research and in clinical settings. Static
alignment was not assessed in all participants; however,
it was assessed in large subgroups that were similar in
baseline characteristics to the full sample. While it is
unlikely that much change in alignment would have
occurred between 12 months and 24 months, it would
have been ideal to assess alignment in all participants at
12 months. The OAI may not reflect the general popula-
tion. Recruitment focused on persons at higher risk of
knee OA, a group of public health importance that will
grow with expansion of aging and overweight popula-
tions. However, findings may not be the same in popula-
tions not at higher risk.

These findings have important research and clin-
ical implications. Given this replication of the finding
that varus thrust is associated with knee OA progres-
sion, intervention should be developed; while specific
development is needed, it is not difficult to envision an
orthotic approach to help stabilize the knee. Of note,
to relieve pain, neuromuscular exercise was more effec-
tive for individuals with a varus thrust, and quadriceps-
strengthening exercise was more effective when a thrust
was absent (22). In theory, the modest impact of inter-
ventions addressing static alignment may be related to
not considering concomitant varus thrust. Future stud-
ies could also focus on developing and evaluating a
training video or other approach to disseminating gait
observation training. Gait observation can be incorpo-
rated into observational and therapeutic studies of knee
OA to enable analytic consideration of thrust. Gait
observation cannot replace quantitative gait analysis,
but it does provide a simple approach to identifying
individuals at higher risk of progression. Gait observa-
tion, perhaps coupled with a simple inspection of align-
ment in the standing patient, should be incorporated
into the physical examination; the current findings are
a reminder of the powers of observation.

2142 SHARMA ET AL



In conclusion, varus thrust visualized during gait
is associated with knee OA progression and should be
a target of intervention development.

ACKNOWLEDGMENTS

We would like to acknowledge the dedication and
commitment of the OAI study participants.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Sharma had full access to all of
the data in the study and takes responsibility for the integrity of the
data and the accuracy of the data analysis.
Study conception and design. Sharma, Nevitt, Chmiel.
Acquisition of data. Sharma, Jackson, Nevitt, Hochberg, Eaton,
Kwoh, Cauley.
Analysis and interpretation of data. Sharma, Chang, Nevitt, Moisio,
Hochberg, Eaton, Almagor, Chmiel.

REFERENCES

1. Chang A, Hayes K, Dunlop D, Hurwitz D, Song J, Cahue S,
et al. Thrust during ambulation and the progression of knee
osteoarthritis. Arthritis Rheum 2004;50:3897–903.

2. Kellgren JH, Lawrence JS. Radiological assessment of osteo-
arthrosis. Ann Rheum Dis 1957;16:494–502.

3. Nevitt MC, Felson D, Lester G. The Osteoarthritis Initiative:
protocol for the cohort study. URL: http://oai.epi-ucsf.org/datare
lease/docs/StudyDesignProtocol.pdf.

4. Osteoarthritis Initiative. Appendix A: original study enrollment
goals for progression and incidence subcohorts, by age and
gender. URL: http://oai.epi-ucsf.org/datarelease/docs/StudyDesign
Appendices.pdf.

5. Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW.
Validation study of WOMAC: a health status instrument for mea-
suring clinically important patient relevant outcomes to antirheu-
matic drug therapy in patients with osteoarthritis of the hip or
knee. J Rheumatol 1988;15:1833–40.

6. Synarc, Inc. Radiographic procedure manual for examinations of
the knee, hand, pelvis and lower limbs. Osteoarthritis Initiative:
a knee health study. URL: http://oai.epi-ucsf.org/datarelease/
operationsManuals/RadiographicManual.pdf.

7. Osteoarthritis Initiative. Central assessment of full-limb X-rays
for frontal plane lower limb alignment. URL: https://oai.epi-ucsf.
org/datarelease/forms/flXR_KneeAlign_Descrip.pdf?V01HKANGJD.

8. Osteoarthritis Initiative. Central assessment of longitudinal knee
X-rays for femoral-tibial angle (anatomic alignment). URL: https://

oai.epi-ucsf.org/datarelease/forms/kXR_FTA_Duryea_Descrip.pdf?
V00BRCDJD.

9. Duryea J, Li J, Peterfy CG, Gordon C, Genant HK. Trainable rule-
based algorithm for the measurement of joint space width in digital
radiographic images of the knee. Med Phys 2000;27:580–91.

10. Neumann G, Hunter D, Nevitt M, Chibnik LB, Kwoh K, Chen
H, et al. Location specific radiographic joint space width for
osteoarthritis progression. Osteoarthritis Cartilage 2009;17:761–5.

11. Iranpour-Boroujeni T, Li J, Lynch JA, Nevitt M, Duryea J, Inves-
tigators OAI. A new method to measure anatomic knee align-
ment for large studies of OA: data from the osteoarthritis
initiative. Osteoarthritis Cartilage 2014;22:1668–74.

12. Osteoarthritis Initiative. Overview and description of central
image assessments. URL: https://oai.epi-ucsf.org/datarelease/docs/
ImageAssessments/ImageAssessmentDataOverview.pdf.

13. Osteoarthritis Initiative. Central reading of knee X-rays for Kell-
gren & Lawrence grade and individual radiographic features of
tibiofemoral knee OA. URL: http://oai.epi-ucsf.org/datarelease/
forms/kXR_SQ_BU_Descrip.pdf?V01XRKL.

14. Osteoarthritis Initiative. Central assessment of longitudinal knee
X-rays for quantitative JSW. URL: https://oai.epi-ucsf.org/datare
lease/forms/kXR_QJSW_Duryea_Descrip.pdf?V00JSW150.

15. Lo GH, Harvey WF, McAlindon TE. Associations of varus thrust
and alignment with pain in knee osteoarthritis. Arthritis Rheum
2012;64:2252–9.

16. Iijima H, Fukutani N, Aoyama T, Fukumoto T, Uritani D,
Kaneda E, et al. Clinical phenotype classifications based on static
varus alignment and varus thrust in Japanese patients with medial
knee osteoarthritis. Arthritis Rheumatol 2015;67:2354–62.

17. Fukutani N, Iijima H, Fukumoto T, Uritani D, Kaneda E, Ota K,
et al. Association of varus thrust with pain and stiffness and activ-
ities of daily living in patients with medial knee osteoarthritis.
Phys Ther 2016;96:167–75.

18. Wink AE, Gross KD, Brown CA, Guermazi A, Roemer F, Niu J,
et al. Varus thrust during walking and the risk of incident and
worsening medial tibiofemoral MRI lesions: the Multicenter
Osteoarthritis Study. Osteoarthritis Cartilage 2017;25:839–45.

19. Chang AH, Chmiel JS, Moisio KC, Almagor O, Zhang Y, Cahue
S, et al. Varus thrust and knee frontal plane dynamic motion in
persons with knee osteoarthritis. Osteoarthritis Cartilage 2013;21:
1668–73.

20. Foroughi N, Smith RM, Lange AK, Baker MK, Fiatarone Singh
MA, Vanwanseele B. Dynamic alignment and its association with
knee adduction moment in medial knee osteoarthritis. Knee
2010;17:210–6.

21. Mahmoudian A, van Dieen JH, Bruijn SM, Baert IA, Faber GS,
Luyten FP, et al. Varus thrust in women with early medial knee
osteoarthritis and its relation with the external knee adduction
moment. Clin Biomech (Bristol, Avon) 2016;39:109–14.

22. Bennell KL, Dobson F, Roos EM, Skou ST, Hodges P, Wrigley
TV, et al. Influence of biomechanical characteristics on pain and
function outcomes from exercise in medial knee osteoarthritis
and varus malalignment: exploratory analyses from a randomized
controlled trial. Arthritis Care Res (Hoboken) 2015;67:1281–8.

VARUS THRUST AND KNEE OA 2143

http://oai.epi-ucsf.org/datarelease/docs/StudyDesignProtocol.pdf
http://oai.epi-ucsf.org/datarelease/docs/StudyDesignProtocol.pdf
http://oai.epi-ucsf.org/datarelease/docs/StudyDesignAppendices.pdf
http://oai.epi-ucsf.org/datarelease/docs/StudyDesignAppendices.pdf
http://oai.epi-ucsf.org/datarelease/operationsManuals/RadiographicManual.pdf
http://oai.epi-ucsf.org/datarelease/operationsManuals/RadiographicManual.pdf
https://oai.epi-ucsf.org/datarelease/forms/flXR_KneeAlign_Descrip.pdf?V01HKANGJD
https://oai.epi-ucsf.org/datarelease/forms/flXR_KneeAlign_Descrip.pdf?V01HKANGJD
https://oai.epi-ucsf.org/datarelease/forms/kXR_FTA_Duryea_Descrip.pdf?V00BRCDJD
https://oai.epi-ucsf.org/datarelease/forms/kXR_FTA_Duryea_Descrip.pdf?V00BRCDJD
https://oai.epi-ucsf.org/datarelease/forms/kXR_FTA_Duryea_Descrip.pdf?V00BRCDJD
https://oai.epi-ucsf.org/datarelease/docs/ImageAssessments/ImageAssessmentDataOverview.pdf
https://oai.epi-ucsf.org/datarelease/docs/ImageAssessments/ImageAssessmentDataOverview.pdf
http://oai.epi-ucsf.org/datarelease/forms/kXR_SQ_BU_Descrip.pdf?V01XRKL
http://oai.epi-ucsf.org/datarelease/forms/kXR_SQ_BU_Descrip.pdf?V01XRKL
https://oai.epi-ucsf.org/datarelease/forms/kXR_QJSW_Duryea_Descrip.pdf?V00JSW150
https://oai.epi-ucsf.org/datarelease/forms/kXR_QJSW_Duryea_Descrip.pdf?V00JSW150


Co-Occurrence and Characteristics of Patients With
Axial Spondyloarthritis Who Meet Criteria for Fibromyalgia

Results From a UK National Register

Gary J. Macfarlane,1 Maxwell S. Barnish,1 Ejaz Pathan,2 Kathryn R. Martin,1

Kirstie L. Haywood,3 Stefan Siebert,4 Jonathan Packham,5 Fabiola Atzeni,6 and Gareth T. Jones1

Objective. To estimate the proportion of patients
with axial spondyloarthritis (SpA) in a UK national bio-
logics registry who met criteria for fibromyalgia (FM),
and to delineate the characteristics of these patients.

Methods. Two cohorts of patients are prospec-
tively recruited from across 83 centers in the UK for the
British Society for Rheumatology Biologics Register in
Ankylosing Spondylitis (BSRBR-AS). All patients are
required to meet Assessment of SpondyloArthritis
international Society (ASAS) criteria for axial SpA.
Patients are either newly starting biologic therapy
(biologics cohort) or are naive to treatment with biologic
agents (non-biologics cohort) at the time of recruitment,
and all patients are followed up prospectively. At
recruitment and follow-up, clinical information and
measurements are recorded while patients complete the
2011 research criteria for FM and assessments of the
level of disease activity and work impact.

Results. Of the patients registered in the
BSRBR-AS, 1,504 (68% male) were eligible for the cur-
rent analysis, of whom 311 (20.7%) met the 2011
research criteria for FM. Prevalence of FM was simi-
lar between patients who fulfilled the modified New York

criteria for AS (19.7%) and those who fulfilled ASAS
imaging criteria but not the modified New York criteria
(25.2%); however, among those who fulfilled only the
ASAS clinical criteria, the prevalence of FM was lower
(9.5%). Patients who met FM criteria reported signifi-
cantly worse disease activity, function, global severity
scores, and quality of life, and were more likely to have
moderate or severe levels of mood disorder and clini-
cally important fatigue. Patients who met FM criteria
reported experiencing work impairment around half
their working time. Meeting FM criteria was not related
to elevated C-reactive protein levels or most extraspinal
manifestations, but was associated with a higher likeli-
hood of having received biologic therapy.

Conclusion. Developing management approaches
that would address the significant unmet clinical needs
of the 1 in 5 patients with axial SpA who meet criteria
for FM should be a research priority.

Fibromyalgia (FM) may be more common in
patients with axial spondyloarthritis (SpA) than in the
general population. In comparison to a population
prevalence of 2–4% based on the American College of
Rheumatology (ACR) 1990 criteria for FM (1), studies
in patients with ankylosing spondylitis (AS) from Tur-
key (prevalence 12.6%; n = 119), Italy (prevalence
12.7%; n = 211), and Brazil (prevalence 15%; n = 71)
have all shown a similar excess prevalence of FM
(2–4). This is consistent with the observation of a high
prevalence of FM in inflammatory rheumatic diseases
in general (5).

However, distinguishing axial SpA from FM is
problematic, given that the ACR 1990 criteria for FM
require the report of axial skeleton pain, which is the
key clinical feature of axial SpA, whereas enthesitis may
result in multisite pain, which is the cardinal feature of
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FM and is included in all established or proposed sets
of FM criteria (6–8). A pooled analysis of data from
clinical trials assessing treatment of patients with AS
with etanercept, sulfasalazine, or placebo has shown
higher disease burden and poorer response to treatment
in women (9,10). The trial investigators proposed that
these findings may be due to the concomitant presence
of FM, and identified comorbid FM as a priority for
future research.

FM may distort responses to some of the key
patient-reported measures used in axial SpA, such as
the Bath Ankylosing Spondylitis Disease Activity Index
(BASDAI) and Bath Ankylosing Spondylitis Functional
Index (BASFI) (11,12). In the above-mentioned
study from Turkey in which AS patients with FM and
those without FM were compared, there was no differ-
ence in the C-reactive protein (CRP) level or erythro-
cyte sedimentation rate, but those with FM had higher
BASDAI scores (3). In July 2013, the US Food and
Drug Administration (FDA) met to consider whether
patients who had nonradiographic axial SpA, based on
the Assessment of SpondyloArthritis international Soci-
ety (ASAS) criteria (13), should be eligible for new
therapies. The FDA committee recognized the unmet
need for effective pharmacologic therapy for patients
who had either positive changes only on magnetic reso-
nance imaging (MRI) or positivity for HLA–B27 in
conjunction with other clinical and laboratory features
characteristic of SpA. The FDA was, however, con-
cerned about the possibility that those with highly
prevalent conditions such as mechanical back pain or
FM, especially patients without evidence of changes on
MRI, might be incorrectly diagnosed as having inflam-
matory spondylitis and could be inappropriately treated
with expensive and potentially toxic biologic therapies.
These observations highlight the need to better under-
stand the characteristics of patients who have overlap-
ping axial SpA and FM, to assess and distinguish the 2
conditions, and to develop treatment strategies that can
effectively work in parallel.

As an initial step in such endeavors, the current
study, within a cohort from a UK national registry of
patients with axial SpA, aimed to 1) determine the
prevalence of FM among patients meeting the ASAS
criteria for axial SpA, and 2) identify clinical and
patient-reported measures that might distinguish axial
SpA patients with comorbid FM.

PATIENTS AND METHODS

The British Society for Rheumatology Biologics Regis-
ter in Ankylosing Spondylitis (BSRBR-AS) is a prospective

cohort study in which patients who meet the ASAS definition
of axial SpA have been recruited from 83 secondary care cen-
ters in the UK, with the first centers recruiting from December
2012. Patients meeting only the ASAS clinical criteria for axial
SpA have been eligible to be recruited from November 2014.
At the time of recruitment into the register, all patients are
naive to anti–tumor necrosis factor (anti-TNF) biologic ther-
apy but may be either starting such therapy (adalimumab,
etanercept, or certulizumab pegol) or continuing on their cur-
rent therapy. The study protocol has previously been published
(14).

For patients starting on biologic therapy, clinical and
patient-reported information is collected at the time of
recruitment and at 3, 6, and 12 months of follow-up. For
patients not taking biologic agents, information is collected at
the time of recruitment and annually thereafter, but these
patients may transfer to the follow-up schedule of patients
receiving biologic therapy if they commence such therapy at a
later date. From September 2015 onward, the patient-
reported data have included the 2011 research criteria for
FM (8). Satisfying the FM research criteria depends on the
presence of widespread pain and somatic symptoms.

Patients in the register were included in the current
analysis if they had completed the 2011 FM research criteria
either at recruitment or at follow-up. We used data from the
time of the first completion of the items in the criteria set.
Information on clinical status at the time of recruitment
allowed us to determine whether patients were known to
meet imaging criteria for axial SpA (the modified New York
criteria for AS [15] and/or the ASAS imaging criteria [13]) or
to not meet such criteria (only meeting the ASAS clinical cri-
teria). Data collected from or measured in each patient
included the BASDAI, the BASFI, the Bath Ankylosing
Spondylitis Metrology Index (16), and the Bath Ankylosing
Spondylitis Global Assessment (17), each scored to provide a
scale from 0 (best) to 10 (worst).

In addition, extraspinal manifestations were assessed,
including uveitis, psoriasis, inflammatory bowel disease, and
swollen and tender joint counts (of 44 joints assessed), in
accordance with the ASAS recommendations for studies of
SpA (18). Quality of life was measured using the 18-item
Ankylosing Spondylitis Quality of Life (ASQoL) scale (17),
providing a score from 0 (good quality of life) to 18 (poor
quality of life). The EuroQol 5-domain (EQ-5D) question-
naire, a 5-item generic scale, was used to assess health-related
quality of life, with scores ranging from 0 (equivalent to
death) to 1 (best possible health), although scores lower than
0 (worse than death) are also possible (19). Other patient-
reported measures collected were a sleep disturbance score
that consisted of 4 items (each scored 0–5; total score 0–20),
with higher scores indicating worse problems with sleep
disturbance (20).

Furthermore, the 11-item Chalder fatigue scale was
used to measure the extent and severity of fatigue. Each item
was scored as 0 or 1, providing a total score of 0–11, with
higher scores indicating worse fatigue. A score of ≥4 is taken
to indicate significant fatigue (21). For assessment of mental
health status, the Hospital Anxiety and Depression Scale
(HADS) (22), a measure of emotional distress, anxiety disor-
ders, and depression in patients with somatic or psychiatric dis-
orders, primary care patients, and the general population, was
used. The HADS has been shown to have a 2-factor structure
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corresponding to the anxiety and depression subscales (23).
Each subscale has 7 items, scored 0–3, providing a total score
for anxiety and for depression of 0–21, with higher scores
indicating higher levels of anxiety or depression. Scale scores
are categorized as 0–7 (normal), 8–10 (mild), 11–14 (moder-
ate), and 15–21 (severe). Patients also completed the Work
Productivity and Activity Impairment Questionnaire: Specific
Health Problem, a validated instrument to measure impair-
ments in work, including both absenteeism and impaired per-
formance while at work (presenteeism) (24).

Height and weight (for the calculation of the body
mass index [BMI]) and the CRP level were measured in each
patient. Furthermore, we constructed a comorbidity index
based on the number of comorbidities reported by the clini-
cian to be present in each patient (including myocardial
infarction, angina, congestive cardiac failure, stroke, hyperten-
sion, diabetes, asthma, chronic bronchitis or emphysema,
peptic ulcer, liver disease, renal disease, tuberculosis, demyeli-
nation, depression, or cancer).

An area-level deprivation score was calculated (the
Index of Multiple Deprivation [IMD]) using comparable offi-
cial government indices from the relevant individual countries
within the UK. These were the English IMD (EIMD), Scottish
IMD (SIMD), and Welsh IMD (WIMD). Each IMD was
based on lower-level census areas, which represent neighbor-
hoods. All indices include income, employment, health, educa-
tion, housing, and crime/community safety. Both the SIMD
and the WIMD include access to services, while in the EIMD,
this is combined with the housing domain. Additionally, the
EIMD adds living environment, and the WIMD adds physical
environment. The IMDs were categorized into quintiles and
standardized to be presented on a scale of 1–5, ranging from
the most deprived (IMD score of 1) to least deprived (IMD
score of 5), in accordance with the practices of the SIMD.

We compared the range of clinical and patient-
reported measures collected from patients with axial SpA
according to whether they met the 2011 research criteria for
FM. Comparisons were carried out using t-tests (continuous
outcomes), 2-sample proportion tests (binary outcomes), chi-
square tests (categorical nonordered outcomes), and nonpara-
metric tests for trend (ordinal outcomes) or for comparison
of distributions (Mann-Whitney U test) as appropriate. The
95% confidence intervals (95% CIs) are given for effect esti-
mates. This analysis used data from the January 2017 version
of the study database.

RESULTS

Participants and prevalence of FM. Among the
2,449 participants in the BSRBR-AS, 1,504 (68% male)
were eligible for the current study, of whom 553
(35.4%) were in the biologics-exposed cohort. The
study population is described in Table 1. Patients had a
median age of 51.2 years, and reported a median time
since symptom onset of 19 years. Among the cohort of
eligible patients, 82.2% of those who had been tested
were HLA–B27 positive, and ~1 in 6 were current
smokers. Most participants (69.2%) met the modified
New York criteria for AS, an additional 26.5% fulfilled

the ASAS imaging criteria but not the modified New
York criteria, and 4.3% fulfilled only the ASAS clinical
criteria. Among the patients, 311 (20.7%) met the 2011
research criteria for FM. The proportion of patients
meeting the FM criteria in each of the respective axial
SpA criteria groups (modified New York criteria, ASAS
imaging criteria but not modified New York criteria,
and ASAS clinical criteria only) was 19.7%, 25.2%, and
9.5% (P = 0.006).

The proportion meeting the FM criteria was
higher among female patients (26.1%, versus 18.2% of
male patients; P < 0.001), but there was no difference
by age group (P = 0.56). HLA–B27–positive patients
were less likely than HLA–B27–negative patients or
untested patients to meet the FM criteria (17.0%, versus
32.1% and 21.7%, respectively; each P < 0.001). The
prevalence of FM did vary by level of area deprivation:
those with IMD scores in the most deprived quintile had
an FM prevalence of 38.0%, those in the least deprived
quintile had an FM prevalence of 13.8%, and in the
intermediate quintiles of IMD, the prevalence of FM
varied from 17.5% to 20.3% (all P < 0.001).

Disease indices for axial SpA. Patients who met
the 2011 FM research criteria had markedly worse
indices of disease (Table 2). They had significantly worse
disease activity, function, metrology, and global status.
Of the 1,034 participants who had a CRP measurement
available, there was no significant difference between
those who did meet FM criteria and those who did not
meet FM criteria in the proportion having a CRP level
that exceeded 1 mg/dl (39.3% versus 38.7%; P = 0.86).
There was no difference in the overall distribution of

Table 1. Characteristics of the study population of 1,504 patients
with axial spondyloarthritis*

Age, median (IQR) years 51.2 (40.1–63.1)
Sex, no. (%) male 1,025 (68.2)
Time since symptom onset, median (IQR) years 19 (9–33)
HLA–B27 status
No. not tested 574
No. positive (% of tested) 765 (82.2)
No. negative (% of tested) 165 (17.8)

CRP, median (IQR) mg/dl 0.55 (0.10–2.00)
Smoking status, no. (%)†
Current smoker 247 (16.7)
Former smoker 578 (39.2)
Never smoker 651 (44.1)

Diagnostic criteria fulfilled, no. (%)
Modified New York criteria 1,041 (69.2)
ASAS imaging criteria but not

modified New York criteria
398 (26.5)

ASAS clinical criteria only 65 (4.3)

* IQR = interquartile range; CRP = C-reactive protein; ASAS =
Assessment of SpondyloArthritis international Society.
† The total number of patients with available data on smoking status
was 1,476.
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CRP level (P = 0.82 by Mann-Whitney U test) nor was
there any difference in CRP level within either the
biologics cohort (P = 0.53) or the non-biologics cohort
(P = 0.76).

Patient-reported measures. Quality of life was
significantly worse in those patients who met the FM
research criteria, regardless of whether quality of life
was measured by a disease-specific measure or a
generic measure (Table 3). Patients meeting the FM
criteria had significantly higher scores on the HADS
anxiety and depression subscales compared to those
who did not meet the FM criteria. Of those who met
the FM criteria, 39.9% were classified as having moder-
ate or severe depression, in comparison to 7.0% of
patients who did not meet the FM criteria (P < 0.001).
The comparable proportions of patients reporting mod-
erate or severe anxiety were 55.3% among those meet-
ing the FM criteria and 17.9% among those not
meeting the FM criteria (P < 0.001). Patients who met
the FM criteria also had higher scores for the extent of

sleep disturbance and levels of fatigue, with the score
exceeding the cutoff value for clinically important fa-
tigue in 79.2% of patients in the FM group compared
to 34.2% in the non-FM group (P < 0.001).

Clinical status and therapy. Patients who satis-
fied the FM research criteria had a higher BMI than
those who did not meet the FM criteria (mean 28.7
kg/m2 versus 27.6 kg/m2, difference of 1.2 kg/m2 [95%
CI 0.3, 2.0]). In addition, those in the FM criteria
group, as compared to those in the non–FM criteria
group, had a greater swollen joint count (mean 0.47
versus 0.21, difference of 0.26 [95% CI 0.03, 0.49])
and greater tender joint count (mean 1.3 versus 0.5,
difference of 0.8 [95% CI 0.4, 1.2]) and were more
likely to report at least 1 comorbidity (36.9% versus
19.9%; P < 0.001). In contrast, there was only a small,
and not statistically significant, excess in the propor-
tion of patients reporting extraspinal manifestations
among patients positive for the FM criteria compared
to those not meeting the FM criteria (for uveitis,
19.0% versus 18.0%; for psoriasis, 9.2% versus 6.4%;
for inflammatory bowel disease, 8.5% versus 7.0%).
Patients meeting the FM research criteria were more
likely to be receiving biologic therapy compared to
those not meeting the FM research criteria (50.5%
versus 31.5%).

Work-related factors. Patients meeting the crite-
ria for FM reported a significantly greater percentage
of work time missed compared to patients not meeting
the FM criteria (15.1% of work time missed versus
2.5% of work time missed, difference of 12.7% [95%
CI 9.7, 15.4%]). Moreover, patients in the FM group
reported that when present at work, their work was
impaired for around one-half (50.8%) of their working
time, in comparison to that reported by the non-FM
group, who reported interference of work around one-
quarter (22.8%) of their working time (difference of
28.1% [95% CI 23.8, 32.3%]).

Table 2. Disease measures in patients with axial spondyloarthritis
according to their meeting or not meeting the 2011 research criteria
for FM*

Disease index

Mean score (95% CI)
Difference
(95% CI) in
mean score

Meeting 2011
criteria for FM

Not meeting 2011
criteria for FM

BASDAI
disease activity

6.7 (6.5, 6.9) 3.6 (3.5, 3.8) 3.1 (2.8, 3.3)

BASFI function 6.6 (6.4, 6.9) 3.7 (3.6, 3.9) 2.9 (2.6, 3.3)
BASMI

metrology
4.2 (4.0, 4.5) 3.6 (3.5, 3.8) 0.6 (0.3, 0.9)

BASG global
health

6.9 (6.7, 7.2) 3.7 (3.6, 3.8) 3.2 (2.9, 3.6)

* FM = fibromyalgia; 95% CI = 95% confidence interval; BASDAI =
Bath Ankylosing Spondylitis Disease Activity Index (scale 0–10);
BASFI = Bath Ankylosing Spondylitis Functional Index (scale 0–10);
BASMI = Bath Ankylosing Spondylitis Metrology Index (scale 0–10);
BASG = Bath Ankylosing Spondylitis Global Score (scale 0–10).

Table 3. Patient-reported measures in patients with axial spondyloarthritis according to their meeting or not meeting
the 2011 research criteria for FM*

Patient-reported measure

Mean score (95% CI)

Difference (95% CI)
in mean score

Meeting 2011
criteria for FM

Not meeting 2011
criteria for FM

ASQoL quality of life score 13.1 (12.7, 13.6) 6.1 (5.8, 6.4) 7.1 (6.4, 7.7)
EQ-5D quality of life score 0.45 (0.42, 0.48) 0.76 (0.74, 0.77) �0.31 (�0.33, �0.28)
HADS depression score 9.4 (8.9, 9.8) 4.6 (4.4, 4.8) 4.8 (4.3, 5.2)
HADS anxiety score 11.0 (10.5, 11.5) 6.4 (6.2, 6.6) 4.7 (4.1, 5.2)
SDS sleep 13.4 (12.7, 14.0) 8.1 (7.8, 8.4) 5.3 (4.5, 6.0)
CFS fatigue 6.8 (6.4, 7.2) 2.8 (2.6, 3.0) 4.0 (3.5, 4.4)

* FM = fibromyalgia; 95% CI = 95% confidence interval; ASQoL = Ankylosing Spondylitis Quality of Life (scale 0–18);
EQ-5D = EuroQol 5-domain (scale 0–1 or <1); HADS = Hospital Anxiety and Depression Scale (scale 0–21); SDS =
sleep disturbance score (scale 0–20); CFS = Chalder fatigue scale (scale 0–11).
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DISCUSSION

This UK national study, the largest to have been
conducted to date on the co-occurrence of axial SpA
and FM, demonstrated that ~1 in 5 patients with axial
SpA met the current research criteria for FM. The pro-
portion who met the FM criteria was not higher among
those meeting only the ASAS clinical criteria. Patients
who met the FM criteria had considerably worse
disease indices, had a significantly greater number of
physical and psychological comorbidities, had markedly
poorer quality of life (as measured by generic and
disease-specific scales), and reported a much greater
impact on work than those who did not fulfill the FM
criteria. In contrast, there were no differences in mea-
surements of inflammation and no differences in the
prevalence of most extraspinal disease manifestations.

This multicenter study involved a relatively unse-
lected patient population from secondary care centers,
with recruitment taking place across both specialist and
nonspecialist centers. Moreover, this analysis involved
data from patients who were naive to treatment with
anti-TNF biologic agents, including those who were
newly starting on biologic therapy and those who had
previously started (although all patients, at the time of
recruitment to the register, are naive to biologic ther-
apy). Therefore, the results are likely to represent the
prevalence of those who meet FM criteria in a typical
secondary care population of axial SpA patients.

The key methodologic issue in the current study
is that the 2011 FM research criteria used in this study
have not been validated specifically for use in patients
with axial SpA. Indeed, neither these criteria nor any
other criteria set (nor screening instrument) for FM
have been validated for use in patients with any type of
inflammatory arthritis. The 2010 preliminary diagnostic
criteria for FM (for clinician completion) and the 2011
research criteria for FM (for patient completion) both
require that the patient “does not have a disorder that
would otherwise explain the pain” (7,8). However, this
is challenging for the clinician to determine and almost
impossible for the patient to assess, and it is notewor-
thy that most studies in which the 2010 or 2011 FM
research criteria have been implemented have ignored
this specific requirement, as we have done in the cur-
rent study. Nevertheless, applying these criteria can
identify patients with significant unmet clinical needs.

In a study by Almod�ovar et al (25), conducted
in Spain, AS patients with an elevated BASDAI/Bath
Ankylosing Spondylitis Radiological Index (BASRI) or
elevated BASFI:BASRI ratio had a high probability of
having a diagnosis of FM. In the same study, there was

also some evidence that patients with AS and FM (in
comparison to those with AS only) responded less well
to management strategies such as nonsteroidal antiin-
flammatory drug therapy. Because of the potential for
distortion of the patient-reported measures that influ-
ence management decisions (such as the BASDAI,
which includes items on both pain and fatigue), it has
been hypothesized that some patients with AS and FM
may inappropriately receive biologic therapy.

Although patients who met the FM research cri-
teria did not demonstrate any differences in the preva-
lence of most extraspinal manifestations of the disease,
they did have a greater number of swollen and tender
joints, which might imply that their disease activity is
greater. The only other study, of which we are aware,
that has used similar FM criteria (the 2010 preliminary
diagnostic criteria for FM, which are the clinician version
of the 2011 FM research criteria) evaluated 91 patients
with axial SpA in clinics in Germany and showed that
34.1% of the patients met the 2010 criteria for FM (26).
In contrast, a much lower proportion of patients (14.3%)
met the ACR 1990 classification criteria for FM. A study
by Bello et al (27) used the self-administered Fibromyal-
gia Rapid Screening Tool (FiRST) (28) to screen 196
patients with a clinical diagnosis of SpA who were
attending a single tertiary care university hospital in
France. They reported a prevalence of FM of 21%.
There was no difference in the prevalence of FM
between patients satisfying the ASAS imaging criteria
and those satisfying the ASAS clinical criteria. Patients
with coexisting FM also had higher BASDAI, spinal
pain, and BASFI scores. There was no statistically signif-
icant difference in the proportion of patients with FM
and those without FM receiving anti-TNF therapy. How-
ever, patients with FM who received anti-TNF therapy
were much less likely to be receiving the same therapy 2
years later (28.1% versus 41.7%; P = 0.01).

The European League Against Rheumatism
(EULAR) has recently revised its recommendations for
the management of FM, and all specific recommenda-
tions are now based on either systematic review or meta-
analysis (29). However, the EULAR working group
noted that there were no trials informing clinicians as to
how to treat FM when it occurs in conjunction with an
inflammatory arthritis; this was therefore made a priority
recommendation for future research. There are effective
therapies for FM (albeit most have modest effect sizes),
including both nonpharmacologic and pharmacologic
approaches. Indeed, there is a consensus, reflected in
recommendations produced at both the national and
the international level, that nonpharmacologic treat-
ments, principally cognitive behavior therapy and exercise,
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should constitute first-line therapy (30). Whether such
therapies are as effective in managing FM as a comorbid-
ity alongside best care for an inflammatory condition, and
whether long-term outcomes could be improved, remains
to be determined.

Even in the absence of validated criteria for FM
in patients with inflammatory arthritis, the 2011 FM
research criteria identify a group of axial SpA patients
who have markedly worse patient-reported disease activ-
ity scores, high levels of comorbidity, and clinically
important differences in measures of quality of life. For
example, the ASQoL score of patients who satisfied the
FM criteria (mean 13.1) indicated worse quality of life
than the level deemed acceptable by patients (ASQoL
score of 8.0) (31). Moreover, according to reference
centile charts of the BASDAI, patients who met the cri-
teria for FM had a mean BASDAI score between the
75th and 90th centiles (32). Approximately 4 of 5
patients with axial SpA who met FM criteria had signifi-
cant fatigue, and although there is some circularity in
these observations (for example, fatigue is a single item
in the 2011 FM research criteria), it nevertheless empha-
sizes that the items in the FM criteria set, when taken
together, are identifying a group of patients with very
significant unmet needs. This is particularly true in rela-
tion to work impact, since, among the patients meeting
the criteria for FM, they reported ~15% of work time
missed and impaired performance during more than
one-half of their working time.

In summary, the findings from this study have
shown that an important proportion of patients with
axial SpA meet current research criteria for FM, but the
proportion is no greater among those meeting only the
ASAS clinical criteria. Patients meeting the FM research
criteria have markedly worse disease indices, and this
may therefore represent an unmet and unrecognized
need among patients with axial SpA. A recent large-scale
survey of a patient group conducted by the UK National
Ankylosing Spondylitis Society identified “developing a
greater understanding of the impact of dealing with
other conditions associated with AS” as one of their top
10 research priorities (33). Future research should vali-
date the use of FM research criteria sets in patients with
inflammatory arthritis (including axial SpA) and investi-
gate effective management strategies for patients in
whom these rheumatic conditions co-occur.
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Safety and Efficacy of Intravenous Golimumab in Patients With
Active Psoriatic Arthritis

Results Through Week Twenty-Four of the GO-VIBRANT Study

Arthur Kavanaugh,1 M. Elaine Husni,2 Diane D. Harrison,3 Lilianne Kim,3 Kim Hung Lo,3

Jocelyn H. Leu,3 and Elizabeth C. Hsia4

Objective. To evaluate the safety and efficacy of
intravenous (IV) golimumab treatment in psoriatic
arthritis (PsA).

Methods. In this phase III, randomized, double-
blind, placebo-controlled trial, patients were randomly
assigned to receive IV placebo (n = 239) or golimumab
at 2 mg/kg (n = 241) at weeks 0, 4, 12, and 20. The pri-
mary end point was the proportion of patients meeting
the American College of Rheumatology 20% improve-
ment criteria (achieving an ACR20 response) at week
14. Controlled secondary end points included change
from baseline in Health Assessment Questionnaire dis-
ability index (HAQ DI) score at week 14, proportions
of patients with ACR50 and ACR70 responses and
≥75% improvement on the Psoriasis Area and Severity
Index (a PASI75 response) at week 14, and change
from baseline at week 24 in the total modified Sharp/

van der Heijde score (SHS) with modifications for
patients with PsA.

Results. At week 14, an ACR20 response was
achieved by 75.1% of patients in the golimumab group
compared with 21.8% of patients in the placebo group
(P < 0.001). Greater proportions of golimumab-treated
patients had an ACR50 response (43.6% versus 6.3%),
an ACR70 response (24.5% versus 2.1%), and a PASI75
response (59.2% versus 13.6%) at week 14 (P < 0.001
for all). Patients in the golimumab group had greater
mean changes at week 14 in HAQ DI score (–0.60 ver-
sus –0.12; P < 0.001). At week 24, the mean change in
total PsA-modified SHS was –0.4 in the golimumab
group and 2.0 in the placebo group (P < 0.001).
Through week 24, 40.6% of patients in the placebo
group and 46.3% of patients in the golimumab group
had ≥1 adverse event (AE); infections were the most
common type.

Conclusion. Patients receiving IV golimumab at
2 mg/kg had significantly greater improvements in the
signs and symptoms of PsA and less radiographic pro-
gression through week 24. AEs were consistent with
those seen with other anti–tumor necrosis factor
agents.

Psoriatic arthritis (PsA) can be characterized by
peripheral arthritis, axial arthritis/spondylitis, enthesitis,
dactylitis, and skin and nail psoriasis. The introduction
of anti–tumor necrosis factor (anti-TNF) therapies
greatly improved clinical, radiographic, and quality-of-
life outcomes for patients with moderate-to-severe PsA
compared with earlier conventional therapies (1). Cur-
rent treatment recommendations for PsA generally
advise treatment with biologic therapies, including anti-
TNF agents, for patients with active disease despite con-
ventional therapy, such as disease-modifying antirheumatic
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drugs (DMARDs) and nonsteroidal antiinflammatory
drugs (NSAIDs) (2–4).

In the GO-REVEAL trial, patients with PsA had
significantly greater improvements in the signs and
symptoms of PsA compared with placebo when treated
with subcutaneous (SC) golimumab (5). Of note, goli-
mumab is available as both SC and intravenous (IV)
formulations. SC golimumab is approved for adults
with PsA, rheumatoid arthritis (RA), and ankylosing
spondylitis (6). IV golimumab is currently approved for
patients with RA in a number of countries worldwide
(7). In the Multinational Assessment of Psoriasis and
Psoriatic Arthritis Survey, 26% of patients who had
received biologic therapy expressed that they had expe-
rienced fear, anxiety, or inconvenience related to SC
injections (8). Given the various biologic therapies avail-
able for patients with moderate-to-severe PsA, patient
preference regarding mode and frequency of adminis-
tration is an important factor to consider as part of
shared decision-making when designing a treatment
plan (4). The GO-VIBRANT study was performed to
evaluate the safety and efficacy of IV golimumab in
patients with active PsA. This report describes the
results through week 24 of the GO-VIBRANT study. A
list of investigators who randomized patients in the GO-
VIBRANT trial is provided in Appendix A.

PATIENTS AND METHODS

Patients. Patients age ≥18 years were eligible for
inclusion in the GO-VIBRANT study if they were diagnosed
as having PsA for ≥6 months and met Classification Criteria
for Psoriatic Arthritis (9) at screening. Patients had to have
active PsA (defined as ≥5 of 66 swollen joints and ≥5 of 68
tender joints at screening and baseline and a high-sensitivity
C-reactive protein [CRP] level of ≥0.6 mg/dl at screening)
despite current or previous DMARD therapy (≥3 months)
and/or NSAID therapy (≥4 weeks) or demonstrate intolerance
to these agents.

Previous biologic therapy for PsA was not permitted.
Concomitant use of methotrexate (MTX) (≤25 mg/week) was
permitted for patients who had been receiving MTX for ≥3
months before the first golimumab administration; MTX doses
had to have remained stable for ≥4 weeks. Patients could
receive concomitant oral corticosteroids if they had been
receiving a stable dose (≤10 mg prednisone/day) for ≥2 weeks
prior to the first golimumab administration. Patients were also
permitted to receive concomitant NSAIDs at the usual
approved marketed doses if they had received stable doses for
≥2 weeks prior to the first golimumab administration.

Patients were randomly assigned to treatment groups
by stratified block randomization using an interactive web
response system. Randomization was stratified by geographic
region and baseline MTX use (yes or no). Patients and inves-
tigators were blinded with regard to treatment group assign-
ment for the duration of the study.

Study design. GO-VIBRANT is a phase III, multicen-
ter, randomized, placebo-controlled trial. Eligible patients
were randomized to receive IV infusions of placebo or goli-
mumab at 2 mg/kg at weeks 0 and 4 and every 8 weeks. Infu-
sions were administered during a period of 30 � 10 minutes.
At week 16, patients in both treatment groups with <5%
improvement in swollen and tender joint counts entered early
escape and were allowed one of the following changes in
treatment at the investigator’s discretion: an increase in corti-
costeroid dose (total dose ≤10 mg/day prednisone or equiva-
lent), MTX dose (total dose ≤25 mg/week), or NSAID dose;
or initiation of NSAIDs, corticosteroids (≤10 mg/day pred-
nisone or equivalent), MTX (≤25 mg/week), sulfasalazine (≤3
gm/day), hydroxychloroquine (≤400 mg/day), or leflunomide
(≤20 mg/day).

Assessments. The activity of peripheral arthritis was
primarily evaluated using the American College of Rheuma-
tology (ACR) criteria for improvement in RA (10). Physical
function was evaluated using the Health Assessment Ques-
tionnaire disability index (HAQ DI) (11). Enthesitis was
assessed with the Leeds Enthesitis Index (12), which was
developed for patients with PsA and evaluates the presence
or absence of tenderness in the following entheses (left and
right): lateral elbow epicondyle, medial femoral condyle, and
Achilles tendon insertion. The presence and severity of
dactylitis was assessed in both hands and feet using a scoring
system from 0 to 3 (0 = no dactylitis, 1 = mild dactylitis, 2 =
moderate dactylitis, and 3 = severe dactylitis). For patients
with investigator-assessed spondylitis with peripheral arthritis
of PsA (n = 118), spondylitis was also assessed using the Bath
Ankylosing Spondylitis Disease Activity Index (BASDAI)
(13). Skin response was evaluated using the Psoriasis Area
and Severity Index (PASI), which ranges from 0 to 72 with
higher scores indicating more severe disease, among patients
with ≥3% body surface area involvement at baseline (14).

Health-related quality of life (HRQoL) was evaluated
using the Short Form 36 health survey (SF-36) physical com-
ponent summary (PCS) and mental component summary
(MCS) scores (15). Minimal disease activity (MDA) was also
evaluated as a composite measure with patients classified as
achieving MDA if they met 5 of the following 7 criteria: ten-
der joint count ≤1; swollen joint count ≤1; PASI ≤1 or body
surface area involvement ≤3%; visual analog scale (VAS)
score of ≤15 on patient’s assessment of pain; VAS score of
≤20 on patient’s global assessment of disease activity; HAQ DI
score of ≤0.5; and ≤1 tender entheseal point (16).

Radiographs were obtained at weeks 0 and 24 and
were read by 2 independent assessors who were blinded with
regard to treatment group and time point. Patients who
entered early escape also had radiographs at week 16.
Changes in radiographic damage were measured using the
modified Sharp/van der Heijde score (SHS) with modifica-
tions for patients with PsA (i.e., inclusion of distal interpha-
langeal joints in the hands and pencil-in-cup/gross osteolysis
deformities) (17).

Patients were monitored throughout the study, includ-
ing routine laboratory assessments, for adverse events (AEs).
Serum golimumab concentrations were recorded at prespeci-
fied time points through week 20. The presence of antibodies
to golimumab was assessed through week 20 using a recently
developed, highly sensitive, drug-tolerant enzyme immunoas-
say method in patients who received at least 1 administration
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of golimumab and had at least 1 postadministration sample
available.

Statistical analysis. The primary end point was the
proportion of patients meeting the ACR 20% improvement
criteria (achieving an ACR20 response) (10) at week 14.
Major secondary end points were the change from baseline in
HAQ DI score at week 14, the proportion of patients with an
ACR50 response at week 14, the proportion of patients with
a ≥75% reduction in PASI scores (a PASI75 response) at
week 14, and the change from baseline in total PsA-modified
SHS at week 24. To control for multiplicity, the major sec-
ondary end points were tested sequentially (according to the
order listed above) only if the primary end point achieved sta-
tistical significance. Other controlled end points were change
from baseline in enthesitis score at week 14, change from
baseline in dactylitis score at week 14, change from baseline
in SF-36 PCS score at week 14, proportion of patients with
an ACR50 response at week 24, proportion of patients with
an ACR70 response at week 14, and change from baseline in
SF-36 MCS score at week 14. Changes in enthesitis and
dactylitis were evaluated among patients with these findings
at baseline. These end points were tested sequentially in the
order listed only if the primary and major secondary end
points achieved statistical significance. For other efficacy

analyses, nominal P values were provided for selected end
points.

Efficacy data were analyzed by randomized treat-
ment group (intent-to-treat analysis). For the primary end
point analysis (proportion of patients achieving an ACR20
response) and all other composite end points, missing data for
components were imputed using last observation carried for-
ward methodology, and patients with missing data for all com-
ponents at week 14 were classified as nonresponders. For signs
and symptoms end points, patients were classified as nonre-
sponders (treatment failure) if they discontinued study treat-
ment due to lack of efficacy, initiated prohibited therapies or
had an increase in dose of MTX or oral corticosteroids (other
than early escape treatment), or met the early escape criteria
and initiated or increased concomitant medications.

The change in total PsA-modified SHS was evaluated
for randomized patients who had a baseline total PsA-modi-
fied SHS. Multiple imputations (18), using data from patients
who had data at both week 0 and week 24, were used to
impute week 24 radiograph scores for missing data and/or
early escape. A linear regression model with baseline score,
ln(CRP + 1), and MTX usage as covariates was used to gen-
erate missing data. Comparisons were made using a t-test
from the aggregated data.

Patients randomized
(n = 480)

Golimumab 2 mg/kg
(n = 240)

Placebo
(n = 239)

Continued golimumab 2 mg/kg
(n = 237)

Continued placebo
(n = 227)

Continuing golimumab 2 mg/kg
(n = 230)

Crossed over to golimumab 2 mg/kg
(n = 222)

Week 14

Week 24

12 patients discontinued
study agent
 8 withdrew consent
 1 due to AE
 1 due to lack of 
  efficacy
 1 lost to follow-up
 1 other

3 patients discontinued
study agent
 1 due to AE
 1 due to investigator
  decision
 1 other

5 patients discontinued
study agent
 2 withdrew consent
 1 due to AE
 1 death
 1 other

49 patients met
EE criteria at

week 16

2 patients met
EE criteria at

week 16

7 patients discontinued
study agent
 2 due to AE
 2 due to investigator
  decision
 1 withdrew consent
 2 other

1 patient withdrew before first
study agent administration

Figure 1. Patient disposition through week 24. AE = adverse event; EE = early escape.
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All statistical tests were performed at an alpha level
of 0.05 (2-sided). Differences between treatment groups were
tested using the Cochran-Mantel-Haenszel test for dichoto-
mous end points and mixed-effects model repeated-measures
methodology using observed data for continuous variables.
For the primary end point, it was estimated that 220 patients
in each treatment group would ensure 99% power to detect a
significant difference between the groups, assuming a 20%
ACR20 response rate in the placebo group and a 40%
ACR20 response rate in the golimumab group at a 2-sided
significance level of 0.05 (using a chi-square test). In addition,
for the radiographic end point, it was estimated that 220

patients in each group would provide 90.7% power to detect
a significant difference in the mean change in total PsA-modi-
fied SHS between treatment groups.

RESULTS

Patient disposition and baseline characteristics.
Data for this report were collected from September 2014
to July 2016 at 90 sites in 11 countries (Belarus, Canada,
Germany, Hungary, Lithuania, Poland, Romania, Russia,

Table 1. Baseline demographic and disease characteristics of the patients*

Placebo Golimumab 2 mg/kg
(n = 239) (n = 241)

Age, years 46.7 � 12.5 45.7 � 11.3
Men, no. (%) 121 (50.6) 128 (53.1)
Duration of PsA, years 5.3 � 5.9 6.2 � 6.0
PsA subtype, no. (%)
DIP joint involvement 21 (8.8) 18 (7.5)
Arthritis mutilans 13 (5.4) 10 (4.1)
Asymmetric peripheral arthritis 40 (16.7) 49 (20.3)
Polyarticular arthritis with absence of rheumatoid nodules 108 (45.2) 103 (42.7)
Spondylitis with peripheral arthritis 57 (23.8) 61 (25.3)

ACR core set of disease activity measures
Swollen joint count, 0–66 14.1 � 8.2 14.0 � 8.4
Tender joint count, 0–68 26.1 � 14.4 25.1 � 13.8
Patient’s assessment of pain, 0–10-cm VAS 6.4 � 2.1 6.3 � 2.0
Patient’s global assessment of disease activity, 0–10-cm VAS 6.3 � 2.1 6.5 � 1.9
Physician’s global assessment of disease activity, 0–10-cm VAS 6.4 � 1.6 6.2 � 1.7
HAQ DI score, 0–3 1.3 � 0.6 1.3 � 0.6
CRP, mg/dl 2.0 � 2.0 1.9 � 2.5

BASDAI
No. of patients tested† 53 56
BASDAI score, 0–10 cm 6.4 � 1.9 6.5 � 1.8

Patients with dactylitis in ≥1 digit, no. (%) 124 (51.9) 134 (55.6)
Dactylitis score, 0–60 9.9 � 10.1 9.3 � 9.4

Patients with enthesitis, no. (%) 181 (75.7) 185 (76.8)
Enthesitis score, 0–6 3.2 � 1.6 3.0 � 1.6

Total PsA-modified SHS, 0–528 34.5 � 53.5 35.5 � 55.2
Patients with ≥3% body surface area involvement with psoriasis, no. (%) 198 (82.8) 196 (81.3)
PASI, 0–72 8.9 � 9.0 11.0 � 9.9

SF-36 PCS score, 0–100 34.0 � 7.2 33.1 � 6.9
SF-36 MCS score, 0–100 42.5 � 10.2 43.5 � 11.4
Concomitant medications
MTX
Patients, no. (%) 173 (72.4) 163 (67.6)
Dose, mg/week 14.9 � 4.8 14.8 � 4.7

Oral corticosteroids
Patients, no. (%) 67 (28.0) 66 (27.4)
Dose, mg/day‡ 7.6 � 2.5 7.4 � 2.6

NSAIDs
Patients, no. (%) 167 (69.9) 173 (71.8)

* Except where indicated otherwise, values are the mean � SD. DIP = distal interphalangeal; ACR = American
College of Rheumatology; VAS = visual analog scale; HAQ DI = Health Assessment Questionnaire disability
index; CRP = C-reactive protein; BASDAI = Bath Ankylosing Spondylitis Disease Activity Index; SHS = modified
Sharp/van der Heijde score; PASI = Psoriasis Area and Severity Index; SF-36 = Short Form 36 health survey;
PCS = physical component summary; MCS = mental component summary; MTX = methotrexate; NSAIDs = non-
steroidal antiinflammatory drugs.
† Patients with investigator-assessed spondylitis in addition to peripheral arthritis as their primary presentation of
psoriatic arthritis (PsA).
‡ Dose equivalent to mg prednisone/day.
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Table 2. Clinical efficacy and radiographic progression through week 24*

Week 14 Week 24

Placebo
(n = 239)

Golimumab 2 mg/kg
(n = 241)

Placebo
(n = 239)

Golimumab 2 mg/kg
(n = 241)

Clinical efficacy
ACR20 response 52 (21.8) 181 (75.1)† 58 (24.3) 185 (76.8)†
MTX use at baseline

Yes 38/173 (22.0) 126/163 (77.3) 45/173 (26.0) 127/163 (77.9)
No 14/66 (21.2) 55/78 (70.5) 13/66 (19.7) 58/78 (74.4)

ACR50 response 15 (6.3) 105 (43.6)† 15 (6.3) 129 (53.5)†
MTX use at baseline

Yes 12/173 (6.9) 70/163 (42.9) 11/173 (6.4) 85/163 (52.1)
No 3/66 (4.5) 35/78 (44.9) 4/66 (6.1) 44/78 (56.4)

ACR70 response 5 (2.1) 59 (24.5)† 8 (3.3) 79 (32.8)†
MTX use at baseline

Yes 4/173 (2.3) 39/163 (23.9) 6/173 (3.5) 53/163 (32.5)
No 1/66 (1.5) 20/78 (25.6) 2/66 (3.0) 26/78 (33.3)

No. of patients with spondylitis and peripheral joint
involvement

57 61 57 61

BASDAI20 response 12 (21.1) 41 (67.2)† 20 (35.1) 44 (72.1)†
BASDAI50 response 6 (10.5) 32 (52.5)† 2 (3.5) 28 (45.9)†
BASDAI70 response 1 (1.8) 21 (34.4)† 1 (1.8) 18 (29.5)†

No. of patients with ≥3% body surface area
with psoriasis involvement at baseline

198 196 198 196

PASI75 response 27 (13.6) 116 (59.2)† 26 (13.1) 127 (64.8)†
MTX use at baseline

Yes 20/142 (14.1) 78/131 (59.5) 21/142 (14.8) 86/131 (65.6)
No 7/56 (12.5) 38/65 (58.5) 5/56 (8.9) 41/65 (63.1)

PASI90 response 13 (6.6) 77 (39.3)† 15 (7.6) 84 (42.9)†
PASI100 response 9 (4.5) 33 (16.8)† 11 (5.6) 50 (25.5)†

Change from baseline in HAQ DI score
No. of patients tested 222 233 221 231
Mean � SD –0.12 � 0.47 –0.60 � 0.53† –0.14 � 0.50 –0.63 � 0.55†

Change from baseline in CRP
No. of patients tested 239 241 239 241
Mean � SD –0.3 � 1.9 –1.6 � 2.5† –0.2 � 2.1 –1.5 � 2.4†

No. of patients with enthesitis at baseline 181 185 181 185
Change from baseline in enthesitis score

No. of patients tested 173 182 172 181
Mean � SD –0.8 � 2.0 –1.8 � 1.8† –1.1 � 2.1 –2.1 � 1.8†

No. of patients with dactylitis at baseline 124 134 124 134
Change from baseline in dactylitis score

No. of patients tested 115 130 116 130
Mean � SD –2.8 � 7.0 –7.8 � 8.6† –5.0 � 8.1 –8.2 � 8.9†

Health-related quality of life
Change from baseline in SF-36 PCS score

No. of patients tested 222 233 221 231
Mean � SD 2.7 � 5.9 8.7 � 7.6† 2.5 � 6.2 9.5 � 8.0†

Change from baseline in SF-36 MCS score
No. of patients tested 222 233 221 231
Mean � SD 1.0 � 7.6 5.3 � 9.9† 0.8 � 7.6 5.5 � 10.3†

Radiographic results
Change from baseline in total PsA-modified SHS,
mean � SD

– – 2.0 � 0.3 –0.4 � 0.1†

MTX use at baseline
Yes – – 2.2 � 4.3 –0.4 � 1.9
No – – 1.7 � 4.1 –0.4 � 2.8

Change from baseline in erosion score, mean � SD – – 1.3 � 2.8 –0.3 � 1.7†
Change from baseline in joint space narrowing score,
mean � SD

– – 0.6 � 1.7 –0.1 � 1.1†

Patients with a change from baseline ≤0 in total
PsA-modified SHS

– – 102 (43.0) 170 (71.7)†

Patients with a change from baseline ≥SDC
in total PsA-modified SHS

– – 64 (27.0) 19 (8.0)†

* Except where indicated otherwise, values are the number or number/total number (%). ACR20 = American College of Rheumatology 20% improve-
ment criteria; MTX = methotrexate; BASDAI20/50/70 response = ≥20%/50%/70% reduction in the Bath Ankylosing Spondylitis Disease Activity
Index score; PASI75 = ≥75% improvement on the Psoriasis Area and Severity Index; HAQ DI = Health Assessment Questionnaire disability index;
CRP = C-reactive protein; SF-36 = Short Form 36 health survey; PCS = physical component summary; MCS = mental component summary; PsA-mod-
ified SHS = modified Sharp/van der Heijde score with modifications for patients with psoriatic arthritis; SDC = smallest detectable change (2.49).
† P < 0.001 versus placebo.

IV GOLIMUMAB IN ACTIVE PsA 2155



Spain, Ukraine, and the US). A total of 817 patients
were screened, and 480 patients were randomized to pla-
cebo (n = 239) or golimumab at 2 mg/kg (n = 241); 1
patient in the golimumab group was withdrawn from the
study (met exclusion criteria) before receiving any study
agent and was included in the efficacy analyses. Through
week 14, 12 patients in the placebo group discontinued
study agent; 3 patients in the golimumab group discon-
tinued study agent, in addition to the 1 patient who with-
drew before receiving study agent (Figure 1). After week
14, an additional 12 patients (5 in the placebo group and
7 in the golimumab group) discontinued study agent
through week 24. At week 16, 51 patients met early
escape criteria (49 in the placebo group and 2 in the goli-
mumab group) and were eligible for prespecified treat-
ment adjustments at the investigator’s discretion. Among
these patients, 29 (56.9%) did not have any change in
treatment, 6 (11.8%) and 4 (7.8%) had an increase in
MTX and NSAID dose, respectively, 5 (9.8%) initiated
MTX, 4 (7.8%) initiated corticosteroids, 1 (2.0%) initi-
ated NSAIDs, 1 (2.0%) initiated sulfasalazine, and 1
(2.0%) initiated leflunomide.

Demographic and disease characteristics were
well balanced between the treatment groups (Table 1).
Approximately 52% of all patients were men. The
mean age at baseline was 46 years, and the mean dura-
tion of PsA was 5.8 years. At baseline, 70.0% of all
patients were receiving concomitant MTX, 27.7% were
receiving low-dose oral corticosteroids, and 70.8%

were receiving NSAIDs, and the proportions of
patients receiving these therapies were comparable
between the treatment groups (Table 1).

Clinical efficacy and patient-reported outcomes.
At week 14, 75.1% of patients in the golimumab group
achieved an ACR20 response (primary end point) com-
pared with 21.8% in the placebo group (P < 0.001)
(Table 2). All major secondary end points were
achieved (Table 2). Patients receiving golimumab had a
greater mean change in HAQ DI score at week 14
compared with patients receiving placebo (–0.60 versus
–0.12; P < 0.001), and greater proportions of patients
in the golimumab group had an ACR50 response
(43.6% versus 6.3%; P < 0.001) and a PASI75 response
(59.2% versus 13.6%; P < 0.001) at week 14. In addi-
tion, patients in the golimumab group had less radio-
graphic progression than those in the placebo group
(Figure 2), with a mean change from baseline in total
PsA-modified SHS of –0.4 in the golimumab group and
2.0 in the placebo group at week 24 (P < 0.001)
(Table 2).

All additional controlled secondary end points
showed greater improvements for patients in the goli-
mumab group compared with those in the placebo group.
Golimumab-treated patients had significantly greater
mean changes from baseline in enthesitis scores (–1.8 ver-
sus –0.8; P < 0.001) and dactylitis scores (–7.8 versus –2.8;
P < 0.001) at week 14 compared with placebo-treated
patients. Greater proportions of patients in the golimumab

Figure 2. Cumulative probability plot of change from baseline in modified Sharp/van der Heijde score with modifications for patients with psori-
atic arthritis (PsA-modified SHS). SDC = smallest detectable change.

2156 KAVANAUGH ET AL



group had an ACR50 response at week 24 (53.5% versus
6.3%; P < 0.001) and an ACR70 response at week 14
(24.5% versus 2.1%; P < 0.001). In addition, mean changes
from baseline in SF-36 PCS scores (8.7 versus 2.7; P <
0.001) and MCS scores (5.3 versus 1.0; P < 0.001) at week
14 were significantly greater in the golimumab group than
in the placebo group.

A greater proportion of golimumab-treated
patients had an ACR20 response at week 2 (45.6% ver-
sus 7.5%; P < 0.001). Separation between the treatment
groups was also observed at week 2 for ACR50 and
ACR70 response and was maintained through week 24
(Figure 3). There were no apparent differences in the
ACR20, ACR50, and ACR70 response rates between
patients who received concomitant MTX at baseline
and those who did not (Table 2).

Improvements in dactylitis and enthesitis scores
were maintained at week 24 (Table 2). Patients in the
golimumab group also continued to have greater mean
improvements from baseline in HAQ DI, SF-36 PCS,
and SF-36 MCS scores at week 24 (Table 2). Among
patients with spondylitis with peripheral arthritis at base-
line, greater proportions of golimumab-treated patients
achieved a ≥20%/50%/70% reduction in the BASDAI
score (a BASDAI20, BASDAI50, and BASDAI70
response) at week 14 and week 24 (Table 2).

The proportion of patients with a PASI75
response was maintained through week 24, with no
apparent difference between patients who received
baseline MTX and those who did not (Table 2). Addi-
tionally, the proportions of patients who achieved a
PASI90 and PASI100 response were also greater in the
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Figure 3. Proportion of patients meeting the American College of Rheumatology 20% improvement criteria (achieving an ACR20 response) (A),
achieving an ACR50 response (B), achieving an ACR70 response (C), and achieving minimal disease activity (MDA) (D) through week 24.
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golimumab group at week 14 and week 24 (nominal P
< 0.001). In addition, greater proportions of patients in
the golimumab group achieved the composite MDA
response at both week 14 and week 24 (Figure 3).

Radiographic progression. Mean changes in
total PsA-modified SHS from baseline to week 24 were
similar for patients who did and those who did not
receive MTX at baseline (Table 2). A greater propor-
tion of patients in the golimumab group experienced a
change from baseline of ≤0 (71.7% versus 43.0%; P <
0.001) (Table 2). Patients in the golimumab group
demonstrated mean improvements from baseline in
both erosion (–0.3) and joint space narrowing (–0.1),
while patients in the placebo group had mean increases
in erosion scores (1.3) and joint space narrowing scores
(0.6) (P < 0.001 for both).

AEs. Through week 24, 40.6% of patients in the
placebo group and 46.3% in the golimumab group had
at least 1 AE (Table 3); infections were the most com-
mon type of AE. No opportunistic infections or active
tuberculosis (TB) were reported through week 24.
There were no anaphylactic or serum sickness–like
reactions through week 24. One patient in the goli-
mumab group was diagnosed as having a demyelinating
event, noninfectious encephalomyelitis, ~16 weeks after
the first golimumab administration; the patient was not
hospitalized, and study drug was discontinued.

The incidence of serious AEs (SAEs) was simi-
lar between the treatment groups through week 24
(Table 3). Eight patients (3.3%) in the placebo group
experienced at least 1 SAE, including pneumonia,
acute cardiac failure, abnormal liver function test
result, cerebral hematoma, cataract, humerus fracture,
renal failure, pneumonia aspiration, and deep vein
thrombosis. Two malignancies occurred, both in the

placebo group (non–small cell lung cancer and esopha-
geal neoplasm). Two deaths occurred, both in the pla-
cebo group (1 from acute cardiovascular failure and 1
from cardiorespiratory insufficiency due to metastasis
[from the esophageal neoplasm]). Seven patients
(2.9%) in the golimumab group had an SAE: pleomor-
phic adenoma, myocardial infarction, pneumonia,
abnormal liver function test result, neuritis, drug-
induced liver injury (MTX-induced toxic hepatitis), and
pustular psoriasis.

Mild transaminase elevations were common in
both groups. For alanine aminotransferase (ALT), 34%
of patients in the golimumab group and 26% of patients
in the placebo group had a maximum postbaseline value
that was elevated but <39 the upper limit of normal
(ULN). Most of these patients had values <29 the ULN.
Few patients had values ≥39 the ULN; 2.9% in the
golimumab group and 0.4% in the placebo group had
maximum values ≥39 to <59 the ULN, and 1.7% and
0.4%, respectively, had values ≥59 the ULN.

Among the 240 patients treated in the goli-
mumab group, 22 received TB prophylaxis. Of these, 9
had a maximum postbaseline ALT value that was abnor-
mal through week 24 (8 with an ALT level <29 the
ULN and 1 with an ALT level ≥39 to <59 the ULN).

In the golimumab group, 163 patients received
MTX at baseline. Of these, 43 patients had ALT
levels in the normal range at baseline and a maximum
postbaseline value that was abnormal through week
24. Most of these patients (n = 41) had a value <39
the ULN; 2 had a value ≥39 to <59 the ULN.
Among the 77 patients in the golimumab group who
were not receiving MTX at baseline, 23 had ALT
levels in the normal range at baseline and a maximum
postbaseline value that was abnormal through week
24. Most of these patients (n = 21) had a value <39
the ULN, 1 had a value ≥39 to <59 the ULN, and 1
had a value ≥59 the ULN.

Pharmacokinetics and immunogenicity. Median
trough serum golimumab concentrations reached steady
state at week 12 and were maintained at week 20 (0.59
lg/ml) after IV administration of golimumab at 2 mg/
kg at weeks 0 and 4 and every 8 weeks thereafter.
Median serum golimumab concentrations were gener-
ally similar over time regardless of baseline MTX
usage. Antibodies to golimumab were detected using a
highly sensitive, drug-tolerant immunoassay method in
44 of 226 golimumab-treated patients (19.5%) through
week 20, and antibody titers were generally low in
these patients (39 of these patients had titers below
1:100, while 2 patients had the highest titer of 1:768);
16 of the 44 patients positive for antibodies to

Table 3. AEs through week 24*

Placebo
(n = 239)

Golimumab
2 mg/kg (n = 240)

Duration of follow-up, mean weeks 23.2 23.9
Patients who discontinued
due to an AE

3 (1.3) 5 (2.1)

Patients with ≥1 AE 97 (40.6) 111 (46.3)
Patients with ≥1 infection 37 (15.5) 45 (18.8)
Opportunistic infections 0 0
Demyelinating events 0 1 (0.4)
Patients with ≥1 infusion reaction 0 2 (0.8)
Patients with ≥1 SAE 8 (3.3) 7 (2.9)
Serious infections 2 (0.8) 1 (0.4)
Malignancies 2 (0.8) 0
Deaths 2 (0.8) 0

* Except where indicated otherwise, values are the number (%). AE
= adverse event; SAE = serious AE.
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golimumab were positive for neutralizing antibodies.
Median trough golimumab concentrations were gener-
ally lower in patients who tested positive for antibodies
to golimumab, with golimumab concentrations decreas-
ing as peak titers increased. Among the 41 patients
who tested positive for antibodies to golimumab and
had available ACR response data, 30 (73%) had an
ACR20 response, 12 (29%) had an ACR50 response,
and 5 (12%) had an ACR70 response at week 20.
Among the 170 patients who tested negative for anti-
bodies to golimumab and had available ACR response
data, 144 (85%) had an ACR20 response, 90 (53%)
had an ACR50 response, and 55 (32%) had an ACR70
response at week 20.

Two patients experienced infusion reactions.
One infusion reaction (headache) occurred at week 0
in a patient who later tested positive for antibodies to
golimumab; the reaction was moderate in intensity and
did not lead to study discontinuation. The other infu-
sion reactions (tightness of the chest, anxiety, and dys-
pnea) occurred at week 20 in a patient who tested
positive for antibodies to golimumab. The reactions in
this patient were assessed as moderate in intensity, and
the infusion reaction tightness of chest led to discontin-
uation of study agent administration; electrocardiogram
findings were normal, and results of a troponin test
were negative.

DISCUSSION

In the GO-VIBRANT study, improvements in
PsA disease activity were significantly greater with IV
golimumab at 2 mg/kg compared with placebo for adult
patients with active PsA. The primary end point was
achieved, with 75.1% of golimumab-treated patients
having an ACR20 response at week 14 compared with
21.8% of patients in the placebo group. In addition,
greater proportions of golimumab-treated patients
achieved high levels of response, reflected in ACR50
and ACR70 responses and MDA. Separation between
the treatment groups was observed as early as week 2
and maintained through week 24.

Improvements in enthesitis and dactylitis
through week 24 were greater in the golimumab group.
Among patients with spondylitis with peripheral arthri-
tis as their primary arthritis presentation of PsA,
BASDAI20, BASDAI50, and BASDAI70 response rates
were also greater with golimumab. Additionally, skin
response with IV golimumab was robust, with >40% of
patients achieving a PASI90 response and 25% achieving
skin clearance (a PASI100 response) at week 24. Patients
in the golimumab group also experienced significantly

less radiographic progression through week 24, and a
greater proportion of golimumab-treated patients
demonstrated no progression through week 24. Improve-
ments in physical function and HRQoL were also
greater in the golimumab group, as evidenced by
improvements in the SF-36 PCS and MCS scores, which
are relevant to patients with PsA.

AEs observed through week 24 of this trial were
consistent with results of previous trials of SC and IV
golimumab in patients with rheumatic diseases (5,19–22)
as well as with the safety profiles of other anti-TNF
agents (23,24). It should be noted that this study was
not powered to detect rare safety events. Infections were
the most common type of AE among patients who
received golimumab; there were no cases of opportunis-
tic infections or active TB through week 24. Few infu-
sion reactions occurred, and none were considered to be
serious or severe. Through week 24, 2 patients (both in
the placebo group) were diagnosed as having a malig-
nancy. Two deaths occurred, both in the placebo group.
The incidence of SAEs (3%) was low and balanced
between the treatment groups. Elevations in ALT have
been associated with anti-TNF therapies (25) and were
also noted in this study (most were mild). Concomitant
treatment for latent TB or with MTX did not have
effects on this pattern in the current study.

Forty-four patients tested positive for antibodies
to golimumab using a highly sensitive, drug-tolerant
assay, which was consistent with other rheumatic indi-
cations tested with the same assay. The higher inci-
dence of antibodies to golimumab in comparison to the
previous assay (5) was expected due to the higher sensi-
tivity of the current assay. The majority of patients who
tested positive for antibodies to golimumab in the GO-
VIBRANT study had low titers, which did not have an
apparent effect on golimumab concentrations, efficacy,
or safety. Higher titers of antibodies may be associated
with lower golimumab concentrations and efficacy. How-
ever, this should be interpreted with caution because
there were few patients with high titers in this study.
Development of antibodies to golimumab did not
preclude clinical response in this population.

One of the overarching principles in the Group
for Research and Assessment of Psoriasis and Psoriatic
Arthritis PsA treatment recommendations is the con-
cept that treatment decisions should be individualized
for patients, taking into account patient preferences in
addition to other factors such as disease activity and
treatment history (2). In addition to safety and efficacy,
patient preferences regarding the characteristics of SC
and IV therapies, including mode and frequency of
administration and the ability to self-administer therapy
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at home or receive treatment in a medical facility, play
a role in determining treatment. Prior studies of patient
preference with anti-TNF therapies have shown that
while some patients prefer the flexibility to self-admin-
ister SC treatments at home (26,27), other patients
express fear or anxiety regarding self-injection (8) and
prefer the additional interactions with health care pro-
viders when receiving an IV medication (26,27). There-
fore, given the various therapies available for patients
with moderate-to-severe PsA, patient preference
regarding mode and frequency of administration is an
important factor to consider as part of shared decision-
making when designing a treatment plan (4). Currently,
golimumab is the only anti-TNF therapy with both SC
and IV formulations, which may allow a more individu-
alized treatment plan for some patients.

Through week 24 of the GO-VIBRANT trial,
patients with PsA treated with IV golimumab at 2 mg/kg
at weeks 0 and 4 and every 8 weeks thereafter experi-
enced significantly greater improvements in measures of
disease activity (both joint and skin), HRQoL, and
radiographic progression compared with patients receiv-
ing placebo. The AEs reported in this trial were consis-
tent with the established safety profile of anti-TNF
agents, including SC and IV golimumab, in patients with
rheumatic diseases. The study will continue through 1
year, including patients who crossed over from placebo
to golimumab at week 24, and those data will be pre-
sented in a subsequent publication.
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Association of Trauma and Posttraumatic Stress Disorder With
Incident Systemic Lupus Erythematosus in a Longitudinal

Cohort of Women

Andrea L. Roberts,1 Susan Malspeis,2 Laura D. Kubzansky,1 Candace H. Feldman,2

Shun-Chiao Chang,3 Karestan C. Koenen,4 and Karen H. Costenbader2

Objective. To conduct the first longitudinal study
examining whether trauma exposure and posttrau-
matic stress disorder (PTSD) are associated with
increased risk of incident systemic lupus erythemato-
sus (SLE) in a civilian cohort.

Methods. We examined the association of trauma
exposure and PTSD symptoms with SLE incidence over
24 years of follow-up in a US longitudinal cohort of
women (n = 54,763). Incident SLE in women meeting ≥4
American College of Rheumatology criteria was ascer-
tained by self-report and confirmed by medical record
review. PTSD and trauma exposure were assessed with
the Short Screening Scale for Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition PTSD and
the Brief Trauma Questionnaire, respectively. Women
were categorized as having no trauma, trauma and no
PTSD symptoms, subclinical PTSD (1–3 symptoms), or
probable PTSD (4–7 symptoms). We examined whether
longitudinally assessed health risk factors (e.g., smok-
ing, body mass index [BMI], oral contraceptive use)
accounted for increased SLE risk among women with
trauma exposure and PTSD versus those without.

Results. During follow-up, 73 cases of SLE
occurred. Compared to women with no trauma, proba-
ble PTSD was associated with increased SLE risk (for

4–7 symptoms, hazard ratio [HR] 2.94 [95% confidence
interval {95% CI} 1.19–7.26], P < 0.05). Subclinical PTSD
was associated with increased SLE risk, although this
did not reach statistical significance (for 1–3 symptoms,
HR 1.83 [95% CI 0.74–4.56], P = 0.19). Smoking, BMI,
and oral contraceptive use slightly attenuated the asso-
ciations (e.g., for 4–7 symptoms, adjusted HR 2.62 [95%
CI 1.09–6.48], P < 0.05). Trauma exposure, regardless of
PTSD symptoms, was strongly associated with incident
SLE (HR 2.83 [95% CI 1.29–6.21], P < 0.01).

Conclusion. This study contributes to growing
evidence that psychosocial trauma and associated stress
responses may lead to autoimmune disease.

Exposure to psychosocial stress may alter
immune function, and exposure to severe stressors and
high levels of subsequent distress have been implicated
in autoimmune disease pathogenesis (1–3) and have
been associated with subsequent development of
autoimmune disease (4,5). Posttraumatic stress disorder
(PTSD) is the sentinel stress-related disorder and indi-
cates severe psychological distress occurring in response
to a traumatic stressor. Epidemiologic research has
suggested that PTSD may increase the risk of autoim-
mune disease (6,7), including rheumatoid arthritis (7–
10), autoimmune thyroiditis (9,10), inflammatory bowel
disease, multiple sclerosis (9), and psoriasis (10). Thus,
PTSD may also be associated with increased risk of sys-
temic lupus erythematosus (SLE).

SLE is an autoimmune disorder associated with
renal failure (11), myocardial infarction (12,13), fatal
infection (14,15), and premature mortality (standardized
mortality ratio 2.4) (14), the incidence of which is 3–13-
fold higher among women than among men (16). High
prevalences of anxiety and psychological distress are well
documented among individuals with SLE (17–19), and
stress and emotional distress are often implicated by
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SLE patients as triggers of their disease flares (20). How-
ever, evidence is sparse regarding whether traumatic
experiences, stress, or PTSD increase SLE risk, as just 1
study comprising predominantly male military veterans
has specifically examined the association of PTSD with
risk of SLE. In a study using computerized medical
records of individuals enrolled in the Department of
Veterans Affairs health care system, war veterans diag-
nosed as having PTSD had a significantly higher risk of
subsequently being diagnosed as having SLE (adjusted
relative risk 1.85) (9) than those without a diagnosis of a
psychiatric disorder over a median of 4 years of follow-up.
Moreover, the association of PTSD with SLE (as well as
with other autoimmune diseases) was stronger than those
of other psychiatric disorders. This sample was 88% male,
and the median duration between psychiatric diagnosis
and immune disorder diagnosis was slightly >7 months
(220 days), raising concerns about potential confounding
or reverse causation due to undetected autoimmune
disease.

No longitudinal studies have been conducted
among civilians regarding risk of SLE in association
with PTSD or traumatic events. Additionally, no studies
have examined whether trauma exposure alone, irre-
spective of psychological sequelae, is associated with
increased risk of SLE. Finally, lifestyle factors that are
more common in persons with PTSD have been identi-
fied as possible risk factors for increased systemic
inflammation and autoimmune disease, including smok-
ing, obesity, and oral contraceptive use (16,21–26).
These behavioral factors may partially account for the
relationship between trauma, PTSD, and autoimmune
disease, yet their role has not been examined.

In the present study, we tested the hypothesis
that trauma and PTSD are associated with increased
risk of incident SLE in a large longitudinal cohort of
civilian women. We further examined whether a higher
prevalence of health risk behaviors, namely, smoking,
sedentary lifestyle, obesity, alcohol use, and oral con-
traceptive use, might account for possible increased risk
of SLE in women with PTSD and trauma exposure ver-
sus those without. Finally, as depression has been asso-
ciated with SLE (18) and is frequently comorbid with
PTSD (27), we ascertained the association of PTSD
with SLE independently of depression.

PATIENTS AND METHODS

Participants. The Nurses’ Health Study II (NHSII) is
an ongoing cohort of 116,430 female nurses initially enrolled
in 1989 and followed up with biennial questionnaires. The
present study included follow-up through 2013. This study

included women who returned a supplementary 2008 ques-
tionnaire on trauma exposure and PTSD symptoms (n =
54,763). This questionnaire was sent to a subsample of partic-
ipants (n = 60,804; response rate 90.1%). To retain participa-
tion in the ongoing longitudinal cohort, only women who
have already returned their biennial questionnaire are sent
supplementary questionnaires. Women missing data on
trauma or PTSD symptoms (n = 3,930) were excluded. This
study was approved by the Institutional Review Board of
Brigham and Women’s Hospital. Return of the questionnaire
via US mail constitutes implied consent.

Case ascertainment. Methods for SLE case identifica-
tion and validation according to the American College of
Rheumatology (ACR) revised criteria for SLE (28) as updated
in 1997 (29) have been reported (30,31). Nurses were asked to
report all new physician-diagnosed SLE on each question-
naire. Women who self-reported new cases were then asked
to complete the Connective Tissue Disease (CTD) Screening
Questionnaire (30), to provide the name and address of the
health care provider who had diagnosed SLE, and to sign a
medical records release. For all women who scored positive
for symptoms of SLE on the CTD Screening Questionnaire,
we attempted to obtain medical records from the time of diag-
nosis. These records were independently reviewed by 2 board-
certified rheumatologists for all ACR criteria for SLE and
other features consistent with SLE.

We excluded participants who reported an existing
diagnosis of SLE at baseline and censored those who self-
reported CTD at follow-up without SLE confirmation with
≥4 ACR criteria by medical record review (n = 531). The
sensitivity and specificity of this 2-stage screening procedure
have been shown to be high (32).

PTSD and trauma ascertainment. Trauma exposure
and PTSD symptoms were assessed on a supplementary 2008
questionnaire. The 16-item Brief Trauma Questionnaire que-
ried lifetime exposure to 15 types of traumatic events (e.g.,
serious car accident, sexual assault), and an additional item
queried any traumatic event not covered in the other ques-
tions (33). Respondents were asked to identify which trauma
was their worst or most distressing; they were then asked
their age at this worst trauma as well as their age at their first
trauma. PTSD symptoms were assessed in relation to their
worst trauma with the 7-item Short Screening Scale for Diag-
nostic and Statistical Manual of Mental Disorders, Fourth
Edition PTSD (34). Four or more symptoms on this scale
have been associated with PTSD diagnosis (sensitivity 80%,
specificity 97%, positive predictive value 71%, negative pre-
dictive value 98%) (34).

For each year of follow-up, participants were charac-
terized as trauma unexposed, trauma exposed/no PTSD symp-
toms, trauma/1–3 PTSD symptoms (subclinical PTSD), or
trauma/4–7 PTSD symptoms (probable PTSD). Trauma and
PTSD status were time-updated over the follow-up period,
with date of onset of trauma and PTSD symptoms deter-
mined as follows. A respondent was considered trauma unex-
posed for each year of follow-up before her age at first
trauma. For each year of follow-up after her age at first
trauma, she was considered trauma exposed/no PTSD symp-
toms. For each year of follow-up after her age at worst
trauma, she was characterized as having no symptoms, 1–3
symptoms, or 4–7 PTSD symptoms based on her responses to
the PTSD screen. If a woman reported only 1 trauma, her
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age at first trauma and age at worst trauma were considered
the same. For example, a woman who reported experiencing
her first trauma at age 40, her worst trauma at age 50, and 6
PTSD symptoms in relation to this worst trauma would be
coded as trauma unexposed before age 40, trauma exposed
with no PTSD symptoms after age 40, and trauma exposed
with 4–7 PTSD symptoms after age 50. To mitigate concerns
about reverse causality, women who reported illness as their
worst trauma were excluded from analyses of PTSD and SLE
to avoid including women whose SLE could have induced
PTSD symptoms (n = 2,129; 18 cases of SLE).

For analyses of the association of any lifetime trauma
with SLE risk (irrespective of PTSD symptoms), we coded
trauma exposure according to a woman’s age at her first
trauma. For each year of follow-up, a woman was considered
trauma exposed if she was older than her reported age at first
trauma and was considered trauma unexposed if she was
younger than her age at first trauma or reported never experi-
encing a traumatic event. Women whose first trauma was ill-
ness were excluded (n = 408; 4 cases of SLE).

Health risk behaviors and demographic covariates.
We selected covariates that have been related to either PTSD
or SLE or both (16,21–23,25,26,31,35). Covariates were time-
updated, such that for each year of follow-up the most recent
report was used (further information is available upon request
from the corresponding author). Oral contraceptive use,
current smoking status, and weight were queried on each
biennial questionnaire, from 1989 to 2013. Body mass index
(BMI) was calculated in kg/m2 based on weight reported
on the biennial questionnaires and self-reported height as
reported on the baseline questionnaire (1989). Self-reported
weight was highly reliable (r = 0.97) in a validation study
(36). Physical activity was queried in 7 waves (1989–2013)
and was characterized as 0–9 or ≥10 metabolic equivalents/
week. Alcohol use was queried in 1989, 1995, 2005, and 2009.
Lifetime history of depression was assessed in 2001. Indica-
tors of socioeconomic status included US Census tract med-
ian household income obtained from geocoded home
addresses and highest level of parents’ education when
respondents were infants, reported in 2005 as high school or
less, some college, or college or more. Self-reported race was
coded as white or nonwhite. As race has been strongly associ-
ated with SLE risk (16), we included race in all models.

Statistical analysis. We examined prevalence of all
covariates by trauma/PTSD status at baseline in 1989. To
ascertain the association of trauma exposure and PTSD with
incident SLE, we calculated hazard ratios (HRs) with 95%
confidence intervals (95% CIs) for each level of trauma/
PTSD symptoms using Cox proportional hazards regression
with age in months as the measure of time (time metameter),
with trauma unexposed as the referent. We additionally exam-
ined the association of PTSD symptoms, coded as a continu-
ous variable (from 0 to 7), with SLE incidence.

We evaluated census tract median income and par-
ents’ education in respondents’ infancy as possible demo-
graphic covariates; since we found that they were not
associated with SLE and did not alter the association of
trauma or PTSD with SLE, we did not include them in mod-
els. We separately examined the association of each health
risk factor (e.g., smoking, sedentary behavior, obesity, alcohol
use, and oral contraceptive use) with SLE incidence using
Cox proportional hazards models. To ascertain the extent to

which higher prevalence of health risk factors in women with
PTSD could account for any observed elevated risk of SLE,
we calculated HRs for SLE for each level of trauma/PTSD
symptoms in models including as covariates all health factors
associated with SLE, using Cox models.

We did not conduct formal mediation analyses, as the
health risk factors we examined could be either confounders, to
the extent that they were present prior to trauma or PTSD
onset, or mediators, to the extent that they increased following
onset of trauma or PTSD. Given the rarity of SLE and that
these health risk factors typically initiate prior to the age of
most women at our study enrollment, we did not have sufficient
power to distinguish confounding from mediation. Thus, these
analyses address the question “Does potentially higher preva-
lence of health risk factors in women with trauma/PTSD
account for any observed elevated risk of SLE?” without distin-
guishing whether the factors are confounders or mediators of
the PTSD–SLE relationship. To examine whether trauma expo-
sure per se confers increased risk of SLE, regardless of whether
women subsequently developed PTSD, we calculated hazard of
incident SLE in relation to any lifetime trauma exposure using
Cox models with age in months as the measure of time, with
trauma unexposed as the referent.

Although we established the date of onset of PTSD,
because PTSD assessment was in 2008, we conducted careful
tests of the possibility of reverse causality in the relationship
between PTSD and SLE. That is, we assessed the likelihood
that prediagnosis SLE symptoms might either elicit PTSD
symptoms or increase the likelihood of reporting PTSD symp-
toms, in 3 sensitivity analyses. First, we conducted analyses
excluding any SLE cases occurring within 2 years of PTSD
onset/trauma. Next, we examined the association of PTSD
status at cohort enrollment in 1989 (i.e., without updating
PTSD status over time) in relation to incident SLE over fol-
low-up, to ensure that PTSD likely occurred well before SLE
onset, given that women who reported SLE at cohort enroll-
ment were excluded. Finally, we tested whether SLE inci-
dence was associated with increased subsequent risk of
PTSD; for this analysis we excluded women with PTSD symp-
tom onset prior to developing SLE or prior to cohort enroll-
ment and conducted Cox models with age as the time
measure, adjusted for race. In these models, women were
considered SLE unexposed before their SLE diagnosis or if
they did not report SLE and SLE exposed in the year of their
confirmed SLE diagnosis and for subsequent years. To ascer-
tain whether PTSD was associated with SLE independently of
depression, we conducted analyses excluding women with
depression prior to PTSD onset. Thus, we conducted sensitiv-
ity analyses including only women who 1) reported no depres-
sion prior to 2001, when lifetime history of depression was
assessed, and 2) had their worst trauma prior to 2001 or did
not experience a traumatic event.

RESULTS

Compared to women with no trauma exposure,
women with 4–7 PTSD symptoms at baseline were of
similar age, were more likely to have ever used oral
contraceptives and to have ever smoked, and were
less likely to have a healthful BMI (Table 1). Over the
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24-year follow-up period, 73 women developed SLE. In
time-updated models, smoking, oral contraceptive use,
and BMI were each associated with increased risk of
developing SLE, while alcohol use and sedentary behav-
ior were not (Table 2). Nearly all women with SLE in
our sample had seen an ACR member rheumatologist
and were antinuclear antibody positive (Table 3).

In models adjusted only for race and age, a high
level of PTSD symptoms (4–7) was associated with
increased SLE risk. This association was somewhat
attenuated in models further adjusted for smoking, oral
contraceptive use, and BMI (Figure 1A). From 1 to 3
PTSD symptoms was associated with elevated risk of
SLE; however, this did not reach statistical significance.
In models adjusted for race and age, continuous PTSD
symptoms were associated with increased risk of inci-
dent SLE with borderline statistical significance (per
symptom, HR 1.11 [95% CI 0.99–1.24]). Any trauma
exposure versus no trauma exposure was strongly asso-
ciated with increased SLE risk (Figure 1B). This associ-
ation was slightly attenuated after accounting for
smoking, BMI, and oral contraceptive use.

In sensitivity analyses excluding the first 2 years
of follow-up, results were similar to those in the

Table 1. Baseline age-standardized characteristics of the subjects in the Nurses’ Health Study II (assessed in 1989) by trauma and PTSD status
(n = 50,242)*

No trauma Trauma, no PTSD PTSD, 1–3 symptoms PTSD, 4–7 symptoms
(n = 14,885) (n = 19,579) (n = 9,514) (n = 6,264)

Age in 1989, mean � SD years† 34.1 � 4.8 34.8 � 4.6 35.2 � 4.5 35.2 � 4.4
Nonwhite 5 5 6 6
Census tract median income <$40,000 11 13 13 15
Parents’ education, high school or less 50 49 49 48
Oral contraceptive use
Never 19 16 14 14
Past 67 73 74 76
Current 14 12 11 10

Smoking status
Never 72 66 64 60
Past 19 22 24 26
Current 10 12 12 14

Alcohol consumption ≥5 gm/day 20 20 21 20
BMI, mean � SD kg/m2 23.6 � 4.6 23.9 � 4.8 24.0 � 4.9 24.2 � 5.2
Exercise
0–9 METs/week 38 37 38 37
≥10 METs/week 62 62 62 63

Lifetime history of depression (assessed in 2001) 5 8 8 20

* Values are standardized to the age distribution of the study population. Values of polytomous variables may not sum to 100% due to rounding.
Except where indicated otherwise, values are the percent of subjects. PTSD = posttraumatic stress disorder; BMI = body mass index; METs =
metabolic equivalents.
† Not age adjusted.

Table 2. Association of health risk factors with SLE incidence
among women followed up in the Nurses’ Health Study II*

Model Person-years SLE cases HR (95% CI)

BMI, kg/m2

18.5 to <25 596,488 34 1.0 (referent)
25 to <30 295,029 17 1.11 (0.61–2.00)
≥30 237,617 19 1.71 (0.95–3.04)

Smoking status
Never 764,548 37 1.0 (referent)
Past 297,275 26 1.93 (1.16–3.21)
Current 93,212 10 2.06 (1.01–4.18)

Oral contraceptive use
Never 150,051 3 1.0 (referent)
Ever 1,004,984 70 3.62 (1.14–11.52)

Exercise, METs/week
0–9 427,431 33 1.0 (referent)
≥10 691,039 39 0.74 (0.46–1.17)

Alcohol consumption
None 283,434 18 1.0 (referent)
>0 to <5 gm/day 599,448 38 1.08 (0.61–1.90)
≥5 gm/day 272,153 17 1.15 (0.59–2.26)

* All models are adjusted for race. Each model contains only 1 health
risk factor. SLE = systemic lupus erythematosus; HR = hazard ratio;
95% CI = 95% confidence interval; BMI = body mass index; METs =
metabolic equivalents.

Table 3. Characteristics of subjects with incident systemic lupus
erythematosus in the Nurses’ Health Study II from 1989 to 2011
(n = 73)*

White race 68 (93.2)
ANA positive 72 (98.6)
Anti-dsDNA positive 39 (53.4)
Arthritis present 53 (72.6)
Hematologic involvement 47 (63.4)
Renal involvement 7 (9.6)
Seen by an ACR member rheumatologist 65 (89.0)

* Values are the number (%) of subjects. ANA = antinuclear anti-
body; anti-dsDNA = anti–double-stranded DNA; ACR = American
College of Rheumatology.
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main analyses (in race- and age-adjusted models, for 4–7
PTSD symptoms, HR 3.26 [95% CI 1.32–8.05]; for
trauma exposure, HR 2.73 [95% CI 1.25–6.00]). In mod-
els examining risk of incident SLE in association with
trauma and PTSD status at baseline in 1989, there was a
strong association of trauma and PTSD with SLE inci-
dence (in race- and age-adjusted models, for trauma and
no PTSD, HR 2.41 [95% CI 1.21–4.81]; for 1–3 PTSD
symptoms, HR 2.13 [95% CI 0.81–5.63]; for 4–7 PTSD
symptoms, HR 3.83 [95% CI 1.65–8.91]). In sensitiv-
ity analyses, we did not find evidence that SLE in-
creased risk of subsequently developing PTSD (for

developing SLE, HR 0.92 [95% CI 0.29–2.93]). In analy-
ses restricted to women without a diagnosis of depres-
sion prior to 2001 and with their worst event occurring
prior to 2001 (n = 42,677; 22 cases of SLE), the associa-
tion of trauma and PTSD symptoms with SLE risk was
slightly stronger than in the main analyses, although con-
fidence intervals were wide and estimates did not reach
statistical significance, perhaps because there were rela-
tively few cases (for trauma and no PTSD, HR 3.30
[95% CI 0.72–15.12]; for 1–3 PTSD symptoms, HR 2.87
[95% CI 0.58–14.3]; for 4–7 PTSD symptoms, HR 4.06
[95% CI 0.74–22.35]).

Figure 1. Hazard ratios (HRs) with 95% confidence intervals (95% CIs) for systemic lupus erythematosus in association with exposure to trauma
and symptoms of posttraumatic stress disorder (PTSD). A, In the base model, for trauma and no PTSD, HR 1.96 (95% CI 0.82–4.66), P > 0.05;
for 1–3 PTSD symptoms, HR 1.83 (95% CI 0.74–4.56), P = 0.19; for 4–7 PTSD symptoms, HR 2.94 (95% CI 1.19–7.26), P < 0.05. In the adjusted
model, for trauma and no PTSD, HR 1.85 (95% CI 0.77–4.40), P > 0.05; for 1–3 PTSD symptoms, HR 1.68 (95% CI 0.68–4.19), P > 0.05; for
4–7 PTSD symptoms, HR 2.62 (95% CI 1.09–6.48), P < 0.05. B, In the base model, for trauma exposed, HR 2.83 (95% CI 1.29–6.21), P < 0.01.
In the adjusted model, for trauma exposed, HR 2.61 (95% CI 1.19–5.73), P < 0.05. All HRs were calculated with Cox proportional hazards mod-
els with age in months as the time measure. All models are adjusted for race. BMI = body mass index.

2166 ROBERTS ET AL



DISCUSSION

In this large longitudinal study of civilian women,
trauma exposure and PTSD were strongly associated
with increased risk of incident SLE. We found a nearly
3-fold elevated risk of incident SLE among women with
probable PTSD and a >2-fold higher risk of incident
SLE among women who had experienced any traumatic
event compared with trauma-unexposed women.

These associations do not appear to result from
either confounding or reverse causality in the associa-
tion, whereby SLE might have caused trauma exposure
or PTSD. We excluded trauma caused by illness, and
findings were consistent when trauma and PTSD expo-
sure were time lagged and when trauma and PTSD
were characterized at baseline, substantially prior to
most SLE diagnoses. Results were also largely similar
when we excluded women who had received a diagnosis
of depression. Moreover, we found that SLE diagnosis
itself did not predict risk of subsequently developing
PTSD. These results strengthen evidence that the expe-
rience of trauma and PTSD may increase risk of subse-
quent SLE.

We examined whether several health risk factors
accounted for the association between trauma or PTSD
and SLE and found that an elevated risk of SLE in
women with trauma or PTSD remained after accounting
for these factors. These results indicate that biologic
changes subsequent to trauma and PTSD should be
further explored mechanisms by which trauma and
PTSD increase risk of SLE. To date, much of the
research on biologic changes associated with trauma and
PTSD has been conducted examining whether higher
levels of inflammation are evident (37–45) and consider-
ing alterations to the functioning of the hypothalamic–
pituitary–adrenal (HPA) axis (46–48). As both HPA axis
functioning and dysregulated inflammatory processes
have been implicated in SLE, they are promising candi-
dates for underlying mechanisms linking trauma–PTSD
with subsequent SLE (1). PTSD has been associated
with dysregulation of the HPA axis (46–48). HPA axis
function differs in persons with versus those without
SLE (49), although it is not known whether these abnor-
malities precede SLE onset.

Animal models have demonstrated a link
between PTSD and increased systemic inflammation.
For example, in rats exposed to predator-induced
PTSD, inflammatory micro-RNAs were up-regulated in
the brain, adrenal glands, and blood (50). In humans,
numerous studies have found associations of PTSD and
trauma exposure with elevated circulating inflammatory
molecules, including tumor necrosis factor, C-reactive

protein, and interleukin-6 (37–45). Additionally, per-
sons with PTSD have a more hyperactive immune
response and higher circulating IgM levels than those
without (10,51). It is also possible that there may be
additional relevant health risk factors that we did not
measure. For example, sleep disturbance has been asso-
ciated with PTSD (52) and is prevalent among patients
with SLE (53). In a mouse model of SLE, sleep depri-
vation induced earlier disease onset (54).

Our findings are subject to several limitations.
Our sample was predominantly white; therefore, this
association should be studied in women of other races.
Because of the timing of our PTSD assessment, lifetime
exposure to trauma and PTSD symptoms was reported
after many SLE cases had occurred (65 of 73). More-
over, our trauma and PTSD assessment was in 2008;
thus, women may have experienced trauma and PTSD
between 2008 and the end of follow-up in 2013. Misclas-
sification of trauma- and PTSD-exposed women as unex-
posed is likely to have biased results toward the null
hypothesis. Although we conducted multiple analyses to
assess if our associations might be a result of SLE lead-
ing to trauma and PTSD, and did not find evidence to
support this, our study design cannot definitively rule out
this possibility. Although our sample was large, the num-
ber of incident SLE cases was moderate, limiting statisti-
cal power. Moreover, the women who enrolled in the
NHSII cohort were nurses and were likely more inter-
ested in health-protective behaviors than women in the
general population, and this difference may have biased
our results. Our study has a number of important
strengths. It is the first longitudinal study to examine this
question among a healthy civilian cohort with incident
SLE validated by medical record review. Participants
were not selected on the basis of trauma or PTSD status;
thus, our results are more generalizable than those of
clinic-based studies.

Our study contributes to growing evidence that
psychosocial trauma and associated stress responses
lead to autoimmune disease. Identification of the bio-
logic pathways by which psychosocial trauma may
increase risk of autoimmune disease is crucial and may
provide greater insight into disease etiology, as well as
strategies for prevention. In addition, identification of
mechanisms by which trauma and PTSD are associated
with increased risk of SLE may indicate mechanisms
for the association of PTSD and trauma exposure with
other chronic diseases. Future studies are needed to
determine whether treatment for PTSD affects these
pathways and whether lifestyle interventions can reduce
the risk of autoimmune disease subsequent to trauma
or PTSD.
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Association of Natural Killer Cell Ligand Polymorphism HLA–C Asn80Lys With
the Development of Anti-SSA/Ro–Associated Congenital Heart Block

Hannah C. Ainsworth,1 Miranda C. Marion,1 Tiziana Bertero,2 Antonio Brucato,3 Rolando Cimaz,4

Nathalie Costedoat-Chalumeau,5 Micaela Fredi,6 Patrick Gaffney,7 Jennifer Kelly,7 Kateri Levesque,5

Alice Maltret,5 Nathalie Morel,5 Veronique Ramoni,3 Amelia Ruffatti,8 Carl D. Langefeld,1 Jill P. Buyon,9

and Robert M. Clancy9

Objective. Fetal exposure to maternal anti-SSA/
Ro antibodies is necessary but not sufficient for the
development of autoimmune congenital heart block
(CHB), suggesting that other factors, such as fetal
genetic predisposition, are important. Given the previ-
ously described association between major histocom-
patibility complex alleles and CHB risk, we undertook
the present study to test the hypothesis that a variant
form of HLA–C Asn80Lys, which binds with high affin-
ity to an inhibitory killer cell immunoglobulin-like
receptor (KIR) and thus renders natural killer (NK)
cells incapable of restricting inflammation, contributes
to the development of CHB.

Methods. Members of 192 pedigrees in the US
and Europe (194 cases of CHB, 91 unaffected siblings,
152 fathers, 167 mothers) and 1,073 out-of-study controls

were genotyped on the Immunochip single-nucleotide
polymorphism microarray. Imputation was used to iden-
tify associations at HLA–C Asn80Lys (Asn, C1; Lys, C2)
and KIR. Tests for association were performed using
logistic regression. McNemar’s test and the pedigree dis-
equilibrium test (PDT) were used for matched analyses
between affected and unaffected children.

Results. Compared with out-of-study controls of
the same sex, the C2 allele was less frequent in the
mothers (odds ratio [OR] 0.63, P = 0.0014) and more
frequent in the fathers (OR 1.40, P = 0.0123), yielding
a significant sex-by-C2 interaction (P = 0.0002). The
C2 allele was more frequent in affected siblings than
in unaffected siblings (OR 3.67, P = 0.0025), which
was consistent with the PDT results (P = 0.016); these
results were observed in both sexes and across the
US and European cohorts. There was no difference in
the frequency of the inhibitory KIR genotype (KIR
AA) between affected and unaffected children (P =
0.55).

Conclusion. These data establish C2 as a novel
genetic risk factor associated with CHB. This observa-
tion supports a model in which fetuses with C2 ligand
expression and maternal anti-SSA/Ro positivity may
have impaired NK cell surveillance, resulting in
unchecked cardiac inflammation and scarring.

Congenital heart block (CHB) is an autoimmune
disease (1) characterized by the presence of maternal
antibodies directed against components of the SSA/Ro–
SSB/La ribonucleoprotein complex. Injury to the fetal
heart most often occurs during gestational weeks 18–24
and is presumed to be dependent upon the transport of
maternal IgG autoantibodies by neonatal Fc receptor.
Maternal health status accompanying the production of
anti-Ro/La autoantibodies is not a risk factor for this
fetal disease. Many of the mothers are clinically
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asymptomatic at the time of CHB detection, and thus
maternal autoantibody status is tested only after fetal
injury is identified (1). Advanced conduction abnormal-
ities are the signature phenotype of anti–SSA/Ro–asso-
ciated cardiac injury. However, the disease spectrum
can also extend to the myocardium and endocardium.
Third-degree block is not reversible and is associated
with significant mortality (17.5%) and morbidity (place-
ment of a pacemaker is required in 70% of cases) (2).
The case fatality rate approaches 50% when extranodal
disease is present (2).

Maternal anti-SSA/Ro antibodies are identified
in >85% of cases of CHB; however, their presence
alone is not sufficient for CHB development. Only an
estimated 2% of anti–SSA/Ro–positive mothers will
have a CHB-affected child, and furthermore, the recur-
rence rate is well below 100%, i.e., ~18%. Thus,
although fetal exposure to maternal anti-Ro/SSA anti-
bodies is necessary, it is not the sole driver of CHB
progression. Identification of a potential fetal genetic
contribution is challenging to distinguish from the
maternal genome since there are strong associations
between anti-SSA/Ro positivity and the extended
HLA–DRB1*0301 and HLA–A1/B8 haplotypes (3).
Not surprisingly, the first reported large-scale genome-
wide association study, with 116 CHB cases versus
healthy controls (4), demonstrated an association of 17
single-nucleotide polymorphisms (SNPs) at 6p21 within
the HLA region. In addition to reflecting the presumed
contribution to the generation of maternal autoantibod-
ies, this association is of interest given an interacting
genetic effect between 6p21 and 19q13 (5). Specifically,
HLA–C (6p21) acts as a ligand for the checkpoint
receptor killer cell immunoglobulin-like receptor (KIR)
encoded within 19q13 (5). A dimorphism at position 80
in HLA–C proteins creates 2 epitope subgroups,
defined by their KIR interactions: C1 (Asn80) and C2
(Lys80) (5). The C1 designation includes HLA–C alle-
les *01, *03, *07, *08, *12, *13, *14, *16:01, and
*16:04, and C2 includes *02, *04, *05, *06, *15, *17,
*18, and *16:02.

To date, there has been no published study of
the interacting effect of KIR and HLA–C in anti–SSA/
Ro–exposed CHB-affected and unaffected siblings. To
test the a priori hypothesis that a fetal genetic contri-
bution to the pathogenesis of CHB might involve
inhibition of checkpoint inhibitors, we undertook the
current study focusing on the HLA–C Asn80Lys and
KIR genes. Using US- and Europe-based cohorts, we
specifically addressed whether the C1/C2 dimorphism
constitutes a susceptibility locus for the develop-
ment of CHB.

PATIENTS AND METHODS

Patients and samples. Family data were collected
from several sources: primarily, the US Research Registry for
Neonatal Lupus (RRNL) (138 CHB cases), with additional
samples from collaborations in Italy (28 CHB cases) and
France (28 CHB cases). There were 4 cases of first-degree
CHB (3 in the RRNL and 1 in the French cohort), along with
1 case of second-degree/normal sinus rhythm/first-degree
CHB in the Italian cohort. Pedigrees were genotyped at Hud-
sonAlpha Institute for Biotechnology (Huntsville, AL), and
samples passing quality control (194 CHB offspring, 152
fathers, 167 mothers, and 91 unaffected siblings) were used in
the analyses. There were 90 independent (unrelated) sibling
pairs consisting of a child with CHB and an unaffected child,
with the majority of these originating from the 139 complete
trios (mother, father, and affected offspring); for 13 of the
pedigrees with paternal genotype data, maternal genotype
data were not available, and for 28 of the pedigrees with
maternal genotype data, paternal genotype data were not
available.

CHB was diagnosed if the following criteria were met:
1) the presence of a conduction defect (first-, second-, or third-
degree heart block) documented by electrocardiography,
echocardiography, and/or history of pacemaker placement; and
2) the presence of antibodies to 52-kd SSA/Ro, 60-kd SSA/Ro,
and/or 48-kd SSB/La in the child and/or mother, as determined
by enzyme-linked immunosorbent assay using recombinant
proteins or at a commercial laboratory (90% of cases were
tested in the research laboratory of JPB and RMC).

For case–control analyses, 1,073 out-of-study healthy
controls (635 female and 438 male) were obtained from the
International Consortium on Systemic Lupus Erythematosus.
All control subjects were of self-reported European ancestry.

Genotyping. All samples (from cases and controls)
were genotyped on the Illumina Infinium Immunochip array,
as part of the larger Systemic Lupus Erythematosus Immuno-
chip Consortium (>25,000 cases and controls of 4 ethnicities)
(6). The Illumina iScan platform was used in accordance with
protocols recommended by the manufacturer. Personnel at
the Oklahoma Medical Research Foundation performed
genotyping and completed genotype calling from intensity
data, using OptiCall. SNPs that had call rates of <95%, differ-
ential missingness between cases and controls, significant
departure from Hardy-Weinberg equilibrium, or a minor
allele frequency of <0.01 were excluded from the analyses.
Using the program Admixture, admixture estimates were
computed on quality-controlled genotype data, and genetic
outliers were removed from subsequent analyses. Familial
relationships were verified by using identity-by-descent statis-
tics with the software King (7), and genotype data that were
inconsistent with Mendelian inheritance were removed.

Imputation for classic HLA alleles was performed
using HLA Genotype Imputation with Attribute Bagging
(HIBAG) (8). Only high-quality SNPs were used as input,
and the European Ancestry reference panel (provided by
HIBAG) was utilized. For HLA class I alleles, HLA–C had
the highest posterior probability (mean � SD 0.97 � 0.08).
For each allele, C1 or C2 status was designated based on the
amino acid at position 80, as originally identified by Winter
and Long (5) (Lys80 = C2; Asn80 = C1). For each subject,
C1 and C2 allele counts were based on best-guess imputed
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HLA alleles. Best-guess genotype data were completely con-
sistent with Mendelian inheritance.

Imputation for KIR genes was completed using KIR*-
IMP, version 1.1.1 (http://imp.mcri.edu.au) (9). High-quality
SNP genotypes were aligned with the reference sample and
phased using ShapeIt. The resulting phased haplotype output
files from ShapeIt were uploaded to the KIR*IMP imputa-
tion server. Four Mendelian inconsistencies for the KIR A/B
haplotypes were observed and removed.

Statistical analysis. Findings in unrelated cases and in
out-of-study controls were compared using a logistic regres-
sion model, which included admixture estimates as covariates.
Admixture proportions were computed based on the Immu-
nochip genotype data and with the program Admixture, as
previously reported (4). McNemar’s test was utilized to
compare pairs of affected and unaffected siblings.

RESULTS

All pedigrees analyzed met the inclusion criteria
of having an SSA/Ro-positive mother and available data
on an affected CHB offspring. The RRNL cohort of chil-
dren with CHB was 54% female, and 98% had advanced
heart block (second-degree/third-degree CHB). Data
from the Italian and French cohorts were similar, except
that the proportion of female children was slightly higher
in the European cohorts.

There was an enrichment of the C1 allele and a
reduction of the C2 allele among mothers in the CHB
pedigrees compared with female controls (odds ratio
[OR] 0.63, P = 0.0014) (Table 1). In contrast, the C2
allele was observed at an increased frequency in the
fathers compared with male controls (OR 1.40, P =
0.0123). This sex-by-C2 interaction was statistically sig-
nificant (P = 0.0002). Affected children did not exhibit
enrichment for C1 or C2 alleles in comparison to out-
of-study controls (OR 1.14, P = 0.2627). However,
when within-family data were analyzed, frequencies of
C1 and C2 were found to be dissimilar in affected and
unaffected offspring.

Pedigree analyses revealed differences in the
HLA–C1 and C2 frequencies between affected and unaf-
fected offspring. Specifically, the frequencies of C2 were
comparable in the affected offspring and the fathers (0.42
among affected offspring; 0.45 among fathers), whereas
among unaffected offspring, C2 frequencies were compa-
rable to frequencies in the mothers (0.31 and 0.29,
respectively). Differences in C2 frequency among
affected and unaffected offspring within pedigrees were
assessed by McNemar’s test (n = 90 sibling pairs). This
analysis showed a significant increase in the frequency of
the C2 allele among affected offspring (OR 3.67, P =
0.0025) (Table 2). The results were comparable in the
subset of CHB-discordant sibling pairs whose mothers
were homozygous for C1 (n = 46 pairs) (OR 2.75, P =
0.07). When the paired-sibling analysis was stratified by
geographic region (US, Europe), the results were signifi-
cant within each geographic stratum (OR 3.25, P =
0.0290 and OR 4.50, P = 0.0348 in the US and Europe,
respectively). The replication and consistency of the
effect sizes across the US and European cohorts suggest
that the impact of the C1/C2 designation is representative
of the CHB cohort and not an artifact of ancestral differ-
ences. The pedigree disequilibrium test (PDT), which
incorporates both the differential parental transmission

Table 1. Comparison of HLA–C genotypes by C1/C2 designation*

HLA–C

CHB family data, no. (%)
Out-of-study healthy controls,

no. (%)

Fathers
(n = 152)

Mothers
(n = 167)

Affected children
(n = 194)

Unaffected children
(n = 91)

Female controls
(n = 635)

Male controls
(n = 438)

C1C1 48 (31.6) 87 (52.1) 62 (32.0) 46 (50.5) 259 (40.8) 177 (40.4)
C1C2 70 (46.1) 63 (37.7) 102 (52.6) 33 (36.3) 292 (46.0) 196 (44.7)
C2C2 34 (22.4) 17 (10.2) 30 (15.5) 12 (13.2) 84 (13.2) 65 (14.8)

* Association analyses with out-of-study controls were performed using a logistic regression model with admixture
estimates as covariates. In an additive genetic model for frequency of the C2 allele, the frequency was reduced
among mothers in the congenital heart block (CHB) families versus female controls (odds ratio 0.63 [95% confi-
dence interval 0.45–0.89], P = 0.0014) and increased among fathers in the CHB families versus male controls (odds
ratio 1.40 [95% confidence interval 1.06–1.81], P = 0.0123). For sex interactions in parents relative to out-of-study
controls, P = 0.0002.

Table 2. Analysis of C2 status (C2 allele of HLA–C) among paired
siblings (90 pairs) from CHB families, by CHB status (affected versus
unaffected)*

Unaffected,
C2 absent

Unaffected,
C2 present

CHB affected, C2 absent 24 6
CHB affected, C2 present 22 38

* Each pedigree is represented by a single sibling pair. McNemar’s
test showed a significant increase in the frequency of the C2 allele in
the congenital heart block (CHB)–affected offspring (odds ratio 3.67,
P = 0025) (P = 0.016 by pedigree disequilibrium test for the C2 allele
based on Asn/Lys dimorphism at position 80).
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to affected offspring and the discordance between sib-
lings, also yielded significant results (P = 0.016).

Given the interaction of C2 and KIRs, particu-
larly within an AA (inhibitory) KIR haplotype, KIR
genotypes were imputed using KIR*IMP. Frequencies
of KIR AA haplotypes were not enriched among either
affected children (AA 0.47) or unaffected children (AA
0.48) (P = 0.5485). Similarly, no differences between
affected and unaffected siblings were identified for
specific KIR alleles (Figure 1). Individual KIR frequen-
cies were consistent with published frequencies in
European populations (10). PDT results were not sig-
nificant for the AA haplotype.

DISCUSSION

In this study, the HLA–C–encoded supertypic
epitope C2, which constitutes a high-affinity ligand for
the inhibitory natural killer (NK) cell receptor
KIR2DL1, was significantly enriched in patients with
CHB compared with unaffected siblings. The HLA–C2
genotype comparisons of mothers and fathers with out-
of-study controls of the same sex revealed significant
association within each sex but in opposite directions,
yielding an intriguing sex-by-C2 interaction. The C1 and
C2 frequencies in our control population are consistent
with those reported in independent healthy cohorts of
European ancestry (11). In the assessment of the inhibi-
tory KIR genotype, more broadly referred to as KIR
AA, there were no differences between affected and
unaffected children.

The contribution of KIRs to NK cell phenotype
varies depending on canonical and noncanonical NK cell

states. There is a strong dependence on the composition
of KIRs, which are classically described in the context of
major histocompatibility complex (MHC) class I recogni-
tion, whereby inhibitory KIRs engage self MHC ligands
to suppress NK cell activation to confer a low risk of
autoimmunity. In the setting of viral infection, activating
KIR receptors recognize ligands expressed on infected
cells, which results in cytokine production and cellular
cytotoxicity by NK cells. The integration of signals from
activating and inhibitory KIR receptors and their ligands
ultimately determines NK cell functionality.

Inhibitory KIRs contribute to the noncanonical
role of NK cells. Mechanistically, the inhibitory
KIR2DL1 binds to C2 with higher affinity than the
binding of KIR2DL2/3 to C1 and KIR2DL2 to C2. The
exceptional specificity and affinity of the KIR2DL1–C2
interaction might lead to stronger inhibition of NK
cells, which could compromise the ability of NK cells to
limit macrophage activation. For example, it has been
reported that NK cells play an important role in limit-
ing or restraining macrophages (12) and dendritic cells
(13). Thus, the C2 epitope participates as a checkpoint
inhibitor ligand, which would be anticipated to diminish
a physiologic role of NK cells in forestalling the conse-
quences of inflammation to host tissues. This might
explain the presence of macrophages and giant cells
consistently observed in autopsy tissue from the hearts
of patients with CHB (14), since C2 ligation conferred
by the genetically vulnerable fetus would exhaust the
restraining NK cells. These observations are compatible
with a previously described model in which C2 ligands
impair NK-mediated surveillance in childhood acute
lymphoblastic leukemia (11). In accordance with our
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Figure 1. Killer cell immunoglobulin-like receptor (KIR) genotype frequencies in children with congenital heart block (affected) and unaffected sib-
lings. KIR2DL1 and KIR2DL3 are derived from the same gene and their products recognize the same HLA ligands, and are nearly monomorphic
alleles. Both KIR2DS1 and KIR2DS2, which have been associated with autoimmune disorders, showed similar allelic frequency in both groups.
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study, that model also does not include genetic differ-
ences in KIR.

Further evidence to support this hypothesis was
published by Meisgen et al, who performed an association
study of targeted MHC molecules (HLA–A, Cw, and
DRB1 alleles), using low-resolution typing of 87 CHB
families (15). HLA–Cw*05 variants (a C2 epitope) were
significantly more frequently transmitted to affected off-
spring. However, there was no significance when
accounting for parent of origin. Regarding another point
raised in the report by Meisgen and colleagues, because
HLA–Cw*06 was enriched in unaffected but not affected
subjects, a hypothesis was advanced suggesting that
HLA–Cw*05 serves as novel fetal HLA allele variant
that confers CHB susceptibility, while Cw*06 emerges as
a protective allele. Given that both alleles carry the C2
epitope, our current model and that of Meisgen et al are
not in full alignment and require further investigation.
Of note, both our study and the study by Meisgen and
colleagues provide evidence of a paternal contribution to
the development of CHB.

These data require careful consideration and
recognition of their inferential limits. Similar to most
studies of rare diseases, relatively small sample sizes limit
power. However, this does not negate the positive associ-
ations observed, including replication across US and
European cohorts. HLA class I and KIR assignments,
which are based on imputation protocols, represent
another limitation. However, the quality metrics of our
assignments are within acceptable limits and practice.

In conclusion, there is an association of HLA–C
Asn80Lys in children with CHB, which may represent a
novel susceptibility allele. Given that the connection of
autoantibodies and end-organ injury is complex, the
inclusion of a defective checkpoint inhibitor in the model
may provide new biologic insights.
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Adding Azathioprine to Remission-Induction Glucocorticoids for
Eosinophilic Granulomatosis With Polyangiitis (Churg-Strauss),

Microscopic Polyangiitis, or Polyarteritis Nodosa
Without Poor Prognosis Factors

A Randomized, Controlled Trial
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Objective. In most patients with nonsevere sys-
temic necrotizing vasculitides (SNVs), remission is
achieved with glucocorticoids alone, but one-third
experience a relapse within 2 years. This study was
undertaken to determine whether the addition of

azathioprine (AZA) to glucocorticoids could achieve a
higher sustained remission rate of newly diagnosed
nonsevere eosinophilic granulomatosis with polyangiitis
(Churg-Strauss) (EGPA), microscopic polyangiitis (MPA),
or polyarteritis nodosa (PAN).

Methods. All patients included in this double-
blind trial received glucocorticoids, gradually tapered
over 12 months, and were randomized to receive AZAClinicalTrials.gov identifier: NCT00647166.
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10Ars�ene M�ekinian, MD: Hôpital Saint-Antoine, Universit�e Pierre et
Marie Curie, AP-HP, Paris, France; 11Thomas Papo, MD, PhD, Bruno
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or placebo for 12 months, with stratification according
to SNV (EGPA or MPA/PAN). The primary end point
was the combined rate of remission induction failures
and minor or major relapses at month 24.

Results. Ninety-five patients (51 with EGPA, 25
with MPA, and 19 with PAN) met the inclusion crite-
ria, were randomized, and received at least 1 dose of
AZA (n = 46) or placebo (n = 49). At month 24, 47.8%
of the patients receiving AZA versus 49% of the
patients receiving placebo had remission induction
failures or relapses (P = 0.86). Secondary end points
were comparable between the AZA and placebo arms.
These included initial remission rate (95.7% versus
87.8%), total relapse rate (44.2% versus 40.5%), and
glucocorticoid use. Two patients in the placebo arm
died; 22 patients in the AZA arm (47.8%) and 23
patients in the placebo arm (46.9%) experienced ≥1
severe adverse event. For EGPA patients, the primary
end point (48% in the AZA arm versus 46.2% in the
placebo arm) and the percent of patients who experi-
enced asthma/rhinosinusitis exacerbations (24% in the
AZA arm versus 19.2% in the placebo arm) were com-
parable between treatment arms.

Conclusion. Addition of AZA to glucocorticoids
for the induction of remission of nonsevere SNVs does
not improve remission rates, lower relapse risk, spare
steroids, or diminish the EGPA asthma/rhinosinusitis
exacerbation rate.

Eosinophilic granulomatosis with polyangiitis
(Churg-Strauss) (EGPA), microscopic polyangiitis (MPA),
and non–hepatitis B virus–associated polyarteritis
nodosa (PAN) are systemic necrotizing vasculitides
(SNVs) whose optimal treatment remains a subject of
debate. There is consensus that severe SNV forms
should be treated with glucocorticoids and immunosup-
pressants (1–3), and, more recently, sometimes ritux-
imab (4). For SNVs without poor prognosis factors
other than granulomatosis with polyangiitis (Wegener’s)
(GPA), no adequately powered, randomized, controlled
trial results are available to guide treatment. The
French Vasculitis Study Group (FVSG) showed that,

for EGPA, MPA, and PAN, 5 clinical items defining the
1996 Five-Factors Score (FFS) were significantly associ-
ated with poorer survival (5). While glucocorticoids
alone induced remission in most patients with an FFS
of 0 (6,7), at longer term, many of them experienced
a relapse, suggesting that alternative or additional
immunosuppression would improve disease control and
relapse-free survival (8,9). The working hypothesis for
this trial was that the addition of azathioprine (AZA)
to glucocorticoids for newly diagnosed EGPA, MPA, or
PAN without poor prognosis factors would improve the
sustained remission rate.

PATIENTS AND METHODS

Study design. This prospective, double-blind, random-
ized controlled trial (Evaluation of a New Treatment Strategy
for Patients With Microscopic Polyangiitis, Polyarteritis Nodosa
[PAN] or Eosinophilic Granulomatosis With Polyangiitis [Churg-
Strauss Syndrome] Without Poor Prognosis Factors [CHUSPAN
2]) was conducted in 43 FVSG-participating centers from May
2008 through November 2012. Investigators participating in the
CHUSPAN 2 trial are listed in Appendix A. The Comit�e de
Protection des Personnes Île-de-France III (Ethics Committee)
approved the study (no. 2007-003690-11).

Participants. The study included patients older than
18 years with newly diagnosed EGPA, MPA, or PAN fulfilling
the 1994 Chapel Hill Nomenclature definitions (10), and, for
EGPA and PAN, also satisfying the American College of
Rheumatology classification criteria (11,12). Patients had to
have no 1996 FFS poor prognosis items (serum creatinine
>140 lmoles/liter [1.58 mg/dl], proteinuria >1 gm/day, severe
gastrointestinal tract involvement, cardiomyopathy, and/or
central nervous system involvement) (5), and no alveolar
hemorrhage–caused hemoptysis or respiratory distress.
Patients had to be enrolled within 3 weeks following glucocor-
ticoid initiation, with the exception that EGPA patients could
have been receiving glucocorticoids for up to 1 month prior to
enrollment if the dose to control asthma or nasal/rhinosinusitis
symptoms had been stable and <10 mg/day. Patients were not
eligible if they had another SNV, were taking another immuno-
suppressant, had had an active cancer during the preceding
5 years, had severe ongoing chronic or active infection
(e.g., HIV or hepatitis C or B virus), had an allergy or con-
traindication to AZA, including hepatocellular insufficiency,
or were pregnant. Medications that interact with AZA
(e.g., allopurinol) had to be discontinued before inclusion.

Randomization and intervention. All patients received
glucocorticoids according to a predefined schedule. Patients
initially received 1 mg/kg/day of prednisone equivalent for 3
weeks, up to a maximum of 80 mg/day. The dose was then
gradually tapered over 12 months, at first by 7.5 mg every 2
weeks until 0.25 mg/kg/day was reached at the end of treat-
ment month 3, and then successively by 5 mg every other
week until reaching 10 mg/day and by 1 mg every 3 weeks
until discontinuation or, for EGPA patients, to the minimal
dose needed to control asthma symptoms. Patients could
receive methylprednisolone pulses (15 mg/kg per infusion) for
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1–3 consecutive days before starting prednisone (at the dis-
cretion of the treating physician). According to this regimen,
40-kg and 80-kg patients without glucocorticoid-dependent
asthma received glucocorticoids for 42 and 52 weeks,
respectively.

Patients were randomly assigned to receive concomi-
tant oral AZA (2 mg/kg/day, maximum 200 mg/day) or pla-
cebo for 12 months, starting a maximum of 4 weeks after
glucocorticoid initiation. A computer-generated randomiza-
tion list was established, using a fixed-block size of 4, in a 1:1
ratio, with stratification according to SNV (EGPA or MPA/
PAN). After 3 months, the AZA dose could be increased to 3
mg/kg/day (maximum 200 mg/day) for an insufficient
response, defined as a Birmingham Vasculitis Activity Score
(BVAS) of >6, persistently elevated acute-phase reactants, a
blood eosinophil count of >1 9 109/liter, or other clinical
manifestations of active vasculitis with an FFS of 0. Blood
cell counts and liver function were monitored every fortnight
for 1 month, and then every 3 months until 1 year, and at
month 18 and month 24. Leukopenia, anemia, thrombocy-
topenia, or elevated liver function test results required
transient AZA or placebo withdrawal and definitive discontin-
uation if leukopenia persisted beyond 2 weeks and/or severe
adverse events (SAEs) meeting World Health Organization
(WHO) toxicity criteria occurred (13). Prophylaxis against
Pneumocystis jiroveci pneumonia (cotrimoxazole or aero-
solized pentamidine if cotrimoxazole was not tolerated) was
compulsory for patients with CD4 T lymphocyte counts of
<300/mm3. Osteoporosis prophylaxis was recommended
according to the French national guidelines (14). Other
immunosuppressants, colchicine, dapsone, hydroxychloro-
quine, and danazol were not authorized during the trial.

Outcome measures. Patient evaluations were sched-
uled on days 15 and 31, then at months 3, 6, 9, 12, 18, and
24. After discontinuing AZA or placebo, patients were moni-
tored for another 12 months, i.e., until the primary end point
at month 24.

Primary end point. The primary end point was the
combined rate of remission induction failures and minor or
major relapses at month 24. According to the European
League Against Rheumatism (EULAR) recommendations
(15), remission was defined as the absence of disease activity
(BVAS of 0), relapse was defined as the recurrence or new
onset of disease activity attributable to active vasculitis, major
relapse was defined as the recurrence or new onset of poten-
tially organ- or life-threatening disease activity that cannot be
treated with glucocorticoid intensification alone and requires
further therapeutic escalation, and minor relapse was defined
as the recurrence or new onset of manifestations that are not
potentially organ- or life-threatening.

Secondary end points. Secondary end points included
the percentage of patients in whom initial remission was
achieved independent of subsequent relapse; the percentage
of patients who experienced a relapse (minor or major); the
percentage of patients who experienced any adverse event
and its severity; the number of deaths and their causes; mean
glucocorticoid use and area under the curve (AUC) for the
glucocorticoid dose–time curve; the number of patients taking
glucocorticoids at month 24; vasculitis activity as assessed by
the BVAS version 3 (16,17); damage as assessed by the Vas-
culitis Damage Index (VDI) (15,18); health-related quality of
life as assessed by the Medical Outcomes Study Short Form

36 (SF-36) (15,19), instrumental activities of daily living
(IADL) questionnaire (20), and Health Assessment Question-
naire (HAQ) (21); number of hospitalizations or outpatient
visits; and, for EGPA patients, asthma/rhinosinusitis exacerba-
tions without concurrent active vasculitis manifestations. AEs
were graded on a scale 1–4, according to WHO toxicity crite-
ria, with grades ≥3 considered severe (13).

Every investigator collected information, whose qual-
ity and validity were checked by study monitors and the Data
Committee (XP, CP, and L. Guillevin), before the statisticians
(GB and PR) analyzed the data. The Data Committee,
blinded with regard to treatment assignments, reviewed every
patient’s disease flares, classification of flare severity, SAEs,
and reasons for glucocorticoid escalation to distinguish
between vasculitis flare and asthma/rhinosinusitis exacerba-
tions for EGPA patients (22). Isolated asthma/sinusitis exacer-
bations, with or without increased blood eosinophil count,
were not considered a vasculitis flare or relapse per se and
were analyzed separately as asthma/rhinosinusitis exacerba-
tions. If Data Committee members disagreed, an Adjudica-
tion Committee of independent physicians experienced in
treating EGPA (MG and CLJ), who were blinded with regard
to study treatment assignment, validated the relapse and its
classification as minor or major.

Statistical analysis. To assure 80% power to detect an
absolute between-arm difference of ≥25% for the combined
rate of remission induction failures and minor or major
relapses at month 24, based on CHUSPAN 1 results (i.e., a
40% to 15% reduction in patients not achieving remission
and/or subsequently experiencing a relapse before month 24),
with a 5% alpha risk and 5% of patients lost to follow-up, 52
patients per group were needed.

Statisticians were blinded with regard to treatment
assignments. The primary analysis was conducted on all ran-
domized patients, except those who immediately withdrew
consent and/or were immediately found not to meet study cri-
teria after enrollment and randomization, and took no study
drug. An additional sensitivity analysis for the primary end
point included all enrolled patients. EGPA, MPA, and PAN
subgroups were analyzed separately for primary outcome.

Data are presented as the mean � SD, median
(range), or median (interquartile range) for quantitative vari-
ables, and as absolute and relative percentages for qualita-
tive variables. Remission induction failures and/or relapses
were compared using a logistic regression random-effects
model, with fixed-effects parameters (treatment group and
SNV diagnosis), a random-intercept effect at the level of the
study center, and missing values imputed as failures, to
obtain odds ratios and 95% confidence intervals (95% CIs).
For patients in whom remission was achieved, Kaplan-Meier
curves were used to illustrate the probability of remaining
relapse-free according to treatment group. Secondary quanti-
tative end points with repeated measurements (BVAS, HAQ,
SF-36, IADL, and prednisone dose) were analyzed using
constrained longitudinal data analysis (mixed models for
repeated measures that generated unbiased estimates for
data missing at random, with fixed-effects parameters [treat-
ment group and SNV diagnosis], and a random-intercept
effect at the center level to estimate treatment effects).
Results were adjusted for the observed baseline differences
and expressed as mean change difference from baseline
(95% CI). The glucocorticoid dose versus time plot AUC
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was calculated, and linear mixed-effects models were used to
compare between-group AUCs, VDIs (at month 24), and
prednisone doses among those receiving prednisone (at
month 24).

The numbers of AEs, hospitalizations, and outpatient
consultations (adjusted for SNV diagnosis, center, and natural
logarithm follow-up duration as an offset variable) were mod-
eled with negative binomial regression, with the results
expressed as the risk ratio (95% CIs). The percentages of
patients with ≥1 AE were analyzed with logistic random-
regression effects models. Survival rates were compared with
log rank tests. Chi-square or Fisher’s exact tests, when appro-
priate, and Student’s t-tests or Wilcoxon’s tests, when appro-
priate, were used to identify factors associated with remission
induction failure or relapse. Statistical analyses were com-
puted with SAS software version 9.3. P values less than 0.05
were considered significant.

RESULTS

Patient characteristics. As shown in Figure 1,
101 patients were randomized. Five patients were
excluded from the primary analysis either because they
did not meet inclusion criteria (relapse at inclusion
[n = 1], FFS of 1 [n = 1], and cryoglobulinemic vasculi-
tis [n = 1]) or because they withdrew consent early (n = 2).
A sixth patient immediately withdrew consent and was
not included in any analysis.

The baseline characteristics of the 95 patients
(51 with EGPA, 25 with MPA, and 19 with PAN)
included in the primary analysis are shown in Table 1.
The AZA arm included 46 patients, and the placebo
arm consisted of 49 patients. Vasculitis was seen in 52

Figure 1. Flow diagram showing the distribution of the study subjects. Details are given according to the Consolidated Standards of Reporting Tri-
als (CONSORT) statement for reporting randomized controlled trials. SNV = systemic necrotizing vasculitis; AZA = azathioprine; GC = glucocor-
ticoids.
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of the 105 biopsy specimens obtained from 74 patients.
Fifty of the 51 EGPA patients had asthma before vas-
culitis diagnosis. Of these 50 patients, 41 were receiving
long-term inhaled glucocorticoids, 38 were receiving
inhaled b2-adrenergic agonists, 5 were receiving low-
dose oral glucocorticoids, and 12 were receiving an oral
leukotriene receptor antagonist.

Treatments. Forty-eight patients (50.5%) started
treatment with intravenous (IV) methylprednisolone
pulses, with comparable percentages in the 2 arms; 41
of them received 3 pulses (mean � SD dose 605 � 310
mg). Mean � SD initial daily doses were 122.3 � 30.2 mg
for AZA (median weight 67.0 kg), and 64.5 � 10.8 mg
for prednisone. Eighty-six patients took calcium and
vitamin D supplements, and 60 patients received bis-
phosphonates.

Primary end point. The primary analysis was
conducted after the last enrolled patient completed the

month 24 follow-up visit. The median follow-up time
until the primary end point for the entire population
was 24 months (range 9.9–31.5 months). In the primary
analysis, 22 of 46 patients in the AZA arm (47.8%)
had remission induction failures or relapses at month
24 compared to 24 of 49 patients in the placebo arm
(49%) (P = 0.86) (Table 2). The primary end point
rates in the sensitivity analysis that included all enrolled
patients were 26 of 50 (52%) for the AZA arm versus
25 of 50 (50%) for the placebo arm.

Secondary end points. The initial remission rate
was also comparable for both arms (Table 2). Remis-
sion induction failed for 8 patients, 2 given AZA and 6
receiving the placebo (difference between groups not
significant). Their glucocorticoid doses were increased
to a median of 50 mg/day, combined with IV
cyclophosphamide for 4 patients. One patient died.
Remission was finally achieved in the 7 survivors.

Table 1. Baseline characteristics of the patients randomized to receive AZA or placebo*

AZA (n = 46) Placebo (n = 49) Total (n = 95)

Age, mean � SD years 53.7 � 16.9 60.8 � 16.3 57.3 � 16.9
Sex, male 26 (56.5) 24 (49) 50 (52.6)
Vasculitis type
EGPA 25 (54.3) 26 (53.1) 51 (53.7)
MPA 9 (19.6) 16 (32.7) 25 (26.3)
PAN 12 (26.1) 7 (14.3) 19 (20)

Clinical manifestation
Temperature >38°C 15 (32.6) 19 (38.8) 34 (35.8)
Weight, median (IQR) kg 67.0 (58.0–73.0) 61.0 (53.0–73.0) 65.0 (55.0–73.0)
Weight loss >2 kg 33 (71.7) 32 (65.3) 65 (68.4)
Weight loss, median (IQR)† 5.5 (5.0–7.0) 5.0 (4.0–10.0) 5.0 (4.0–8.0)
Myalgias 30 (65.2) 20 (40.8) 50 (52.6)
Arthralgias/arthritis 17 (37) 20 (40.8) 37 (38.9)
Mucocutaneous vasculitis 20 (43.5) 27 (55.1) 47 (49.5)
Ocular involvement‡ 3 (6.5) 1 (2.0) 4 (4.2)
ENT involvement 22 (47.8) 18 (36.7) 40 (42.1)
Pulmonary involvement§ 29 (63.0) 33 (67.3) 62 (65.3)
Cardiovascular involvement 7 (15.2) 5 (10.2) 12 (12.6)
Digestive involvement 4 (8.7) 9 (18.4) 13 (13.7)
Renal involvement 7 (15.2) 7 (14.3) 14 (14.7)
Peripheral nervous system involvement 29 (63.0) 33 (67.3) 62 (65.3)

BVAS, mean � SD 13.6 � 6.5 13.2 � 6.6 13.4 � 6.5
HAQ, mean � SD 1.0 � 0.9 1.1 � 0.9 1.1 � 0.9
Laboratory values
CRP, mean � SD mg/dl 5.9 � 5.7 8.3 � 7.8 7.1 � 7.0
Creatinine level, mean � SD lmoles/liter 70.3 � 17.5 70.4 � 21.3 70.4 � 19.5
Hematuria >10 RBCs/mm3 7 (15.2) 8 (16.3) 15 (15.8)
Proteinuria, mean � SD gm/24 hours 0.2 � 0.2 0.2 � 0.2 0.2 � 0.2
ANCA immunofluorescence 23 (50) 26 (53.1) 49 (51.6)
Antimyeloperoxidase ANCA positive¶ 21 (91.3) 19 (73.1) 40 (81.6)

* Except where indicated otherwise, values are the number (%). EGPA = eosinophilic granulomatosis with polyangiitis (Churg-Strauss); MPA =
microscopic polyangiitis; PAN = polyarteritis nodosa; IQR = interquartile range; ENT = ear, nose, and throat; BVAS = Birmingham Vasculitis
Activity Score; HAQ = Health Assessment Questionnaire; CRP = C-reactive protein; RBCs = red blood cells.
† For those who lost >2 kg.
‡ Ocular involvement included conjunctivitis (n = 3) and blurred vision (n = 1).
§ Pulmonary involvement included asthma (n = 50), infiltrates (n = 38), pleural effusion (n = 5), and nodules (n = 3).
¶ Data on antimyeloperoxidase antineutrophil cytoplasmic antibody (ANCA) status were available for 23 patients in the azathioprine (AZA) arm
and 26 patients in the placebo arm.
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The percentages of patients receiving AZA and
those receiving placebo who experienced a relapse
(44.2% versus 40.5%, respectively) and their relapse-
free survival rates (Figure 2A) were also comparable
between study arms, as were relapse-free times. For the
AZA recipients 12 of the 19 relapses were observed
after stopping medication, and for the placebo recipi-
ents 8 of the 17 relapses were observed after stopping
medication, with no between-arm difference. Five
patients in each arm experienced a major relapse dur-
ing the 24-month follow-up, a median of 12.3 months
(range 5.1–19.2 months) after inclusion. Their median

BVAS at relapse was 13.5 (range 4–24). Three of them
had renal relapses, including 1 with diffuse alveolar
hemorrhage who was eventually diagnosed as having
GPA (positive for antineutrophil cytoplasmic antibodies
[ANCAs] against proteinase 3) rather than MPA. For
the 10 patients who experienced major relapses, the
median follow-up time was 43.3 months (range 23.1–
82.7 months) after inclusion, and the median VDI was
2.0 (range 1–4). Seven of these patients were in com-
plete remission at the last visit.

No baseline clinical or biologic feature of these
SNV patients was identified as being associated with

Table 2. Primary and secondary outcomes in the AZA and placebo arms*

Outcome AZA (n = 46) Placebo (n = 49) OR or mean difference (95% CI)

Primary end point: remission induction failures and
relapses at month 24†
Primary analysis 22/46 (47.8) 24/49 (49) 1.08 (0.46, 2.52)‡
Sensitivity analysis 26/50 (52) 25/50 (50) 1.18 (0.52, 2.68)‡

Secondary outcome
Initial remission 44/46 (95.7) 43/49 (87.8) 2.71 (0.44, 16.71)‡
Minor relapses 13/43 (30.2) 12/42 (28.6) 1.31 (0.51, 3.36)‡§
Major relapses 5/43 (11.6) 5/42 (11.9) 1.28 (0.37, 4.39)‡§
Unclassified relapses 1/43 (2.3) 0/42 (0)
Any relapses (minor, major, or unclassified) 19/43 (44.2) 17/42 (40.5) 1.28 (0.52, 3.13)‡¶
Deaths 0/46 (0) 2/49 (4.1) NA
BVAS, mean difference (95% CI)# –12.4 (–14.0, –10.9) –12.5 (–14.0, –11.0) 0.1 (–1.1, 1.2)**
HAQ, mean difference (95% CI)# –0.3 (–0.7, 0.0) –0.4 (–0.7, –0.1) 0.1 (–0.4, 0.6)**
SF-36
Physical component score, mean difference (95% CI)# 7.3 (1.5, 13.1) 16.7 (12.5, 21.0)†† –9.5 (–16.4, 2.5)**
Mental component score, mean difference (95% CI)# 3.2 (–2.2, 8.7) 7.5 (2.6, 12.1) –4.3 (–10.8, 2.3)**

IADL, mean difference (95% CI)# –0.5 (–5.0, 4.0) –1.4 (–5.1, 2.3) 0.9 (–5.1, 6.9)**
VDI (month 24), mean difference (95% CI) 1.5 (0.1, 2.8) 1.2 (0.0, 2.5) 0.3 (–0.3, 0.9)**
Glucocorticoids
Area under the curve, mean � SD 12,638 � 4,988 12,461 � 4,728 –10 (–2,053, 2,033)**
Prednisone dose, mg/day, mean difference (95% CI)# –56.9 (–60.1, –53.7) –57.3 (–64.0, –54.2) 0.4 (–2.9, 3.6)**
Prednisone dose at month 24, mean � SD‡‡ 8.5 � 5.8 8.8 � 6.6 –0.3 (–3.1, 2.5)**

Health care facility use
No. of hospitalizations, mean � SD 0.5 � 0.8 0.7 � 1.0 0.64 (0.33, 1.23)§§
No. of outpatient consultations, mean � SD 1.8 � 1.7 1.6 �1.5 1.10 (0.75, 1.60)§§

AEs
SAEs, mean � SD 0.8 � 1.1 0.9 � 1.3 0.89 (0.49, 1.63)§§
≥1 SAE 22/46 (47.8) 23/49 (46.9) 1.02 (0.44, 2.35)‡
Treatment-related AEs, mean � SD 0.9 � 1.0 0.7 � 1.6 1.13 (0.32, 3.97)§§
≥1 treatment-related AE 25/46 (54.3) 18/49 (36.7) 1.99 (0.81, 4.89)‡
Severe treatment-related AEs, mean � SD 0.20 � 0.45 0.06 � 0.24 3.13 (0.70, 14.07)§§
≥1 severe treatment-related AE 8/46 (17.4) 3/49 (6.1) 3.23 (0.76, 13.70)‡

* Except where indicated otherwise, values are the number/number assessed (%). NA = not applicable; BVAS = Birmingham Vasculitis Activity
Score; HAQ = Health Assessment Questionnaire; SF-36 = Short Form 36; IADL = instrumental activities of daily living; VDI = Vasculitis Damage
Index; AEs = adverse events; SAEs = serious adverse events.
† After imputation. One patient in the azathioprine (AZA) arm with missing data and 1 patient in the placebo arm whose death was not associ-
ated with vasculitis or treatment were considered to have negative outcomes.
‡ Adjusted odds ratio (OR) (95% confidence interval [95% CI]).
§ After imputation. Patients with missing data or unclassified relapses were considered to have had relapses.
¶ After imputation. One patient in the AZA arm with missing data at study end due to early withdrawal was considered to have had a relapse; 1
patient in the placebo arm whose death was not associated with vasculitis or treatment was considered to have had a relapse.
# Adjusted mean difference between inclusion and study end.
** Between-arm difference (95% CI).
†† P < 0.01 versus AZA.
‡‡ n = 29 in the AZA arm and 30 in the placebo arm.
§§ Adjusted risk ratio (95% CI).
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increased risk of induction failure or relapse. Glucocor-
ticoid use, assessed with AUC and adjusted to the mean
difference in dose from inclusion to study end and mean
dose among users at month 24, was comparable
between treatment arms (Figure 2B). At month 6 and
month 12, 31 patients (67.4%) and 25 patients (54.3%),
respectively, were still receiving allocated AZA (mean
� SD daily doses of 125.8 � 25.4 mg at month 6 and
129.0 � 29.5 mg at month 12). Month 24 outcomes are
shown in Figure 3. Hospitalization and outpatient visit
numbers were also comparable between arms.

Rates of patients with ≥1 SAE and ≥1 treat-
ment-related SAE were comparable in the 2 study arms
(data available upon request from the corresponding
author). AEs in the AZA arm led to study drug discon-
tinuation for 10 patients (2 each with agranulocytosis
or pancytopenia; 1 each with prolonged leukopenia,
hypersensitivity cutaneous reaction, acoustic neuroma
radiosurgery, or pregnancy that terminated participa-
tion; and 2 with liver enzyme abnormalities [alanine
aminotransferase >3 times the upper limit of normal
(ULN) and >6 times the ULN]). AEs in the placebo

Figure 2. A, Relapse-free survival since randomization according to treatment group. The analysis was limited to patients in whom remission was
achieved after enrollment, with their initially assigned treatments. Only each patient’s first remission was considered. B, Mean prednisone dose
over time since randomization according to treatment group.
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arm led to study drug discontinuation for 4 patients
(1 each with liver enzyme abnormalities, inflammation-
associated progressive anemia, Staphylococcus aureus
olecranon osteitis, and prolonged febrile bronchitis). At
month 24, 8 of 10 patients in the AZA arm and 3 of 4
patients in the placebo arm were in remission.

None of the patients in the AZA arm died. Two
patients in the placebo arm (4.1%), both of whom had
EGPA, died 11 months after inclusion. A 59-year-old
man died of unexplained sudden death while in sus-
tained remission and an 86-year-old man died of
uncontrolled vasculitis despite cyclophosphamide pre-
scribed for disease progression.

At month 24, the VDIs for AZA recipients and
placebo recipients were comparable. The most frequent
types of damage were peripheral neuropathy (55%),
asthma (50%), nasal blockade/chronic discharge/crust-
ing (13%), chronic sinusitis (13%), and muscle atrophy/
weakness (8%).

Outcomes according to SNV type. For the 51
EGPA patients, neither the primary end point nor the
numbers of asthma/rhinosinusitis exacerbations differed
between arms (Table 3). Primary end points did not dif-
fer for the 19 PAN patients (66.7% with remission
induction failure or relapse in the AZA arm versus
57.1% with remission induction failure or relapse in

the placebo arm) or the 25 MPA patients (33.3% with
remission induction failure or relapse in the AZA arm
versus 43.8% with remission induction failure or
relapse in the placebo arm).

Among the 59 patients receiving glucocorticoids
at month 24, 40 (67.8%) had EGPA, 11 (18.6%) had
MPA, and 8 (13.6%) had PAN. AUC-assessed between-
arm glucocorticoid use did not differ among EGPA
(P = 0.34), MPA (P = 0.77), or PAN (P = 0.89) patients
in a post hoc analysis.

DISCUSSION

The results of this randomized, placebo-con-
trolled trial showed that addition of AZA to glucocorti-
coids for patients with nonsevere SNV has no significant
benefit, since it did not decrease the treatment failure or
relapse rate versus glucocorticoids alone, did not
decrease glucocorticoid use and, for EGPA, did not
improve control of asthma/rhinosinusitis manifestations.

This study was designed to include patients
according to the absence of predefined severity criteria
rather than classification criteria. PAN, MPA, and EGPA
are different diseases, but our aim was to evaluate the
effect of combining AZA with glucocorticoids for
patients with no poor prognosis factors for whom the

Figure 3. Patient outcomes at month 24. AZA = azathioprine; PBO = placebo.
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recommended glucocorticoid and immunosuppressant
regimen has not been supported by the results of
prospective trials yielding high-grade evidence.

In a previous trial, among newly diagnosed
EGPA patients and MPA or PAN patients without poor
prognosis factors given glucocorticoids alone as first-
line induction therapy, 93% (6) and 79% (7), respec-
tively, entered remission, similar to the rates observed
herein, with good respective overall survival rates of
90% at 7 years (8) and 86% at 8 years (9). However,
disease-free survival was low: 39% of the EGPA
patients experienced a relapse (8), mainly during the
first year of treatment (6). Similarly, first-line therapy
with glucocorticoids maintained remission in only 40%
of MPA or PAN patients (7). Overall, 45% of those
SNV patients required second-line drugs for initial
therapeutic failure or relapse without any difference
among SNVs (23), suggesting that these patients need
alternative or additional first-line therapy (8,9,23).

In the present trial, sustained remission was
achieved in only half of the SNV patients, with >40%
relapsing in each treatment arm. Addition of AZA to
glucocorticoids for 12 months was no better than pla-
cebo at inducing remission, preventing relapse, or pro-
longing disease-free survival. In addition, for EGPA

patients AZA did not affect the sustained remission
rate or immediate or subsequent control of asthma/rhi-
nosinusitis manifestations. About 75% of EGPA
patients still required glucocorticoids at month 24
(mean daily dose <9 mg/day), consistent with previous
observations (24). Although AZA is a maintenance
agent with demonstrated efficacy against SNVs (25,26),
our results indicate no benefit for remission induction.

The lack of AZA efficacy to induce remission
and prevent relapses cannot be attributed to a too-low
dose or too-short duration because we prescribed the
dose usually given in clinical practice or trials and
~55% of patients were still taking an AZA dose consid-
ered effective at month 12. The initial remission rates
were comparable for both treatment arms, as were the
percentages of patients who experienced a relapse and
relapse-free survival rates at month 12. Indeed,
throughout the 1-year duration of AZA administration,
no between-arm differences were observed.

Although AE frequency and severity did not dif-
fer significantly between groups, they were more fre-
quent than in an earlier prospective trial (26), with 5
AZA recipients experiencing hematologic SAEs that
led to discontinuation of the treatment, despite the fact
that blood cell count monitoring was part of the study

Table 3. Patient outcomes according to SNV stratification*

Outcome AZA Placebo Adjusted OR (95% CI)†

Patients with EGPA
No. of patients 25 26 –
Primary end point: remission induction failures and
relapses at month 24†

12/25 (48) 12/26 (46.2) 1.09 (0.33, 3.65)

Secondary end points
Initial remission 25/25 (100) 25/26 (96.2) NA
Major relapses at month 24 4/25 (16) 3/24 (12.5) 1.53 (0.28, 8.34)‡
Minor relapses at month 24 7/25 (28) 7/24 (29.2) 0.99 (0.28, 3.52)‡
Unclassified relapses 1/25 (4) 0/24 (0)
Any relapse (minor, major, or unclassified) 12/25 (48) 10/24 (41.7) 1.17 (0.36, 3.87)‡
Asthma/rhinosinusitis exacerbations§ 6/25 (24) 5/26 (19.2) 1.32 (0.32, 5.45)

Patients with MPA or PAN
No. of patients 21 23 –
Primary end point: remission induction failures and
relapses at month 24¶

10/21 (47.6) 12/23 (52.2) 1.08 (0.28, 4.14)

Secondary end points
Initial remission 19/21 (90.5) 18/23 (78.3) 2.29 (0.32, 16.25)
Major relapses at month 24 1/18 (5.6) 2/18 (11.1) 0.92 (0.10, 8.83)‡
Minor relapses at month 24 6/18 (33.3) 5/18 (27.8) 1.54 (0.34, 6.95)‡
Any relapse (minor, major, or unclassified) 7/18 (38.9) 7/18 (38.9) 1.14 (0.28, 4.74)‡

* Except where indicated otherwise, values are the number/number assessed (%). There were no significant differences between groups. SNV =
systemic necrotizing vasculitis; OR = odds ratio; 95% CI = 95% confidence interval; EGPA = eosinophilic granulomatosis with polyangiitis (Churg-
Strauss); NA = not applicable; MPA = microscopic polyangiitis; PAN = polyarteritis nodosa.
† After imputation. One patient in the placebo arm whose death was not associated with vasculitis or treatment was considered to have a negative
outcome.
‡ After imputation. Patients with missing data or unclassified relapses were considered to have had relapses.
§ After imputation. One patient in the azathioprine (AZA) arm with missing data at study end after early withdrawal due to severe adverse events,
and 1 patient in the placebo arm whose death was not associated with vasculitis or treatment were both considered to have asthma/rhinosinusitis
exacerbations.
¶ After imputation. One patient in the AZA arm with missing data at study end was considered to have a negative outcome.
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protocol. We did not assess thiopurine methyltrans-
ferase (TPMT) activity, which might have limited the
risk of drug-induced bone marrow toxicity in patients
in the AZA arm. However, the clinical impact of
TPMT activity had not been prospectively demonstrated
before starting SNV patients on AZA (27), with the
results of several studies showing that measurement of
TMPT can be replaced in a cost-effective manner by
close monitoring of laboratory findings (27,28). In addi-
tion, AZA-induced leukopenia may occur in patients
with normal TPMT activity (29).

Whether other immunosuppressants can achieve
better results than AZA remains to be investigated.
Cyclophosphamide and glucocorticoids, evaluated in a
small number of patients with nonsevere SNV, were
associated with numerous SAEs, so the toxicity of that
regimen precludes its use as a first-line therapy (30,31).
EULAR recommended combining glucocorticoids and
methotrexate to induce remission in non–organ-threat-
ening or non–life-threatening small and medium-sized
vessel vasculitides (3). The recent EULAR/European
Renal Association–European Dialysis and Transplant
Association recommendations for the management of
ANCA-associated vasculitis (AAV) also include treat-
ment combining glucocorticoids and either methotrex-
ate or mycophenolate mofetil for the induction of
remission of non–organ-threatening AAVs (32). How-
ever, such recommendations are mainly based on
expert consensus or a few randomized trials of low evi-
dence grade including MPA patients with moderate
renal involvement (33,34) or including only or mostly
patients with limited GPA (35).

In the only open-label study to investigate the
role of the addition of immunosuppressants to gluco-
corticoids for EGPA, 11 patients with newly diagnosed
EGPA and no immediate organ-threatening disease
received glucocorticoids and methotrexate for remission
induction and maintenance. Remission was achieved in
8 patients (72.7%), but cardiac and pulmonary relapses
were frequent (36). Newer alternative therapies are
currently being evaluated, e.g., maintenance mepolizu-
mab (ClinicalTrials.gov identifier: NCT02020889),
rituximab as induction therapy (ClinicalTrials.gov iden-
tifier: NCT02807103PHRC) or maintenance therapy
(ClinicalTrials.gov identifier: NCT03164473) for EGPA
patients, and abatacept for nonsevere ANCA-positive
MPA, EGPA, or GPA (ClinicalTrials.gov identifier:
NCT00482066).

Our study has several strengths. It is the first
randomized, controlled trial evaluating AZA and gluco-
corticoids as remission induction therapy for nonsevere
SNVs, including EGPA. This trial enrolled >50 EGPA

patients, making it one of the largest trials on this rare
disease. Because these patients were recruited from 43
FVSG-participating centers, they are likely representa-
tive of the broader SNV population, compared to
patients seen only in vasculitis referral centers.

Some limitations must also be acknowledged.
This trial included patients with 3 different SNVs.
Despite stratifying for diagnosis, a benefit of adding AZA
specifically for 1 of the 3 entities cannot be excluded
because the study may have been underpowered to
detect it. EGPA, MPA, and PAN have important differ-
ences, but previous study results showed comparable
outcomes in these SNV patients with no poor prognosis
factors when treated with first-line glucocorticoids
alone (6–9,23). Furthermore, this study was severity ori-
ented rather than based only on classification criteria.
More MPA patients than PAN patients received the
placebo, but subgroup analyses by SNV type, although
underpowered, did not reveal any different study out-
comes. Similarly, the study was not powered to evaluate
AZA efficacy on organ involvement (e.g., peripheral
nervous system) or ability to obtain more rapid gluco-
corticoid discontinuation, because glucocorticoid taper-
ing was established in the study protocol during study
year 1.

In conclusion, the results of this study demon-
strate that addition of AZA to glucocorticoids to
induce remission of nonsevere EGPA, MPA, or PAN
does not lower the absolute risk of therapeutic failure
or relapse versus placebo, does not lower glucocorti-
coid use, and does not lower EGPA patients’ rate of
asthma/rhinosinusitis exacerbations. This patient popu-
lation still needs alternative first-line therapies.
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Queyrat), Hôpital Tenon, Universit�e Pierre et Marie Curie, Paris (C.
Bachmeyer, A. Lavole, and M. Wislez), Centre Hospitalier, Perpignan
(P. Soria), Centre Hospitalier Universitaire Haut L�evêque, Pessac
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Objective. Sj€ogren’s syndrome (SS) and systemic
lupus erythematosus (SLE) are related by clinical and
serologic manifestations as well as genetic risks. Both
diseases are more commonly found in women than in
men, at a ratio of ~10 to 1. Common X chromosome
aneuploidies, 47,XXY and 47,XXX, are enriched among

men and women, respectively, in either disease, sug-
gesting a dose effect on the X chromosome.

Methods. We examined cohorts of SS and SLE
patients by constructing intensity plots of X chromosome
single-nucleotide polymorphism alleles, along with deter-
mining the karyotype of selected patients.

Results. Among ~2,500 women with SLE, we
found 3 patients with a triple mosaic, consisting of
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45,X/46,XX/47,XXX. Among ~2,100 women with SS, 1
patient had 45,X/46,XX/47,XXX, with a triplication of
the distal p arm of the X chromosome in the 47,XXX
cells. Neither the triple mosaic nor the partial triplica-
tion was found among the controls. In another SS
cohort, we found a mother/daughter pair with partial
triplication of this same region of the X chromosome.
The triple mosaic occurs in ~1 in 25,000–50,000 live
female births, while partial triplications are even rarer.

Conclusion. Very rare X chromosome abnormal-
ities are present among patients with either SS or SLE
and may inform the location of a gene(s) that mediates
an X dose effect, as well as critical cell types in which
such an effect is operative.

Systemic lupus erythematosus (SLE) and Sj€ogren’s
syndrome (SS) are related by common autoimmune serol-
ogy, clinical manifestations, and genetics, as well as a
strong bias for the female sex. The sex bias for SLE is ~10
to 1 (1,2), while among those with SS, women are overrep-
resented by 10–15-fold (3).

Aneuploidy of the X chromosome is common in
humans. Klinefelter’s syndrome (male 47,XXY) occurs
in ~1 in 500 live male births, but 80% of these men
remain undiagnosed (4). Moreover, 47,XXX is found
in ~1 in 1,000 live female births, with only ~1% identi-
fied (5,6). We have found excess 47,XXY among men
with either SLE (7,8) or SS (9), as well as excess
47,XXX among women with these diseases (10). On
this basis, we have proposed an X chromosome dose
effect for the sex bias of SLE and SS. Such a bias
might be mediated by specific genes that escape X
inactivation, by global escape of X inactivation in speci-
fic cell types (11), by interference with immune toler-
ance via increased production of X chromosome gene
products (12), or by an effect on the immune system
through the mosaicism of random X inactivation (13).

We previously described a man with 46,XX who
was identified among 316 men with SLE (14). This X
chromosome abnormality occurs in as few as 1 in
25,000–50,000 live-born boys. We undertook the pre-
sent study to examine women with either SLE or SS
for rare X chromosome aneuploidies.

PATIENTS AND METHODS

Patients. We studied a large cohort of SLE patients,
~60% of whom were of European heritage and ~40% of Afri-
can heritage, who were gathered for genetic and other stud-
ies, as described in detail elsewhere (15). In addition, we
studied a large cohort of patients with primary SS, all of
whom did not meet the criteria for other autoimmune rheu-
matic diseases (16,17); those with secondary SS were
excluded. Patients met the respective research classification
criteria for each of the diseases (18,19). Women who were
demonstrated not to have SLE or SS served as controls. As
previously described (10), controls were screened for autoim-
mune rheumatic diseases, and none was identified.

X chromosome analyses. The study subjects were
screened for X chromosome abnormalities by examining
intensity plots of X chromosome single-nucleotide polymor-
phism (SNP) alleles, as we have previously described (8,10).
In these displays (so-called b plots), the fluorescent intensity
of the b allele is divided by the intensity of the a and b al-
leles, which gives values of 1.0 for homozygous b SNPs, 0.5
for heterozygous ab SNPs, and 0.0 for homozygous a SNPs.
However, a person with 3 X chromosomes will have b plot
results of 0.33 for aab SNP alleles and 0.67 for abb alleles.
Subjects with abnormal b plot results were then studied by
examining the karyotype of peripheral blood mononuclear
cells or by florescence in situ hybridization, as previously
described (8). Some subjects were studied directly with
karyotyping according to standard methods in a Clinical
Laboratory Improvement Amendments–approved laboratory.

Statistical analysis. We calculated binomial 95% con-
fidence intervals for ratios. To calculate the prevalence of
SLE among individuals with X triple mosaic, we used Bayes’
theorem as previously described (8). The following formula
was used:

PðB=AÞ ¼ PðA=BÞ � PðBÞ=P(A)

where P(B/A) is the prevalence of SLE among those with the
triple mosaic, P(A/B) is the prevalence of the triple mosaic
among SLE patients, P(B) is the prevalence of SLE in the
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Table 1. Presence of an X chromosome triple mosaic in the SLE
and SS patient cohorts and controls*

Total no.
assessed

No. with
X triple mosaic Binomial 95% CI

Patients
SLE cohort 2,426 3 1 in 278 to 1 in

3,333†
SS cohort 2,138 1 1 in 385 to 1 in

100,000
Combined
cohorts

4,564 4 1 in 1,111 to 1 in
5,000†

Controls 2,712 0 NA

* Women who did not have systemic lupus erythematosus (SLE) or
Sj€ogren’s syndrome (SS) served as controls. The estimated birth rate
for the triple mosaic (45,X/46,XX/47,XXX) is 1 in 25,000–50,000 live
female births. NA = not applicable.
† Neither part of the 95% confidence interval (95% CI) crosses the
known birth rate of 45,X/46,XX/47,XXX, and thus, demonstrates a
statistically significant result.
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population, and P(A) is the prevalence of the X triple mosaic
in the population.

RESULTS

Among 2,426 women with SLE, we found 3 with
the rare triple mosaic of 45,X/46,XX/47,XXX based on

the b plots; these results were confirmed by G-band
karyotyping of 50 cells (Table 1). These SLE patients
had approximately the same ratio of cells with the
abnormal X chromosome number: only 3% of cells
were either 45,X or 47,XXX, while a large majority
(~94%) carried 46,XX. In examination of their clinical
records, there was no diagnosis or clinical evidence of

Figure 1. A, B plot of the X chromosome of a Sj€ogren’s syndrome (SS) patient. The distal aspect of the p arm demonstrates a 4-band pattern
consistent with 3 copies of this portion of the X chromosome. The centromeric half of Xp and Xq demonstrates a 3-band pattern consistent with
2 copies of these portions of the X chromosome. The plot was constructed by dividing the fluorescent intensity of the b allele by the intensity of
the a plus b alleles. B, Karyotype of the X chromosome of all 3 cell types found in the same SS patient. One normal X chromosome was found in
10% of cells (left), 2 normal X chromosomes were found in 65% of cells (middle), and 1 normal X chromosome along with an X chromosome
with a nonreciprocal translocation of distal Xp was found in 25% of cells (right). Arrows indicate the missing X chromosome (solid arrow at far
left), the junction of the normal X chromosome with triplicated Xp region (broken arrow at far right), and the abnormal X chromosome with the
additional Xp segment (solid arrow at far right). Cytogenetic designation is given for this patient’s X chromosome complement. C, Diagram of the
X chromosome abnormalities found in this study. A normal X chromosome, X chromosomes from a mother and daughter with SS from the UK,
and an X triple mosaic defect in the X chromosome from an SS patient at the Oklahoma Medical Research Foundation (OMRF) are shown.
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Turner’s syndrome, abnormal sexual development, or
infertility. Binomial 95% confidence intervals for the
ratio 3 in 2,426 (0.0012 [1 in 809]) were 0.0003–0.0036
(1 in 3,333 to 1 in 278), which therefore did not include
the estimated birth rate of 1 in 25,000 for 45,X/46,XX/
47,XXX (5,20,21). Thus, we concluded that there is a
statistically significant increase in the prevalence of the
X chromosome triple mosaic among SLE patients.

We used Bayes’ theorem to calculate the preva-
lence of SLE among women carrying the X triple
mosaic. For this calculation, we assumed a prevalence
of 1 in 1,000 for SLE, along with a prevalence of 1 in
25,000 for the X triple mosaic. The calculation pre-
dicted that 1 in 32 individuals with 45,X/46,XX/
47,XXX will have SLE.

Among 2,138 women with SS, we did not find a
subject with the X chromosome triple mosaic described
above. Instead, when examining X chromosome b plots,
we noted a single subject with a partial triplication of
the X chromosome p arm. That is, distal Xp showed 4
intensity bands (at 0.0, 0.3, 0.6, and 1.0), indicating 3
copies of this portion of the X chromosome, but other
areas of the X chromosome showed only 3 bands (at
0.0, 0.5, and 1.0). The latter is the pattern for 2 X
chromosomes (Figure 1A). We obtained a blood sam-
ple from this subject and performed karyotyping, which
showed a triple X chromosome mosaic, with 2 of 20
cells examined (10%) carrying 45,X and 13 of 20 cells
(65%) carrying 46,XX, while 5 of 20 cells (25%) had a
triplication of the distal portion of the p arm of the X
chromosome (Figure 1B). This additional, triplicated
portion of X consisted of a nonreciprocal translocation
onto 1 of the X chromosomes: 47,XX+Xp. By karyo-
type, this abnormality was designated 45,X/46,XX/
46,X,der(X)(pter>q28::p11.4>pter) (Figure 1).

We identified another SS patient with a rare X
chromosome abnormality in a UK cohort of SS
patients. The patient was studied by karyotyping when
she was a child because of the presence of epilepsy,
oligomenorrhea, and thyroid dysfunction. That study
showed 1 normal X chromosome and 1 isochrome Xp,
that is, an X chromosome with 2 p arms (Figure 1C).
Her mother had an inverted segment of Xq (Fig-
ure 1C). Both the mother and daughter have SS. This
entire UK cohort of 940 SS patients has not been sys-
tematically studied for X chromosome abnormalities, as
~700 are included among the 2,138 studied above. So,
while the identification of this partial triplication of Xp
must be considered anecdotal, the triplicated region
overlaps with the one found among the systematically
studied patients (Figure 1C). Thus, this incidentally
found X chromosome abnormality supports the idea

that a gene or genes within distal Xp mediate the X
chromosome dose effect.

We found no control subject (n = 2,712) with
the X chromosome triple mosaic or any variant thereof
(Table 1).

DISCUSSION

Similar to many other autoimmune diseases,
SLE and SS have a marked sex bias, with ~10 times
more women affected than men. A number of hypothe-
ses have been proposed, and some of these tested, to
explain the marked sex bias in these diseases. An obvi-
ous difference is sex hormones, which might include
not only estrogen, androgen, and progesterone, but also
prolactin (22). Several estrogenic effects, including dif-
ferentiation of T helper cells, induction of interferon,
and survival of B cells, may predispose to autoimmune
disease (23), as well as the recently described effects
on the autoimmune regulator gene AIRE (24). A coun-
terargument to the hormone hypothesis is that sex hor-
mones are within normal limits at the time of SLE
diagnosis (25,26) and are not different between men
with SLE and men with other chronic, nonautoimmune
disease (27). However, men with untreated hypogo-
nadism are reported to be at high risk of SLE (28).
There is no evidence of acquired X monosomy among
women with SLE (29,30), as there is among those with
autoimmune thyroid disease (31) or primary biliary
cirrhosis (32).

Failure to inactivate an X chromosome in acti-
vated CD4+ Tcells is found in SLE patients (33–35) and
lupus-prone mice (36) with failure to methylate, and thus
silence, X-linked immune genes (37). A recent study
showed a global difference in X chromosome inactivation
in resting lymphocytes, which was associated with biallelic
expression of genes from the lymphocytes of SLE patients
(11). Other investigators have proposed that an overall
effect of X reactivation might perturb immune tolerance
(12). Each of these proposed mechanisms might underlie
a gene-dose effect on the X chromosome, which might
involve 1 or more immune-related proteins encoded on
the X chromosome.

We have found very rare X chromosome abnor-
malities among patients with either SLE or SS. Based
on karyotypes of consecutive live births (5,20,38), the
45,X/46,X/47,XXX triple mosaic is found in ~1 in
25,000 live-born girls, but was present in ~1 in 800
women with SLE. We did not find and did not expect
to find the rare triple mosaic among our controls,
which number only just above 2,000 persons. But, past
studies of >25,000 live female births (5,20,21,38) serve
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as an external validation of the incidence and preva-
lence of the 45,X/46,XX/47,XXX mosaic. Meanwhile,
the 45,X/46,XX/47,XX+Xp found in 1 of our SS
patients is nearly unprecedented (39).

Finding these X chromosome rarities has several
implications. For example, only a small percentage of
cells from these patients carried the additional X chro-
mosome or portion of the X chromosome. The data
reported by Wang et al (11) are consistent with this
finding, as the unusual maintenance of X chromosome
inactivation in lymphocytes leads to biallelic expression
of X-linked genes in only a few cells. In addition, simi-
lar to those in whom 100% of cells carried 47,XXX
(10), the 4 patients we described have no evidence of
abnormal sex hormones or sexual development. Like-
wise, hormone imbalance due to Turner’s syndrome,
which is likely underrepresented among SLE patients
(7), is not expected with the low proportion of 45,X
cells in our patients. Thus, estrogen, progesterone, or
androgen differences cannot be invoked as an explana-
tion of the apparent association of the X triple mosaic
with SLE and SS.

Despite the associations we found, an increased
prevalence of these rare X chromosome aneuploidies
does not prove causality. Nonetheless, given the rarity
of these X chromosome abnormalities, association by
chance alone seems unlikely to us. The mechanism by
which additional X chromosomes or distal Xp frag-
ments increase the risk of these diseases remains to be
determined but will provide evidence of causality. Per-
haps the findings reported herein give important clues
that can be used to direct and narrow the candidate
genes affecting the X chromosome dose effect. The dis-
tal p arm of the X chromosome contains multiple
genes that escape X inactivation (11). Thus, the finding
of a partial trisomy of this portion of the X chromo-
some in these patients suggests, but does not prove,
that the gene or genes that mediate this effect are
found in this region. There are a number of past exam-
ples in which identification of an abnormality on karyo-
type in an affected individual led to much more rapid
identification of the genetic cause of a particular dis-
ease. These include Duchenne’s and Becker’s muscular
dystrophies, Angelman’s syndrome, and fragile X syn-
drome. Perhaps relevant to the findings herein, how-
ever, was the identification of a chromosome X-21
balanced translocation in a girl with Duchenne’s mus-
cular dystrophy. This finding gave the location of the
gene on the X chromosome long before identification
was possible through reverse genetics studies (40).

In summary, we suspect that these SLE and SS
with X chromosome abnormalities greatly inform the

common situation of the marked sex bias between 46,XX
women and 46,XY men. Future studies using the local-
ization provided by the very rare patients described
herein may be able to concentrate on genes within this
shared triplicated region of Xp as the mediators of the X
chromosome dose effect for sex bias in SLE and SS.
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NF-jB2 Controls the Migratory Activity of Memory T Cells by
Regulating Expression of CXCR4 in a Mouse Model of

Sj€ogren’s Syndrome

Mie Kurosawa,1 Rieko Arakaki,1 Akiko Yamada,1 Takaaki Tsunematsu,1 Yasusei Kudo,1

Jonathan Sprent,2 and Naozumi Ishimaru1

Objective. Dysregulated chemokine signaling
contributes to autoimmune diseases by facilitating
aberrant T cell infiltration into target tissues, but the
specific chemokines, receptors, and T cell populations
remain largely unidentified. The aim of this study was
to examine the role of the potent chemokine CXCL12
and its receptor CXCR4 in the T cell autoimmune
response, using alymphoplasia (aly)/aly mice, a model
of Sj€ogren’s syndrome (SS).

Methods. T cell phenotypes in the salivary gland
of aly/aly mice were evaluated using immunologic anal-
ysis. An in vitro migration assay was used to assess
T cell migratory activity toward several chemokines.
Gene expression of chemokine receptors and trans-
forming growth factor b receptors (TGFbRs) was mea-
sured by quantitative reverse transcription–polymerase
chain reaction. The CXCR4 antagonist AMD3100 was
administered to the aly/aly mice in order to evaluate its
suppressive effect on autoimmune lesions.

Results. Effector memory T (TEM) cells derived
from aly/aly mice demonstrated higher in vitro migra-
tory activity toward CXCL12 than did TEM cells from
aly/+ mice. CXCL12 expression was specifically up-
regulated in the SS target cells of aly/aly mice. TEM cells
from RelB�/� mice, but not Nfkb1�/� mice, also showed
high migratory activity toward CXCL12, implicating a

role of the nonclassical RelB/NF-jB2 pathway in the reg-
ulation of TEM cell migration. TEM cells from aly/aly
mice also overexpressed TGFbR type I (TGFbRI) and
TGFbRII. The CXCR4 antagonist AMD3100 suppressed
autoimmune lesions in aly/aly mice by reducing TEM cell
infiltration.

Conclusion. Our results suggest that the RelB/
NF-jB2 pathway regulates T cell migration to autoim-
mune targets through TGFb/TGFbR-dependent regula-
tion of CXCL12/CXCR4 signaling. This suggests that
these signaling pathways are potential therapeutic tar-
gets for the treatment of autoimmune diseases.

Chemokines are important activators of adhesion
molecules and drivers of lymphocyte migration to sites
of inflammation, including autoimmune lesions. Acti-
vated or autoreactive T cells derived from naive T cells
migrate to and attack self tissue or cells during initiation
of autoimmunity (1,2). T cell migration, differentiation,
and effector activity are controlled by several che-
mokines, including CXCL9, CXCL10, CXCL11, and
CXCL12 (2–6). However, because T cells dynamically
express multiple chemokine receptors, and chemokine
binding overlaps among these receptors, the precise
mechanisms of T cell regulation by chemokine/chemo-
kine receptor signaling remain unclear.

Among these chemokines, CXCL12 is a critical
regulator of tissue homeostasis, immune surveillance, and
inflammatory responses (7). CXCL12 can bind to 2 recep-
tors on T cells, CXCR4 and CXCR7. Moreover, CXCR7
directly modulates CXCR4 signaling via CXCR7/CXCR4
heterodimerization (7). When CXCL12 binds to CXCR4
on Tcells, CXCR4 heterodimerizes with the T cell recep-
tor to stimulate multiple phospholipase C isoforms,
increasing the intracellular calcium concentration and
activating the ERK pathway, thereby initiating the tran-
scription of genes associated with specific T cell functions
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(8). In cancer cells, the expression of CXCR4 and
CXCR7 is regulated by NF-jB (9), but it is unclear how
cytokine receptor expression in peripheral T cells is
controlled.

NF-jB plays a key role in the regulation of
many inflammatory processes of immune cells (10).
The NF-jB family consists of 5 subunits: NF-jB1
(p105�p50), NF-jB2 (p100�p52), RelA (p65), RelB,
and c-Rel. Heterodimers or homodimers of these
subunits can be translocated into the nucleus to bind
NF-jB sequences neighboring target genes (11). Two
NF-jB signaling pathways exist in the immune cells: a
“classical” pathway initiated by the NF-jB1�RelA
complex, and an alternative “nonclassical” pathway ini-
tiated by the NF-jB2�RelB complex (11). The impor-
tance of NF-jB–inducing kinase (NIK) in NF-jB
activation has been demonstrated in studies using NIK-
deficient and alymphoplasia (aly)/aly mice (12–15).

The aly/aly mouse carries a mutation in the
MAP3K-14/NIK gene. MAP3K-14/NIK is key in regulat-
ing the processing of p100 to p52 through IKKa in
hematopoietic cells (12–15). In addition, aly/aly mice ex-
hibit autoimmune lesions in the lacrimal and salivary
glands, resembling those observed in patients with
Sj€ogren’s syndrome (SS) (16). We previously reported
that the abnormal activation of naive Tcells, but not effec-
tor memory T (TEM) cells, in aly/aly mice contributes to
the onset of autoimmunity due to impaired crosstalk
between the NF-jB subunits (17). However, the precise
role of NIK in TEM cell function remains unclear. In par-
ticular, although the chemokine-dependent migration of
TEM cells to the target organs of autoimmunity via the
NF-jB2 signaling pathways, including NIK, is a key mech-
anism in the development of autoimmunity, the precise
contribution of NIK remains to be explored.

The heterogeneity of memory T cells depends on
the surface molecule expression profile, effector func-
tion, signal transduction, and location (18,19). Three
distinct subsets of memory T cells have been identified:
central memory T cells, TEM cells, and memory stem
T cells (20). Central memory T cells express CD62L
(also known as L-selectin) and CCR7 (20), whereas
TEM cells do not (20,21). The precise migratory func-
tion of TEM cells to the target organ in autoimmunity
needs to be explored.

In the current study, we focused on the migra-
tory response of T cells to chemokines in aly/aly mice
and the molecular mechanism underlying the expres-
sion of chemokine receptors. To our knowledge, the
current study is the first to indicate a role of NF-jB2
signaling in TEM cell function and in the pathogenesis
of autoimmune diseases.

MATERIALS AND METHODS

Mice. The aly/aly and aly/+ mice were obtained from
CLEA Japan. Nfkb1�/� and RelB�/� mice were obtained from
The Jackson Laboratory; the genetic background of these
mice is C57BL/6J. The mice were housed in a pathogen-free
environment within the animal facility at Tokushima Univer-
sity. Mice that were 6�16 weeks of age were used in the
study, and all animal experiments were conducted according
to the Fundamental Guidelines for Proper Conduct of Ani-
mal Experiment and Related Activities in Academic Research
Institutions under the jurisdiction of the Japan Ministry of
Education, Culture, Sports, Science and Technology. The pro-
tocol was approved by the Committee on Animal Experi-
ments at the University of Tokushima, Biological Safety
Research Center (permit no. T27-7). All experiments were
performed after administering anesthesia, and all efforts were
made to minimize suffering in the mice.

Histologic analysis. Salivary glands and lacrimal glands
were harvested from the mice and fixed in 10% phosphate buff-
ered formaldehyde (pH 7.2). Histologic examination was per-
formed using sections stained with hematoxylin and eosin.

Immunofluorescence staining and immunohistochem-
ical analysis. Frozen sections of salivary gland tissue were
fixed with methanol/acetone (1:1), blocked using a biotin–
avidin blocking kit (Vector) and 5% bovine serum albumin,
and stained with biotinylated anti-mouse CD4 monoclonal
antibody (mAb) (RM4.5; eBioscience), with Alexa Fluor 546–
conjugated streptavidin (Invitrogen) as the second antibody.
In addition, to detect CXCL12 expression in frozen lacrimal
gland tissue, anti-CXCL12 polyclonal antibody (anti–stromal
cell–derived factor 1a [anti–SDF-1a]) (Abcam), phycoerythrin
(PE)–conjugated anti-mouse epithelial cell adhesion mole-
cule (CD326) mAb (G8.8; eBioscience), PE-conjugated
anti-CD45.2 (Ly5.2) mAb (104; BioLegend), and biotin-
conjugated anti-PE mAb (eBioPE-DLF; eBioscience) as the
second antibody were used. After washing 3 times with phos-
phate buffered saline (PBS), nuclear DNA was stained with
DAPI (Invitrogen). The sections were observed using a
PASCAL confocal laser scanning microscope (LSM) (Zeiss)
at 4009 or 6309 magnification. Zeiss LSM image browser
version 3.5 was used for image acquisition. For immunohisto-
chemical analysis, paraffin-embedded sections using the tissue
specimens fixed in 10% phosphate buffered formaldehyde
(pH 7.2) were stained with anti-CXCL12 polyclonal antibody
(Abcam) using biotin�avidin immunoperoxidase complex
reagent (Dako) and a DAB (diaminobenzidine) Chromogen
Kit (Dako). The nuclei were counterstained with hematoxylin.

Enzyme-linked immunosorbent assay (ELISA). The
serum concentration of CXCL12 in B6, aly/+, and aly/aly mice
was measured using mouse CXCL12/SDF-1a Quantikine
ELISA kit (R&D Systems). Briefly, 96-well flat-bottomed
plates were precoated with capture antibodies, and diluted
samples of standard recombinant CXCL12 were added to each
well. After the plates were washed, biotinylated antibodies
were added, and the wells were incubated with horseradish
peroxidase–labeled streptavidin. A solution of o-phenylenedia-
mine (OPD; Sigma-Aldrich) was added to each well as the sub-
strate. The optimal density at 490 nm was measured using a
microplate reader (model 680; Bio-Rad).

Cell isolation. Spleen cells were suspended by homog-
enization, and red blood cells were removed with 0.83%
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ammonium chloride. The remaining cells were washed twice
with 2% fetal bovine serum–Dulbecco’s modified Eagle’s
medium. CD44highCD62L� TEM cells and CD44lowCD62L+
naive CD4+ T cells were isolated using a cell sorter (JSAN Jr
Swift; Bay Bioscience). The specific subset of the isolated
cells was confirmed by evaluation of CCR7 expression (CCR7�
for TEM cells, CCR7low for naive cells). Lymphocytes infiltrat-
ing into the target organs were isolated by dispersing lacrimal
gland and salivary gland tissue specimens with 1 mg/ml collage-
nase solution (Wako), followed by density-gradient centrifuga-
tion using Histopaque 1083 (Sigma-Aldrich).

Flow cytometric analysis. Lymphocytes from the spleen
and target organs were stained using PE–Cy7–conjugated anti-
mouse CD4 mAb (GK1.5; Tonbo Biosciences), fluorescein
isothiocyanate–conjugated anti-mouse CD8 mAb (53-6.7;
eBioscience), PE–Cy5.5–conjugated anti-mouse CD44 mAb
(IM7; Tonbo Biosciences), allophycocyanin (APC)–Cy7–conju-
gated anti-mouse CD62L mAb (Mel-14; BioLegend),

PE-conjugated anti-mouse/human CXCR7 mAb (8F11-M16;
BioLegend), biotinylated anti-mouse CXCR4 mAb (2B11;
eBioscience), biotinylated anti-mouse CCR7 mAb (4B12; eBio-
science), APC-conjugated anti-mouse transforming growth factor
b receptor type I (TGFbRI) mAb (141231; R&D Systems), APC-
conjugated anti-mouse TGFbRII polyclonal antibody (R&D
Systems), and APC-conjugated streptavidin (eBioscience). A
FACScan flow cytometer (BD Biosciences) was used to identify
the cell populations according to the surface expression profile.
Flow cytometry data were analyzed using FlowJo software (Tree
Star).

In vitro chemotactic migration assay. After serum
starvation in RPMI 1640 medium for 24 hours, CD4+ T cells
were plated (5 9 105 cells in 350 ll) in the culture plate inserts
(3.0-lm pore size) (Merck/Millipore). An equal volume of
medium containing CXCL9, CXCL10, CXCL11, and CXCL12
(0�750 ng/ml) (R&D Systems) was added to the lower cham-
ber in 350 ll of RPMI 1640 containing 0.1% bovine serum

Figure 1. Inflammatory lesions associated with infiltration of effector memory T (TEM) cells into the target organs of aly/aly mice (age 12 weeks).
A, Inflammatory lesions in the salivary glands (SG) of female aly/aly mice at 3 months of age. Bars = 50 lm. B, Accumulation of CD4+ T cells in
the salivary glands of aly/aly mice as detected by immunofluorescence staining. Photomicrographs are representative of those from each group of
mice. Bars = 20 lm. C, Infiltration of CD4+ and CD8+ subsets of lymphocytes into the salivary glands of aly/aly mice and aly/+ mice as detected
by flow cytometric analysis. D, Numbers of CD4+ and CD8+ T cells among infiltrated lymphocytes in the salivary glands of aly/aly mice and aly/+
mice. E, CD44/CD62L expression in CD4+ T cells in the spleens and salivary glands of aly/aly mice and aly/+ mice as detected by flow cytometric
analysis. Results are representative of those from each group of mice. F, Numbers of CD44highCD62L� TEM cells and CD44lowCD62L+ naive
CD4+ cells in the spleens and salivary glands of aly/aly mice and aly/+ mice. Values are the mean � SD (n = 6–8 mice per group). * = P < 0.05.
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albumin, and then the cells were cultured for 4 hours at 37°C.
The number of migrated cells was analyzed by flow cytometry.

Quantitative reverse transcription–polymerase chain
reaction (qRT-PCR). Total RNA was extracted from lympho-
cytes using an RNeasy Mini Kit (Qiagen) and subsequently
reverse-transcribed into complementary DNA. Threshold cycle
(Ct) values of >35 cycles were discarded. For standardization,
the Ct cutoff in all analyses was set at the default setting (0.2).
The expression of messenger RNAs (mRNAs) encoding
CXCR4, CXCR7, CXCL12, TGFbRI, TGFbRII, TGFbRIII,
b-actin, and GAPDH was determined using a PTC-200 DNA
Engine cycler (Bio-Rad) with SYBR Premix Ex Taq reagent
(Takara). The primer sequences used were as follows: CXCR4,
forward 50-TCAGTGGCTGACCTCCTCTT-30 and reverse 50-
TTTCAGCCAGCAGTTTCCTT-30; CXCR7, forward 50-GGTC-
AGTCTCGTGCAGCATA-30 and reverse 50-GTGCCGGTGAA-
GTAGGTGAT-30; CXCL12, forward 50-CTTCATCCCCATTCTC-
CTCA-30 and reverse 50-GACTCTGCTCTGGTGGAAGG-30;
TGFbRI, forward 50-AACTGAAACACCGTGGGAAC-30 and
reverse 50-TGGGAAGCTTTCAGTTGACC-30; TGFbRII, forward
50-CCCAGTCTGGAAATGAAAGC-30 and reverse 50-ACT-
TTTGTCGTGGGTTCTGG-30; TGFbRIII, forward 50-TCAGAT-
TTGTGCCTGTCTCG-30 and reverse 50-CTGGGTGTTCTGCA-
TTTGTG-30; b-actin, forward 50-GTGGGCCGCTCTAGGCAC-
CA-30 and reverse 50-CGGTTGGCCTTAGGGTTCAGGGGGG-
30; GAPDH, forward 50-TGCACCACCAACTGCTTAC-30 and
reverse 50-GGATGCAGGGATGATGTTC-30. To confirm the
specificity of the primers, each PCR product was electrophoresed
on an agarose gel to determine the DNA size (in basepairs), and a
single band for each product was detected at the expected size. Rel-
ative mRNA expression of each transcript was normalized against
b-actin mRNA. To confirm the normalization by b-actin, the
mRNA expression of CXCL12 was quantified using GAPDH as
another housekeeping gene. Samples in each experiment were ana-
lyzed in triplicate. The qRT-PCR experiments were repeated at least
3 times.

Administration of AMD3100. The CXCR4 inhibitor
AMD3100 (5 mg/kg) (Sigma) was administered daily to
female aly/aly mice ages 8–16 weeks, by intraperitoneal injec-
tion. As a control, PBS was administered to aly/aly mice
according to the same regimen.

Statistical analysis. Group means were compared
using Student’s unpaired t-test. P values less than 0.05 were
considered significant.

RESULTS

TEM cells in the autoimmune lesions of aly/aly
mice. Inflammatory lesions in the salivary glands of aly/
aly mice were observed from ~10 weeks of age, as pre-
viously described (16). Infiltration of mononuclear cells
around dilated ducts and the destruction or atrophy of
acinar cells were observed in the salivary gland tissues
harvested from 3-month-old aly/aly mice (Figure 1A).
Moreover, to evaluate the dysfunction of target organs,
the flow volume of tears and saliva was measured. The
flow in aly/aly mice was significantly lower than that in
aly/+ mice with respect to the autoimmune lesions in
target organs. Immunofluorescence analysis revealed

that CD4+ T cells were the predominant infiltrating cell
type (Figure 1B), and flow cytometric analysis of iso-
lated salivary gland lymphocytes confirmed that >80%
were CD4+ T cells (Figures 1C and D). The number of
CD44highCD62L�CD4+ TEM cells was higher in the
spleens of aly/aly mice than that in the spleens of aly/+
mice (Figure 1E), while there was no difference between
aly/aly and aly/+ mice in the total number of TEM cells
and the number and proportion of CD44lowCD62L+
naive CD4+ T cells in the spleen (Figures 1E and F). In
contrast, the numbers of both TEM cells and naive T
cells in the salivary glands of aly/aly mice were signifi-
cantly increased compared with the numbers in aly/+
mice (Figure 1F).

Enhanced migratory response of aly/aly mouse
CD4+ T cells to CXC chemokines. To examine whether
the facilitation of migratory activity contributes to the
TEM cell infiltration observed in aly/aly mice, the

Figure 2. Enhanced migratory rate of TEM cells toward CXCL12
isolated from aly/aly mice (age 12 weeks). A, Chemotactic activities of
TEM cells in the presence of CXCL9, CXCL10, CXCL11, or
CXCL12 (all 750 ng/ml) as analyzed by in vitro migration assay with
Transwell membranes (3 lm). B, Chemotactic activity of naive CD4+
T cells in the presence of CXCL9, CXCL10, CXCL11, or CXCL12. C
and D, Dose-dependent migratory response of CD4+ TEM cells (C)
and naive CD4+ cells (D) to increasing concentrations of CXCL12
(250, 500, and 750 ng/ml) in aly/aly mice. Values are the mean � SD
of triplicate determinations. Each experiment was repeated 3 times.
* = P < 0.05. PBS = phosphate buffered saline (see Figure 1 for other
definitions).
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migratory response of CD4+ T cells isolated from aly/aly
and aly/+ mouse spleens toward CXCL9, CXCL10,
CXCL11, and CXCL12 was evaluated by in vitro Trans-
well migration assay. The migratory rates of aly/aly mouse
CD4+ TEM cells toward CXCL12 were significantly
higher than those of aly/+ mouse TEM cells, while there
was no difference in the migratory response to CXCL9,
CXCL10, and CXCL11 (Figure 2A). Furthermore, the
response increased with increasing CXCL12 concentra-
tions (Figure 2C). In contrast, no migratory response
toward any of these cytokines was observed with respect
to CD4+ naive T cells isolated from aly/aly and aly/+
mouse spleens (Figures 2B and D).

Elevated CXCL12 expression in the target tissue
of aly/aly mice. We measured the serum concentration
of CXCL12 by ELISA to examine whether a higher
serum concentration contributes to greater TEM cell
migration/infiltration in aly/aly mice but observed no
difference between the B6, aly/+, and aly/aly mice
(Figure 3A). We then examined whether local accumu-
lation of CXCL12 in the spleen or target organs is
responsible for this enhanced migratory capacity of aly/
aly mouse TEM cells by measuring CXCL12 mRNA
expression with qRT-PCR. CXCL12 mRNA expression
in the salivary glands and lacrimal glands of aly/aly mice
was significantly higher than that in the salivary glands
and lacrimal glands of aly/+ mice (Figure 3B), but
there was no difference in CXCL12 mRNA expression
in the spleen and lung (Figure 3B). These findings sug-
gest that increased CXCL12 expression in the target
tissues (salivary gland and lacrimal gland) contributes
to the higher TEM cell accumulation and the conse-
quent autoimmune response.

It is known that increased chemokine levels are
detectable in the inflamed tissues of SS patients (22,23),
and CXCL12 is ubiquitously expressed in many tissues
and cell types (7). To determine the cell type producing
CXCL12 in the target organs, we performed immunoflu-
orescence analysis. CXCL12-expressing cells were ana-
lyzed in the target tissues of aly/aly mice at 12 weeks of
age. Epithelial cell adhesion molecule–positive epithelial
cells in lacrimal glands expressed CXCL12 in aly/aly
mice, but not aly/+ mice, while CD45.2+ lymphocytes
infiltrated into lacrimal glands did not express CXCL12
in aly/aly mice (Figures 3C and D). CXCL12 expression
was observed in the epithelial cells neighboring the area
of lymphocyte infiltration (Figures 3C and D). At 6
weeks of age, when inflammatory lesions were absent,
there was no difference in CXCL12 expression in the
lacrimal glands of aly/aly mice and aly/+ mice, suggest-
ing that CXCL12 expression by target cells increases
along with the migration of inflammatory cells including

T cells, and that T cell migration may further increase
following up-regulation of CXCL12, leading to the
development of severe autoimmune lesions. Although
the precise mechanism underlying CXCL12 up-regula-
tion in the target organs in aly/aly mice remains unclear,
the production might be enhanced in the inflammatory
lesions of target organs in aly/aly mice.

Elevated CXCL12 receptor expression on TEM
cells from aly/aly mice. Although CXCR4 is the best
described CXCL12 receptor, this chemokine also binds
to CXCR7 (7,24). To examine whether the up-

Figure 3. CXCL12 overexpression in target tissues in aly/aly mice
(age 12 weeks). A, CXCL12 concentrations in sera from B6, aly/+,
and aly/aly mice as determined by enzyme-linked immunosorbent
assay. B, CXCL12 mRNA expression levels in spleens, salivary glands,
lacrimal glands (LG), and lungs as analyzed by quantitative reverse
transcription–polymerase chain reaction. C and D, CXCL12 expres-
sion in the lacrimal glands of aly/aly mice and aly/+ mice as detected
by immunofluorescence analysis using Alexa Fluor 546–conjugated
anti–epithelial cell (Ep) adhesion molecule (anti-EpCAM) monoclo-
nal antibody (mAb) and Alexa Fluor 488–conjugated anti-CXCL12
mAb (C) or Alexa 546–conjugated anti-Ly5.2 mAb and Alexa Fluor
488–conjugated anti-CXCL12 mAb (D). Nuclei were stained with
DAPI. Broken lines indicate separation of the lymphocyte (Ly)–infil-
trating area from the epithelial cell area. Bars = 10 lm. Values are
the mean � SD and are representative of those from 4–5 mice per
group. * = P < 0.05. See Figure 1 for other definitions.
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regulation of these receptors also contributes to
enhanced CXCL12-dependent tissue infiltration of
TEM cells in aly/aly mice, CXCR4 and CXCR7 expres-
sion in TEM cells and naive T cells isolated from
mouse spleens were measured by flow cytometry. Sur-
face expression of CXCR4 on the TEM cells of aly/aly
mice was significantly higher than that on TEM cells
from aly/+ mice, whereas no difference in the expres-
sion of CXCR7 was seen (Figure 4A). In contrast,
there was no difference between aly/aly mice and aly/+
mice in CXCR7 or CXCR4 expression on naive CD4+
T cells (Figure 4B). Furthermore, CXCR4 mRNA
expression was significantly higher in TEM cells iso-
lated from the spleens of aly/aly mice compared with
that in TEM cells from aly/+ mice, while there was no
difference in CXCR7 mRNA expression (Figure 4C).
No difference between aly/aly mice and aly/+ mice in
CXCR7 and CXCR4 expression in naive CD4+ T cells
was observed (Figure 4D). These findings suggest that
the high migratory activity of TEM cells from aly/aly
mice toward CXCL12 results from increased expression
of CXCR4.

To understand the role of both classical and non-
classical NF-jB pathways in the migratory response of

TEM cells to CXCL12, an in vitro migratory assay in
response to CXCL12 was performed using TEM cells
and naive CD4+ T cells isolated from wild-type (WT),
Nfkb1 (p50)�/�, aly/aly, and RelB�/� mice. There was no
difference in the migratory response of TEM cells in
WTand Nfkb1�/� mice (Figure 4E). In contrast, RelB�/�

mice demonstrated a significantly increased migratory
response without CXCL12 compared with the WT mice
(Figure 4E). In addition, the migratory response to
CXCL12 in RelB�/� mice was significantly higher than
that in the WT mice (Figure 4E). Moreover, the migra-
tory response to CXCL12 in RelB�/� mice was signifi-
cantly higher than that in the aly/aly mice (Figure 4E).
Therefore, TEM cells in RelB�/� mice are generally
more sensitive to chemokines. In accordance with these
results, no substantial migratory response was observed
with respect to the naive T cells in Nfkb1�/�, aly/aly, and
RelB�/� mice (Figure 4F). This suggests that the nonclas-
sical RelB/NF-jB2 pathway regulates the migratory
response to CXCL12 in TEM cells.

Role of TGFb1 in CXCR4 expression by TEM
cells. TGFb is considered as being the master regulator
of T cell activity, and CXCR4 expression in human T
cells is controlled by TGFb1 (25,26). Therefore, we

Figure 4. Overexpression of CXCR4 and CXCR7 in TEM cells from aly/aly mice. A and B, Cell surface expression of CXCR7 and CXCR4 in
TEM cells (A) and naive CD4+ T cells (B) from the spleens of aly/aly and aly/+ mice (age 10 weeks) as detected by flow cytometric analysis. C
and D, CXCR7 and CXCR4 mRNA expression in TEM cells (C) and naive CD4+ T cells (D) in the spleens of aly/+ and aly/aly mice as analyzed
by quantitative reverse transcription–polymerase chain reaction. E and F, Migratory response to CXCL12 (750 ng/ml) of TEM cells (E) and naive
CD4+ T cells (F) in the spleens of wild-type (WT), Nfkb1�/�, aly/aly, and RelB�/� mice (age 10 weeks). Values are the mean � SD of triplicate
determinations (n = 5–7 mice per group). Each experiment was repeated 3 times. * = P < 0.05; ** = P < 0.005. MFI = mean fluorescence intensity
(see Figure 1 for other definitions).
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examined whether TGFb1 signaling is involved in
CXCR4 overexpression by TEM cells from aly/aly mice.
TGFb1 up-regulated the expression of CXCR4 mRNA
in both aly/aly and aly/+ mouse TEM cells, but the
increase was greater in TEM cells from aly/aly mice
(Figure 5A). In contrast, no enhancement of CXCR4
mRNA expression by TGFb1 was observed in naive
CD4+ T cells of either genotype (Figure 5A). More-
over, the levels of CXCR4 protein expression on TEM
cells from aly/aly mice increased significantly in
response to TGFb1, whereas an increase in CXCR4
protein expression on TEM cells from aly/+ mice was
not observed (Figure 5B). CXCR4 expression in naive
T cells in response to TGFb1 in both aly/aly and aly/+

mice did not change (Figure 5B). Consistent with a
critical role of CXCL12/CXCR4 signaling during
increased aly/aly mouse TEM cell migration, the migra-
tory response of TEM cells from aly/aly mice to
CXCL12 was further up-regulated by TGFb1 compared
with aly/+ mouse TEM cells (Figure 5C). Collectively,
these results suggest that NF-jB2 negatively controls
CXCR4 expression through TGFb signaling.

We also investigated whether TGFbR signaling is
up-regulated in TEM cells from aly/aly mice, thereby
accounting for the enhanced sensitivity to TGFb. Indeed,
qRT-PCR results showed that the expression of TGFbRI
and TGFbRII was significantly higher in aly/aly mouse
TEM cells than in aly/+ mouse TEM cells (Figure 5D).

Figure 5. Enhanced CXCL12-induced migration of TEM cells by activation of transforming growth factor b (TGFb) signaling. A, CXCR4 mRNA
expression by CD4+ TEM cells and naive CD4+ Tcells from aly/alymice and aly/+mice (ages 10�12 weeks) that were left untreated or stimulated with
TGFbI (0.125 ng/ml) for 24 hours, as determined by quantitative reverse transcription–polymerase chain reaction (qRT-PCR).B,Cell surface expression
(relative to isotype control) of CXCR4 in CD4+ TEM cells and naive CD4+ Tcells from the spleens of aly/aly mice and aly/+ mice, as detected by flow
cytometric analysis. C,Migratory response to CXCL12 (750 ng/ml) of TEM cells from aly/aly and aly/+mice that were left untreated or stimulated with
TGFb1 (0.125 ng/ml) for 24 hours, as analyzed by in vitro migration assay.D, TGFb receptor type I (TGFbRI), TGFbRII, and TGFbRIII mRNAexpres-
sion in naive and TEM cells from aly/aly and aly/+ mice, as determined by qRT-PCR. E, Percentage of TGFbRI-positive TEM cells and naive CD4+ T
cells from aly/aly and aly/+mice, as determined by flow cytometric analysis. F, Percentage of TGFbRII-positive TEM and naive CD4+ Tcells, as analyzed
by flow cytometry. Values are the mean � SD of triplicate determinations (n = 5 mice per group). Each experiment was repeated 3 times. * = P < 0.05;
** = P < 0.005. MFI = mean fluorescence intensity (see Figure 1 for other definitions).
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As expected, there was no difference in the expression of
TGFbRI and TGFbRII in naive CD4+ T cells in aly/+
and aly/aly mice, which again is consistent with the lack
of TGFb effects on migration (Figure 5D). There was
also no difference in TGFbRIII expression in aly/+ and
aly/aly mouse TEM cells (Figure 5D). Furthermore, flow
cytometric analysis revealed that the number of
TGFbRI-positive TEM cells in aly/aly mice was signifi-
cantly higher than that in aly/+ mice (Figure 5E). The
proportion of TGFbRII-positive TEM cells in aly/aly
mice also was increased compared with that in aly/+
mice (Figure 5F). These findings suggest that NF-jB2
controls the migratory function of TEM cells by regulat-
ing the TGFb/TGFbR/CXCR4 signaling axis.

Therapeutic effect of CXCR4 inhibitor on
autoimmune lesions in aly/aly mice. Finally, we exam-
ined whether the suppression of migration-promoting
signaling pathways reduces the autoimmune response in

aly/aly mice. Intraperitoneal injection of the specific
CXCR4 antagonist AMD3100 into aly/aly mice from 8
to 16 weeks of age dramatically reduced the infiltrating
cell number and the severity of the lesions in the sali-
vary glands and lacrimal glands and suppressed lympho-
cyte infiltration into these target organs (Figures 6A
and B). Moreover, the proportion of TEM cells among
all infiltrated lymphocytes in salivary glands and lacri-
mal glands was significantly reduced by AMD3100
compared with that in the vehicle-treated controls
(Figures 6C and D). There were no differences in the
number of CD3+ T cells, CD19+ B cells, CD4+ T cells,
and CD8+ T cells in the spleens of mice treated with
AMD3100 or vehicle. This suggests that inhibition of
CXCR4 prevents autoimmune lesions in aly/aly mice by
suppressing CXCL12-induced TEM cell migration.

DISCUSSION

In this study, the phenotype of the CD4+ T cells
infiltrating into the target tissues of aly/aly mice was
similar to that of CD44highCD62L�CCR7�CD4+ TEM
cells. These infiltrating cells are believed to involve
autoreactive T cells. Our findings strongly suggest that
CXCL12 is a critical factor promoting TEM cell infil-
tration into target organs. The migratory response of
TEM cells, including autoreactive T cells, was markedly
enhanced in aly/aly mice compared with aly/+ mice.
Several studies have demonstrated that chemokines are
up-regulated in the target organs of patients with SS
(22,27), and indeed, CXCL12 expression increased in
the inflammatory lesions of aly/aly mice. Moreover,
CXCR4 was also up-regulated in TEM cells from aly/
aly mice, thus explaining the strong recruitment of
these cells into target tissue.

CXCR4 is one of several chemokine receptors
exploited by HIV to infect CD4+ T cells, in addition to
SDF-1, a major receptor of CXCL12 (28). CXCR4 is
widely expressed at high levels in various immune cells,
such as monocytes, B cells, and naive T cells (5,8,29,30).
CXCR4-knockout mice have the embryonic lethality phe-
notype due to impaired hematopoiesis, organ vasculariza-
tion, and neuronal migration (29,31). Recent studies
have demonstrated that blocking the CXCL12�CXCR4
interaction can inhibit tumor growth by reducing tumor
angiogenesis (5,24). Furthermore, inhibition of the
CXCL12/CXCR4 pathway in the CD4+ T cells of NOD
mice using the specific CXCR4 antagonist AMD3100 can
protect against autoimmune diabetes (32). Similarly,
administration of AMD3100 reduced the severity of
autoimmune lesions in an experimental model of autoim-
mune encephalomyelitis by reducing the number of

Figure 6. Therapeutic effect of a CXCR4 inhibitor on autoimmune
lesions in aly/aly mice. The CXCR4 inhibitor AMD3100 (5 mg/kg) was
intraperitoneally injected daily into aly/aly mice from 8 weeks to 16
weeks of age. A and B, Paraffin-embedded sections of salivary glands
(A) and lacrimal glands (LG) (B) from control and AMD3100-
treated mice. Hematoxylin and eosin–stained; bars = 50 lm. Photo-
micrographs are representative of those from 5 mice per group. C and
D, Numbers of TEM and naive CD4+ T cells among infiltrated lym-
phocytes in the salivary glands (C) and lacrimal glands (D) of control
and AMD3100-treated mice as determined by flow cytometric analysis.
Values are the mean � SD (n = 5 mice per group). * = P < 0.05. See
Figure 1 for other definitions.
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immune cells localizing to the perivascular space in
response to CXCL12 (33). The severity of autoimmune
collagen-induced arthritis in interferon-c receptor–defi-
cient DBA/1 mice was reduced by AMD3100 treatment
through inhibition of CXCR4+ macrophage migration to
the target organs (34). Moreover, autoimmune thyroiditis
in NOD.H-2h4 mice was also suppressed by AMD3100
treatment (35).

In the current study, the autoimmune lesions in
aly/aly mice were suppressed by AMD3100 treatment via
inhibition of TEM cell migration to the target organs. In
humans, expression of CXCR4 by naive T cells is con-
trolled by TGFb signaling (26), and we observed that
CXCR4 mRNA expression by TEM cells was also
enhanced by TGFb1. Furthermore, the enhancement was
strong in TEM cells from aly/aly mice, which is consistent
with the enhanced expression of TGFbR. Collectively,
these results suggest that NF-jB2 may control CXCR4
expression in TEM cells through TGFb signaling.

NIK plays a key role in regulating the processing
of p100 to p52 through IKKa in both hematopoietic
cells and osteoclasts (10,11,36,37). NIK-deficient and
aly/aly mice lack lymph nodes, and, at least in aly/aly
mice, the T cells show defective proliferation and inter-
leukin-2 production in response to stimulation by the
CD3 antibody (anti-CD3) (13). Furthermore, NIK may
be involved in the maintenance of central tolerance in
the thymus (14). Moreover, aly/aly mice and RelB–/–

mice show signs of autoimmune disease (16,38). A pre-
vious study by our group demonstrated that NF-jB2
controls the classical NF-jB pathway in naive CD4+ T
cells by interacting with NF-jB1 (17). In addition, over-
activation of naive T cells in aly/aly mice due to
impaired interaction with NF-jB2 results in induction
of the autoimmune reaction (17). In the current study,
NF-jB2 negatively regulated TGFb signaling in TEM
cells, while TGFb up-regulated CXCR4 expression. It
is known that a molecular interaction between NF-jB2
and Smad3 downstream of TGFbR plays an important
role in the transcriptional activity of c-Jun (39). Further
analysis of the molecular mechanisms controlling
CXCR4 expression through NF-jB2 and TGFb signal-
ing is necessary for understanding how T cells con-
tribute to the pathogenesis of autoimmunity.

Therapy for SS, such as sialagogue or moisturiz-
ing agents for dry mouth and eye drops for dry eye, is
mainly symptomatic (40). Cytokine or steroid therapy is
often effective for some autoimmune diseases such as
rheumatoid arthritis. However, a radical therapy for SS
has not been established. In aly/aly mice, autoimmune
lesions were promoted by up-regulation of both CXCL12
in the target organs and CXCR4 expression on TEM

cells. Further study is required to determine the underly-
ing mechanisms of specific CXCL12 overexpression by
target tissue but not nontarget tissue such as lung.
Inhibiting TEM cell function, including that of autoreac-
tive T cells, may be promising for the treatment of
autoimmune disease. AMD3100 suppresses the growth
of several malignancies, such as prostate cancer and
acute myeloid leukemia, by inhibiting the CXCR4/
CXCL12 axis in tumor stroma (41,42). Our study identi-
fies numerous potential molecular targets for such
interventions.

In conclusion, the migratory response of TEM
cells to CXCL12 was enhanced in aly/aly mice through
increased expression of CXCR4 on TEM cells and
CXCL12 in target tissues. Up-regulation of CXCL12 in
the salivary glands and lacrimal glands suggests that
target organs contribute to the initiation of autoimmu-
nity. Inhibition of CXCL12/CXCR4 signaling in TEM
cells could be a useful therapeutic strategy for treating
SS. Moreover, CXCR4 expression is regulated by
NF-jB2 through TGFb signaling, which reveals
additional targets for the treatment of autoimmune dis-
eases.
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BRIEF REPORT

Defective Early B Cell Tolerance Checkpoints in Sj€ogren’s Syndrome Patients

Salom�e Glauzy,1 Joel Sng,1 Jason M. Bannock,1 Jacques-Eric Gottenberg,2 Anne-Sophie Korganow,3

Patrice Cacoub,4 David Saadoun,4 and Eric Meffre1

Objective. Central and peripheral B cell toler-
ance checkpoints are defective in many patients with
autoimmune diseases, but the functionality of each dis-
crete checkpoint has not been assessed in patients with
Sj€ogren’s syndrome (SS). We undertook this study to
assess this functionality in SS patients.

Methods. Using a polymerase chain reaction–
based approach that allows us to clone and express,
in vitro, recombinant antibodies produced by single B
cells, we tested the reactivity of recombinant antibodies
cloned from single CD19+CD21lowCD10+IgMhighCD27–
newly emigrant/transitional B cells and CD19+CD21+
CD10–IgM+CD27– mature naive B cells from 5 SS
patients.

Results. We found that the frequencies of newly
emigrant/transitional B cells expressing polyreactive
antibodies were significantly increased in SS patients
compared to those in healthy donors, revealing defec-
tive central B cell tolerance in SS patients. Frequencies

of mature naive B cells expressing autoreactive anti-
bodies were also significantly increased in SS patients,
thereby illustrating an impaired peripheral B cell tol-
erance checkpoint in these patients.

Conclusion. Defective counterselection of devel-
oping autoreactive B cells observed in SS patients is a
feature common to many other autoimmune diseases
and may favor the development of autoimmunity by
allowing autoreactive B cells to present self antigens to
T cells.

Sj€ogren’s syndrome (SS) is a chronic autoim-
mune disease characterized by lymphocytic infiltration
of the exocrine glands, especially the salivary and lacri-
mal glands, leading to dryness of the mouth and the
eyes. It can occur either as a primary syndrome or as a
secondary manifestation that complicates other autoim-
mune rheumatic conditions (1). In addition, patients
with primary SS display an increased risk of non-Hodg-
kin’s lymphoma, but the origin of lymphomas, and the
mechanisms driving their malignant transformation, are
poorly understood (2,3).

Both T cells and B cells play major roles in SS
development. Patients with SS have altered peripheral
B cell compartments characterized by fewer circulating
CD27+ memory B cells, potentially due to their abnor-
mal differentiation into plasma cells, resulting in
increased serum IgG antibodies and soluble CD27 pro-
duction (4,5). Dysregulated antibody production in most
SS patients is associated with the secretion of antinu-
clear antibodies (ANAs) that target Ro 52/SS-A or La
48/SS-B antigens (6). Rheumatoid factors are also often
detected in these patients and are associated with
greater disease activity. A recent study (7) suggests
defective autoreactive B cell counterselection in SS
patients, as illustrated by the elevated frequency of
polyreactive clones in total CD3–CD19+CD27–IgD+
B cells, which contain CD21–/low clones previously
reported to express autoreactive antibodies (8). How-
ever, the functionality of the central and peripheral B
cell tolerance checkpoints, which are responsible for the
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elimination of developing autoreactive clones in the
bone marrow and the periphery, respectively, remains
to be analyzed in SS patients.

PATIENTS AND METHODS

We recruited 5 patients with primary SS diagnosed
according to the American–European Consensus Group crite-
ria (9). All samples were collected after patients provided
written informed consent in accordance with protocols

reviewed by the institutional review board. Patient SS201 was
a 45-year-old woman who was positive for ANAs. Patients
SS202, SS04, and SS05 were 67-year-old, 19-year-old, and 35-
year-old women, respectively, who were positive for anti-Ro
autoantibodies, while patient SS03 was a 71-year-old woman
who was positive for specific anti-Ro and anti-La autoanti-
bodies. Patients SS201 and SS03 also had lymphoma at the
time of the study. Patients SS201 and SS202 both displayed
an 1858T PTPN22 allele (10).

Single-cell sorting. Mononuclear cells from healthy
donors and SS patients were enriched for B cells by

Figure 1. Defective central B cell tolerance checkpoint in patients with Sj€ogren’s syndrome (SS). A, Antibodies from newly emigrant/transitional B
cells from 1 healthy donor (HD) and 5 SS patients were tested by enzyme-linked immunosorbent assay for reactivity against the antigens double-
stranded DNA (dsDNA), insulin, and lipopolysaccharide (LPS). Antibodies were considered polyreactive when they recognized all 3 analyzed anti-
gens. Irregular dotted lines indicate ED38 antibody (positive control). Horizontal dotted lines show OD405 nm cutoff for positive reactivity. For each
individual, the frequencies of polyreactive and nonpolyreactive clones are summarized in pie charts, with the number of antibodies tested indicated
in the centers. B and C, Frequencies of polyreactive (B) and antinuclear (C) newly emigrant B cells were compared between healthy donors and SS
patients. Symbols represent individual subjects; bars show the median. ** = P ≤ 0.01; *** = P ≤ 0.001 by Mann-Whitney test. D, Antinuclear (top)
and nuclear nonreactive (bottom) autoantibodies expressed by newly emigrant/transitional B cells from SS patients show various patterns of HEp-2
staining. The symbols j or k indicate that the corresponding antibody contains a j or k light chain, respectively. Original magnification 9 40.
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magnetic separation with CD20 microbeads (Miltenyi Bio-
tech) and stained with Pacific Blue–conjugated anti-human
CD19, PerCP–Cy5.5–conjugated anti-human CD27, phy-
coerythrin–Cy7–conjugated anti-human CD10, allophy-
cocyanin-conjugated anti-human CD21, and fluorescein
isothiocyanate–conjugated anti-human IgM (all from
BioLegend) prior to purification. Single CD19+CD21low

CD10+IgMhighCD27– newly emigrant/transitional B cells
and CD19+CD21+CD10–IgM+CD27– mature naive B cells
were sorted on a FACSAria (BD Biosciences) into 96-well
polymerase chain reaction (PCR) plates and immediately
frozen on dry ice.

Complementary DNA synthesis, Ig gene amplification,
and antibody production and purification. RNA from single

Figure 2. Defective peripheral B cell tolerance checkpoint in SS patients. A, Antibodies from mature naive B cells from 1 healthy donor and 5 SS
patients were tested by enzyme-linked immunosorbent assay for reactivity against HEp-2 cell lysate. Irregular dotted lines indicate ED38 antibody
(positive control). Horizontal dotted lines show OD405 nm cutoff for positive reactivity. For each individual, the frequencies of HEp-2–reactive and
non–HEp-2–reactive clones are summarized in pie charts, with the number of antibodies tested indicated in the centers. B–D, Frequencies of
HEp-2–reactive (B), polyreactive (C), and antinuclear (D) clones in mature naive B cells from SS patients were compared with corresponding fre-
quencies in cells from healthy donors. Symbols represent individual subjects; bars show the median. *** = P ≤ 0.001 by Mann-Whitney test. In C,
for each individual, the frequencies of polyreactive and nonpolyreactive clones are summarized in pie charts, with the number of antibodies tested
indicated in the centers. E, Mature naive B cells from SS patients often expressed antibodies recognizing cytoplasmic structures, and, to a lesser
extent, nuclear structures. The symbols j or k indicate that the corresponding antibody contains a j or k light chain, respectively. Original magnifi-
cation 9 40. dsDNA = double-stranded DNA (see Figure 1 for other definitions).
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cells was reverse-transcribed in the original 96-well plate in
12.5-ll reactions containing 100 units of SuperScript II RT
(Gibco BRL) for 45 minutes at 42°C. Reverse transcription–
PCR reactions, primer sequences, cloning strategy, expression
vectors, and in vitro antibody production and purification
were as described previously (10).

Enzyme-linked immunosorbent assays and immuno-
fluorescence assays (IFAs). Antibody reactivity analysis was
performed as described previously with the highly polyreactive
ED38 antibody as positive control for HEp-2 reactivity and
polyreactivity assays (10). Antibodies were considered polyre-
active when they recognized all 3 distinct antigens: double-
stranded DNA, insulin, and lipopolysaccharide. For indirect
IFAs, HEp-2 cell–coated slides (Bion Enterprises) were incu-
bated in a moist chamber at room temperature with purified
recombinant antibodies at 50–100 lg/ml according to the
manufacturer’s instructions.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software, version 5.0. Differences
between groups of research subjects were analyzed for statisti-
cal significance with nonparametric Mann-Whitney tests.
P values less than or equal to 0.05 were considered significant.

RESULTS

Central and peripheral B cell tolerance check-
points are defective in many patients with autoimmune
diseases (10), but the functionality of each discrete
checkpoint has not been assessed in SS patients. We
therefore tested the reactivity of recombinant antibodies
cloned from single CD19+CD21lowCD10+IgMhighCD27–
newly emigrant/transitional B cells and CD19+CD21+
CD10–IgM+CD27– mature naive B cells from 5 pati-
ents with primary SS who were positive for ANAs. While
immunoglobulin heavy-chain gene segment usage, third
complementarity-determining region length, and posi-
tively charged amino acid content were similar between
newly emigrant/transitional B cells from healthy donors
and those from SS patients, we found that the frequencies
of newly emigrant/transitional B cells expressing polyreac-
tive antibodies were significantly increased in SS patients
compared to those inhealthydonors (P=0.0003), revealing
a defective central B cell tolerance in this autoimmune
disease (Figures 1A and B; also see Supplementary Fig-
ure 1A and Supplementary Tables 1–5, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40215/abstract). In addition,
the proportion of antinuclear clones in newly emigrant/
transitional B cells from SS patients was also signifi-
cantly increased compared to the proportion in healthy
donors, further demonstrating the impaired removal of
developing autoreactive B cells in the bone marrow of
these patients (P = 0.0050) (Figures 1C and D).

The frequencies of mature naive B cells express-
ing HEp-2–reactive antibodies were also significantly

increased in SS patients, thereby illustrating a defective
peripheral B cell tolerance checkpoint in these patients
(36.8–66.7% in SS patients versus 16.0–26.3% in healthy
donors; P = 0.0003) (Figures 2A and B; also see Supple-
mentary Tables 6–10, http://onlinelibrary.wiley.com/doi/
10.1002/art.40215/abstract). The abnormal accumulation
of autoreactive clones in the mature naive B cell compart-
ment of SS patients was further evidenced by the increased
frequency of B cells expressing polyreactive antibodies
compared to healthy donors (P = 0.0003) (Figure 2C).
Immunoglobulin heavy-chain variable gene segment usage
appeared altered in mature naive B cells from SS patients,
while other antibody repertoire features seemed unaffected

Figure 3. Defective central and peripheral B cell tolerance check-
points are features common to many autoimmune diseases. Frequen-
cies of polyreactive newly emigrant/transitional B cells (A) and HEp-2–
reactive mature naive B cells (B) from SS patients were compared with
those of cells from healthy donors and patients with multiple sclerosis
(MS) (12), type 1 diabetes mellitus (T1D) (10), rheumatoid arthritis
(RA) (10), and pediatric systemic lupus erythematosus (SLE) (11).
Dashed lines indicate the mean frequency of polyreactive B cell clones
in healthy donors. Symbols represent individual subjects; bars show the
median. ** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001 versus healthy
donors, by Mann-Whitney test. See Figure 1 for other definitions.
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in this disease (see Supplementary Figure 1B, http://online
library.wiley.com/doi/10.1002/art.40215/abstract).

Antinuclear clones were not enriched in mature
naive B cells from SS patients (Figures 2D and E). How-
ever, we found that many naive B cells from SS patients
expressed antibodies that can bind Ro 52/SS-A, one of
the major SS antigens targeted by autoimmune reactions
(see Supplementary Figure 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.40215/abstract). Most clones recog-
nizing Ro 52/SS-A were polyreactive and therefore
emerged as a consequence of defective central and
peripheral B cell tolerance checkpoints in SS patients
(see Supplementary Figure 2). Of note, mature naive
B cells from patient SS03 contained an expanded B cell
clone that expressed mutated heavy- and light-chain
genes that corresponded to stimulated autoreactive
B cells potentially derived from CD21–/low B cells
(Meffre E, et al: unpublished observations) (see Supple-
mentary Tables 6 and 11, http://onlinelibrary.wiley.com/
doi/10.1002/art.40215/abstract). These clonal cells were
therefore excluded from the analysis of mature naive B
cells that express unmutated Ig genes. We conclude that
SS patients have defective central and peripheral B cell
tolerance checkpoints, resulting in the accumulation of
autoreactive B cells in their blood, a feature common to
many autoimmune diseases (10–12) (Figure 3).

DISCUSSION

The impaired removal of developing autoreac-
tive B cells was previously reported in patients with
type 1 diabetes mellitus (type 1 DM), rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), or
multiple sclerosis, and this may promote autoimmunity
by increasing the probability of self antigen presenta-
tion on major histocompatibility complex class II mole-
cules to T cells by autoreactive B cells (10–13). Patients
with primary immunodeficiencies also display altered
central and/or peripheral B cell tolerance checkpoints
and often have autoimmune conditions (10). Analysis
of these patients with rare genetic mutations has
revealed that decreased signaling from receptors that
recognize self antigens at the immature B cell stage
(i.e., B cell receptors and potentially Toll-like recep-
tors) results in a defective central B cell tolerance,
while abnormal Treg cell function or decreased Treg
cell numbers correlates with the accumulation of
autoreactive mature naive B cells in the blood (10,14).

While the origins of the defective early B cell tol-
erance checkpoints in patients with autoimmune diseases
are not known, Meffre reported that the 1858T polymor-
phism in the PTPN22 gene associated with type 1 DM,

RA, and SLE was sufficient to induce autoreactive B cell
counterselection defects in asymptomatic individuals
that were similar to those in patients with autoimmune
diseases (10). Although an association between 1858 C/T
single-nucleotide PTPN22 polymorphism and SS was not
identified (15), 2 of the 5 SS patients analyzed in the cur-
rent study harbored the 1858T PTPN22 variant, which
may account for their defective early B cell tolerance
checkpoint (10). Therefore, polymorphisms associated
with autoimmune disorders and identified by genome-
wide association studies, rare gene mutations as seen in
patients with primary immunodeficiencies, and perhaps
nongenetic factors may result in impaired early B cell
tolerance checkpoints common to autoimmune diseases.
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spondylitis (AS) evaluation after being informed that she had spinal ankylosis on radiographs. Her medical history was significant for a
childhood diagnosis of alkaptonuria. On physical examination, she had bluish-black discoloration of her external ears (left) and sclerae.
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Role of Stromelysin 2 (Matrix Metalloproteinase 10) as a Novel
Mediator of Vascular Remodeling Underlying Pulmonary

Hypertension Associated With Systemic Sclerosis

J�erôme Avouac,1 Christophe Guignabert,2 AnnaMaria Hoffmann-Vold,3 Barbara Ruiz,4

Peter Dorfmuller,2 Sonia Pezet,4 Olivia Amar,4 Ly Tu,2 J�erôme VanWassenhove,4 J�er�emy Sadoine,5

David Launay,6 Muriel Elhai,1 Anne Cauvet,4 Arun Subramaniam,7 Robert Resnick,7

Eric Hachulla,6 ØyvindMolberg,3 Andr�e Kahan,8 Marc Humbert,9 and Yannick Allanore1

Objective. To elucidate the role of gene candi-
dates involved in pulmonary hypertension (PH) associ-
ated with systemic sclerosis (SSc).

Methods. Gene candidates were identified through
microarray experiments performed on Affymetrix Gene-
Chip Human Exon 1.0 ST arrays in endothelial progeni-
tor cell (EPC)–derived endothelial cells (ECs) obtained
from patients with SSc-associated PH, patients with SSc
without PH, and healthy control subjects. Expression of
identified gene candidates was assessed by quantitative
sandwich enzyme-linked immunosorbent assay in the
serum, and by immunohistochemistry in lesional lung
tissue. The functional importance of the identified gene
candidates was then evaluated in fos-related antigen
2–transgenic (Fra-2–Tg) mice that spontaneously develop
SSc-like features associated with an intense pulmonary
vascular remodeling.

Results. Microarray experiments revealed that
the matrix metalloproteinase 10 (MMP-10) gene was
the top up-regulated gene in SSc-associated PH
EPC-derived ECs. Circulating serum proMMP10 con-
centrations were markedly increased in patients with
SSc-associated PH compared to SSc patients without
PH and healthy controls. Consistent with these obser-
vations, a strong MMP10 staining of the thickened
wall of distal pulmonary arteries was found both in
the lungs of patients with SSc-associated PH and in
the lungs of Fra-2–Tg mice. Daily treatment of Fra-2–
Tg mice with neutralizing anti-MMP10 antibodies did
not significantly affect the development and severity of
pulmonary fibrosis, but did reverse established PH
and markedly reduced pulmonary vascular remodeling
by reducing cell proliferation, cell survival, and the
platelet-derived growth factor signaling axis.

Conclusion. Gene expression profiling of EPC-
derived ECs identified MMP10 as a novel candidate geneSupported by the Association des Scl�erodermiques de
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in SSc-associated PH. MMP10 is overexpressed in the
serum and pulmonary arteries of patients with SSc-asso-
ciated PH, and its blockade alleviates PH in the Fra-2–
Tg mouse model. MMP10 appears to be a prospective
treatment target for this devastating disorder.

Pulmonary hypertension (PH) is one of the
leading causes of death in patients with systemic sclero-
sis (SSc). SSc-associated PH belongs predominantly to
the World Health Organization (WHO) clinical classifi-
cations of group 1 (pulmonary arterial hypertension
[PAH]) and group 3 (PH associated with interstitial
lung disease [ILD]), and all recent studies have
identified SSc-associated PH as one of the worst
disease subsets compared to idiopathic PAH (iPAH) or
all other forms of associated PH (1–3).

The current therapies for SSc-associated PH
remain essentially palliative and do not reverse the pro-
gressive pulmonary vascular remodeling of the vascula-
ture (4–6). Hence, there is a clear need for progress in
the identification and validation of potential new tar-
gets for therapeutic development against this life-
threatening disease.

Damage to and dysfunction of pulmonary
endothelial cells (ECs) play an integral role in the initi-
ation and progression of pulmonary vascular remodel-
ing associated with PH (7–9). We have developed a
noninvasive method to obtain cultured ECs derived
from circulating endothelial progenitor cells (EPCs)
(10–12). These cells have the typical EC characteristics
and phenotypes, exhibit in vitro angiogenic properties,
and have the capacity to constitute and orchestrate vas-
cular remodeling in vivo (11–14). Both preclinical and
clinical evidence support the notion that EPC-derived
ECs may contribute to the progression of vascular com-
plications in patients with SSc (10,11) and patients with
PH (15,16). In the present study, we combined compar-
ative transcriptome analyses of EPC-derived ECs under
both normoxic and hypoxic conditions, using cells
obtained from patients with SSc without PH, patients
with SSc-associated PH, and healthy control subjects.
In addition, we performed in vivo studies using fos-
related antigen 2–transgenic (Fra-2–Tg) mice, an ani-
mal model that displays the main characteristic features
of human SSc, specifically the development of a
microvasculopathy that is paralleled by progressive pul-
monary fibrosis (17–20).

Our objectives in the present study were there-
fore to 1) identify novel candidate genes in late-out-
growth EPC-derived ECs, under both normoxic and
hypoxic conditions, from patients with SSc-associated

PH (i.e., those who had precapillary PH that was con-
firmed by right-sided heart catheterization and who
were classified as having either isolated PAH or ILD-
associated PH) in comparison to SSc patients without
PH and healthy controls, 2) investigate circulating con-
centrations and lung tissue expression of the identified
gene candidates, and 3) examine the functional contri-
butions of the identified gene candidates in vivo using
the Fra-2–Tg mouse model.

MATERIALS AND METHODS

Study population. Late-outgrowth EPC-derived ECs
were obtained for the purpose of this study from the periph-
eral blood of 46 individuals, as previously described (10,11).
Thirty-six patients with SSc (28 of whom were female) whose
diagnosis met the American College of Rheumatology criteria
for SSc (21) were included. An extended Materials and Meth-
ods with further details on the characteristics of the patients
is available upon request from the corresponding author.

Among these 36 patients with SSc, 6 had SSc and
precapillary PH (SSc-associated PH), defined as precapillary
PH that was confirmed by right-sided heart catheterization
and a resting mean pulmonary artery pressure of ≥25 mm
Hg, in conjunction with a pulmonary capillary wedge pres-
sure of ≤15 mm Hg. Among these 6 patients with SSc-
associated PH, 3 had PAH (WHO group 1) and 3 had
ILD-associated PH (WHO group 3). Precapillary PH was
considered secondary to ILD when the forced vital capacity
was <70% of predicted, and also when the extent of fibrotic
disease in the lung was >10% as determined on high-resolu-
tion computed tomography. The other 30 SSc patients
without SSc-associated PH had a systolic pulmonary artery
pressure of <40 mm Hg as determined on echocardiogra-
phy, and a diffusing capacity for carbon monoxide of >70%
of predicted. Control EPC-derived ECs were obtained from
10 healthy subjects. Details on the characteristics of all
patients and controls are available upon request from the
corresponding author.

Study approval. All patients and controls signed a
consent form approved by the local institutional review
boards (Comit�e de Protection des Personnes, Paris Ile de
France 3). The local ethics committee (Comit�e d’�ethique en
experimentation animale 34 of Paris Descartes University)
approved all animal experiments (agreement no. 15-031 [Apa-
fis 2015080901097845 and 2015062619109294]).

Microarray analysis. Microarray analyses were per-
formed on Affymetrix GeneChip Human Exon 1.0 ST arrays
in third-passage EPC-derived ECs obtained from 6 SSc
patients with precapillary PH, 20 SSc patients without PH,
and 9 healthy controls. Since SSc is associated with severe
tissue hypoxia, which contributes directly to its progression,
gene expression profiles of EPC-derived ECs were studied
both under normoxic conditions and under hypoxic condi-
tions. In addition, we have previously reported that hypoxia
modulates the gene expression profile of EPC-derived ECs
in SSc (14). All microarray data and information have been
submitted to the NCBI GEO database (accession no.
GSE73674).
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Measurement of serum proMMP10 levels. Serum
concentrations of proMMP10 were measured by quantitative
sandwich enzyme-linked immunosorbent assay (ELISA; R&D
Systems) in accordance with the manufacturer’s recommenda-
tions. Serum samples for these ELISAs were obtained from
individuals in 2 independent cohorts, a discovery cohort from
France and a replication cohort from Norway (22,23) (details
available upon request from the corresponding author).

The French discovery cohort included 138 patients with
SSc and 50 healthy controls (mean � SD age 59 � 15 years and
56 � 10 years, respectively; mean � SD duration of SSc 12 � 9
years). Among the patients with SSc, 47 had confirmed PAH
(WHO group 1), 13 had ILD-associated PH (WHO group 3),
and 78 had SSc without PH. The Norwegian replication study
cohort was derived from the ongoing prospective, observational

Oslo University Hospital (OUH) SSc cohort study and included
all individuals for whom longitudinal clinical cardiopulmonary
data were available (22,23). Data were obtained from the Norwe-
gianNOSVAR (Systemic Connective TissueDisease andVasculitis
Registry) at OUH. This replication study sample consisted of 242
patients with SSc (mean� SD age 48� 15 years; mean� SDdura-
tion of SSc 6 � 6 years), 42 patients with PH (30 with PAH and 12
with ILD-associated PH), and 200 without PH. Of note, for 31 of
the patients with PH, including 30 with PAH and 1 with ILD-asso-
ciated PH, the serum sample was obtained a mean � SD 1.5 �
1.92 years before the development of PH.

Detection of MMP-10 by real-time quantitative poly-
merase chain reaction (qPCR), Western blotting, and immuno-
staining. MMP-10 expression was detected by real-time qPCR,
Western blotting, and immunofluorescence analyses in EPC-

Table 1. Top biologic functions and top differentially expressed genes identified by microarray analysis in patients with SSc-associated PH as
compared to SSc patients without PH and healthy controls

Comparison, condition

Top biologic functions
Top differentially expressed genes (fold change)

Molecular and
cellular function

No. of
genes P Overexpressed* Underexpressed

SSc-associated PH
vs. SSc

Basal conditions Cell–cell signaling
and interaction

4 3.16 9 10–4–4.43 9 10–2 MMP10 (2.197);
mir-126 (1.746);
PCDHB5 (1.730);
TERC (1.507)

CDH2 (–3.299);
ANTXR1 (–1.675);
SPHAR (–1.611);
ST3GAL6 (–1.604);
DLG1 (–1.546);
LOC645166 (–1.535)

Cellular assembly
and organization

5 3.16 9 10–4–4.66 9 10–2

Cellular function
and maintenance

7 3.16 9 10–4–4.66 9 10–2

Cell cycle 1 8.07 9 10–4–4.43 9 10–2

Cell morphology 6 8.07 9 10–4–4.66 9 10–2

Hypoxic conditions Protein synthesis 3 7.07 9 10–4–3.40 9 10–3 CDR1 (2.479);
MMP10 (2.104);
mir-7 (1.720);
LGALS9C (1.676);
Mir-32 (1.650);
OCLN (1.539);
RASSF4 (1.526)

CDH2 (–2.977);
GPR31 (–1.886);
P2RX5 (–1.614);
ST3GAL6 (–1.574);
PABPN1 (–1.572);
CRYAB (–1.514)

Carbohydrate
metabolism

2 8.75 9 10–4–1.65 9 10–2

Cell morphology 4 8.75 9 10–4–4.87 9 10–2

Cellular compromise 2 8.75 9 10–4–4.37 9 10–3

Energy production 1 8.75 9 10–4–8.75 9 10–4

SSc-associated PH
vs. healthy controls

Basal conditions Cell cycle 33 5.49 9 10–13–4.93 9 10–2 MMP10 (2.441);
PLA2G4C (2.267);
CYTL1 (2.092);
SERPINE2 (2.047);
CLIC2 (1.914);
RND1 (1.628);
SULF2 (1.626);
ARL4C (1.515);
COL4A2 (1.508);
CEACAM1 (1.505)

SULT1B1 (–2.740);
SLIT2 (–2.486);
DPP4 (–2.247);
HIST1H3A (–2.121);
TOP2A (–2.106);
DEPDC1 (–2.009);
LDB2 (–2.001);
ANLN (–1.929);
KIF11 (–1.924);
HIST1H1D (–1.913)

Cellular assembly
and organization

26 7.15 9 10–12–4.93 9 10–2

DNA replication,
recombination, and
repair

22 7.15 9 10–12–4.93 9 10–2

Cellular movement 16 8.04 9 10–9–4.87 9 10–2

Cellular function
and maintenance

8 1.29 9 10–5–4.22 9 10–2

Hypoxic conditions Cell cycle 34 1.55 9 10–10–3.42 9 10–2 MMP10 (2.545);
mir-32 (2.257);
CLIC2 (2.090);
TIMP3 (2.056);
mir-103 (1.923);
SERPINE2 (1.817);
mir-7 (1.806);
CD69 (1.785);
RNU5B-1 (1.784);
HIST1H2BJ (1.768)

SLIT2 (–2.414);
SULT1B1 (–2.370);
TOP2A (–2.051);
LDB2 (–2.015);
ASPM (–1.955);
DPP4 (–1.922);
GPR31 (–1.911);
STEAP1 (–1.898);
ANLN (–1.895);
PRC1 (–1.866)

Cellular assembly
and organization

28 1.55 9 10–10–3.42 9 10–2

DNA replication,
recombination,
and repair

17 1.55 9 10–10–3.42 9 10–2

Cell morphology 13 8.53 9 10–5–3.42 9 10–2

Lipid metabolism 9 1.56 9 10–4–3.42 9 10–2

* The gene for matrix metalloproteinase 10 was the most significantly up-regulated gene in patients with systemic sclerosis (SSc)–associated pul-
monary hypertension (PH).
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derived ECs (11,14). Immunofluorescence and confocal analy-
ses for MMP10 were performed in lesional lung tissue sections
obtained from patients with SSc-associated PH and Fra-2–Tg
mice.

Evaluation of the effects of MMP10 inhibition in Fra-
2–Tg mice. The efficacy of inhibition of MMP10 expression
on the development of experimental PH and interstitial fibro-
sis was tested in 2 independent sets of experiments (details
available upon request from the corresponding author).

In the first set of experiments, a group of 13-week-old
Fra-2–Tg mice (n = 8; 4 male, 4 female) was subjected to
intraperitoneal (IP) injections of rabbit polyclonal antibodies
against the catalytic domain of MMP10 (Abcam) at a dose of 30

lg/kg (diluted in phosphate buffered saline [PBS], injection of
100 ll per mouse) every other day for 5 weeks. This group was
compared to a control group of 13-week-old Fra-2–Tg mice (n =
7; 3 male, 4 female) treated with IP injections of a nonrelevant
rabbit polyclonal IgG (Abcam) at a dose of 30 lg/kg (diluted in
PBS, injection of 100 ll per mouse) every other day for 5 weeks.
Two other negative control groups were used, consisting of 13-
week-old C57BL/6 mice (n = 14; 6 male, 8 female) that received
IP injections of either control IgG (n = 7; 4 male, 3 female) or
anti-MMP10 antibody (n = 7; 3 male, 4 female).

In the second set of experiments, 4 groups of Fra-2–Tg
mice (n = 7 mice per group; 4 male mice and 3 female mice per
group) received IP injections of anti-MMP10 antibodies (doses

Figure 1. Increased matrix metalloproteinase 10 (MMP-10) mRNA and protein levels in circulating endothelial progenitor cell (EPC)–derived
endothelial cells (ECs) from patients with pulmonary hypertension (PH) associated with systemic sclerosis (SSc). A and B,MMP10 mRNA levels (rela-
tive quantitative expression [RQ]) were assessed by real-time quantitative polymerase chain reaction in EPC-derived ECs under basal conditions (A)
and following exposure to hypoxia (B), using cells obtained from patients with SSc-associated PH, SSc patients without PH, and healthy controls.
Results are the mean � SEM in 10 control subjects, 30 SSc patients without PH, and 6 SSc patients with PH. C, Representative Western immunoblots
show expression of MMP-10 protein (and b-actin as a control) in EPC-derived EC lysates from patients with SSc-associated PH compared to SSc
patients without PH and healthy controls. D, Quantitative analysis of immunoblots using ImageJ software shows increased MMP-10 protein levels in
SSc-associated PH EPC-derived ECs. Results are the mean � SEM in 4 control subjects, 4 SSc patients without PH, and 4 SSc patients with PH. E,
Representative immunofluorescence images show MMP10 localization in EPC-derived ECs from patients with SSc-associated PH compared to SSc
patients without PH and healthy controls. F, Quantitative analysis of the immunofluorescence results using ImageJ software shows increased intensity
of MMP10 immunostaining in SSc-associated PH EPC-derived ECs. Results are the mean � SEM in 4 control subjects, 4 SSc patients without PH,
and 4 SSc patients with PH. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by one-way analysis of variance followed by Tukey’s multiple comparison test.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract
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of 30 lg/kg or 100 lg/kg), control IgG (dose of 30 lg/kg), or
doxycycline (dose of 20 mg/kg), which is an antibiotic from the
tetracycline family known for its ability to inhibit MMPs. Injec-
tions were administered every other day for 5 weeks.

Hemodynamic measurements and assessment of pul-
monary vascular changes. The right ventricular systolic pres-
sure (RVSP) and heart rate were determined using a closed
chest technique in unventilated mice following administration
of isoflurane anesthesia (2.0%, 2 liters O2/minute). Right ven-
tricular hypertrophy (RVH) was determined with the use of
the Fulton index (24–26). Paraffin-embedded lung tissue
sections were stained with hematoxylin and eosin and a-
smooth muscle actin for morphometric analyses of pulmonary
vascular changes (27).

Assessment of interstitial fibrosis. Fibrosing alveolitis
was evaluated in all mice using micro–computed tomography
(micro-CT), 2 days before the mice were killed (17). The
severity of fibrosing alveolitis was semiquantitatively assessed
according to the method described by Elhai et al and Ashcroft
et al (17,28). The collagen content in mouse lesional lung
samples was explored using an hydroxyproline assay (29,30).

Statistical analysis. All data are expressed as the mean
� SEM. Statistical analysis was performed using GraphPad
Prism 6.04 software. For a 2-group comparison, unpaired or
paired t-tests were used. One-way analysis of variance followed
by Tukey’s multiple comparison test was performed to compare
data among 3 or more independent groups. Correlations were
assessed using Spearman’s rank correlation test. Predictors of
the subsequent development of SSc-associated PH in the
prospective Norwegian cohort were analyzed by univariate Cox
proportional hazards models. Results are presented as the
mean of ≥2 independent experiments, unless specified other-
wise. P values less than 0.05 were considered significant.

RESULTS

Identification of MMP10 as a top up-regulated
gene in EPC-derived ECs from SSc patients with PH.
In unstimulated EPC-derived ECs from patients with
SSc-associated PH, supervised gene profiling analyses
identified 28 differentially expressed genes as compared
to cells from SSc patients without PH, and identified 112
differentially expressed genes as compared to cells from
healthy controls. Ingenuity Pathway Analysis revealed
significant enrichment in functional groups related to
“cellular assembly and organization,” and MMP10 was
among the top up-regulated genes (Table 1). Volcano
plots illustrating fold differences in individual gene
expression and associated P values (expressed as nega-
tive log10 values) showed that MMP10 was located at
prominent coordinates, highlighting its aberrant up-regu-
lation in EPC-derived ECs from patients with SSc-asso-
ciated PH (results available upon request from the
corresponding author). Similar observations were made
following exposure of these cells to hypoxia (Table 1).

Real-time qPCR confirmed that MMP10 messenger
RNA (mRNA) levels in unstimulated ECs from patients

with SSc-associated PH were increased 2.7-fold as com-
pared to SSc patients without PH, and were increased 4.1-
fold as compared to healthy controls (Figure 1A). Similar
observations were made in these cells under hypoxic condi-
tions (Figure 1B). MMP-10 protein levels, determined
using Western blotting, were substantially increased in EC
lysates obtained from patients with SSc-associated PH com-
pared to EC lysates from SSc patients without PH and
healthy controls (Figures 1C and D). Endothelial MMP-10
protein expression was not different between SSc patients
with PAH and SSc patients with ILD-associated PH.
Immunocytofluorescence studies of the ECs revealed that
overexpressed MMP10 localized to the cytoplasm (Fig-
ures 1E and F).

Elevated lung and circulating levels of MMP10
in SSc patients with PH. MMP10 overexpression in
SSc-associated PH EPC-derived ECs suggests that it
may be potentially implicated in the pathogenesis of
SSc-associated PH. Thus, we next evaluated the expres-
sion of MMP10 in the lesional lungs of patients with
SSc-associated PH and determined the cell types con-
tributing to the production of MMP10.

Confocal microscopic analyses showed a more
intense MMP10 immunoreactivity in the walls of mus-
cularized or occluded pulmonary arteries from patients
with SSc-associated PH (Figures 2A and B). Double
labeling with MMP10 and either Ulex europaeus I
lectin (as a marker of vascular endothelium), SM22
(as a marker of vascular smooth muscle), or CD68 (as
a marker of macrophages) revealed that endothelium,
smooth muscle, and macrophages were the major local
sources of MMP10 in the lungs of patients with SSc-
associated PH (Figures 2A and B).

In addition to its expression in lesional lung tis-
sue, we assessed the circulating levels of proMMP10 in
2 independent cohorts of SSc patients. Patients with
SSc-associated PH from the French discovery cohort
and those from the Norwegian OUH replication cohort
were more likely to have significantly higher serum
proMMP10 concentrations than were SSc patients with-
out SSc-associated PH (Figure 3A). In patients with
SSc-associated PH from the French cohort, serum
proMMP10 levels inversely correlated with change in
the 6-minute walk distance, and also correlated with the
levels of N-terminal prohormone of brain natriuretic
peptide (results available upon request from the corre-
sponding author).

Patients with PAH (WHO group 1) in the French
cohort showed a trend toward higher serum proMMP10
levels when compared to SSc patients without PH, a find-
ing that was not confirmed in the Norwegian cohort.
Interestingly, serum proMMP10 levels were markedly
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increased in the subset of patients with ILD-associated
PH (WHO group 3), both in the French cohort and
in the Norwegian cohort (Figure 3B). In the combined
cohort, the mean � SEM serum proMMP10 concen-
tration was 1,073 � 110 pg/ml in patients with ILD-
associated PH, compared to 696 � 23 pg/ml in SSc

patients without PH (P < 0.001) (Figure 3B) and 514
� 92 pg/ml in patients with SSc-associated ILD with-
out PH (P < 0.001). The diagnostic value of serum
proMMP10 levels in patients with ILD-associated PH
analyzed in the combined cohort was reflected by an
area under the curve of 0.71. However, univariate Cox

Figure 2. Overexpression of MMP10 in the pulmonary arteries (PAs) of patients with SSc-associated PH. To investigate MMP10 expression, con-
focal microscopic analyses were carried out by labeling with MMP10 and either Ulex europaeus I lectin (as a marker of vascular endothelium) or
SM22 (as a marker of vascular smooth muscle) (A) or CD68 (as a marker of macrophages) (B) in human lung tissue specimens from 3 patients
with SSc-associated PH and 3 healthy controls (counterstaining with DAPI). A more intense immunoreactivity was noted for MMP10 in the distal
pulmonary artery walls from patients with SSc-associated PH, especially in the endothelium, smooth muscle, and macrophages. Bars = 100 lm.
L = lumen (of the vessel) (see Figure 1 for other definitions).
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proportional hazards analyses performed in the
prospective Norwegian cohort did not identify serum
proMMP10 levels as a predictor of the subsequent
development of SSc-associated PH (hazard ratio 1.00,
95% confidence interval 0.99–1.00).

Lack of effect of MMP10 blockade on the devel-
opment and severity of pulmonary fibrosis but reversal
of PH in Fra-2–Tg mice. Using Fra-2–Tgmice that spon-
taneously develop SSc-like features associated with an
intense pulmonary vascular remodeling, we first exam-
ined the expression patterns of MMP10 in the lungs, and
found a substantial increase in the levels of MMP10 in
the remodeled vessels of Fra-2–Tg mice, mimicking the
findings in human SSc-associated PH (results available
upon request from the corresponding author).

We next tested the efficacy of MMP10 inhibition
on the development of pulmonary fibrosis in Fra-2–Tg
mice. In the first set of experiments, micro-CT analyses
showed that Fra-2–Tg mice treated with anti-MMP10
antibodies (30 lg/kg) or control IgG (30 lg/kg) had
similar lung densities, and both groups had significantly
higher lung density than that of wild-type C57BL/6 mice
(Figures 4A and B). Furthermore, there was a loss of
functional residual capacity in the lungs of Fra-2–Tg
mice treated with anti-MMP10 antibodies or control
IgG, a finding that was distinguishable from that in the
normal lungs of wild-type control C57/BL6 mice (Fig-
ure 4C).

Lung tissue specimens from Fra-2–Tg mice trea-
ted with anti-MMP10 antibodies or with control IgG

Figure 3. Elevation of serum proMMP10 levels in patients with SSc-associated PH. Serum proMMP10 levels were measured in the French discovery
cohort (an observational cohort), the Norwegian replication SSc study cohort (a prospective, observational cohort from Oslo University Hospital), and
the combined cohort. A marked elevation in circulating proMMP10 levels was observed in the serum of patients with SSc-associated PH (A). In addi-
tion, proMMP10 concentrations were substantially increased in the subset of SSc patients with interstitial lung disease (ILD)–associated PH (World
Health Organization [WHO] group 3) compared to SSc patients with pulmonary arterial hypertension (PAH) (WHO group 1) and SSc patients with-
out PH (B). Symbols show individual patients; bars show the mean � SEM. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001, by one-way analysis of vari-
ance followed by Tukey’s multiple comparison test for comparisons of 3 groups, and Student’s t-test for comparison of 2 groups. See Figure 1 for other
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract
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exhibited the SSc-like features of nonspecific interstitial
pneumonia, with large patchy areas of lung parenchyma
characterized by both diffuse cellular inflammation and
collagen deposition (Figure 4D) (17). The histologic
score of lung fibrosis was significantly higher in Fra-2–Tg
mice treated with either anti-MMP10 antibodies or con-
trol IgG as compared to wild-type mice (Figure 4E). Con-
sistent with the results of micro-CTanalysis and histology,
the hydroxyproline content was similar between Fra-2–Tg
mice treated with anti-MMP10 antibodies and Fra-2–Tg
mice treated with control IgG (Figure 4F).

The results obtained with the second indepen-
dent set of experiments showed that MMP10 inhibition
with anti-MMP10 antibodies (at doses of 30 lg/kg or

100 lg/kg) or pan-MMP inhibition with doxycycline
failed to significantly improve the severity of pulmonary
fibrosis in Fra-2–Tg mice. However, a slight, albeit non-
significant, trend toward improvement in the micro-CT
parameters and hydroxyproline content was observed in
Fra-2–Tg mice treated with anti-MMP10 antibodies at
a dose of 100 lg/kg (results available upon request
from the corresponding author).

Finally, we tested the efficacy of MMP10 inhibi-
tion on the development of PH in Fra-2–Tg mice. In the
first set of experiments, IgG-treated Fra-2–Tg mice, com-
pared to wild-type mice, displayed a marked increase in
the RVSP (mean� SEM 33.7� 2.2 mmHg versus 24.7�
2.0 mm Hg; P < 0.001) and in the RVH (assessed as the

Figure 4. Evaluation of the efficacy of MMP10 inhibition through a molecular targeted strategy using antibodies (Ab) against the catalytic domain
of MMP10 on the progression of lung fibrosis in fos-related antigen 2–transgenic (Fra-2–Tg) mice. Representative micro–computed tomography
(micro-CT) images show evidence of lung fibrosis in Fra-2–Tg mice receiving anti-MMP10 antibodies or control IgG, but not in wild-type mice (A).
Lung density, as determined by micro-CT, is increased in Fra-2–Tg mice treated with anti-MMP10 antibodies or control IgG as compared to wild-
type mice (B). Residual lung volume, expressed as the percentage of functional residual capacity on total lung volume, is significantly higher in wild-
type mice as compared to Fra-2–Tg mice treated with anti-MMP10 antibodies or control IgG (C). Representative lung tissue specimens (stained
with hematoxylin and eosin) from Fra-2–Tg mice treated with anti-MMP10 antibodies or control IgG exhibit SSc-like features of nonspecific intersti-
tial pneumonia (D). Histologic scores of lung fibrosis are significantly higher in Fra-2–Tg mice receiving anti-MMP10 antibodies or control IgG as
compared to wild-type mice (E). Hydroxyproline content is significantly higher in Fra-2–Tg mice treated with anti-MMP10 antibodies or control
IgG as compared to wild-type mice (F). In all experiments, 30 mice were analyzed. Results are the mean � SEM. Bars = 100 lm. * = P < 0.05; ** =
P < 0.01; *** = P < 0.001, by one-way analysis of variance followed by Tukey’s multiple comparison test. See Figure 1 for other definitions. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract
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Fulton index, or percentage of muscularized arteries)
(mean � SEM 0.31 � 0.02% versus 0.24 � 0.01%; P <
0.001) (Figures 5A and B). Consistent with these find-
ings, an increased percentage of medial wall thickness
and increased numbers of muscularized distal pulmonary
arteries were found in IgG-treated Fra-2–Tg mice com-
pared to wild-type mice (Figures 5C–F).

In contrast, these pulmonary hemodynamic para-
meters and the degree of pulmonary vascular remodel-
ing were substantially attenuated in Fra-2–Tg mice
receiving anti-MMP10 antibodies (dose of 30 lg/kg)
when compared to Fra-2–Tg mice treated with nonrele-
vant IgG. Indeed, in mice treated with anti-MMP10
antibodies compared to IgG-treated mice, a substantial

reduction in the RVSP (mean � SEM 29.3 � 2.2 mm
Hg versus 33.7 � 2.2 mm Hg; P < 0.05) and in the Ful-
ton index (mean � SEM 0.28 � 0.01% versus 0.31 �
0.02%; P < 0.05) was observed (Figures 5A and B), as
well as a reduced percentage of medial wall thickness
and decreased numbers of muscularized distal pul-
monary arteries (Figures 5C–F). The efficacy of anti-
MMP10 antibodies in terms of achieving reversal of PH
in Fra-2–Tg mice was further confirmed in the second
independent set of experiments, with a dose-response
effect observed. However, pan-MMP inhibition with
doxycycline failed to significantly improve the severity
of PH in the mice (results available upon request from
the corresponding author).

Figure 5. Evaluation of the efficacy of MMP10 inhibition through a molecular targeted strategy using antibodies (Ab) against the catalytic domain of
MMP10 on the progression of pulmonary hypertension in fos-related antigen 2–transgenic (Fra-2–Tg) mice. A and B, The right ventricular systolic
pressure (A) and right ventricular hypertrophy (measured as the Fulton index) (B) were assessed in wild-type (WT) and Fra-2–Tg mice treated with
IgG or anti-MMP10 antibodies. C and D, Representative images of hematoxylin and eosin–stained lungs (C) and quantification of the percentage of
medial wall thickness (D) show substantial reductions in medial wall thickness in Fra-2–Tg mice treated with anti-MMP10 antibodies when compared
to Fra-2–Tg mice receiving control IgG. E and F, Representative images of immunohistostaining for a-smooth muscle actin (E) and quantification of
the percentage of distal artery muscularization (F) show significant reductions in distal artery muscularization in the lungs of Fra-2–Tg mice treated
with anti-MMP10 antibodies when compared to Fra-2–Tg mice receiving control IgG. Results are the mean � SEM in 30 mice per group. Bars = 100
lm. * = P < 0.05; *** = P < 0.001; **** = P < 0.0001, by one-way analysis of variance followed by Tukey’s multiple comparison test. See Figure 1 for
other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40229/abstract
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Effects of MMP10 blockade with MMP10 neu-
tralizing antibodies on targeting cell proliferation, cell
survival, and the platelet-derived growth factor (PDGF)
signaling axis. Treatment of Fra-2–Tg mice with anti-
MMP10 antibodies resulted in reduced cell proliferation
as compared to that in IgG-treated Fra-2–Tg mice, as
measured according to the expression levels of Pcna and
Ki67 mRNA in lesional lung tissue from the mice. In
addition to decreased cell proliferation, increased cell
apoptosis was observed, with a significant reduction in
the expression of mRNA for antiapoptotic Bcl2 (results
available upon request from the corresponding author).

Previous studies have implicated PDGF as a key
mediator of vasculopathy in SSc-associated PH and in
Fra-2–Tg mice (20,31,32). MMP10 inhibition in Fra-2–
Tg mice led to a marked reduction in the levels of Pdgfb
and Pdgfrb mRNA, by 59% and 35%, respectively, as
compared to the levels in IgG-treated Fra-2–Tg mice (re-
sults available upon request from the corresponding
author). These results are indicative of successful target-
ing of the PDGF signaling axis with MMP10 inhibition.

DISCUSSION

Our results provide the first experimental evidence
of a transcriptional signature with differential gene
expression in EPC-derived ECs between SSc patients with
PH and those without PH. Among the differentially
expressed genes, MMP10 was identified using this unbi-
ased approach of transcriptomics analysis. Since MMP10
is a multifunctional MMP involved in skeletal develop-
ment, wound healing, and vascular remodeling (33), we
further investigated its aberrant expression in human lung
and serum specimens and analyzed its functional impor-
tance using Fra-2–Tg mice. Our results indicated that
MMP10 is up-regulated in the serum and the lungs of
patients with SSc-associated PH. Moreover, daily treat-
ment with neutralizing anti-MMP10 antibodies achieved
regression of established PH in Fra-2–Tgmice.

Circulating progenitors may be implicated in the
pathogenesis of PH. Indeed, cells expressing progenitor
markers have been detected in the lung vessels of
patients with iPAH (15,25,34). In addition, late-out-
growth EPC-derived ECs from patients with heritable
PAH have been studied, and it has been found that they
exhibit an aberrant cell phenotype (15). Furthermore,
our group has reported decreased circulating EPC
counts in the peripheral blood of patients with SSc-
associated PH when compared to the peripheral blood
of SSc patients without PH and healthy controls (10),
which suggests that these cells are recruited to sites of
injury. Herein, the results of the present study extend

these findings and provide evidence of a transcriptional
signature with differential gene expression in EPC-
derived ECs between SSc patients with PH and those
without PH.

We acknowledge several limitations to the cur-
rent study, given the limited sample size of patients
with SSc-associated PH analyzed. Indeed, the previ-
ously reported low prevalence of PH in patients with
SSc (5–10%) (1) and the small number of circulating
EPCs in patients with SSc-associated PH often does
not allow us to obtain EPC-derived ECs from all of
our patients with this complication.

Qualitative and quantitative changes in the
extracellular matrix (ECM) related to a disturbed bal-
ance between MMPs and tissue inhibitors of metallo-
proteinases (TIMPs) have been demonstrated to play a
significant role in the pathophysiology of PH (35–38)
and SSc (39). In particular, the generation of fragments
and the exposure of functionally important cryptic sites
in collagens, laminins, elastin, or fibronectin are known
to stimulate the production of matrix glycoproteins and
release of growth factors that are encrypted in the
ECM or from their cell membrane–bound precursors,
and to facilitate pulmonary artery smooth muscle cell
proliferation and contribute to their switch from a con-
tractile to a migratory phenotype (35,37,40).

Gene expression profiling of peripheral blood
mononuclear cells (PBMCs) from patients with SSc-asso-
ciated PH has been previously used to decipher genes that
are differentially expressed between SSc patients with PH
and those without PH, and the findings have highlighted
increased expression of MMP9 in those with PH, support-
ing the notion that development of PH is associated with
active matrix-regulating genes that are involved in vascu-
lar remodeling (41). Comparison of these data to our cur-
rent findings reveals that, although EPC-derived ECs and
PBMCs share several top gene ontologies, many of them
are specific to each cell type (results available upon
request from the corresponding author), indicating that
they may reflect different components of the disease.
MMP9 was not significantly differentially expressed in
the ECs of patients with SSc-associated PH. However, we
identified up-regulation of MMP10, a multifunctional
MMP that superactivates procollagenases, which are
involved in skeletal development, wound healing, and
vascular remodeling (33). Overexpression of MMP10
may be promoted by growth factors, including vascular
endothelial growth factor (31), PDGF (35), or bone mor-
phogenetic proteins (BMPs), especially BMP-4 (42). Our
data indicated that overabundant MMP10 plays a signifi-
cant role in the progression of vascular complications in
SSc. Indeed, MMP10 was the single MMP significantly
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overexpressed in SSc EPC-derived ECs (results available
upon request from the corresponding author).

Increased MMP10 levels were detected in the
serum of patients with SSc-associated PH, which is con-
sistent with the observed increase in levels of other
proMMPs or MMPs previously detected in patients
with iPAH (38,43,44), and MMP10 serum levels corre-
lated with several clinical outcomes. However,
proMMP10 levels were not predictive of further occur-
rence of SSc-associated PH, which may be explained by
the low number of incident SSc-associated PH cases in
the prospective replication cohort. MMP10 expression
was also found to be overabundant in perivascular
macrophages and pulmonary vascular cells from the
remodeled walls of distal pulmonary arteries in patients
with SSc-associated PH, which is consistent with the
recently reported localization of MMP10 in pulmonary
arteries of patients with iPAH (38).

MMP10 inhibition also markedly alleviated the
RVSP and RVH in the Fra-2–Tg mouse model,
whereas pan-MMP inhibition with doxycycline failed to
significantly improve these outcomes. Interestingly, the
overexpression of MMP10 observed in SSc-associated
PH EPC-derived ECs was not driven or amplified by
hypoxic exposure, unlike several other MMPs (45).

ProMMP10 levels were markedly increased in
SSc patients with ILD-associated PH (WHO group 3),
suggesting that the vasculocentric process is more severe
in this subset of SSc patients. However, no symmetry
was observed between serum and cellular data, given
that MMP10 mRNA and protein expression was driven
to a similar extent in EPC-derived ECs among the 3
patients with isolated PAH and the 3 patients with ILD-
associated PH. The marked up-regulation of proMMP10
levels in this subset of patients seems, rather, to be dri-
ven more by PH than by ILD per se, since patients with
SSc-associated ILD without PH had no increased levels
of proMMP10 in our cohort. Moreover, MMP10 inhibi-
tion failed to significantly improve the severity of fibro-
sing alveolitis in the Fra-2–Tg mouse model. These
results are in contrast to prior observations of elevated
MMP10 serum levels in patients with idiopathic pul-
monary fibrosis (46).

Given the marked elevation of proMMP10 levels
in patients with ILD-associated PH, it was particularly
relevant to study the contribution of MMP10 to SSc-
associated PH in Fra-2–Tg mice, which develop features
of the peripheral vasculopathy seen in humans, including
the development of PH, paralleled by a progressive
pulmonary fibrosis similar to that in patients with SSc.

Our results indicate a pathophysiologic role of
MMP10 in the progression of PH in Fra-2–Tg mice.

First, increased MMP10 expression was detected within
the walls of remodeled pulmonary arteries of Fra-2–Tg
mice, consistent with the observed differential expres-
sion of different MMP subtypes in the lesional lungs in
other animal models of PH (47). Second, treatment
with neutralizing anti-MMP10 antibodies significantly
decreased the signs of PH, which is consistent with the
reversion of vascular remodeling observed upon
restoration of physiologic MMP:TIMP ratios. Third,
the beneficial effects of MMP10 inhibition were
restricted to the progression of vascular complications
in this animal model of SSc, given the failure of this
strategy to improve fibrosing alveolitis.

Our data revealed that MMP10 inhibition acts
through the regulation of cell proliferation and apopto-
sis to alleviate vascular remodeling and the signs of
PH. In addition, treatment with anti-MMP10 antibodies
decreased PDGF signaling, a key molecule in vascular
remodeling that is also activated in the skin and lungs
of Fra-2–Tg mice (20,48).

Taken together, these findings may have impor-
tant clinical implications, since at the time of diagnosis
of SSc-associated PH, the majority of patients have
already developed some form of pathologic pulmonary
arterial remodeling. Therefore, blocking MMP10 during
the pathogenesis of PH or once PH is established holds
promise as a therapeutic approach for this disease.
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Genome-Wide Association Meta-Analysis Reveals Novel
Juvenile Idiopathic Arthritis Susceptibility Loci
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Objective. Juvenile idiopathic arthritis (JIA) is
the most common childhood rheumatic disease and has
a strong genomic component. To date, JIA genetic associ-
ation studies have had limited sample sizes, used hetero-
geneous patient populations, or included only candidate
regions. The aim of this study was to identify new associ-
ations between JIA patients with oligoarticular disease
and those with IgM rheumatoid factor (RF)�negative
polyarticular disease, which are clinically similar and
the most prevalent JIA disease subtypes.

Methods. Three cohorts comprising 2,751 patients
with oligoarticular or RF-negative polyarticular JIA were
genotyped using the Affymetrix Genome-Wide SNP Array
6.0 or the Illumina HumanCoreExome-12+ Array. Over-
all, 15,886 local and out-of-study controls, typed on these
platforms or the Illumina HumanOmni2.5, were used

for association analyses. High-quality single-nucleotide
polymorphisms (SNPs) were used for imputation to 1000
Genomes prior to SNP association analysis.

Results. Meta-analysis showed evidence of asso-
ciation (P < 1 3 10�6) at 9 regions: PRR9_LOR (P =
5.12 3 10�8), ILDR1_CD86 (P = 6.73 3 10�8), WDFY4
(P = 1.79 3 10�7), PTH1R (P = 1.87 3 10�7), RNF215
(P = 3.09 3 10�7), AHI1_LINC00271 (P = 3.48 3
10�7), JAK1 (P = 4.18 3 10�7), LINC00951 (P = 5.80
3 10�7), and HBP1 (P = 7.29 3 10�7). Of these,
PRR9_LOR, ILDR1_CD86, RNF215, LINC00951, and
HBP1 were shown, for the first time, to be autoimmune
disease susceptibility loci. Furthermore, associated
SNPs included cis expression quantitative trait loci for
WDFY4, CCDC12, MTP18, SF3A1, AHI1, COG5, HBP1,
and GPR22.

Conclusion. This study provides evidence of both
unique JIA risk loci and risk loci overlapping between
JIA and other autoimmune diseases. These newly asso-
ciated SNPs are shown to influence gene expression,
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and their bounding regions tie into molecular pathways
of immunologic relevance. Thus, they likely represent
regions that contribute to the pathology of oligoarticular
JIA and RF-negative polyarticular JIA.

Juvenile idiopathic arthritis (JIA) is the most
common childhood rheumatic disease, with a preva-
lence of ~1 per 1,000 children (1). It is a disabling, com-
plex disorder characterized by inflammation of the
joints and other tissues that persists for at least
6 weeks. Although there is ethnic diversity in JIA, it is a
disease that predominately affects children of European
descent (2). There is a strong genetic component to
JIA, with numerous established susceptibility loci (3�5)
and a sibling recurrence risk ratio (ks) of 11.6 (6). Addi-
tionally, the prevalence of other autoimmune diseases is
increased in relatives of patients with JIA (7).

The International League of Associations for
Rheumatology (ILAR) categorizes JIA into 7 subtypes
(8). Two of these subtypes, oligoarticular JIA (persis-
tent and extended forms) and IgM rheumatoid factor
(RF)�negative polyarticular JIA, account for ~70% of
cases of JIA and are the focus of the current study.
These 2 subtypes present similarly in the clinic, are
distinguished only by the number of affected joints
after a disease duration of 6 months, and share HLA
associations (9,10).

Genome-wide association studies (GWAS), while
widely used across autoimmune diseases, have been some-
what limited in scope for JIA. Previous high-density
array�based studies in patients with oligoarticular JIA or
RF-negative polyarticular JIA have provided evidence of
association for single-nucleotide polymorphisms (SNPs)
corresponding to loci near or including PTPN22, PTPN2,
IL2RA, TNFAIP3, COG6, ADAD1/IL2/IL21, STAT4,
chromosome 3q13 within C3orf1 and near CD80, and
chromosome 10q21 near JMJD1C (4,5). Other GWAS
included all JIA subtypes and showed associations with
TRAF1/C5 or VTCN1 loci but were limited by either small
sample sizes (11) or the number of markers assayed (12).

More recently, the Juvenile Arthritis Consortium
for Immunochip studied patients and controls of Euro-
pean ancestry, using the Illumina Infinium Immunochip
genotyping array, which provides dense SNP coverage
in the HLA region and is limited to 186 non-HLA
regions identified in 12 early studies of autoimmune
disease association (not including JIA) (3). Therefore,
it does not reflect the current catalog of autoimmune
disease findings. Results from the Immunochip analyses
provided convincing evidence of association for a num-
ber of JIA risk loci that are also risk loci for other

autoimmune diseases, including the HLA region (10)
and 27 non-HLA loci (3). However, a significant pro-
portion of JIA heritability risk remains unexplained.
Although there is a partial overlap between the patient
and control samples used in this study and the Immu-
nochip studies (3,10), the current study extends findings
to a genome-wide level to further delineate JIA genetic
risk factors and allows the findings to be translated to
JIA disease mechanisms.

PATIENTS AND METHODS

Subjects. Three cohorts comprising 2,751 JIA patients
of European ancestry with oligoarticular disease or RF-
negative polyarticular disease and 15,886 controls (cohort I,
814 cases and 3,058 controls; cohort II, 1,057 cases and
11,843 controls; cohort III, 880 cases and 985 controls) were
used for association analyses. Subjects in cohort I were pri-
marily recruited from the Cincinnati Children’s Hospital
Medical Center (CCHMC) or as part of a National Institute
of Arthritis and Musculoskeletal and Skin Diseases�
supported registry of JIA-affected sibpairs. Collaborating cen-
ters including Children’s Hospital of Wisconsin, Schneider
Children’s Hospital, and Children’s Hospital of Philadelphia
provided additional samples (4,5). JIA patients in cohort II
have been described previously as a validation cohort (4,5).
Clinics enrolling JIA patients for cohort III were located in
Cincinnati, OH, Atlanta, GA, Charlotte, NC, Columbus, OH,
Little Rock, AR, Long Island, NY, Chicago, IL, Salt Lake
City, UT, Cleveland, OH, Nashville, TN, and Charleston, SC.
Additional DNA samples, split between cohorts II and III,
were collected in Cincinnati, OH (n = 105) or were collected
as part of or obtained from the Gene Expression in Pediatric
Arthritis Study (National Institute of Arthritis and Musculos-
keletal and Skin Diseases [NIAMS] grant P01-AR-048929)
(n = 117), Children’s Mercy Hospital, Kansas City (n = 75),
the Improved Understanding of the Biology and Use of TNF
Inhibition in Children with JIA Study (ClinicalTrials.gov iden-
tifier: NCT00792233) (n = 40), Nemours/Alfred I. duPont
Hospital for Children (n = 38), the Boston Children’s Hospi-
tal JIA Registry (n = 26), the Trial of Early Aggressive Ther-
apy in JIA Study (TREAT) (ClinicalTrials.gov identifier:
NCT00443431) (n = 25), Emory University School of Medi-
cine (n = 19), and Cohen Children’s Medical Center (n = 4).
Members of the consortia are shown in Appendix A.

All cases met the ILAR or American College of
Rheumatology (13) classification criteria for JIA or juvenile
rheumatoid arthritis (RA). Both regional and out-of-study
controls obtained from the dbGaP database were included in
the control cohorts. Controls for cohort I included regional
controls recruited from the geographic region served by
CCHMC (4,5) and 2,400 out-of-study controls from the
Molecular Genetics of Schizophrenia nonGAIN Sample
(MGS_nonGAIN; phs000167.v1vp1). Controls for cohort II
included “Texas,” “Utah,” and “German” regional controls
(4,5), 7,324 controls from the Atherosclerosis Risk in Com-
munities Study cohort (phs000280.v3.p1), 2,555 controls from
the Genetic Association Information Network (GAIN;
phs000021.v3.p2 and phs000017.v3.p1), and 1,792 controls
from the Cooperative Health Research in the Region
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Augsburg (KORA) study (14). Cohort III contained only regio-
nal controls recruited in Denver. Use of these DNA collections
has been approved by the Institutional Review Board at all
participating centers, and participants or their parents provided
written consent prior to study enrollment. Cohorts I and II
have been used in previous association studies (4,5), and over-
all, ~65% of the JIA samples from the current study were used
for Immunochip analyses (3,10).

Genotyping and quality control. Cohorts I and II were
genotyped using the Affymetrix Genome-Wide Human SNP
Array 6.0. Cohort I was genotyped at the Affymetrix Service
Center, while cohort II was genotyped at Expression Analysis/
Quintiles; cohort III was genotyped with the Illumina
HumanCoreExome-12+ Array (Exome Array), which included
2,508 custom SNP assays derived from initial analyses in
cohort I, at CCHMC. All out-of-study controls were geno-
typed on SNP Array 6.0, with the exception of the KORA
cohort, which was genotyped on the HumanOmni2.5 Bead-
Chip (Infinium). Samples were excluded if their call rates
were <98% across the SNPs that passed quality control filters.
Duplicates and first-degree relatives were identified using the
software package KING (15), retaining the sample with the
highest call rate. Self-reported and genetically determined sex
were compared using chromosome X genotype data. The pro-
gram ADMIXTURE (16) was used to compute admixture
estimates from a subset of SNPs that met quality control cri-
teria and were pruned to have low linkage disequilibrium
(LD) (r2 < 0.2). This study was limited to individuals who
self-reported European ancestry, and individuals whose
admixture estimates were outliers were removed. Primary
inference was based on SNPs that showed no significant evi-
dence of departure from expectation in Hardy-Weinberg equilib-
rium proportions (P < 1 9 10�6 and P < 0.01 in cases and
controls, respectively), significant differential missingness
between cases and controls (P < 0.05), a minor allele frequency
of ≥0.01, and a call rate of >95%.

Statistical analysis. Imputation. Because the 3 cohorts
were genotyped on 2 different arrays at 3 different times,
imputation was performed separately for each cohort, using
IMPUTE2 with the 1000 Genomes phase 1 integrated refer-
ence panel (17). Imputed SNPs were retained if their infor-
mation score was >0.5 and their confidence score was >0.9.
To validate imputation, a representative subset of subjects (96
subjects from each of the 3 JIA cohorts and 96 control sub-
jects) were genotyped for 16 SNPs, including 7 of the 9 SNPs
shown in Table 1, using TaqMan SNP Genotyping Assays
(Life Technologies) and evaluated for concordance between
imputed and TaqMan-generated genotypes. Reactions were
performed on a ViiA 7 real-time polymerase chain reaction
system (Applied Biosystems).

Tests of association. Tests of association were per-
formed on the imputed data using SNPTEST under a logistic
model, taking imputed genotype uncertainty into account (16).
Admixture proportions were included as covariates. A
weighted inverse normal meta-analysis was conducted to
combine results across cohorts. Due to the discrepancy in the
control-to-case ratio across cohorts, evidence was weighted by
size of the case-only sample. For each cohort, a SNP was
included in the meta-analysis if it passed the quality control
criteria described previously and the additional requirement of
30 and 10 homozygotes for the minor allele for the additive
and recessive models, respectively. For the dominant model, a

total of 10 minor allele genotypes (heterozygote or homozy-
gote) was required. Inference was based on the set of SNPs
for which the meta-analysis contained data from at least 2 of
the 3 cohorts and where the direction of the effect was consis-
tent across contributing cohorts. This additional requirement
reduces the Type I error rate.

Functional annotation analysis. The functional poten-
tial of the SNPs in the region of association (r2 ≥ 0.8) were
examined using HaploReg version 2 (18) and RegulomeDB, a
database that annotates SNPs with known and predicted regu-
latory elements, expression quantitative trait loci (eQTLs),
DNase hypersensitivity, and binding sites of transcription
factors in the intergenic regions of the human genome (19).
Histone data were evaluated using the positions of the original
SNPs as well as proxy SNPs in LD (r2 ≥ 0.8). Three well-studied
epigenetic marks (H3K4me1, H3K4me3, and H3K27ac) from
the ENCODE and Roadmap Epigenomic projects were evalu-
ated. For the ENCODE data, tables for the 3 marks for each of
the tier 1 cell lines (GM12878 cells, H1-hESC cells, human
skeletal muscle myoblasts [HSMMs], human umbilical vein
endothelial cells [HUVECs], K562 cells, normal HEK cells,
and normal human lung fibroblasts [HLFs]) were downloaded
from the UCSC Genome Browser (genome.ucsc.edu) using
SNP positions. The Roadmap Epigenomic data were down-
loaded similarly, using the EpiGenome Browser (www.epige
nomebrowser.org) for available cell types with probable rele-
vance to JIA (CD14, CD15, CD19, primary peripheral blood
mononuclear cells [PBMCs], CD3, primary memory CD4 cells
(CD4M), primary CD4-naive cells (CD4N), and primary
CD4+CD25+CD127� Treg cells [CCCTreg]).

Pathway analysis. Relationships between gene products
were analyzed using IPA (Qiagen; www.qiagen.com/ingenuity).
The genes analyzed were from 2 sources: all genes from the
current JIA GWAS (P < 1 9 10�6) and all genes associated
with oligoarticular and RF-negative polyarticular JIA using
the Immunochip (P < 5 9 10�8) (3). Genes included in the
analysis were JAK1, PRR9, LOR, PTH1R, CD86, LINC00951
(FLJ41649), AHI1, LINC00271, HBP1, WDFY4, RNF215,
HLA�DRB1, PTPN22, ATP8B2, IL6R, STAT4, IL2, IL21,
ERAP2, LNPEP, C5orf56, IRF1, IL2RA, PRR5L, COG6,
PTPN2, ANKRD55, TYK2, SH2B3, ATXN2, UBE2L3,
RUNX1, IL2RB, FAS, ZFP36L1, and LTBR. LINC00951
(FLJ41649) was not mapped using IPA at the time of analysis
(version release date: December 2016). Only experimentally
validated interactions were considered.

RESULTS

Demographics. The 3 JIA cohorts in this study
were restricted to patients with either oligoarticular or
RF-negative polyarticular disease, in order to reduce
phenotypic heterogeneity. Across cohorts, 2,751
patients met individual-level quality control criteria (see
Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40216/abstract). Of these, 1,581
patients had a diagnosis of oligoarticular JIA, and 1,170
patients had a diagnosis of RF-negative polyarticular
JIA. Overall, there were 629 male JIA patients (22.9%)
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and 2,122 female JIA patients (77.1%). The mean � SD
age at the onset of JIA was 4.37 � 3.59 years in female
patients with oligoarticular JIA, 6.59 � 4.51 years in
female patients with RF-negative polyarticular JIA, 5.93
� 3.71 years in male patients with oligoarticular JIA,
and 7.35 � 4.08 years in male patients with RF-negative
polyarticular JIA. A group of 15,886 genetically well-
matched controls was used, which included local controls
from the US and Germany as well as out-of-study controls
(see Patients and Methods) (details are shown in Supple-
mentary Table 1). The current study is powered to detect
associations with odds ratios (ORs) of 1.20, assuming an
allele frequency between 0.30 and 0.40 (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40216/abstract).

Inferential SNP data set. The association analy-
sis accounted for imputation uncertainty and included
admixture proportions in the logistic model as covari-
ates. For comparability, scaling the genomic inflation
factors (k) to the equivalent of 1,000 cases and 1,000
controls within each cohort yielded k1,000 values of
1.04, 1.09, and 1.03, respectively, for the 3 cohorts. A
total of 622,740 SNPs (SNP Array 6.0) for cohort I,
535,078 SNPs (SNP Array 6.0) for cohort II, and
256,455 SNPs (Exome Array) for cohort III passed the
genotyping quality control measures described in
Patients and Methods. Including the HLA region,
4,710,143 SNPs passed imputation meta-analysis quality
control filtering.

Discovery of new oligoarticular and RF-negative
polyarticular JIA loci. The association results (P < 1 9

10�6) of the meta-analysis of 3 cohorts (2,751 patients and
15,886 controls) are shown in Figure 1. The 9 newly

identified oligoarticular and RF-negative polyarticular JIA
loci include JAK1, PRR9_LOR, PTH1R, ILDR1_
CD86, LINC00951 (FLJ41649), AHI1_LINC00271, HBP1,
WDFY4, and RNF215. Regional plots of association
(LocusZoom) are shown in Supplementary Figure 2, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40216/abstract.
Lead SNPs representing novel associations with oligoar-
ticular and RF-negative polyarticular JIA are shown in
Table 1. For each region shown in Table 1, no signal
remained after conditioning on the lead SNP. The
strongest associations included PRR9_LOR (rs873234
[P = 5.12 9 10�8, OR 1.43, 95% CI 1.25�1.63]) and
ILDR1_CD86 (rs111700762 [P = 6.73 9 10�8, OR 1.45,
95% CI 1.26�1.66]). In addition, 36 previously unidenti-
fied loci achieved suggestive levels of significance (1 9

10�6 < P < 1 9 10�5) in the meta-analysis and are shown
in Supplementary Table 2 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40216/abstract).

A subset of imputed SNPs from Table 1 and Sup-
plementary Table 2 were technically validated by direct
genotyping (n = 16). Concordance of >98% between
imputed and genotyped SNPs was observed in all SNPs
evaluated (>99% concordance in 11 of the SNPs). All
remaining SNPs meeting a false discovery rate�cor-
rected P value less than 0.05 (n = 1,782) are shown in
Supplementary Table 3 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40216/abstract).

Autoimmune disease loci overlap. Support for
the 9 newly associated oligoarticular and RF-negative
polyarticular JIA loci was gathered using the National
Human Genome Research Institute and the European

Table 1. SNPs representing top statistical associations (P < 1 9 10�6) with oligoarticular JIA and RF-negative polyarticular JIA*

Lead SNP (gene region) Chr.:position† Minor allele

MAF

P Model OR (95% CI) SNP positionCases Controls

rs10889504 (JAK1) 1:65390503 C 0.11 0.13 4.18 9 10�7 Add 0.78 (0.71�0.86) Intron
rs873234 (PRR9_LOR) 1:153227177 A 0.40 0.37 5.12 9 10�8 Rec 1.43 (1.25�1.63) Intergenic
rs1138518 (PTH1R)‡ 3:46944274 T 0.42 0.37 1.87 9 10�7 Add 1.23 (1.14�1.34) Coding (synonymous)
rs111700762 (ILDR1_CD86) 3:121780807 A 0.08 0.06 6.73 9 10�8 Dom 1.45 (1.26�1.66) Intron
rs10807228 (LINC00951) 6:40188351 T 0.36 0.33 5.80 9 10�7 Rec 1.42 (1.23�1.65) Intergenic
rs9321502 (AHI1_LINC00271) 6:135656252 C 0.43 0.40 3.48 9 10�7 Add 1.18 (1.11�1.26) Intron
rs111865019 (HBP1) 7:106812246 G 0.24 0.27 7.29 9 10�7 Add 0.84 (0.78�0.90) Intron
rs1904603 (WDFY4) 10:50013840 G 0.29 0.25 1.79 9 10�7 Dom 1.27 (1.16�1.39) Intron
rs5753109 (RNF215) 22:30777888 C 0.31 0.28 3.09 9 10�7 Add 1.19 (1.11�1.28) Intron

* The 3 cohorts comprised 2,751 cases and 15,886 controls. The loci are named using the genes bounding the regions of association and do not
necessarily reflect a functional link with a specific gene. SNPs = single-nucleotide polymorphisms; JIA = juvenile idiopathic arthritis; RF =
rheumatoid factor; MAF = minor allele frequency; Chr. = chromosome; OR = odds ratio; 95% CI = 95% confidence interval; Add = additive;
Rec = recessive; Dom = dominant.
† Coordinates are based on the GRCh37 assembly.
‡ Because rs1138518 did not pass the quality control criteria in all cohorts, the numbers of cases and controls were 1,937 and 12,828, respectively.
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Bioinformatics Institute GWAS Catalog (20) and Immu-
nobase (https://www.immunobase.org). The lead SNP at
each novel locus, as well as proxy SNPs in LD (r2 ≥ 0.4),
were queried in the aforementioned databases to search
for overlapping regions of association between oligoar-
ticular and RF-negative polyarticular JIA and other
autoimmune diseases. Four regions (JAK1, PTH1R,
AHI1_LINC00271, and WDFY4) have been associated in
autoimmune diseases (Table 2): JAK1 in celiac disease
(21) and multiple sclerosis (MS) (22); PTH1R in celiac
disease (21); AHI1_LINC00271 in celiac disease (21),
MS (22), autoimmune thyroid disease (23), and type 1
diabetes mellitus (DM) (24); and WDFY4 in systemic

lupus erythematosus (SLE) (25). Despite these shared
associated loci, the causal variants of each region may
not necessarily be the same among diseases.

Functional implications of oligoarticular JIA�
and RF-negative polyarticular JIA�associated loci. In
order to elucidate the impact of SNPs located in
the oligoarticular JIA� and RF-negative polyarticular
JIA�associated loci on gene transcription, each lead
SNP and all proxy SNPs (r2 ≥ 0.8) were examined for
eQTLs in tissues, using 2 public gene expression data-
bases, the eQTL Browser from the University of Chi-
cago (eqtl.uchicago.edu) and the Blood eQTL Browser
(26). While both cis and trans eQTLs were queried, the

Table 2. Overlapping regions of association between oligoarticular and RF-negative polyarticular JIA and other autoimmune diseases*

JIA loci Susceptibility loci for other autoimmune diseases†

Lead SNP Gene region Chr.:position Disease SNP Chr.:position‡ r2§ P OR Risk allele RAF

rs10889504 JAK1 1:65390503 CeD rs12409333 1:65417839 0.90 3.80 9 10�5 0.89 G 0.25
MS rs12409333 1:65417839 0.90 2.70 9 10�4 0.91 G 0.25

rs1138518 PTH1R 3:46944274 CeD rs2061197 3:47001350 0.41 8.55 9 10�6 1.09 A 0.37
MS rs11154801 6:135739355 0.74 1.80 9 10�20 1.12 A 0.37

rs9321502 AHI1_LINC00271 6:135656252 CeD rs12206850 6:135797808 0.70 6.89 9 10�4 1.07 C 0.27
ATD rs2179781 6:135719500 0.76 4.84 9 10�4 NR NR NR
Type 1 DM rs11154801 6:135739355 0.74 2.55 9 10�5 1.08 A 0.29

rs1904603 WDFY4 10:50013840 SLE rs877819 10:50042951 0.47 8.00 9 10�9 1.46 A 0.18

* The loci are named using the genes bounding the regions of association and do not necessarily reflect a functional link with a specific gene.
RF = rheumatoid factor; Chr. = chromosome; OR = odds ratio; RAF = risk allele frequency; CeD = celiac disease; MS = multiple sclerosis;
ATD = autoimmune thyroid disease; NR = not reported; DM = diabetes mellitus; SLE = systemic lupus erythematosus.
† Data were obtained from the Human Genome Research Institute and the European Bioinformatics Institute GWAS Catalog (https://www.ebi.ac.
uk/gwas/) and Immunobase (https://www.immunobase.org).
‡ Coordinates are based on the GRCh37 assembly.
§ Correlation between lead single-nucleotide polymorphisms (SNPs) for juvenile idiopathic arthritis (JIA) loci.

Figure 1. Manhattan plot of genome-wide genetic association statistics for oligoarticular and rheumatoid factor–negative polyarticular juvenile
idiopathic arthritis (JIA) risk loci. The upper gray line indicates the genome-wide significance (P < 5 9 10�8) threshold. The lower gray line indi-
cates the suggestive association (P < 1 9 10�6) threshold. Loci reaching this threshold and individual single-nucleotide polymorphisms mapping to
these loci are shown in dark blue. Loci in gray have been reported for association by Hinks et al (see ref. 3). The loci are named using the genes
bounding the regions of association and do not necessarily reflect a functional link with a specific gene.
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results identified evidence of cis eQTLs only. Strong
eQTLs were identified for 5 oligoarticular and RF-
negative polyarticular JIA loci: PTH1R SNPs for
CCDC12; AHI1_LINC00271 SNPs for AHI1; HBP1
SNPs for HBP1, COG5, and GPR22; WDFY4 SNPs for
WDFY4; and RNF215 SNPs for MTP18 and SF3A1
(Table 3).

Next, the novel oligoarticular JIA� and RF-
negative polyarticular JIA�associated loci were analyzed
for histone modifications. Using the 7 cell types in the
ENCODE database for which the desired data were
available (GM12878 cells, H1-hESC cells, HSMMs,
HUVECs, K562 cells, normal HEK cells, and normal
HLFs) and immunologically relevant cell types from the
EpiGenome Browser (CD14, CD15, CD19, PBMCs,
CD3, CD4M, CD4N, and CCCTreg [see Patients and
Methods]), the SNP set described above for the eQTL
analysis was evaluated for H3K4me1, H3K4me3, and
H3K27ac modifications. H3K4me1 modifications tend
to mark enhancer regions, whereas H3K4me3 modifica-
tions tend to mark promoter regions. Regions that are
transcriptionally activated are associated with H3K27ac
marks (27). Supplementary Table 4 (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40216/abstract) summarizes the
histone modification mark data for each of the 9 novel
oligoarticular JIA and RF-negative polyarticular JIA
associations, indicated by the enrichment score (number

of sequences) centered on a 25-bp window size. The max-
imum enrichment score among cell lines was determined,
and the top 5 values for each histone mark were identi-
fied. Several SNPs were located in regions with enriched
histone marks, mostly in isolated cell types. In addition,
some SNPs were in regions with multiple marks (e.g.,
rs72922282 and rs10511408), indicating a high likelihood
that these SNPs are in functionally active chromatin
regions.

Comparison of RA- and type 1 DM�associated
loci with oligoarticular and RF-negative polyarticular
JIA. Many of the risk loci identified for oligoarticular JIA
and RF-negative polyarticular JIA are shared with other
autoimmune diseases, particularly RA and type 1 DM
(3). However, individual variants identified may vary
between diseases. To date, association studies have identi-
fied 101 loci for RA (28) and 50 loci for type 1 DM (24).
Supplementary Tables 5 and 6 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40216/abstract) show the findings from
this study for each SNP reported for RA and type 1 DM,
respectively. Within the oligoarticular JIA and RF-nega-
tive polyarticular JIA data set, 86 RA and 39 type 1 DM
SNPs met quality control metrics. In total, 9 RA and 6
type 1 DM SNPs, or only 10�15%, reached a Bonferroni-
corrected P value less than 5.8 9 10�4 (calculated based
on 86 tests) or P < 1.2 9 10�3 (calculated based on 39
tests), respectively. These significantly associated SNPs in
oligoarticular and RF-negative polyarticular JIA are
shown in Supplementary Tables 5 and 6.

Additionally, a power analysis for each of these
RA-associated SNPs (see Supplementary Table 5)
and type 1 DM�associated SNPs (see Supplementary
Table 6) was computed, assuming the OR reported for
RA or type 1 DM, the allele frequency in the JIA con-
trols, the JIA patient sample size, and the Type I error
rate defined by the Bonferroni corrections described
above. The sum of the power across the SNPs is the
statistical expectation of the number of associations a
cohort of the size observed in this meta-analysis would
detect. If the effect sizes in the JIA cohort were consis-
tent with the RA or type 1 DM effect sizes for the
respective SNPs, then the expected number of associa-
tions the JIA cohort should detect for RA is 25.9 (95%
confidence interval [95% CI] 16.5�32.7) and for type 1
DM is 26.1 (95% CI 21.1�31.1).

DISCUSSION

This study includes the largest JIA cohort ana-
lyzed on genome-wide platforms to date (2,751 patients
with oligoarticular JIA or RF-negative polyarticular

Table 3. Expression of quantitative trait locus (eQTL) genes in novel
oligoarticular- and RF-negative polyarticular JIA�associated regions*

Lead SNP (gene region),
eQTL SNP† Chr.:position‡ r2§ eQTL gene

rs1138518 (PTH1R)
rs2242116 3:46941116 1.00 CCDC12

rs9321502 (AHI1_LINC00271)
rs2614276 6:135681704 0.83 AHI1

rs111865019 (HBP1)
rs7790080 7:107031322 0.82 COG5
rs2301801 7:106870746 0.82 HBP1
rs2237659 7:106847492 0.82 GPR22

rs1904603 (WDFY4)
rs2940707 10:49989792 0.95 WDFY4

rs5753109 (RNF215)
rs757870 22:30776419 0.91 MTP18
rs4820003 22:30711624 0.91 SF3A1

* The loci are named using the genes bounding the regions of asso-
ciation and do not necessarily reflect a functional link with a specific
gene. RF = rheumatoid factor; JIA = juvenile idiopathic arthritis;
Chr. = chromosome.
† The single-nucleotide polymorphism (SNP) with the highest eQTL
score for each eQTL gene is shown; data were obtained from the
University of Chicago (eqtl.uchicago.edu) and Blood eQTL Browser
(26).
‡ Coordinates are based on the GRCh37 assembly.
§ Correlation with lead SNP.
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JIA and 15,886 controls) and identifies new oligoarticu-
lar and RF-negative polyarticular JIA associations (Fig-
ure 1). Nine of the 28 loci detected in oligoarticular
and RF-negative polyarticular JIA Immunochip studies
(3) remained significant (P < 5 9 10�8) in the current
genome-wide analysis (PTPN22, ATP8B2_IL6R, STAT4,
IL2_IL21, ERAP2_LNPEP, HLA, IL2RA, COG6, and
PTPN2); 2 additional regions, C5orf56_IRF1 and
PRR5L, achieved suggestive levels of association (P < 1
9 10�6) (Figure 1). The higher-density SNP coverage
provided by the Immunochip platform compared to
genome-wide arrays may account for differences in the
findings. However, there are comparable magnitudes of
effect (Spearman’s correlation coefficient = 0.89)
between the OR reported for the most significant SNPs
identified in the Immunochip study (3) and the current
GWAS. Use of the Exome Array for the genotyping of
cohort III was economically driven, but the lack of
SNP inclusion in this array may contribute to these dif-
ferential findings.

Although ~70% of the patient samples used for
this study have been used in previous association stud-
ies (3�5), by using genome-wide data sets, we now
extend the number of genetic loci associated with JIA.
In spite of these efforts, the newly reported associations
do not meet the generally used, but somewhat arbi-
trary, threshold of P < 5 9 10�8. Genome-wide thresh-
olds assume 1 million independent tests and a genome-
wide Type I error rate of 0.05. Yet, it is difficult to
determine how many independent tests of association
are computed in a GWAS, because LD pruning using
r2 < 0.4 reduces the number of loci in this European
ancestral cohort to <1 million, and even these remain
correlated. Nonetheless, the need remains to validate
these findings in other cohorts, which are difficult to
acquire for a rare disease affecting young children.
Indeed, the patient cohorts reported were collected
over the course of several decades.

Four of the newly identified oligoarticular JIA
and RF-negative polyarticular JIA loci (JAK1, PTH1R,
AHI1_LINC00271, and WDFY4) (see Table 2) reported
here have been described as being associated with
another autoimmune disease, according to the GWAS
Catalog and ImmunoBase, suggesting common patho-
physiologic mechanisms. Although the databases cata-
loging GWAS and Immunochip findings are incomplete,
they begin to allow the findings of this study to be put
in the context of other autoimmune diseases. Only a
small percentage of the reported lead RA (28) and type
1 DM (24) SNPs reaching the Bonferroni-corrected
P value cutoffs in our data set (see Supplementary
Tables 5 and 6, available on the Arthritis &

Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40216/abstract). This is markedly
less than expected and well outside the confidence
intervals. Given that the RA- and type 1 DM�associ-
ated SNPs were discovered in predominately European
ancestral groups, it is unlikely that this deficit is merely
due to differences in LD among the different disease
populations. Rather, these results support the notion
that although JIA (at least the oligoarticular and RF-
negative polyarticular subtypes) shares some risk loci, it
is genetically distinct from seropositive RA (despite sim-
ilar clinical presentations) and type 1 DM (another
autoimmune disease with childhood onset). The remain-
ing 5 unique newly identified oligoarticular and RF-
negative polyarticular JIA loci reveal additional regions
of the genome that will require further investigation to
fully delineate their importance in JIA and autoimmune
diseases in general.

The PRR9_LOR locus was the most strongly
associated novel region, approaching genome-wide
significance (P = 5.12 9 10�8). PRR9 encodes a protein
of unknown function, with the highest expression levels
in the skin (29), while LOR encodes loricrin, a compo-
nent of the cornified cell envelope in terminally differ-
entiated epidermal cells. Interestingly, association
analyses in patients with psoriasis, an inflammatory skin
disorder, have identified PRR9 as a susceptibility locus
(30,31). Although this may represent overlap of disease
risk loci between JIA and psoriasis, there is also the
possibility that the JIA cohorts include psoriasis
patients, given that ~20�25% of patients present with
arthritis before skin disease, which is difficult to define
in younger children.

Biologic pathways that feature gene products sug-
gested by the results of this study and previous Immuno-
chip studies (3,10) may offer insight into disease
pathophysiology (see Figure 2). While some of the asso-
ciated regions observed in the current study may not
have direct functional relationships with other loci, loci
such as CD86 and JAK1 appear to be central to key sig-
naling pathways involving T cell differentiation and pro-
liferation. JAK1 encodes a tyrosine kinase that interacts
with the common c-chain to elicit signals from cytokines,
such as interleukin-2 (IL-2) and IL-21, to induce inter-
feron-c, IL-17, and IL-6 production (32). Further bioin-
formatic analysis revealed the presence of H3K4me1
histone modifications near JAK1 in CD14+ cells and
CD15+ cells, suggesting the presence of an enhancer
region at this locus (see Supplementary Table 4, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40216/abstract).
Notably, a JAK inhibitor, tofacitinib, is already used for

2228 McINTOSH ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40216/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40216/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40216/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40216/abstract


the treatment of RA. With clinical trials underway, it
remains to be seen whether inhibitors of the JAK1 path-
way are efficacious in children with JIA.

Given that JIA is an autoimmune disease, it was
expected that additional immune-related disease loci
that were not found on Immunochip would be identi-
fied by genome-wide approaches. Specifically, CD86 is
important in the immune regulation of multiple
immune cell types (33). It is expressed on antigen-
presenting cells and interacts with both CD28 and
CTLA-4 on T cells, resulting in T cell stimulation or
inhibition, respectively (34). CD86 signaling has been
shown to lead to increased antibody production (35).
Modulation of CD86 with CTLA-4Ig has been shown
to down-regulate proinflammatory cytokine production
(including IL-6 and tumor necrosis factor a) by syn-
ovial macrophages in vitro (36). Conditional analysis
showed that the CD86 association signal is independent
of the previously reported signal at Chr3q13 that
includes the nearby gene CD80 (4).

As expected, most associated regions fall within
noncoding, regulatory regions. An exception, the associa-
tion in PTH1R, is represented by a synonymous coding
region mutation (Table 1). Although this SNP does not

alter the amino acid sequence of the protein, it still may
potentially contribute to disease through epigenetic
(37�39) or other mechanisms, making it an interesting
region for future investigation. Furthermore, PTH1R is
expressed at high levels in the bone and activates RANKL
expression, which promotes thymic tolerization and the
dendritic cell�T cell interaction for T cell activation (40).
In addition, a functional polymorphism in the RANKL
promoter region (rs7984870) has been associated with
early age at onset of RA (~50 years) (41), suggesting the
potential mechanistic importance of PTH1R in JIA.

Gene expression and chromatin accessibility ana-
lyses suggest that many of the associated SNPs located in
noncoding portions of the genome are functionally rele-
vant and therefore could impact disease. Results of the
current study appear to be consistent with this hypothe-
sis. For example, SNPs near the AHI1_LINC00271 locus
can lead to alterations in AHI1 expression and show evi-
dence of H3K4me1 histone modifications in CD14+ cells
(Table 3 and Supplementary Table 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40216/abstract). AHI1 expres-
sion is critical to hematopoietic cell differentiation, and
dysregulation may have significant consequences (42).

Figure 2. IPA showing interactions between products of genes located in the juvenile idiopathic arthritis–associated regions from the current study
and previous Immunochip studies. Solid lines represent direct interactions, where 2 molecules make direct physical contact with each other.
Dashed lines represent indirect interactions. Only experimentally validated interactions are shown. GWAS = genome-wide association study.
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Other mechanisms are also probable. For exam-
ple, several East Asian GWAS showed associations of
WDFY4 with SLE (43,44). Functional studies using
peripheral blood mononuclear cells revealed decreased
messenger RNA expression of WDFY4 in SLE patients
when compared to controls. This may be due to the
fact that intronic SNP rs877819 has a decreased bind-
ing affinity to transcription factor Yin Yang 1 (YY1).
Binding of YY1 to this intronic region was shown to
directly influence WDFY4 expression (45). This SNP is
marginally associated with JIA (P = 1.3 9 10�3 [geno-
typed in cohorts I and II]) but is in LD with the lead
JIA SNP in the WDFY4 region (rs1904603; r2 = 0.47).
Although the functional relevance of these eQTLs and
histone analyses is limited to the cell and tissue types
available in public data sets, the information provided
is, nonetheless, important to prioritizing future func-
tional studies.

Expression QTL analysis also showed that SNP
variations near HBP1 and RNF215 are related to the
expression levels of nearby genes COG5 and MTP18/
SF3A1, respectively (Table 3 and Supplementary
Table 4). Intriguingly, COG5, like COG6, is a member
of the conserved oligomeric Golgi (COG) complex that
regulates protein glycosylation and Golgi trafficking.
We previously reported COG6 genetic associations in
JIA, and associations with the COG6 region have also
been described in RA and SLE (3,5,46). Thus, the
findings that risk variants for multiple COG proteins
in JIA were identified, that COG6 associations have
been reported for other autoimmune disease, and that
COG defects result in systemic pathologies (47) sug-
gests that Golgi complex pathways may be important
in autoimmune disease. In addition, results of the
eQTL analysis also implicate MTP18, which represents
a plausible candidate because it is a mitochondrial
protein downstream of phosphatidylinositol 3-kinase
signaling, potentially playing a role in the induction of
apoptosis. Although there is no direct support for the
associated region nearest LINC00951 (FLJ41649), the
genetic data, including numerous directly genotyped
SNPs, support inclusion as a JIA risk locus (see Sup-
plementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.c
om/doi/10.1002/art.40216/abstract).

In conclusion, the results of this study further
emphasize the role of common genetic variation and
add to the understanding of the genomic architecture
influencing the risk of oligoarticular and RF-negative
polyarticular JIA. As seen in other autoimmune dis-
eases, the majority of these JIA-associated SNPs are
located in regulatory regions, supporting the notion

that JIA is also a disease of disordered gene regulation.
Further work, including evaluation of chromatin inter-
actions and regulatory regions, is essential to under-
standing the contributions of associated SNPs to
disease risk and the genomics influencing oligoarticular
and RF-negative polyarticular JIA (48). There is also
evidence of interplay among associated regions, sug-
gesting dysregulated pathways as potential targets in
clinical care.
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Clinical and Molecular Phenotypes of Low-Penetrance Variants of NLRP3:
Diagnostic and Therapeutic Challenges

J. B. Kuemmerle-Deschner,1 D. Verma,2 T. Endres,1 L. Broderick,2 A. A. de Jesus,3 F. Hofer,1 N. Blank,4

K. Krause,5 C. Rietschel,6 G. Horneff,7 I. Aksentijevich,8 P. Lohse,9 R. Goldbach-Mansky,4 H. M. Hoffman,2 and
S. M. Benseler10

Objective. Cryopyrin-associated periodic syndro-
mes (CAPS) result from gain-of-function mutations in
the NLRP3 gene, which causes excessive release of
interleukin-1b (IL-1b) and systemic inflammation.
While pathogenetic NLRP3 variant phenotypes are
well-characterized, low-penetrance NLRP3 variants
represent a significant clinical challenge. The aims of
this study were to determine the clinical phenotype,
the in vitro biologic phenotype, and the effect of anti–
IL-1 treatment in patients with low-penetrance NLRP3
variants.

Methods. A multicenter study of consecutive
symptomatic patients with low-penetrance NLRP3 vari-
ants recruited from 7 centers between May 2012 and
May 2013 was performed. The observed findings were
transferred into a study database, from which they
were extracted for analysis. Controls were patients
with a known pathogenetic NLRP3 variant. Clinical
presentation and CAPS markers of inflammation were
captured. Functional assays of inflammasome activa-
tion, including caspase 1 activity, NF-jB release, cell
death, and IL-1b release, were performed. Treatment

effects of IL-1 were determined. Comparisons between
low-penetrance and pathogenetic NLRP3 variants were
performed.

Results. The study included 45 patients, 21 of
which were female (47%); 26 of the patients (58%)
were children. NLRP3 low-penetrance variants identi-
fied in the patients were Q703K (n = 19), R488K (n = 6),
and V198M (n = 20). In the controls, 28 had patho-
genetic NLRP3 variants. Patients with low-penetrance
NLRP3 variants had significantly more fever (76%)
and gastrointestinal symptoms (73%); eye disease,
hearing loss, and renal involvement were less common.
Functional inflammasome testing identified an inter-
mediate phenotype in low-penetrance NLRP3 variants
as compared to wild-type and pathogenetic NLRP3
variants. All treated patients responded to IL-1 inhibi-
tion, with complete response documented in 50% of
patients.

Conclusion. Patients with low-penetrance NLRP3
variants display a distinct clinical phenotype and an
intermediate biologic phenotype, including IL-1b and
non–IL-1b–mediated inflammatory pathway activation.
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Cryopyrin-associated periodic syndromes (CAPS)
encompasses a continuous spectrum of severity. The
clinical phenotype of CAPS comprises the 3 conditions
previously described as familial cold autoinflammatory
syndrome (FCAS), Muckle-Wells syndrome (MWS), and
neonatal-onset multisystem inflammatory disease
(NOMID; also known as chronic infantile neurologic,
cutaneous, articular [CINCA] syndrome) (1). CAPS is
caused by single heterozygous germline or somatic gain-
of-function mutations in the NLRP3 gene that encodes
the protein cryopyrin (2). Cryopyrin nucleates an
NLRP3 inflammasome, which regulates the activation
and cleavage of caspase 1, which in turn, cleaves the
proinflammatory cytokines interleukin-1b (IL-1b) and
IL-18 (3). Other functions attributed to the NLRP3
inflammasome include NF-jB activation and pyroptotic
cell death (4). More than 90 heterozygous nonsynony-
mous variants in NLRP3 have been reported in patients
with clinical features consistent with CAPS (see Infevers
database, online at http://fmf.igh.cnrs.fr/ISSAID/infevers/).
Some mutations associated with clinical phenotypes have
been confirmed to be caspase 1 activating in vitro, but
the majority have not been tested (5). Most variants are
not identified in unaffected family members or in genetic
population databases.

Low-penetrance NLRP3 variants, including
Q703K (rs35829419), R488K (rs145268073), and
V198M (rs121908147), have been identified in some
unaffected family members and are present at low fre-
quencies in normal control populations, which raises
questions about the functional and clinical significance
of these controversial variants (1). Accurate classifica-
tion of patients with these variants has clinical rele-
vance, as effective therapies are available. The aims of
this study were as follows: to describe the clinical
phenotype and laboratory findings in patients with
low-penetrance NLRP3 variants, to determine the
functional biologic phenotype in vitro, and to analyze
the effect of treatment with IL-1 inhibitors.

PATIENTS AND METHODS

This multicenter observational study included consec-
utive children and adults with a clinical presentation sugges-
tive of CAPS at the time of baseline examination and
carrying 1 of the 3 most common low-penetrance NLRP3
variants: Q703K, R488K, or V198M. Seven centers partici-
pated in the study. The control group consisted of consecu-
tive patients with pathogenetic NLRP3 mutations, including
A439V, E311K, and T348M (6). Data were acquired from
structured patient interviews, then cross-referenced and
enriched by chart reviews. The study was approved by the
ethics committee of the University Hospital Tuebingen (no.
151/2012BO1) and of all participating centers.

Genetic testing. Standard CAPS gene mutation screen-
ing for exon 3 of the NLRP3 gene was performed in all
patients. Additional immune dysregulation or autoinflamma-
tion gene testing was completed when clinically indicated,
according to the discretion of the treating physician, in specific
subjects, including those carrying the MEFV (the gene for
familial Mediterranean fever), TNFRSF1A (the gene for tumor
necrosis factor [TNF] receptor–associated periodic syndrome),
and MVK (the gene for mevalonate kinase deficiency, or
hyper-IgD syndrome) genes. Patients and family members were
further evaluated when warranted.

Demographic and clinical characteristics, disease
activity scores, and inflammatory marker levels. Demographic
data included sex, age, ethnicity, and family history. Median
age at the onset of symptoms, at the time of diagnosis, and at
the initiation of therapy with IL-1 inhibitors was determined.
CAPS phenotypes were recorded. Systemic features of inflam-
mation, such as fever, headache, and fatigue, and CAPS-
specific organ manifestations were captured. Other clinical
symptoms captured included gastrointestinal symptoms, such
as abdominal pain, oral ulcers, diarrhea, constipation, nausea,
vomiting, and gastroesophageal reflux (GERD). Disease activ-
ity was determined using the Disease Activity Score (DAS) for
MWS (7). Gastrointestinal symptoms are not in the DAS for
MWS and were therefore recorded separately. Inflammatory
markers included the erythrocyte sedimentation rate (ESR),
C-reactive protein (CRP), and serum amyloid A (SAA)
values. Serum cytokine biomarkers were TNF, IL-6, and
S100A12.

In vitro assays of inflammasome activation. Genera-
tion of expression vectors, cell lines, caspase 1 activity by flow
cytometry, caspase 1 cleavage by Western blotting, NF-jB
by luciferase assay, retroviral transductions, cell death by
flow cytometry, IL-1b release by enzyme-linked immunosor-
bent assay, and IL-1b release in whole blood stimulation
assays were conducted as previously described (see Supplemen-
tary Methods, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40208/
abstract).

Treatment and response to therapy with IL-1 inhibi-
tors. IL-1 inhibitors were administered subcutaneously at the
following starting doses: anakinra 100 mg/day in adults and 1–
2 mg/kg/day in children, canakinumab 150 mg every 8 weeks in
adults and 2 mg/kg every 8 weeks in children, and rilonacept
16 mg/week in adults and 2.2 mg/week in children. Data from
the assessments performed at baseline and at the 1-year fol-
low-up were captured for study. Treatment responses were
defined as follows (8); a complete response was defined as no
or minimal disease activity, as demonstrated by a DAS for
MWS of ≤5, no rash and normal CRP (<0.5 mg/dl), ESR (<22
mm/hour), and SAA (<10 mg/liter) levels. A partial response
was defined as a DAS for MWS of >5 but <10, and/or the
presence of a mild rash and/or the elevation of 1 of the mark-
ers of inflammation. Treatment safety was monitored, and
adverse effects were captured.

Statistical analysis. Demographic data, clinical find-
ings, and laboratory findings were analyzed using descriptive
statistics. Comparisons were analyzed using chi-square test or
Fisher’s exact test for categorical variables, as appropriate, with
Student’s t-tests for continuous parametric variables and Wil-
coxon’s test for nonparametric variables. McNemar’s test was
performed for comparison of paired nominal data. Statistical
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Table 1. Demographic features, genotypes, clinical phenotypes, and markers of inflammation in children and adults with low-penetrance
NLRP3 variants and in those with known pathogenetic NLRP3 variants*

Patients with low-penetrance
NLRP3 variants (n = 45)

Patients with known pathogenetic
NLRP3 variants (n = 28)

Female, no. (%) 21 (47) 10 (36)
Children (<18 years old), no. (%) 26 (58) 4 (14)
Age, median (range) years
At symptom onset 9.1 (0–45) 6.9 (0.5–20)
At diagnosis 15.9 (0.4–62.3) 31.7 (3.3–75.1)
At start of IL-1 inhibition 17.4 (0.5–55.7) (n = 30) 36.7 (5.4–75.6)

Genotype, no. (%)
Low-penetrance NLRP3 variants
Q703K 19 (42) –
R488K 6 (13) –
V198M 20 (45) –

Known pathogenetic NLRP3 variants
A439V – 13 (46)
E311K – 12 (43)
T348M – 3 (11)

Phenotype, no. (%)
FCAS 6 (13) 0
FCAS/MWS 10 (22) 11 (39)
MWS 21 (47) 17 (61)
MWS/NOMID/CINCA 0 0
NOMID/CINCA 1 (2) 0
Undefined autoinflammatory disease 7 (16) 0

Disease activity, by DAS for MWS, median (range) 10 (2–16) 10 (4–15)
Clinical features, no. (%)
Fever 34 (76)† 5 (18)
Headache 33 (73) 18 (64)
Fatigue 35 (78) 23 (82)
Eye disease 25 (56)† 25 (89)
Conjunctivitis 20 (44)† 24 (86)
Papilledema 5 (11) 1 (4)
Uveitis 0 7 (25)
Other eye involvement 9 (20) 5 (18)

Sensorineural hearing loss 8 (18)† 22 (79)
Rash 36 (80) 21 (75)
Musculoskeletal disease 38 (84) 25 (89)
Arthralgia 38 (84) 25 (89)
Arthritis 8 (18)† 12 (43)
Myalgia 16 (36) 8 (29)

Renal involvement 14 (31)† 17 (61)
Hematuria 2 (4) 3 (11)
Proteinuria 13 (29) 13 (46)
Renal failure 0 2 (7)

Gastrointestinal symptoms 33 (73) 15/28 (54)
Abdominal pain 25 (56)† 7 (25)
Oral ulcers 18 (40) 12 (43)
Diarrhea 8 (18)† 0
Constipation 11 (24)† 0
Nausea 9 (20)† 0
Vomiting 14 (31)† 0
GERD 10 (22)† 0

Elevated markers of inflammation, no./no. tested (%)
CRP, mg/dl (normal <0.5) 14/41 (34)† 21/28 (75)
ESR, mm/hour (normal <20) 9/35 (26) 13/28 (46)
SAA, mg/liter (normal <10) 8/22 (36)† 20/25 (80)
TNF >8 pg/ml 9/10 (90) 19/22 (86)
TNF level, median (range) pg/ml 17 (5.7–60.1) 12.3 (0–44.7)

IL-6 >5 pg/ml 2/12 (17) 7/22 (32)
IL-6 level, median (range) pg/ml 3.03 (2–8.2) 5 (0–25)

S100A12 >5 ng/ml 8/8 (100) 16/23 (70)
S100A12 level, median (range) ng/ml 2,356 (660–5,690) 345 (71–1,050)

* IL-1 = interleukin-1; FCAS = familial cold autoinflammatory syndrome; MWS = Muckle-Wells syndrome; NOMID = neonatal-onset
multisystem inflammatory disease; CINCA = chronic infantile neurologic, cutaneous, articular syndrome; DAS = Disease Activity Score
(range of possible scores 0–20); GERD = gastroesophageal reflux disease; CRP = C-reactive protein; ESR = erythrocyte sedimentation rate;
SAA = serum amyloid A; TNF = tumor necrosis factor.
† P < 0.05 versus the group with known pathogenetic NLRP3 variants.
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testing and graphing for functional assays were performed with
GraphPad Prism 5 software using one-way analysis of variance.
Flow cytometry data were analyzed using FlowJo software.

RESULTS

Patients and genetics. The study included 45
patients (38 families) with NLRP3 low-penetrance vari-
ants. Twenty-four (53%) were male and 21 (47%) were
female. A total of 26 (58%) were children ages 0.4–18
years. The median age at symptom onset in the NLRP3
low-penetrance variants cohort was 9.1 years (range 0–45
years). All but 1 patient was Caucasian. NLRP3 low-
penetrance variants identified were Q703K in 19 (42%),
V198M in 20 (44%), and R488K in 6 patients (13%).
The frequency of these variants in the Exome Aggrega-
tion Consortium gene database (available at http://exac.
broadinstitute.org; accessed August 2016), which includes
>60,000 individuals, was 0.04095 for Q703K, 0.00826 for
V198M, and 0.00059 for R488K.

Additional autoinflammatory gene variants were
detected in 4 female patients with the Q703K variant
and 1 male patient with V198M. Of the 4 female
patients with Q703K, 1 had an additional NLRP3 vari-
ant of unknown significance (E627G); she had typical
CAPS symptoms, including fever and cold-induced rash.
Her symptoms occurred intermittently. The second
patient was found to have the additional low-penetrance
R92Q variant within the TNFRSF1A gene. She had an
overlapping autoinflammatory phenotype with strong
CAPS features, including fever, cold-induced rash, head-
ache, and papilledema. Her twin sister had the identical
2 low-penetrance variants; her autoinflammatory pheno-
type was less pronounced. The fourth patient had an
additional pathogenetic V726A variant within the MEFV
gene; she presented with a severe autoinflammatory
phenotype with strong CAPS features. Symptoms
occurred monthly, lasting an average of 3 days. In the
male patient with the NLRP3 low-penetrance V198M
variant, the common MEFV gene variants E148Q,
P369S, and R408Q were identified. He presented with a
severe autoinflammatory phenotype with twice monthly
attacks that lasted an average of 5 days.

Four patients with the Q703K variant presented
with symptoms of periodic fever, aphthosis, pharyngitis,
and adenitis syndrome in addition to features of CAPS.
The control group included 28 patients with patho-
genetic NLRP3 variants: A439V in 13, E311K in 12,
and T348M in 3 (Table 1).

CAPS phenotypes and clinical features. The
most common clinical phenotype in the low-penetrance
NLRP3 variant group was MWS in 21 (47%), with the

remainder having either FCAS (6 patients [13%]) or an
overlapping phenotype of FCAS/MWS (10 patients
[22%]). One patient had typical NOMID/CINCA.
Seven patients had an unspecified autoinflammatory
phenotype (Table 1).

Overall, fatigue was the most common systemic
feature, being present in 78% of the patients with low-
penetrance NLRP3 variants versus 82% of those with
pathogenetic NLRP3 variants. Fever was more fre-
quently reported in the low-penetrance group (76%
versus 18%; P < 0.001). However, other CAPS-asso-
ciated organ manifestations, including eye involvement
(89% versus 56%; P = 0.003) such as conjunctivitis
(86% versus 44%; P < 0.001) and uveitis (25% versus
0%), sensorineural hearing loss (79% versus 18%; P =
0.001), arthritis (43% versus 18%; P = 0.02) and renal
involvement (61% versus 31%; P = 0.01), were more
commonly seen in patients with pathogenetic NLRP3
variants compared to those with low-penetrance
NLRP3 variants. Both groups reported similar frequen-
cies of headache, rash, myalgia, and arthralgia. Gas-
trointestinal symptoms, including abdominal pain (56%
versus 25%; P = 0.01), diarrhea (18% versus 0%), con-
stipation (24% versus 0%), nausea (20% versus 0%),
vomiting (31% versus 0%) and GERD (22% versus
0%) (P < 0.05 for each of these comparisons), were
more commonly reported in patients with low-pene-
trance NLRP3 variants (Table 2). The median DAS for
MWS was 10 in both groups (Table 1).

Laboratory findings. Patients with pathogenetic
NLRP3 variants more commonly had abnormal CRP
and SAA levels as compared to those with low-pene-
trance NLRP3 variants (75% versus 34% for CRP and
80% versus 36% for SAA; P < 0.05 for each compar-
ison). In contrast, levels of the serum cytokines TNF
and S100A12 were higher in the small subset of
patients with low-penetrance NLRP3 variants tested
compared to the controls. In 7 patients with elevated
S100A12 values, CRP was normal (Table 1).

Functional impact of low-penetrance NLRP3
variants. Caspase 1 activity and cleavage. Cells expressing
the low-penetrance NLRP3 variants showed mildly
increased caspase 1 activity (THP-1 cells) and cleavage
(HEK 293 cells) over wild-type (WT) NLRP3, with none
of the variants (V198M, R488K, and Q703K) reaching
statistical significance. Overall, these levels were mark-
edly lower than those for the known CAPS mutations
(the L353P FCAS mutation, the L264F NOMID muta-
tion), suggesting an intermediate functional phenotype
for all low-penetrance variants (Figures 1A–C).

IL-1b release. Caspase 1 cleavage and activation
result in cleavage of proIL-1b and release of mature
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active IL-1b. THP-1 cells transfected with either of the
pathogenetic NLRP3 mutants demonstrated significantly
increased IL-1b release, while the low-penetrance
NLRP3 variants showed an intermediate phenotype with
slightly more cytokine release than WT and with V198M
reaching statistical significance (Figure 1D).

Cell death and NF-jB activation. Another cas-
pase 1–mediated function is a cell death process com-
monly known as pyroptosis, which was significantly
elevated in THP-1 cells transfected with 1 pathogenetic
mutation (L264F) as compared to WT, but was only
mildly raised in cells transfected with the low-pene-
trance NLRP3 variants and the other pathogenetic
mutation (Figure 1E). Finally, NLRP3 has been shown
to mediate caspase 1–independent activation of NF-jB.
The severe pathogenetic mutation (L264F) demon-
strated increased NF-jB activity. Similar results were
observed for the Q703K variant, but this did not reach
statistical significance (Figure 1F). No increase was

noted in the cells transfected with the other variants or
with the milder pathogenetic mutation.

IL-1b release after whole blood stimulation.
Leukocytes from CAPS patients with pathogenetic vari-
ants are hyperresponsive to the innate immune stimu-
lant lipopolysaccharide (LPS), releasing IL-1b even in
the absence of ATP, the second NLRP3 inflammasome
signal necessary for WT leukocytes. This functional
ex vivo CAPS phenotype was not observed when testing
peripheral blood from 4 patients with the low-pene-
trance V198M variant, suggesting that these cells are
functionally similar to WT (Figure 1G).

Response to therapy with IL-1 inhibitors. A
total of 30 consecutive patients with low-penetrance
NLRP3 variants (67%) were treated with IL-1 inhibi-
tors. Treatment response at 1 year was available in 20
(67%), half of whom were children. Three of the 10
patients without 1-year follow-up data had received
treatment for <1 year. The remaining 7 patients were
not seen for their annual assessment and reevaluation
at their autoinflammatory center.

Of the 20 patients with 1-year follow-up data, 8
(40%) were male and 12 (60%) were female.
Canakinumab was given to 5 patients with Q703K and 5
with V198M. Anakinra therapy was initiated in 6 patients
with V198M, 2 with Q703K, and 1 with R488K variants.
Rilonacept was used in 1 patient with the V198M vari-
ant. Ten of these 20 patients (50%) achieved complete
response, with 7 (70%)—all of whom were children—re-
quiring several dose adjustments. Ten patients (50%) had
partial responses; 3 of whom were children. Five of these
10 patients (50%) were treated with a starting dose of
IL-1 inhibitors with no subsequent dose adjustment.

IL-1 inhibition was effective in reducing systemic
symptoms, including fever (65% versus 15%; P = 0.002),
fatigue (90% versus 35%; P = 0.001), arthralgia (85%
versus 30%; P = 0.001), rash (75% versus 35%;
P = 0.04), and conjunctivitis (40% versus 5%; P = 0.02).
In contrast, oral ulcers (40% versus 20%; P = 0.13) and
abdominal pain (50% versus 30%; P = 0.13) were less
responsive. Overall, 10 patients (50%) had significant
gastrointestinal symptoms at baseline. At 1 year, 4 of
the 10 complete responders and 7 of the 10 partial
responders had persistent severe gastrointestinal symp-
toms despite treatment with IL-1 inhibitors. Hearing
loss did not improve with IL-1 inhibition in any of the
affected patients. Levels of the markers of inflammation
normalized in 2 of the 7 patients who had elevated
levels at baseline (Table 2).

Safety. Adverse events were documented in 8
patients. Three anakinra-treated patients developed
injection site reactions, 1 of whom also reported

Table 2. Response to IL-1 inhibition therapy in 20 symptomatic
patients with low-penetrance NLRP3 variants*

Baseline
1-year

follow-up P†

Clinical features, no. (%)
Fever 13 (65) 3 (15) 0.002
Headache 13 (65) 11 (55) NS
Fatigue 18 (90) 7 (35) 0.001
Eye disease 13 (65) 2 (10) 0.001
Conjunctivitis 8 (40) 1 (5) 0.02
Papilledema 4 (20) 1 (5) NS

Sensorineural hearing loss 4 (20) 5 (25) NS
Rash 15 (75) 7 (35) 0.04
Oral ulcers 8 (40) 4 (20) NS
Musculoskeletal disease 17 (85) 6 (30) 0.001
Arthralgia 17 (85) 6 (30) 0.001
Arthritis 3 (15) 0 NA
Myalgia 5 (25) 1 (5) NS

Abdominal pain 10 (50) 6 (30) NS
Renal involvement 6 (30) 3 (15) NS
Proteinuria 6 (30) 3 (15) NS

Disease activity by DAS for MWS,
median (range)

10 (5–16) 4 (0–9) <0.001

Markers of inflammation, no. (%)
with elevated levels

CRP, mg/dl (normal <0.5) 1/18 (5) 1/18 (5) NS
ESR, mm/hour (normal <20) 3/14 (21) 2/14 (14) NS
SAA, mg/liter (normal <10) 2/10 (20) 2/10 (20) NS
S100A12, ng/ml (normal <130) 3/3 (100) 1/3 (33) NS

Response to IL-1 inhibition,
no. (%)
Complete response – 10 (50)
Partial response – 10 (50)
No response – 0

* IL-1 = interleukin-1; NS = not significant; NA = not applicable;
DAS for MWS = Disease Activity Score for Muckle-Wells syndrome
(range of possible scores 0–20); CRP = C-reactive protein; ESR =
erythrocyte sedimentation rate; SAA = serum amyloid A.
† As determined by paired analysis.
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nausea. Two canakinumab-treated patients had fre-
quent upper respiratory tract infections. Other adverse
events reported included herpes zoster, weight gain,
and vertigo in 1 patient each.

DISCUSSION

This study systematically analyzed the clinical and
functional impact of low-penetrance NLRP3 variants.
These variants present a significant clinical challenge, as
they may also be found in asymptomatic healthy individ-
uals (1). The study results suggest a distinct clinical phe-
notype identified in 45 symptomatic children and adults
with the low-penetrance NLRP3 variants Q703K,
R488K, and V198M, which included fever and severe
gastrointestinal symptoms. Importantly, the identified
clinical phenotype appeared to be partnered with an
intermediate activation level within the inflammasome
pathways. Treatment response to IL-1 inhibition was
encouraging, with half of the patients who were treated
and followed up achieving a complete response at 1
year. Of these, 60% required increased dosages to
achieve response. Gastrointestinal symptoms, which are
currently not included in the standard CAPS outcome
measures, were frequently treatment-refractory and per-
sisted in more than half of the children and adults who
were reevaluated at the 1-year follow-up.

Symptomatic children and adults with low-pene-
trance NLRP3 variants display a distinct clinical pheno-
type, which includes typical CAPS symptoms of
headache, urticaria-like rash, and arthralgia as well as
atypical CAPS symptoms of severe gastrointestinal symp-
toms. Studies have reported an association of NLRP3
and susceptibility to inflammatory bowel disease (9),
which is further supported by studies of NLRP3-knock-
out mice (10). Patients with low-penetrance NLRP3 vari-
ants displayed an intermediate biologic phenotype, with
traditional markers of inflammation being significantly
less frequently elevated. Functional testing of transfected
cell lines and whole blood from patients with low-pene-
trance NLRP3 variants showed an intermediate func-
tional activation within the NLRP3 inflammasome
pathways of cell death, NF-jB activation, caspase 1 activ-
ity and cleavage, and IL-1b release. Levels were found
to be higher than the wild-type but lower than one or
both of the typical disease-causing variants (L353P,
L264F). These findings support those of a previous study,
in which THP-1 cells retrovirally transduced with Q703K
also showed an intermediate activation (11).

IL-1b secretion was decreased in cells from
patients with low-penetrance NLRP3 variants as com-
pared to confirmed pathogenetic CAPS mutations (12).

Interestingly, the Q703K variant resulted in increased
NF-jB activation that was comparable to the activation
seen in the severe pathogenetic variant, but was not sta-
tistically significant (11). These results in conjunction
with high levels of TNF may indicate the presence of
an additional inflammatory pathway that may be respon-
sible for the distinct disease manifestations in some
patients with low-penetrance NLRP3 variants.

Overall, IL-1 inhibitors were found to be effec-
tive in symptomatic children and adults with low-pene-
trance NLRP3 variants. In this study, two-thirds of the
patients received IL-1 inhibitors. Follow-up data at 1
year documented that all 20 patients responded; half of
them achieved complete response and half achieved
partial response.

These results support recent reports of patients
with low-penetrance variants treated effectively with IL-
1 inhibitors (12). Similar to known pathogenetic NLRP3
variants, children had a higher likelihood of complete
response (70% versus 30%) (13,14). The long-term effi-
cacy study of canakinumab in CAPS demonstrated a
response rate of 83% (90 of 109) (13). IL-1 inhibition
was effective in treating the systemic features of fever,
fatigue, arthralgia, rash, and conjunctivitis. Gastrointesti-
nal symptoms improved, but persisted despite dosage
increases in many patients. Dosage adjustment increased
the likelihood of achieving complete response, the treat-
to-target concept recently proposed for known patho-
genetic NLRP3 variants (14).

There are several limitations to the study. It
included a small cohort with unequal representation of
low-penetrance variants. However, the study included
consecutive symptomatic children and adults at large
centers for autoinflammatory diseases and character-
ized clinical and biologic phenotype and response to
therapy using standardized instruments. The reported
in vitro studies may not reflect in vivo mechanisms that
result in disease manifestations. However, the in vitro
functional analysis of the 3 different low-penetrance
NLRP3 variants compared to pathogenetic variants
may allow for further hypothesis generation when
attempting to understand the functional basis and clini-
cal impact. Finally, whole-exome sequencing to detect
further mutations and deep sequencing for somatic
mutations was not performed (15). Treatment outcome
data were available in only 10 of the 20 patients who
received IL-1 inhibition. This may have resulted in a
possible overestimation of the treatment effect.

Symptomatic children and adults with low-pene-
trance NLRP3 variants present with a distinct clinical
phenotype, which may include atypical CAPS features
such as severe gastrointestinal symptoms partnered with
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typical systemic CAPS features and milder organ mani-
festations such as rash, conjunctivitis, and arthralgia.
Functional studies of these variants suggest an intermedi-
ate biologic phenotype, yet patient-derived leukocytes
lack the “hyperresponsive CAPS phenotype” in response
to the innate immune stimulant LPS. Clinically, IL-1
inhibition was effective; however, severe gastrointestinal
symptoms were the least responsive, even to higher doses
of anti–IL-1 drugs. Additional research is needed to bet-
ter understand the biologic basis of these symptoms and
target them accordingly.
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BRIEF REPORT

De Novo Human Herpesvirus 8 Tumors Induced by Rituximab in Autoimmune or
Inflammatory Systemic Diseases

Amandine P�erier,1 L�ea Savey,2 Anne-Genevi�eve Marcelin,3 Philippe Serve,3 David Saadoun,4 and St�ephane Barete5

Objective. Human herpesvirus 8 (HHV-8), also
known as Kaposi’s sarcoma (KS)–associated herpesvirus,
is involved in KS and other tumors, including multicen-
tric Castleman’s disease and primary effusion lymphoma.
Rituximab (RTX) is currently used for the treatment of
several autoimmune or inflammatory diseases and
humoral organ transplant rejection. De novo HHV-8
tumors induced by RTX used for these indications have
not been reported previously. This study was undertaken
to evaluate de novo HHV-8 tumors induced by RTX.

Methods. In this retrospective study, we investi-
gated the clinical, virologic, and pathologic features of
5 HIV-negative male patients with HHV-8 tumors
induced by RTX therapy.

Results. Patients were all immunocompromised by
previous treatments, which consisted of steroids and/or
immunosuppressive agents, and received RTX for insuffi-
cient response, disease progression, or transplant rejec-
tion. They developed HHV-8 tumors a median of 4
months after beginning treatment with RTX (range 3–13
months). Four patients had at least 1 risk factor for

HHV-8, including a high Fitzpatrick skin phototype (of
>3) (n = 3) and homosexuality (n = 1). Four patients
developed KS (all 4 had skin lesions and 2 had visceral
involvement), and 1 patient developed a solid primary
effusion lymphoma. RTX was discontinued in all
patients, and immunosuppressants were reduced when
feasible. After a median follow-up of 20 months, 2
patients died. Remission of KS was complete in 1 patient
and partial in 1 patient, and 1 patient had progression.

Conclusion. Our findings indicate that patients
who have a high skin phototype and are at risk of
HHV-8 should be carefully screened for HHV-8 before
RTX therapy. The safety of RTX, especially in nonlym-
phomatous disorders, should be carefully evaluated in
patients at risk of HHV-8 tumors.

Human herpesvirus 8 (HHV-8), also known as
Kaposi’s sarcoma (KS)–associated herpesvirus, is an
oncogenic herpesvirus belonging to the Rhadinovirus
genus of the gammaherpesvirinae subfamily. It was
identified in 1994, in KS skin lesions from an AIDS
patient (1). HHV-8 is involved in the pathogenesis of 3
neoplastic disorders, including KS, primary effusion
lymphoma, and multicentric Castleman’s disease (2).
Rituximab (RTX) is a chimeric monoclonal antibody
(Mabthera; Roche) that targets the B cell surface anti-
gen CD20 and is currently approved for the treatment
of non-Hodgkin’s lymphoma, rheumatoid arthritis
(RA), and antineutrophil cytoplasmic antibody–associ-
ated vasculitis (3). It may also be used for the treat-
ment of B cell lymphoproliferative disorders, including
primary effusion lymphoma and multicentric Castle-
man’s disease, and humoral heart transplant rejection.

In 2001, Corbellino et al (4) described the first
case demonstrating the efficacy of RTX for the treatment
of HIV-associated multicentric Castleman’s disease.
Other patients with multicentric Castleman’s disease
have been treated with efficacy with heterogeneous RTX
dosing regimens, ranging from a single course sufficient
for the induction of long-term remission to repeated
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courses (4,5). Nonetheless, RTX has been reported to
exacerbate KS in patients with HIV-associated multicen-
tric Castleman’s disease (6). RTX-related KS has also
been reported in a few HIV-negative patients with multi-
centric Castleman’s disease (2,7–9). Our literature search
indicates that RTX has never been suspected as an inducer
of de novo HHV-8 tumor in patients without multicentric
Castleman’s disease or diffuse large B cell lymphoma,
especially in patients with vasculitis and autoimmune dis-
eases. In this study, we describe 5 HIV-negative male
patients with HHV-8 tumors induced by RTX.

PATIENTS AND METHODS

Between December 2011 and June 2015, 988 patients
received RTX infusions at our institution (La Piti�e-Salpêtri�ere
University Hospital), in the dermatology unit and oncology,
rheumatology, internal medicine, and hematology depart-
ments. Five HIV-negative men (mean age 54 years [range 44–
71 years]) with histologically proven HHV-8 tumors were
included retrospectively. All had received RTX treatment for
various indications (autoimmune diseases, steroid-resistant
nephropathy, humoral heart transplant rejection, and retinal
vasculitis). All patients were HIV negative. HIV testing was
performed at the time of diagnosis of an autoimmune/inflam-
matory disease and systematically at the time of KS diagnosis.
These patients had previously been treated with immunosup-
pressive drugs and were treated with RTX due to an insuffi-
cient response to previous treatment, disease progression, or
humoral transplant rejection. RTX was prescribed as 1 of 2
regimens depending on the practitioner’s determination of
clinical need: either 4 weekly infusions of 375 mg/m2 each or
2 infusions of 1 gm each on days 0 and 15.

We collected and retrospectively analyzed the epidemi-
ologic, clinical, biologic, and histologic data for each patient in
accordance with the Declaration of Helsinki. In order to stage
the clinical outcome, we used HHV-8 tumor progression, par-
tial remission or complete remission, and death, as defined in
the AIDS Clinical Trials Group Oncology Committee study
(10). The Fitzpatrick skin phototype was determined. The Fitz-
patrick skin phototype scale comprises 6 types, where type 1
indicates pale white skin, blue or green eyes, and blond or red
hair (always burns, does not tan), type 2 indicates fair skin and
blue eyes (burns easily, tans poorly), type 3 indicates darker
white skin (tans after initial burn), type 4 indicates light brown
skin (burns minimally, tans easily), type 5 indicates brown skin
(rarely burns, tans darkly easily), and type 6 indicates dark
brown or black skin (never burns, always tans darkly).

RESULTS

Patient characteristics. Of the 5 patients treated
with RTX, 4 patients developed KS with skin lesions and
1 patient developed a solid primary effusion lymphoma.
HHV-8 tumors were diagnosed a median of 4 months
after the first RTX infusion (range 3–13 months). The
characteristics of the patients are reported in Table 1, and
the characteristics of the HHV-8 tumors are listed in
Table 2.

The patients with KS (all men) did not have HIV,
but they all had at least 1 risk factor for KS: black or dark
skin (Fitzpatrick skin phototype >3), homosexuality, or
solid organ transplantation (11). Furthermore, all
patients were immunocompromised by previous treat-
ments, including steroids, as indicated by the presence of
lymphopenia. The skin manifestations were classic papu-
lonodular lesions sparing the face, neck, and mucous
membranes. Two patients had visceral KS involvement,
associated with lymph node enlargement (Table 2). The
patient with a solid primary effusion lymphoma (patient
5) had no skin lesions. For all patients, diagnosis of
HHV-8 tumor was confirmed by morphologic analysis
and positive latency-associated nuclear antigen 1
immunostaining (for KS and primary effusion lym-
phoma) (Figure 1). Three of 4 patients tested had posi-
tive findings on an indirect fluorescent antibody (IFA)
serologic test for latent infection with HHV-8 before
RTX infusion. At the time of HHV-8 tumor diagnosis,
the same 3 patients had positive findings on an IFA sero-
logic test for HHV-8. Of note, HHV-8 DNA blood viral
loads were undetectable (<1 log copy/106 cells) for all
patients with KS but detectable at 3.33 log copies/106

cells for the patient with a primary effusion lymphoma.
The blood Epstein-Barr virus DNA and cytomegalovirus
DNA viral loads at the time of HHV-8 tumor diagnosis
were significantly elevated above laboratory value cutoffs
for positivity in patient 5 and patient 2, respectively.

Apart from HHV-8 tumors induced by RTX, we
observed KS in 3 patients without HIV (1 patient with
cerebral vasculitis who had been treated with
cyclophosphamide [CYC] and corticosteroids, 1 patient
with systemic sarcoidosis who had been treated with
CYC, and 1 patient with psoriatic arthritis who had
been treated with methotrexate), and 9 KS in organ
transplant recipients. All of the patients had dark or
black skin phototypes, and none of them had been
exposed to tumor necrosis factor (TNF) inhibitors, toci-
lizumab, or other biologic agents.

Outcomes in patients with RTX-induced HHV-8
tumors. Treatment of RTX-induced HHV-8 tumors con-
sisted of discontinuation of RTX for all patients and
reduction of immunosuppressants when feasible. Except
for the patient with a solid primary effusion lymphoma,
none of the patients initially needed a specific KS treat-
ment. Due to KS progression, 1 patient received local
radiotherapy and then chemotherapy (PEGylated liposo-
mal doxorubicin hydrochloride) (Caelyx; Janssen-Cilag)
(4 infusions of 20 mg/m2 each every 21 days). HHV-8
tumor prognosis was poor: 2 of the 5 patients died (7
and 599 days after KS diagnosis, respectively) and 1 still
has disease in progression. At a median follow-up of 20
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months, 1 patient had complete remission of a solid
primary effusion lymphoma.

DISCUSSION

HHV-8 tumor incidence remains low, depending
on ethnicity (high Fitzpatrick skin phototype), geo-
graphic origin, homosexuality, high numbers of sexual
partners, and immunosuppression (HIV or iatrogenic).
Development of KS after treatment with RTX has been
observed in HIV-associated multicentric Castleman’s
disease, but data are scarce regarding KS induced by
RTX treatment in patients with autoimmune diseases,
vasculitis, or humoral transplant rejection. The links
between the biologic effects of RTX and HHV-8 tumors
are partially understood (6). The main target cells of
HHV-8 are B cells and endothelial cells. B cells are
major latent reservoirs of HHV-8. Activated CD4+ T
cells have been shown to be capable of suppressing virus

production by these infected B cells. In contrast, a
decrease in the number of CD4+ Tcells is considered to
be a major factor associated with KS and multicentric
Castleman’s disease, whatever the origin of this T cell–
dependent immunosuppression. However, one study has
shown that advanced KS was associated with a decrease
in B lymphocyte count or function (12). Humoral immu-
nity against HHV-8 infection has been described with
minimal data on the role of HHV-8–neutralizing antibod-
ies (13). HHV-8 reactivation, the principal oncogene
mechanism for KS, is a complex process that involves a
combination of both viral and cellular factors, including
temporary or prolonged immune suppression, oxidative
stress, inflammatory cytokines, hypoxia, and treatment
with chromatin-modifying agents (14).

Based on these observations in the literature,
one can speculate that RTX-impairing B cell clusters
might down-regulate specific HHV-8 antibody levels
and permit the emergence of KS or primary effusion

A B C

D E

Figure 1. A, Kaposi’s sarcoma of the foot and leg in patient 2. B and C, Pathologic analysis of a human herpesvirus 8 tumor from patient 2. Staining with
hematein–eosin–Safran (B) and latency-associated nuclear antigen 1 (LANA-1) (C) is shown. D and E, Pathologic analysis of a solid primary effusion lym-
phoma from patient 5. Staining with hematein–eosin–Safran (D) and LANA-1 (E) is shown. Original magnification9 1.2 in B and C;9 40 in D; 9 100 in E.
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lymphoma in a context of accumulated immunosuppres-
sion. In our study the involvement of RTX therapy was
very likely, since the onset of KS or primary effusion
lymphoma occurred a few months after the first infusion
and no other immunosuppressive drug was added. In
addition, 3 patients developed visceral KS or primary
effusion lymphoma with life-threatening disease.

RTX is known to be associated with a well-
tolerated safety profile. A long-term follow-up study
in RA has confirmed a consistent safety profile for
RTX over time up to 11 years of follow-up for 3,595
patients. The overall serious infection event rate was
3.76/100 patient-years, and serious opportunistic infec-
tions remained infrequent (15). Even if these severe
adverse events are rare, vigilance is needed, particu-
larly for immunocompromised patients. We did not
observe HHV-8 tumors after treatment with tocilizu-
mab, TNF inhibitors, or other biologic agents. How-
ever, other immunosuppressive therapies, such as
CYC, methotrexate, and corticosteroids, are prone to
induce HHV-8 tumors in patients who are at risk.

In conclusion, physicians should screen patients
for risk of KS (high phototype corresponding to dark
skin) and perform pretreatment serologic testing for
HHV-8 to avoid development of RTX-induced HHV-8
tumors. The safety of RTX, especially in nonlympho-
matous disorders, such as autoimmune and systemic
inflammatory diseases, needs to be carefully evaluated
in patients at risk of HHV-8 tumors.
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lymphoma in a context of accumulated immunosuppres-
sion. In our study the involvement of RTX therapy was
very likely, since the onset of KS or primary effusion
lymphoma occurred a few months after the first infusion
and no other immunosuppressive drug was added. In
addition, 3 patients developed visceral KS or primary
effusion lymphoma with life-threatening disease.

RTX is known to be associated with a well-
tolerated safety profile. A long-term follow-up study
in RA has confirmed a consistent safety profile for
RTX over time up to 11 years of follow-up for 3,595
patients. The overall serious infection event rate was
3.76/100 patient-years, and serious opportunistic infec-
tions remained infrequent (15). Even if these severe
adverse events are rare, vigilance is needed, particu-
larly for immunocompromised patients. We did not
observe HHV-8 tumors after treatment with tocilizu-
mab, TNF inhibitors, or other biologic agents. How-
ever, other immunosuppressive therapies, such as
CYC, methotrexate, and corticosteroids, are prone to
induce HHV-8 tumors in patients who are at risk.

In conclusion, physicians should screen patients
for risk of KS (high phototype corresponding to dark
skin) and perform pretreatment serologic testing for
HHV-8 to avoid development of RTX-induced HHV-8
tumors. The safety of RTX, especially in nonlympho-
matous disorders, such as autoimmune and systemic
inflammatory diseases, needs to be carefully evaluated
in patients at risk of HHV-8 tumors.
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Errata

In the article by Fang et al in the August 2016 issue of Arthritis & Rheumatology (pages 1989–2002), the
first name of the seventh author was spelled incorrectly. The author’s correct full name is Wenyi Qin.

DOI 10.1002/art.40340

In Table 2 of the article by Buckley et al in the August 2017 issue of Arthritis & Rheumatology (pages
1521–1537), the dosage shown for optimized calcium intake was incorrect. The second line of the table
body (first line under the heading “All adults taking prednisone at a dose of ≥2.5 mg/day for ≥3 months”)
should have read “Optimize calcium intake (1,000–1,200 mg/day)....”

We regret the errors.
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Rituximab therapy and the highly polymorphic Fc
region of IgG: comment on the article by
Cartin-Ceba et al

To the Editor:

I read with great interest the article by Cartin-Ceba
et al (1), which described the influence of Fcc receptor
(FccR) polymorphisms on the response to treatment with
rituximab. One aim of such studies, as noted by the authors,
is to move “closer to the goal of treating patients using a pre-
cision medicine approach. . . [which] can be tailored to speci-
fic characteristics of individual patients.” To achieve this aim,
it is important to take into account as many of the patients’
genetic characteristics as possible. FccR-mediated immune
functions are induced upon the ligation of the FccR
expressed on the effector cells to the Fc region of IgG anti-
bodies. It follows that genetic variation in FccR and Fc could
contribute to interindividual differences in the magnitude of
Fc-mediated effector functions. Yet, virtually all studies that
have investigated the differential binding of allelically dis-
parate FccR to the IgG subclasses have treated the Fc region
of IgG (Fcc) subclasses as if it were monomorphic. Fcc is
highly polymorphic, with at least 16 alleles segregating with
differing frequencies in different population groups (2,3).

With respect to rituximab therapy, there are at least 2
putative mechanisms through which GM allotypes could influ-
ence its efficacy. GM allotypes could influence its pharma-
cokinetics (transcytosis) by differentially binding to the
neonatal Fc receptor (FcRn). Rituximab, which carries the
GM1 and GM17 allotypes, competes with endogenous IgG1
for binding to the FcRn. Since allotypically different IgG1
antibodies bind differentially to the FcRn (4), the GM allo-
types expressed on the patient’s IgG1 would be expected to
influence the half-life of the infused rituximab. Among the
allotypes investigated to date, IgG1 expressing the GM1 and
GM3 allotypes is the most efficient in binding to the FcRn,
resulting in better transcytosis (4). Rituximab expresses lysine
(GM17) at position 214 of the c1 chain. Perhaps substituting
arginine (GM3) at this position could improve its efficacy.

The patient’s immune response to the GM allotypes
present on rituximab is another likely mechanism that could
influence the drug’s efficacy. The GM1 allotype expressed on
rituximab is highly immunogenic (5) and, for this reason, it
was engineered out of trastuzumab, a monoclonal antibody
that targets the tumor-associated antigen human epidermal
growth factor receptor 2. The majority of the Caucasian pop-
ulation does not express this allotype and is likely to generate
antibodies to this determinant when exposed. Thus, preexist-
ing anti-GM1 antibodies generated through maternal–fetal
incompatibility (5), or produced in response to the infused
rituximab, could form immune complexes that would be elim-
inated by phagocytic cells, leading to nonresponsiveness.

In their study, Cartin-Ceba et al (1) concluded,
“FccRIIa may be broadly involved in disease pathogenesis and
response to therapy.” As the authors note, the allelic variants
of FccRIIa bind differentially to IgG2 antibodies. However,

IgG2 is also genetically polymorphic, expressing 2 functional
alleles—GM23� and GM23+ (valine to methionine substitu-
tion)—that could influence FccRIIa-IgG2 binding affinities.
Also, it is well established that GM23 influences the serum
IgG2 concentration in a dose-dependent manner (6).

In summary, simultaneous genotyping of FccR and Fc
(GM allotypes) could help characterize patients who are even
better responders to monoclonal antibody therapy, and thus
bring us closer to the dream of precision medicine.

Janardan P. Pandey, PhD
Medical University of South Carolina
Charleston, SC
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Reply

To the Editor:

We thank Dr. Pandey for his insightful comments. We
agree that other genetic variations in pathways involving
mechanisms of antibody action may affect the outcome of
trials using antibody-based therapies. These variations include
the Fc polymorphisms that Dr. Pandey discussed, as well as
polymorphisms in the complement system which influence
complement-dependent, antibody-mediated cytotoxicity.

The consequences of the Fc GM polymorphisms
discussed by Dr. Pandey would be to affect plasma levels
of rituximab, either by influencing FcRn-mediated rituximab
translocation or through immune complex clearance. Although
genetic variations in rituximab clearance were not studied in
the Rituximab in ANCA-Associated Vasculitis (RAVE) trial
per se, plasma levels of rituximab were measured post hoc and
did not appear to be associated with RAVE end points (Cornec
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D, et al: submitted for publication), indirectly suggesting that
patient Fc GM allotypes likely did not influence rituximab effi-
cacy. However, Fc GM allotypes may exert a local influence
related to FcRn or immune complex formation that is not
reflected by circulating rituximab levels.

While direct assessment of Fc and complement protein
variations is desirable in trials like RAVE, the statistical analysis
of the relationship of individual polymorphisms to outcome will
be difficult due to the large number of single-nucleotide poly-
morphisms, their low frequency, and the generally small size of
rare disease trials. This will be magnified further when analyzing
combinations of FccR, Fc, and complement polymorphisms.

Our study focused specifically on 2 FccR polymor-
phisms because they were reported to affect rituximab efficacy,
and are sufficiently common in the population for rigorous sta-
tistical analysis. The effects of these FccR polymorphisms
occurred in the setting of probable Fc and complement vari-
ability. Ideally, future studies of antibody therapies in complex
autoimmune diseases will involve cohorts large enough to allow
consideration of FccR, Fc, and complement variability in the
assessment of therapeutic efficacy.

Brad H. Rovin, MD
Dan Birmingham, PhD
Ohio State University Wexner Medical Center
Columbus, OH
Rodrigo Cartin-Ceba, MD, MSc
Ulrich Specks, MD
Mayo Clinic and Foundation
Rochester, MN and Scottsdale, AZ
John H. Stone, MD, MPH
Massachusetts General Hospital
Boston, MA

DOI 10.1002/art.40240

Muscle ultrasonography is a potential tool for
detecting fasciitis in dermatomyositis and polymyositis:
comment on the article by Yoshida et al

To the Editor:

We read with interest the article by Yoshida and col-
leagues regarding the ability of muscle ultrasonography to
detect fasciitis in patients with dermatomyositis (DM) during
the early phase of disease (1). The authors used power Dopp-
ler ultrasonography for detection of inflammation and vascu-
larity of the fascia of different muscles.

Recently, we investigated the use of muscle ultra-
sonography to detect thickening of the deltoid, vastus
lateralis, and rectus femoris muscle fascia, in 7 patients with DM
and 5 patients with polymyositis (PM) (2). In comparison with
healthy controls, a significant 2-fold increased thickening of the
deltoid muscle fascia was observed in both patients with PM and
patients with DM; the majority of patients (n = 8) had markedly
thickened deltoid muscle fascia (>5 SD above the mean for
healthy controls) (see Figure 1). Four patients also had thicken-
ing of the vastus lateralis and/or rectus femoris muscle fascia.

These results demonstrate that ultrasonography can
detect accompanying fasciitis in patients with idiopathic inflam-
matory myopathy. Although this diagnosis was not confirmed by

magnetic resonance imaging or biopsy, an increase of >5 SD in
fascial thickening of the deltoid muscle is suggestive of fasciitis.
These results correspond with the findings reported by Yoshida
et al showing structural aberrations of the fascia in patients with
DM (1,3). However, in contrast to the findings reported by
Yoshida and colleagues, in our study we also detected thickening
of the deltoid muscle fascia in patients with PM. A possible
explanation could be that the Japanese study used a PM control
group that included patients with a symptom duration of ≥5

A B

C D

E F

Figure 1. Transverse ultrasound images of the deltoid (DEL) (A and
B) and vastus lateralis (VL) muscles (C and D), and the rectus
femoris (RF) muscles (E and F) in a healthy individual (A, C, and E)
and 3 different patients with idiopathic inflammatory myopathy (B, D,
and F). The calipers are placed around the superficial and deep fascia
in these images. The thickness of the deltoid muscle fascia is clearly
increased in the patient with idiopathic inflammatory myopathy (9 SD
above normal). The fascial thickening in this patient is not homoge-
neous, as can be seen by placement of the calipers. The superficial
and deep fasciae of the vastus lateralis muscle and rectus femoris
muscle are thickened (1.3 SD above normal and 3.3 SD above nor-
mal, respectively, in the vastus lateralis muscle; 2.6 SD above normal
and 4.1 SD above normal, respectively, in the rectus femoris muscle),
but thickening is less pronounced than that in the deltoid muscle fas-
cia. Double-headed arrow indicates subcutaneous tissue.
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months, whereas the symptom duration in the DM group was ≤6
months.

The study by Yoshida et al provides evidence that fasci-
itis is involved in the pathogenesis of DM and supports our find-
ings that muscle ultrasonography and measurement of fascia
thickness by ultrasonography can be used to detect fasciitis in
patients with DM. Further research is warranted to determine
the diagnostic and prognostic value of these findings and may
further elucidate whether fasciitis is also involved in the patho-
genesis of PM.

Kavish J. Bhansing, MD
Marieke H. van Rosmalen, MD
Baziel G. van Engelen, MD, PhD
Radboud University Medical Center
Piet L. van Riel, MD, PhD
Scientific Institute for Quality of Health Care

Radboud University Medical Center
Nijmegen, The Netherlands
Sigrid Pillen, MD, PhD
Child Development and Exercise Center

Wilhelmina Children’s Hospital
University Medical Center Utrecht

Utrecht The Netherlands
Madelon C. Vonk, MD, PhD
Radboud University Medical Center
Nijmegen, The Netherlands

1. Yoshida K, Nishioka M, Matsushima S, Joh K, Oto Y, Yoshiga M,
et al. Power doppler ultrasonography for detection of increased
vascularity in the fascia: a potential early diagnostic tool in fasciitis
of dermatomyositis. Arthritis Rheumatol 2016;68:2986–91.

2. Bhansing KJ, van Rosmalen MH, van Engelen BG, Vonk MC, van
Riel PL, Pillen S. Increased fascial thickness of the deltoid muscle
in dermatomyositis and polymyositis: an ultrasound study. Muscle
Nerve 2015;52:534–9.
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Reply

To the Editor:

We thank Dr. Bhansing and colleagues for their inter-
est and comments regarding our study on the detection of
fasciitis using power Doppler ultrasonography in patients with
DM and patients with PM. Recently, Bhansing et al (1)
showed a significant 2-fold increase in fascial thickness of
the deltoid muscles, using muscle ultrasonography in both
patients with DM and patients with PM. We previously
demonstrated that fasciitis is a frequent disease manifestation
in patients with DM (2–4). In our studies, histologically con-
firmed hyperplasia of the fascia was observed in some DM
patients with fasciitis. We agree that fasciitis can be a possible
cause of fascial thickening detected by muscle ultrasonogra-
phy; however, factors other than fasciitis may also be involved
in this fascial thickening.

Although fasciitis is a less frequent manifestation in
patients with PM relative to patients with DM, we demonstrated

that fasciitis could be detected in a few PM patients by en bloc
biopsy (3,4). In both our studies and the study by Bhansing et al,
PM was diagnosed according to the Bohan and Peter criteria (5).
Using these criteria, anti-aminoacyl-tRNA synthetase (anti-
ARS) antibody-positive patients (i.e., patients with antisyn-
thetase syndrome) without the typical skin rash may be diag-
nosed as having PM. Indeed, all of the PM patients with fasciitis
in our study were anti-ARS antibody-positive and did not have
the typical skin rash (4). The patient population in the study by
Bhansing and colleagues could also have included anti-ARS
antibody-positive patients in the PM group.

In our studies, mononuclear cell infiltration was
observed at perivascular sites in the fascia and interfascicular
septa in patients with antisynthetase syndrome in whom PM
was diagnosed according to the Bohan and Peter criteria. In
general, in patients with DM, inflammatory infiltrates are pre-
dominantly present at perivascular sites or in interfascicular
septa and around rather than within fascicles. In contrast,
inflammatory infiltrates (e.g., CD8+ cells and a lesser number
of macrophages) surround and invade non-necrotic muscle
fibers expressing major histocompatibility complex class I
antigens within the fascicles in patients with PM (6). In their
study of antisynthetase syndrome, Noguchi et al (7) observed
that mononuclear cells infiltrated into perimysial sites (usually
perivascular sites) but did not surround the endomysium or
invade into non-necrotic muscle fibers within the fascicles, as
is typically observed in PM. Basically, the sites of inflamma-
tory infiltrates in antisynthetase syndrome are similar to those
in DM, but not in PM.

Using muscle ultrasonography, Bhansing et al detected
thickening of the deltoid muscle fascia in PM patients that was
almost the same thickness as that observed in DM patients.
Conversely, in our studies, the rate of detection of fasciitis in
PM patients was low or zero. Bhansing et al speculated that a
potentially relevant factor was the difference in muscle symp-
tom duration between patients with PM and patients with DM
in our study. However, we speculate that in patients with PM
diagnosed according to the Bohan and Peter criteria, the fre-
quency of fasciitis depends on the number of anti-ARS anti-
body-positive patients, rather than muscle symptom duration,
and other myositis-specific antibodies are also involved in fasci-
itis. We believe that patients in whom PM was diagnosed based
on histologic findings (e.g., endomysial inflammatory cell infil-
trates surrounding and invading non-necrotic muscle fibers) do
not have fasciitis. Further investigations are required to clarify
this issue.

Ken Yoshida, MD, PhD
Kentaro Noda, MD, PhD
Taro Ukichi, MD
Kazuhiro Furuya, MD, PhD
Daitaro Kurosaka, MD, PhD
Jikei University School of Medicine
Tokyo, Japan
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Clinical Images: Progressive linear blaschkoid lupus erythematosus

A B

The patient, an 11-year-old girl originally from Ecuador and with phototype IV skin, presented with an itching lesion on her right
cheek. Physical examination showed a non-infiltrated, annular violet macule 5 cm in diameter with clearly defined edges. Skin biopsy
revealed a perivascular inflammatory infiltrate (both deep and superficial), an increase in medial dermis mucin, focal thickening of
the basement epidermal membrane, isolated melanophages in the superficial dermis, and mild edema of the papillary dermis. Discoid
lupus erythematosus was originally diagnosed. Despite treatment with topical steroids, topical tacrolimus, hydroxychloroquine,
mycophenolate mofetil, and methotrexate, the lesion increased in size, extending to the right sides of the forehead and chin (A) and
the right cervical region and supraclavicular area (B). The left side remained unaffected. Only scant photosensitivity was recorded.
Over 3 years of follow-up, there was no systemic involvement, and antinuclear antibodies were never detected. Given the progression
of the lesion, a new diagnosis of linear blaschkoid lupus erythematosus (LBLE) was made. LBLE has recently been proposed as a
prominent subset of linear cutaneous lupus erythematosus in children (1). Its distinct features include early onset (children and young
adults), equal incidence in both sexes, skin lesions showing a blaschkoid distribution predominantly in the head and neck, low photo-
sensitivity, and absence of antibodies (2). Histologically, it appears identical to cutaneous LE, especially discoid and panicullitic LE.
Differential diagnosis includes lichen planus and lichen sclerosus et atrophicus, which can be differentiated from LBLE by their lack
of basement membrane thickening on biopsy. Progression to SLE is rare and the long-term outcome is good. The clinical manifesta-
tions of LBLE are varied, appearing as macules, plaques, or single or multiple nodules in a line, ring, or curve (usually on the head).
Genetic mosaicism may underlie LBLE, with clones of keratinocytes or fibroblasts migrating along the lines of Blaschko, which are
proinflammatory and genetically mosaic from postzygotic mutation during embryogenesis. This explains the focal nature of LBLE, the
lack of systemic manifestation, and, often, seronegativity. Treatment is similar to that for other types of cutaneous lupus, but the
response rate varies (3).

Luc�ıa Campos-Mu~noz, MD
Alejandro Fueyo-Casado, MD
Alberto Conde-Taboada, PhD
Carmen Carranza-Romero, PhD
Eduardo L�opez-Bran, PhD
Hospital Cl�ınico San Carlos
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Clinical Connections

Nehmar et al,  Arthritis Rheumatol 2017;69:2124–2135.

CORRESPONDENCE 
Philippe Georgel, PhD:  pgeorgel@unistra.fr

SUMMARY  
The role of type I interferons (IFNs) and their main cellular source, plasmacytoid dendritic cells (PDCs), in 
the pathogenesis of rheumatoid arthritis (RA) is a subject of controversy. Using mice genetically depleted of 
PDCs, Nehmar and colleagues show that these cells exhibit protective functions in arthritis induced by serum 
transfer. Furthermore, Toll-like receptor 7 (TLR-7)–dependent mobilization and activation of PDCs by topical 
application of imiquimod reduces arthritis in 3 different models of joint disease:  mice with serum-transfer 
arthritis, collagen-induced arthritis, and human tumor necrosis factor transgene insertion. Improvement in 
joint pathology, as quantified by reduced expression of inflammatory cytokines and decreased bone damage, 
is associated with a type I IFN signature and modification of the cellular infiltrate in the joint, as characterized 
by reduced numbers of neutrophils in the periarticular tissue. The therapeutic action of imiquimod requires 
signaling through the type I IFN receptor (IFNAR), which suggests that activation of the TLR-7/PDC/IFNAR 
axis could provide an opportunity to improve treatment in RA patients.

KEY POINTS 

•  In the K/BxN serum–transfer 
model of experimental arthritis, 
PDC-deficient mice show 
exacerbated symptoms. 

•  TLR7-dependent mobilization and 
activation of PDCs upon topical 
application of imiquimod reduces 
inflammation and bone damage in 
3 mouse models of arthritis.

•  Type I IFN signaling is required 
in the setting of imiquimod 
treatment. 

•  Induction of the imiquimod/TLR7/
type I IFN cascade culminates in 
reduced neutrophil recruitment 
and decreased joint damage.

Therapeutic Modulation of Plasmacytoid 
Dendritic Cells in Experimental Arthritis

http://onlinelibrary.wiley.com/doi/10.1002/art.40225/full


Clinical Connections

Defective Early B Cell Tolerance Checkpoints in 
Sjögren’s Syndrome Patients

SUMMARY  
Autoantibody production is a characteristic of many autoimmune diseases, and autoantibodies may appear 
in the blood many years before a clinical disease is diagnosed, suggesting an early break in B cell tolerance. 
The underlying mechanisms that account for autoreactive B cell and autoantibody production are poorly 
understood, but most autoreactive and potentially harmful B cells are normally eliminated in the bone 
marrow or in the periphery, thereby defining central and peripheral B cell tolerance checkpoints. In patients 
with autoimmunity, there may be a failure to purge developing autoreactive B cells, which then accumulate 
in their blood.  To determine whether B cell selection is functional in patients with Sjögren’s syndrome, 
Glauzy and colleagues analyzed the reactivity of antibodies cloned from newly emigrant and mature naive B 
cells.  Patients with untreated Sjögren’s syndrome exhibited defective central and peripheral B cell tolerance 
checkpoints, which likely contributed to disease pathogenesis.  An increased frequency of autoreactive B 
cells is a feature common to autoimmune conditions, including Sjögren’s syndrome.

KEY POINTS 
•  In Sjögren’s 

syndrome patients, 
there is a failure to 
eliminate developing 
autoreactive B cells 
from the bone 
marrow.

•  Autoreactive B 
cells accumulate in 
the blood, thereby 
demonstrating an 
impaired peripheral 
B cell tolerance 
checkpoint.

•  Defective selection 
of developing 
autoreactive B cells is 
a common feature of 
autoimmune diseases, 
including Sjögren’s 
syndrome.

Glauzy et al,  Arthritis Rheumatol 2017;69:2203–2208.

CORRESPONDENCE 
Eric Meffre, PhD:  eric.meffre@yale.edu 

http://onlinelibrary.wiley.com/doi/10.1002/art.40215/full

	art39918
	art39919
	art39921
	2097
	2102
	2114
	2124
	2136
	2144
	2151
	2162
	2170
	2175
	2187
	2193
	2203
	2208
	2209
	2222
	2233
	2241
	2246
	2247
	2249
	2250
	z



