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Inflammatory Proteins Such as CXCL10 May Herald Fibrosis in 
Patients With Systemic Sclerosis
Systemic sclerosis (SSc) is a heterogeneous 
disease, and patients are typically stratified into 
different clinical phenotypes. For example, 

those with definite SSc 
who lack fibrotic features 
can be characterized as 

having an intermediate stage of disease sever-
ity between preclinical/early SSc (EaSSc) and 
more severe, fibrotic subsets. Previous studies 
have indicated that it may also be possible to 
categorize SSc based upon the levels of circu-
lating markers of inflammation. 

In this issue, Cossu et al (p. 2359) re-
port the results of their explorative analy-

sis of patients with SSc. The researchers 
sought to molecularly characterize non-
fibrotic SSc and EaSSc on the basis of a 
broad panel of serum markers of inflam-
mation and tissue damage. Their hope 
was that they would be able to contrib-
ute to a better understanding of the patho-
physiologic mechanisms underlying SSc 
progression before the development of 
fibrosis.

The investigators found that patients 
with EaSSc and those with established, 
yet nonfibrotic, disease exhibit clear mo-
lecular alterations that are associated with 
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faster rates of disease evolution. Specifi-
cally, of the 16 molecules they tested, the 
levels of CXCL10, CXCL11, tumor ne-
crosis factor receptor type II (TNFRII), 
and chitinase 3–like protein 1 were sig-
nificantly increased in patients with EaSSc 
and those with nonfibrotic SSc relative to 
healthy controls.  The authors suggest that 
CXCL10 may play an early role in am-
plifying endothelial damage and driving 
EaSSc and nonfibrotic SSc toward fibrotic 
modifications. They conclude by propos-
ing that their data raise the possibility of 
novel disease targets for SSc.

In this issue, Berti et al (p. 2338) report the results of the first study 
to describe the annual incidence, prevalence, and mortality rates of  
antineutrophil cytoplasmic autoantibody (ANCA)–associated  
vasculitis (AAV) in a geographically well-defined region of the US.  

They found that the annual incidence of AAV 
in Olmsted County, Minnesota, was 3.3 per 
100,000 population over the 20 years of their 

study.  This translates to a prevalence of 42.1 per 100,000, which is 
substantially higher than the rates reported in other areas world-
wide.  Approximately half of the patients with AAV were women, 
and almost all were white.  The mean age at diagnosis was 61 years.

The investigators identified 58 incident cases of AAV and then 
looked more closely at the AAV subsets: granulomatosis with 
polyangiitis (Wegener’s) (GPA), microscopic polyangiitis (MPA), 
and eosinophilic granulomatosis with polyangiitis (Churg-Strauss) 
(EGPA).  They identified 23 cases of GPA, 28 cases of MPA, and 7 
cases of EGPA. Thus, the incidence of GPA was similar to that of 
MPA (1.3 and 1.6, respectively).  This represents an increase from 
the US-adjusted annual GPA incidence of 0.83 cases per 100,000 
published in the early 1990s.  The incidence rate for EGPA was 0.4. 

A total of 61% of patients with AAV had myeloperoxidase 
(MPO)–ANCAs, 30% had proteinase 3 (PR3)–ANCAs, and 9% 
were ANCA negative. The researchers found higher mortality 
rates in patients with MPA and those with EGPA than in the 

general population of Minnesota.  The same was not true, however, 
for patients with GPA. In particular, the investigators noted that 
MPO-ANCAs were a marker of poor survival in their cohort of 
patients with AAV.
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New Epidemiologic Data on Incidence Rate of  
ANCA-Associated Vasculitis

Figure 1. Age- and sex-adjusted annual incidence rates of antineuthrophil cytoplasmic 
autoantibody (ANCA)–associated vasculitis (AAV) per 100,000 population (pop) in 
adults ≥18 years in Olmstead County, Minnesota, from 1996 to 2015. Annual incidence 
of AAV in the entire cohort (solid line), and specifically for granulomatosis with 
polyangiitis (Wegener’s) (broken dashed line) and microscopic polyangtiitis (broken 
dotted line), is shown.

A
ge

 a
nd

 s
ex

 a
dj

us
te

d 
in

ci
de

nc
e

 /
 1

00
,0

00
 p

op

Year

http://onlinelibrary.wiley.com/doi/10.1002/art.40243/full
http://onlinelibrary.wiley.com/doi/10.1002/art.40313/full


Shining Light on the Relationship Between Rheumatoid 
Arthritis and Periodontitis 
Smoking and periodontitis (PD) are both 
risk factors for rheumatoid arthritis (RA). 
Moreover, previous immunohistochem-

ical studies have identi-
fied citrullinated proteins 
in inflamed periodontal 

tissue. In this issue, Schwenzer et al  
(p. 2303) describe their efforts to elucidate 
the mechanism by which PD could induce 
antibodies to citrullinated peptides (ACPAs). 

To investigate the relationship between 
PD and RA, the researchers used mass 
spectrometry to map the citrullinome of 
gingival crevicular fluid (GCF) and peri-
odontal tissue in patients with PD.  The 
researchers identified known citrulli-
nated peptides of histone 2A, vimentin 
and fibrinogen.  They also examined the 
antibody response to a novel citrullinated 
peptide of cytokeratin 13 (CK-13). They 
compared the antibody response to CK-13 
with the response to 4 other citrullinated 
peptides in patients with RA. 

Enzyme-linked immunosorbent assays 
were used to examine the ACPAs of cCK13, 
tenascin-C (cTNC5), vimentin (cVIM), 
α-enolase (CEP-1), and fibrinogen β 
(cFIBβ) in patients with RA and patients  

with osteoarthritis. They found that, in 
patients with RA, the levels of anti–citrul-
linated CK13-1 (anti–cCK13-1) antibody 
correlated with those of anti-cTNC5 anti-
body. Absorption experiments confirmed 
that this correlation was not due to cross-
reactivity. When they looked more 
closely at the patients with this particular 
antibody profile, they found that those 
patients also had antibodies to the peri-
odontal pathogen Prevotella intermedia 
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but not Porphyromonas gingivalis argi-
nine gingipains. 

The investigators also identified a 
second class of ACPA fine specificities that 
included antibodies to CEP-1, cFIBβ, and 
cVIM. Most of the RA patients who were 
positive for this second group of antibodies 
also had smoking and shared epitope as RA 
risk factors. The researchers thus described 
2 groups of ACPA fine specificities that are 
associated with different RA risk factors. 

Approximately 40% of patients with rheumatoid arthritis have 
anti–carbamylated protein (anti-CarP) antibodies. In this issue, 
Truchetet et al (p. 2292) report data from the Etude et Suivi 

des Polyarthrites Indifférenciées Récentes 
(ESPOIR) cohort. Their study was designed to 
assess the prevalence of anti-CarP antibodies 

in a multicenter prospective French cohort of patients 
with early arthritis. The researchers also investigated the 
association between anti-CarP antibodies and clinical features, 
final diagnosis, prognosis, and comorbidities. Their findings are 
consistent with those documented in a 2015 study of a cohort 
of northern European patients with early arthritis. 

The investigators found that anti-CarP antibodies were 
present in one-third of patients with early arthritis. These 
antibodies were also present in one-fourth of patients who 

were negative for both rheumatoid factor and anti–citrullinated 
protein antibody (ACPA).   Anti-CarP antibodies were associated 
with a more active disease state at baseline and a more severe 
radiographic outcome. Specifically, patients with anti-CarP 
antibodies had a significantly higher Disease Activity Score in 
28 joints using the erythrocyte sedimentation rate than did 
those without anti-CarP antibodies. In addition, anti-CarP–
positive early arthritis was associated with a higher risk of 
developing erosions after 96 months of follow-up, particularly 
in patients who were also positive for ACPA. This contrasts 
with ACPA positivity alone in early arthritis patients, which was 
not associated with a higher risk of erosive evolution. 

The authors conclude by suggesting that anti-CarP antibody 
positivity may be helpful for accurately identifying patients with 
early arthritis who are at risk of developing erosions.

Patients With Early Arthritis and Anti–Carbamylated 
Protein Antibodies Have Worse Outcomes
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Figure 1. Venn diagrams showing the overlap between citrullinated tenascin-C (cTNC5), citrullinated cytokeratin 
13 (cCK13-1), and cyclic citrullinated peptide 2 (CCP-2) antibody responses (left) and between cTNC5, cCK13-1, 
and citrullinated α-enolase peptide 1 (CEP-1) responses (right). Values in the diagrams are the number of patients 
in each subset, and values in parentheses are the total number of ACPA-positive patients. cFIBβ = citrullinated 
fibrinogen β; cVIM = citrullinated vimentin.
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Eighty-First President of the ACR

At the annual business meeting of the American 
 College of Rheumatology on November 7, 2017 in San Diego, 
CA, David I. Daikh, MD, PhD was installed as the eighty-first 
President of the College.

Dr. Daikh is Professor of Medicine and the Kenneth 
H. Fye Chair in Rheumatology at the University of California, 
San Francisco. From 2003 to 2010 he was Co-Director of the 
Lupus Research Center at UCSF. Currently, he serves as Pro-
gram Director for the UCSF Rheumatology Training Program, 
which he has directed since 2005, and since 2007 he has served 
as Chief of the Division of Rheumatology at the San Francisco 
VA Medical Center. 

Dr. Daikh graduated with a BA in chemistry from the 
Honors College of the University of Oregon. He received his 
medical degree and his PhD in biochemistry and molecular bi-
ology from the Oregon Health Sciences University, where he 
was elected to Alpha Omega Alpha.  He subsequently com-
pleted an internship and residency in internal medicine and a 
fellowship in rheumatology at UCSF. Upon completion of his 
training in 1997, Dr. Daikh remained on the faculty at UCSF, 

where he advanced to Assistant Professor in 2001, Associate 
Professor in 2006, and Professor of Medicine in 2014. He has 
served on numerous committees of the UCSF medical school 
and hospital, including the hospital’s Medical Executive Com-
mittee. Currently he chairs the hospital’s Pharmacy and Thera-
peutics Committee.

Recognized widely for his clinical, research, and educa-
tion and training accomplishments, Dr. Daikh received the Jeff 
Weingarten Memorial Outstanding Medical Resident Award 
from UCSF in 1994, followed 3 years later by the ACR’s Dis-
tinguished Rheumatology Fellow Award. In 1999 he became the 
first recipient of UCSF’s annual Ira Goldstein Rheumatology 
Teaching Award. He received the Research Hero Award from 
the Arthritis Foundation in 2001 and the Distinguished Service 
Award from the Arthritis Foundation Northern California Chap-
ter in 2005. In 2007 Dr. Daikh was elected to the UCSF Academy 
of Medical Educators. His recent honors include the Calvin Chou 
PRIME Teaching Award from UCSF in 2012 and election to the 
Council of Master Clinicians at UCSF earlier this year.

Dr. Daikh has published extensively, specifically on 
mechanisms of autoimmune disease, with a focus on the role 
of effector and regulatory T cells in lupus. Over the last 16 
years he has consistently presented his research at numerous 
 regional, national, and international meetings. He served on 
the Editorial Board of Arthritis & Rheumatism (now Arthritis & 
Rheumatology) from 2005 to 2008 and the Editorial Board of 
Arthritis Research and Therapy from 2008 to 2009. At present, 
Dr. Daikh is Associate Editor of Arthritis Care & Research, a 
position he has held since 2016.

Throughout his career, Dr. Daikh’s contributions to 
education and training in rheumatology and internal medicine 
have been substantial. He led the project that resulted in the 
first competency-based subspecialty curriculum in internal 
medicine for the ACR, which has been cited as a model cur-
riculum and is currently used widely in rheumatology training 
programs and in other subspecialties. He was one of two sub-
specialty representatives to the Alliance for Academic Internal 
Medicine Committee, which was charged with reviewing the 
program requirements for training programs in internal medi-
cine and making recommendations to the ACGME Residency 
Review Committee. He also recently completed a 6-year term 
on the American Board of Internal Medicine (ABIM) Rheu-
matology Subspecialty Board, where he was closely involved 
in test writing and development. He served as a member of the 
Advanced Studies Committee that reviewed the UCSF medi-
cal school 4th year curriculum and participated in the devel-
opment of the new UCSF Bridges Curriculum for the School 
of Medicine. Through a competitive grant from the VA Office 
of Specialty Care Transformation, Dr. Daikh used the Mus-
culoskeletal Mini-Residency Program to teach diagnostic and 
therapeutic skills to primary care providers. He subsequently 
helped alumni of this program develop an injection clinic 
within the primary care clinic at the San Francisco VA Medical 
Center, as well as an interprofessional musculoskeletal training 
module for medicine residents and nurse practitioner trainees.

A member of the ACR since 1996, Dr. Daikh has 
served in many volunteer roles for the College and the ACR 
Rheumatology Research Foundation. He was a member of the 
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Foundation’s Scientific Advisory Council from 2004 to 2009 
and of the ACR’s 2009 Strategic Planning Committee. After 
having served a 3-year term on the Committee on Rheuma-
tology Training and Workforce Issues, he was named Chair 
of that committee in 2006. Dr. Daikh also chaired the Train-
ing and Assessment Subcommittee from 2003 to 2006 and the 
Foundation’s Blue Ribbon Panel on Academic Rheumatology 
in 2008. He also led a blue ribbon panel that reviewed the en-
tire $40 million grant program of the Foundation, which led to 
substantial reorganization of its core education and research 
grants program. He was part of the committee that developed 
the ACR’s Rheumatology Top 5 measures to reduce unneces-
sary cost as part of the ABIM’s Choosing Wisely campaign. 
In 2015–2016 he led an ACR task force to develop a leader-
ship development program for young rheumatologists with an 
emphasis on the millennial generation. He was named to the 
Board of Directors of the Foundation in 2006, later serving as 
Vice President in 2009–2011 and President in 2011–2013. He 
was Secretary of the ACR and the Foundation from 2014 to 
2016 and was named ACR President-Elect in 2016.

Dr. Daikh’s service to rheumatology outside of the 
ACR has been equally distinctive. From 2006 to 2009 he served 
as Chair of the Medical and Scientific Committee and Vice 
Chair of the Board of Directors of the Arthritis Foundation 
Northern California Chapter, later serving on the Board of Di-
rectors in 2009–2012. He chaired the Task Force on Quality in 
Academic Medicine of the Association of Specialty Profession-
als (ASP) from 2009 to 2011. He also served as a member of the 
National Arthritis Foundation’s Research Strategy Committee 
and as Treasurer of the ASP. 

Dr. Daikh lives with his wife, Wendy and daughter, 
Clara in San Francisco. In his spare time he enjoys a variety of 
hobbies, including camping, bird watching, fly fishing, cooking, 
and woodworking.
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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, and the deadline for hotel 
reservations at the special meeting rate is December 6, 2017. For 
additional information and to register, visit www.rheumatology.org/
Learning-Center/Educational-Activities. 

Education Programs

Fourteenth International Sjögren’s Symposium. 
April 18–21, 2018, Capital Hilton Hotel,  Washington, DC. 
The International Sjögren’s Symposium is designed to facili-
tate 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 discov-
eries into clinical practice.  Presented by the Johns Hopkins 
University School of Medicine 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 autoimmune 
 diseases, with courses and lectures by some of the world’s most 
 distinguished  experts. The official language will be English. 
 Registration fees are €620 (early; until March 6), €720 (March 7–
May 8), and €820 (May 9–onsite) for full participants, and 

€380 (early; until March 6), €430 (March 7–May 8), and 
€480 (May 9–onsite) for trainees (students/fellows/residents) 
and  nurses. Optional courses and functions are  available 
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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Clinical Connections

SUMMARY  
The type I interferon (IFN) pathway is frequently activated 
in systemic lupus erythematosus (SLE).  Ghodke-Puranik 
and colleagues previously showed that this pathway activa-
tion can be inherited within lupus families, and they recently 
identified genes that contribute to IFN pathway activation 
in patients.  In this study, they examined the molecular func-
tion of one of these genes, purine nucleotide phosphory-
lase (PNP).  PNP is a key enzyme in purine metabolism, and 
in humans, the rare complete deficiency of PNP results in 
abnormalities of the cell cycle in lymphocytes, leading to 
autoantibody formation.  The investigators found that the 
common genetic variant linked to IFN in SLE did not result 
in complete deficiency, but caused decreased enzyme func-
tion.  This effect was accompanied by cell cycle arrest and in-
creased type I IFN pathway activation, both in cell lines and 
in SLE patient lymphocytes.  The arrest could be reversed in 
culture by altering the nucleoside pool.  This finding suggests 
a link between the cell cycle and purine metabolism and 
type I IFN in SLE patients.  Moreover, experimental correc-
tion of this molecular defect suggests a novel opportunity 
for personalized therapy in lupus patients or those at risk of 
lupus who harbor this genetic abnormality.

KEY POINTS 

•  Activation of the type I IFN pathway in SLE is genetically determined to some degree. 

•  A common genetic variant of PNP (15–25% of the general population) contributes to IFN pathway activation in SLE. 

•  This PNP variant alters the cell cycle in lymphocytes and can be corrected by altering the nucleoside pool. 

•  This suggests the possibility of personalized therapy at the PNP locus in patients with SLE or pre-SLE.

Lupus-Associated Functional Polymorphism in PNP 
Causes Cell Cycle Abnormalities and Interferon 
Pathway Activation in Human Immune Cells   
Ghodke-Puranik et al, Arthritis Rheumatol 2017;69:2328–2337.

CORRESPONDENCE 
Timothy Niewold, MD:  Timothy.Niewold@nyumc.org 
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Clinical Connections

Thanarajasingam et al, Arthritis Rheumatol 2017;69:2396–2401.

CORRESPONDENCE 
Uma Thanarajasingam, MD, PhD:  thanarajasingam.uma@mayo.edu 

SUMMARY  
The ELANE gene encodes neutrophil elastase, an antimicrobial enzyme and 
component of neutrophil extracellular trap (NET) complexes.  Neutrophils 
produce NETs in response to pathogens; in this process, the cells extrude 
their nucleus to form a “net” of chromatin that entraps pathogens.  While 
human ELANE mutations have been described in forms of hereditary 
neutropenia, Thanarajasingam and colleagues describe a novel ELANE 
mutation in a woman with inflammatory arthritis, rash, and daily fevers but 
without neutropenia.  The patient also had chronic parvoviral infection with 
persistently detectable viral RNA and elevated levels of inflammatory and 
neutrophil chemotactic cytokines, such as interleukin-8 (IL-8).  Strikingly, the 
patient’s neutrophils were unable to produce NETs, making this the first 
description of complete human NET deficiency.  This patient’s persistent 
infection suggests that NETs are important in parvoviral clearance and 
that the compensatory cytokine elevations perpetuate a sustained 
inflammatory response and arthritis. 

KEY POINTS 
•  Mutation G210R is a novel, 

pathogenic ELANE mutation 
found in a non-neutropenic 
host with chronic viral 
infection and arthritis. 

•  The patient had defective 
NET formation and decreased 
ELANE enzyme function. 

•  This case provides a model for 
combined immunodeficiency 
and inflammatory arthritis, 
with the neutrophil defect 
resulting in an arthritogenic 
increase in inflammatory 
cytokines.

A Novel ELANE Mutation Associated With 
Inflammatory Arthritis, Defective NETosis, and 
Recurrent Parvovirus Infection

http://onlinelibrary.wiley.com/doi/10.1002/art.40314/full


EDITORIAL

Anti–Citrullinated Protein Antibody, Anti–Carbamylated Protein Antibody, and
Rheumatoid Arthritis: Azurophilic Granules Sing the Blues

William F. C. Rigby, Sladjana Skopelja-Gardner, and Jonathan D. Jones

Arginine and lysine are distinguished by their
identity as the most cationic (basic) amino acids. They
are also the target of many posttranslational modifica-
tions, e.g., acetylation, citrullination, hydroxylation,
methylation, and ubiquitination. These modifications
are catalyzed by a series of enzymes, presumably to
enable a tapestry of functionality by a single protein,
including regulation of DNA transcription, repair, and
replication. Besides their functional roles in normal
physiologic conditions, some of these protein modifica-
tions have been recognized as inflammatory triggers
and targets of autoimmune reactions.

One of these posttranslational modifications,
citrullination, emerged in the rheumatology literature as
a neoepitope in the pathogenesis of rheumatoid arthritis
(RA) (1,2). The hydrolytic conversion of peptidyl-
arginine to peptidyl citrulline results from a deimination
event catalyzed by the peptidylarginine deiminase
(PAD) family of enzymes. While citrullination can hap-
pen in almost every mammalian cell, the development
of antibodies to an array of citrullinated proteins
(ACPAs) is thought to be initially driven by inflamma-
tion at mucosal surfaces. The process by which induc-
tion of IgG ACPA occurs in a fraction of the population
is thought to include genetic susceptibility (HLA–
DRB1; PTPN22) and environmental triggers, such as
tobacco use and certain bacteria (1–4). The exact mech-
anism by which these specific or polyreactive ACPAs
lead to synovial inflammation remains uncertain (1).

Additionally, the PAD4 enzyme is reported to
promote neutrophil extracellular trap (NET) formation
(4). Specifically, citrullination of histones, known ACPA
targets, is considered a key event in chromatin decon-
densation and release of DNA strands enriched in neu-
trophil granular proteins (2). Thus, PAD enzymes may
actually play a dual role in RA by 1) providing neoepi-
topes (citrullines) and 2) enabling NETosis, a process
that fans the flames of the milieu for the adaptive
immune system to generate autoantibodies (2).

Curiously, lysines undergo a very similar post-
translational modification to homocitrulline with a
similar loss of charge (Figure 1). In contrast to the
PAD-dependent citrullination of peptidylarginines,
homocitrullination (i.e., carbamylation) is nonenzymatic
and requires cyanate exposure. Cyanate levels are
increased by inflammation (myeloperoxidase activity),
uremia (increased generation from urea breakdown),
and tobacco smoke inhalation. The landmark work by
Shi et al demonstrated that IgG antibodies specific for
carbamylated forms of fetal bovine serum (anti–car-
bamylated protein [anti-CarP] antibody) were particu-
larly elevated in patients with RA (for review, see ref.
5). The majority of these anti-CarP antibodies appeared
to be directed at fibrinogen that had been carbamylated
in vitro. Those studies established that anti-CarP anti-
bodies were primarily found in a subset of ACPA-posi-
tive RA patients, but also in ~16% of RA patients who
were negative for both ACPA and rheumatoid factor
(RF). Moreover, those studies showed that the presence
of anti-CarP antibodies correlated with disease severity
and radiographic disease progression.

In this issue of Arthritis & Rheumatology, Truche-
tet et al confirm and extend these findings in a French
early arthritis cohort (Etude et Suivi des Polyarthrites
Indiff�erenci�ees R�ecentes [ESPOIR]) with 8 years of
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follow-up (6). Using an assay optimized for sensitivity,
the authors report that anti-CarP antibodies were
found in 41.8% of the ACPA-positive patients. This fre-
quency of anti-CarP antibody positivity approximates
that seen in early and established RA cohorts from
Europe, Canada, and the US (7,8). In contrast, anti-
CarP antibodies were seen in 23.6% of the patients
who were double negative for both ACPA and RF (6),
higher than that seen in other cohorts, perhaps
reflecting differing assay techniques. The presence of
anti-CarP antibodies independently predicted higher
disease activity and markers of inflammation, particu-
larly in association with ACPA or RF, although also in
patients who were only anti-CarP positive, compared to
“triple antibody–negative” patients (e.g., those who
were negative for ACPA, RF, and anti-CarP).

The data from 8 years of follow-up of this cohort
enables several important clinically relevant observa-
tions. The presence of anti-CarP predicted a higher Dis-
ease Activity Score in 28 joints at baseline and after 3
years of follow-up. This finding was accompanied by the
more frequent use of biologic agents in anti-CarP–posi-
tive patients (35% versus 21%). Although anti-CarP
positivity did not predict radiographic damage at base-
line, it had prognostic value in predicting the evolution

of erosive disease that was accentuated by the presence
of ACPA, similar to that previously reported (for
review, see ref. 5). Thus, it appears that anti-CarP anti-
bodies have the potential to identify seropositive
patients who need more aggressive therapy.

Despite clear genetic and environmental associa-
tions, the pathogenic mechanism of ACPAs in RA and
their linkage with disease severity is not precisely
defined (1). Hence, it is unsurprising that a similar
mystery enshrouds the role of anti-CarP antibodies.
The association of anti-CarP antibodies with ACPAs in
predicting disease severity and radiographic progression
prompts consideration as to whether this linkage arises
from an association with other prognostic risk factors.
Tobacco use is associated with worse clinical outcomes
in seropositive RA. Thus, it represents an obvious can-
didate for the induction of anti-CarP antibodies, since
smoke inhalation would increase airway delivery of cya-
nate and homocitrulline generation. Interestingly,
tobacco use was not linked to the presence of anti-
CarP antibodies in either the ESPOIR cohort or 2
other European cohorts (6,7). The latter study also did
not show any association between anti-CarP antibodies
and the HLA–DRB1 or PTPN22 alleles associated with
ACPAs (7).

Figure 1. Posttranslational modifications of arginine and lysine that are epitopes in rheumatoid arthritis. Arginine (blue) and lysine (orange) are
cationic amino acids at neutral pH. The addition of a ureido group (NH2CONH; purple) to arginine and lysine gives rise to the noncharged amino
acids citrulline and homocitrulline, respectively. Arginines that are present in peptides (peptidylarginine) are deiminated by peptidylarginine
deiminase (PAD) enzymes. Lysine is carbamylated by cyanate, which can arise from the effect of myeloperoxidase (MPO) and hydrogen peroxide
on thiocyanate.
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Therefore, the mechanism of the increased dis-
ease activity observed in ACPA/anti-CarP double-posi-
tive patients remains opaque. This lack of clarity
prompts consideration of the nature of the contribution
of anti-CarP antibodies to disease pathogenesis in rela-
tion to ACPAs. Several different non–mutually exclu-
sive models of this relationship are presented. Perhaps
the most “ACPA-centric” model is that anti-CarP anti-
bodies are in linkage with certain ACPA specificities
that are overlooked by standardized testing using cyclic
citrullinated peptides. Anti-CarP antibodies could
therefore act as an indirect marker of particularly
pathogenic ACPA specificities (8). In this regard, a
study of early and established RA cohorts from Canada
and the US observed a strong association (47.9% and
62.6%, respectively) between anti–citrullinated vimentin
antibodies and anti-CarP antibodies (9). This associa-
tion was not due to cross-reactivity and did not
obviously segregate with other ACPA specificities. Anti-
bodies to citrullinated vimentin in RA patients are
associated with increased rates of radiographic progres-
sion (10), suggesting that some of the associations of
anti-CarP are due to the company it keeps.

Although not seen between anti-CarP antibodies
and citrullinated vimentin, a second related “ACPA-cen-
tric” hypothesis is that some ACPAs and anti-CarP
antibodies cross-react. This would be unsurprising since
both ACPAs and anti-CarP target the ureido neoepi-
tope of citrulline and homocitrulline (Figure 1). As a
result, it can be expected that some autoantibodies
exhibit specificity for a ureido group independently of
the amino acid. In contrast, other autoantibody speci-
ficities might be highly dependent on amino acid (argi-
nine versus lysine) and polypeptide context. The
presence of specific anti-CarP antibodies as well as
those that are cross-reactive with citrullinated peptides
has been demonstrated (5,11,12). What is unclear is
whether specificity or polyreactivity portends a poorer
prognosis. If ACPAs that cross-react with anti-CarP are
shown to associate with joint damage, it would indicate
that anti-CarP polyreactivity potentiates the arthrito-
genic effect of a given ACPA. Otherwise, anti-CarP
antibodies may appear as highly specific antibodies (for
a given peptidyl homocitrulline) or polyreactive anti-
bodies that bind homocitrulline (but not citrulline)
independently of context (12,13).

Figure 2. Radiographic disease in a patient with longstanding rheumatoid factor– and anti–citrullinated protein antibody–negative rheumatoid
arthritis with serum high-titer reactivity with carbamylated fibrinogen. Left, Bilateral anteroposterior radiographs showing radiocarpal and metacar-
pal joint narrowing with destruction of carpal bones and erosive changes in the metacarpophalangeal joints. Right, Ballcatcher view showing ulnar
deviation in the same patient.
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A third possibility is that anti-CarP antibodies
arise and mediate joint inflammation and destruction
through an ACPA-independent process. Data from ani-
mal models suggest a stronger relationship between
joint inflammation and anti-CarP than ACPA (14). Clin-
ical data support such a relationship. Anti-CarP anti-
bodies increase disease risk and severity in the absence
of risk alleles (HLA–DRB1; PTPN22) and tobacco use
(7). The observation that anti-CarP can precede the
onset of synovitis in the absence of ACPA would appear
to support this notion (15). Finally, we observed high
anti-CarP titers in a patient with longstanding erosive
and deforming RA who was consistently RF and ACPA
negative (Figure 2). This patient’s serum antibodies
were specific for carbamylation sites in the human fib-
rinogen b chain and did not cross-react with citrulli-
nated human fibrinogen (12). Somewhat surprisingly,
the analysis of other anti-CarP–positive sera suggested a
restricted number of carbamylated epitopes. Thus, ani-
mal and clinical data indicate an independent role for
anti-CarP in RA pathogenesis and severity. Since anti-
CarP antibodies appear to be largely directed against
fibrinogen (5), this raises the possibility that immune
complexes of anti-CarP–carbamylated fibrinogen may
drive the onset of synovitis in a manner similar to that
reported for citrullinated fibrinogen and ACPA (16).

While the linkage between ACPA and anti-CarP
is seen in RA, it is absent in nonrheumatic diseases such
as cystic fibrosis, where IgG anti-CarP antibodies but not
IgG ACPAs are present, supporting the notion that the
mechanisms of breaking tolerance differ (17). In this
regard, the availability of cyanate to mediate lysine car-
bamylation might arise due to smoke inhalation, uremia,
or myeloperoxidase (MPO) activity. No association of
anti-CarP has been seen with either uremia or tobacco
use (6,7), which suggests that cyanate production
derived from the enzymatic activity of MPO is important
in anti-CarP generation. This model potentially explains
the association of anti-CarP with the chronic airway
inflammation of cystic fibrosis. Furthermore, it leads
to a surprising crossroads of citrullination and car-
bamylation processes at the azurophilic granule of the
neutrophil, where both PAD4 and MPO reside. This
coincidence is further extended by the important roles
of both PAD and MPO in promoting NETosis (3,18). As
a result of these processes, both carbamylated and citrul-
linated proteins appear on NETS (17). Interestingly, no
colocalization of citrullinated and carbamylated proteins
was seen, suggesting that different proteins are post-
translationally modified by these processes (17).

Taken together, these data suggest that diseases
characterized by increased NET formation might create

an environment in which immune tolerance is broken,
perhaps by DNA engagement of Toll-like receptor 9
(TLR-9) on dendritic cells (DCs) that have ingested
posttranslationally modified proteins. This process
might additionally occur with neutrophil degranulation
or injury (3), potentially leading to differential activa-
tion of MPO and PAD4 as a function of the given stim-
ulus. Variation in neutrophil engagement and activation
may account for the very low levels of anti-CarP in
patients with inflammatory bowel disease, smokers who
do not have RA, or patients with renal failure, despite
the abundance of carbamylated proteins detected (19).
Therefore, understanding how different environmental
triggers influence NETosis might provide an additional
explanation for autoantibody specificity to citrullinated
versus carbamylated proteins.

Unresolved in this model is the frequency with
which posttranslationally modified fibrinogen is tar-
geted by anti-CarP and ACPA. Since fibrinogen does
not appear to be expressed by human neutrophils,
development of autoreactivity may be related to other
properties, such as the ability of modified fibrinogen to
engage TLR-4 on DCs (16). This leaves the question
open as to what specific neutrophil proteins are car-
bamylated and what functionality is imparted that
enabled their evolutionary selection. In this regard, car-
bamylated a1-antitrypsin has recently been identified as
a specific anti-CarP target (20). Alpha1-antitrypsin is
stored in the azurophilic granules, thus creating further
spatial, temporal, and immunogenic linkages in RA
pathogenesis.

As evidenced by the study by Truchetet et al
and others, anti-CarP antibodies exhibit consistent clini-
cal relevance in RA as markers of disease severity.
However, much remains to be determined about the
generation of these autoantibodies, their pathogenic or
physiologic functions, and their interactions with other
RA disease factors. It appears that the azurophilic
granules of neutrophils may be key players in this
regard since they provide 1) enzymatic machinery for
posttranslational modifications, 2) autoantibody targets,
and 3) proteins necessary for creating the inflammatory
environment of NETs. Unfortunately, until these path-
ways are more fully defined, patients with RA will con-
tinue to experience the blues of pain and suffering
from their inflammatory arthritis.
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EDITORIAL

Clinical Trials in Raynaud’s Phenomenon: A Spoonful of Sugar (Pill) Makes the
Medicine Go Down (in Flames)

James R. Seibold1 and Fredrick M. Wigley2

The peripheral vascular disease in systemic scle-
rosis (scleroderma) is a challenging problem because it
presents with both vasospasm and an underlying struc-
tural vascular disease that leads not only to severe Ray-
naud’s phenomenon (RP) but also to often critical
digital ischemia with progressive tissue damage or acute
ulceration. While current therapy with a calcium-
channel blocker alone or combined with another
vasodilating agent provides some modest benefit, it
does not provide adequate control of RP events in
many patients with scleroderma. Vasodilating therapy
alone also does not address the underlying biologic
process causing progressive vascular disease. It is
attractive to consider delivering a prostacyclin because
it has the potential of acting as a vasodilator, thus
improving local blood flow, while promoting vascular
remodeling and providing protection to the endothe-
lium—a primary target in scleroderma leading to vascu-
lar dysfunction. Currently, intravenous prostacyclin
analogs are used as therapy for critical digital ischemia
or refractory digital ulcers. Oral delivery of a prostacy-
clin would provide a practical approach to treatment
and potentially the opportunity for long-term exposure
to a prostanoid, which might modify scleroderma vascu-
lar disease. Thus far, the clinical trials testing oral
agents have been disappointing. It is not clear whether

the failure of previous studies was due to an ineffective
agent or inadequate study design.

This issue of Arthritis & Rheumatology includes a
report, by Denton and colleagues, of negative results of
yet another randomized controlled trial of a promising
therapy for RP secondary to scleroderma (1). The can-
didate treatment, selexipag, an oral IP prostacyclin ago-
nist, is a rational approach to therapy for a syndrome
characterized by endothelial injury and dysfunction.
Response to placebo regarding the primary outcome
measure (weekly average number of RP episodes) was
superior to that of active drug.

There are unique considerations with the use of
oral prostacyclins. The efficacy of prostacyclins is related
to trough serum levels, while adverse events parallel
peak values. Oral delivery systems present prostacyclin
directly to the gastrointestinal tract; thus, nausea and
diarrhea are mechanism-based toxicities that in turn
severely limit dose titration. In the selexipag trial, dose
titration was condensed into 3 weeks in an attempt to
mitigate effects of changing weather patterns. Subjects
receiving active drug achieved dose levels of approxi-
mately one-half those achieved in trials in pulmonary
arterial hypertension, in which titration was extended
over 3 months. Similar limitations of dosing character-
ized the large trial of oral treprostinil (2) for the
RP-related clinical complication of digital ischemic
ulcerations, which also had negative results. Investigators
in a past trial of oral iloprost for RP chose a fixed low
dose based on estimates of tolerability (3). There was no
evidence of clinical efficacy, although a previous study of
oral iloprost that permitted a higher dose suggested ben-
efit (4). Findings of these various studies are in stark
contrast to the consensus views regarding the efficacy of
intravenous prostacyclin preparations for scleroderma-
related vascular features. These preparations include
epoprostenol, treprostinil, and iloprost (5).

The other striking feature of the trial performed
by Denton and colleagues was the strong placebo
response. This included the primary outcome measure
of weekly number of RP episodes but also measures of
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RP attack duration and the Raynaud’s Condition Score
(RCS; a daily rating of the overall impact of cold on
quality of life) (6). This was in spite of the use of elec-
tronic diary records, which purportedly should enhance
the accuracy of these patient-reported outcomes. A
high placebo response has evolved to be the hallmark
of trials for both RP and digital ulcerations (7). This
includes recent large randomized trials of endothelin
receptor antagonists, phosphodiesterase V inhibitors,
and topical nitroglycerine (8–10) in addition to the
studies of oral prostacyclins (1–3).

While placebo response is characteristic of RP
trials, there is little to elucidate its prominent role. Is
this a Heisenberg uncertainty principle–type effect
wherein attention to the symptom affects its behavior?
Is this some form of salutogenesis or does it suggest a
strong role of psychologically driven influences in cold
tolerance? The efficacy of fluoxetine for RP is suggestive
evidence for the latter (11). Patients will acclimate to
the various triggers that provoke an RP attack, particu-
larly after education about non–drug avoidance strategy,
learning how to score “real” attacks, the expectation of
study drug benefit, and the overall attention given to
them as they participate. These factors may account
for changes in the tempo of events or the subjective
scoring during clinical trials in both the placebo and
active drug groups. One can imagine that if participants
sit quietly at home by the fireplace during the study, the
RP attack rate and severity score will fall in both the
placebo and active treatment groups, perhaps to such a
low level that important differences would not be
detected. Variation in severity of RP among participants
will influence the outcome, with milder cases without
severe vascular disease being more likely to improve.
Therefore, clinical trials must have a large enough popu-
lation to balance the severity scales and activity in each
study arm. Can these issues be addressed through modi-
fications of trial design? The confounding issue of
weather-related period effects effectively eliminates
crossover designs from consideration. An inadequately
tested solution is a universal blinded placebo run-in
wherein placebo responders are excluded prior to
randomization.

The other challenge lies in the development of
appropriate outcome measures that are both valid and
sensitive to change. The core outcome measures used
in RP trials include attack frequency, duration, and
severity; the RCS; attack symptoms; and patient’s and
physician’s global assessments (7). Taken individually,
the placebo response rate has ranged from 92.8% for
an individual core measure change of >10% to 38.5%
for any individual measure improving by 60%. A

composite index of all 6 measures has been proposed
primarily based on reduction of placebo response rates
(7), but to date it has not been validated/field tested in
a clinical trial. Perhaps a more robust novel outcome
measure can be developed? Can we move away from
subjective measures alone by using an ambulatory mon-
itor designed to provide objective measures of digital
blood flow in real time?

Another approach is to test an agent in a con-
trolled laboratory setting, measuring blood flow and
skin temperature responses to a standard cold chal-
lenge after either acute or chronic drug dosing. This
provides insight into the pharmacokinetics and pharma-
codynamics of an agent to guide decisions on dosing
and duration of therapy. However, clinical efficacy can-
not be defined in the laboratory, particularly with RP,
because of the real-life situations that provoke RP
events, including activity level, ambient temperature,
noises, and physical and emotional stress. A study in
RP should be designed to take into account the level
of physical activity and exposure to cold temperatures.

The prevalence and severity of RP in scleroderma
is related to the degree of attenuation of the vascular
lumen by intimal hyperplasia. Despite this underlying
structural disease, RP is episodic and the component of
vasoreactivity/constriction is reversible. It seems well
within our pharmacologic reach to beat the “sugar”
effect and reverse vasospasm and to have an impact on
the disease process to prevent the sequelae of critical
digital ischemia. The challenges of clinical trial design in
RP are the “flames” that seem to destroy the promise of
a rational approach to a therapeutic agent.
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REVIEW

Metabolic Control of Immune System Activation in
Rheumatic Diseases

Andras Perl

Metabolic pathways mediate lineage specification
within the immune system through the regulation of glu-
cose utilization, a process that generates energy in the form
of ATP and synthesis of amino acids, nucleotides, and
lipids to enable cell growth, proliferation, and survival.
CD4+ Tcells, a proinflammatory cell subset, preferentially
produce ATP through glycolysis, whereas cells with an anti-
inflammatory lineage, such as memory and regulatory T
cells, favor mitochondrial ATP generation. In conditions of
metabolic stress or a shortage of nutrients, cells rely on
autophagy to secure amino acids and other substrates,
while survival depends on the sparing of mitochondria and
maintenance of a reducing environment. The pentose
phosphate pathway acts as a key gatekeeper of inflamma-
tion by supplying ribose-5-phosphate for cell proliferation
and NADPH for antioxidant defenses. Increased lysosomal
catabolism, accumulation of branched amino acids, glu-
tamine, kynurenine, and histidine, and depletion of glu-
tathione and cysteine activate the mechanistic target of
rapamycin (mTOR), an arbiter of lineage development
within the innate and adaptive immune systems. Map-
ping the impact of susceptibility genes to metabolic
pathways allows for better understanding and thera-
peutic targeting of disease-specific expansion of proin-
flammatory cells. Therapeutic approaches aimed at
glutathione depletion and mTOR pathway activation
appear to be safe and effective for treating lupus, while
an opposing intervention may be of benefit in rheuma-
toid arthritis. Environmental sources of origin for
metabolites within immune cells may include microbiota

and plants. Thus, a better understanding of the path-
ways of immunometabolism could provide new insights
into the pathogenesis and treatment of the rheumatic
diseases.

Introduction

Metabolic pathways exert profound influence over
the development of unicellular and multicellular organisms.
Engagement of antigen receptors and costimulatory mole-
cules, growth factors, hormones, cytokines, environmental
factors, and other regulatory cues shape the development
of the immune system by mechanisms of action that lead to
reprogramming of metabolic gene expression in a cell
type–specific manner. In fact, the heterogeneity of cells
within both the innate and the adaptive immune systems
depends on the supply of metabolites that allow for lin-
eage-specific differentiation. This review integrates recent
discoveries in metabolomics and genetics with immunologic
pathways of pathogenesis to delineate checkpoints for the
diagnosis of autoimmune rheumatic diseases and elucidate
additional targets for the treatment of these diseases.

Role of metabolic pathways as regulators of the
immune response and inflammation

Cells face a tantalizing choice between speed and
efficiency when selecting metabolic pathways to meet their
needs for proliferation, differentiation, and survival. Lin-
eage specification within the immune system depends on
metabolic pathways that regulate glucose utilization for
generation of energy in the form of ATP and for synthesis
of amino acids, nucleotides, and lipids to enable cell
growth, proliferation, and survival. While rapidly prolifer-
ating proinflammatory CD4+ Tcells preferentially produce
ATP through glycolysis, cells with an antiinflammatory
lineage, such as memory and regulatory T cells, favor the
generation of mitochondrial ATP (1). During conditions of
metabolic stress and a shortage of nutrients, cells rely on
autophagy of proteins and organelles to secure amino acids
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and other substrates, while survival of the cells depends on
the sparing of mitochondria and maintenance of a reduc-
ing environment. The pentose phosphate pathway (PPP)
is a key gatekeeper of inflammation, acting via the supply
of ribose-5-phosphate (R5P) for cell proliferation and
NADPH for antioxidant defenses (2).

The PPP enzyme transaldolase (TAL) exerts con-
trol over the production of NADPH, which maintains
glutathione (GSH) in a reduced state in human T cells
(3,4). As originally documented, TAL regulates the eleva-
tion of mitochondrial transmembrane potential (DΨm), a
process that has also been termed mitochondrial hyper-
polarization (MHP) and identified as a checkpoint of T

cell activation and apoptosis (5). Although MHP occurs
transiently during T cell activation, it persists in patients
with systemic lupus erythematosus (SLE), causes the
depletion of GSH and ATP, and leads to a predisposition
to proinflammatory cell death via necrosis (6).

During periods of metabolic stress and nutrient
deprivation, increased catabolism in lysosomes, accu-
mulation of branched amino acids, glutamine, kynure-
nine, and histidine, and depletion of GSH and cysteine
activate the mechanistic target of rapamycin (mTOR),
a kinase that has recently been recognized as an arbiter
of lineage development within both the innate and
the adaptive immune systems (Figure 1). Targeting

Figure 1. Schematic diagram of metabolic pathways controlling activation and lineage specification in the immune system. Depicted surface receptors and
intracellular transducers exemplify those that operate in Tcells, regulate or are regulated by metabolic pathways, and exhibit genetic linkage with systemic
lupus erythematosus (SLE) and other autoimmune diseases. Characteristics of mitochondrial dysfunction include blocked electron transport chain (ETC)
activity, elevated mitochondrial transmembrane potential (DΨm) or mitochondrial hyperpolarization, and diminished mitophagy, which contribute to accu-
mulation of oxidative stress–generating mitochondria and depletion of ATP and glutathione (GSH). Reactive oxygen species (ROS) are generated by elec-
tron (E) transfer to O2 at complex I. These metabolic changes underlie the activation of mechanistic target of rapamycin complex 1 (mTORC1), which
promotes glycolysis in CD4+ Tcells, further enhancing the accumulation of mitochondria in necrosis-prone, proinflammatory double-negative (DN) Tcells
and depleting Treg cells. Thus, key metabolic features of Tcell dysfunction in SLE are balancing of energy production between the mitochondrial ETC and
glycolysis, and securing of amino acids during starvation through autophagy of proteins and organelles while mitochondria are selectively retained. The direc-
tion of signaling is indicated by arrows (red = increase, blue = decrease). Drugs that affect metabolism are shown in green. IL-6 = interleukin-6; NAC = N-
acetyl-cysteine; Drp1 = dynamin-related protein 1; HCQ = hydroxychloroquine; TCA = tricarboxylic acid; 2DG = 2-deoxyglucose; Acetyl-CoA = acetyl-coen-
zyme A; VLDLR = very low-density lipoprotein receptor; MMF =mycophenolate mofetil; LDLR = low-density lipoprotein receptor; G6P = glucose-6-phos-
phate; PPP = pentose phosphate pathway; G6PD = glucose-6-phosphate dehydrogenase; 6PGL = 6-phosphogluconolactonase; GSSG = oxidized
glutathione; TAL = transaldolase; 6PG = 6-phosphogluconate; 6PGD = 6-phosphogluconate dehydrogenase; AMPK = AMP-dependent protein kinase;
PI3K = phosphatidylinositol 3-kinase; R5P = ribose-5-phosphate; PD-1 = programmed death 1; Tfh = follicular helper Tcells.
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the immunometabolism for therapeutic interventions
requires a detailed map of the interconnected pathways
supporting disease-specific expansion of proinflamma-
tory cells (Figure 1). Recent approaches targeting the
depletion of GSH and activation of mTOR appear to
be safe and effective in the treatment of lupus (7),
while an opposing intervention may benefit patients
with rheumatoid arthritis (RA) (8). Importantly,
metabolites within immune cells ultimately derive from
the environment; thus, comprehensive profiling may
pinpoint microbiota and plants as sources of origin.
Therefore, cultivating a better understanding of the
pathways of immunometabolism could provide new
insights into the pathogenesis and treatment of autoim-
mune rheumatic diseases.

Integration of genetic and environmental factors with
immunometabolic pathways in analyses of autoimmune
disease pathogenesis

Both genetic and environmental factors contribute
to the pathogenesis of autoimmune diseases (9). However,
with the exception of complement gene deletions, most of
the lupus susceptibility loci identified in genome-wide
association studies (GWAS) confer only minor changes in
disease risk (10). Integrated analyses in which genetic fac-
tors are included point to the relevance of a limited num-
ber of metabolic pathways in autoimmune rheumatic
diseases (Table 1; specific source citations listed in Supple-
mentary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.

Table 1. Metabolic pathways affected by systemic lupus erythematosus susceptibility genes*

Metabolic pathway, gene Primary function Metabolic pathway, gene Primary function

Glucose metabolism
TCF7 Transcription
TLR7 RNA binding Adipogenesis
SOCS1 Signal transduction ARID5B† Transcription
IRF5† Transcription CXorf21 Unknown
IRF7 Transcription STAT4† Transcription
IRF8† Transcription IL12A Cytokine
LYN Tyrosine kinase CD80 Signal transduction
SLC15A4 Histidine transporter Apoptosis
PRKCB Protein kinase TNFSF4 Signal transduction
BLK† Tyrosine kinase ELF1 Transcription
ITGAM Cell adhesion Autophagy/mTOR
IFIH1 RNA helicase TNIP1‡ Signal transduction
TYK2† Tyrosine kinase IRAK1† Signal transduction
IL10 Cytokine miR146a RNA processing
IKZF2 Transcription ATG5† E3 ubiquitin ligase
PRPS2 PRPP synthesis UHRF1BP1 DNA methylation

Lipid metabolism WDFY4† E3 ubiquitin ligase
BANK1 Scaffold protein ATG16L2 Unknown
AFF1 Transcription PLD2 Phospholipid hydrolysis
RASGRP3 GTPase signaling PRDM1 Transcription
JAZF1† Transcription PTPN22† Tyrosine phosphatase
XKR6 Unknown RAD51B† DNA repair
DHCR7 Cholesterol reductase TET3 DNA methylation
SH2B3† Signal transduction DRAM1 Lysosomal function

Mitochondrial metabolism TNFAIP3†‡ Ubiquitin ligase
TREX1 DNA exonuclease PPP2CA Protein phosphatase
NMNAT2 NAD(P) biosynthesis UBE2L3 Ubiquitin conjugation
CSK Tyrosine kinase SLC15A4 Histidine transport
PDHX Pyruvate dehydrogenase Clearance of cell death debris

Oxidative stress C1Q Ig binding
MSH5 DNA repair FCGR2B† Ig binding
IKZF1 Transcription FCGR2A† Ig binding
IKZF3 Transcription CR2 EBV receptor
ETS1† Transcription C1R Ig binding
NCF2 NADPH oxidase C4B Ig binding

mTOR C4A Ig binding
SLC15A4 Histidine transport DNASE1 DNA degradation

* Literature references are listed in Supplementary Table 1 (available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40223/abstract). PRPP = phosphoribosylpyrophosphate; mTOR= mechanistic target of rapamycin; EBV = Epstein-Barr virus.
† Gene also associated with rheumatoid arthritis.
‡ Gene also associated with psoriatic arthritis.
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40223/abstract). These pathways include the following: 1)
glycolysis; 2) the mitochondrial tricarboxylic acid (TCA)
cycle, electron transport chain (ETC), and oxidative phos-
phorylation, which provide energy in the form of ATP; 3)

the pentose phosphate pathway (PPP), which is an essen-
tial source of R5P for the production of nucleic acids in
support of cell proliferation, and NADPH for lipid biosyn-
thesis and maintenance of a reducing environment and

Figure 2. Interactome of lupus susceptibility genes, constructed using Strings software (version 9.0; http://string-db.org) via evidence-based pro-
tein–protein interactions. A, Panel of imputed genes linked to the pathogenesis of systemic lupus erythematosus via polymorphic genetic markers
or functionally relevant mutations. B, Panel of imputed genes (expanded from the panel in A) based on evidence allowing for inclusion of 10 addi-
tional interactors, appearing to center around the mechanistic target of rapamycin–autophagy pathway.
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protection against oxidative stress (2); 4) lipid metabolism
and adipogenesis; 5) uptake and biosynthesis of amino
acids; and 6) selection of cell death pathways between the
physiologic process of apoptosis and pathologic process of
proinflammatory cell necrosis and clearance of cell death
debris (Figure 1).

As shown in Figure 2A, the evidence-based inter-
actome of lupus susceptibility genes reveals a network of
relationships that are connected through kinases and
phosphatases. The serine/threonine kinase mTOR has
been imputed to play a role in this network on the basis
of observations of lupus development in patients harbor-
ing activating gene mutations (11). Allowing for the
inclusion of 10 more interactors in this network leads to
recentering of the network around the mTOR-autophagy
pathway (Figure 2B). Notably, several lupus susceptibil-
ity genes have also been associated with RA and with
psoriatic arthritis (PsA) (Table 1 and Supplementary
Table 1). Construction of a map of these integrated
metabolic and genetic pathways, as shown in Figure 1,
could provide further insights into the pathogenesis of
autoimmunity. Of note, the influence of metabolic genes
on rheumatic diseases is not solely exerted through the
immune system. In fact, the susceptibility genes often
indirectly regulate the immune system by influencing the
metabolism of adipocytes (12), hepatocytes (13), or
endothelial cells (14). It is intriguing to consider that
individual single-nucleotide polymorphisms that, by
themselves, confer a relatively minor genetic risk can
coalesce to bring about major changes in metabolite
fluxes, such as shifting glucose utilization from glycolysis
to the PPP, TCA cycle, or biosynthesis of amino acids or
lipids (Figure 1). As noted in Table 1 (see also Supple-
mentary Table 1), most autoimmune disease susceptibil-
ity genes transduce metabolic signals.

Influence of the environment on the host
immunometabolome

Disease concordance rates in identical twins are
only 15% for RA (15) and 25% for SLE (16), which sug-
gests that environmental factors have an important role in
the pathogenesis of these autoimmune diseases (9). These
environmental factors include microbiota, such as viruses
and bacteria, and also nutrients, drugs, and toxins, such as
ultraviolet (UV) light, smoke, and other pollutants. Clearly,
each of these ecologic factors affect the metabolism, as
substrates, inducers, or suppressors of metabolic genes
both inside and outside of the immune system. With
respect to microbiota, both exogenous and endogenous
viral RNA and DNA activate intracellular nucleic acid
sensors (17). Viral RNA stimulates Toll-like receptor 7

(TLR-7)/TLR-8 as well as retinoic acid gene I (RIG-I)–like
helicases. RIG-I associates with the mitochondrial antiviral
signaling (MAVS) protein, which is then activated by
oxidative stress in patients with SLE (18).

In a study that performed metabolome finger-
printing of fresh stool samples, SLE patients were
effectively distinguished from matched healthy subjects
(19). Colonization with segmented filamentous bacteria
has previously been found to enhance interleukin-17
(IL-17) receptor signaling (20). A survey of 16S ribosom-
al RNA genes showed that body mass index (BMI)
has an effect on SLE at the level of the metabolite
landscape, but not at the level of microbial composi-
tion. Moreover, the depletion of N-acetyl-muramic acid
and N-acetyl-glucosamine, which are peptidoglycans of
the bacterial cell wall, is a distinguishing feature in
patients with SLE. Of note, N-acetyl-muramic acid is
an inducer of inflammatory arthritis (21). Accumulation
of plant-derived shikimate-3-phosphate and its respon-
siveness to N-acetyl-cysteine (NAC) may be attributed
to distortions in the activity of the PPP in SLE (22).

Disease-specific changes to the immunometabolism

Genetic and environmental factors influence the
immunometabolism in a disease-specific manner. Dif-
ferences among autoimmune syndromes are reflected
by preferential involvement of cell types that mediate
organ-specific proinflammatory changes, such as fibro-
blasts in scleroderma skin and fibroblast-like synovio-
cytes (FLS) in RA joints. Conspicuously, T cells in SLE
patients and T cells in RA patients show opposite
changes in redox signaling, as discussed in detail below
and depicted in Figure 3.

SLE. Role of oxidative stress as a central pathway of
lupus pathogenesis. Compartmentalized oxidative stress is
a prominent feature of metabolic changes in SLE (23). As
recently unveiled, oxidative stress underlies the interferon
(IFN) signature via the stimulation of MAVS protein

Figure 3. Contrasting influence of oxidative stress between systemic
lupus erythematosus (SLE) and rheumatoid arthritis (RA) in terms of
pentose phosphate pathway activity, depletion of glutathione (GSH)
and NADPH, and generation of pathogenic antinuclear antibodies
(ANAs) and antiphospholipid autoantibodies (aPL). Peptidylarginine
deiminase (PAD) converts arginine to citrulline and triggers immuno-
genicity of self antigens and production of anti–citrullinated peptide
antibodies (ACPAs) in patients with RA. DN = double-negative.
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oligomerization in SLE (18). Mitochondrial reactive oxy-
gen species are generated by electron transfer to molecu-
lar oxygen at complex I of the ETC (Figure 1). Oxidative
stress may also be triggered by environmental factors, e.g.,
UV light, drugs, viruses, and bacteria. Oxidized mitochon-
drial DNA initiates the IFN signature via netosis (24).
Paradoxically, NADPH production by the PPP is required
for NADPH oxidase activity in neutrophils (25), indicating
that glucose metabolism contributes to netosis. Expansion
of necrosis-prone double-negative (DN) T cells promotes
inflammation, a process that has been attributed to the
release of the proinflammatory cytokines IL-4 (26) and
IL-17 (27) and oxidized DNA and proteins (28). Alter-
natively, an inability to generate oxidative stress in
phagocytic cells due to mutations of NADPH oxidase
contributes to the development of discoid lupus (29).
Presumably, the persistence of bacterial DNA and their
CpG motifs triggers inflammation in these patients (30).

Balance of oxidative stress maintained by PPP and
GSH metabolism. A key feature of oxidative stress is the
depletion of GSH and cysteine, which is detectable in the
lymphocytes of SLE patients (6). Comprehensive metabo-
lome studies all point to the depletion of cysteine (22),
which is a molecular target and rationale for the use of
NAC for the treatment of SLE (31). Although the loss of
GSH suggests that it has a causative role in oxidative
stress, the underlying metabolic pathways remain incom-
pletely characterized. GSH depletion occurs subsequent
to a loss of NADPH and the accumulation of 3-carbon to
7-carbon sugars in SLE (22), indicating that glucose uti-
lization in the PPP is diminished or inefficient. In CD4+ T
cells, increased glycolysis may siphon glucose-6-phosphate
(G6P) away from the PPP and limit the production of
NADPH (32) (Figure 1). G6P is metabolized by G6P
dehydrogenase (G6PD) to generate NADPH in the
oxidative branch of the PPP. In a subsequent enzymatic
reaction, 6-phosphogluconate dehydrogenase also gener-
ates NADPH as well as R5P, an essential substrate for
nucleotide biosynthesis and cell proliferation (Figure 1).
Increased metabolic flux through the nonoxidative branch
of the PPP is supported by enhanced expression and enzy-
matic activity of TAL (2,33). The accumulation of sedo-
heptulose-7-phosphate, a unique substrate of TAL (2,34),
is also consistent with involvement of this PPP enzyme.

Kynurenine was found to be a top metabolic indica-
tor of SLE, when assessed relative to that in matched
healthy donors (22,35). Importantly, the accumulation of
kynurenine may stem from the depletion of NADPH,
which is a cofactor of kynurenine hydroxylase (36). This
mechanism is compatible with previous observations of the
concurrent reversal of NADPH depletion and kynurenine
accumulation in patients treated with NAC (22). Similar

to branched amino acids (valine, leucine, and isoleucine)
(37), kynurenine also stimulates mTOR complex 1
(mTORC1) (22). Thus, the NAC-responsive accumulation
of kynurenine is a biomarker of oxidative stress and a
metabolic trigger of mTORC1 activation in SLE (22).

Activation of the mTOR pathway elicited by oxida-
tive stress. Oxidative stress has been implicated in abnor-
mal sphingolipid production, a biomarker of lupus
nephritis (38). The sphingosine-1-phosphate (S1P) recep-
tor (S1PR) pathway involves mTORC1, acting to pro-
mote the development of Th1 cells over Treg cells (39)
(Figure 1). Accordingly, sphingosine kinase and S1PR-
mediated signaling have been targeted for the treatment
of autoimmunity in patients with multiple sclerosis, those
with lupus, those with RA, and those with inflammatory
bowel disease (Table 2; specific source citations are listed
in Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40223/abstract).

Contribution of oxidative stress to the immuno-
genicity of autoantigens.Oxidative stress triggers the immuno-
genicity of phospholipid antigens (40). As a model of
oxidative stress–induced production of antiphospholipid
antibodies (aPL), mice deficient in the PPP enzyme TAL
display oxidative stress in the liver, which is attributed to
mTORC1-dependent expression of NADH:ubiquinone
oxidoreductase core subunit S3 (NDUFS3), a pro-oxi-
dant subunit of ETC complex I. Notably, rapamycin
selectively blocks NDUFS3 expression and aPL produc-
tion in both TAL-deficient and lupus-prone mice. The
PON1 gene is secreted by the liver into the bloodstream,
where it degrades oxidized phospholipids. PON1 is
depleted in the serum of TAL-deficient mice, as well as
in the serum of patients with the antiphospholipid syn-
drome (APS) (41) and patients with SLE (42). There-
fore, PON1 may be a transmitter of metabolic liver
disease that instigates APS (43).

Dysregulated autophagy underlying oxidative stress.
During increased demand for or short supply of nutrients,
cells turn to alternative resources, such as degradation of
dispensable organelles via autophagy. Given that en-
hanced autophagy involves an increase in endosome traffic
and elevated expression of Rab4A, the resulting depletion
of dynamin-related protein 1 facilitates cell survival by
retention of oxidative stress–generating mitochondria
(44,45). In addition to oxidative stress, cell traffic to the
lysosomal membrane and sensing of amino acid suffi-
ciency account for the activation of mTORC1 (7).
Whereas mTORC1 is activated (31,33), mTORC2 is
reduced in patients with SLE (46) (Figure 1).

The involvement of mTOR in lupus pathogene-
sis is further supported by the therapeutic blockade of
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T cell hyperactivity and nephritis by rapamycin both in
mice and in patients with lupus (Table 2 and Supple-
mentary Table 2). The contraction of proinflamma-
tory, necrosis-prone DN T cells and expansion of Treg
cells have each been proposed as mechanisms of action
for rapamycin (26). Oxidative stress apparently lies
upstream of mTORC1 activation in T cells, since NAC
has similar immunologic effects (31). Activation of
AMP-dependent protein kinase (AMPK), which inhibits
mTORC1, has been shown to have clinical benefit in
mouse models of lupus (32). Moreover, mTORC1 is
activated in B cells (47) and promotes plasma cell
development in lupus-prone mice (48). Thus, similar to
that observed in T cells (33,44), mTORC1 activity and
autophagy are also enhanced in lupus B cells (48,49).

RA. Unlike in SLE (32), CD4+ T cells in RA
exhibit diminished glycolytic activity (50), thus rendering
them more inclined to utilize the PPP for production of
NADPH (8). CD4+ Tcells in patients with RA also show
diminished autophagy without changes in mTOR activity
(50). In contrast to the above-mentioned elevations in
NADPH levels, GSH is diminished in the peripheral
blood (51) as well as synovial Tcells (52) of patients with
RA. Whereas cysteine production is reduced, cystine and
homocysteine levels are elevated in the sera of RA
patients (53), reflective of the effects of oxidative stress
in RA. These findings suggest that oxidative stress is
compartmentalized and there is a discordance between
the NADPH and GSH pools in RA Tcells (Figure 3). In

contrast to the findings in SLE, peripheral blood RA T
cells do not exhibit MHP (6) and do not have increased
mitochondrial ETC activity (54).

The concept of increased glycolysis occurring in
RA is supported by observations of the accumulation of
lactate in RA joints (55). Combined studies of metabolic
flux and genetic factors in RA FLS unveiled evidence of
synovial hypoxia with mitochondrial dysfunction and a
switch to glycolysis. These findings apparently support
the typical RA characteristics of abnormal angiogenesis,
cellular invasion, and pannus formation. Importantly,
such metabolic changes were found to be correlated
with the extent of inflammation, as detected by hybrid
positron emission tomography/magnetic resonance imag-
ing (56). Although T cells do not show mTOR activa-
tion, monocytes and FLS do, and therefore these cells
have served as targets for therapeutic intervention with
rapamycin in animal models and in patients with RA
and those with juvenile RA (Table 2 and Supplementary
Table 2). In particular, rapamycin blocks the invasiveness
of FLS in RA patients (57). Deficiency of indoleamine
2,3-dioxygenase, which catabolizes tryptophan into
kynurenine, has been implicated in the pathogenesis of
RA and its animal model, type II collagen–induced
arthritis (CIA) (Table 3; specific source citations are
listed in Supplementary Table 3, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40223/abstract). Changes in the levels
of tryptophan and kynurenine have also been shown in

Table 2. Pharmacologic targeting of metabolic pathways in the rheumatic diseases*

Drug Mechanism of action Molecular target Disease

Methotrexate Purine metabolism DHFR RA, PsA
Azathioprine Guanine metabolism TPMT/PRT RA
Mycophenolate Guanine synthesis IMPDH SLE
Leflunomide Pyrimidine metabolism DHODH RA
Apremilast PKA PDE4 PsA
Hydroxychloroquine Autophagy Lysosomal ATPase RA, SLE, PsA
Corticosteroid Glycolysis, autophagy GCR SLE, RA, PsA
Rapamycin Autophagy mTORC1 SLE, lupus nephritis, SSc,

RA/JRA, SS
Everolimus Autophagy mTORC1 PH
OSI-027 ATP-competitive mTORC1/mTORC2 SSc, RA
NAC Antioxidant GSH SLE, RA/CIA, SS, ILD
Metformin Antioxidant ETC complex I SLE, CIA
Fingolimod Receptor modulator S1P receptor SLE, RA, MS, IBD
DHS1P S1P antagonist PTEN SSc
PAT-048 Autotaxin inhibitor LPA synthesis SSc

* Literature references are listed in Supplementary Table 1 (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40223/abstract). DHFR = dihydrofolate reductase; RA = rheumatoid
arthritis; PsA = psoriatic arthritis; TPMT/PRT = thiopurine methyltransferase/phosphoribosyltransferase; IMPDH =
inosine monophosphate dehydrogenase; SLE = systemic lupus erythematosus; DHODH = dihydroorotate dehydro-
genase; PKA = protein kinase A; PDE4 = phosphodiesterase 4; GCR = glucocorticoid receptor; mTORC1 = mech-
anistic target of rapamycin complex 1; SSc = systemic sclerosis; JRA = juvenile RA; SS = Sj€ogren’s syndrome; PH =
pulmonary hypertension; GSH = glutathione; ILD = interstitial lung disease; ETC = electron transport chain;
CIA = type II collagen–induced arthritis; S1P = sphingosine-1-phosphate; MS = multiple sclerosis; IBD = inflamma-
tory bowel disease; LPA = lysophosphatidic acid.
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the sera and synovial fluid of patients with RA and
patients with ankylosing spondylitis (AS) (Table 3 and
Supplementary Table 3).

Other rheumatic diseases. In patients with AS, in
addition to the role of HLA–B27, GWAS studies have impli-
cated endoplasmic reticulum aminopeptidases (ERAPs)
in disease pathogenesis. ERAPs process peptides for presen-
tation by major histocompatibility complex class I (58). Pro-
tective variants confer reduced enzymatic activity.
Interactions between ERAP-1 and HLA–B27 affect peptide
handling during antigen presentation (59). Activation of the
insulin-like growth factor 1 receptor in Tcells from patients
with AS has been shown to stimulate the phosphatidylinosi-
tol 3-kinase (PI3K)–Akt–mTOR axis (60). Thus, mTOR
activation and enhanced autophagy may interact to shape
the development of proinflammatory Tcells in patients with
AS (Figure 1).

Activation of mTORC1 drives the expansion of
Th17 cells, which orchestrates the emergence of inflamma-
tion in the skin and joints of patients with PsA (61).
GWAS studies have linked Raptor, a component of
mTORC1, to psoriasis (62). Moreover, the activation of
mTORC1 is supported by evidence of increased phosphor-
ylation of mTOR and S6 kinase in psoriatic skin lesions
(63). The activation of mTORC1 may result from
increased expression of programmed death 1 (PD-1) in T
cells of patients with PsA (64). Up to 40% of PD-1 anti-
body–treated patients with cancer developed a skin disease
resembling psoriasis (65). Such an impact of PD-1 block-
ade involves mitochondrial oxidative stress–dependent
mTORC1 activation (66), indicating that the outcome of
PD-1 signaling in terms of its effects on the mTOR

pathway may be specific to cell type. Therefore, a combi-
nation treatment regimen involving anti–PD-1 in conjunc-
tion with NAC or rapamycin may offer clinical benefit.

Genetic factors and metabolic pathways that regu-
late oxidative stress have been linked to scleroderma and
progressive systemic sclerosis (67,68). Oxidative stress is a
trigger of transforming growth factor b (TGFb) (69), which
plays a central role in the activation and production of col-
lagen by fibroblasts in the skin and parenchymal organs
(70). In response to TGFb, mTORC1 activity appears
essential to sustain the proliferation of fibroblasts (71).
Expectedly, rapamycin blocks the TGFb-induced prolifera-
tion of fibroblasts (72) and production of type I collagen
(73). In accordance with the concept of a pathogenic role
of oxidative stress, intravenous NAC may have clinical effi-
cacy in scleroderma patients with Raynaud’s phenomenon
(74) and those with interstitial lung disease (75).

Metabolic targets of treatment in rheumatic diseases

Glucocorticoids have revolutionized the treat-
ment of patients with arthritis and other inflammatory
diseases since the mid-20th century (76). They bind to
the glucocorticoid receptor and regulate transcription of
genes involved in metabolism (77). The efficacy of gluco-
corticoids has been linked to inhibition of glycolysis (78),
while the stimulation of autophagy (79) and mTOR
activity (80) are mechanisms that have been identified as
underlying the resistance to glucocorticoids.

Most conventional disease-modifying antirheu-
matic drugs (DMARDs), including methotrexate, myco-
phenolate mofetil, and leflunomide, target purine or

Table 3. Nutraceutical targeting of metabolic pathways in the rheumatic diseases*

Nutrient Mechanism of action Disease or model Outcome

Extra-virgin olive oil Antioxidant Pristane nephritis Protection
Acidic drinking water Microbiome shift SNF1 lupus Protection
Polyunsaturated fatty acid CD4+ T cells (NZB 9 NZW)F1 lupus Protection
Fish oil IL-1, IL-6, TNF (NZB 9 NZW)F1 lupus Protection
Apo A-I mimetic L-4F aPL ApoE–/CD95– lupus Protection
Taurine Antioxidant (NZB 9 NZW)F1 hepatitis Protection
Indole-3-carbinol Antioxidant (NZB 9 NZW)F1 lupus Protection
Triterpenoid Antioxidant/mTOR MRL/lpr nephritis Protection
Omega-3 fatty acid TNF blockade CIA Protection
Curcumin BAFF CIA Protection
Fructo-oligosaccharides Microbiota Colitis/HLA–B27 Protection
Weight gain Oxidative stress MRL/lpr nephritis Exacerbation
High-fat diet Apo E Lupus-like nephritis Exacerbation
High-fat diet LDL receptor Lupus-like nephritis Exacerbation
High-fat diet TLR-4 CIA Exacerbation

* Literature references are listed in Supplementary Table 2 (available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40223/abstract). IL-1 = interleukin-1; TNF = tumor
necrosis factor; Apo A-I = apolipoprotein A-I; aPL = antiphospholipid antibodies; mTOR = mechanistic
target of rapamycin; CIA = type II collagen–induced arthritis; LDL = low-density lipoprotein; TLR-4 =
Toll-like receptor 4.

2266 PERL

http://onlinelibrary.wiley.com/doi/10.1002/art.40223/abstract


pyrimidine nucleotide metabolism (Table 2 and Supple-
mentary Table 2). The newly introduced DMARD apremi-
last also targets purine metabolism, since it increases
cAMP levels and cAMP-dependent protein kinase A activ-
ity (Table 2 and Supplementary Table 2). Although hydrox-
ychloroquine has long been used as a DMARD, its
mechanism of action is newly attributed to blockade of
autophagy through the inhibition of lysosomal acidification
(81) (Figure 1). Surprisingly, the autophagy inducer rapa-
mycin and other rapalogs are also beneficial in autoim-
mune diseases (7). Inhibitors of PI3K or AKT and
activators of AMPK, which act upstream of mTORC1, are
also being tested for efficacy in autoimmunity (Table 2 and
Supplementary Table 2). However, unlike rapamycin, the
AMPK activator metformin has not reduced the severity of
nephritis in lupus-prone mice, except when this treatment
was combined with 2-deoxyglucose (2DG), which blocks
glycolysis (32).

The therapeutic use of NAC in SLE has been sup-
ported by its effects on oxidative stress and the depletion
of GSH in T cells (6) as well as by the depletion of
cysteine in both the lymphocytes and plasma of patients
with SLE (22,35). DHS1P and fingolimod block S1P
signaling and the downstream activation of mTORC1
(Table 2 and Supplementary Table 2). Based on their
synergistic mechanism of action, rapamycin, NAC, fin-
golimod, and metformin may be combined for the block-
ade of mTORC1 activity at multiple levels (Figure 1).
Future clinical trials should be directed at rigorously test-
ing such combination treatments in order to maximize
the therapeutic benefit, rather than relying on the clinical
efficacy of single medications that target distinct meta-
bolic pathways either sensed or impacted by mTOR.

Effect of nutrients on autoimmune rheumatic diseases

In addition to conventional drugs, diet and nutra-
ceuticals may influence autoimmunity. Studies both in
humans and in animals have shown that a high-calorie
and high-fat diet predispose individuals to the develop-
ment of RA and lupus and its serious comorbidities,
glomerulonephritis and atherosclerosis (Table 3 and Sup-
plementary Table 3). However, subsets of lipids, e.g., fish
oil, extra-virgin olive oil, and terpenoids, have antioxidant
properties and reduce the severity of nephritis in patients
with SLE (Table 3 and Supplementary Table 3). Along
these lines, calorie intake and the composition of dietary
lipids can affect the levels of adipokines, oxidative stress,
and disease activity in patients with RA (Table 3 and Sup-
plementary Table 3). A predisposition to multiple autoim-
mune diseases in patients with celiac disease, which is

characterized by sensitivity to the wheat protein gluten, is
attributed to multiple genetic factors, although secondary
deficiency of nutrients may also be a contributing factor
(82). The lysosomal receptor SLC15A4, which transports
histidine, has been genetically linked to lupus via the
mTOR pathway–mediated activation of B cells and den-
dritic cells (Table 1 and Supplementary Table 1). Among
the amino acids, kynurenine is a natural ligand of the
aryl hydrocarbon receptor (AhR) (83). Activation of
mTORC1 by kynurenine (22) is consistent with the con-
cept of a regulatory cross-talk occurring between the
AhR and mTOR pathways (84). Whereas the levels of
kynurenine and its precursor, tryptophan, are increased,
the levels of cysteine, histidine, glutamine, and glutamate
are depleted in patients with SLE (22,35). Thus, designer
diets with a predetermined composition and concentra-
tion of amino acids may represent a new avenue in
patients with SLE and other rheumatic diseases.

Unmet needs and future directions

For the future, the large number of unidentified
metabolites and mapping of their origin from nutrients,
host cell metabolism, or microbiota represent significant
instrumental, data-handling, and theoretical challenges.
While rheumatic disease susceptibility genes regulate meta-
bolic pathways in a cell type–specific manner (Table 1 and
Supplementary Table 1), metabolites themselves also exert
control over gene expression through epigenetic mecha-
nisms (85). Moreover, commonly used and clinically effec-
tive DMARDs, such as methotrexate, and medications that
target metabolic diseases, such as metformin (Table 2 and
Supplementary Table 2), affect the immune system in intri-
cate ways, dictated by various genetic, nutrient, and envi-
ronmental factors (Figure 1). Taking into account such
levels of complexity represents a significant unmet need of
clinical trial design, since the chosen end points should
inform about efficacy and predict responders and nonre-
sponders. Focused efforts should further delineate the
metabolites that control the skewing toward a proinflam-
matory lineage, as these metabolites represent biomarkers
of pathogenesis and targets for treatment. Given that
checkpoint blockade with anti–PD-1 involves mitochon-
drial oxidative stress–dependent mTORC1 activation (66),
a combination treatment regimen with NAC or rapamycin
may offer clinical benefit by averting iatrogenic autoimmu-
nity in patients with cancer. Importantly, the use of
nutraceuticals in combination with biologic agents that tar-
get pathways of pathogenesis could also eliminate or
reduce the unwanted side effects of traditional immuno-
suppressants.
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Conclusions

Metabolic pathways regulate the development of
the immune system, including lineage specification and
cell proliferation and survival, which occurs in a cell type–
specific manner in response to cues from growth factors,
hormones, cytokines, deprivation or overload of nutrients,
and microbiota. This review has mechanistically con-
nected the specific metabolites and their receptors that
have been genetically linked to disease susceptibility with
nutrient-dependent immune system activation. The meta-
bolites identified include those that regulate lineage speci-
fication within the adaptive and innate immune systems
during the pathogenesis of common and potentially fatal
autoimmune rheumatic diseases.

Rapidly proliferating proinflammatory T cells
and B cells and macrophages generally favor glycolysis
over fatty acid oxidation for ATP generation. Mito-
chondrial ATP production is reduced in patients with
SLE (6), a process that has been attributed to blocked
ETC activity, GSH depletion, and oxidative stress (54).
There is a clear contrast in glucose utilization and
redox signaling in T cells between patients with SLE
and patients with RA. Whereas patients with SLE exhi-
bit increased metabolism of glucose through glycolysis
and the PPP, glucose is preferentially metabolized by
the PPP in RA T cells, which exhibit greater NADPH
production due to the activation of G6PD (7). Based
on the efficacy of blockade of glycolysis by 2DG in
mice (1) and the enhancement of NADPH by NAC
(8), an approach that has shown remarkable clinical
efficacy in patients with SLE (9,10), an increased flux
of glucose through the PPP appears to be a desirable
outcome in lupus (Figures 1 and 3). Thus, SLE patients
(9) and mice with lupus benefit from treatment with
antioxidants (1), whereas RA patients and mice with
CIA apparently do not experience such a clinical bene-
fit (7). Unlike in RA (11), oxidative stress–induced
mTOR activation contributes to autoimmunity in lupus,
psoriasis, PsA, AS, and rheumatic diseases in cancer
patients treated with checkpoint inhibitors (12). Impor-
tantly, mTOR activation also underlies glucocorticoid
resistance (6). Therefore, these considerations warrant
an integrated genetics- and metabolome-based systems
biology approach toward understanding the pathogene-
sis and development of personalized treatments in the
autoimmune rheumatic diseases.
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Objective. To develop and validate new classifi-
cation criteria for adult and juvenile idiopathic inflam-
matory myopathies (IIM) and their major subgroups.

Methods. Candidate variables were assembled
from published criteria and expert opinion using con-
sensus methodology. Data were collected from 47
rheumatology, dermatology, neurology, and pediatric
clinics worldwide. Several statistical methods were uti-
lized to derive the classification criteria.

Results. Based on data from 976 IIM patients
(74% adults; 26% children) and 624 non-IIM patients
with mimicking conditions (82% adults; 18% children),
new criteria were derived. Each item is assigned a
weighted score. The total score corresponds to a proba-
bility of having IIM. Subclassification is performed using
a classification tree. A probability cutoff of 55%, corre-
sponding to a score of 5.5 (6.7 with muscle biopsy) “prob-
able IIM,” had best sensitivity/specificity (87%/82%
without biopsies, 93%/88% with biopsies) and is recom-
mended as a minimum to classify a patient as having
IIM. A probability of ≥90%, corresponding to a score of
≥7.5 (≥8.7 with muscle biopsy), corresponds to “definite
IIM.” A probability of <50%, corresponding to a score of
<5.3 (<6.5 with muscle biopsy), rules out IIM, leaving a
probability of ≥50–<55% as “possible IIM.”

Conclusion. The European League Against Rheu-
matism/American College of Rheumatology (EULAR/
ACR) classification criteria for IIM have been endorsed
by international rheumatology, dermatology, neurology,
and pediatric groups. They employ easily accessible and
operationally defined elements, and have been partially
validated. They allow classification of “definite,”

“probable,” and “possible” IIM, in addition to the major
subgroups of IIM, including juvenile IIM. They generally
perform better than existing criteria.

Introduction

Idiopathic inflammatory myopathies (IIMs), col-
lectively known as myositis, are heterogeneous disor-
ders characterized by muscle weakness and muscle
inflammation (1). The most common subgroups in
adults are dermatomyositis (DM), polymyositis (PM),
and inclusion body myositis (IBM) (2), and in children,
juvenile DM (JDM).

The International Myositis Assessment and Clini-
cal Studies group (IMACS) has developed consensus on
outcome measures and definitions of improvement to be
used in clinical trials for myositis (3,4). A prerequisite
for clinical trials and other clinical studies is the inclusion
of well-defined patient groups. A wide variety of diag-
nostic or classification criteria for myositis are used
(2,5–16), but are generally derived empirically and not
validated. The criteria of Bohan and Peter (7,8) are most
widely used, but have limitations. Because they do not
clearly specify how to exclude other forms of myopathy,
they may misclassify IBM patients as having PM
(13,17–19), and muscular dystrophies with inflammation
as myositis, and each criterion is not defined explicitly.
New discoveries in the last decade, such as myositis-spe-
cific autoantibodies, that are associated with distinct clin-
ical phenotypes (2,20–22), may provide opportunities to
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improve the precision of classification, but have not been
tested adequately (11,23).

The aim of this project was to develop classifica-
tion criteria for adult and juvenile IIM. The specific goal
was to define the minimum essential, easily available clini-
cal and laboratory features to 1) distinguish IIM from
mimicking conditions with high sensitivity and specificity,
and 2) distinguish the major subgroups of IIM.

Methods

Study design. The International Myositis Classifica-
tion Criteria Project (IMCCP), an international collaboration
with experts from adult and pediatric rheumatology, neurol-
ogy, dermatology, epidemiology, and biostatistics, was estab-
lished in 2004 and followed at our best the European League
Against Rheumatism (EULAR) and American College of
Rheumatology (ACR) recommendations for development of
classification criteria from that time or published soon there-
after (24,25). A steering committee and a larger working
committee with experts in IIM were formed (see Supplemen-
tary Table 1 and Supplementary Appendix, available online
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40320/abstract).

Using the nominal group technique, experts in IIM
from the steering committee and the working committee (26–
29) designed the study and validation experiments, assembled
and defined candidate criteria from published myositis criteria
(2,5–16) and other characteristics of myositis, and determined
and assembled the IIM subgroup diagnoses and comparator
conditions that were studied. A pilot study to assess the practi-
cality of capturing the items showed a fair agreement of data
availability from IIM and non-IIM cases (Supplementary
Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.40320/
abstract). Input was obtained from myositis experts, by email
to the IMACS network, and requesting comments on the
items, to maximize face and content validity (24,25). The steer-
ing committee revised the list of variables based on the com-
ments and further suggestions from the IMACS network, and
93 variables (Supplementary Table 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.40320/abstract) were selected by the steer-
ing committee for study in cases and comparators. A glossary
and definitions were developed according to an ACR glossary
(30,31) (Supplementary Table 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.40320/abstract). Data were abstracted from pa-
tients’ records and entered into a web-based database.

Inclusion criteria for cases and comparators were 1)
diagnosis for at least 6 months prior to study inclusion; 2)
physician certainty of diagnosis—either known IIM or, as
comparators, known non-IIM cases where myositis was con-
sidered in the initial differential diagnosis; and 3) patients
with the most recent and complete data were prioritized to
acquire the most complete data in a consistent manner. A
maximum of 40 cases and an equal number of comparators
were collected from each center.

The study was approved by the ethics committees at
each site.

Data analysis and candidate criteria selection. The
association of each variable with the diagnosis (IIM, non-IIM)
was assessed by odds ratios and tested with the Fisher’s exact

test. The treating physician diagnosis was considered the gold
standard for analysis. Three classification techniques were
explored: 1) a sum-of-items model in which a patient was clas-
sified as a case if the patient had a specified number of items
from a set of item; 2) a probability-score model; and 3) a clas-
sification tree. The ensuing candidate criteria were examined
with respect to statistical performance and clinical relevance.
Due to the observed superior discriminating performance of
the probability-score model, the other models were set aside.

Criteria development. The probability-score model
summed score points associated with the signs and symptoms
present. The score points were obtained as coefficients of a
logistic regression model used to combine multiple variables
for predicting IIM. The statistical significance of the resulting
increase in the goodness-of-fit of the model was assessed using
the Wald test. The improvement in predictive ability was mea-
sured by the increment in specificity and sensitivity and summa-
rized by the area under the receiver operating characteristic
curve (AUC).

Pediatric experts are using fewer muscle biopsies for
classification of JDM in clinical practice than adult rheuma-
tologists. Thus, a second model not including biopsy variables
was developed. Assessment of statistical performance for each
score/probability cutoff value provided the basis for a recom-
mendation of a cutoff value for IIM classification by the
steering committee. The proposed cutoffs were then defined
as possible, probable, and definite IIM. To facilitate use of
the new criteria, a web-based calculator for the probability-
score model was developed.

The new classification criteria were compared with
previous IIM criteria. Their statistical performance, and num-
ber of patients per IIM subdiagnosis classified as IIM by the
different criteria sets, were calculated.

To distinguish subgroups of patients classified with
IIM according to the new criteria, a classification tree was
developed. The tree was based on the variables in the new
classification criteria, statistical analyses as described in a sep-
arate methodology paper, and on expert opinion.

Validation. The new criteria were internally cross-vali-
dated. Samples of equal size to the original sample were drawn
from the entire population at random with replacement, so-
called “bootstrap” samples (32). The bootstrap sample repre-
sented the training sample, and the remaining subjects not
contained in the bootstrap sample constituted the validation
sample. The probability score was applied to each bootstrap
training sample separately and then utilized to predict IIM in
the validation sample. The procedure was repeated in over
200 bootstrap samples, and the average AUC was calculated.

The performance of the new criteria for IIM including
the subgroups was tested for sensitivity in 2 independent
cohorts, the Euromyositis Register (https://euromyositis.eu/)
and the Juvenile Dermatomyositis Cohort Biomarker Study
and Repository (JDRG) (UK and Ireland) (https://www.
juveniledermatomyositis.org.uk/).

The program Stata V.13 (StataCorp) was used for
data management and statistical analyses. The statistical pro-
gram R (R Core Team [2014]. R: a language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL http://www.R-project.org/)
was used for some analyses.

A report detailing the methodology will be submitted
as a separate publication (manuscript submitted).

CLASSIFICATION CRITERIA FOR ADULT AND JUVENILE IIM 2273

http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract
https://euromyositis.eu/
https://www.juveniledermatomyositis.org.uk/
https://www.juveniledermatomyositis.org.uk/
http://www.R-project.org/


Results

Study population. Data from 976 IIM patients
(74.5% adults; 25.5% children) (Table 1) were collected
between 2008 and 2011 from 23 European, 17 North
American, 1 South American, and 6 Asian sites, repre-
senting IIM subgroups of JDM (n = 248), PM (n = 245),
DM (n = 239), IBM (n = 176), amyopathic DM (ADM)
(n = 44), hypomyopathic DM (n = 12), immune-mediated
necrotizing myopathy (IMNM) (n = 11), and juvenile PM
(n = 1). A total of 624 comparators (81.6% adults; 18.4%
children) (Table 1) representing a broad spectrum of con-
ditions that can mimic IIM were included, comprising sys-
temic inflammatory diseases (36.5%), muscle dystrophies
(16.0%), drug-associated or toxin-associated myopathies
(7.9%), motor neuron diseases/neuropathies (7.7%), me-
tabolic myopathies (6.9%), myalgias (4.5%), dermatologic
diseases (3.7%), endocrine myopathies (3.7%), infectious
myopathies (4.5%), mitochondrial myopathies (2.4%),
neuromuscular diseases (2.6%), other myopathies (1.9%),
immune-mediated skin conditions (0.5%), as well as other
diagnoses (1.3%) (see Supplementary Tables 5 and 6,
available online on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40320/
abstract).

Candidate criteria selection and criteria develop-
ment. Based on statistical models, 16 variables from 6
categories best distinguished IIM cases from compara-
tors (Table 2), and each variable was assigned a weight
(score) based on its influence to discriminate IIM from
non-IIM. A total score was computed by adding score
points corresponding to each criterion being present.
The score can be converted into a probability of IIM
(Figures A and B), by:

Probability of IIM including muscle biopsy ¼
1=½1þ exponential ð5:33 � scoreÞ�

Probability of IIM without muscle biopsy ¼
1=½1þ exponential ð6:49 � scoreÞ�

or by using the online web calculator (www.imm.ki.se/bio
statistics/calculators/iim). Sensitivity and specificity for
varying probability cutoffs are shown in Figures 1C and D.

Cutpoints for classification. The best balance
between sensitivity and specificity was found for a prob-
ability of 55–60% for the criteria not including muscle
biopsy data, and 55–75% when including muscle biop-
sies, or a total aggregated score of score of ≥5.5 and ≤5.7
(≥6.7 and ≤7.6 if biopsy is available).

Table 1. Demographic data of the International Myositis Classification Criteria Project cohort*

IIM
(n = 976)

Comparators
(n = 624)

Sex, no. (%)
Female 652 (66.8) 369 (59.1)
Male 324 (33.2) 255 (40.9)

Adult onset disease, no. (%)† 727 (74.5) 509 (81.6)
Childhood onset disease, no. (%)† 249 (25.5) 115 (18.4)
Age at onset of symptoms, median (IQR) years 44.0 (14.7–57.0) 41.0 (20.0–56.0)
Age at diagnosis, median (IQR) years 45.5 (16.2–59.3) 45.0 (25.8–58.0)
Disease duration from time of first symptom, median (IQR) years‡ 4.0 (2.0–8.0) 4.0 (1.0–9.0)
Disease duration from time of diagnosis, median (IQR) years§ 3.0 (1.0–6.0) 1.8 (0.0–4.5)
Ethnicity, no. (%)
Caucasian 611 (62.6) 360 (57.7)
Asian 177 (18.1) 156 (25.0)
Hispanic 51 (5.2) 25 (4.0)
African 40 (4.1) 28 (4.5)
Native American 18 (1.8) 4 (0.6)
Pacific Islander 3 (0.3) 1 (0.2)
Mixed 37 (3.8) 22 (3.5)
Unknown 54 (5.5) 32 (5.1)

Disease onset, no. (%)¶
Acute (days to 2 weeks) 45 (4.6) 64 (10.3)
Subacute (>2 weeks to ≤2 months) 237 (24.3) 88 (14.1)
Insidious (>2 months to years) 648 (66.4) 444 (71.2)
NA 46 (4.7) 28 (4.5)

* IIM = idiopathic inflammatory myopathies; IQR = interquartile range; NA = information not available.
† Onset of first symptoms assumed to be related to the disease.
‡ Time from first symptom to last clinical evaluation.
§ Time from diagnosis to last clinical evaluation.
¶ Onset and progression of the first symptoms of the syndrome to the full disease presentation.
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Table 2. The European League Against Rheumatism/American College of Rheumatology (EULAR/ACR) classification criteria for adult
and juvenile idiopathic inflammatory myopathies (IIMs)

When no better explanation for the symptoms and signs exists, these classification criteria can be used

Variable

Score points

Definition

Without
muscle
biopsy

With
muscle
biopsy

Age of onset
Age of onset of first symptom assumed to be related
to the disease ≥18 years and <40 years

1.3 1.5 18 ≤ age (years) at onset of first symptom assumed to be
related to the disease <40

Age of onset of first symptom assumed to be related
to the disease ≥40 years

2.1 2.2 Age (years) at onset of first symptom assumed to be
related to the disease ≥40

Muscle weakness
Objective symmetric weakness, usually progressive, of
the proximal upper extremities

0.7 0.7 Weakness of proximal upper extremities as defined by
manual muscle testing or other objective strength
testing, which is present on both sides and is usually
progressive over time

Objective symmetric weakness, usually progressive, of
the proximal lower extremities

0.8 0.5 Weakness of proximal lower extremities as defined by
manual muscle testing or other objective strength
testing, which is present on both sides and is usually
progressive over time

Neck flexors are relatively weaker than neck extensors 1.9 1.6 Muscle grades for neck flexors are relatively lower than
neck extensors as defined by manual muscle
testing or other objective strength testing

In the legs, proximal muscles are relatively weaker
than distal muscles

0.9 1.2 Muscle grades for proximal muscles in the legs are
relatively lower than distal muscles in the legs as
defined by manual muscle testing or other
objective strength testing

Skin manifestations
Heliotrope rash 3.1 3.2 Purple, lilac-colored, or erythematous patches over the

eyelids or in a periorbital distribution, often
associated with periorbital edema

Gottron’s papules 2.1 2.7 Erythematous to violaceous papules over the extensor
surfaces of joints, which are sometimes scaly. May
occur over the finger joints, elbows, knees,
malleoli, and toes

Gottron’s sign 3.3 3.7 Erythematous to violaceous macules over the extensor
surfaces of joints, which are not palpable

Other clinical manifestations
Dysphagia or esophageal dysmotility 0.7 0.6 Difficulty in swallowing or objective evidence of

abnormal motility of the esophagus
Laboratory measurements
Anti–Jo-1 (anti–histidyl–transfer RNA synthetase)
autoantibody present

3.9 3.8 Autoantibody testing in serum performed with
standardized and validated test, showing positive
result

Elevated serum levels of creatine kinase (CK)* or
lactate dehydrogenase (LDH)* or aspartate
aminotransferase (ASAT/AST/SGOT)* or alanine
aminotransferase (ALAT/ALT/SGPT)*

1.3 1.4 The most abnormal test values during the disease course
(highest absolute level of enzyme) above the
relevant upper limit of normal

Muscle biopsy features—presence of:
Endomysial infiltration of mononuclear cells
surrounding, but not invading, myofibers

1.7 Muscle biopsy reveals endomysial mononuclear cells
abutting the sarcolemma of otherwise healthy,
non-necrotic muscle fibers, but there is no clear
invasion of the muscle fibers

Perimysial and/or perivascular infiltration of
mononuclear cells

1.2 Mononuclear cells are located in the perimysium and/or
located around blood vessels (in either perimysial
or endomysial vessels)

Perifascicular atrophy 1.9 Muscle biopsy reveals several rows of muscle fibers,
which are smaller in the perifascicular region than
fibers more centrally located

Rimmed vacuoles 3.1 Rimmed vacuoles are bluish by hematoxylin and eosin
staining and reddish by modified Gomori
trichrome stain

* Serum levels above the upper limit of normal.
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The IMCCP proposes that a patient may be classi-
fied as IIM if the probability exceeds a predetermined cut-
off of at least 55% (corresponding to a score of ≥5.5, or
≥6.7 if biopsies are included) based on maximization of
statistical performance and best balance between sensitiv-
ity and specificity. The level of probability ≥55% and
<90% was defined as “probable IIM.” The steering
committee recommends, based on expert opinion, that
“definite IIM” should equal a probability of ≥90%, corre-
sponding to having total aggregate score of ≥7.5 without
muscle biopsy and ≥8.7 with muscle biopsy.

Patients falling in the probability range ≥50% and
<55% will be classified as “possible IIM.” For a patient to
be classified as a non-IIM patient, the probability would
have to be <50% (score of <5.3 without biopsies; <6.5
with biopsies).

As suggested by pediatric experts and dermatolo-
gists, for patients with pathognomonic skin rashes of
DM or JDM, classification criteria were developed,
which did not include muscle biopsy data (Table 2).
However, where no skin rash is present, a muscle biopsy
is required for classification, as determined by a consen-
sus of expert opinion within the IMCCP steering and
working committees. Both sets apply equally well to
adult IIM patients and to juvenile DM patients and
should be used when IIM is suspected and no better
explanation for the symptoms exists, as agreed on by
expert opinion. Definitions for the criteria items are
presented in Table 2.

Identification of subgroups. A patient classified
with IIM by the EULAR/ACR classification criteria
(probability of IIM ≥55%) can be further subclassified

Figure 1. Probability of having idiopathic inflammatory myopathies (IIMs) based on the European League Against Rheumatism/American Col-
lege of Rheumatology (EULAR/ACR) classification criteria for IIM. Each score obtained from the classification criteria corresponds to a proba-
bility of having the disease, without muscle biopsy data (A) or with muscle biopsy data (B). Each score and probability of disease display a unique
set of sensitivity (blue line) and specificity (red line) measurements for the classification criteria not including muscle biopsy data (C) or including
muscle biopsy data (D). The most optimal point of accuracy should be stated in publications and be appropriate to the intended purpose, with the
recommendation of using a minimum of 55% probability (score of 5.5 without biopsies; 6.7 with biopsies) for classifying a case as IIM (“probable
IIM”) (dotted line). “Definite IIM” corresponds to a probability of at least 90% (score of ≥7.5 without biopsies; ≥8.7 with biopsies).
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with a classification tree (Figure 2). Age at onset of
first symptom (≥18 years of age) distinguishes adult
from juvenile IIM. Thereafter, clinical findings and
muscle biopsy features subclassify adult IIM patients
into PM, IBM, ADM, or DM. Based on our data set,
juvenile patients with skin rash can be classified into
JDM. Three subgroups cannot be further separated
using our criteria because of small sample sizes: juve-
nile PM, IMNM, and hypomyopathic DM.

Among patients with IIM by the EULAR/ACR
classification criteria (probability of IIM ≥55%), and
with sufficient data to allow subclassification (n = 703),
the number of cases in the subgroups as defined
according to the classification tree was enumerated

(Table 3). The agreement between the classification
tree subgroups and the physician-diagnosed subgroups
in the data set was high (92.6% agreement; j = 0.90,
P < 0.00001). The agreement proportions, with a prob-
ability of 55%, were 1.00 for JDM, 0.89 for DM, 0.94
for ADM, 0.92 for IBM, and 0.93 for PM. Raising the
probability cutoff of IIM to 90% yielded 94.9% agree-
ment (j= 0.93, P < 0.00001). With a probability cutoff
of 90%, the agreement proportions were 1.00 for JDM,
0.96 for DM, 0.95 for ADM, 0.93 for IBM, and 0.88
for PM.

Performance of EULAR/ACR criteria compared
with published criteria. Performance of the EULAR/
ACR criteria was compared with published criteria for

Figure 2. Classification tree for subgroups of idiopathic inflammatory myopathies (IIMs). A patient must first meet the European League Against
Rheumatism/American College of Rheumatology (EULAR/ACR) classification criteria for IIM (probability of IIM ≥55%). The patient can then
be subclassified using the classification tree. The subgroup of polymyositis (PM) patients includes patients with immune-mediated necrotizing
myopathy (IMNM). For inclusion body myositis (IBM) classification, one of the following is required for classification: finger flexor weakness and
response to treatment: not improved (*), or muscle biopsy: rimmed vacuoles (**). *** = Juvenile myositis other than juvenile dermatomyositis
(JDM) was developed based on expert opinion. IMNM and hypomyopathic dermatomyositis were too few to allow subclassification. ADM = amy-
opathic dermatomyositis; DM = dermatomyositis.
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IIM (7,8,10,11,14,15) using the IMCCP data set
(Table 4). The new criteria including muscle biopsy fea-
tures displayed high sensitivity (93%) and specificity
(88%). There was slightly lower performance without
biopsy variables (sensitivity and specificity 87% and
82%, respectively). Among the assessed criteria, the
Targoff criteria (11) showed the highest sensitivity
(93%) and specificity (89%). Other criteria had either
high sensitivity and low specificity (Bohan and Peter

[7,8] and Tanimoto criteria [10]), or low sensitivity and
high specificity (Dalakas and Hohlfeld [14] and Euro-
pean Neuromuscular Centre [ENMC] criteria [15]).

We studied how different criteria could classify
patients with diverse IIM subdiagnoses in the IMCCP
data set (Table 4). The EULAR/ACR classification cri-
teria correctly classified most patients with all IIM subdi-
agnoses. When biopsy data were used, the performance
improved for IBM (94% with biopsy data versus 58%
without biopsy data) and PM (86% with biopsy data ver-
sus 79% without biopsy data). The Bohan and Peter
(7,8), Tanimoto (10), and Targoff (11) criteria correctly
classified all IIM subdiagnoses except ADM, a diagnosis
not included in those criteria. The Dalakas and Hohlfeld
criteria (14) could not classify any subdiagnoses. The
ENMC criteria (15) correctly classified DM and JDM
cases but no other subdiagnoses.

A comparison between the EULAR/ACR classifi-
cation criteria (55% probability cutoff) and the Bohan
and Peter criteria (7,8) showed 89% agreement (j = 0.71,
P < 0.00001) without including muscle biopsy data, and
93% agreement (j = 0.73, P < 0.00001) using muscle
biopsy findings. Comparison between the newly devel-
oped criteria and the Targoff criteria (11) demonstrated
that the agreement was 89% (j = 0.74, P < 0.00001) and
93% (j = 0.82, P < 0.00001) without or with inclusion of
muscle biopsy data, respectively.

Validation. Internal validation. Using the criteria
without muscle biopsy data, 733 observations were used,

Table 3. Comparison of physician-diagnosed idiopathic inflammatory
myopathy (IIM) subgroups with IIM subgroups defined according to
the classification tree among patients meeting the European League
Against Rheumatism/American College of Rheumatology (EULAR/
ACR) classification criteria for IIM*

Classification tree subgroups†

JDM DM ADM IBM PM Total

JDM 235 0 0 0 0 235
DM 0 191 6 2 15 214
ADM 1 1 30 0 0 32
IBM 0 0 0 66 5 71
PM 0 7 0 3 131 141
IMNM 0 0 0 0 10 10
Total 236 199 36 71 161 703
% of all IIM 33.6 28.3 5.1 10.1 22.9 –
% of adult IIM – 42.6 7.7 15.2 34.5 –

* JDM = juvenile dermatomyositis; DM = dermatomyositis; ADM =
amyopathic dermatomyositis; IBM = inclusion body myositis; PM =
polymyositis; IMNM = immune-mediated necrotizing myopathy.
† Classification of IIM by the EULAR/ACR classification criteria for
IIM, using a 55% probability cutofff for classification, followed by the
classification tree for subclassification.

Table 4. Performance of the European League Against Rheumatism/American College of Rheumatology (EULAR/ACR) classification criteria
for idiopathic inflammatory myopathies (IIMs) and existing classification and diagnostic criteria for IIM*

Performance

The EULAR/ACR
classification criteria for IIM†

Bohan and
Peter (7,8)‡

Tanimoto
et al (10)

Targoff
et al (11)

Dalakas and
Hohlfeld (14)‡

ENMC:
Hoogendijk
et al (15)‡

Without muscle
biopsy

With muscle
biopsy

Sensitivity, mean (95% CI) % 87 (84–90) 93 (89–95) 98 (96–99) 96 (94–97) 93 (90–95) 6 (5–8) 52 (48–55)
Specificity, mean (95% CI) % 82 (77–87) 88 (83–93) 55 (50–61) 31 (25–37) 89 (84–92) 99 (98–100) 97 (95–98)
Positive predictive value, mean % 90 94 85 80 95 92 96
Negative predictive value, mean % 79 85 90 73 85 43 57
Correctly classified, mean % 86 91 86 79 91 45 70
Correct classification of IIM

per subgroup, %§
Amyopathic dermatomyositis 94 60 25 14 0 0 0
Dermatomyositis 96 98 100 96 99 7 83
Hypomyopathic dermatomyositis 83 100 80 40 67 0 20
Immune-mediated necrotizing
myopathy

100 100 100 100 100 0 10

Inclusion body myositis 58 94 97 97 91 1 1
Juvenile dermatomyositis 97 96 100 96 98 5 86
Polymyositis 79 86 95 100 85 11 9

* ENMC = European Neuromuscular Centre; 95% CI = 95% confidence interval.
† Cutoff for probability: 55%.
‡ Definite and probable polymyositis and dermatomyositis.
§ Classification as idiopathic inflammatory myopathy per subgroup out of total number of cases per subgroup, expressed as the mean.
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resulting in AUC = 0.942 and cross-validated area =
0.933. Using the criteria with muscle biopsy data, 507
observations were included, resulting in AUC = 0.962
and cross-validated area = 0.942.

External validation for sensitivity. Data from 592
cases (PM = 281, DM = 256, IBM = 33, JDM = 18, and
ADM = 4) in the Euromyositis register were used where
clinical, laboratory, and muscle biopsy data were available
(Karolinska University Hospital, Stockholm, Sweden; Pra-
gue Hospital, Prague, Czech Republic; Oslo University
Hospital, Oslo, Norway) (Supplementary Table 7, http://
onlinelibrary.wiley.com/doi/10.1002/art.40320/abstract). When
there was sufficient information available, the EULAR/
ACR classification criteria confirmed IIM diagnosis using a
55% probability cutoff for classification of IIM with no mis-
classification, yielding 100% sensitivity. Using the criteria
without muscle biopsies, 489 patients (83%) were classified
as IIM, and 103 patients (17%) could not be classified due
to missing data. For the criteria with biopsies, 204 (34%)
were classified as IIM and 388 (66%) could not be classi-
fied due to missing muscle biopsy data in the register.
Results for the IBM and PM subgroups improved when
biopsy data were included: 97% of IBM cases could be
classified, compared with 73% when biopsy data were not
included. For PM, 80% and 76%, respectively, could be
classified. Raising the IIM classification cutoff from 55%
to 90% decreased the total number of cases that could
be classified to only 63% (not including muscle biopsies)
or 28% (including muscle biopsies) due to absence of
some muscle biopsy variables in the Euromyositis registry
database.

The Juvenile Dermatomyositis Biomarker Study and
Repository (UK and Ireland). The JDRG register included
332 juvenile IIM cases in the study (definite JDM = 292,
probable JDM = 20, definite juvenile PM = 4, probable
juvenile PM = 2, focal myositis = 6, and other IIM = 8)
(Supplementary Table 8, http://onlinelibrary.wiley.com/
doi/10.1002/art.40320/abstract). Muscle biopsy data were
not available for all; thus the EULAR/ACR classification
criteria without muscle biopsy data were used to test sen-
sitivity in this data set. Three hundred seven cases (92%)
could be classified using the 55% cutoff and no case was
misclassified, yielding 100% sensitivity. The remaining 25
cases (8%) could not be classified due to missing data.
Raising the cutoff stepwise to 60%, 70%, 80%, or 90%
yielded classification of 92%, 88%, 87%, or 64% cases,
respectively, where classification was possible.

Web-calculator. A web-calculator was developed
(www.imm.ki.se/biostatistics/calculators/iim) as an aid to
use the EULAR/ACR classification criteria. A proba-
bility range of classification can be obtained, providing
the minimum and maximum probability. In addition to

the probabilities acquired, the aggregated scores will be
displayed. Whenever sufficient data are entered, the
subclassification will be displayed.

Discussion

Classification criteria are essential for inclusion
of comparable patients in studies. No validated classifi-
cation criteria for IIM currently exist. The EULAR/
ACR classification criteria for IIM offer advantages
that previous criteria lack. They are data-driven, exhibit
high sensitivity and specificity, and use a limited num-
ber of accessible, defined clinical and laboratory vari-
ables. Internal validation and testing in external
cohorts confirmed excellent performance. Importantly,
the new criteria capture the most frequent IIM sub-
groups and can be used for both adults and children
for research studies and clinical trials.

The new EULAR/ACR classification criteria pro-
vide a score with a corresponding probability of having
IIM. This provides investigators flexibility in inclusion cri-
teria for different types of studies, for example, clinical tri-
als requiring high specificity would warrant a high
probability of IIM in the inclusion criteria, whereas epi-
demiologic studies requiring high sensitivity would need
inclusion criteria with lower probability of IIM.

The new criteria are based on data from children
and adults with different ethnicities from centers in Eu-
rope, America, and Asia, and use symptoms, signs, and
other measures that are routinely assessed. A limitation
is still that a majority of the patients were Caucasian,
and even though we included data from 298 patients
from Asia, we cannot exclude that there can be differ-
ences in manifestations between different ethnic groups;
hence we still need to validate the criteria in Asian and
African populations. Importantly, in patients with a typi-
cal DM skin rash, the criteria can be used without muscle
biopsy data. For JDM, 97% of patients were correctly
classified using the new criteria without muscle biopsy
data. The new criteria also offer practical advantages in
the number of variables needed to be tested. If a suffi-
cient probability is reached, there is no requirement to
test all items. Each criterion is well-defined, lessening
the opportunities for ad hoc interpretation. The skin rash
typical of DM contributed with high weights in the prob-
ability score. Skin biopsy is recommended in the absence
of muscle symptoms (33,34). The EULAR/ACR classifi-
cation criteria are the first myositis criteria to be vali-
dated and tested for sensitivity in other cohorts and
revealed no misclassification.

Compared with most previous criteria, the new
criteria are superior in sensitivity, specificity, and classifi-
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cation accuracy. Classification criteria should have high
sensitivity and specificity. The EULAR/ACR criteria
demonstrated sensitivity and specificity of 87% and 82%,
respectively, with even higher accuracy when muscle biop-
sies were included: 93% and 88%, respectively. Correctly
classified patients were 86% and 91%, respectively, with
and without inclusion of biopsies, and the criteria per-
formed equally well for adult and juvenile cases. The Tar-
goff criteria (11) also showed good statistical properties,
but were not able to capture all subgroups of IIM as ADM
patients were not included. Furthermore, the variables
were not clearly defined in the Targoff criteria, and testing
of more variables is required, including electromyography,
which is not always easily accessible and may be painful for
patients. Importantly, the EULAR/ACR criteria can be
applied to myositis patients with overlap diagnoses, such
as mixed connective tissue disease or systemic lupus ery-
thematosus with myositis, since these patients were
included among IIM cases.

There are limitations of the study; no controls or
comparators were included in the external validation
cohort, since the IMCCP study was designed before those
recommendations from ACR/EULAR were in place,
requiring future validation. A validation study using com-
parators is underway, but we encourage additional valida-
tion studies in different populations. Another limitation
largely unavoidable in observational data is the high fre-
quency of missing data in the derivation data set and vali-
dation samples, reflecting differences in practice patterns
in evaluating patients. Nevertheless, 80% of cases and com-
parators had muscle biopsy data available, whereas mag-
netic resonance imaging (MRI) data and electromyography
were only available for 38% and 29% of cases, respectively,
reflecting their limited usage in clinical diagnosis. However,
MRI data and electromyography examination are still
important for diagnostic purposes of IIM. Patients studied
had to have their disease for at least 6 months, which did
not allow us to study new-onset patients. Importantly, these
criteria are proposed as classification criteria in research
and in clinical trials, not as diagnostic criteria (35).There is
also some possibility that the cut points established for
probable and definite myositis will need adjustment when
tested with new populations of patients.

It took almost 10 years to assemble sufficient num-
bers of patients with these rare diseases, and 3 subgroups
did not have enough subjects to study adequately. During
this period, a new IIM subgroup became recognized,
IMNM (36), of which only a few cases were included in
the study. IMNM cases could thus not be distinguished
from PM in the subclassification tree. Another subgroup
with few cases was juvenile PM, making a data-derived
distinction from JDM impossible. However, pediatric

rheumatology experts in the IMCCP recommended that
the adult subclassification of IIM could be used for juve-
nile PM by extrapolation (Figure 2). IBM cases were iden-
tified in the subclassification tree by the clinical features of
finger flexor weakness and no response to treatment, or by
the presence of rimmed vacuoles in muscle biopsies (37).

Another limitation was the low frequency of
myositis-specific autoantibodies documented. Five myosi-
tis-specific autoantibodies were included: anti–Jo-1, anti–
Mi-2, anti–signal recognition particle, anti–PL-7, and
anti–PL-12 antibodies, and all were strongly associated
with IIM. However, only anti–Jo-1 autoantibody had a
significant number of observations (n = 1,062) to permit
analyses and inclusion in the classification criteria. A
future update of the EULAR/ACR classification criteria
should include the more recently-identified myositis-
specific autoantibodies (21,22), in addition to more
patients with IMNM, ADM, hypomyopathic DM, and
juvenile cases other than JDM.

Recommendations

• Patients with pathognomonic skin rashes (heliotrope
rash, Gottron’s papules, and/or Gottron’s sign) of
JDM or DM are accurately classified with the
EULAR/ACR classification criteria without includ-
ing muscle biopsy data. For patients without these
skin manifestations, muscle biopsy is recommended.
For DM patients without muscle involvement, a skin
biopsy is recommended.

• The EULAR/ACR classification criteria provide a
score and a corresponding probability of having IIM.
Each probability displays a unique sensitivity and
specificity. The best balance between sensitivity and
specificity can be found for a probability of 55–60%
(total aggregated score of ≥5.5 and ≤5.7) for the crite-
ria not including muscle biopsy data, and 55–75% (to-
tal aggregated score ≥6.7 and ≤7.6) when including
muscle biopsies. These cases are designated “proba-
ble IIM.” The recommended cutoff needed for classi-
fying a patient as having IIM is ≥55%.

• “Definite IIM” corresponds to a probability of ≥90%
or a total aggregate score of 7.5 or more without mus-
cle biopsy and 8.7 with muscle biopsy, and is recom-
mended in studies where a high specificity is required.

• A patient is termed “possible IIM” if the probability
is ≥50% and <55% (a minimum score of 5.3 without
biopsies and 6.5 with biopsies).

• For clarity and transparency, both the descriptive term
(“possible,” “probable,” or “definite”) and the proba-
bility and the aggregated score should be reported in
studies.
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Conclusions

New classification criteria for IIM and the major
IIM subgroups have been developed. These data-driven
criteria have a good feasibility, high sensitivity and speci-
ficity, have been partly validated in external cohorts, and
are superior to previous criteria in capturing different
subgroups of IIM. Revision of the criteria in the future
will be important when additional validated myositis
autoantibody tests, imaging, and other tests are available
in more IIM cases and comparator cases without IIM.
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Safety, Tolerability, and Pharmacodynamics of ABT-122,
a Tumor Necrosis Factor– and Interleukin-17–Targeted
Dual Variable Domain Immunoglobulin, in Patients

With Rheumatoid Arthritis

Roy M. Fleischmann,1 Frank Wagner,2 Alan J. Kivitz,3 Heikki T. Mansikka,4

Nasser Khan,4 Ahmed A. Othman,4 Amit Khatri,4 Feng Hong,5 Ping Jiang,4

Melanie Ruzek,5 and Robert J. Padley4

Objective. Tumor necrosis factor (TNF) and
interleukin-17 (IL-17) independently contribute to the
pathophysiology of rheumatoid arthritis (RA). ABT-122
is a novel dual variable domain immunoglobulin that
selectively and simultaneously targets human TNF and
IL-17A. The aim of treatment with ABT-122 is to evoke
a greater clinical response than that achieved by tar-
geting either cytokine alone. This study was under-
taken to present the pooled safety, tolerability, and
exploratory pharmacodynamics of ABT-122 based on 2
phase I, placebo-controlled, multiple ascending-dose
studies in patients with primarily inactive RA.

Methods. Patients (n = 44) receiving stable dos-
ages of methotrexate (2.5–25 mg/week) were randomized
to receive subcutaneous placebo, ABT-122 1 mg/kg every
other week (4 doses), or ABT-122 0.5, 1.5, or 3 mg/kg
weekly (8 doses) and were evaluated through 45 days
after the last dose (day 92). Serum samples for the

assessment of inflammation markers and chemokines
were collected at baseline and on postdose days 3, 5, 8,
15, 29, 57, 64, 78, and 92.

Results. No clinically significant findings regard-
ing the safety of ABT-122 were observed. The rates of
treatment-emergent adverse events (AEs) were similar in
patients receiving ABT-122 and those receiving placebo.
Only 1 serious AE (and no systemic hypersensitivity reac-
tions or dose-limiting toxicities) was observed in patients
treated with ABT-122. The incidence of infections was
similar between patients treated with ABT-122 and those
receiving placebo, with no serious infection reported. The
levels of CXCL9, CXCL10, CCL23, and soluble E-selectin
were significantly decreased following ABT-122 treatment
relative to placebo treatment. Although patients had
essentially inactive RA, exploratory clinical parameters
suggested potential antiinflammatory effects following
treatment with ABT-122.

Conclusion. The results of these phase I studies
suggest that dual neutralization of TNF and IL-17 with
ABT-122 has characteristics acceptable for further
exploration of therapeutic potential in TNF- and IL-
17A–driven immune-mediated inflammatory diseases.

The introduction of biologic disease-modifying
antirheumatic drugs (DMARDs) has greatly expanded
the treatment options for managing rheumatoid arthri-
tis (RA) (1,2). In many patients, biologic DMARDs
improve clinical symptoms, improve function, and slow
disease progression (2). Biologic DMARDs are recom-
mended as add-on treatment to conventional synthetic
DMARDs such as methotrexate (MTX) in patients
who experienced an incomplete response to MTX (1,3).
Despite the availability of numerous biologic DMARDs,
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many patients with RA do not achieve the treatment goal
of disease remission or even low disease activity, normal-
ization of function, and inhibition of joint destruction
(1,2). One reason these responses are not achieved in
most patients may be the complex pathophysiology
of RA, which involves numerous proinflammatory cyto-
kines and effector cells (2,4).

The multifaceted nature of RA presents opportuni-
ties for new therapeutic targets, including the inhibition of
multiple pathways known to be involved in the pathogene-
sis of RA. Tumor necrosis factor (TNF) and interleukin-17
(IL-17) independently and cooperatively contribute to the
pathophysiology of RA (5,6), while anti-TNF treatment
increases IL-17 levels and the number of Th17 cells (7,8).
For these reasons, it has been postulated that IL-17 may
be an alternative or parallel mechanistic pathway that
could be targeted in addition to TNF for effective disease
control (6). This raises the question of whether dual neu-
tralization of TNF and IL-17 can provide an opportunity
to safely control inflammation in patients with RA that is
not controlled by a TNF inhibitor alone.

Multiple pathways and mediators contribute to
joint pathology in RA (9). For example, CXCL9 and
CXCL10 recruit Tcells and myeloid cells to sites of inflam-
mation and increase synovial fibroblast invasion (10–12),
and the levels of CXCL9 and CXCL10 are elevated in the
serum and synovial fluid of patients with RA (13,14).
CXCL10 also promotes expression of IL-17, which in-
creases the production of E-selectin (13,15). CCL23
recruits myeloid cells to sites of inflammation; the level of
CCL23 is elevated in RA (16) and is correlated with a
higher 28-joint Disease Activity Score (DAS28) (17,18).
Soluble E-selectin is a cell adhesion molecule that is
released by endothelial cells (19) and promotes the migra-
tion of multiple immune cell types into inflamed tissue
(20). The level of soluble E-selectin is increased in RA and
decreases with anti-TNF therapy (21).

In a mouse model of collagen-induced arthritis,
combined administration of anti-TNF and anti�IL-17
antibodies produced a greater reduction in the “arthritis”
score than did inhibition of either molecule alone (22). A
mouse anti–TNF/IL-17 dual variable domain immuno-
globulin (DVD-Ig) reduced inflammation and cartilage
and bone destruction to a degree similar to that resulting
from combined anti-TNF and anti�IL-17 antibodies in a
collagen-induced arthritis model, and greater than that
resulting from treatment with either single antibody tar-
geting one of these cytokines (23). Furthermore, com-
bined anti-TNF and anti�IL-17 treatment reduced levels
of the inflammatory mediators CXCL1 and CXCL5 in
homogenized paw tissue, whereas the respective mono-
therapies had little effect.

ABT-122 is a DVD-Ig (Figure 1) that targets both
human TNF and IL-17; it is built on an adalimumab back-
bone with added IL-17–binding domains that had been
identified with in vitro messenger RNA display technology
and further refined to enhance affinity (24). Initial phar-
macokinetic studies in healthy individuals and in patients
with RA (25) demonstrated that ABT-122 displayed
approximately dose-proportional exposure at subcuta-
neous doses of >1 mg/kg, ~50% bioavailability, maximum
serum concentrations after 3–4 days of dosing, and half-
lives of 10–18 days with dosing every other week and every
week, respectively. Antidrug antibodies had a minimal
impact on the pharmacokinetics of ABT-122. Addition-
ally, in an ex vivo assay of human fibroblast-like synovio-
cytes (FLS) derived from patients with RA, ABT-122 fully
inhibited IL-6 release from FLS stimulated with TNF
combined with IL-17, whereas individual monoclonal
antibodies to TNF or IL-17 only partially inhibited IL-6
production (26). In the same assay, serum from patients
receiving ABT-122 was shown to maintain the capability
of simultaneously inhibiting TNF and IL-17 for up to 3
weeks after single-dose administration (26). ABT-122 has

ABT-122 Fab 

IL 17 

TNF 

A B

TNF 

IL-17 
**

Figure 1. A, Schematic drawing showing interaction of the entire ABT-122 molecule with tumor necrosis factor (TNF) and interleukin-17 (IL-17).
B, Model of a single ABT-122 Fab fragment complexed with TNF and IL-17. The light turquoise and purple surfaces indicate Fab light chains and
heavy chains, respectively. * = Flexible linker that allows simultaneous binding without steric hindrance.
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been shown to have an acceptable safety profile in healthy
individuals (26).

Two phase I randomized, double-blind, placebo-
controlled trials were conducted to evaluate the safety,
tolerability, and pharmacodynamics of ABT-122 in
patients with RA (with no requirement for active disease)
who were receiving background MTX (25,27). The
pharmacodynamic effects of ABT-122 were assessed by
measuring the levels of inflammation markers and
chemokines involved in the pathogenesis of RA. In addi-
tion, changes in the DAS28 using the C-reactive protein
level (DAS28-CRP) were assessed as exploratory end
points, because the trial was not designed to investigate
the clinical efficacy of ABT-122. Preliminary data from
these studies have been reported previously (27).

PATIENTS AND METHODS

The studies were conducted in accordance with the
guidelines of the International Conference on Harmonisation
and the Declaration of Helsinki. An independent ethics com-
mittee or institutional review board approved each study pro-
tocol. Before initiation of any procedures that were part of
the study, each patient provided written informed consent.

Study designs. Data were pooled from 2 similarly
designed phase I, randomized, double-blind, placebo-controlled
trials performed at 4 clinical research centers in the US (study 1,
ClinicalTrials.gov identifier: NCT01853033) and 1 clinical
research center in Germany (study 2 [26]) that evaluated multi-
ple ascending subcutaneous doses of ABT-122 in patients
with RA receiving stable dosages of MTX (2.5–25 mg/week)
(Figure 2). The data from these phase I multiple ascending-dose
studies of ABT-122 were pooled for a more robust evaluation of
safety and pharmacodynamic data.

Patients and study inclusion criteria. Patients ages 18–
75 years classified as having RA for ≥3 months based on the
1987 American College of Rheumatology (ACR) (28) or 2010
ACR/European League Against Rheumatism (29) criteria were
eligible. Except for MTX, patients could not be receiving other

conventional synthetic DMARDs for ≥3 months before receiving
ABT-122. Key exclusion criteria included history of persistent
chronic or active infection(s), history or evidence of active or
latent tuberculosis or HIV, presence of anti–ABT-122 antibodies
in a prestudy serum sample, and pregnancy or breastfeeding.

Treatments. In study 1, patients were randomized 3:1 to
receive subcutaneous ABT-122 0.5, 1.5, or 3 mg/kg every week
or placebo for 8 weeks. In study 2, patients were randomized 3:1
to receive subcutaneous ABT-122 1 mg/kg every other week, 1.5
mg/kg every week, or 3 mg/kg every week or placebo for 8 weeks
(Figure 2). In study 1, only 1 patient received ABT-122 at a
dosage of 0.5 mg/kg every week, because the total dosage was
similar to the 1 mg/kg every other week dosage in study 2. That
patient was pooled with the study 2 group that received 1 mg/kg
every other week. Patients were randomly assigned to treatments
based on a computer-generated schedule that had been pre-
pared previously by the AbbVie Statistics Department. ABT-122
and placebo were prepared for injection in an unblinded manner
by pharmacists at each study site and provided to the study per-
sonnel in identical syringes with blinding using coded labels.
Patients, investigators, clinical coordinators, and all other study
site personnel who interacted with patients were blinded with
regard to treatment allocation, as were AbbVie study personnel
involved in daily management of the study.

Assessments. Safety and tolerability were assessed by
adverse events (AEs), physical examinations, vital signs, and
laboratory measurements. To assess the pharmacodynamic
responses to ABT-122, multiplex marker panels containing
CXCL1 and CXCL5 (based on the prior observations of changes
in animal models [23]), as well as related chemokines, were cho-
sen. Five multiplex panels (Myriad RBM) (22), which included a
total of 37 markers, were measured at baseline and on postdose
days 3, 5, 8, 15, 29, 57, 64, 78, and 92. Thirteen of the markers
had >30% of measured values below the limit of detection and
were eliminated from further analysis. The 24 detectable analytes
were angiopoietin 2, brain-derived neurotrophic factor, creatine
kinase-MB, E-selectin, CCL11 (eotaxin 1), CXCL5 (epithelial
neutrophil–activating peptide 78), factor VII, CXCL1 (growth-
related oncogene a), insulin-like growth factor binding protein 2,
intracellular adhesion molecule 1, CXCL10 (interferon-c
[IFNc]–inducible protein 10), IL-1 receptor (IL-1R) antagonist,
IL-12p40, IL-16, IL-6R, CCL22 (macrophage-derived chemo-
kine), migration inhibitory factor, matrix metalloproteinase 3,

Figure 2. Design of study 1 and study 2. * = Only 1 patient received ABT-122 at a dosage of 0.5 mg/kg every week (QW), because the expected
exposure overlapped with the exposure of 1 mg/kg every other week (QOW) (group 1) in study 2. The patient was pooled with the group receiving
1 mg/kg ABT-122 every other week in study 2. RA = rheumatoid arthritis; MTX = methotrexate.
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CCL8 (monocyte chemotactic protein 2), CCL13 (monocyte
chemotactic protein 4), CXCL9 (monokine induced by IFNc),
CCL23 (myeloid progenitor inhibitory factor 1), stem cell factor,
and vascular endothelial growth factor. In this study, the presence
of active disease was not required for inclusion, and the study
was not designed to assess clinical efficacy; therefore, efficacy was
assessed only via exploratory analyses.

Statistical analysis. Demographic and pharmaco-
dynamic variables were assessed using descriptive statistics,
according to the ABT-122 dosage level. The number and per-
centage of participants reporting treatment-emergent AEs were
tabulated. The placebo data were pooled across groups. Blood
pressure, pulse rate, quantitative electrocardiography variables,
and laboratory variables were assessed at each scheduled time
point, using descriptive statistics by dose level. Inflammation
markers and chemokines were analyzed by repeated-measures

analysis using a linear mixed effects model, where changes in
logarithm-transformed marker measurements from baseline
were used as the response variable, and log-transformed base-
line marker measurement was adjusted as a covariate. The
fold change and percent change from baseline for the marker
were reported by transforming the least squares means for
change in the logarithm scale back into the original scale, and
statistical significance was evaluated using Bonferroni-adjusted
P values. The analyses were conducted using SAS version 9.3
software.

RESULTS

Patients. Study 1 was conducted from June 20,
2013 to May 28, 2014; study 2 was conducted from

Table 1. Demographic and baseline clinical characteristics of the patients according to study group*

Characteristic
Placebo
(n = 13)

Subcutaneous ABT-122

1 mg/kg every
other week
(n = 7)

1.5 mg/kg/week
(n = 12)

3 mg/kg/week
(n = 12)

Sex, no. (%)
Female 7 (53.8) 6 (85.7) 8 (66.7) 9 (75.0)
Male 6 (46.2) 1 (14.3) 4 (33.3) 3 (25.0)

White, no. (%) 13 (100) 6 (85.7) 12 (100) 9 (75.0)
Age, years 57.5 � 10.4 58.0 � 8.3 56.0 � 9.2 58.8 � 9.7
Weight, kg 84.6 � 20.9 78.2 � 12.5 89.7 � 39.7 90.6 � 37.5
BMI, kg/m2 29.3 � 5.2 28.1 � 4.2 33.1 � 16.8 32.9 � 14.7
Duration of RA, years 8.0 � 6.7 6.8 � 5.8 9.8 � 11.7 11.7 � 8.8
MTX dosage, mg/week 16.2 � 4.7 17.9 � 2.7 15.8 � 4.3 12.9 � 3.8
hsCRP, mean (95% CI) mg/liter 3.0 (0.9–5.1) 3.4 (0.7–6.1) 9.3 (0.7–17.8) 3.5 (1.6–5.3)
DAS28-CRP, mean (95% CI) 3.5 (2.5–4.4) 3.7 (2.5–4.9) 3.5 (2.4–4.5) 3.8 (3.1–4.4)

* Except where indicated otherwise, values are the mean � SD. BMI = body mass index; RA = rheumatoid
arthritis; MTX = methotrexate; hsCRP = high-sensitivity C-reactive protein; 95% CI = 95% confidence interval;
DAS28-CRP = 28-joint Disease Activity Score using the CRP level.

Figure 3. Patient disposition. AE = adverse event (see Figure 2 for other definitions).
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March 21, 2013 to June 2, 2014. Differences in some of
the baseline patient characteristics were observed (as
would be expected for a trial with a small sample size),
including differences in sex, body mass index, and dis-
ease duration; other patient characteristics were rela-
tively balanced across treatment groups (Table 1).
Patients with and those without active disease were eli-
gible for enrollment, and the mean DAS28-CRP was
3.6 (range 1.5–5.8), suggesting that patients had very
low-to-moderate disease activity at baseline (30). All
randomized patients received study treatment and were
included in the analyses. Most of the patients in the
placebo group (84.6%) and the ABT-122 group (91.7–
100%) completed the study (Figure 3).

Pharmacodynamics. The results of preclinical
studies had suggested that several chemokines may be
altered by combination treatment with anti-IL-17 and
anti-TNF (22). Because certain chemokines are important
for the recruitment of inflammatory cells to the joint, have
increased expression in RA, and/or have been shown to
respond to anti-TNF therapy (13,14,17,21,31–33), serum
multiplex analysis focusing on chemokines and other fac-
tors involved in cellular recruitment was performed. ABT-
122 treatment showed clear and consistent effects on the
expression of CXCL9, CXCL10, CCL23, and soluble
E-selectin relative to placebo. Significant decreases in the
expression of CXCL9 (�25% and �36%) (Figure 4A)
and CXCL10 (–28% and –30%) (Figure 4B) occurred
within 3 days of administration of ABT-122 at doses of 1.5
mg/kg and 3 mg/kg, respectively. Maximal decreases
occurred by day 15 (�61% and �43% for CXCL9 and
CXCL10, respectively) and persisted through 14 days
after the last dose but returned toward baseline values
thereafter. The level of CCL23 decreased following ABT-
122 administration, with maximal decreases (�30% at a
dose of 3 mg/kg) on day 64, which persisted through day
92 (Figure 4C). Soluble E-selectin expression decreased
following ABT-122 administration and persisted through
day 92 in the highest-dose group (3 mg/kg) (Figure 4D).
Changes in other evaluated markers in response to ABT-
122 relative to placebo were inconsistent or minimal (see
Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40319/abstract).

Although this was primarily a safety and phar-
macodynamic study with a small sample size, there
were modest changes in the pooled DAS28-CRP and
DAS28 using the erythrocyte sedimentation rate
(DAS28-ESR) scores (Figures 4E and F); the observed
decreases from baseline of ~0.6 and 0.8, respectively, at
90 days could be suggestive of a therapeutic effect fol-
lowing treatment with ABT-122.

Safety. There were no clinically significant findings
regarding the safety of ABT-122, including no clinically sig-
nificant patterns of AEs or serious AEs (SAEs) between

Figure 4. Changes in pharmacodynamic parameters. A, CXCL9
(monokine induced by interferon-c [IFNc] [MIG]). B, CXCL10
(IFNc-inducible protein 10 [IP-10]). C, CCL23 (myeloid progenitor
inhibitory factor 1 [MPIF-1]). D, Soluble E-selectin (sE-selectin). E,
Disease Activity Score in 28 joints using the C-reactive protein level
(DAS28-CRP). F, DAS28 using the erythrocyte sedimentation rate
(DAS28-ESR). Median absolute changes in the DAS28-CRP and the
DAS28-ESR were pooled across all placebo and ABT-122 groups. * =
P < 0.05 versus placebo.
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ABT-122 and placebo or according to the ABT-122 dose.
There were no systemic hypersensitivity reactions, dose-
limiting toxicities, or deaths. In addition, no clinically
significant laboratory, vital sign, or electrocardiography
abnormalities were observed between ABT-122 and pla-
cebo or according to the ABT-122 dose. The proportion of
patients with treatment-emergent AEs was similar in the
active-treatment and placebo groups and across ABT-122
doses (Table 2). Although infections were reported, none
was serious or severe, and there were no consistent patterns
according to etiology, type, or ABT-122 dose. There was a
single SAE of cholecystitis in a patient with a history of
gallstones, which was considered by the investigator to be
unrelated to treatment with ABT-122 (3 mg/kg); the
patient continued in the study after undergoing chole-
cystectomy, without sequelae.

Three patients had AEs that led to discontinuation
from the study. One patient in the placebo group had a
moderate injection-site reaction 4 days after administra-
tion of the second dose, which was treated with topical
calamine lotion. A rectal carcinoma occurred in 1 patient
with a family history of gastrointestinal cancer who
received 1.5 mg/kg of ABT-122. The event, which was
defined as “severe” by the investigator, was diagnosed on
day 65 of the study, ~2 months after initiation of ABT-122
treatment; it was considered by the investigator to be
unrelated to treatment with ABT-122. One patient who
received ABT-122 at a dose of 3 mg/kg developed a mod-
erate injection-site reaction 1 day after administration of
the second dose, which resolved after treatment with
oral corticosteroids and antihistamine medication. This
patient, who had a history of exposure to multiple biologic

agents, exhibited an increase in antidrug antibody titers
and a decrease in serum ABT-122 concentrations; the
injection-site reaction led to discontinuation from the
study.

The pooled results across these phase I studies
showed no apparent impact of antidrug antibodies on
the safety or exposure profile of ABT-122 when it is
administered with concomitant MTX, except in the sin-
gle patient with low levels of ABT-122 in whom the
development of a moderate injection-site reaction led
to discontinuation from the study, as noted above.

DISCUSSION

To our knowledge, this study is the first to exam-
ine the safety and pharmacodynamic responses following
administration of a bispecific biologic agent targeting 2
key proinflammatory cytokines simultaneously in pa-
tients with RA. Because this trial was not designed to test
efficacy, patients with RA with or without active disease
were eligible, in order to facilitate enrollment. In gen-
eral, ABT-122 was well tolerated in this phase I multiple
ascending-dose trial and demonstrated potential anti-
inflammatory effects. In addition, the pharmacokinetic
properties of ABT-122 as reported separately from the
pooled studies (24) indicate that it is suitable for
biweekly subcutaneous administration.

As stated previously, multiple pathways and medi-
ators contribute to joint inflammation in RA (9), includ-
ing CXCL9 and CXCL10 (10–12), the levels of which are
elevated in the serum and synovial fluid of patients with
RA (13,14). CXCL10 promotes expression of IL-17,

Table 2. Safety data according to study group*

Placebo
(n = 13)

Subcutaneous ABT-122

1 mg/kg every
other week
(n = 7)

1.5 mg/kg/week
(n = 12)

3 mg/kg/week
(n = 12)

Any AE 11 (84.6) 5 (71.4) 8 (66.7) 7 (58.3)
AE related to ABT-122 or placebo† 2 (15.4) 0 4 (33.3) 1 (8.3)
AE leading to discontinuation 1 (7.7) 0 1 (8.3) 1 (8.3)
Headache 3 (23.1) 0 4 (33.3) 2 (16.7)
Severe AE† 0 0 1 (8.3) 0
Serious AE 0 0 0 1 (8.3)
Infectious AE 2 (15.4) 0 4 (33.3) 2 (16.7)
Nasopharyngitis 1 (7.7) 0 2 (16.7) 1 (8.3)
Pharyngitis 1 (7.7) 0 0 0
Upper respiratory tract infection 0 0 0 1 (8.3)
Oral HSV infection 0 0 1 (8.3) 0
Localized infection 0 0 1 (8.3) 0

Serious infection 0 0 0 0

* Values are the number (%). AE = adverse event; HSV = herpes simplex virus.
† Determined by the investigator.
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which in turn is involved in the production of E-selectin
(13,15). The level of CCL23 (which recruits myeloid cells
to sites of inflammation) is elevated in RA (16) and is cor-
related with an increased DAS28 (17). Soluble E-selectin
is expressed on and released by endothelial cells (19) and
promotes transendothelial migration of multiple immune
cell types into inflamed tissues (20), and anti-TNF therapy
decreases its expression (21). The changes in these
biomarkers observed in the current study support the con-
clusion that ABT-122 engages its targets, leading to
expression of target-mediated pharmacologic activity that
modulates potential pathophysiologic pathways. These
results are consistent with previously generated data on
ABT-122 demonstrating in vitro target activity for up to 3
weeks following single-dose administration in a first-in-
human study (26). Because CXCL9, CXCL10, CCL23,
and E-selectin are all involved in the recruitment of Tcells
and/or myeloid cells (10–12), reductions in serum levels
of these biomarkers suggest that ABT-122 is impacting
the trafficking of immune cell populations.

In the current study, serum levels of CXCL9 and
CXCL10 returned toward baseline levels at 90 days;
however, at the same time point, levels of CCL23 and
soluble E-selectin remained lowered in the ABT-122
3-mg/kg dose group. The reasons for these differences in
biomarker recovery time are unclear but might reflect
the proximity of each biomarker to the targets of ABT-
122. For example, CXCL9 and CXCL10 may be more
closely linked to the targets of ABT-122, whereas CCL23
and soluble E-selectin may reflect more distal effects of
ABT-122. Changes following ABT-122 treatment in
other chemokines that were evaluated, such as CXCL1
and CXCL5, which are involved in the recruitment of
granulocytes (15), were not consistently different from
those observed with placebo treatment, which suggests
that ABT-122 may have a selective impact on certain
chemokines and/or cell type recruitment. It is possible
that the small sample size or possibly the mild-to-moder-
ate disease activity in the patients enrolled in these stud-
ies resulted in levels of these other biomarkers that were
minimally elevated over normal levels, making changes
difficult to detect. Nevertheless, these preliminary find-
ings with CXCL9, CXCL10, CCL23, and soluble E-selec-
tin in a small group of patients are promising given their
involvement in RA and are consistent with the mecha-
nism of action of a TNF- and IL-17–targeted DVD-Ig.

Overall, in this pooled analysis of data from 2
phase I, randomized, double-blind, multiple ascending-
dose studies in patients with RA, the biomarkers evaluated
responded as expected, including significant decreases in
CXCL9 and CXCL10 expression within 3 days of the first
ABT-122 dose and decreases in CCL23 and soluble

E-selectin levels that persisted after the last dose in the
high-dose ABT-122 group, with a safety and tolerability
profile not dissimilar to that of placebo. No serious or sev-
ere infections were reported in this limited set of phase I
study patients, which demonstrates that dual inhibition of
TNF and IL-17 has an acceptable safety profile in patients
with RA, enabling further exploration of the application
of ABT-122 in immune-mediated inflammatory diseases in
phase II studies. The safety of the combination, however,
would have to be demonstrated in a much larger group of
patients with more comorbidities.

In addition to the biomarkers discussed above,
changes in pooled DAS28-ESR and DAS28-CRP scores
were evaluated for potential antiinflammatory and thera-
peutic effects with ABT-122 treatment. Although data
on the DAS28-ESR and DAS28-CRP are suggestive of
efficacy in this small sample of patients in whom baseline
disease activity was moderate (based on the DAS28-
CRP), these are preliminary findings that await confir-
mation in a properly powered randomized controlled
clinical trial in patients with disease that is more active.
In addition, much larger trials would need to be per-
formed to assess the relative efficacy as well as the safety
of ABT-122 compared with drugs that are already
approved for the treatment of RA.

Previous studies in which anti-TNF therapy was
combined with other biologic agents such as rituximab
(34), anakinra (35), or abatacept (36) have shown little or
no improvement in efficacy but an increase in SAEs com-
pared with TNF inhibition alone in patients with RA.
Recent placebo-controlled trials of anti–IL-17 therapy in
patients with RA have demonstrated mixed results. For
example, in patients who received the anti–IL-17 mono-
clonal antibody ixekizumab, the signs and symptoms of
RA were significantly improved after 12 weeks of treat-
ment compared with those in patients who received pla-
cebo (37). The frequency of AEs was generally similar
between the ixekizumab and placebo groups, although
infections were more frequent with ixekizumab than with
placebo in biologic agent–naive patients. Other trials of
brodalumab (38) and secukinumab (39) did not show
significant effects of these agents compared with placebo
on the signs and symptoms of RA following 12 weeks and
16 weeks of treatment, respectively; the safety profiles
of brodalumab and secukinumab were similar to those
of placebo.

Limitations of this pooled analysis include the
small sample size and the short duration of treatment (8
weeks) that limited exposure to ABT-122; thus, there
was a very low likelihood of detecting AEs that occur
rarely or evolve over time. In addition, this study was not
designed to assess efficacy, and the trial population was
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not selected based on the severity of RA. Furthermore,
it should be noted that the relative contributions of
anti-TNF, anti–IL-17, and synergistic effects could not
be established. Finally, because of the redundant nature
of chemokine networks, changes in concentrations of
CXCL9, CXCL10, CCL23, and soluble E-selectin associ-
ated with ABT-122 may or may not have functional
consequences.

In conclusion, ABT-122 is a novel DVD-Ig that
targets both human TNF and human IL-17. The
observed changes in biomarker levels and in the DAS28
suggest that there may be trends toward a clinical
response with ABT-122 treatment compared with pla-
cebo, although as an early phase I program, these studies
were not designed to demonstrate this. ABT-122 had a
safety and tolerability profile comparable with that of
placebo in these trials and consistent with prior phase I
profiles of selective conventional monotargeted mono-
clonal antibodies. However, further characterization of
the profile of this DVD-Ig awaits the more extensive
phase II trials in patients with more clinically active dis-
ease. Based on these preliminary results, further investi-
gation of this dual inhibitor antibody of TNF and IL-17
as a therapy for RA is warranted.
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Association of the Presence of Anti–Carbamylated Protein
Antibodies in Early Arthritis With a Poorer Clinical and

Radiologic Outcome

Data From the French ESPOIR Cohort

Marie-Elise Truchetet,1 St�ephanie Dublanc,2 Thomas Barnetche,2 Olivier Vittecoq,3

Xavier Mariette,4 Christophe Richez,1 Patrick Blanco,5 Michael Mahler,6 C�ecile Contin-Bordes,5

and Thierry Schaeverbeke,2 on behalf of the F�ed�eration Hospitalo–Universitaire ACRONIM

Objective. To assess the prevalence of anti–car-
bamylated protein (anti-CarP) antibodies in a French
cohort of patients with early arthritis and to investi-
gate their association with clinical features, final diag-
nosis, prognosis, and comorbidities.

Methods. The presence of anti-CarP antibodies
among patients with early arthritis in the French
Etude et Suivi des Polyarthrites Indiff�erenci�ees R�ecen-
tes (ESPOIR) cohort (n = 720) was determined using
enzyme-linked immunosorbent assay. We investigated
the prevalence of anti-CarP antibodies in different
patient subgroups stratified according to anti–citrulli-
nated protein antibody (ACPA) and/or rheumatoid fac-
tor (RF) status. Diagnostic and prognostic values of
the test were evaluated in this population.

Results. Anti-CarP antibodies were present in
approximately one-third of the patients (32.6%) and in
23.6% of the patients who were seronegative for both
RF and ACPA. Anti-CarP positivity was associated
with a more active disease status at baseline and over
time. Anti-CarP–positive patients had a significantly
higher Disease Activity Score in 28 joints using the
erythrocyte sedimentation rate at month 36 than anti-
CarP–negative patients (3.1 � 0.11 versus 2.8 � 0.06;
P = 0.03). Anti-CarP–positive early arthritis was asso-
ciated with a higher risk of developing erosions after
96 months of follow-up (55.6% of anti-CarP–positive
patients versus 37.3% of anti-CarP–negative patients)
(odds ratio 2.1 [95% CI 1.2–3.6]; P = 0.009). This
association was particularly true when anti-CarP was
associated with ACPA positivity. Moreover, ACPA
positivity alone in early arthritis was not associated
with a higher risk of erosive evolution.

Conclusion. Our findings indicate that anti-
CarP antibodies are present in one-third of patients
with early arthritis and in one-fourth of the RF-nega-
tive and ACPA-negative patients. They are particularly
associated with a more severe radiographic outcome.
Anti-CarP antibody positivity may help to accurately
identify those at risk of erosive evolution in an early
arthritis population.

Rheumatoid factor (RF) and anti–citrullinated
protein antibodies (ACPAs) are the 2 main autoanti-
bodies associated with rheumatoid arthritis (RA) (1).
ACPAs and/or RF are detected in ~70–80% of
RA patients (2). Approximately one-third of patients
with established RA do not express RF or ACPAs.
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Seronegative RA is more heterogeneous and sometimes
difficult to diagnose due to the lack of specific autoan-
tibodies (3,4).

ACPAs recognize epitopes containing citrulline
that arises from posttranslational modifications (5).
Other posttranslational modifications of self proteins,
such as glycosylation, oxidation, and carbamylation,
have been described in RA (6–8). Carbamylation
results from the chemical conversion of lysine into
homocitrulline in the presence of cyanate. Increases in
cyanate levels, either through an excess of urea,
increased myeloperoxidase activity (inflammation), or
direct intake (smoking), leads to carbamylation (9).
The presence and involvement of carbamylated pro-
teins in atherogenesis and renal failure has been high-
lighted for years (9–11). Whereas citrullinated proteins
have been identified in the joints of RA patients, the
presence of carbamylated proteins has not been clearly
demonstrated (9). However, indirect evidence has been
strongly observed, notably through the detection of
anti–carbamylated protein (CarP) antibodies (8).

The presence of anti-CarP antibodies has been
described in several cohorts of RA patients, particularly
in those from northern Europe (12–16). The develop-
ment of autoantibodies among patients with RA depends
on the genetic background, and differences have already
been found for ACPAs in Caucasian populations (17,18).
Anti-CarP antibodies may also be present prior to onset
and predict the evolution of RA, which has been shown
in some studies; however, this needs to be reinforced by
data from additional cohorts (19–21).

Taken together, these data suggest interesting
diagnostic and prognostic value for anti-CarP antibod-
ies. In this study, we provide new data on anti-CarP
antibodies in a French cohort of early arthritis patients
(Etude et Suivi des Polyarthrites Indiff�erenci�ees R�ecen-
tes [ESPOIR]) (22). We assessed the prevalence of
anti-CarP antibodies, detailing different clusters of
early arthritis. Herein, we describe the clinical, biologic,
and radiologic characteristics of early arthritis in
patients who tested positive for anti-CarP antibodies.
We also assessed the diagnostic and prognostic predic-
tive value of anti-CarP antibody levels for RA in early
arthritis. Finally, we determined whether anti-CarP
antibodies were associated with specific treatments or
comorbidities in this particular cohort.

PATIENTS AND METHODS

Study population. The ESPOIR cohort is a French
national, multicenter, longitudinal, prospective cohort consist-
ing of patients with early arthritis (22). Patients were recruited

through general practitioners and rheumatologists who were
asked to refer patients with early arthritis to 1 of the 14 uni-
versity hospitals participating in the ESPOIR project. The full
data sets used and/or analyzed in the present study are avail-
able upon request from the corresponding author.

Patients who were included in the study were between
18 and 70 years old, had a clinical diagnosis of definite or
probable RA or a clinical diagnosis of undifferentiated arthri-
tis with the potential to become RA, had at least 2 swollen
joints for at least 6 weeks but less than 6 months, and had
no prescriptions for disease-modifying antirheumatic drugs
(DMARDs) or corticosteroids (except if the patient had
obtained a prescription less than 2 weeks before inclusion in
the study or had been administered an intraarticular injection
less than 4 weeks before inclusion in the study). Patients were
excluded from the study if they exhibited other inflammatory
rheumatic diseases or connective tissue diseases already diag-
nosed at the screening visit according to standard criteria.

All patients were examined every 6 months during the
first 2 years and then every year for at least 10 years. Data
about comorbidities, including hypertension, dyslipidemia,
myocardial infarction, or cerebrovascular disease were recorded
at each follow-up visit, according to standard of care.

The protocol of the ESPOIR study was approved in July
2002 by the Montpellier ethics committee, and all patients
signed an informed consent form prior to inclusion. The scien-
tific committee for the cohort accepted our project, and we
obtained patient sera during month 6 after inclusion in the study.
Patient data, including demographic, clinical, biologic, and
radiographic data, were collected at baseline and at month 96.

Anti-CarP antibody assay. Detection of serum IgG
and anti-CarP antibodies was performed using an enzyme-
linked immunosorbent assay (ELISA) according to the rec-
ommendations of the manufacturer (Inova Diagnostics) and
as described previously (23). Briefly, plates were precoated
with carbamylated fetal calf serum (FCS) before the addition
of a 1:101 dilution of patient sera. Rabbit anti-human IgG
coupled to horseradish peroxidase and tetramethylbenzidine
substrate solution were then added. The cutoff value for posi-
tivity was determined for each plate using a low positive con-
trol supplied with the kit. This internal control was measured
in duplicate and the mean of both values was considered the
positivity cutoff for the corresponding plate. The absorbance
was measured at 415 nm and converted to arbitrary units
(AU) per milliliter using a titration curve of serum samples
with increasing concentrations of anti-CarP antibody.

Data analysis. We collected the following clinical data
for each patient from the ESPOIR database: sex, age, type
and duration of symptoms, Disease Activity Score in 28 joints
using the erythrocyte sedimentation rate (DAS28-ESR) (24)
at baseline, whether the patient was a smoker or abused
alcohol, and whether the patient had hypertension (defined
as systolic blood pressure consistently >139 mm Hg or dias-
tolic blood pressure consistently >89 mm Hg), dyslipidemia
(defined as hypercholesterolemia >2.4 gm/liter), myocardial
infarction (considering any necrosis in the setting of myocar-
dial ischemia), or cerebrovascular disease (including strokes
and transient ischemic attack) at baseline and at 8 years
(month 96). We collected the following biologic data at base-
line: ESR (cutoff for positivity >10 mm/hour), C-reactive pro-
tein (CRP; cutoff for positivity >5 mg/liter), and creatinine
(mmoles/liter). ELISAs for ACPA (DiaSorin) and IgM and
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IgA RF (Menarini) were performed for all patients using
the same technique in a central laboratory (Paris-Bichat).
ACPA levels >50 units/ml were considered positive, and RF

levels >9 IU/ml were considered positive. We obtained the
following radiologic data: presence or absence of joint ero-
sions at baseline and 8 years (month 96) and the Sharp score
(25) at baseline and 3 years. We also obtained information on
the use of DMARDs at 8 years. The final diagnosis of RA
was validated if the patients fulfilled the American College of
Rheumatology (ACR)/European League Against Rheumatism
(EULAR) 2010 criteria (1) at least once during the 8-year
time period.

Statistical analysis. Results are expressed as the mean
� SD or the median (interquartile range) for quantitative vari-
ables and as percentages for qualitative variables. To compare
anti-CarP–positive and anti-CarP–negative groups for the
whole cohort and in each cluster, chi-square test was performed
for qualitative variables, and Student’s t-test was performed for
quantitative variables. Nonparametric correlation analyses
were performed using Spearman’s correlation test. Odds ratios
(ORs) and 95% confidence intervals (95% CIs) were also
calculated. All analyses were performed using Stata 13.1
software. P values less than 0.05 were considered significant.
The study was mainly exploratory; therefore, no corrections for
multiple testing were included.

Table 1. Demographic characteristics of the 720 patients from the
ESPOIR cohort who were included in the study*

Age, mean � SD years 48 � 12
Sex, no. (%) female 547 (76)
Duration of symptoms, median (IQR) days 147 (97–215)
BMI, mean � SD† 25 � 4.6
DAS28-ESR, mean � SD‡ 5.1 � 1.3
IgM-RF positive, no. (%)§ 297 (41.8)
ACPA positive, no. (%)§ 273 (38.4)
IgM-RF negative and ACPA negative, no. (%)§ 356 (50.1)

* ESPOIR = Etude et Suivi des Polyarthrites Indiff�erenci�ees R�ecentes;
IQR = interquartile range; BMI = body mass index; DAS28-ESR =
Disease Activity Score in 28 joints using the erythrocyte sedimentation
rate; IgM-RF = IgM rheumatoid factor; ACPA = anti–citrullinated
protein antibody.
† Data were available for 718 patients.
‡ Data were available for 708 patients.
§ Data were available for 711 patients.

Figure 1. Distribution of anti–carbamylated protein (anti-CarP) antibodies as measured by enzyme-linked immunosorbent assay in the Etude et Suivi
des Polyarthrites Indiff�erenci�ees R�ecentes early arthritis cohort (n = 711). A and B, Distribution of fetal calf serum–conjugated anti-CarP antibody
according to the presence or absence of anti–citrullinated protein antibodies (ACPAs) (A) or rheumatoid factor (RF) (B). Values are the percent of
patients. C and D, Number of patients who were anti-CarP positive in the ACPA-positive and ACPA-negative groups (C) and in the RF-positive and
RF-negative groups (D). E, Distribution of RF, ACPA, and anti-CarP seropositivity. Values are the percent of patients positive for each autoantibody.
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RESULTS

Population characteristics. Between December
2002 and March 2005, 814 subjects with early arthritis
were included in the cohort. We obtained access to 720
samples of sera that were collected 6 months after
patient inclusion into the study. The samples were ana-
lyzed for ACPA and RF status.

The baseline characteristics of the 720 patients
are listed in Table 1. Among the 720 patients, 701 had
complete data available for assessment according to the
ACR criteria, and 91% of these patients with early arthri-
tis (638 of 701) fulfilled the ACR 2010 criteria for RA at
least once over the 8-year period. In this cohort, which
was composed mainly of women (76%), 50.1% of the
patients were both RF-negative and ACPA-negative at
baseline, and the mean � SD DAS28-ESR was 5.1 � 1.3.

Prevalence of anti-CarP antibodies in the
ESPOIR cohort. Anti-CarP antibodies were detected in
the sera of 32.6% of the ESPOIR patients at month 6
(235 of 720) and in 32.3% of the 711 patients with
available data for RF and ACPA. RF was detected in
41.8% of the cohort, and ACPA was detected in 38.4%
of the cohort.

Association of anti-CarP antibodies with ACPA
and/or RF. Anti-CarP–positive patients were found in
every group constituted according to their RF/ACPA
status (Figures 1A and B). There was a significantly
greater percentage of anti-CarP–positive patients in the
ACPA-positive group than in the ACPA-negative group
(41.8% versus 26.5%) (OR 2.0 [95% CI 1.4–2.8];
P < 0.0001) (Figure 1C), and in the RF-positive group
than in the RF-negative group (42.1% versus 25.4%)
(OR 2.1 [95% CI 1.5–3.0]; P < 0.0001) (Figure 1D).

Anti-CarP antibodies were present in 23.6% of the
RF and ACPA double-negative patients (84 of 356). The
anti-CarP single-positive patients represented 11.8% of
the entire early arthritis population (84 of 711). The per-
centages of single-positive, double-positive, and triple-
positive patients are shown in Figure 1E. Of note, 159
patients presented with antinuclear antibodies (ANAs) at
the first visit. Anti-CarP antibodies were significantly
associated with ANAs (45.6% of ANA-positive patients
were positive for anti-CarP antibodies and 29.1% of
ANA-negative patients were positive for anti-CarP
antibodies) (OR 2.1 [95% CI 1.4–3.0]; P = 0.0002) (data
not shown). The same association was observed between
ANAs and RF (OR 1.7 [95% CI 1.2–2.5]; P = 0.0042)
(data not shown) and between ANAs and ACPAs (OR
2.0 [95% CI 1.4–2.8]; P = 0.0003) (data not shown).

Taken together, these findings indicate that
anti-CarP antibodies were expressed in approximately

one-third of the patients with early arthritis and in one-
quarter of the patients with seronegative arthritis.

Characteristics of anti-CarP–positive and anti-
CarP–negative patients with early arthritis at baseline.
While anti-CarP–positive and anti-CarP–negative
patients had similar demographic characteristics at
baseline (data available upon request from the corre-
sponding author), they exhibited differences in their
clinical, biologic, and radiologic data.

In a univariate analysis, anti-CarP positivity was
associated with a more active disease state at baseline
as measured by the mean DAS28-ESR value (median
5.3 [95% CI 5.2–5.5] versus 5.0 [95% CI 4.9–5.1];
P = 0.0004) (Figure 2A). The proportion of patients
with low disease activity (DAS28-ESR <3.2) was signifi-
cantly lower in the anti-CarP–positive group than the
anti-CarP–negative group (3.4% versus 9.7%; P < 0.01
by Fisher’s exact test). Conversely, the proportion of
patients with high disease activity (DAS28-ESR >5.1)
was significantly higher in the anti-CarP–positive group
than in the anti-CarP–negative group (53.9% versus
47%; P = 0.0018 by Fisher’s exact test) (Figure 2B).
Moreover, anti-CarP antibody levels (measured in AU)
correlated with DAS28-ESR levels (Figure 2C). How-
ever, based on the anti-CarP antibody status, no differ-
ences were observed between patients with explosive,
subacute, insidious, or paroxystic disease onset.

A multivariable analysis revealed differences in
clinical characteristics based on the early arthritis anti-
body profile at baseline (P = 0.023 by analysis of vari-
ance [ANOVA]). Overall, the presence of anti-CarP
antibodies was linked to higher disease activity when
associated with either ACPAs or RF. Interestingly, this
result was not observed among the patients who
presented with either ACPAs, RF, or anti-CarP alone
or the combination of ACPAs and RF (Figure 2D).

The CRP level and the ESR were more frequently
abnormal (cutoffs at >5 mg/liter and >10 mm/hour,
respectively) in the anti-CarP–positive patients than in
the anti-CarP–negative patients (138 of 233 versus 234 of
478; P = 0.0106 and 165 of 232 versus 303 of 476;
P = 0.0520) (Figures 2E and F). Analysis stratified by
ACPA status highlighted a slightly significant association
between CarP positivity and ESR/CRP abnormality
restricted to ACPA-positive patients. Of 114 anti-CarP–
positive patients, 79 had an abnormal ESR, and of 160
ACPA-positive patients, 90 had an abnormal ESR
(P = 0.029). Of 113 anti-CarP–positive patients, 96 had
an abnormal CRP level, and of 156 ACPA-positive
patients, 117 had an abnormal CRP level (P = 0.047).
Nevertheless, no correlation was observed between the
CRP level or the ESR and the anti-CarP antibody levels.
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Radiologically, both the anti-CarP–positive
patients and anti-CarP–negative patients exhibited simi-
lar values for erosive disease (33% versus 34.6%,
respectively) and for the Sharp score (median 5.1 [IQR
4.1–6.1] and 5.1 [IQR 4.4–5.7], respectively) at baseline
(data not shown).

Predictive value of anti-CarP antibodies for RA
diagnosis in an early arthritis population. The ACR/
EULAR 2010 criteria were chosen to determine
whether the patients with early arthritis included in the
ESPOIR cohort actually developed RA. After 8 years,

98.6% of the anti-CarP–positive patients and 87% of
the anti-CarP–negative patients, regardless of ACPA
or RF status, fulfilled the ACR/EULAR 2010 criteria
(P = 0.022) (data not shown). The sensitivity and speci-
ficity of the anti-CarP antibody were 34% and 95%,
respectively. The clinical performance of the 3 antibod-
ies for the diagnosis of RA is shown in Table 2. In the
same population of patients with early arthritis, the sen-
sitivity and specificity of ACPAs were 50% and 91%,
respectively, and the sensitivity and specificity of RF
were 53% and 98%, respectively. The sensitivity and

Figure 2. Baseline clinical and biologic profiles of the anti–carbamylated protein (anti-CarP)–positive patients in the Etude et Suivi des Poly-
arthrites Indiff�erenci�ees R�ecentes cohort. A, Baseline Disease Activity Score in 28 joints using the erythrocyte sedimentation rate (DAS28-ESR) in
anti-CarP–negative and anti-CarP–positive patients. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the
boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles. *** = P < 0.001 by unpaired t-test. B, Number of
patients with low or high DAS28-ESR scores in the anti-CarP–negative and anti-CarP–positive groups. *** = P < 0.001 by Fisher’s exact test. C,
Correlation between baseline DAS28-ESR and levels of anti-CarP antibody. D, Baseline (month 0 [M0]) DAS28-ESR according to antibody (Ab)
status (presence or absence of rheumatoid factor [RF], anti–citrullinated protein antibody [ACPA], and anti-CarP). Bars show the mean � SD. * =
P < 0.05 versus patients who were negative for all 3 antibodies, by analysis of variance. E, Number of patients with low ESR (ESR–) or high ESR
(ESR+; >10 mm/hour) in the anti-CarP–negative and anti-CarP–positive groups. * = P < 0.05 by Fisher’s exact test. F, Number of patients with low
or high C-reactive protein (CRP) level (>5 mg/liter) in the anti-CarP–negative and anti-CarP–positive groups. * = P < 0.05 by Fisher’s exact test.
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specificity of the presence of both anti-CarP antibodies
and ACPAs were 63.5% and 87.3%, respectively.

In our non-RA population, the frequency of anti-
CarP was 12% (3 of 25). If we added anti-CarP to the
autoantibody item of the 2010 ACR criteria, the per-
centage of patients fulfilling the criteria would increase
from 91% to 91.4%.

The patients also had other diagnoses besides
RA. Seventeen patients were diagnosed as having
spondyloarthritis, and 1 of those patients was anti-CarP
positive, ACPA negative, and RF negative. Eight
patients were diagnosed as having systemic lupus ery-
thematous, 4 of which were anti-CarP positive (but only
1 was positive for anti-CarP alone). Eight patients were
diagnosed as having primary Sj€ogren’s syndrome, 7 of
whom were positive for anti-CarP (all 8 were positive
for RF). The presence of overlapping syndromes was
not specified, but the ACR criteria were fulfilled at
least once during the 8-year follow-up for all patients.

Overall, anti-CarP antibodies showed a high pos-
itive predictive value of developing established RA in a
population of patients with early arthritis, particularly
in combination with ACPAs and RF.

Prognostic value of anti-CarP antibodies in an
early arthritis population. We assessed the evolution of
early arthritis according to the antibody status of the
patients. Patients in every group exhibited a decreased
DAS28-ESR over time. However, the timeline was dif-
ferent among the groups. Anti-CarP–positive patients
had a significantly higher DAS28-ESR at month 36 (3.1
� 0.11 versus 2.8 � 0.06; P = 0.03) before finally reach-
ing a DAS28-ESR similar to that in anti-CarP–negative
patients at month 96 (Figure 3A). In a multivariate
analysis, at month 36, the patients who were positive
for both anti-CarP antibodies and RF exhibited a
higher level of disease activity than the patients who
were positive for ACPAs only (mean � SD DAS28-

ESR 3.3 � 0.22 versus 2.6 � 0.2; P = 0.03 by ANOVA
and Kruskal-Wallis post test). Those who were positive
for both anti-CarP antibodies and RF also tended to
have a higher level of disease activity than the patients
who were negative for all 3 antibodies (mean � SD
DAS28-ESR 3.3 � 0.22 versus 2.8 � 0.09; P = 0.06 by
ANOVA and Kruskal-Wallis post test) (Figure 3B). At
month 96, the anti-CarP/ACPA/RF triple–positive
patients exhibited more active disease states than the
anti-CarP/ACPA/RF triple–negative patients (mean �
SD DAS28-ESR 2.9 � 0.1 versus 2.4 � 0.2; P = 0.01,
by ANOVA and Kruskal-Wallis post test) (Figure 3C).

Information on radiologic status was available
for 258 patients at month 96. Anti-CarP positivity was
associated with the presence of erosions at month 96
(55.6% in the anti-CarP–positive patients versus 37.3%
in the anti-CarP–negative patients) (OR 2.1 [95% CI
1.2–3.6], P = 0.009 by chi-square test) (Figure 3D).
This difference was not due to erosive status at month
0 as shown in Figure 3E but appeared quite rapidly,
since the Sharp score at month 36 was higher in the
patients with anti-CarP antibodies than in the patients
without anti-CarP antibodies (mean � SD 16.4 � 1.4
versus 12.9 � 0.7; P = 0.0101 by unpaired t-test). More-
over, the patients with erosions at month 96 had higher
levels of anti-CarP antibodies at disease onset, suggest-
ing the predictive value of the anti-CarP level for the
development of RA (mean � SD 221.5 � 16.2 versus
166.2 � 11.3; P = 0.0043 by unpaired t-test) (Figure 3F).

Interestingly, antibody status was differentially
associated with an erosive evolution (Figure 3G).
Triple-positive patients had a higher Sharp score at
month 36 than triple-negative ones (mean � SD 18.49
� 2.1 versus 10.1 � 0.7; P < 0.0001 by ANOVA and
Kruskal-Wallis post test) (Figure 3G). CarP-positive/
ACPA-positive/RF-negative and CarP-negative/ACPA-
positive/RF-positive status were also associated with a

Table 2. Clinical performance of ACPA, RF, and anti-CarP antibodies for the diagnosis of RA according to the ACR/
EULAR 2010 criteria*

ACPA RF Anti-CarP RF or ACPA Any 2 All 3

Sensitivity, % (95% CI) 50
(46.1–54)

52.7
(48.7–56.6)

34
(30.3–37.8)

60.5
(56.5–64.3)

49.4
(45.4–53.3)

17.6
(14.7–20.8)

Specificity, % (95% CI) 91
(80.4–96.4)

98
(91.5–99.9)

95
(86.7–99)

88.9
(78.4–95.4)

98.4
(91.5–99.9)

100
(94.3–100)

Positive LR (95% CI) 5.26
(2.45–11.3)

33.18
(4.7–232.2)

7.14
(2.35–21.7)

5.44
(2.7–11)

31.1
(4.4–217.7)

NE

Negative LR (95% CI) 0.55
(0.49–0.62)

0.48
(0.44–0.53)

0.69
(0.64–0.75)

0.44
(0.39–0.51)

0.51
(0.47–0.56)

0.82
(0.79–0.85)

OR (95% CI) 9.5
(4–27)

69
(11.7–2776)

10.3
(3.3–51.9)

12.2
(5.4–32.2)

60.4
(10.3–2433)

NE

* ACPA = anti–citrullinated protein antibody; RF = rheumatoid factor; anti-CarP = anti–carbamylated protein; RA =
rheumatoid arthritis; ACR = American College of Rheumatology; EULAR = European League Against Rheumatism;
95% CI = 95% confidence interval; LR = likelihood ratio; NE = not evaluable; OR = odds ratio.
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higher Sharp score at month 36 than was CarP-negative/
ACPA-negative/RF-negative status but not the other
antibody combinations (mean � SD 23 � 6.8 and 16.6
� 1.3 versus 10.1 � 0.7; P < 0.0001 by ANOVA and
Kruskal-Wallis post test) (Figure 3G). Taken together,
these results indicate that anti-CarP antibodies are
linked to erosive polyarthritis and more active disease
over time.

Association of anti-CarP antibodies with comor-
bidities in early arthritis. Because the carbamylation
process is related to smoking, we assessed the association
of smoking with anti-CarP antibody status. Tobacco had

no influence on anti-CarP positivity. The results showed
that 48% of the anti-CarP–positive patients and 47% of
the anti-CarP–negative patients were smokers (current
or former) (data not shown). We obtained the same
result when considering only the active smokers. No
associations were observed between anti-CarP positivity
and cardiovascular history (stroke or cardiac infarction)
or risk factors (hypertension, diabetes, hypercholes-
terolemia, or overweight) at month 0. Finally, we found
no association between the presence of the anti-CarP
antibody and the occurrence of a cardiac infarction at
the 8-year follow-up. However, there was a trend toward

Figure 3. Evolution of early arthritis based on anti-CarP antibody levels in patients from the Etude et Suivi des Polyarthrites Indiff�erenci�ees
R�ecentes cohort. A, Change in DAS28-ESR from month 0 to month 96 in anti-CarP–positive and anti-CarP–negative patients. *** = P < 0.001 by
unpaired t-test. B and C, DAS28-ESR at month 36 (B) and month 96 (C) according to antibody status (presence or absence of RF, ACPA, and
anti-CarP). * = P < 0.05 versus patients who were negative for all 3 antibodies, by analysis of variance. D, Number of patients with nonerosive or
erosive disease in the anti-CarP–negative and anti-CarP–positive groups. ** = P < 0.01 for anti-CarP–positive patients with nonerosive disease
versus anti-CarP–negative patients with nonerosive disease and for anti-CarP–positive patients with erosive disease versus anti-CarP–negative
patients with erosive disease, by Fisher’s exact test. E, Sharp scores at month 0 and month 36 in anti-CarP–positive patients (open bars) and anti-
CarP–negative patients (solid bars). * = P < 0.05 by unpaired t-test. F, Anti-CarP antibody levels at month 96 in patients with nonerosive arthritis
and patients with erosive arthritis. * = P < 0.05 by unpaired t-test. G, Sharp score at month 36 according to antibody status (presence or absence
of RF, ACPA, and anti-CarP). *** = P < 0.001 versus patients who were negative for all 3 antibodies, by analysis of variance. In B–G, bars show
the mean � SD. See Figure 2 for definitions.
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a more frequent occurrence of stroke in the anti-CarP–
positive patients, but it was not significant (4 events in
144 anti-CarP–positive patients and 2 in 332 anti-CarP–
negative patients; P = 0.07 by Fisher’s exact test).

Because carbamylation is associated with the con-
centration of urea, we also assessed renal function. The
patients had the same level of serum creatinine at month
0 regardless of their anti-CarP antibody status (data not
shown). Moreover, no correlation was observed between
the levels of anti-CarP antibody and serum creatinine.
Taken together, these results exclude some confounding
factors that could increase carbamylation and lead to
nonspecific anti-CarP antibody production.

Treatment and anti-CarP antibodies. In general,
the patients with early arthritis who were positive for
anti-CarP antibodies were more frequently treated with
at least 1 DMARD during the 8-year follow-up (81.6%
versus 69.5%) (OR 2.0 [95% CI 1.2–3.2]; P = 0.006 by
Fisher’s exact test) (Figure 4A). Patients with anti-CarP
antibodies were more frequently treated with biologic
agents during the 8-year follow-up (35% versus 21%)

(OR 2.0 [95% CI 1.2–3.0]; P = 0.005 by Fisher’s exact
test) (Figure 4B). This association remained significant
after adjusting for RF and ACPA status (OR 1.60 [95%
CI 1.02–2.53]; P = 0.03). Interestingly, anti-CarP anti-
body positivity increased the risk of receiving a biologic
agent as a first-line treatment (17.6% versus 9.8%) (OR
2.0 [95% CI 1.1–3.5]; P = 0.02 by Fisher’s exact test)
(Figure 4C). Moreover, patients who received a biologic
agent during the 8-year follow-up had higher levels of
anti-CarP antibodies than patients who did not receive a
biologic agent (mean � SD 211.2 � 14.8 versus 179.5 �
7.4; P = 0.03 by unpaired t-test) (Figure 4D).

Regardless of the presence or absence of anti-
CarP antibodies, the same proportion of patients was
treated with glucocorticoids (data not shown). We did
not observe a correlation between serum levels of anti-
CarP antibodies and the maximum or mean doses of
glucocorticoids received by the patients (data not
shown). Overall, these data seem to confirm that early
arthritis patients with anti-CarP antibody positivity at
baseline had the most severe disease course over time.

Figure 4. Treatment and anti–carbamylated protein (anti-CarP) status. A, Number of patients who received disease-modifying antirheumatic drugs
(DMARDs) or did not receive DMARDs during the 8-year follow-up according to baseline anti-CarP status. B, Number of patients who received
a biologic agent or did not receive a biologic agent during the 8-year follow-up according to anti-CarP status at baseline. C, Number of patients
who received a biologic agent as first-line treatment and number of patients who received other first-line treatment during the 8-year follow-up
according to anti-CarP status at baseline. D, Anti-CarP antibody levels in patients who received no biologic agents and those who received at least
1 biologic agent during the 8-year follow-up. Bars show the mean � SD. * = P < 0.05; ** = P < 0.01, by Fisher’s exact test in A–C and by unpaired
t-test in D.

ANTI–CARBAMYLATED PROTEIN ANTIBODIES IN EARLY POLYARTHRITIS 2299



DISCUSSION

In this study, we replicated data obtained in a
cohort of patients with early arthritis from northern
Europe (26). Using an innovative technique, this is the
first large study investigating an assay that uses CarP
FCS without the subtraction of non-CarP FCS. Novel
antibodies that may be used for RA diagnosis and/or
prognosis should be validated among several popula-
tions and different experimental conditions to test reli-
ability. In the French ESPOIR cohort, we observed the
presence of anti-CarP antibodies in approximately one-
third of the patients (32.6%). Importantly, anti-CarP
antibodies were present in one-quarter of the seronega-
tive (RF-negative and ACPA-negative) patients, i.e.,
~12% of the patients in the cohort were anti-CarP posi-
tive, ACPA negative, and RF negative. The sensitivity
was comparable to that observed in the Leiden Early
Arthritis Cohort (26). However, we observed a slightly
higher specificity of anti-CarP for the diagnosis of RA
in an early arthritis population (26). The combination
of both anti-CarP and ACPA was more sensitive for the
diagnosis of RA in an early arthritis population than
either antibody alone (63.5% versus 34% or 50%,
respectively), which is interesting for a screening test.

Shi et al (8) were the first to report the presence
of anti-CarP antibodies in RA, with a prevalence of
43–45%. Since then, other studies have reported the
prevalence of anti-CarP antibodies to be 30–49%
(8,12,15,16,20,23). In our study, anti-CarP antibodies
were associated with more active forms of RA. This
finding is consistent with other studies of patients with
early arthritis (27,28). This is the first study to find a sta-
tistical link between the presence of anti-CarP antibod-
ies and disease activity as measured by the DAS28-ESR.
The association was stronger when anti-CarP positivity
occurred in combination with ACPA or RF positivity.
Interestingly, this was not the case with ACPAs or
RF alone. Clinically relevant and consistent with this
result, anti-CarP–positive patients with early arthritis
required prescription DMARDs and biologic agents
more frequently than anti-CarP–negative patients.

These observations indicate an association
between anti-CarP antibodies at baseline and a poor
prognosis of early arthritis. Consistent with these find-
ings, anti-CarP antibodies were associated with the
development of erosions and a worse clinical course.
This observation is consistent with the results of 3 previ-
ous studies (8,20,23). Brink et al (20) reported this
association at baseline, which was not the case in our
study. The worst radiologic course at month 36 was
observed among patients who were CarP/ACPA–double

positive. We report, for the first time, an association
between the level of anti-CarP antibodies and the pres-
ence of erosions at month 96 in a cohort of patients with
early arthritis regardless of their antibody status at
month 0. Shi et al (8,27) previously showed that anti-
CarP antibodies could predict joint erosion in RA or in
a cohort of patients with arthralgia who were positive
for ACPA and/or RF. This finding strengthens the use of
the anti-CarP antibody level as a prognostic indicator
and is consistent with recently published data showing
an additive value of anti-CarP antibodies to ACPAs
and RF for the determination of radiographic progres-
sion (29).

Because of the links between carbamylation and
smoking or renal failure, we analyzed the association
between smoking and renal failure with the concentra-
tion of anti-CarP antibodies (9). Importantly, renal
function and smoking status were not associated with
anti-CarP antibody levels. This lack of association sug-
gests that anti-CarP antibodies in patients with early
arthritis are not only affected by cardiovascular failure,
renal failure, or the carbamylation process but, in pre-
disposed patients, are mainly affected by an inability to
handle an immunologic conflict.

A novel antibody that could be used to diagnose
RA is of interest if it outperforms or adds value to the
existing test, i.e., the association of RF and ACPAs. In
the ESPOIR cohort, 357 patients were labeled seroneg-
ative (for RF and ACPAs). The diagnosis for this type
of patient is left unaddressed until the appearance of
specific symptoms or antibodies. Since one-quarter of
seronegative patients were positive for anti-CarP, anti-
CarP antibodies may be important for diagnosis. Only 2
anti-CarP single-positive patients did not fulfill the ACR
criteria at the end of the 8-year follow-up. Scinocca et al
(30) found anti-CarP antibodies in 5% of patients with
systemic lupus erythematosus and in 3% of patients with
psoriatic arthritis, which was significantly less than in
patients with RA (P < 0.005). However, these antibodies
were also found in patients with juvenile idiopathic
arthritis, and the prevalence was higher in this popula-
tion than among patients with ACPAs and RF (31).

In our study, the prevalence of anti-CarP in types
of arthritis other than RA was similar to the prevalence
of ACPA. In the literature, ACPAs are also present in
other types of inflammatory rheumatic diseases, such as
psoriatic arthritis or lupus (32). ANAs were found to be
associated with anti-CarP antibodies as well as with
ACPAs, and this could reflect a general context of
autoimmune dysfunction. Consistent with other studies,
we suggest that anti-CarP antibodies are highly relevant
for the diagnosis and prognosis of RA (26,33).
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When combined with ACPAs and/or RF, anti-
CarP antibodies provide high ORs for the diagnosis of
RA, but they are more interesting when present alone
or in the evaluation of prognosis. This is important in
light of the paradigm shift in the management of RA.
Although in the past, RA was diagnosed when patients
presented with fairly established disease, it is now widely
acknowledged that early diagnosis and therapeutic inter-
vention are essential to preventing joint damage. There
is evidence that interventions in the preclinical phase of
the disease might stabilize the immune system and ulti-
mately prevent the disease. This, however, puts more
weight on reliable biomarkers or combinations that yield
very high ORs, which are important in settings with
lower pretest probabilities. Nevertheless, the anti-CarP
antibody ELISA is currently for research use only. The
results may ultimately differ from those of other tests
with more established clinically available cutoffs, such as
those for ACPAs and RF, and reproducibility studies will
have to be performed.

In conclusion, anti-CarP antibodies were present
in patients with early arthritis and were associated with
more severe clinical and radiographic disease. Our
results suggest the advantage of evaluating anti-CarP
antibody levels in association with ACPA and RF in
the initial assessment of early arthritis.
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Association of Distinct Fine Specificities of
Anti�Citrullinated Peptide Antibodies With Elevated

Immune Responses to Prevotella intermedia in a Subgroup of
Patients With Rheumatoid Arthritis and Periodontitis

Anja Schwenzer,1 Anne-Marie Quirke,1 Anna M. Marzeda,2 Alicia Wong,3

Anna B. Montgomery,1 Harlan R. Sayles,4 Sigrun Eick,5 Katarzyna Gawron,3

Maria Chomyszyn-Gajewska,3 Katarzyna Łazarz-Bartyzel,3 Simon Davis,1 Jan Potempa,6

Benedikt M. Kessler,1 Roman Fischer,1 Patrick J. Venables,1 Jeffrey B. Payne,7

Ted R. Mikuls,8 and Kim S. Midwood1

Objective. In addition to the long-established
link with smoking, periodontitis (PD) is a risk factor
for rheumatoid arthritis (RA). This study was under-
taken to elucidate the mechanism by which PD could
induce antibodies to citrullinated peptides (ACPAs), by
examining the antibody response to a novel citrulli-
nated peptide of cytokeratin 13 (CK-13) identified in
gingival crevicular fluid (GCF), and comparing the
response to 4 other citrullinated peptides in patients
with RA who were well-characterized for PD and
smoking.

Methods. The citrullinomes of GCF and peri-
odontal tissue from patients with PD were mapped by
mass spectrometry. ACPAs of CK13 (cCK13), tenascin-C
(cTNC5), vimentin (cVIM), a-enolase (CEP-1), and
fibrinogen b (cFIBb) were examined by enzyme-linked

immunosorbent assay in patients with RA (n = 287)
and patients with osteoarthritis (n = 330), and cross-
reactivity was assessed by inhibition assays.

Results. A novel citrullinated peptide cCK13-1
(444TSNASGR-Cit-TSDV-Cit-RP458) identified in GCF
exhibited elevated antibody responses in RA patients
(24%). Anti–cCK13-1 antibody levels correlated with
anti–cTNC5 antibody levels, and absorption experi-
ments confirmed this was not due to cross-reactivity.
Only anti–cCK13-1 and anti-cTNC5 were associated
with antibodies to the periodontal pathogen Prevotella
intermedia (P = 0.05 and P = 0.001, respectively), but
not with antibodies to Porphyromonas gingivalis argi-
nine gingipains. Levels of antibodies to CEP-1, cFIBb,
and cVIM correlated with each other, and with smok-
ing and shared epitope risk factors in RA.

Conclusion. This study identifies 2 groups of
ACPA fine specificities associated with different RA
risk factors. One is predominantly linked to smoking
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and shared epitope, and the other links anti–cTNC5
and cCK13-1 to infection with the periodontal patho-
gen P intermedia.

Rheumatoid arthritis (RA) is an autoimmune
disease characterized by the generation of disease-spe-
cific autoantibodies against modified protein antigens
(1–3). The best-studied autoantibodies in RA to date
are those that recognize citrullinated peptides, whose
epitopes are created by the posttranslational conversion
of arginine residues to citrulline residues by peptidyl-
arginine deiminases (PADs). Among an increasing
number of citrullinated proteins identified as antigens
for autoantibodies in RA, peptides of citrullinated fi-
brinogen b (cFIBb) (4), citrullinated vimentin (cVIM)
(5), citrullinated a-enolase peptide 1 (CEP-1) (6), and
citrullinated tenascin-C (cTNC5) (7) are well character-
ized, and have been confirmed as diagnostically sensi-
tive and specific in independent cohorts.

Despite the fact that anti–citrullinated peptide
antibodies (ACPAs) are excellent biomarkers for RA
and widely used in disease diagnosis (8), it is still not
clear what triggers their production and how this
breach of tolerance occurs, nor is the contribution of
these autoantibodies to disease pathogenesis com-
pletely understood (9). The fact that ACPAs can be
detected years before any overt clinical symptoms of
RA (10), together with the association of RA with risk
factors including smoking (11) and periodontitis (PD)
(12), raises the possibility that these antibodies arise
due to events outside the joints, for example in the
lungs or periodontium.

PD is a chronic inflammatory disease of the
periodontium, characterized by the destruction of both
soft and hard tissue, and, ultimately, tooth loss. It is
associated with pathogen invasion of periodontal pock-
ets, creating a shift in the oral microbiota from a sym-
biotic to a dysbiotic community. Among these dysbiotic
species, an increased frequency of Porphyromonas gingi-
valis, a key PD-associated pathogen, is accompanied by
elevated levels of many other diverse species that are
also linked to PD, including Prevotella intermedia and
Fusobacterium nucleatum (13).

Citrullination has been observed in gingival tissue
from patients with PD by staining with pan–anticitrulline-
specific antibodies (14,15), and citrulline levels are ele-
vated in gingival crevicular fluid (GCF) samples from PD
patients (16). In a recent study, Konig et al (17) demon-
strated by mass spectrometry that a wide range of pro-
teins were citrullinated in GCF from patients with PD,
compared to minimal citrullination in subjects without

PD. However, that study did not examine the antibody
response to citrullinated GCF proteins, and whether this
could be related to PD in patients with RA. Citrullination
in PD may be mediated by endogenous human PAD or
by a bacterial PAD (PPAD) specifically expressed by P
gingivalis. PPAD preferentially citrullinates C-terminal
arginines exposed by the action of the bacterial gingipain
proteases (R gingipain type A [RgpA] and RgpB) that
cleave both bacterial and host proteins in PD tissue
(18,19). Taken together, these data suggest a causal link
between RA and PD, wherein citrullinated proteins gen-
erated in the periodontium may provide a primary source
of autoantibody epitopes that play a role in the initiation
of RA (20).

To further investigate the possibility that citrulli-
nation of proteins in PD contributes to the autoantibody
response in RA, we analyzed GCF and periodontal tis-
sues from patients with PD by mass spectrometry. Within
the periodontal citrullinome, we found citrullinated pro-
teins previously known to be targets of ACPAs in RA.
We also detected novel citrullinated sites, among which
was a peptide of cytokeratin 13 (cCK13-1). By comparing
antibody responses to this novel peptide and 4 other
well-established ACPA antigens, we identified distinct
patient subsets, each with different links to different RA
risk factors.

PATIENTS AND METHODS

Subjects. GCF was obtained from a total of 8 study
participants, including 2 controls without RA or PD, 3
patients with both RA and PD, 2 patients with PD but not
RA, and 1 patient with RA but not PD (16). Multiple peri-
odontal tissue samples were collected from a single PD
patient undergoing dental extraction, with informed consent
and ethical approval. Tissue samples were washed with sterile
phosphate buffered saline immediately after collection and
snap-frozen. No tissue was available from healthy subjects
because of ethical considerations.

The cohort used to analyze the antibody response to
citrullinated peptides has been described in detail previously
(12). This cohort comprises serum from 617 study partici-
pants, including 287 RA patients (100 patients with PD) and
330 osteoarthritis (OA) patients (87 patients with PD). RA
patients in this study had established disease with a mean dis-
ease duration exceeding 10 years. A vast majority had
received disease-modifying therapies including, but not lim-
ited to, methotrexate (62%), glucocorticoids (30%), and/or
biologic agents (31%). Serum samples from a separate group
of RA patients were used to analyze cross-reactivity (6). All
RA cases fulfilled the American College of Rheumatology
1987 classification criteria (21). PD was defined a priori
according to the definition of Machtei et al as the presence
of clinical attachment loss ≥6 mm on ≥2 teeth and ≥1 sites
with probing depths ≥5 mm (22). This definition equates clo-
sely to the US Centers for Disease Control and Prevention/
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American Academy of Periodontology case definition for
“severe” PD (23,24). Of those classified as having PD,
approximately one-fourth reported having prior periodontal
treatment and 16% reported prior periodontal surgery, with
frequencies that were similar in cases and controls (25).

Genotyping for the HLA–DRB1 shared epitope and
enzyme-linked immunosorbent assays (ELISAs) to measure
IgG antibody responses to outer membrane antigens of P gin-
givalis, P intermedia, and F nucleatum are described in detail
in the study by Mikuls et al (12). Nested polymerase chain
reaction (PCR) was used for the detection of P gingivalis in
subgingival plaque samples (26).

Liquid chromatography mass spectrometry/mass
spectrometry (LC-MS/MS) analyses of GCF and PD tissue.
GCF and PD tissue samples were stored at �80°C. GCF was
prepared for LC-MS/MS analysis as described previously (27).
Briefly, GCF was reduced and alkylated with dithiothreitol/
iodoacetamide, followed by protein precipitation using
chloroform and methanol. The protein pellet was solubilized
in 6M urea, diluted to 1M urea with ammonium bicarbonate,
digested with trypsin, and desalted on reverse-phase material
(Sola C18; Thermo Fisher).

Inflammatory gingival tissue surrounding the tooth
and subgingival plaque from root planing of the extracted
tooth was first lysed using Precellys bead beating (Bertin
Instruments) in radioimmunoprecipitation assay buffer (6,500
revolutions per minute for 40 seconds, followed by resting for
5 minutes on ice, repeated 3 times), followed by centrifuga-
tion at 15,000 rpm in the cold. The supernatant was prepared
for LC-MS/MS analysis as described above.

GCF and gingival tissue samples were analyzed on an
LC-MS/MS workflow comprising a Dionex Ultimate 3000
nLC system coupled to a Q-Exactive mass spectrometer
(Thermo Scientific) (28). Briefly, chromatographic separation
was achieved using a 50 cm nEASY spray column (PepMAP
C18; 75 lm 9 500 mm, 2 lm particle size) (Thermo Scien-
tific) and a linear acetonitrile gradient from 2�35% in 5%
DMSO and 0.1% formic acid. Precursor peptides were
detected with a resolution of 70,000 at 200 mass/charge fol-
lowed by the selection of up to 15 precursor ions. Raw data
were imported into Progenesis QI V4.1.4832.42146 (Waters)
for label-free quantitation and alignment, and peptides were
identified with PEAKS, version 7 (Bioinformatics Solutions).

Validation of citrullinated peptides. MS/MS spectra
were validated manually. We confirmed whether retention
times were altered if a noncitrullinated version of the peptide
was detected. We also made sure that the precursor selection
assigned the correct precursor mass and not the 13C peak.
This was repeated for all assigned fragment ions in the corre-
sponding MS/MS spectra as well. In addition, we shortlisted
citrullinated peptides with missed cleavage sites in the tryptic
digests. Deamidation was excluded by the assignment of site-
specific fragment ions.

We identified 756 protein groups in PD tissue sample
1 with 4,748 peptide sequences (peptide and protein false dis-
covery rate [FDR] 1%). In PD tissue sample 2 we found 242
protein groups with 2,476 sequences (FDR 1% for peptides
and 1.5% for proteins). GCF analysis resulted in the identifi-
cation of a total of 387 protein groups (FDR 1%) with 3,798
peptide sequences (FDR 1%).

Peptides and protein. Sera were tested for antibodies
to immunodominant peptides of cTNC5 (7), cVIM (5), cFIBb

(29), and CEP-1 (6) as well as antibodies to peptides of
cCK13 (accession number NP_002265.2). Peptides were syn-
thesized at a purity of >90%, with C-terminal and N-terminal
cysteines to facilitate cyclization (Pepceuticals) and solubilized
in water at 10 mg/ml. RgpB-6xHis was purified as previously
described (30).

ELISAs for citrullinated peptides and RgpB. ACPAs
were measured using a second-generation anti–cyclic citrulli-
nated peptide 2 (anti–CCP-2) IgG ELISA (Diastat; Axis-
Shield). ELISAs were used to detect antibodies against citrul-
linated peptides in human sera as previously described (6).
Briefly, 96-well plates were coated with 10 lg/ml peptide (or
5 lg/ml RgpB) (31), blocked with 2% bovine serum albumin,
and incubated with sera diluted 1:100. Bound antibodies were
detected with a horseradish peroxidase–conjugated anti-
human IgGFc monoclonal antibody (Stratech). A standard
curve of positive sera was used to calculate relative antibody
titers in arbitrary units for each sample for each peptide.
Anti-RgpB levels were expressed as optical density since the
assay was carried out without a standard curve; however, a
positive control on each plate gave a coefficient of variance
of <15% between plates. Inhibition ELISAs to analyze cross-
reactivity between ACPAs and citrullinated peptides were per-
formed as described previously (7).

Statistical analysis. CCP-2 serum positivity was
defined as a level of ≥5 units/ml. The 98th percentile in OA
control samples was used to define the cutoff for positive
antibody levels. Correlations between antibody levels were
calculated using Spearman’s rank correlation.

Chi-square tests were used to compare frequency dis-
tributions of categorical variables while t-tests and Wilcoxon’s
rank sum tests were used to compare all continuous variables.
Fisher’s exact tests were used in place of chi-square tests for
the CCP-2 analysis because of the small number of seronega-
tive cases. Venn analysis was conducted using the Venn Dia-
gram Generator (http://www.pangloss.com/seidel/Protocols/
venn.cgi) followed by proportional visualization with Venn
Diagram Plotter (by Kyle Littlefield and Matthew Monroe,
PNNL, Richland, WA).

RESULTS

Citrullinated proteins in GCF and periodontal
tissue. We identified 24 citrullinated peptides of 8 pro-
teins in GCF (Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40227/abstract) and 92 citrulli-
nated peptides of 56 proteins in PD tissue (Supplemen-
tary Table 2, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40227/abstract). In GCF, citrullinated peptides were
detected in samples from patients with both PD and
RA, but also in samples from patients with RA or PD
alone, and in samples from healthy controls. A number
of the citrullinated sites that we identified in this
study have previously been identified in RA synovial
tissue or fluid, and demonstrated to act as autoantigen
epitopes, including R35 in fibrinogen a (32), R715 in
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a2-macroglobulin, R450 and R304 in vimentin, R93 in
histone H2B type 2-E (33), R4 in histone 2A (34), as
well as R69 and R71 in vimentin (29). We also
detected citrullinated peptides in GCF and periodontal
tissues that have not been described as autoantigens in
RA. Noteworthy were a number of peptides of CK-13,
which were detected in 7 of the 8 GCF samples exam-
ined, but not in the tissue sample (Table 1 and Supple-
mentary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.c
om/doi/10.1002/art.40227/abstract). These data demon-
strate that citrullinated peptides are present in GCF
and in periodontal tissue from a patient with PD.

Peptide cCK13-1 is a novel peptide recognized
by ACPAs in patients with RA. CK-13 expression is
restricted to mucosal membranes. This specific localiza-
tion, combined with the high number of citrullinated
peptides identified in the C-terminal region of this pro-
tein, and the enrichment of these peptides in patients
with PD (Table 1 and Supplementary Figure 1), indi-
cated this as a good candidate for further examination.
We synthesized 2 CK-13 peptides with citrullines at
positions 451 and 456 (cCK13-1: 444TSNASGR-
cit-TSDV-cit-RP458), or at positions 451 and 457
(cCK13-2: 444TSNASGR-cit-TSDVR-cit-P458), and mapped
antibody responses to these peptides in a US cohort of
287 RA patients and 330 OA controls. Antibodies to
cCK13-1 had a diagnostic sensitivity of 24% and specificity
of 98% in RA, while no antibodies were detected
against cCK13-2 (Table 2) or against arginine control pep-
tides (data not shown). Taken together, these data indicate
that an antibody response in RA exists toward a citrulli-
nated epitope that can be generated in inflamed periodon-
tal tissue.

Correlation of anti�cCK13-1 antibody levels
with anti-cTNC5 antibody levels. In the same cohort,
antibodies to CEP-1, cFIBb, cVIM, cTNC5, and CCP-2
were also elevated, with cFIBb having the best

diagnostic sensitivity (66%) of the ACPA fine specifici-
ties, and CCP-2 exhibiting the highest levels overall
(85%) (Table 2). Anti�cCK13-1 antibody levels corre-
lated most strongly with anti-cTNC5 antibody levels (r
= 0.60, P < 0.001) and only moderately with other anti-
body levels (r = 0.30 for cFIBb, r = 0.42 for cVIM, r =
0.36 for CEP-1, and r = 0.30 for CCP-2; all P < 0.001)
(Figure 1A). There was a strong overlap between
cTNC5 and cCK13-1 positivity, as 88% of patients who
were positive for cCK13-1 were also positive for
cTNC5. There was only a partial overlap between
patients who were positive for cCK13-1 and those who
were positive for CEP-1, as only 55% of patients who
were positive for cCK13-1 were also CEP-1 positive
(Figure 1B).

To examine epitope specificity and potential
cross-reactivity of anti–cCK13-1 antibodies with other
antigens targeted by ACPAs, inhibition experiments
were performed with CEP-1, cFIBb, cTNC5, and
cVIM. Adsorption by the homologous peptide was effi-
cient for cCK13-1. There was no cross-reactivity

Table 1. Citrullinated CK-13 peptides identified in GCF from healthy controls, patients with both PD and RA, patients with PD
only, and patients with RA only*

Citrullinated CK-13 peptide Control (n = 2) PD and RA (n = 3) PD (n = 2) RA (n = 1)

5LQSSSASYGGGFGGGSCQLGGG(cit)GVSTCSTR35† 1 0 0 0
326RTLQGLEIELQSQLSMKAGLENTVAETEC(cit)355‡ 1 0 0 0
407SLLEGQDAKMIGFPSSAGSVSP(cit)R430† 1 0 0 0
430STSVTTTSSASVTTTSNASG(cit)R451†‡ 1 1 2 0
451(cit)TSDV(cit)RP458†‡ 1 2 1 0
451(cit)TSDVR(cit)P458†‡ 1 2 1 0
452TSDV(cit)RP458‡ 1 1 1 1
452TSDVR(cit)P458‡ 1 1 0 0

* Values are the number of patients. CK-13 = cytokeratin 13; PD = periodontitis; RA = rheumatoid arthritis.
† Gingival crevicular fluid (GCF) with no tryptic digest.
‡ Tryptic digest of GCF solution.

Table 2. Frequency of ACPA positivity in 287 RA patients*

Antigen Peptide sequence
Percent

of patients

cCK13-1 444TSNASGR-cit-TSDV-cit-RP458 24.0
cCK13-2 444TSNASGR-cit-TSDVR-cit-P458 0
cFIBb 36NEEGFFSA-cit-GHRPLDKK52 66.2
cTNC5 2176EHSIQFAEMKL-cit-PSNF-cit-NLEG-cit-

cit-KR2200

50.5

CEP-1 5KIHA-cit-EIFDS-cit-GNPTVE21 39.4
cVIM 59VYAT-cit-SSAV-cit-L-cit-SSVP74 32.1
CCP-2 – 84.5

* Antibody sensitivity was 98% for all protein antigens. ACPA = anti–
citrullinated peptide antibody; RA = rheumatoid arthritis; cCK13-1 =
citrullinated cytokeratin 13–derived peptide 1; cFIBb = citrullinated
fibrinogen b; cTNC5 = citrullinated tenascin-C; CEP-1 = citrullinated
a-enolase peptide 1; cVIM = citrullinated vimentin; CCP-2 = cyclic
citrullinated peptide 2.
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between anti�cCK13-1 and cTNC5, and only limited
cross-reactivity between anti–cCK13-1 and cFIBb (1 of
4 sera exhibiting cross-reactivity). There was some
cross-reactivity between anti–cCK13-1 and CEP-1 (2 of
4 sera exhibiting inhibition levels up to 57%) and with
anti-cVIM in particular, with 3 of 4 sera exhibiting inhi-
bition levels >65% (Figure 2). However, cCK13-1
showed no sequence homology with either peptide
(Table 2).

Association of ACPAs with RA risk factors and
with PD pathogens. We analyzed how cCK13-1 anti-
body positivity associated with the RA risk factors
smoking, shared epitope, and PD, in comparison to
other established ACPA fine specificities. Specific
ACPAs were associated with smoking (cFIBb [P =

0.001] and CEP-1 [P = 0.034]) and the shared epitope
(cVIM [P < 0.001] and CEP-1 [P = 0.001]) (Table 3).
Anti-cFIBb antibodies were associated with PD
(Table 3), and CCP-2, CEP-1, and cFIBb antibody
levels were significantly elevated in RA patients with
PD compared to RA patients without PD (Supplemen-
tary Figure 2).

We also determined the association of ACPA fine
specificities with infection with periodontal pathogens.
CEP-1–positive patients and cTNC5-positive patients
had higher serum levels of P gingivalis outer membrane
antibody compared to antibody-negative patients (P =
0.022 for CEP-1 and P = 0.015 for cTNC5), but no other
ACPAs were associated with P gingivalis outer mem-
brane antibody. None of the ACPA specificities were

Figure 1. A, Spearman’s rank correlation coefficients for the correlations between different anti�citrullinated peptide antibodies (ACPAs) in
rheumatoid arthritis (RA) patients. P < 0.001 for all correlations. Boldface indicates the correlation between citrullinated cytokeratin 13 (cCK13-
1) and citrullinated tenascin-C (cTNC5) antibody levels. B, Venn diagrams showing the overlap between cTNC5, cCK13-1, and cyclic citrullinated
peptide 2 (CCP-2) antibody responses (left) and between cTNC5, cCK13-1, and citrullinated a-enolase peptide 1 (CEP-1) responses (right). Values
in the diagrams are the number of patients in each subset, and values in parentheses are the total number of ACPA-positive patients. cFIBb =
citrullinated fibrinogen b; cVIM = citrullinated vimentin.
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associated with P gingivalis DNA detected by PCR in
subgingival plaques. Patients who were positive for
cTNC5 and those who were positive for cCK13-1 had
significantly higher levels of anti�P intermedia antibodies
(P = 0.001 for cTNC5 and P = 0.05 for cCK13-1)
(Table 4). This association was confirmed by statistically
significant quantitative correlations of both anti-cTNC5
and anti�cCK13-1 levels with levels of anti�P interme-
dia antibodies (r = 0.207, P = 0.0004 for cTNC5 in all
RA patients; r = 0.223, P = 0.0005 for cTNC5 in CCP+
RA patients; r = 0.152, P = 0.010 for cCK13-1 in all RA
patients; and r = 0.161, P = 0.012 for cCK13-1 in CCP+
RA patients).

Anti-RgpB antibodies have been reported to be
significantly elevated in PD (31,35). We confirmed
these observations in our study, where anti-RgpB levels
in PD patients were increased compared to those in
patients without PD (mean � SD 0.53 � 0.54 lg/ml
versus 0.34 � 0.44 lg/ml; P < 0.0001) (Supplementary
Figure 3A, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40227/abstract). Moreover, anti-RgpB levels correlated
with anti�P gingivalis outer membrane antibody levels
(r = 0.458, P < 0.001), and were associated with PD dis-
ease status (P = 0.001) as well as detection of P gingivalis

Figure 2. Anti–citrullinated cytokeratin 13 (anti–cCK13-1) antibody cross-reactivity with citrullinated tenascin-C (cTNC5), citrullinated fibrinogen
b (cFIBb), citrullinated a-enolase peptide 1 (CEP-1), and citrullinated vimentin (cVIM). Serum from patients positive for both anti–cCK13-1 and
the test antibodies were preincubated with increasing concentrations of the indicated test peptide, and the IgG responses to cCK13-1 were mea-
sured by enzyme-linked immunosorbent assay and presented as the OD. Each symbol represents an individual patient.

Table 3. Association of antibodies with risk factors for RA*

Risk factor

Smoking history
HLA�

DRB1 SE
positive PD

Never
smoked

Former
smoker

Current
smoker

CCP-2+ (n = 240) 37 43 21 81 37
CCP-2� (n = 44) 45 48 7 49 23
P – – 0.076 <0.001† 0.085†

cFIBb+ (n = 190) 35 39 25 79 41
cFIBb� (n = 97) 42 51 7 69 24
P – – 0.001 0.061 0.005

cVIM+ (n = 92) 39 41 20 92 36
cVIM� (n = 195) 37 44 19 68 34
P – – 0.902 <0.001 0.802

CEP-1+ (n = 95) 27 48 24 88 41
CEP-1� (n = 192) 43 41 17 69 32
P – – 0.034 0.001 0.12

cTNC5+ (n = 145) 35 43 22 80 37
cTNC5� (n = 142) 40 44 16 71 33
P – – 0.412 0.085 0.539

cCK13-1+ (n = 69) 42 35 23 72 38
cCK13-1� (n = 218) 36 46 18 77 34
P – – 0.256 0.451 0.57

* Values are the percent of patients. Except where indicated
otherwise, chi-square tests were used to compare frequency distribu-
tions of categorical variables. RA = rheumatoid arthritis; SE = shared
epitope; PD = periodontitis; CCP-2 = cyclic citrullinated peptide 2;
cFIBb = citrullinated fibrinogen b; cVIM = citrullinated vimentin;
CEP-1 = citrullinated a-enolase peptide 1; cTNC5 = citrullinated
tenascin-C; cCK13-1 = citrullinated cytokeratin 13–derived peptide 1.
† By Fisher’s exact test.
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DNA by PCR (P = 0.005) (Supplementary Table 3).
However, anti-RgpB levels were slightly lower in RA
patients compared to OA patients (mean � SD 0.44 �
0.50 lg/ml versus 0.36 � 0.45 lg/ml; P = 0.0353), and
there was no difference in anti-RgpB levels between
CCP-2–positive patients and CCP-2–negative patients
(mean � SD 0.34 � 0.46 lg/ml versus 0.35 � 0.44 lg/ml;
P = 0.4988) (Supplementary Figures 3B and C). In addi-
tion, RgpB levels did not differ between ACPA-negative
and ACPA-positive subsets (Table 4).

DISCUSSION

In this study, by analysis of the citrullinome of
GCF and of periodontal tissue, we identified an overlap
between periodontal citrullinated peptides and citrulli-
nated peptides that are recognized by autoantibodies in
RA. This included a previously unreported modified
peptide of CK-13 (cCK13-1), which we detected in gin-
gival fluid, and which exhibited elevated antibody
responses in patients with RA. Comparing anti–cCK13-1
antibody levels with levels of other well-established
ACPAs in RA revealed that 2 different sets of antibody
fine specificities exist that are differentially associated
with RA risk factors.

Previous studies demonstrated the presence of
citrullinated proteins in inflamed periodontal tissue by

immunohistochemical staining (14,15). However, that
approach cannot reveal the identity of these proteins.
Using mass spectrometry, we identified several citrulli-
nated peptides in GCF and periodontal tissue. Notably,
a number of citrullinated residues that we detected in
periodontal samples have previously been identified in
synovial fluid from RA patients (R35 in fibrinogen a
[32], R715 in a2-macroglobulin, R450 and R304 in
vimentin, and R93 in histone H2B type 2-E [33]). In
addition, we detected peptides with citrullinated resi-
dues at position R4 in histone 2A as well as at posi-
tions R69 and R71 in vimentin, that are described as
autoantibody targets in RA (29,34). Citrulline 71 in
vimentin was also recently detected in lung tissue sam-
ples, including those from smokers and patients with
chronic obstructive pulmonary disease (27).

Our GCF citrullinome shares some commonali-
ties with the findings in the study by Konig et al (17),
who also identified citrullinated peptides of histone 2A
and cytokeratin type II in GCF from PD patients.
There are also many differences between the studies,
which is perhaps not surprising given the nature of
mass spectrometry analysis and the small number of
samples examined. However, the findings of both stud-
ies are consistent with an emerging consensus that
citrullination occurs in samples from healthy subjects,
with an increase in the range of substrates and extent

Table 4. Periodontal pathogen status based on antibody positivity*

Periodontal
pathogen

Pg positive
by PCR,

% of patients

Anti-Pg outer membrane
antibody levels,

mean � SD lg/ml
Anti-RgpB at OD450,
mean � SD lg/ml

Anti-Pi outer membrane
antibody levels,

mean � SD lg/ml

Anti-Fn outer
membrane antibody

levels, mean � SD lg/ml

CCP-2+ (n = 240) 61 106 � 90 0.3 � 0.4 145 � 76 111 � 115
CCP-2� (n = 44) 61 96 � 84 0.3 � 0.5 146 � 93 96 � 74
P 1.000† 0.365‡ 0.495‡ 0.564‡ 0.308‡

cFIBb+ (n = 190) 64 112 � 93 0.4 � 0.5 150 � 79 113 � 124
cFIBb� (n = 97) 56 94 � 81 0.3 � 0.5 137 � 79 97 � 72
P 0.195 0.108‡ 0.191‡ 0.109‡ 0.229‡

cVIM+ (n = 92) 65 114 � 101 0.3 � 0.4 154 � 85 120 � 164
cVIM� (n = 195) 60 102 � 84 0.4 � 0.5 142 � 76 102 � 70
P 0.37 0.508‡ 0.604‡ 0.247‡ 0.979‡

CEP-1+ (n = 95) 67 122 � 98 0.4 � 0.5 156 � 81 122 � 158
CEP-1� (n = 192) 59 98 � 84 0.3 � 0.5 141 � 78 101 � 73
P 0.21 0.022‡ 0.221‡ 0.105‡ 0.297‡

cTNC5+ (n = 145) 67 118 � 96 0.4 � 0.4 160 � 78 118 � 135
cTNC5� (n = 142) 56 93 � 81 0.3 � 0.5 131 � 78 97 � 73
P 0.068 0.015 0.212‡ 0.001 0.109‡

cCK13-1+ (n = 69) 68 120 � 99 0.4 � 0.4 161 � 81 137 � 183
cCK13-1� (n = 218) 60 101 � 86 0.3 � 0.5 141 � 78 98 � 69
P 0.231 0.197‡ 0.230‡ 0.050‡ 0.078‡

* Except where indicated otherwise, chi-square tests were used to compare frequency distributions of categorical variables. Pg = Porphy-
romonas gingivalis; PCR = polymerase chain reaction; anti-RgpB = anti–R gingipain type B; anti-Pi = anti–Prevotella intermedia; anti-Fn =
anti–Fusobacterium nucleatum; CCP-2 = cyclic citrullinated peptide 2; cFIBb = citrullinated fibrinogen b; cVIM = citrullinated vimentin;
CEP-1 = citrullinated a-enolase peptide 1; cTNC5 = citrullinated tenascin-C; cCK13-1 = citrullinated cytokeratin 13–derived peptide 1.
† By Fisher’s exact test.
‡ By t-tests and Wilcoxon’s rank sum test.
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of protein citrullination in tissues that are more
severely inflamed (27,36,37). This, in turn, supports the
hypothesis that up-regulation of citrullination by
inflammation takes part in driving the ACPA response.

Our analysis also identified unique citrullinated
proteins not described so far. Two of these peptides
(cCK13-1 and cCK13-2), derived from CK-13, were ana-
lyzed in more detail. CK-13 is an intermediate filament
protein that is expressed in the gastrointestinal tract, sali-
va, and oral mucosa, but not in skin (The Human Protein
Atlas [http://www.proteinatlas.org] and Proteomics DB
[http://www.proteomicsdb.org]), suggesting that detection
of these peptides was not due to contamination of mass
spectrometry samples. No antibodies recognizing cCK13-2
were detected; however, 24% of RA patients had
ACPAs against cCK13-1 (antibody specificity 98%).
Both peptides share the same sequence, differing only
in the position of one citrullinated arginine residue,
underlining the importance of the neighboring amino
acids for the specificity of the antibody response. The
reactivity toward cCK13-1 was lower than that toward
other ACPA antigens, such as cFIBb, CEP-1, cVIM,
and cTNC5, but was citrulline-specific as no enhanced
antibody reactivity against the arginine control peptide
was detected in RA sera, and 99% of patients who were
positive for cCK13-1 were also positive for CCP-2.

Data in Figure 2 indicate that combined analysis
of anti�cCK13-1 antibodies with other antibody sub-
types, for example anti–CEP-1, would increase sensitiv-
ity, although any benefit gained would likely be offset
by a reduction in specificity. Although no cross-reactiv-
ity between anti�cCK13-1 antibodies and cTNC5 was
observed, cCK13-1 antibody levels correlated well with
cTNC5 antibody levels, and almost all RA patients who
were positive for cCK13-1 were also positive for
cTNC5. In addition, both cTNC5 and cCK13-1 peptide
sequences lie close to the C-terminal end of their cor-
responding protein, making it intriguing to speculate
that both peptides may be generated by a common
mechanism or target enzyme.

Citrullinated CK-13 was only detected in GCF,
and not in PD tissue. Differences in the citrullinome of
GCF and PD tissue may arise from underlying biologic
variation between the 2 sites. For example, CK-13 is
predominantly expressed in noncornified stratified
epithelia such as mucosal membranes, but levels are
most abundant in saliva, where it is found at levels 3–6
orders of magnitude higher than in tissues (Proteomics
DB). Soluble CK-13 in GCF may also exhibit greater
accessibility to PADs than that constrained or masked
within cells or within tissue. Proteomics analysis of
tissue and fluid also each face distinct technical

challenges, for example, sample dilution, varying
dynamic ranges of protein abundance, and ease of pro-
tein isolation, which may account for differences in
peptide profiles detected at each site. Finally, analysis
of a single tissue sample precludes generalization that
cCK13 is not formed in inflamed periodontal tissue.

Despite finding cCK13-1 in patients with PD
alone, or with coexisting RA and PD, and not in RA
patients without PD, larger sample sizes are required
to determine if this antigen arises specifically in GCF
during PD. The lack of association of anti�cCK13-1
antibodies with PD suggests that while GCF may pro-
vide a rich source of cCK13-1, it is not the only source
of this antigen. Indeed, CK-13 is also expressed in the
lung and gut (Proteomics DB), which raises the intrigu-
ing possibility that citrullination of this peptide in the
mucosal epithelia of these organs may also link dysbio-
sis at these sites with autoantibody generation in RA.

Taken together, these data demonstrate that
citrullination occurs in periodontal tissue in patients
with PD and that these citrullinated peptides can serve
as autoantigens in RA, suggesting that citrullinated pro-
teins generated in extraarticular tissues such as the
inflamed periodontium may play a role in breaching
tolerance in RA.

Because of the small number of GCF samples, it
was not possible to analyze whether the frequency of
citrullination is higher in patients with PD and/or RA
compared to healthy controls. However, little citrullina-
tion has been reported in GCF from healthy subjects,
compared to proteins in GCF from PD patients, which
are heavily citrullinated (17). In our study, we detected
citrullinated peptides in GCF from healthy controls.
Citrullination is often associated with inflammation (37),
but low levels of protein citrullination have also been
reported in tissue from healthy lungs, lymph nodes,
skeletal muscle, and kidney (27). We predominantly
detected internally citrullinated peptides, suggesting that
these peptides were citrullinated by the action of
endogenous human PADs (36,38), and not by PPAD,
which preferentially citrullinates C-terminal arginines
(18,19,39). These findings are consistent with those of a
previous study that identified only peptides with endo-
citrullination in GCF samples from PD patients (17).

Environmental and genetic risk factors are
involved in driving the autoimmune response toward
citrullinated peptides (40–42). As described previously
(43), we found that CEP-1 and cVIM were associated with
the HLA�DRB1 shared epitope, and cFIBb and CEP-1
were associated with smoking. We previously reported
that cTNC5 antibodies were significantly associated with
HLA�DRB1 shared epitope status (7), and here we
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describe a close to significant association (P = 0.085).
Although we observed no correlation of cVIM with
smoking, in contrast to other studies (43), the lack of
association of cTNC5 with smoking is consistent with data
from other cohorts showing weak (7) or no (44) links to
smoking for this ACPA subset. Neither of these RA risk
factors were associated with cCK13-1 antibodies. These
data demonstrate that ACPA fine specificities are differ-
entially associated with environmental and genetic RA
risk factors, which in some cases are stronger than associa-
tions observed with CCP-2.

The cFIBb antibodies were associated with PD
in general, while anti–CEP-1 and anti–cTNC5 were cor-
related with anti�P gingivalis outer membrane antibod-
ies. However, we observed no association of these
antibodies with PCR-based detection of subgingival P
gingivalis. Although CEP-1 has previously been dis-
cussed as a candidate autoantigen involved in the etiol-
ogy of RA, since antibodies to citrullinated P gingivalis
a-enolase cross-react with antibodies to CEP-1 and
therefore may be involved in breaching tolerance in RA
(45), this is the first study to link ACPA reactivities with
other periodontal pathogens. Intriguingly, both cTNC5
and cCK13-1 were associated with antibodies reactive
with P intermedia. Although the correlations were weak
numerically, the statistical associations were highly sig-
nificant. Relatively small correlations with significant P
values are common for the sample size of the cohort
examined here, and while a small correlation does not
mean that the 2 variables are not related, it does mean
that most (but not all) of the value of one variable is
not determined by the value of the other variable.
These data therefore provide supporting evidence of
linked pathologic processes, but also suggest that addi-
tional contributing factors underlie disease pathology.

Infection with P intermedia, unlike P gingivalis,
does not exacerbate collagen-induced arthritis (46),
and, given that P intermedia does not express a PAD,
this suggests that infection with this bacterium may
drive the generation of distinct ACPA fine specificities
in a manner quite different from P gingivalis. For exam-
ple, it may facilitate human PAD activity in the peri-
odontium through induction of local inflammation.
Activated neutrophils are suggested as a source of
citrullinated antigens (47) and a recent publication
demonstrated how nucleases from P intermedia can
degrade neutrophil extracellular traps, which could lead
to increased periodontal pathogenicity (48) and release
of endogenous PADs (49). A recent study also demon-
strated that Aggregatibacter actinomycetemcomitans, but
not P gingivalis, F nucleatum, or P intermedia, could
induce citrullination of intracellular proteins in

neutrophils, and that antibodies against A actino-
mycetemcomitans are associated with citrullinated intra-
cellular proteins but not citrullinated extracellular
proteins (17). Taken together, these data demonstrate
that infection with different periodontal pathogens may
drive the generation of different ACPA fine specifici-
ties.

Anti-RgpB antibody levels, used as an additional
marker for P gingivalis infection as in previous publica-
tions (35,50,51), correlated well with anti�P gingivalis
antibody levels and were significantly higher in RA
patients with PD than in RA patients without PD.
However, we observed no association between any
ACPA and these antibodies. In contrast to previous
studies in 2 well-documented Swedish cohorts, we
observed no association of anti-RgpB with CCP-2–posi-
tive RA, nor did we observe elevated anti-RgpB levels
in RA patients compared to OA patients, or in CCP-2–
positive RA patients compared to CCP-2–negative RA
patients (35,51). Our data are consistent with previous
studies showing no association of anti-RgpB antibodies
with RA or pre-RA (31,50) and no difference in anti–P
gingivalis outer membrane antibody levels between RA
and non-RA cohorts (12). Our findings were also con-
sistent with a previous study that showed that anti–P
gingivalis antibody levels were lower, though not signifi-
cantly, in RA patients than in subjects without RA
(52). These different results may be due to differences
in the cohorts analyzed, for example, differences in dis-
ease duration and severity, methods of antibody mea-
surement used, the age and sex of the population
studied, or, perhaps most importantly, the use of
healthy control groups versus the OA comparator
group used here.

In summary, our study has identified 2 groups of
ACPA fine specificities, each associated with different
environmental and genetic RA risk factors. Antibodies
to a novel peptide, cCK13-1, correlated strongly with
anti-cTNC5, both of which were linked to a serologic
response to infection with the periodontal pathogen P
intermedia. The second group, comprising anti�CEP-1,
anti-cFIBb, and anti-cVIM, was predominantly associ-
ated with smoking and the shared epitope, consistent
with the findings of previous studies. The identification
of further distinct ACPA fine specificities, and the anal-
ysis of ACPA subsets in the context of the complex
changes that occur in the oral microbiota during PD,
will likely reveal further etiologic subsets of RA. This
information will be important in helping understand
different mechanisms by which tolerance can be brea-
ched to drive autoimmunity in this heterogeneous
disease.
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CD11b+Gr-1dim Tolerogenic Dendritic Cell–Like Cells Are
Expanded in Interstitial Lung Disease in SKG Mice

Sho Sendo, Jun Saegusa, Takaichi Okano, Soshi Takahashi,
Kengo Akashi, and Akio Morinobu

Objective. SKG mice develop interstitial lung
disease (ILD) resembling rheumatoid arthritis–associ-
ated ILD in humans. The aim of this study was to clar-
ify the mechanism underlying the lung pathology by
analyzing lung-infiltrating cells in SKG mice with ILD.

Methods. We assessed the severity of zymosan A
(ZyA)–induced ILD in SKG mice histologically, and we
examined lung-infiltrating cells by flow cytometry. Total
lung cells and isolated monocytic myeloid-derived sup-
pressor cells (MDSCs) were cultured in vitro with
granulocyte–macrophage colony-stimulating factor
(GM-CSF) and interleukin-4. The proliferation of 5,6-
carboxyfluorescein diacetate N-succinimidyl ester–
labeled naive T cells cocultured with isolated
CD11b+Gr-1dim cells and MDSCs was evaluated by
flow cytometry. CD11b+Gr-1dim cells were adoptively
transferred to ZyA-treated SKG mice.

Results. MDSCs, Th17 cells, and group 1 and 3
innate lymphoid cells (ILC1s and ILC3s) were increased
in the lungs; the proportion of these cells varied with
ILD severity. In this process, we found that a unique cell
population, CD11b+Gr-1dim cells, was expanded in the
severely inflamed lungs. Approximately half of the
CD11b+Gr-1dim cells expressed CD11c. CD11b+Gr-1dim

cells were induced from monocytic MDSCs with GM-
CSF in vitro and were considered tolerogenic because
they suppressed T cell proliferation. These CD11b+Gr-
1dim cells have never been described previously, and we
termed them CD11b+Gr-1dim tolerogenic dendritic cell

(DC)–like cells. Th17 cells, ILC1s, and ILC3s in the
inflamed lung produced GM-CSF, which may have
expanded CD11b+Gr-1dim tolerogenic DC–like cells
in vivo. Furthermore, adoptive transfer of CD11b+Gr-
1dim tolerogenic DC–like cells significantly suppressed
progression of ILD in SKG mice.

Conclusion. We identified unique suppressive
myeloid cells that were differentiated from monocytic
MDSCs in SKG mice with ILD, and we termed them
CD11b+Gr-1dim tolerogenic DC–like cells.

Interstitial lung disease (ILD) is frequently compli-
cated by connective tissue diseases (CTDs), which are
systemic autoimmune disorders of unknown origin. CTD-
associated ILD is sometimes life-threatening, and it is
important to elucidate its pathogenesis. ILD complicated
by rheumatoid arthritis (RA), a representative CTD, is
called RA-associated ILD. CD4+ T cells (1,2) and den-
dritic cells (DCs) (3) are both significantly increased in
RA-associated ILD compared to idiopathic ILD, suggest-
ing that lymphoid and myeloid cells contribute to the
pathogenesis of RA-associated ILD. Although some
patients with RA-associated ILD respond to immunosup-
pressive therapy (4–6), others do not. Corticosteroids and
other immunosuppressive therapies also have many side
effects, including infection, making it desirable to find
treatments with fewer side effects.

In SKG mice, an animal model of RA, a single
injection of zymosan A (ZyA) can induce not only
arthritis but also ILD. These manifestations are due to
a spontaneous point mutation of the gene encoding an
SH2 domain of ZAP-70, which is a key transduction
molecule in T cells. This ZAP-70 mutation leads to the
thymic generation of autoimmune T cells, chronic
arthritis, and extraarticular manifestations similar to
those of RA (7,8).

DCs are potent antigen-presenting cells that
can activate naive T cells and initiate adaptive immune
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responses. In general, DCs are derived from common
DC progenitors and constitutively express CD11c on
the cell surface (9). Several types of DCs with negative
suppressive function have been reported as tolerogenic
DCs, which are major regulators of immune responses
in cancer, infection, autoimmune diseases, and trans-
plantation (10–13). Tolerogenic DCs suppress autoreac-
tive T cells in the thymus during central tolerance, and
they limit Teff cells and promote Treg cell differentia-
tion in the periphery. Previous reports describe roles of
tolerogenic DCs in the intestine, lung, skin, liver, and
other organs (14–18). Researchers have identified a
tolerogenic DC subset in patients with chronic obstruc-
tive pulmonary disease (19) and have demonstrated
that the adoptive transfer of splenic tolerogenic DCs
from helminth-infected mice can inhibit allergic inflam-
mation in a murine model of asthma (20). However, lit-
tle is known about the role of tolerogenic DCs in RA-
associated ILD. Tolerogenic DCs can be generated
from bone marrow (BM) cells in vitro using granulo-
cyte–macrophage colony-stimulating factor (GM-CSF)
and factors such as interleukin-10 (IL-10) and trans-
forming growth factor b (TGFb) (21,22); however, it is
not known whether tolerogenic DCs can also be differ-
entiated from lung-infiltrating cells.

Myeloid-derived suppressor cells (MDSCs), a
heterogeneous cell population with immunosuppressive
activities, are phenotypically defined as CD11b+Gr-1+
cells and classified into 2 subpopulations: polymor-
phonuclear MDSCs with a CD11b+Ly-6G+Ly-6Clow

phenotype and monocytic MDSCs with a CD11b+Ly-
6G–Ly-6Chigh phenotype (23). Although both tolero-
genic DCs and MDSCs are tolerogenic and induced by
GM-CSF, they differ in morphology, phenotype, and
function. Some studies have identified tolerogenic DCs
and MDSCs as potential therapeutic targets for inflam-
matory diseases (20,24,25), and others have demon-
strated the efficacy of intraarticular tolerogenic DC
therapy for RA (26).

In this study, we found that the proportion of
MDSCs was elevated in the lungs of ZyA-treated SKG
mice, and we detected a new population of CD11b+Gr-
1dim cells. GM-CSF stimulation induced CD11b+Gr-
1dim cells with tolerogenic DC–like characteristics from
monocytic MDSCs. GM-CSF was produced by both Th
cells and innate lymphoid cells (ILCs). Furthermore,
adoptive transfer of CD11b+Gr-1dim tolerogenic DC–
like cells significantly suppressed the progression of
ILD in SKG mice. These results suggested that MDSCs
could differentiate into CD11b+Gr-1dim tolerogenic
DC–like cells that served as the suppressor of ILD in
SKG mice.

MATERIALS AND METHODS

Mice. Male SKG mice (CLEA Japan) were used at age
3–20 weeks. All mice were kept in specific pathogen–free condi-
tions at the Institute of Laboratory Animals, Kobe University
Graduate School of Medicine. All mice were handled in accor-
dance with the guidelines for animal care approved by the Ani-
mal Experimentation Committee of Kobe University.

Reagents and antibodies. ZyA and 2-mercaptoethanol
(2-ME) were purchased from Sigma-Aldrich; tofacitinib from
Selleckchem; DMSO from Tocris Bioscience; a 5,6-carboxy-
fluorescein diacetate N-succinimidyl ester (CFSE-DA) Cell
Proliferation Kit from Invitrogen; RPMI 1640 medium and
DMSO from Wako Pure Chemical Industries; fetal bovine
serum (FBS) from MP Biomedicals; 1% penicillin/streptomycin
from Lonza Walkersville; Liberase TL Research Grade (colla-
genase I and II) from Roche; GM-CSF from PeproTech; and
recombinant mouse IL-4 protein, anti-TGFb1, anti-TGFb2,
and anti-TGFb3 antibody and a mouse TGFb1 enzyme-linked
immunosorbent assay (ELISA) kit from R&D Systems.

Fluorescein isothiocyanate (FITC)–conjugated anti–
Gr-1, phycoerythrin (PE)–conjugated anti–Gr-1 (anti–Ly-6G/
Ly-6C), FITC-conjugated anti-rat IgG2b k isotype, PE-conju-
gated anti-mouse isotype, purified hamster anti-mouse CD3e,
purified hamster anti-mouse CD28, and purified rat anti-
mouse CD16/CD32 (Fc block) were obtained from BD Bio-
sciences. Brefeldin A, allophycocyanin (APC)–conjugated anti-
CD11b, PE-conjugated anti-CD11c, PE-conjugated anti-CD80,
PE-conjugated anti-CD274 (programmed death ligand 1
[PDL-1]), FITC-conjugated anti-CD4, APC-conjugated anti-
CD4, PE-conjugated anti-CD62L, PE-conjugated anti-CD80,
PE–Cy7–conjugated anti-CD90.2 (anti-Thy1.2), PE-conjugated
anti–GM-CSF, PE-conjugated anti-FoxP3, PE-conjugated anti–
retinoic acid receptor–related orphan nuclear receptor ct
(anti-RORct), PE-conjugated anti–T-bet, APC-conjugated anti-
RORct, APC-conjugated anti–T-bet, PE-conjugated anti-rat
IgG1 k isotype, APC-conjugated anti-rat IgG2a k isotype, and
PE–Cy7–conjugated anti-rat IgG2a k isotype were obtained from
eBioscience. Cell staining buffer, nuclear factor fixation and per-
meabilization buffer, FITC-conjugated anti-lineage markers
(anti-Lin [anti-CD3/Gr-1/CD11b/CD45R{B220}/Ter-119]), FITC-
conjugated anti–Ly-6C, APC-conjugated anti–GATA-3, and
FITC-conjugated anti-hamster IgG/anti-rat IgG2b/IgG2a were
obtained from BioLegend.

Induction of arthritis and ILD in SKG mice. Male
mice ages 8–9 weeks were given intraperitoneal injections
(5 mg) of ZyA (Sigma-Aldrich) suspended in 0.5 mg normal
saline as previously described (27) or 0.5 mg normal saline
alone as a control.

Evaluation of arthritis. We assessed the development
and severity of arthritis using a previously described system
for scoring clinical arthritis (7). The scores for wrists and
ankles and for all fingers of the fore paws and hind paws
were totaled for each mouse. The maximum possible clinical
arthritis score was 5.8.

Lung histology and scoring. The left lung was inflated
with 4% paraformaldehyde, embedded in paraffin, and sec-
tioned by cryostat. The sections were stained with hema-
toxylin and eosin (H&E) and Masson’s trichrome. All images
were captured using a Keyence BZ-X710 fluorescence micro-
scope, and the images were combined to make the entire lung
shape. The percentage of the affected area was calculated by
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ImageJ software (National Institutes of Health) as follows:
(consolidation area + [cell infiltration without consolidation
area]/2)/whole lung area. The severity of ILD was evaluated
by measuring the diffusely affected area as previously
described (28) and assigning a histologic score (HS) as fol-
lows: HS0 = normal; HS1 = >10–30% affected; HS2 = >30–
60% affected; HS3 = >60% affected.

Collection of BM, spleen, and lung-infiltrating cells.
Mice were euthanized with a high dose of pentobarbital
sodium. The lungs were perfused with phosphate buffered sa-
line via the trachea and right atrium to remove bronchoalveolar
and blood cells. The right lung was incubated in RPMI 1640,
FBS, and Liberase TL Research Grade for 45 minutes at 37°C.
The digested lungs were filtered through a 100-lm nylon filter

Figure 1. Chronic, progressive, and severe interstitial lung disease (ILD) in zymosan A (ZyA)–treated SKG mice. A, Progression of ILD over
time, assessed by the percentage of the affected area in SKG mice injected with ZyA or normal saline (SAL). B, Changes in arthritis score over
time in SKG mice treated with ZyA (n = 28) or saline (n = 9). C, Changes in body weight after intraperitoneal injection of ZyA (n = 28) or sal-
ine (n = 9). D, Hematoxylin and eosin staining of lungs from SKG mice 12 weeks after ZyA or saline injection, showing representative images
corresponding to histologic scores (HS) in saline- or ZyA-treated SKG mice (HS0 = normal; HS1 = >10–30% affected; HS2 = >30–60% affected;
HS3 = >60% affected). E, Nonspecific pneumonia–like inflammatory cell infiltrations in HS1-level ILD and HS2-level ILD, and massive infiltra-
tions of inflammatory cells in HS3-level ILD. Unique cells with a large, bright cytoplasm were observed only in HS3-level ILD (arrows). F, Mas-
son’s trichrome staining showing mild fibrosis in the lung of a ZyA-treated SKG mouse. Data in A are from 1 experiment. Data in B and C are
representative of at least 2 independent experiments. Values in A–C are the mean � SEM. * = P < 0.05 versus saline-treated mice, by Student’s
t-test.
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and the cells were collected. BM and spleen cells were directly
filtered through a 100-lm nylon filter and collected.

Isolation of lung CD11b+Gr-1dim tolerogenic DC–like
cells, MDSCs, monocytic MDSCs, BM MDSCs, BM-derived
DCs (BMDCs), and spleen naive T cells. A BD FACSAria III
(BD Biosciences) was used to sort CD11b+Gr-1dim tolero-
genic DC–like cells (CD11b+Gr-1dim cells), MDSCs (CD11b+
Gr-1+ cells), and monocytic MDSCs (CD11b+Ly-6Chigh cells)
from the lung, MDSCs and BMDCs from BM, and naive
T cells (CD4+CD62L+ cells) from the spleen.

Cell staining and flow cytometry. For surface staining,
single-cell suspensions of lung cells, BM cells, and splenocytes
were washed with cell staining buffer and stained with anti–
Gr-1, anti–Ly-6C, anti-CD11b, anti-CD11c, anti-CD80, anti–
PDL-1, anti-CD4, anti-CD62L, anti-CD90.2, and anti-cocktail
antibodies for 30 minutes at 4°C. For intracellular cytokine
and nuclear factor staining, lung cells were stimulated with
phorbol myristate acetate and ionomycin for 6 hours and bre-
feldin A for the last 4 hours, as previously described (29).
The cells were washed with nuclear factor fixation and per-
meabilization buffer and stained with anti–GM-CSF, anti–
T-bet, anti–GATA-3, anti-RORct, and anti-FoxP3 antibodies
following the manufacturer’s protocol. Flow cytometry data
were acquired on a FACSCalibur (BD Biosciences) and ana-
lyzed with FlowJo software (Tree Star).

Quantitative real-time polymerase chain reaction
(PCR). Total RNA was isolated from part of the right lung
using an RNeasy Mini Kit (Qiagen) followed by complemen-
tary DNA (cDNA) synthesis using a QuantiTect Reverse
Transcription Kit (Qiagen). PCR mixtures were prepared
using a QuantiTect SYBR Green PCR Kit (Qiagen) followed
by quantitative PCR on a PikoReal system (Thermo Fisher
Scientific). The following primer pairs were used: for GM-
CSF, 50-CCAGCTCTGAATCCAGCTTCTC-30 (forward) and
50-TCTCTCGTTTGTCTTCCGCTGT-30 (reverse); for IL-
23p19, 50-AATAATGTGCCCCGTATCCA-30 (forward) and
50-GGATCCTTTGCAAGCAGAAC-30 (reverse). GAPDH
was used as an internal control to normalize the amount of
loaded cDNA.

Generation of DCs from lung and BM cells in vitro.
Total lung cells (1 9 106), total BM cells (1 9 106), and iso-
lated lung CD11b+Ly-6Chigh cells (monocytic MDSCs) (1 9
105) from naive SKG mice were cultured in RPMI 1640 me-
dium supplemented with 10% FBS, 1% penicillin/streptomycin,
50 lM 2-ME, and 10 ng/ml GM-CSF, with or without 2.5
ng/ml recombinant IL-4, as previously described (30). These
cultures were maintained at 37°C in 48-well plates in a 5%
CO2 humidified atmosphere. On day 3 of culture, the super-
natant was gently removed and the medium was replaced with
fresh medium containing GM-CSF with or without recombi-
nant IL-4. In some experiments, anti-TGFb antibody (5
lg/ml) was added when generating DCs from total lung cells.
Cells were collected on day 5 and analyzed by flow cytometry.

ELISA. Total lung cells and BM cells were cultured as
described above, and TGFb1 levels in culture supernatant
were measured with a commercial ELISA kit following the
manufacturer’s instructions.

Proliferation assay. Isolated spleen CD4+CD62L+
cells (naive T cells) from 3-week-old SKG mice were incu-
bated with 10 lM CFSE-DA according to the manufacturer’s
protocol. CFSE-DA–labeled naive T cells (1 9 105) in 200 ll
of medium were cultured for 3 days in a 96-well flat-

bottomed plate precoated with 10 lg/ml anti-CD3 antibody
and 5 lg/ml anti-CD28 antibody with or without lung
MDSCs, CD11b+Gr-1dim cells, or BM MDSCs obtained from
ZyA-treated SKG mice, or with in vitro–generated
CD11b+Gr-1dim cells or BMDCs. Proliferation of naive T cells
was determined by measuring CFSE-DA fluorescence using
flow cytometry.

Adoptive transfer experiments. Total lung cells from
ZyA-treated SKG mice were cultured with GM-CSF and IL-4
for 7 days as described above in order to generate
CD11b+Gr-1dim cells. The cells were stimulated with ZyA (5
lg/ml) for the last 2 days. The in vitro–generated CD11b+Gr-
1dim cells (5 9 105/mouse) were isolated using a FACSAria
III and transferred into ZyA-treated SKG mice through the
tail vein once every 2 weeks for 3 months. Normal saline
(0.5 mg) was injected as a control.

Statistical analysis. Results are expressed as the
mean� SEM. All analyses were performed using GraphPad
Prism 5 software. Statistical comparisons between 2 groups
were performed using Student’s t-test in the case of a normal
distribution or the Mann-Whitney U test in the case of a non-
normal distribution. For multiple comparisons, the Kruskal-
Wallis test was used. Pearson’s or Spearman’s correlation
coefficient was calculated for the correlations performed.
P values less than 0.05 were considered significant.

RESULTS

ZyA-treated SKG mice develop chronic, progres-
sive, and severe ILD. ZyA-treated SKG mice can
develop ILD, which is characterized by inflammatory
cell infiltration. Although inflammatory cell infiltration
into interstitial spaces was mild 8 weeks after ZyA injec-
tion, a massive infiltration resembling organizing pneu-
monia was observed extending into the interstitial
and alveolar spaces 12 weeks after ZyA injection
(Figures 1A and D). Mice started to develop arthritis 6
weeks after ZyA injection, which worsened thereafter
(Figure 1B), and began losing body weight 8 weeks after
ZyA injection (Figure 1C). The severity of ILD was cor-
related with loss of body weight but not with the arthri-
tis score (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40231/abstract).

Since not all of the ZyA-treated SKG mice devel-
oped severe ILD, we examined the mice 12 weeks after
ZyA injection and scored the severity of ILD according
to the diffusely affected area visible with H&E staining
(HS0 = normal; HS1 = >10–30% affected; HS2 = >30–
60% affected; HS3 = >60% affected) (Figure 1D). This
analysis revealed that approximately half of the ZyA-
treated SKG mice developed HS2-level ILD and ~25%
developed HS3-level ILD. High-power views of H&E
staining showed infiltration of mononuclear and polynu-
clear cells into the interstitial space and revealed the
presence of unique cells with a large, bright cytoplasm
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only in specimens from ZyA-treated mice with HS3-level
ILD (Figure 1E). Masson’s trichrome staining showed
that ZyA-treated SKG mice developed mild fibrosis but
no honeycombing (Figure 1F).

Increased MDSCs in lungs of ZyA-treated SKG
mice, but expanded CD11b+Gr-1dim cells only in lungs
of ZyA-treated SKG mice with HS3-level ILD. We next
investigated the characteristics of lung-infiltrating cells

Figure 2. CD11b+Gr-1+ cells (myeloid-derived suppressor cells [MDSCs]) are increased in lungs of ZyA-treated mice with HS1-level ILD and
HS2-level ILD, while CD11b+Gr-1dim cells are expanded only in the lungs of ZyA-treated mice with HS3-level ILD. Shown are data for lung-infil-
trating cells 12 weeks after ZyA or saline injection. A, Total cell counts corresponding to each histologic score are shown for ZyA- and saline-trea-
ted mice (n = 9 saline-treated mice, n = 8 ZyA-treated mice with HS1-level ILD, n = 15 ZyA-treated mice with HS2-level ILD, n = 7 ZyA-treated
mice with HS3-level ILD). B, Representative flow cytometry plots show distribution of CD11b+Gr-1+ cells and CD11b+Gr-1dim cells for each his-
tologic score classification. C, Proportions of CD11bdimGr-1dim cells, CD11b+Gr-1+ cells, and CD11b+Gr-1dim cells corresponding to each histo-
logic score are shown (n = 8 saline-treated mice, n = 7 ZyA-treated mice with HS1-level ILD, n = 14 ZyA-treated mice with HS2-level ILD, n = 6
ZyA-treated mice with HS3-level ILD). D, Lung cells were gated on CD11b expression and stained for Ly-6C and Ly-6G. Ly-6C–Ly-6Gintermediate

cells were present only in lungs of ZyA-treated mice with HS3-level ILD. E and F, CD11c was expressed by ~20% of CD11b+Gr-1+ cells from the
lungs of ZyA-treated mice with HS3-level ILD (n = 8 saline-treated mice, n = 10 ZyA-treated mice with HS3-level ILD). G and H, CD11c was
expressed by approximately half of CD11b+Gr-1dim cells from the lungs of ZyA-treated mice with HS3-level ILD (n = 9 saline-treated mice, n =
10 ZyA-treated mice with HS3-level ILD). I, May-Gr€unwald-Giemsa staining of CD11b+Gr-1dim cells is shown. J, CD11b+Gr-1dim cells were not
observed in bone marrow or spleen. Values in A, C, F, and H are the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Kruskal-Wallis
test (A and C) or Mann-Whitney U test (F and H). 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.40231/abstract.
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in ZyA-treated mice. The total number of infiltrating
cells was increased significantly in lungs of ZyA-treated
mice with HS3-level ILD (Figure 2A). Flow cytometry
revealed a higher proportion of CD11b+Gr-1+ cells
(MDSCs) in lungs of ZyA-treated mice than in those
of saline-treated mice. Interestingly, the proportion of
CD11b+Gr-1dim cells was elevated only in lungs of
ZyA-treated mice with HS3-level ILD (Figures 2B and
C). We further analyzed these subpopulations by gating
for CD11b+ cells. Although there was no significant
difference in the proportions of CD11b+Ly-6Chigh

Ly-6G– cells (monocytic MDSCs) or CD11b+Ly-6Clow

Ly-6G+ cells (polymorphonuclear MDSCs) between
specimens from ZyA-treated mice with HS1-level ILD
and specimens from ZyA-treated mice with HS3-level
ILD, the proportion of CD11b+Ly-6C–Ly-6Gintermediate

cells was increased only in lungs of ZyA-treated mice
with HS3-level ILD (Figure 2D). These results sug-
gested that CD11b+Gr-1dim cells and CD11b+Ly-6C–
Ly-6Gintermediate cells might be the same population.

We next analyzed CD11c expression in MDSCs
and CD11b+Gr-1dim cells, and we found that MDSCs
and CD11b+Gr-1dim cells from lungs of ZyA-treated
mice with HS3-level ILD expressed significantly more
CD11c than did those from control specimens (Fig-
ures 2E–H). CD11c was expressed more strongly in
CD11b+Gr-1dim cells than in MDSCs (Figures 2E–H),
and CD11b+Gr-1dim cells did not express F4/80 (Fig-
ure 2G). May-Gr€unwald-Giemsa staining revealed that
CD11b+Gr-1dim cells were morphologically immature
DC-like cells (Figure 2I). CD11b+Gr-1dim cells were not
detected in the spleen or BM of ZyA-treated SKG mice
with HS3-level ILD (Figure 2J). As few MDSCs express
CD11c, these results indicated that CD11b+Gr-1dim cells
and MDSCs might be different populations, and that
CD11b+Gr-1dim cells would be a cell population differ-
entiating into DCs in the severely inflamed lung.

Increased GM-CSF–producing Th17 cells,
group 1 ILCs (ILC1s), and ILC3s in lungs of ZyA-treat-
ed SKG mice. As GM-CSF is known to be important
in DC differentiation, we next investigated GM-CSF
expression in the lungs of ZyA-treated SKG mice.
Quantitative reverse transcription–PCR revealed that
relative expression of messenger RNA (mRNA) for
GM-CSF was significantly elevated in the lungs of ZyA-
treated SKG mice compared to control mice (Fig-
ure 3A). Expression of mRNA for IL-23p19, which
induces the differentiation of Th17 cells and ILC3s, was
also elevated in ZyA-treated mice (Figure 3A). CD4+ T
cells and ILCs were recently identified as sources of
GM-CSF (31–35); thus, we first analyzed CD4+ T cells
as a source of GM-CSF and found that the numbers of

total CD4+ cells and RORct+CD4+ cells were signifi-
cantly elevated in lungs of ZyA-treated mice with HS3-
level ILD (Figure 3B). We also found significantly ele-
vated numbers of GM-CSF+CD4+ cells and GM-
CSF+RORct+CD4+ cells in lungs of ZyA-treated mice
with HS2-level ILD and HS3-level ILD (Figures 3C and
D).

We next examined ILCs, defined as Lin–CD90.2+
cells, in the total lymphoid cell population, as previously
described (36) (Figure 3E). ILC1s, ILC2s, and ILC3s
were classified by expression of T-bet, GATA-3, and
RORct, respectively. The total numbers of ILCs, T-bet+
ILCs (ILC1s), and RORct+ ILCs (ILC3s) were signifi-
cantly increased in lungs of ZyA-treated mice with HS3-
level ILD (Figure 3F). In addition, GM-CSF+ ILCs,
GM-CSF+ ILC1s, and GM-CSF+ ILC3s were signifi-
cantly elevated in lungs of ZyA-treated mice with HS2-
level ILD and HS3-level ILD (Figures 3G and H).
Thus, the numbers of GM-CSF–producing Th17 cells,
ILC1s, and ILC3s were significantly increased in the
lungs of ZyA-treated SKG mice.

In vitro differentiation of CD11b+Gr-1dim cells
from monocytic MDSCs by stimulation with GM-CSF
and IL-4. The generation of DCs from BM cells
in vitro using GM-CSF is well established (30,37). To
determine whether DCs could be generated from lung
cells using GM-CSF, we cultured total lung cells with
GM-CSF in vitro in the presence or absence of IL-4.
GM-CSF alone induced CD11b+Gr-1dim cells from
total lung cells, and adding IL-4 facilitated the differ-
entiation (Figures 4A and B). The in vitro–generated
CD11b+Gr-1dim cells expressed high levels of CD11c
(Figure 4A). Microscopic examination and flow cytom-
etry based on forward scatter (FSC) and side scatter
(SSC) parameters revealed that the in vitro–generated
CD11b+Gr-1dim cells and the CD11b+Gr-1dim cells
ex vivo were larger than lymphocytes (Figures 4C and
D). Histology showed the presence of cells with a large,
bright cytoplasm which would be CD11b+Gr-1dim cells
in vivo in the lung of a ZyA-treated mouse with HS3-
level ILD (Figure 4D). These results indicated that the
in vitro–generated CD11b+Gr-1dim cells and the
CD11b+Gr-1dim cells found in lungs of ZyA-treated
mice with HS3-level ILD were similar populations.

We next investigated which cell populations dif-
ferentiated into CD11b+Gr-1dim cells. Although some
MDSCs expressed CD11c in severe (HS3-level) ILD,
differentiation of CD11b+Gr-1dim cells was not observed
when total MDSCs were stimulated with GM-CSF and
IL-4 (see Supplementary Figure 2A, http://onlinelibrary.
wiley.com/doi/10.1002/art.40231/abstract). One study
showed that splenic CD11b+Ly-6G–Ly-6Chigh cells
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(monocytic MDSCs) can differentiate into CD11b+
CD11c+F4/80+ cells (DCs and macrophages) when
stimulated with GM-CSF (38). CD11b+Gr-1dim cells
were induced when CD11b+Ly-6Chigh cells (monocytic

MDSCs) isolated from the lung were cultured with GM-
CSF and IL-4 (Figures 4E and F). CD11b+Ly-6Clow

cells (polymorphonuclear MDSCs) did not differentiate
to CD11b+Gr-1dim cells (see Supplementary Figure 2B).

Figure 3. Numbers of granulocyte–macrophage colony-stimulating factor (GM-CSF)–producing Th17 cells, group 1 innate lymphoid cells (ILC1s),
and ILC3s are increased in the lungs of ZyA-treated SKG mice. A, Quantitative reverse transcription–polymerase chain reaction analysis revealed
that relative expression of mRNA for GM-CSF and interleukin-23 p19 (IL-23p19) was elevated in the lungs of ZyA-treated mice (n = 5 saline-
treated mice, n = 5 ZyA-treated mice). B, Total counts of CD4+ cells and retinoic acid receptor–related orphan nuclear receptor ct–positive
(RORct+) CD4+ cells were elevated in the lungs of ZyA-treated mice with HS3-level ILD. C, Lung cells were stained with anti-CD4 and anti–
GM-CSF antibodies. Representative results are shown. D, Numbers of GM-CSF+CD4+ cells and GM-CSF+RORct+CD4+ cells were elevated in
the lungs of ZyA-treated mice with HS2-level ILD and HS3-level ILD (n = 5 saline-treated mice, n = 6 ZyA-treated mice with HS2-level ILD and
n = 2 ZyA-treated mice with HS3-level ILD). E, Lung cells were stained with anti-lineage markers (anti-Lin) and with anti-CD90.2, anti–T-bet,
anti–GATA-3, and anti-RORct antibodies. ILCs were defined as Lin�CD90.2+ cells. Representative results are shown. F, Numbers of total ILCs,
T-bet+ILCs, and RORct+ILCs were increased in the lungs of ZyA-treated mice with HS3-level ILD. G, Lung cells gated on ILCs were stained for
GM-CSF, T-bet, and RORct. H, Numbers of GM-CSF+ILCs, GM-CSF+T-bet+ILCs, and GM-CSF+RORct+ILCs were increased in the lungs of
ZyA-treated mice with HS2-level ILD and HS3-level ILD (n = 5 saline-treated mice, n = 6 ZyA-treated mice with HS2-level ILD and n = 2 ZyA-
treated mice with HS3-level ILD). Values in A, B, D, F, and H are the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s t-
test (A), Kruskal-Wallis test (B and F), or Mann-Whitney U test (D and H). 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.40231/abstract.
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Figure 4. CD11b+Gr-1dim cells are differentiated from monocytic myeloid-derived suppressor cells (M-MDSCs) by granulocyte–macrophage col-
ony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) stimulation in vitro. A and B, GM-CSF stimulation induced differentiation of
CD11b+Gr-1dim cells from total lung cells, facilitated by IL-4 stimulation. Most of the in vitro–generated CD11b+Gr-1dim cells expressed CD11c
(n = 5 control samples, n = 5 GM-CSF–stimulated samples, n = 5 samples stimulated with GM-CSF + IL-4). Representative results are shown in
A and quantified in B. C, Microscopic examination and flow cytometric analysis based on FSC and SSC parameters of in vitro–generated
CD11b+Gr-1dim cells are shown; these cells (arrows) were larger than lymphocytes. D, Microscopic examination, hematoxylin and eosin (H&E)
staining, and flow cytometric analysis based on FSC and SSC parameters of CD11b+Gr-1dim cells from the lungs of ZyA-treated mice with HS3-
level ILD (arrows at left) are shown. The large cells with bright cytoplasm (arrows at right) were found only in lungs of ZyA-treated mice with
HS3-level ILD. Flow cytometry showed that CD11b+Gr-1dim cells were larger than CD11b+Gr-1+ cells. E and F, CD11b+Ly-6Chigh cells (mono-
cytic MDSCs) were isolated from total lung cells by fluorescence-activated cell sorting (E, top). Stimulating CD11b+Ly-6Chigh cells with GM-CSF
(and IL-4) induced their differentiation into CD11b+Gr-1dim cells (E, bottom and F) (n = 4 control samples, n = 3 GM-CSF–stimulated samples,
n = 4 samples stimulated with GM-CSF + IL-4). Values in B and F are the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann-
Whitney U test. See Figure 1 for other definitions. Original magnification 9 400 in C and D. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40231/abstract.
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Figure 5. CD11b+Gr-1dim cells are tolerogenic dendritic cell (DC)–like cells (tolDC-LCs) and have immunosuppressive characteristics. A, Naive
CD4+ cells labeled with 5,6-carboxyfluorescein diacetate N-succinimidyl ester (CFSE-DA; CFSE) were cultured alone or in a 1:1 ratio with lung
myeloid-derived suppressor cells (MDSCs), CD11b+Gr-1dim cells, or bone marrow (BM) MDSCs from ZyA-treated mice with HS3-level ILD, and
were stimulated with anti-CD3 and anti-CD28 monoclonal antibodies. CD11b+Gr-1dim cells, lung MDSCs, and BM MDSCs suppressed T cell pro-
liferation. B, Representative results are shown for levels of programmed death ligand 1 (PDL-1) in lung MDSCs and CD11b+Gr-1dim cells. C,
Levels of PDL-1 were elevated in MDSCs and CD11b+Gr-1dim cells from the lungs of ZyA-treated mice with HS3-level ILD. D and E, Levels of
CD80 were elevated in CD11b+Gr-1dim cells from the lungs of ZyA-treated mice with HS3-level ILD. Comparable levels of CD80 were expressed
by MDSCs in the lungs of saline-treated mice and lungs of ZyA-treated mice with HS3-level ILD (D). F, In vitro–generated CD11b+Gr-1dim cells
suppressed T cell proliferation; in contrast, in vitro–generated BM-derived DCs (BMDCs) facilitated it. G, PDL-1 was expressed more strongly by
in vitro–generated CD11b+Gr-1dim cells than by in vitro–generated BMDCs; CD80 expression was similar between these cells. H, Concentrations
of transforming growth factor b1 (TGFb1) in culture supernatant were measured by enzyme-linked immunosorbent assay. I, Addition of an anti-
TGFb antibody while generating CD11b+Gr-1dim tolerogenic DC–like cells partially reduced their suppressive effect on T cell proliferation. Values
in C, E, and H are the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Kruskal-Wallis test (C and E) or Student’s t-test (H). MFI
= mean fluorescence intensity; NS = not significant (see Figure 1 for other definitions).
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These results indicated that CD11b+Gr-1dim cells were
differentiated from monocytic MDSCs.

CD11b+Gr-1dim cells are tolerogenic DC–like
cells with immunosuppressive characteristics. To eluci-
date the role of CD11b+Gr-1dim cells in ILD, we exam-
ined the effect on T cell proliferation of CD11b+Gr-
1dim cells isolated from lungs of ZyA-treated mice with
HS3-level ILD. A T cell proliferation assay revealed
that the CD11b+Gr-1dim cells, like MDSCs from lung
or BM, suppressed proliferation of naive T cells
(Figure 5A). To clarify the difference between
CD11b+Gr-1dim cells and MDSCs from the lungs,
we evaluated their expression of PDL-1 and CD80.
CD11b+Gr-1dim cells and MDSCs from ZyA-treated
mice with HS3-level ILD expressed significantly more
PDL-1 than did those from saline-treated SKG mice,
and CD11b+Gr-1dim cells expressed more PDL-1 than
did MDSCs (Figure 5B). Levels of CD80 were signifi-
cantly higher in CD11b+Gr-1dim cells from ZyA-treated
mice with HS3-level ILD than in those from saline-
treated mice, while CD80 expression was comparable

in MDSCs from ZyA-treated mice with HS3-level
ILD and those from saline-treated mice (Figure 5D).
CD11b+Gr-1dim cells from ZyA-treated mice with HS3-
level ILD expressed higher levels of PDL-1 and CD80
than those from ZyA-treated mice with HS1-level ILD
and HS2-level ILD (Figures 5C and E).

We next generated these CD11b+Gr-1dim tolero-
genic DC–like cells and BMDCs in vitro and investi-
gated their effect on T cell proliferation. The in vitro–
generated CD11b+Gr-1dim tolerogenic DC–like cells also
suppressed proliferation of naive T cells; in contrast, the
in vitro–generated BMDCs facilitated T cell proliferation
(Figure 5F). PDL-1 levels were higher in in vitro–gener-
ated CD11b+Gr-1dim tolerogenic DC–like cells than in
in vitro–generated BMDCs, while CD80 levels did not
differ between these cells (Figure 5G). These results
indicated that the in vitro–generated CD11b+Gr-1dim

tolerogenic DC–like cells were tolerogenic and the
in vitro–generated BMDCs were immunogenic.

In order to elucidate why lung cell culture
induces tolerogenic DCs while BM cell culture

Figure 6. Adoptive transfer of in vitro–generated CD11b+Gr-1dim tolerogenic dendritic cell (DC)–like cells (tolDC-LCs) suppresses the progres-
sion of ILD in ZyA-treated SKG mice. A, Isolation of in vitro–generated CD11b+Gr-1dim tolerogenic DC–like cells. B, Adoptive transfer protocol.
In vitro–generated CD11b+Gr-1dim tolerogenic DC–like cells (5 9 105) were adoptively transferred into ZyA-treated SKG mice (n = 6) every 2
weeks for 3 months. Normal saline was injected as a control (n = 10 mice). C, Representative histologic results from the lungs of control mice and
mice that received adoptively transferred CD11b+Gr-1dim tolerogenic DC–like cells. D, Percentage of affected area in the lungs of control mice
and mice that received adoptively transferred CD11b+Gr-1dim tolerogenic DC–like cells. Symbols represent individual mice; bars show the mean �
SEM. * = P < 0.05 by Student’s t-test. IP = intraperitoneally; IV = intravenously (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.40231/abstract.
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generates immunogenic DCs, we studied levels of
TGFb in the culture supernatant. TGFb concentrations
were higher in the supernatant of lung cell culture than
in that of BM cell culture (Figure 5H). We then cul-
tured total lung cells with GM-CSF and IL-4 in the
presence or absence of anti-TGFb antibody for 5 days
to generate CD11b+Gr-1dim tolerogenic DC–like cells.
Naive T cells were then cocultured with CD11b+Gr-
1dim tolerogenic DC–like cells generated in the pres-
ence of anti-TGFb antibody. The CD11b+Gr-1dim

tolerogenic DC–like cells generated in the presence of
anti-TGFb antibody partially lost their suppressive
effect on T cell proliferation (Figure 5I). These results
indicate that TGFb is one of the key factors enabling
CD11b+Gr-1dim cells to be tolerogenic.

CD11b+Gr-1dim tolerogenic DC–like cells suppress
ILD progression in ZyA-treated SKG mice. To further
define the suppressive role of CD11b+Gr-1dim tolerogenic
DC–like cells in vivo, we performed an adoptive transfer
experiment. Total lung cells were cultured with GM-CSF
and IL-4 in vitro, and CD11b+Gr-1dim tolerogenic DC–
like cells were purified by flow cytometry (Figure 6A). We
adoptively transferred the in vitro–generated CD11b+Gr-
1dim tolerogenic DC–like cells into ZyA-treated SKG mice
every 2 weeks for 3 months (Figure 6B). We found that
adoptive transfer of in vitro–generated CD11b+Gr-1dim

tolerogenic DC–like cells significantly decreased the sever-
ity of ILD in ZyA-treated SKG mice (Figures 6C and D).
Taken together, these results suggest that CD11b+Gr-1dim

tolerogenic DC–like cells are induced in the severely
inflamed lung to control excessive inflammation.

DISCUSSION

In this study, we identified unique CD11b+Gr-
1dim tolerogenic DC–like cells and showed that the pro-
portion of MDSCs was elevated in the lungs of SKG
mice with ZyA-induced ILD. Tolerogenic DCs generally
express CD11c, high levels of PDL-1, and low levels
of CD80. As the CD11b+Gr-1dim cells we detected
expressed relatively low levels of CD11c and high
levels of PDL-1 and CD80, we termed these cells
CD11b+Gr-1dim tolerogenic DC–like cells. CD11b+Gr-
1dim tolerogenic DC–like cells, which were induced by
GM-CSF from monocytic MDSCs, suppressed prolifer-
ation of naive T cells in vitro. Th17 cells, ILC1s, and
ILC3s produced GM-CSF in vivo. Furthermore, adop-
tive transfer of CD11b+Gr-1dim tolerogenic DC–like
cells significantly suppressed the progression of ILD in
SKG mice.

Approximately half of the CD11b+Gr-1dim

tolerogenic DC–like cells expressed CD11c, while few

of the MDSCs expressed CD11c. These results indicate
that the CD11b+Gr-1dim tolerogenic DC–like cells
would be a population of cells that are differentiating
into DCs. The CD11b+Gr-1dim tolerogenic DC–like
cells expressed PDL-1 and suppressed the proliferation
of naive T cells, suggesting that they can be classified as
a subset of tolerogenic DCs. Tolerogenic DCs generally
exert immunosuppressive activity by expressing inhibi-
tory molecules such as PDL-1, PDL-2, and FasL, by
secreting antiinflammatory cytokines such as IL-10
and TGFb, and by up-regulating indoleamine 2,3-dioxy-
genase (9,22). CD11b+Gr-1dim tolerogenic DC–like
cells are different from so-called tolerogenic DCs in
that they express high levels of both PDL-1 and CD80,
while tolerogenic DCs generally express high levels of
PDL-1 and low levels of CD80.

CD11b+Gr-1dim tolerogenic DC–like cells are dis-
tinct from MDSCs. MDSCs are phenotypically defined
as CD11b+Gr-1+ cells. As the CD11b+Gr-1dim tolero-
genic DC–like cells expressed both CD11b and Gr-1, we
examined their characteristics to determine whether they
were a type of MDSC. Microscopic examination and
flow cytometric analysis based on FSC and SSC parame-
ters revealed that CD11b+Gr-1dim tolerogenic DC–like
cells were larger than MDSCs. Although MDSCs were
distributed into CD11b+Ly-6ChighLy-6G– (monocytic
MDSC) or CD11b+Ly-6ClowLy-6G+ (polymorphonuclear
MDSC) populations, CD11b+Gr-1dim tolerogenic DC–
like cells were distributed into the CD11b+Ly-6C–Ly-
6Gintermediate population. Furthermore, CD11b+Gr-1dim

tolerogenic DC–like cells expressed higher levels of
PDL-1 and CD80 than did MDSCs. These results indi-
cate that CD11b+Gr-1dim tolerogenic DC–like cells are
not a type of MDSC.

Various factors are known to induce tolerogenic
DCs from BMDCs in vitro, including the cytokines IL-
10, interferon-c, and TGFb; the drugs dexamethasone,
tacrolimus, and mycophenolate; and the organic mole-
cules vitamin D3, intravenous immunoglobulin, and sa-
licylate (12). In our study, CD11b+Gr-1dim tolerogenic
DC–like cells were induced from total lung cells by
GM-CSF (and IL-4) without the stimulation of these
additional factors. A previous study demonstrated that
pulmonary stromal cells induced the generation of
tolerogenic DCs (39); in that study, TGFb from the
stromal cells was found to be involved in the differenti-
ation of BM-derived tolerogenic DCs in vitro. We
showed that the TGFb concentration was higher in the
supernatant of lung cell culture than in that of BM cell
culture, and that CD11b+Gr-1dim tolerogenic DC–like
cells generated in the presence of anti-TGFb antibody
partially lost their suppressive effect on T cell
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proliferation in vitro. These results support the notion
that TGFb produced by lung interstitial cells is one of
the key factors enabling CD11b+Gr-1dim tolerogenic
DC–like cells to be tolerogenic. The induction of
CD11b+Gr-1dim tolerogenic DC–like cells by GM-CSF
and IL-4 from isolated monocytic MDSCs in vitro was
weak compared to their induction from total lung cells,
which might imply that lung interstitial cell–derived
TGFb contributes to the induction of CD11b+Gr-1dim

tolerogenic DC–like cells.
The molecular mechanism of the suppressive

effects of CD11b+Gr-1dim tolerogenic DC–like cells has
yet to be elucidated. Although the in vitro–generated
CD11b+Gr-1dim tolerogenic DC–like cells expressed
higher levels of PDL-1 compared to the in vitro–gener-
ated BMDCs, the blockade of PDL-1 in CD11b+
Gr-1dim tolerogenic DC–like cells did not restore the
ability to proliferate T cells (data not shown).

Some investigators have reported that
CD11b+Gr-1intermediateF4/80+ cells regulate inflamma-
tion in the lung by secreting IL-10 (40,41). These
CD11b+Gr-1intermediateF4/80+ cells are Ly-6Clow

Ly-6Gintermediate and are recognized as a subset of poly-
morphonuclear MDSCs. These cells are distinct from
the CD11b+Gr-1dim tolerogenic DC–like cells in our
study, which are not MDSCs and express low levels of F4/
80 but high levels of CD11c. Recently, another group
described SSClowCD11b+Gr-1dim cells with immunosup-
pressive function via a nitric oxide–dependent mechanism
in the liver of obese mice (42). These SSClowCD11b+Gr-
1dim cells are Ly-6ChighLy-6G–, express CD80 and PDL-1
but not CD11c, and are recognized as a subset of mono-
cytic MDSCs. The SSClowCD11b+Gr-1dim cells are mor-
phologically small and distinct from granulocytes. The
CD11b+Gr-1dim tolerogenic DC–like cells in our study
are distinguished from the SSClowCD11b+Gr-1dim cells by
their large size, their expression of CD11c, and their Ly-
6C–Ly-6Gintermediate phenotype. Thus, although the
CD11b+Gr-1dim tolerogenic DC–like cells described in
this study share some similarities in name with
CD11b+Gr-1intermediateF4/80+ and SSClowCD11b+Gr-
1dim cells, the CD11b+Gr-1dim tolerogenic DC–like cells
are a distinct cell population.

A recent study demonstrated that GM-CSF pro-
duced by Th cells is critical for the development of
ILD in SKG mice, and that the progress of ILD is
inhibited by neutralizing GM-CSF with anti–GM-CSF
antibodies (34). In that study, CD11b+Gr-1+ cells and
CD11b+Gr-1– cells were immunogenic and were
increased in the lungs of ZyA-treated SKG mice, and
these cells were characterized as neutrophils and
monocyte/macrophages, respectively. However, in our

study, we identified CD11b+Gr-1+ cells as MDSCs
and CD11b+Gr-1dim cells as tolerogenic DC–like cells
that proliferated in the severely inflamed lung with
ILD. Indeed, GM-CSF is immunogenic, as described
by Shiomi et al (34), but our results demonstrated that
GM-CSF also induced immunosuppressive cells such
as MDSCs and tolerogenic DC–like cells. Considering
the origin and role of CD11b+Gr-1dim tolerogenic
DC–like cells, it is possible that they function as a
suppressive last resort if MDSCs cannot suppress
inflammation.

Some CD4+ T cells produce GM-CSF under
inflammatory conditions (31,32). In our study, lungs of
ZyA-treated mice with HS2-level ILD and HS3-level
ILD had a high proportion of GM-CSF–producing
CD4+ T cells and RORct+CD4+ T cells (Th17 cells),
consistent with previous reports. Recent studies have
demonstrated that ILC3s produce GM-CSF in acute
intestinal inflammation (35,43,44). Thus, we investi-
gated GM-CSF production by ILCs in the SKG mouse
lung, and we found that GM-CSF–producing ILC1s
and ILC3s were increased in the lungs of ZyA-treated
SKG mice. Although CD4+ T cells and ILCs both pro-
duced GM-CSF, they appeared to act at different
stages of ILD; the proportions of ILC1s and ILC3s
increased mostly in HS1-level ILD, while the propor-
tion of Th17 cells increased in HS3-level ILD, although
the actual counts of Th17 cells and ILCs were most
strongly elevated in HS3-level ILD (see Supplementary
Figures 3A and B, http://onlinelibrary.wiley.com/doi/10.
1002/art.40231/abstract). These findings might indicate
that ILCs and Th17 cells act in the early and late
stages of ILD, respectively, and that Th17 cells, ILC1s,
and ILC3s contribute to the development of ILD and
the induction of CD11b+Gr-1dim tolerogenic DC–like
cells by producing GM-CSF. To our knowledge, this is
the first study showing the presence of GM-CSF–
producing ILCs in the lungs.

In summary, we identified a new cell population,
CD11b+Gr-1dim tolerogenic DC–like cells, in the
severely inflamed lungs of ZyA-treated SKG mice. Th17
cells, ILC1s, and ILC3s produced GM-CSF, which in
turn could induce CD11b+Gr-1dim tolerogenic DC–like
cells from monocytic MDSCs to reduce inflammation.
We also demonstrated that adoptive transfer of
CD11b+Gr-1dim tolerogenic DC–like cells suppressed
the development of ILD in ZyA-treated SKG mice.
Although further studies are needed to elucidate the
mechanism by which CD11b+Gr-1dim tolerogenic DC–
like cells suppress other immune cells involved in lung
inflammation/fibrosis, the unique cells could play a
potent suppressive role in the lung lesions of SKG mice.
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Objective. Systemic lupus erythematosus (SLE)
is frequently characterized by activation of the type I
interferon (IFN) pathway. We previously observed that
a missense single-nucleotide polymorphism (rs1049564)
in the purine nucleoside phosphorylase (PNP) gene was
associated with high levels of IFN in SLE. PNP is a key
enzyme involved in purine metabolism. In this study, we
performed functional follow-up of this polymorphism in
human cells.

Methods. Type I IFN was measured in patient
sera, using a reporter cell assay. Structural modeling
of the PNP variant was performed using PyMOL soft-
ware. PNP messenger RNA (mRNA) and protein levels
and type I IFN–induced gene expression were mea-
sured in lymphoblastoid cell lines with known PNP
rs1049564 genotypes. The cell cycle was assayed using
flow cytometry.

Results. Structural modeling indicated no major
disruption in folding related to rs1049564. We observed
that homozygous rs1049564 TT lymphoblastoid cells

had decreased PNP mRNA expression and protein
levels, and that cells with the TT genotype had reduced
PNP enzymatic activity even when the amount of PNP
was controlled. Cells with the TT genotype had a 2-fold
increase in S-phase block as compared with cells with
the homozygous CC phenotype. The S-phase block
could be pharmacologically reversed with hypoxanthine
and adenosine, supporting the notion that relative PNP
deficiency is the cause of the S-phase block. Type I
IFN–induced transcripts were increased in a dose-
response manner related to the rs1049564 T allele, at
both baseline and after type I IFN stimulation.

Conclusion. The PNP rs1049564 T allele is a
loss-of-function variant that induces S-phase block and
IFN pathway activation in lymphocytes. The S-phase
block could be rescued in our in vitro experiments,
suggesting the potential for personalized treatment.

Systemic lupus erythematosus (SLE) is a severe
multisystem autoimmune disorder caused by a combi-
nation of genetic predisposition and environmental fac-
tors that results in an irreversible break in immunologic
self-tolerance (1). Interferon-a (IFNa) is a type I IFN
that plays an important role in setting thresholds for
self-reactivity and autoimmunity. Circulating serum
levels of IFNa are elevated in SLE patients (2), and
this IFN pathway activation is heritable within SLE
families (3), supporting a role for IFNa as a primary
causal factor in human SLE. Case–control genetic stud-
ies in SLE have demonstrated a remarkable overrepre-
sentation of genes involved in type I IFN signaling,
production, and response (4). Previous work by our
group demonstrated that many of these rare SLE risk
polymorphisms contribute to high IFN levels in SLE
patients (5,6). These data support the notion that
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gain-of-function polymorphisms in the IFN pathway are
a common pathogenic mechanism in SLE, and that
high IFNa levels represent a stable, heritable molecular
subphenotype that is important in the etiology of SLE.

We subsequently showed that some of the estab-
lished SLE risk loci are characterized by strong subphe-
notype effects, which are much greater than the overall
case–control effect size (7). For example, >70% of the
risk of SLE related to the IFN regulatory factor 5
(IRF-5) gene occurs in a specific subset of patients
defined by an autoantibody profile (7). IRF-5 is one of
the strongest overall risk factors for SLE, suggesting
that heterogeneity in genetic association is a common
phenomenon in SLE. To directly address biologic
heterogeneity in SLE and identify additional novel
genetic factors associated with IFN pathway dysregula-
tion, we performed a genome-wide association study
(GWAS) comparing SLE patients with high IFN levels
with patients with low IFN levels (8). This case–case
subphenotype mapping strategy allowed us to detect
genetic influences on serum IFNa levels in patients
with SLE, thus identifying important pathogenic SLE-
associated genes that may not be detectable in standard
case–control analyses. Using this approach, we were
able to identify a novel association between a missense
single-nucleotide polymorphism (SNP) (rs1049564) in
the purine nucleoside phosphorylase (PNP) gene and
high serum IFN levels (odds ratio 2.08, 95% confidence
interval 1.34–3.21, Pmeta-analysis = 1.24 9 10�7) in Euro-
pean American patients with SLE (8). This locus has
not been previously identified in case–control SLE
genetics studies, and the current study supports a role
for PNP in the dysregulation of IFNa observed in SLE.

The PNP gene, located at chromosome 14q13.1,
encodes an enzyme involved in purine metabolism. PNP
is found in most tissues and is expressed at particularly
high levels in lymphoid tissue (9). This enzyme revers-
ibly catalyzes the phosphorolysis of purine nucleosides
and deoxynucleosides (guanosine, 20-deoxyguanosine
[20-dGuo], inosine, and deoxyinosine) to their respective
purine bases and ribose 1-phosphate. PNP, together with
adenosine deaminase, serves a key role in purine
catabolism (the salvage pathway) (see Supplementary
Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40304/abstract).

Under normal conditions, the rate of phosphorol-
ysis of deoxyguanosine markedly exceeds the rate of
phosphorylation (10). PNP deficiency results in increased
phosphorylation of deoxyguanosine and subsequent
accumulation of dGTP, a potent feedback inhibitor of
human ribonucleotide reductase. This causes depletion

of intracellular dCTP levels and subsequent inhibition of
DNA synthesis and cell division (see Supplementary
Figure 1). In humans, autosomal-recessive deficiency of
PNP results in a metabolic disorder characterized by
defective T cell immunity and variable B cell immunity
(9–12). PNP deficiency leads to S-phase block in 7–11%
of circulating lymphocytes (13). Several rare coding
change mutations in PNP that produce variable degrees
of enzymatic activity correlated with nucleoside accumu-
lation and clinical severity have been reported (14–17).
In addition to immunodeficiency, PNP-deficient individ-
uals have developed autoimmune disorders, such as
SLE, autoimmune hemolytic anemia, and idiopathic
thrombocytopenic purpura (9). The SNP we identified in
our IFNa GWAS (rs1049564) is a common coding
change variant (Gly-to-Ser at amino acid position 51)
that did not cause complete enzyme deficiency as seen
with other polymorphisms (18), although a quantitative
impact on enzyme function is not ruled out by the find-
ings in these earlier studies.

Given its relevance in lymphocyte purine metab-
olism and its previous association with autoimmunity,
PNP has a fascinating genetic association with SLE.
The aim of this study was to functionally confirm this
genetic association, by delineating the cellular and
molecular disturbances associated with the PNP allele
and relating these molecular changes back to the SLE
immunophenotype.

PATIENTS AND METHODS

Reagents. Human recombinant PNP was purchased
from EMD Millipore. Xanthine oxidase (obtained from bovine
milk as an ammonium sulfate suspension) and inosine, HEPES,
iodonitrotetrazolium chloride, Triton X-100, 20-dGuo, hypoxan-
thine, adenine, and 20-deoxycytidine were purchased from
Sigma-Aldrich. Potassium phosphate monobasic, potassium
phosphate dibasic, and 1-Step Ultra TMB-ELISA Substrate
Solution were obtained from Thermo Fisher Scientific. Affin-
ity-purified rabbit anti-PNP monoclonal antibody (catalog no.
A304-240A), goat anti-rabbit IgG heavy- and light-chain
antibodies, highly cross-adsorbed horseradish peroxidase
(HRP)–conjugated antibody, and Mouse Reference Serum
were purchased from Bethyl Laboratories. Mouse anti-human
PNP (amino acids 68–289) monoclonal antibody was obtained
from LifeSpan BioSciences. Horse serum and RPMI 1640 med-
ium were purchased from Thermo Fisher Scientific.

SLE patients. SLE patients were recruited after pro-
viding full informed consent as approved by the institutional
review board. Red blood cell (RBC) samples were obtained
from 24 patients, all of whom were genotyped at the PNP
rs1049564 polymorphism (CC genotype in 9 patients, CT
genotype in 10 patients, and TT genotype in 5 patients).
Human RBCs were chosen as the source of PNP enzymes to
study PNP enzyme activity in SLE patients, because they are
deficient in de novo synthesis of purines and thus are
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dependent on the purine salvage pathway and are a rich
source of PNP (15,19). For the primary B cell experiments,
we recalled 10 subjects in order to obtain a fresh sample (4
patients with the CC genotype, 4 patients with the CT geno-
type, and 2 patients with the TT genotype).

Molecular modeling. The crystal structure of the PNP
trimeric complex was obtained from the Protein Data Bank
(identification code 3PHB) and was analyzed for subunit con-
tacts, distances, and conformation, using the molecular graph-
ics program PyMOL version 1.8.04.

B lymphoblastoid cell lines. Epstein-Barr virus–trans-
formed B lymphoblastoid cell lines derived from populations
of subjects of European ancestry were obtained from Coriell
Cell Repositories. A total of 24 B lymphoblastoid cell lines
that were homozygous (CC or TT) or heterozygous (CT) at
the rs1049564 SNP (at least n = 6 for each genotype cate-
gory) were studied. Cells were grown in RPMI 1640 medium
(Gibco) supplemented with 19 GlutaMax (Gibco), 0.01M
HEPES buffer (Gibco), gentamicin (40 lg/ml), and 10%
horse serum (which is reported to have very low amounts of
PNP activity) at 37°C in an atmosphere of 5% CO2.

Isolation of primary B cells from SLE patients.
Heparinized peripheral blood was diluted 3-fold with wash
buffer (phosphate buffered saline [PBS] plus 10 mM HEPES/
0.1% bovine serum albumin/2 mM EDTA/20 lg/ml genta-
micin), layered onto Ficoll-Paque (GE Healthcare), and cen-
trifuged at 1,400 revolutions per minute for 30 minutes. Buffy
coats were collected and washed twice by repeated centrifuga-
tion at 1,200 rpm for 10 minutes and resuspension in wash
buffer. B cells were isolated from peripheral blood mononuc-
lear cells by negative selection, using a human Pan B Cell Isola-
tion Kit (Miltenyi Biotec) according to the manufacturer’s
protocol. Flow cytometric analysis was performed to confirm that
B cell purity was >95%.

Detection of PNP messenger RNA (mRNA), PNP pro-
tein, and enzymatic activity in B lymphoblastoid cell lines and
primary cells from SLE patients. PNP mRNA detection. Total
mRNA was purified from the B lymphoblastoid cell lysates and
SLE patient B cells, using a Qiagen TurboCapture 96-well RNA
purification kit according to the manufacturer’s protocol. Com-
plementary DNA was synthesized from the mRNA and quanti-
fied using real-time polymerase chain reaction (PCR). The
primers for the PNP gene (ACCATGGAGAACGGATACACC
[forward] and GGCACTGTACTTCGGGGAAA [reverse])
were designed using the primer designing tool NCBI/Primer-
BLAST. Each sample and control were run in duplicate.

PNP enzyme-linked immunosorbent assay (ELISA).
PNP protein was quantified in cell lysates and SLE patient
RBCs using an ELISA method. Five percent packed RBC
samples were prepared from whole blood by repeated suspen-
sion in 0.9% cold isotonic saline and centrifugation. ELISA
plates (MaxiSorp; Nunc) were coated with 0.5 lg/ml of mouse
anti-human PNP monoclonal antibody, washed with 0.5%
Tween 20 in PBS (wash buffer), and treated with 0.25%
blocking solution (Bio-Rad) for 2 hours at room temperature.
The wells were then washed, and standards and cell and RBC
lysates were added in duplicate, and the plates were incu-
bated at 4°C overnight. The wells were washed and overlaid
with rabbit anti-PNP polyclonal antibody (1 lg/ml; Bethyl
Laboratories) for 1 hour. Bound rabbit antibody was detected
using an HRP-conjugated goat anti-rabbit IgG antibody
(Bethyl Laboratories). The wells were washed, and 0.1 ml of

1-Step Ultra TMB-ELISA solution (Thermo Fisher Scientific)
was added. The reaction was stopped after 15 minutes using
2M sulfuric acid, and absorbance at 450 nm was measured
with a microplate reader.

Colorimetric enzyme assay to measure PNP activity. Cell
lysates were prepared from 4 9 107 B lymphoblastoid cells
with each genotype. RBC lysates were prepared from 5%
packed RBCs as described above. This assay measures the
hypoxanthine product of the PNP reaction, formazan, which
is produced when PNP catalyzes phosphorolysis of inosine in
the presence of inorganic orthophosphate to release hypoxan-
thine (20–23). Assay mixtures consisting of 100 mM HEPES
(pH 7.0), 1 mM inosine, 50 mM potassium phosphate (pH
7.0), 0.075% Triton X-100, 1 mM iodonitrotetrazolium chlo-
ride, xanthine oxidase (20 mU), and 0–2.2 mU of PNP or cell
and RBC lysates were incubated at 25°C. Recombinant
human PNP (Calbiochem) was used as a standard. PNP activ-
ity was measured by monitoring highly colored formazan prod-
uct for 10 minutes at 490 nm for each sample in duplicate.
Linearity of the PNP reaction was maintained if absorbance
at 490 nm did not exceed 2.0 absorbance units. PNP enzyme
activity was reported as the amount of PNP activity per nano-
gram of PNP protein standardized for the amount of enzyme
present.

Cell cycle experiments. Exponentially growing cells (2
9 106 cells/ml) were cultured in flat-bottomed 24-well micro-
titer plates (BD Falcon) in culture medium with increasing
concentrations of 20-dGuo (200 lM, 350 lM, 500 lM, 650
lM, 800 lM) for 24 hours at 37°C in an atmosphere contain-
ing 5% CO2. For rescue experiments, cells were incubated
with an experimentally determined optimal dose of 20-dGuo
with or without hypoxanthine, deoxycytidine, and adenine.
The cell cycle phase was determined using a Click-iT Plus
EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Life Tech-
nologies) according to the manufacturer’s instructions.
Briefly, after an 18-hour culture period, cells were pulsed with
the thymidine analog EdU (5-ethynyl-20-deoxyuridine) for 2
hours. EdU incorporated into DNA during active DNA syn-
thesis was detected postculture by specific conjugation to
Alexa Fluor 488. FxCycle Violet staining (Life Technologies)
was used to measure the total DNA content. Cells were
stained with Live/Dead Far Red dye and analyzed on a BD
LSRII flow cytometer. Each experiment was performed in
duplicate.

IFNa stimulation of B lymphoblastoid cell lines and
primary B cells from SLE patients. Type I IFN activity in
B lymphoblastoid cells and primary B cells from SLE patients
was measured using a functional reporter assay, which has
been described in detail previously (24–26). In this modified
assay, B lymphoblastoid cells and primary B cells were incu-
bated with increasing doses of IFNa (0 units/ml, 25 units/ml,
and 100 units/ml) for 6 hours. Next, real-time PCR using
SYBR Green assays was performed to quantify 3 canonical
IFNa-induced transcripts (IFIT1, MX1, and PKR) in the B lym-
phoblastoid cell and SLE B cell lysates. The relative expression
of these 3 genes was summed to generate a score reflecting the
degree of IFN-induced gene expression in the cells.

Statistical analysis. For mRNA expression levels, PNP
protein levels, and enzyme activities, samples were assayed in
duplicate, and the average values for the duplicates were used
for data analysis. All normally distributed data are expressed
as the mean � SD of these averages, and non-normally
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distributed data are expressed as the median and interquartile
range. Data on the different genotype groups were compared
by Student’s t-test for normally distributed data and by Mann-
Whitney U test or Kruskal-Wallis test for non-normally dis-
tributed data. Nonlinear regression analysis was used to identify
the best-fit model for analyzing the relationship between
rs1049564 genotypes and relative PNP mRNA expression and
IFN-induced mRNA expression in B lymphoblastoid cells and
SLE B cells treated with increasing doses of IFN. Additional
sum-of-squares F tests were used to compare different regression
models for the same response (IFN induction) in 3 different
genotype groups and to determine statistically significant differ-
ences in the slope for each data set (3 genotype groups) for the
given best-fit model.

Flow cytometric analysis was carried out using FlowJo
version 10. Doublets (side scatter [SSC] width versus SSC
height and forward scatter [FSC] width versus FSC height),
dead cells (SSC area versus Live/Dead Far Red D–stained
area), and debris (SSC area versus FSC area) were excluded.
FxCycle-stained single cells were selected for further analysis
(FxCycle width versus FxCycle height). Cells in different
phases of the cell cycle were identified based on the DNA
content and the level of incorporated EdU (FxCycle Violet
width versus Alexa Fluor 488 area). Cells with increased
levels of both labels are in S-phase of the cell cycle. Alexa
Fluor 488 emission (geometric mean fluorescence intensity)
was used as a measure of DNA synthesis. Statistical analysis

was performed using GraphPad Prism version 4.0 for Win-
dows. P values less than 0.05 were considered significant.

RESULTS

Structural analysis of the Gly-to-Ser substitution
at position 51 in PNP. PNP exists as a trimer, in which
subunits are related by a crystallographic 3-fold axis.
Each subunit contains an 8-stranded mixed b sheet and
a 5-stranded mixed b sheet that join to form a distorted
b barrel structure. This core b structure is flanked by 7
a-helices in a manner that generates a novel folding
pattern (Figure 1A). The active site, which was charac-
terized by binding of the substrate analogs 8-iodoguanine
and 50-iodoformycin B, is located near the subunit-subunit
boundary within the trimer (Figure 1B) and involves 7
different segments from 1 subunit and an additional short
segment from an adjacent subunit. In the crystal, the
phosphate-binding site is probably occupied by a sulfate
ion. The specificity of PNP for guanine, hypoxanthine,
and their analogs can be explained on the basis of the
arrangement of hydrogen bond donors and acceptors in
the active site.

Figure 1. Ribbon diagrams of the structure of the purine nucleoside phosphorylase (PNP) trimeric complex (Protein Data Bank identification
code 3PHB) containing the Gly-to-Ser substitution at position 51. A, Helical regular segments (cyan), b strands (magenta), and Ser51 (green). B,
Trimeric structure of PNP, with ligands shown in red and Ser51 in yellow. C, Location of the Ser51-containing loop with respect to the binding site.
D, Diagram showing details of Ser51 conformation. E, Distribution of the local charged residues.
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Amino acid position 51 is at the beginning of a
helical turn in one of the connecting loops between 2
b-pleated strands of the central b sheet (Figures 1C
and D). Therefore, amino acid 51 is contained in a site
that does not directly interact with or is part of the sub-
strate-binding site and is located distant to the trimer
interface (Figures 1B and C). Gly-to-Ser substitution at
position 51 will likely affect the local conformation of
the a-helical segment and introduce more flexible local
conformation. Ser is a helical former and Gly a helical
breaker when located on the surface of the a-helical
segment. Also, loss of the hydroxyl group may affect
the local water network formed by the charged residues
located near position 51 (Figure 1E). These results are
consonant with the previous functional findings that
the Gly-to-Ser substitution at position 51 does not
result in complete loss of enzymatic function (18).

PNP rs1049564 variant shows lower enzyme
activity and mRNA levels. We next measured PNP
mRNA and protein expression levels in cell lysates of
B lymphoblastoid cells and primary B cells with differ-
ent PNP genotypes obtained from SLE patients, to

determine whether levels vary according to the pres-
ence of the variant allele. Interestingly, PNP mRNA
expression levels were significantly decreased in cell
lines with the homozygous TT variant of rs1049564
(Figure 2A). We observed similar results for PNP
mRNA expression levels in freshly isolated primary B
cells from SLE patients (Figure 2D). This is not neces-
sarily expected of a coding-change polymorphism, but
protein levels were also reduced in B lymphoblastoid
cells (Figure 2B) as well as SLE patient RBCs (Fig-
ure 2E), which supports the notion that PNP is
decreased quantitatively in rs1049564 TT homozygotes.

To measure PNP enzymatic activity, we used a
colorimetric assay that specifically detects the hypoxan-
thine product of the PNP reaction via the formation of
formazan. The specificity of the reaction has previously
been established in the absence of inosine and using a
PNP inhibitor (27) and also has been used in assays to
test the activity of mutated PNP constructs (28). PNP
enzyme activity was calculated as the unit mass for
B lymphoblastoid cells and for SLE patient RBCs with
various PNP genotypes. Figures 2C and F demonstrate

Figure 2. Purine nucleoside phosphorylase (PNP) rs1049564 variant enzyme activity and mRNA expression levels in B lymphoblastoid cells and
primary cells from systemic lupus erythematosus (SLE) patients. A and D, Relative expression of PNP mRNA in B lymphoblastoid cell lines (A)
and primary B cells from SLE patients (D) with different genotypes. B and E, PNP protein levels in B lymphoblastoid cell lines (B) and red blood
cells (RBCs) (E) with different genotypes. C and F, PNP enzyme activity in B lymphoblastoid cell lines (C) and RBC lysates from SLE patients
(F) with different genotypes. Enzyme activity was determined by colorimetric assay. Significant differences in mRNA and protein levels between
genotype groups were determined using the Mann-Whitney U test. Enzyme activity between genotypes was compared using the unpaired t-test. In
A, C, D, and F, symbols represent individual samples; bars show the median and interquartile range. In B and E, values are the mean � SD.
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the PNP activity of B lymphoblastoid cells and SLE
patient RBCs with different genotypes, respectively.
Cell lines with the TT genotype had significantly lower
enzyme activity as compared with cell lines that were
heterozygous for CT and homozygous for the normal
variant CC (Figure 2C). We observed a similar trend
for SLE patients (Figure 2F). These graphs show enzy-
matic activity corrected for total enzyme mass, and
thus, the decreased enzyme activity cannot be attrib-
uted to a decreased amount of protein in the TT cells.
These results indicate that the decreased PNP enzyme
function is attributable to a combination of structural
protein changes and decreased mRNA and protein

expression levels. In addition, evidence from the pub-
licly available expression quantitative trait locus data-
base GTEx portal (https://www.gtexportal.org/home/)
shows that the rs1049564 variant allele is associated
with low levels of PNP expression in whole blood.

Increased cell cycle block by the rs1049564
variant is reversed by endogenous hypoxanthine and
adenine. To determine whether the rs1049564 T allele,
which reduces PNP enzyme function, impacts cell biol-
ogy in lymphocytes, we studied the cell cycle in the B
lymphoblastoid cell lines of various genotypes that were
exposed to a dose-response curve of increasing
amounts of 20-dGuo. The 20-dGuo is expected to

Figure 3. Increased susceptibility to 20-deoxyguanosine (20-dGuo)–induced S-phase block and toxicity in B lymphoblastoid cell lines with the
rs1049564 variant, as determined by cytometric cell cycle analysis. A, Scatterplots showing B lymphoblastoid cell lines with the TT or CC genotype,
with the DNA content shown on the y-axis and incorporated Alexa Fluor 488 shown on the x-axis. B, Graph showing exogenous 20-dGuo–induced
S-phase block of cell lines that were treated with increasing 20-dGuo doses shown on the x-axis. B cell lines with the purine nucleotide phosphory-
lase (PNP) variant were blocked at lower 20-dGuo doses. The y-axis shows the percent geometric mean fluorescence intensity (GMFI) in treated
cells compared with cells grown in medium alone; each symbol represents the average of 5–7 different cell lines with the same PNP isoform. The
3 genotypes were compared using the Kruskal-Wallis test followed by Dunn’s post hoc test. Results are representative of duplicate experiments. C,Reversal
of 20-dGuo–induced S-phase block by hypoxanthine in cell lines with different PNP isoforms. Cells were treated with 20-dGuo with or without different res-
cue agents. In A and C, gates are drawn around cells blocked in S-phase (S transition + block) and cells that recently entered S-phase.
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antagonize the potential S-phase block induced by a
nucleotide imbalance related to a deficiency of PNP.
Figure 3A shows cell cycle diagrams of cells with the
TT or CC genotype, documenting a greater degree of
S-phase block in cells with the TT genotype. Figure 3B
illustrates the 20-dGuo dose curve and resultant pro-
portional S-phase block in cells of each genotype,
establishing a dose-response effect of the T allele at
the 350-lM 20-dGuo concentration. At this concentra-
tion of 20-dGuo, cell lines with the TT genotype had
an ~2-fold increase (P = 0.004) in S-phase block as
compared with cell lines with the CC genotype (Fig-
ure 3). Higher concentrations of 20-dGuo led to a more
complete block in all genotypes and less differentiation
between genotypes.

S-phase block in B cells induced by 20-dGuo can
be reversed by treatment of cells with hypoxanthine or
adenine, while this block in T cells can be reversed by
exogenous addition of deoxycytidine (29). We observed
that exogenously added hypoxanthine and adenine

rescued the B lymphoblastoid cells from 20-dGuo–
dependent toxicity, while exogenously added deoxycy-
tidine had no impact on the cell cycle phase
(Figure 3C). Exogenously added hypoxanthine mitigates
20-dGuo–induced S-phase block by competing for hypox-
anthine guanine phosphoribosyltransferase (see Supple-
mentary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.c
om/doi/10.1002/art.40304/abstract). B lymphoblastoid
cells are derived from primary B cells, and therefore,
our findings are consistent with rescue of B cells from
20-dGuo–induced S-phase block caused by a decrease in
PNP enzyme function (29). Taken together, these results
demonstrate that the rs1049564 Tallele in PNP causes a
dose-dependent increase in S-phase block that can be
reversed pharmacologically.

Association of the rs1049564 variant with higher
IFN-induced mRNA expression in B lymphoblastoid
cell lines and B cells from SLE patients. Based on the
observation that the PNP rs1049564 variant was

Figure 4. Association between the PNP rs1049564 variant and the interferon (IFN)–induced mRNA expression score at baseline and after IFN
induction in B lymphoblastoid cell lines and in SLE B cells. A and D, Baseline expression of mRNA for IFN-induced genes in B lymphoblastoid
cells (A) and SLE B cells (D). Symbols represent individual samples; bars show the mean � SD. B, Association between rs1049564 genotypes and
IFNa-induced mRNA expression levels in B lymphoblastoid cells treated with increasing doses of IFN. IFN-induced gene expression scores were
calculated using the scores for MX1, IFIT1, and PKR, as described in Patients and Methods. C and E, Nonlinear regression plots showing the
effect of rs1049564 genotypes on PNP mRNA expression levels in B lymphoblastoid cell lines (C) and SLE B cells (E) treated with increasing
doses of IFNa for B lymphoblastoid cell lines and SLE B cells, respectively. Results are representative of duplicate experiments. Values in A and
D are the mean � SEM and are representative of 2 independent experiments. See Figure 2 for other definitions.
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associated with high serum type I IFN activity in SLE
patients, we evaluated IFN-induced gene expression in
B lymphoblastoid cells and B cells from SLE patients
with different PNP genotypes, at baseline and after
treatment with increasing doses of IFNa. At baseline in
unstimulated cells, we observed an additive effect of the
T allele on IFN-induced gene expression (Figures 4A
and D). When cells were treated with increasing doses
of IFNa, there was a dose-dependent increase in the
IFN-induced mRNA expression score in B lymphoblas-
toid cells with each of the 3 genotypes (Figure 4B). It
was evident that cell lines with the homozygous variant
allele (TT) had significantly higher induction of IFN-
induced gene expression as compared with cell lines
that were heterozygous for CT and homozygous for the
normal allele CC at baseline and also with each increas-
ing dose of IFNa. The slopes of the lines of each
genotype dose curve were significantly different by sum-
of-squares F test (P < 0.023 for each).

In SLE patient B cells that were treated with
increasing doses of IFNa, there was a dose-dependent
increase in the IFN-induced mRNA expression score in
all 3 genotypes. The IFN dose-response curves for B
cells in all 3 genotypes were similar. We also sought to
determine whether IFNa exposure changed the expres-
sion of PNP mRNA. As shown in Figures 4C and E,
while the rs1049564 genotype exerted a large influence
on PNP expression, there was no appreciable induction
of PNP mRNA with increasing doses of IFNa, in both
B lymphoblastoid cells and B cells from SLE patients;
thus, PNP was not induced by IFN.

DISCUSSION

SLE is a heritable polygenic condition that
results from the synergistic effect of different genetic
loci that impact various immune system phenotypes in
concert. A major challenge is in understanding the
molecular and immunologic significance of the genetic
variations that are associated with SLE. This knowledge
would allow us to better understand disease etiology
and provide personalized treatment. Our previous
GWAS data link the PNP variant to high circulating
IFNa levels and suggest a role for rs1049564 in the
pathogenesis of SLE (8), and in the current study we
performed functional studies to understand how this
causal variant alters cell biology. PNP rs1049564 poly-
morphism is a common coding-change variant that does
not cause complete enzymatic deficiency, and in silico
bioinformatic analysis using PolyPhen-2 and SIFT soft-
ware predict that this SNP is nondamaging (8). In a
structural analysis, we observed that the Gly-to-Ser

substitution at position 51 is not part of the substrate-
binding site. In the functional studies presented here,
we show that cells carrying the PNP rs1049564 poly-
morphism have lower enzyme activity, decreased PNP
mRNA and protein expression, altered DNA synthesis
and associated cell cycle block, and higher expression of
IFN-induced genes at baseline and upon IFN stimulation.

The coding-change SNP rs1049564 is part of a
haplotype that spans the PNP region, including ~5 kb
upstream and downstream of the gene. ENCODE data
show that SNP rs1049564 is located in a DNase hyper-
sensitivity cluster very close to 4 different transcription
factor binding sites. Additionally, rs1049564 is in linkage
with the 30 region, which also contains transcription fac-
tor binding sites. Our data support the concept that
both coding change and regulatory elements in this
haplotype contribute to the overall genetic effects we
observed. We found evidence for a difference in mRNA
and protein levels in association with the variant, which
should not arise from the coding-change SNP and would
more likely be attributable to regulatory elements in
linkage disequilibrium. When we controlled for the
amount of protein, activity of the enzyme was still
decreased, supporting the notion that the coding-change
polymorphism is also impacting enzyme function. Over-
all, our results indicate that cells carrying this PNP vari-
ant have decreased enzyme function, dysfunction in the
lymphocyte cell cycle, and an increased type I IFN
response.

Besides having antiviral and antimicrobial effects,
type I IFNs also exert pleiotropic cellular effects such as
altered cell cycle regulation and inhibition of cell prolif-
eration and differentiation (30). The antiproliferative
effect of IFN occurs through inhibition of DNA replica-
tion and modulation of genes that regulate the cell cycle
(31). Few studies have examined the effect of cell cycle
stage and progression on production of IFN or IFN-
induced gene expression.

In a study using Daudi cells (B lymphoblast
cells), both constitutive and IFNa-induced expression
of IFN-inducible genes varied at different points in the
cell cycle (32). In that study, the authors showed that
cells released from the G1/S-phase block had increased
expression levels of IFN-inducible proteins (100-kd and
46-kd 20,50-oligoadenylate synthetase [OAS]), IFN-indu-
cible mRNA, and expression of the IFN-stimulated
gene factor 3 complex in the absence of exogenous
IFNa (32). The authors also observed that Daudi cells
treated with IFNa during the G1/S-phase showed
increased tyrosine phosphorylation of the kinases JAK-
1 and Tyk-2 and of polypeptide p91 by IFNa as com-
pared with nonsynchronized cells.
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Overall, Daudi cells showed the greatest sensitiv-
ity to IFN signaling in late S-phase and a decreased
response to IFNa signaling in several IFN-inducible
genes during transition from G1/S-phase to G2/M-phase.
Cells treated with cell cycle blockers appeared to be
more sensitive to IFN signaling compared with cells not
treated with blockers. Thus, increased cell sensitivity to
IFN signaling during cell cycle block may preferentially
occur in one phase of the cell cycle.

Other studies using human melanoma cells in
the G1/S-phase and mouse embryo fibroblasts in the
late S-phase showed that production of IFNa and IFNb
is higher as cells progress from the G1 phase to the late
S-phase, and that OAS activity correlates with type I
IFN levels in these cultures (33–35). In a study by Lee
and Rozee, chick embryo fibroblast cultures were syn-
chronized for different cell cycle phases and virally
induced to produce type I IFN at various phases of the
cell cycle. Cultures infected during the early S-phase
had comparatively higher levels of IFN in the medium
as compared with those infected at the early G2 and
late G2 phases of the cell cycle (36).

Taken together, the results of these studies show
that production of type I IFNs and induction of IFN-
inducible genes differ based on the cell cycle phase, with
the highest levels occurring at or around the S-phase.
The results also help to explain why we observed an
increased response to IFNa and expression of IFN-
induced genes in cells that carry the PNP variant and link
the S-phase block we observed with the IFN pathway.

In the current study, we used B lymphoblastoid
cells and primary B cells from SLE patients, which are
not a major IFNa-secreting cell type. Hence, it would
be interesting to carry out a similar study using different
immune cell types, including plasmacytoid dendritic
cells (PDCs), which are major IFNa-producing cells
(37), to determine whether the PNP variant impacts
type I IFN production. Cell cycle–related proteins, such
as the polo-like kinases (PLKs) and NIMA-related
kinases, appear to play important roles in antiviral and
type I IFN responses in nondividing cells such as PDCs
(38–41). A recent study demonstrated that PLKs are
essential for activation of IFN-inducing pathways in
myeloid DCs and PDCs (41). Similarly, polymorphisms
in PNP, a cell cycle–related enzyme, may directly impact
IFN production or the response by PDCs independent
of the cell cycle phase. However, our data showing cell
cycle changes in lymphocytes carrying the PNP polymor-
phism suggest that the variant alters immune function
in multiple cell types via numerous regulatory effects.

In conclusion, our results implicate a poly-
morphism in the PNP gene in SLE pathogenesis that

alters enzyme function, causes cell cycle dysfunction in
lymphocytes, and is associated with increased type I
IFN responses. We also observed that the cell cycle
abnormality is “druggable” in cells in vitro, suggesting
that targeting the cell cycle in SLE with agents that
normalize the cell cycle phase could provide a novel
strategy for the treatment of SLE. Future work in vari-
ous human cell types could enable directed targeting,
because different cell types preferentially respond to
different agents to reverse the S-phase block. This
could provide a path from genetic heterogeneity to
molecular and clinical heterogeneity and thereby a
novel and personalized therapeutic approach.
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The Epidemiology of Antineutrophil Cytoplasmic Autoantibody–
Associated Vasculitis in Olmsted County, Minnesota

A Twenty-Year US Population–Based Study

Alvise Berti,1 Divi Cornec,2 Cynthia S. Crowson,3 Ulrich Specks,3 and Eric L. Matteson3

Objective. To estimate the annual incidence,
prevalence, and mortality of antineutrophil cytoplasmic
autoantibody (ANCA)–associated vasculitis (AAV) and
its subsets, granulomatosis with polyangiitis (Wege-
ner’s) (GPA), microscopic polyangiitis (MPA), and
eosinophilic granulomatosis with polyangiitis (Churg-
Strauss) (EGPA), in a US-based adult population.

Methods. All medical records of patients with a
diagnosis of, or suspicion of having, AAV in Olmsted
County, Minnesota from January 1, 1996 to December
31, 2015 were reviewed. AAV incidence rates were age-
and sex-adjusted to the 2010 US white population.
Age- and sex-adjusted prevalence of AAV was calcu-
lated on January 1, 2015. Survival rates observed in
the study cohort were compared with expected rates in
the Minnesota population.

Results. Of the 58 incident cases of AAV in Olm-
sted County during the study period, 23 (40%) were
cases of GPA, 28 (48%) were cases of MPA, and 7
(12%) were cases of EGPA. Overall, 28 (48%) of the

patients with AAV were women and 57 (98%) were
white. The mean � SD age at diagnosis was 61.1 �
16.5 years. Thirty-four patients (61%) had myeloperox-
idase (MPO)–ANCAs, and 17 (30%) were positive for
proteinase 3 (PR3)–ANCAs; 5 (9%) were ANCA-nega-
tive. The annual incidence of AAV was 3.3 per 100,000
population (95% confidence interval [95% CI] 2.4–4.1).
The incidence rates of GPA, MPA, and EGPA were 1.3
(95% CI 0.8–1.8), 1.6 (95% CI 1.0–2.2), and 0.4 (95%
CI 0.1–0.6), respectively. The overall prevalence of AAV
was 42.1 per 100,000 (95% CI 29.6–54.6). The mortality
rate among AAV patients overall, and among patients
with EGPA, those with MPA, and those with MPO-
ANCAs, was increased in comparison to the Minnesota
general population (each P < 0.05), whereas mortality
rates among patients with GPA, those with PR3-
ANCAs, and ANCA-negative patients did not differ
from that in the general population.

Conclusion. The annual incidence of AAV in Olm-
sted County, Minnesota over the 20 years of the study
was 3.3 per 100,000, with a prevalence of 42.1 per
100,000, which is substantially higher than the rates
reported in other areas worldwide. The incidence of
GPA was similar to that of MPA. Patients with MPA and
those with EGPA, but not patients with GPA, experi-
enced higher rates of mortality than that in the Min-
nesota general population. MPO-ANCAs were a marker
of poor survival in this population of patients with AAV.

Granulomatosis with polyangiitis (Wegener’s)
(GPA), microscopic polyangiitis (MPA), and eosino-
philic granulomatosis with polyangiitis (Churg-Strauss)
(EGPA) are systemic, necrotizing vasculitides that affect
small and medium-sized blood vessels; collectively, these
conditions are called antineutrophil cytoplasmic autoan-
tibody (ANCA)–associated vasculitides (AAVs), because
they are frequently associated with circulating ANCAs
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targeting either proteinase 3 (PR3) or myeloperoxidase
(MPO) (1). Studies have noted variability in the associa-
tion of PR3-ANCAs and MPO-ANCAs with specific
clinical diagnoses (GPA, MPA, or EGPA), and evidence
is mounting in support of integrating the presence and
specificity of ANCAs into the categorization of patients,
as it conveys clinical and prognostic information (2–4).

Overall, AAVs are rare, with a worldwide
reported annual incidence ranging from 1.2 to 2.0 cases
per 100,000 individuals and a prevalence of 4.6 to 18.4
cases per 100,000 individuals (5). There appears to be
some geographic variation in AAV, with a higher inci-
dence of GPA in northern Europe and Australia, and a
higher frequency of MPA in southern Europe and Asia
(5–17). To date, precise data on AAV incidence, preva-
lence, and mortality are lacking in the US.

The only population-based analysis of AAV fre-
quency conducted in the US showed that the annual inci-
dence of GPA (adjusted to the US population) was 0.83
cases per 100,000 population (95% confidence interval
[95% CI] 0.25–1.42), roughly similar to estimates from
northern Europe (18). Previous epidemiologic studies
from the US have demonstrated discrepant prevalence
rates for GPA, between 3.2 and 9.1 per 100,000 popula-
tion (19,20). The only published data on mortality in
patients with GPA in the US are derived from a non–
population-based study, which reported an annual mor-
tality rate of 0.08 per 100,000 population (20). To date,
the only available data on mortality in patients with MPA
from the US indicated a prevalence of 1.3 per 100,000
population (19). There are no epidemiologic data on
patients with EGPA in the US. Taken together, most of
the available information about the epidemiology of
GPA, MPA, and EGPA has been derived from European
and other non-US studies, whereas little is known about
the epidemiology of AAV in the US.

The aims of the present study were to determine
the annual incidence, prevalence, and mortality of
GPA, MPA, and EGPA in the US from 1996 through
2015 in a population-based cohort of patients from
Olmsted County, Minnesota, and to characterize the
epidemiologic profile of AAV by clinical diagnosis as
well as by ANCA specificity at the time of diagnosis.

PATIENTS AND METHODS

Study design and case ascertainment. For this popula-
tion-based study, all patients were residents of Olmsted
County, Minnesota. This population is well suited for investiga-
tion of the epidemiology of AAV. The Rochester Epidemiology
Project (REP), a medical records linkage system, allows ready
access to the complete (inpatient and outpatient) records from
all health care providers for the local population, including the

Mayo Clinic and its affiliated hospitals, the Olmsted Medical
Center and its affiliated community hospital, local nursing
homes, and the few private practitioners. The potential of this
data system for population-based research and the generaliz-
ability of its results have been previously described (21,22). This
system ensures virtually complete clinical information on all
clinically recognized cases of AAVamong Olmsted County resi-
dents. The total population of Olmsted County was 106,470 in
1990 and rose to 144,248 in 2010, with 72.3% of the residents
in 1990 and 74.7% in 2010 being ≥18 years of age. The ethnic
distribution was as follows: in 1990, 95.7% of residents were
white; by 2010, 85.7% were white, 4.2% were Hispanic, 4.8%
were African American, 5.5% were Asian/Native Hawaiian/
Pacific Islander, and 0.2% were American Indian/Alaska
Native. The study was approved by the institutional review
boards of the Mayo Clinic and Olmsted Medical Center.

Potential cases of AAV were identified among all resi-
dents of Olmsted County, Minnesota on January 1, 2015 for
the prevalence cohort, or at the time of their initial diagnosis
from January 1, 1996 to December 31, 2015 for the incident
cohort. Patients were selected on the basis of diagnostic codes
for AAV (International Classification of Diseases, Ninth Revi-
sion [ICD-9] codes 446.0 and 446.4, and ICD-10 codes
M31.30, M30.1, M31.31, and M31.7). To ensure complete
detection of all potential cases, we also searched the labora-
tory database for positive findings on ANCA tests, detected
by an enzyme-linked immunosorbent assay technique and by
conventional immunofluorescence analysis (Figure 1).

To be included in the study, patients had to meet the
diagnostic criteria of at least one of the following classifica-
tion schemes: the American College of Rheumatology (ACR)
classification criteria for GPA (23) or modified ACR criteria
for GPA (24), the ACR criteria for EGPA (25), the Chapel
Hill Consensus Conference (CHCC) revised definition of sys-
temic vasculitides (26), or the European Medicines Agency
(EMA) algorithm for classification of AAVs (27). Review of
all medical records, case identification, and data collection
were carried out by the study investigators (AB and DC),
both of whom had expertise in vasculitis. The date of first
diagnosis was collected and all patients were followed up
until January 1, 2015, or until death. Dates of death are rou-
tinely tracked and documented by each health care provider
in the REP, with augmentation from electronic Minnesota
State Death Certificates and the National Death Index for
those who migrate out of the region and die outside Min-
nesota (28).

All individual medical records from identified patients
were reviewed. Information on patient demographics, clinical
manifestations, laboratory findings, histopathologic features,
radiology findings, and level of disease activity at baseline
were retrieved. The Modification of Diet in Renal Disease
study equation was used to determine the estimated glomeru-
lar filtration rate (eGFR). Hypereosinophilia was defined as
>10% and/or >1,500 cells/ll. Data required to compute the
Birmingham Vasculitis Activity Score for Wegener’s Granulo-
matosis (BVAS/WG) (29) at the time of AAV diagnosis were
also abstracted from the medical records.

Statistical analysis. Descriptive statistics (mean values,
median values with interquartile range [IQR], and percentages)
were used to summarize the data. Comparisons of patient fea-
tures between groups according to clinical diagnosis or antibody
subtype were performed using chi-square and rank sum tests.
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Age- and sex-specific annual incidence rates of AAV were calcu-
lated using the number of incident cases as the numerator and
population estimates for adults (ages ≥18 years) based on decen-
nial census counts as the denominator, with linear interpolation
to estimate population size for intercensus years. AAV prevalence

rates on January 1, 2015 were calculated using the number of
prevalent cases as the numerator and the population estimates
for adults (ages ≥18 years) from the census as the denominator.
Overall incidence and prevalence rates were age- and sex-
adjusted to the 2010 US white population. Trends in annual

Figure 1. Algorithm representing the screening process for the identification of patients with antineutrophil cytoplasmic autoantibody (ANCA)–
associated vasculitis (AAV) diagnosed in Olmsted County, Minnesota from 1996 to 2015. * = All patients ages <18 years were excluded due to
coincidence of residency. cANCA = cytoplasmic ANCA; pANCA = perinuclear ANCA; MPO = myeloperoxidase; PR3 = proteinase 3.
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incidence rates were examined using Poisson regression methods
with smoothing splines for age and calendar year. The annual
incidence rates were graphically illustrated using a 3-year, cen-
tered, moving average to reduce the random fluctuations over
time.

Survival following the diagnosis of AAV and the differ-
ent subgroups of AAV (GPA, MPA, EGPA, PR3-ANCA–posi-
tive, MPO-ANCA–positive, ANCA-negative) was estimated
using Kaplan-Meier methods. Observed and expected survival
rates were compared using the log rank test, where expected
survival for persons of the same age, sex, and calendar year
was estimated using Minnesota population life tables. The
ratio of observed number of deaths to the expected number,
i.e., the standardized mortality ratio (SMR), was estimated,

and 95% CIs were computed for the SMR, assuming that the
expected rates are fixed and the observed number of deaths
follows a Poisson distribution. Analyses were performed using
SAS software version 9.4 (SAS Institute) and R version 3.2.3
(R Foundation for Statistical Computing).

RESULTS

Demographics, clinical characteristics, and labo-
ratory findings in the incident cohort at diagnosis. The
demographic and clinical characteristics of the 58 patients
who received a new diagnosis of AAV (23 with GPA, 28

Table 1. Features of patients with incident AAV diagnosed in Olmsted County, Minnesota from 1996 to 2015*

Characteristic
All AAV
(n = 58)

Specific clinical diagnosis

GPA
(n = 23)

MPA
(n = 28)

EGPA
(n = 7)

P between
groups

Age, mean � SD years 61.1 � 16.5 56.1 � 15.1 67.7 � 16.2 51.5 � 13.4 0.004
Female sex 28 (48) 12 (52) 15 (54) 1 (14) 0.158
White ethnicity† 57 (98) 23 (100) 27 (96) 7 (100) 0.58
Biopsy performed 43 (74) 18 (78) 19 (68) 6 (86) 0.53
Positive findings on biopsy 30 (70) 10 (56) 15 (79) 5 (83) 0.222

BVAS/WG score, median (IQR) 6.0 (3.0–8.0) 5.0 (3.0–8.0) 6.0 (4.0–7.0) 9.0 (7.0–12.0) 0.071
BVAS/WG system involved‡
General 29 (50) 13 (57) 11 (39) 5 (71) 0.227
Cutaneous 13 (22) 4 (17) 4 (14) 5 (71) 0.004
Mucous membrane/eyes 2 (3) 2 (9) 0 (0) 0 (0) 0.207
Ear, nose, and throat 23 (40) 17 (74) 4 (14) 2 (29) <0.001
Pulmonary 29 (50) 11 (48) 12 (43) 6 (86) 0.123
Gastrointestinal – – – – –
Renal 37 (64) 10 (43) 23 (82) 4 (57) 0.016
Cardiovascular 1 (2) 1 (4) 0 (0) 0 (0) 0.461
Nervous system 13 (22) 5 (22) 3 (11) 5 (71) 0.003

Clinical and laboratory features§
Asthma – – – 6 (86) –
Hemoglobin, mean � SD gm/dl 11.1 � 2.0 12.1 � 2.4 10.4 � 1.6 10.5 � 1.0 0.04
WBC count, mean � SD 9109/liter 11.0 � 5.0 10.1 � 4.2 10.6 � 4.2 16.3 � 7.8 0.152
Eosinophils, mean � SD 9109/liter – – – 6.8 � 4.7 –
Platelets, mean � SD 9109/liter 328.3 � 131.3 337.5 � 123.2 313.0 � 140.4 368.0 � 124.3 0.412
ESR, mean � SD mm/hour 48.0 � 36.0 31.6 � 26.6 57.7 � 37.2 59.0 � 42.9 0.055
CRP, mean � SD mg/liter 45.1 � 66.9 35.7 � 56.4 50.1 � 80.7 54.8 � 53.9 0.458
Creatinine, mean � SD mg/dl 2.0 � 1.5 1.7 � 1.5 2.4 � 1.6 1.2 � 0.7 0.035
eGFR, mean � SD ml/minute/1.73 m2 51.8 � 33.2 60.9 � 34.6 39.3 � 29.1 73.3 � 26.4 0.021

ANCA subtype¶ <0.001
ANCA-negative 5 (9) 3 (14) 0 (0) 2 (33) –
Positive for pANCAs/MPO-ANCAs 34 (61) 3 (14) 28 (100) 3 (50) –
Positive for cANCAs/PR3-ANCAs 17 (30) 16 (73) 0 (0) 1 (17) –

* Except where indicated otherwise, values are the number (%) of patients with antineutrophil cytoplasmic autoantibody (ANCA)–
associated vasculitis (AAV) overall and by specific clinical diagnosis (granulomatosis with polyangiitis [Wegener’s] [GPA], micro-
scopic polyangiitis [MPA], or eosinophilic granulomatosis with polyangiitis [Churg-Strauss] [EGPA]). Differences between groups
were considered significant at the level of P < 0.05. IQR = interquartile range; eGFR = estimated glomerular filtration rate (deter-
mined using the Modification of Diet in Renal Disease study equation); pANCAs = perinuclear ANCAs; MPO = myeloperoxidase;
cANCAs = cytoplasmic ANCAs; PR3 = proteinase 3.
† All patients except 1 (an American Indian) were white.
‡ System involvement was detailed according to the Birmingham Vasculitis Activity Score for Wegener’s Granulomatosis (BVAS/
WG) items.
§ General laboratory data were not available for all patients. Hemoglobin levels, white blood cell (WBC) count, and platelet levels
were missing from 2 patients with GPA and 1 patient with EGPA. The erythrocyte sedimentation rate (ESR) was missing from 5
patients with GPA, 4 patients with MPA, and 1 patient with EGPA. The C-reactive protein (CRP) level was missing from 8
patients with GPA, 11 patients with MPA, and 1 patient with EGPA.
¶ No data on ANCA testing at the time of diagnosis were available from 1 patient with GPA and 1 patient with EGPA.
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with MPA, and 7 with EGPA; 30 men and 28 women) in
Olmsted County between 1996 and 2015 are summarized
in Table 1. Patients with MPA were more than 10 years
older on average than those with GPA or EGPA (mean �
SD 67.7 � 16.2 years versus 56.1 � 15.1 years and 51.5 �
13.4 years, respectively). The majority of patients (98%)
were white; 1 patient was American Indian.

A summary of the clinical manifestations at diagno-
sis for each disease entity is provided in Table 1. In GPA,
the most common disease features at diagnosis were
otorhinolaryngological (74%), followed by “general” man-
ifestations (as defined by the BVAS/WG) (57%) and pul-
monary manifestations (48%). In patients with MPA, renal
involvement was by far the most common finding at diag-
nosis (82% of patients), with significantly impaired renal
function indicated by the mean baseline eGFR and creati-
nine levels in comparison to patients with GPA and those
with EGPA. In patients with EGPA, asthma and pul-
monary involvement other than asthma were each present
at diagnosis in 86% of patients. Moreover, cutaneous
involvement and general manifestations were each present
in 71% of patients with EGPA, and renal involvement was
present in 57%. All patients with EGPA had hyper-
eosinophilia at diagnosis, and nasal polyposis was observed
in 29% of patients with EGPA. Overall, in terms of disease
activity, patients with GPA and those with MPA had simi-
lar BVAS/WG scores at diagnosis (median 5.0 [IQR 3.0–
8.0] versus 6.0 [IQR 4.0–7.0], respectively; score range 0–
63, with higher scores reflecting more active disease).

ANCA antibody testing was performed in almost
all patients at the time of diagnosis (Table 1). Overall,
ANCA testing yielded negative results at initial evalua-
tion in 9% of the entire AAV cohort, in 14% of patients
with GPA, and in 33% of patients with EGPA. In con-
trast, MPO-ANCAs were present in 100% of patients
with MPA. There was 100% concordance between the
immunofluorescence findings (positivity for cytoplasmic
ANCAs [cANCAs] versus perinuclear ANCAs [pANCAs])
and antigen-specific immunoassay findings (positivity for
PR3-ANCAs versus MPO-ANCAs) in all ANCA-positive
patients.

Incidence of AAV in the study population. The
overall annual incidence rate of AAV was 3.3 per
100,000 adults (95% CI 2.4–4.1), adjusted for age and
sex to the US general population (Table 2). The annual
incidence of AAV was overall higher in male patients
compared to female patients, occurring mainly in
patients who were between ages 45 years and 74 years.

The age- and sex-adjusted annual incidence rate
of GPA for the adult population was 1.3 per 100,000
population (95% CI 0.8–1.8). The overall age- and
sex-adjusted annual incidence rate of GPA was 1.2 per

100,000 (95% CI 0.5–2.0) in adult women and 1.3
per 100,000 (95% CI 0.5–2.1) in adult men.

The age- and sex-adjusted annual incidence rate of
MPA for the adult population was 1.6 per 100,000 popula-
tion (95% CI 1.0–2.2); in women, it was 1.5 per 100,000
(95%CI 0.7–2.3), and in men, it was 1.8 per 100,000 (95%
CI 0.8–2.8). Unlike GPA, the annual incidence of MPA
increased progressively with age, culminating at an annual
incidence rate of 7.2 per 100,000 in individuals who were
age 75 years or older.

For EGPA, the age- and sex-adjusted annual inci-
dence in the adult population was 0.4 per 100,000 popu-
lation (95% CI 0.1–0.6). In women, the annual incidence
of EGPA was 0.1 per 100,000 (95% CI 0.0–0.3), and in
men, it was 0.7 per 100,000 (95% CI 0.1–1.2).

Annual incidence rates were then calculated
based on ANCA subtype. PR3-ANCAs were present in
17 patients, and MPO-ANCAs were present in 34
patients; 5 patients had no detectable ANCAs (Table 2).
The age- and sex-adjusted annual incidence rate of PR3-
ANCA–positive AAV for the adult population was 0.9
per 100,000 population (95% CI 0.5–1.4), with an annual
incidence rate of 0.8 per 100,000 (95% CI 0.2–1.3) in
adult women and 1.1 per 100,000 (95% CI 0.4–1.8) in
adult men. The age- and sex-adjusted annual incidence
rate of MPO-ANCA–positive AAV in adults was 2.0 per
100,000 population (95% CI 1.3–2.6), with an incidence
of 1.7 per 100,000 (95% CI 0.8–2.5) in adult women and
2.4 per 100,000 (95% CI 1.3–3.5) in adult men.

Notably, the annual incidence of a diagnosis of
PR3-ANCA–positive AAV was consistently higher in
patients between ages 45 years and 65 years, whereas the
annual incidence rate of MPO-ANCA–positive AAV
progressively increased after age 45 years (Table 2). The
annual incidence of ANCA-negative AAV was 0.3 per
100,000 population (95% CI 0.0–0.5), with an annual
incidence of 0.3 per 100,000 (95% CI 0.0–0.7) in women
and 0.2 per 100,000 (95% CI 0.0–0.6) in men.

The evolution of age- and sex-adjusted annual inci-
dence rates of AAV in aggregate, and of GPA and MPA
specifically, over the 20 years of the study is shown in Fig-
ure 2A. The EGPA incidence trend was not examined
because of the small number of patients. Even though
there was some variation by sex, globally there was a similar
fluctuation in the annual incidence of AAVand its subsets,
GPA and MPA, with a peak incidence around 2005. Over-
all, the annual incidence did not significantly change during
the years from 1996 through 2015 (P > 0.05 in all cases).

Figure 2B shows the annual age- and sex-
adjusted annual incidence per 100,000 of PR3-ANCA–
positive AAV and MPA-ANCA–positive AAV in adults.
The ANCA-negative AAV incidence trend was not
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examined because of the small size of the sample. Similar
fluctuations in annual incidence as observed for AAV,
GPA, and MPA could be seen in patients with PR3-
ANCAs and those with MPO-ANCAs, with a similar
peak in incidence around 2005. Although there was an
overall increase in the incidence of PR3-ANCA–positive
AAV during the last 2 decades (P < 0.01), the global
annual incidence of all AAV and of MPO-ANCA–posi-
tive AAV remained stable.

Mortality rates among patients with AAV com-
pared to the Minnesota general population. There were

20 deaths among the 58 patients in this AAV incident
cohort (Table 3). Age- and sex-adjusted mortality in the
incident cohort was compared to the Minnesota general
population over a median follow-up of 6.0 years (IQR
2.8–11.2). With an expected number of deaths of 9.8, the
SMR for the entire AAV incident cohort from 1996 to
2015 was 2.04 (95% CI 1.24–3.14) (Table 3 and Fig-
ure 3A). A significantly higher SMR was observed in
patients with MPA (SMR 2.04, 95% CI 1.09–3.49) and
those with EGPA (SMR 16.60, 95% CI 4.52–42.50) com-
pared to the general population, with 5-year and 10-year
survival rates of 73% (95% CI 57–92%) and 50% (95%
CI 33–78%), respectively, in those with MPA, and 86%
(95% CI 63–100%) and 43% (95% CI 15–100%),
respectively, in those with EGPA (Table 3 and Fig-
ure 3C). Survival of patients with GPA was not signifi-
cantly different from that of the general population
(SMR 0.93, 95% CI 0.19–2.73), with 5-year and 10-year
survival rates that remained stable (each 90%, 95% CI
78–100%) (Table 3 and Figure 3B).

When the cohort was stratified by ANCA sub-
type, the SMRs among patients with PR3-ANCAs and
those with MPO-ANCAs were 1.09 (95% CI 0.13–3.95)
and 2.17 (95% CI 1.24–3.52), respectively. The 5-year
and 10-year survival rates were 74% (95% CI 59–91%)
and 51% (95% CI 34–75%), respectively, in MPO-
ANCA–positive patients, and 93% (95% CI 82–100%)
and 86% (95% CI 70–100%), respectively, in PR3-
ANCA–positive patients (Table 3 and Figures 3D and
E). There were no deaths among the ANCA-negative
patients.

Prevalence of AAV. A total of 44 patients with a
diagnosis of AAV were living in Olmsted County on Jan-
uary 1, 2015. Most of the patients in the prevalence cohort
were women (59%) and most were white (98%), with a
mean � SD age of 63.6 � 17.4 years and mean � SD dis-
ease duration of 8.8 � 6.5 years. There was no significant
difference in the proportions of patients with GPA, patients
with MPA, and patients with EGPA in the prevalence
cohort. Among all patients with AAV, 47%were positive for
cANCAs/PR3-ANCAs, 47% were positive for pANCAs/
MPO-ANCAs, and 7% were negative for ANCAs. Further
details on the patients in the prevalence cohort are avail-
able upon request from the corresponding author.

On January 1, 2015, the age- and sex-adjusted
prevalence of AAV in adults (age ≥18 years) was 42.1 per
100,000 population (95% CI 29.6–54.6). Among women,
the prevalence of AAV was 45.2 per 100,000 (95% CI
27.8–62.6), and among men, it was 38.6 per 100,000
(95% CI 20.5–56.6). The age- and sex-adjusted preva-
lence of GPA was 21.8 per 100,000 population (95% CI
12.9–30.8), with no notable difference between women

Figure 2. Age- and sex-adjusted annual incidence rates of antineu-
trophil cytoplasmic autoantibody (ANCA)–associated vasculitis
(AAV) per 100,000 population (pop) in adults ages ≥18 years in Olm-
sted County, Minnesota from 1996 to 2015. A, Annual incidence of
AAV in the entire cohort (solid line), and specifically for granulo-
matosis with polyangiitis (Wegener’s) (broken dashed line) and micro-
scopic polyangiitis (broken dotted line). B, Annual incidence of AAV
in the entire cohort (solid line), and specifically for proteinase
3–ANCA–positive AAV (broken dashed line) and myeloperoxidase-
ANCA–positive AAV (broken dotted line). Annual incidence trends
were not examined for patients with eosinophilic granulomatosis with
polyangiitis (Churg-Strauss) or ANCA-negative patients due to their
small sample sizes. Incidence rates were age- and sex-adjusted to the
2010 US white population.
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and men. The age- and sex-adjusted prevalence of MPA
was 18.4 per 100,000 population (95% CI 10.1–26.7),
with a higher prevalence rate in older patients. The

overall prevalence of MPA in women was 24.3 per
100,000 (95% CI 11.5–37.0), compared to a prevalence
of 11.5 per 100,000 (95% CI 1.3–21.6) in men. The

Figure 3. Survival rates among Olmsted County residents with antineutrophil cytoplasmic autoantibody (ANCA)–associated vasculitis (AAV)
compared to expected rates from Minnesota life tables (solid line indicates observed survival; broken dashed line indicates expected survival) in
the entire AAV cohort (A) and stratified by diagnosis (granulomatosis with polyangiitis [Wegener’s] [GPA] [B] and microscopic polyangiitis [MPA]
[C]) or by ANCA status and specificity (positive for proteinase 3–ANCAs [PR3-ANCA] [D] or myeloperoxidase-ANCAs [MPO-ANCA] [E]).
Survival rates among patients with eosinophilic granulomatosis with polyangiitis (Churg-Strauss) or ANCA-negative patients were not examined
due to their small sample sizes. Standardized mortality ratios (SMRs) with 95% confidence intervals (95% CIs) and P values compared to the
Minnesota general population are also shown.
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overall age- and sex-adjusted prevalence of EGPA was
1.8 per 100,000 (95% CI 0.0–4.4), and was similar
between men (2.1 per 100,000, 95% CI 0.0–6.1) and
women (1.6 per 100,000, 95% CI 0.0–4.8).

When patients were stratified according to ANCA
subtype (results available upon request from the corre-
sponding author), the age- and sex-adjusted prevalence of
PR3-ANCA–positive AAV in adults was 19.0 per 100,000
(95% CI 10.6–27.3), with a similar prevalence by sex. The
prevalence of MPO-ANCA–positive AAV was 19.2
per 100,000 (95% CI 10.8–27.7), with a prevalence of
22.5 per 100,000 (95% CI 10.3–34.8) among women and
15.3 per 100,000 (95% CI 3.8–26.8) among men. Finally,
the age- and sex-adjusted prevalence of ANCA-negative
disease in adults was 2.8 per 100,000 (95% CI 0.0–6.1),
with a predominance of ANCA-negative AAV in female
patients (5.3 per 100,000, 95% CI 0.0–11.2 versus 0.0 per
100,000 in male patients).

DISCUSSION

The current study is the first to describe the
annual incidence, prevalence, and mortality rates of
AAV in a geographically well-defined region in the US,
and to characterize their evolution over a period of 20
years. To the best of our knowledge, this is also the first
population-based study that has systematically com-
pared the epidemiologic profile of these patients by
conventional clinical diagnosis, namely GPA, MPA, and
EGPA, and by ANCA status and specificity over such a
long period of time. This is the highest incidence and
prevalence ever reported for AAV, with rates above
what has been previously published, following only the
rates reported for giant cell arteritis among the sys-
temic vasculitides (30). Overall, the estimated annual
incidence of AAV in Olmsted County in 1996–2015 was
3.3 per 100,000 population, a rate that is remarkably
higher than that in previous reports, without a signifi-
cant change in incidence over the 2-decade period of
the study. The prevalence of AAV was estimated to be
42.1 per 100,000 population, and the overall mortality
rates in the incident cohort were significantly higher
than the expected rates in the general population,
although the base population is relatively small.

Interestingly, we observed a higher incidence of
GPA than has been previously reported in the US (18)
and in non-US published data sets (5–11). In particular,
compared to previously reported data, the annual US-
adjusted annual incidence of GPA increased from 0.83
cases per 100,000 in the early 1990s to 1.3 cases
per 100,000 in the last 2 decades. An increased incidence
of GPA was reported in other parts of the world in

the 1990s and early 2000s, possibly being related to the
increasingly widespread use of ANCA testing and physi-
cian awareness of this spectrum of diseases (6,11,31,32).
Results from the current study suggest that, while disease
detection probably increased just after the introduction
of ANCA testing when compared to that in previous
decades, the incidence trends have been stable over the
past 20 years.

Surprisingly, we found that the annual incidence of
MPA was similar to that of GPA. This result is intriguing
and challenges the prevailing notion that incidence of
GPA is higher than incidence of MPA in the Western
world (5,7,11,12,33), in contrast to that observed in Japan,
where the frequency of MPA is 2–3 times higher than
GPA (8). The proportion of GPA cases among total AAV
cases is even higher among the populations of northern
Europe (10,31,34), which share a common genetic back-
ground with that of the US and, particularly, the Olmsted
County population. However, in a recent incident cohort
of mixed ethnicity from the UK, MPA accounted for
~60% of the cases, and MPO-ANCA–positive disease was
found in 51% of the cohort (35), findings that are congru-
ent with our results. In a study from Sweden, the annual
incidence of GPA was 0.98 per 100,000 population, and
for MPA it was 1.01 per 100,000 population (33). These
results are similar to those of the current study and are
consistent with other published data from northern
Europe in which similar rates of MPA and GPA have been
reported. Moreover, these findings show that the overall
incidence of AAV in Olmsted County is somewhat higher
than the estimates from other reports.

This study sheds new light on the epidemiology
of AAV and, particularly, of MPA in the US, with find-
ings of a higher-than-expected incidence of MPA, which
falls between the estimates from European and Japa-
nese cohorts. These findings suggest an important role
of geographic and environmental factors as well as
genetic factors (36–39) in the development of GPA and
MPA. The influence of environment is perhaps also
supported by the observation that the annual incidence
of AAV in black and nonwhite UK residents was not
significantly different from white residents, after adjust-
ment for age and sex, in a well-defined population
(35). Additional epidemiologic research is needed to
identify potential environmental factors that may con-
tribute to disease expression of AAV.

The prevalence of AAV in the present study was
also higher than that reported previously in the US (19,20)
and outside the US (5,6,9,10,40,41). The reported preva-
lence of GPA in other US cohorts includes a report of 3.2
cases per 100,000 population between 1986 and 1990
in New York (20), and 9.1 cases per 100,000 population
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between 1993 and 2006 in western Montana (19), as com-
pared to a prevalence of GPA of 21.8 per 100,000 reported
herein. The sole estimation of the prevalence of MPA in
the US was reported as being 1.3 cases per 100,000
population (19), a rate that appears inconsistent with the
prevalence of GPA from that same report (which was
7 times higher), and may be a consequence of the
methodologic limits of that study (a hospital-based study).
When compared to those data, the prevalence of AAV in
the present study was consistently higher, especially for
GPA and MPA. This could also be attributable to the
ability to capture all cases of AAV using the REP, which
allowed complete full access to a comprehensive coding
system and to all individual medical records of the
screened patients, permitting exhaustive case detection in
the general population living in Olmsted County, including
patients with mild/localized AAV.

Other potential factors accounting for dissimilari-
ties in estimates of disease in different populations could
include, but are certainly not limited to, differences in
population demographics, environment, the population
used as the denominator (total population versus popu-
lation of adults only), health care access, and secular
trends in both disease occurrence and disease severity.
Indeed, while the incidence of GPA and MPA reported
in this study was slightly higher than has been previously
reported elsewhere (11,12,32,34), the prevalence of
these diseases was more substantially increased. While
the reasons for this finding remain unclear, it is conceiv-
able that the prevalence of AAV may be increasing
because of an improved life expectancy in recent decades
coinciding with improved treatments, possibly less severe
disease or earlier detection and management of disease,
or better access to health care in Olmsted County
(42,43). The ultimate causes remain unknown.

Epidemiologic data on EGPA are scarce. This vas-
culitide represents only 10–20% of AAV cases (5,11). The
reported prevalence of EGPA in our study was 1.8 per
100,000 population, not greatly different from that
reported previously for white, Middle Eastern, or Asian
populations, with the highest rate reported in northern
Germany, at a prevalence of 2.4 per 100,000 (5,9,11,32,41).
However, the annual incidence rate of EGPA of 0.4 per
100,000 inhabitants is the highest ever reported for this dis-
ease (previously, the highest rate was reported in Norwich,
UK, at 0.27 per 100,000) (12).

The mortality rate in patients with incident AAV
in Olmsted County was overall higher than that in the
general population. This result was driven by the mortal-
ity rates in patients with MPA and those with EGPA. Pre-
vious studies have shown that survival among individuals
with AAV was significantly reduced compared to sex-

and age-matched populations (6,8,44–47), with older age
as the most reported risk factor (9,48), being mainly at-
tributable to lower survival among patients with MPA
(47). This finding could also have been influenced by an
often-compromised renal function in patients with MPA,
which has been demonstrated to be a predictor of mor-
tality (49).

Surprisingly, we observed that GPA-related mortal-
ity was no longer increased when compared to the mortal-
ity rate in the general population (6,50–54). Reasons for
this observation of improved survivorship in those with
GPA are uncertain, but may have been influenced by
improved case identification, as was shown by the increased
incidence of GPA, and likely could have been influenced by
the close and consistent multispecialty follow-up care pro-
vided in a tertiary care center once the diagnosis was estab-
lished. Moreover, complete case ascertainment using the
REP allowed capture of data from patients with mild/local-
ized GPA who had a better prognosis.

Interestingly, in our cohort, the survival rate for
those with EGPA and those with MPA continued to
decrease during the 10 years after diagnosis, in contrast
to that in previous reports, in which higher mortality in
AAV was attributed to the first year after diagnosis
(6,53). This finding may be a reflection of the modern
immunosuppressive strategies being utilized for AAV
(42,43,50), leading to remission in more than 90% of
cases and, thus, improved survival in the first year,
although survivorship in EGPA and MPA is overall still
lower than that in GPA.

Purely electronic-based analyses of data sets, even
using complex algorithms, are not totally satisfactory for
case ascertainment and verification (20). In fact, the use of
only diagnostic codes leads to the inclusion of patients
without confirmed disease. Specificity may be enhanced by
adding supplemental information in more complex algo-
rithms (as, for instance, the presence of eosinophilia or
physician specialty), as was elegantly shown in a study by
Sreih et al (55), but this may lower the sensitivity of the
screening method. The present study did not rely on a
purely automated case-finding algorithm, but included
screening of cases without an AAV diagnostic code but
with concordant ANCA test results (MPO/pANCAs or
PR3/cANCAs) identified on the basis of review of the labo-
ratory results. The specificity of the diagnosis was increased
by excluding those patients who did not fulfill classification
criteria (either the ACR, CHCC, or EMA criteria) on
detailed review of the individual medical record. This
broader screening method and detailed chart review
enhanced the sensitivity and specificity of case retrieval.

A further strength of the current study is the evalu-
ation of data both by clinical diagnosis classification as
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well as by ANCA-type classification. Despite the much
higher incidence of MPO-ANCA–positive AAV com-
pared to PR3-ANCA–positive AAV (2.0 per 100,000 ver-
sus 0.9 per 100,000), the prevalence of both is similar
(19.2 per 100,000 versus 19.0 per 100,000), due to the
increased mortality among patients with MPO-ANCA–
positive AAV. Hence, patients with MPO-ANCA–positive
AAV represented 61% of the incident cohort, compared
to only 47% of the patients at the time of the prevalence
calculation. Presence of MPO-ANCAs could therefore be
considered to be a marker of low survival, as compared to
PR3-ANCA positivity and an ANCA-negative state,
among all patients, including those with EGPA.

The results of this study can be generalized to
adult subjects with similar age, sex, and race/ethnicity
and those with residency in the Midwest or northern
states of the US. The results may or may not reflect the
profile of AAV in communities with a different racial/
ethnic composition, such as communities with a high
prevalence of African Americans or Asians. Other limi-
tations include the retrospective and descriptive nature
of the study, and the inability to examine the influence of
treatment on prevalence and mortality trends.

In summary, the annual incidence of AAV in this
US population is 3.3 per 100,000, and its prevalence in
2015 was 42.1 per 100,000, a rate remarkably higher than
previously reported. The incidence and prevalence of
AAV overall, and of GPA, MPA, and EGPA specifically,
are higher than those in most previous reports. In con-
trast to most previous European studies, GPA and MPA
had similar incidence rates in the present study. Finally,
mortality rates among patients with MPA, those with
EGPA, and MPO-ANCA–positive patients were higher
than in the general population, whereas mortality rates
among patients with GPA did not substantially differ
from that in the general population.
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Herpes Zoster as a Risk Factor for Incident Giant Cell Arteritis

Bryant R. England,1 Ted R. Mikuls,1 Fenglong Xie,2 Shuo Yang,2

Lang Chen,2 and Jeffrey R. Curtis2

Objective. Histopathologic studies have impli-
cated herpes zoster (HZ) as a causative organism of
giant cell arteritis (GCA). The purpose of this study
was to assess the epidemiologic association of HZ
events with incident GCA.

Methods. We performed a retrospective cohort
study in 2 large independent US administrative data
sets: Medicare 5% and Truven Health Analytics
MarketScan. Eligible subjects had 12 months of con-
tinuous coverage, were >50 years old, and had no his-
tory of GCA or polymyalgia rheumatica. HZ events
(complicated and uncomplicated) and GCA were iden-
tified by the presence of International Classification of
Diseases, Ninth Revision, Clinical Modification codes
from physician visit or hospital discharge records.
Antiviral therapies and vaccinations were identified
from prescription claims and drug codes. Risk of inci-
dent GCA was calculated using multivariable Cox pro-
portional hazards regression.

Results. Among 16,686,345 subjects, a total of
5,942 GCA cases occurred, with 3.1% (MarketScan) and
6.0% (Medicare) having preceding HZ events. Unad-
justed GCA incidence rates were highest in the groups
with complicated and uncomplicated HZ. After multivari-
able adjustment, complicated HZ was associated with an
increased risk of GCA (hazard ratio [HR] 1.99 [95%

confidence interval (95% CI) 1.32–3.02] in the Medicare
cohort and 2.16 [95% CI 1.46–3.18] in the MarketScan
cohort), as was uncomplicated HZ (HR 1.42 [95% CI
1.02–1.99] and HR 1.45 [95% CI 1.05–2.01] in the respec-
tive cohorts). Vaccination and antiviral treatment were
not consistently associated with GCA risk, although
antiviral treatment was marginally associated with a
decreased risk of GCA in the Medicare cohort (HR 0.67
[95% CI 0.46–0.99]).

Conclusion. HZ is associated with an increased
risk of GCA. The infrequency of HZ in GCA patients
suggests that it is only one potential trigger for GCA.
Antivirals and vaccination did not consistently mitigate
this risk.

Giant cell arteritis (GCA) is the most common
systemic vasculitis among individuals >50 years of age
(1), with incidence rates that steadily increase with age
and are highest among Caucasians (2). Typical symptoms
of GCA include headache, jaw claudication, scalp ten-
derness, and features of polymyalgia rheumatica (PMR),
such as shoulder and hip girdle pain (3). One of the most
feared clinical complications of GCA, permanent loss of
vision, can occur early in the disease process and has
been attributed to anterior ischemic optic neuropathy,
retinal artery occlusion, posterior ischemic optic neu-
ropathy, or cortical ischemia (3). Additional complica-
tions of GCA include aortic aneurysms and dissections
(3), cardiovascular events (4), and venous thromboem-
bolic events (5). Prolonged high-dose corticosteroid
treatment, with or without additional immunomodula-
tory therapy, is the mainstay of management but is
frequently the cause of serious adverse events (6).

Although the etiology of GCA remains to be fully
elucidated, dysregulated interactions between the vessel
wall and the immune system appear to be critical to its
pathogenesis (7). Activated vascular dendritic cells
recruit CD4+ Tcells and macrophages to the vessel wall,
subsequently entering through the vasa vasorum and
penetrating through tissue space from adventitia to
intima, resulting in granuloma formation (7). Because
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intracellular pathogens often elicit similar granuloma-
tous inflammation, infections have been postulated to
incite this process in at least some patients (8).

Varicella zoster virus (VZV), a human herpesvirus,
has also been implicated in the pathogenesis of GCA.
Similar to GCA, VZV reactivation (termed herpes zoster
[HZ]) occurs in older adults and induces a T cell–medi-
ated immune response (9). VZV causes a spectrum of
vasculopathies, and pathology specimens of involved ves-
sels demonstrate characteristics similar to GCA, such as
multinucleated giant cells (10). Detailed inspection of
temporal artery and aorta specimens from biopsy-positive
and biopsy-negative GCA patients has detected VZV
antigen and DNA in some investigations (11–15). More-
over, VZV has been located in skip lesions and was most
prevalent in the adventitia, with decreased detection
closer to the intima (12–14). In contrast, multiple studies
have not identified VZV in GCA temporal artery speci-
mens (16–20), and a recent study suggested the possibility
of cross-reactivity of the immunohistochemical staining
with muscle elements (21).

To date, the association of VZV with GCA risk
has largely been studied using pathology specimens and
cross-sectional study designs. One prior case–control
study that was focused primarily on HZ occurring after
GCA diagnosis performed limited comparisons of HZ
events preceding GCA and found no association (22).
Another recent study found a small but significantly
increased risk of GCA after HZ events as well as infec-
tions in general in a population-based case–control study
(23). In summary, the epidemiologic relationship between
HZ events and incident GCA is not fully understood and
is yet to be appropriately studied using a cohort design
that is necessary for defining the temporal relationship
between exposure and disease onset. Moreover, if HZ
contributes to GCA risk, then it follows that antiviral
therapy or vaccination could mitigate disease risk, effects
that, to date, have not been investigated. The purpose of
the present study was to determine the relationship
between HZ events and the risk of incident GCA and to
examine whether antiviral treatment or HZ vaccination
reduces this risk.

PATIENTS AND METHODS

Data sources and study participants. This was a retro-
spective cohort study using medical and pharmacy claims data
from the Medicare 5% random sample database (January 1,
2006 through December 31, 2013) and the Truven Health Ana-
lytics MarketScan Commercial Claims and Encounters data-
base (January 1, 2010 through December 31, 2014). The
Medicare 5% random sample is a nationally representative 5%
random sample of the overall Medicare beneficiary population

(from the Centers for Medicare and Medicaid Services), which
consists of individuals ages 65 years or older who are not
enrolled in Medicare Advantage, as well as those with certain
disabling conditions who are younger than age 65 years. The
MarketScan sample (https://marketscan.truvenhealth.com/)
includes individuals of all ages covered under a variety of com-
mercial and employee-sponsored health benefit plans.

Participants were required to have at least 12 months
of continuous enrollment to be eligible for analyses and were
excluded if they were <50 years of age or had a physician or
hospital diagnosis code for GCA (International Classification
of Diseases, Ninth Revision, Clinical Modification [ICD-9-
CM] code 446.5x) or PMR (ICD-9-CM code 725.xx) during
this time period. This study was approved by the Institutional
Review Board at the University of Alabama at Birmingham.

Exposures and outcome. Exposures of interest were
HZ events, antiviral treatment for an HZ event, and HZ vacci-
nation. HZ events were identified by ICD-9-CM code 053.xx
from either a hospital discharge or physician visit record. HZ
was further classified as complicated (i.e., HZ with meningitis,
other nervous system, ophthalmic, or other complications;
ICD-9-CM codes 053.0–053.8) or uncomplicated (code 053.9),
similar to an HZ classification used in previous analyses (24).
HZ treatment was identified by a combination of an HZ event
and an accompanying outpatient pharmacy claim for acyclovir,
famciclovir, valacyclovir, ganciclovir, or foscavir within 7 days
before or after the HZ event date. HZ vaccination was identi-
fied by Current Procedural Terminology (CPT) codes 90736, or
National Drug Codes (NDCs; 00006496300, 00006496301, and
00006496341) plus a vaccine administration code within 7 days
(Healthcare Common Procedure Coding System [HCPCS]
code G03077 or CPTcode 90471). Incident GCA was identified
using ICD-9-CM code 446.5 from a hospital discharge or 2
physician visits occurring between 7 and 365 days apart. In the
HZ-exposed cohort, follow-up began on the index date, which
was defined as the HZ diagnosis date. Patients were also
required to have at least 365 continuous days of prior medical
and pharmacy coverage. For those not HZ-exposed, the index
date was set as the date that patients first had 365 continuous
days of medical and pharmacy coverage.

Patients were monitored from the index date until the
date of first GCA diagnosis or censoring at disenrollment,
death, or end of the study period. Baseline covariates (comor-
bidities, health screenings, medications, and number of visits)
were assessed during the 12 months of continuous enrollment
prior to the index date.

Statistical analysis. Descriptive statistics were calcu-
lated on the index date and were stratified by HZ exposure.
Crude incidence rates of GCA per 10,000 person-years and
95% confidence intervals (95% CIs) were calculated using
Poisson regression and stratified by HZ exposure. We exam-
ined the temporal relationship between HZ and incident
GCA by calculating incident rates, which were stratified by
the time period since the index date: 0–3 months, 3–6
months, 6–12 months, 1–2 years, and >2 years. We used Cox
proportional hazards regression models to calculate unad-
justed and adjusted hazard ratios (HRs) and 95% CIs for
GCA. Because of the potential for a nonlinear relationship
between age and GCA risk, we used age, rather than the time
from the index date, as the time axis. Covariates identified in
exploratory analyses and included in multivariable models
were sex, race, corticosteroid use during the 12 months prior
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to the index date, and number of visits during the 12 months
prior to the index date.

We performed several sensitivity analyses to address
potential misclassification of the GCA outcome, including the
requirement of 1) a temporal artery biopsy CPT code (code
37609) for a GCA diagnosis, 2) at least 2 steroid prescriptions
for GCA treatment, and 3) at least 1 outpatient GCA ICD-9-
CM code from a rheumatologist. Additionally, following
recent recommendations for observational studies, we calcu-
lated E-values as a representation of the minimum strength
of association that an unmeasured confounder would need to
have with the exposure and outcome to nullify an observed
exposure–outcome association (25). The E-value ranges from
1 to infinity, with a value of 1 representing an existing null
association and increasing values signifying a higher degree of
unmeasured confounding needed to reduce the observed
association to null. P values less than 0.05 were considered
significant. All analyses were performed using SAS version
9.4 software (SAS institute).

RESULTS

Baseline characteristics. A total of 16,686,345 per-
sons were included in the study, with 1,251,293 from the
Medicare database and 15,435,052 from the MarketScan
database (Figure 1). HZ events occurred in 5.3% of
Medicare and 2.1% of MarketScan subjects. Of those,
17.6% of Medicare and 15.0% of MarketScan HZ events

were complicated. Antiviral treatment was prescribed in
53.0% of complicated HZ and 72.5% of uncomplicated
HZ in Medicare patients, and 58.0% of complicated HZ
and 77.2% of uncomplicated HZ in MarketScan patients.

In both data sets, subjects with HZ were older on
the index date and more of them were women (Table 1).
Comorbid conditions were more frequent in those with
prior HZ, while the frequency of routine health screen-
ings did not differ between those exposed and those unex-
posed to HZ (data not shown). HZ events were more
common in Caucasians in the Medicare data set. Data on
race were not available for the MarketScan data set. The
proportion of patients receiving HZ vaccination in each
exposure group (HZ and non-HZ) was low in both data
sets (range 2.2–7.1% in Medicare and 1.3–4.0% in Mar-
ketScan).

GCA incidence rates. A total of 5,942 incident
GCA cases (1,782 Medicare and 4,160 MarketScan) oc-
curred over 38,343,878 patient-years of follow-up (Table 2).
The median duration of follow-up ranged from 453 days to
730 days in the MarketScan database and from 858 days to
1,269 days in the Medicare database, with those with-
out HZ having the longest duration of follow-up (data not
shown). Of those who developed GCA, 3.1% of Market-
Scan patients and 6.0% of Medicare patients had preceding

Figure 1. Study flow diagram illustrating the selection of study subjects from the Medicare 5% database and the Truven Health Analytics
MarketScan Commercial Claims and Encounters database for analysis by herpes zoster exposure status at the index date. * Patients with at least 1
month of medical and pharmacy coverage. ** For patients with zoster, the index date was the first zoster diagnosis date. For those without zoster,
the index date was the first date on which 356 days of medical and pharmacy coverage was met.
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HZ events. The median time from the HZ event to the
diagnosis of GCA was 177 days and 361 days in Market-
Scan patients and 651 and 593 in Medicare patients for
complicated and uncomplicated events, respectively. In
both data sets, crude GCA incidence rates were highest
among those with complicated HZ events and lowest
among those without a documented HZ event, with
uncomplicated HZ having intermediate incidence rates
(Table 2).

Cumulative incidence curves demonstrated a
“dose-response” between HZ exposure with and with-
out complications and risk of GCA (Figure 2). When
stratified by follow-up period, the incidence rate esti-
mates were universally numerically higher for the HZ-
exposed groups than for the HZ-unexposed group,
although estimates were imprecise because of the lim-
ited number of GCA cases that occurred during each
follow-up period (data not shown).

Association of HZ events with incident GCA. In
unadjusted analyses, complicated HZ was associated with
a 2.16-fold higher risk and uncomplicated HZ with a 1.39-
fold higher risk of GCA in reference to no HZ events in

the Medicare data set (Table 3). In the MarketScan data
set, complicated HZ was associated with a 2.61-fold
higher risk, and uncomplicated HZ was associated with a
1.68-fold higher risk of GCA in reference to no HZ event
(Table 3). Adjustment for sex, race (Medicare only), corti-
costeroid use, number of visits, antiviral treatment, and
zoster vaccination did not meaningfully affect the results.
After adjustment in the MarketScan data set, complicated
HZ remained associated with a 2.16-fold higher risk of
GCA (95% CI 1.46–3.18), and uncomplicated HZ with a
1.45-fold higher risk of GCA (95% CI 1.05–2.01)
(Table 3). Similarly, after adjustment in the Medicare
data set, complicated HZ was associated with a 1.99-fold
higher risk of GCA (95% CI 1.32–3.02) and uncompli-
cated HZ with a 1.42-fold higher risk (95% CI 1.02–1.99)
risk of GCA. Using an inverse variance–weighted, fixed-
effects model to combine results from both data sets, the
adjusted HR was 2.08 (95% CI 1.57–2.76) for compli-
cated HZ and 1.44 (95% CI 1.14–1.82) for uncomplicated
HZ.

Sensitivity analyses with alternate GCA defini-
tions requiring greater specificity supported the original

Table 1. Baseline characteristics of Medicare and MarketScan participants, by zoster exposure*

Medicare MarketScan

Zoster with
complication
(n = 10,964)

Zoster without
complication
(n = 51,527)

None
(n = 1,188,802)

Zoster with
complication
(n = 46,784)

Zoster without
complication
(n = 265,361)

None
(n = 15,122,907)

Age, mean � SD years 76.3 � 9.6 75.5 � 9.5 72.1 � 9.9 65.4 � 11.1 63.4 � 10.3 60.8 � 9.3
Female, % 72.1 72.1 63.4 62.8 63.5 53.4
Race, %
Asian 2.9 2.4 2.3 – – –
Black 6.0 5.9 10.6 – – –
Hispanic 2.7 2.4 2.8 – – –
Other 2.1 1.8 2.2 – – –
White 86.3 87.5 82.1 – – –

Zoster vaccine, % 6.3 7.1 2.2 4.0 3.9 1.3
Zoster medication

within 7 days, %
53.0 72.5 NA 58.0 77.2 NA

* Race data were not available in the MarketScan database. NA = not available.

Table 2. Incidence rates of GCA in Medicare and MarketScan participants, by herpes zoster event*

Herpes zoster

Complicated Uncomplicated None

Medicare
No. of GCA cases 27 80 1,675
No. of person-years 29,377 138,622 4,451,219
IR (95% CI), /10,000 person-years 9.19 (6.30–13.40) 5.77 (4.64–7.18) 3.76 (3.59–3.95)

MarketScan
No. of GCA cases 32 97 4,031
No. of person-years 68,388 382,734 33,273,538
IR (95% CI), /10,000 person-years 4.68 (3.31–6.62) 2.53 (2.08–3.09) 1.21 (1.17–1.25)

* GCA = giant cell arteritis; IR = incidence rate; 95% CI = 95% confidence interval.
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findings (Table 4). E-values from combined data set
estimates were 3.58 for complicated HZ (2.52 for the
lower confidence interval) and 2.24 for uncomplicated
HZ (1.54 for the lower confidence interval). Therefore,
for complicated HZ, unmeasured cofounders would
need to have an association with complicated HZ and
GCA greater than an HR of 3.58 to nullify our
observed association between complicated HZ and
GCA. These results demonstrate that substantial
unmeasured confounding would be needed to reduce
the observed associations to null (25).

Associations of antiviral therapy and of HZ vacci-
nation with incident GCA. In the same multivariable
model used to assess the associations between HZ and
GCA, we examined the associations of antiviral treatment
and HZ vaccination. There was a marginally significant
protective association between antiviral treatment and
GCA in Medicare patients (HR 0.67 [95% CI 0.46–0.99])
(Table 3), but no association in MarketScan patients (HR
0.90 [95% CI 0.64–1.28]). Recognizing that few patients
had received an HZ vaccination, we found that vaccina-
tion was not associated with GCA in either the Medicare
(HR 1.30 [95% CI 0.93–1.80]) or the MarketScan (HR
0.85 [95% CI 0.65–1.11]) patients.

Figure 2. Cumulative incidence of giant cell arteritis (GCA) by her-
pes zoster exposure. Curves show the cumulative incidence of GCA
in the Medicare 5% database and the Truven Health Analytics
MarketScan Commercial Claims and Encounters database for
patients with complicated zoster (blue curve), with uncomplicated
zoster (red curve), and without zoster (green curve).

Table 3. Association of herpes zoster, antiviral treatment, and vaccination with giant cell arteritis*

Hazard ratio (95% CI)

Unadjusted Sex adjusted Fully adjusted

Medicare
Herpes zoster event
Complicated 2.16 (1.48–3.16) 2.09 (1.43–3.06) 1.99 (1.32–3.02)
Uncomplicated 1.39 (1.11–1.74) 1.34 (1.07–1.68) 1.42 (1.02–1.99)
No event Referent Referent Referent

Female – 1.78 (1.58–2.00) 1.74 (1.54–1.95)
Non-white race – 0.91 (0.80–1.04) 0.93 (0.81–1.06)
Antiviral treatment – – 0.67 (0.46–0.99)
Zoster vaccination – – 1.30 (0.93–1.80)
Corticosteroid use – – 1.88 (1.68–2.10)
No. of visits – – 1.02 (1.02–1.03)

MarketScan
Herpes zoster event
Complicated 2.61 (1.84–3.70) 2.52 (1.78–3.57) 2.16 (1.46–3.18)
Uncomplicated 1.68 (1.38–2.06) 1.62 (1.32–1.98) 1.45 (1.05–2.01)
No event Referent Referent Referent

Female – 1.86 (1.74–1.99) 1.82 (1.70–1.95)
Antiviral treatment – – 0.90 (0.64–1.28)
Zoster vaccination – – 0.85 (0.65–1.11)
Corticosteroid use – – 1.88 (1.75–2.02)
No. of visits – – 1.02 (1.02–1.02)

* Hazard ratios and 95% confidence intervals (95% CIs) were calculated from Cox regression models in
which age served as the time axis. Adjustment was performed for each variable for which an effect esti-
mate is provided in that column. Race information was not available in the MarketScan database.
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DISCUSSION

In this study, we constructed 2 retrospective
cohorts using the Medicare and MarketScan administra-
tive databases comprising nearly 17 million subjects to
investigate an epidemiologic association between HZ
and GCA. Even after accounting for known GCA risk
factors (age, sex, and race), we observed a strong associa-
tion between HZ and incident GCA, with complicated
HZ increasing GCA risk by 2-fold and uncomplicated
HZ increasing GCA risk by nearly 1.5-fold. These results
are consistent with recent findings from a population-
based case–control study in which a small, but signifi-
cant, increased incidence of GCA was observed after
prior HZ events (23). Our results also build upon con-
flicting findings of cross-sectional studies of temporal
artery specimens from patients with GCA (11–21).

While observational studies, including this one,
do not conclusively demonstrate causality, Hill, in his
classic paper, described many facets needed to construct
an argument for causation (26). Our aim in this study
was to address many of these facets. By identifying HZ
events and subsequent incident GCA, we established a
temporal relationship between HZ and GCA. We then
categorized HZ into complicated and uncomplicated
types and found that the crude incidence rates and
adjusted HRs demonstrated a “dose-response” associa-
tion between HZ and GCA risk, with complicated HZ
(which includes cranial nerve involvement) being associ-
ated with higher risk. By using 2 separate administrative
data sets, we also demonstrated reproducibility of our

findings, with similar estimates for HZ events and GCA
risk and nearly identical “dose-response” curves (greater
strength of association with complicated HZ) in both
data sets. Outside the scope of the current study, other
investigators have previously addressed the potential bio-
logic plausibility of this relationship. In addition to the
aforementioned pathologic findings, VZV elicits robust
Tcell responses (9), which are known to be critical to the
pathogenesis of GCA, and causes a central nervous sys-
tem vasculopathy with giant cell formation (10).

Recognizing the association of HZ with GCA
observed in this study, it should be noted that only a small
minority of those with GCA had a prior HZ event (3.1%
of MarketScan patients and 6.0% of Medicare patients).
Thus, while HZ may play a role in the pathogenesis of
GCA, if it does so, it likely does so only for a limited pro-
portion of patients. Moreover, while we demonstrated the
occurrence of HZ infection prior to the diagnosis of
GCA, the incidence rates for GCA were stable over time
after HZ infection. This may suggest that altered immu-
nity, such as immunosenescence (27), may be the critical
mechanism that underlies the pathogenesis of GCA and
may also predispose to HZ infection.

Our findings do not discount the potential for
other infectious agents or environmental antigens to trig-
ger GCA, which were observed to increase GCA risk in a
recent study (23). We did not study other specific infec-
tious agents previously proposed (e.g., parvovirus, parain-
fluenza virus), given the limitations of the available data
sources and study design. Identification of parvovirus or
parainfluenza virus with administrative data would be
highly prone to misclassification. Our study also does not
address whether HZ selectively increases the risk of only
GCA. The potential for HZ to trigger other diseases has
been previously demonstrated, with HZ events being
associated with an increased risk of stroke in the general
population (28,29) and among patients with autoimmune
disease (24). While it is important to understand whether
the risk of PMR is also increased following HZ events, we
anticipated that administrative data sets would also be
prone to misclassification of PMR, given that 1 study
found a false-positive rate of >20% for diagnostic codes
of PMR (30). Furthermore, because PMR and GCA often
overlap, we excluded patients with a baseline history of
PMR from our analyses.

Given the serious complications that can result
from GCA and its treatments, mechanisms to prevent
GCA would clearly be preferred and universally wel-
comed. If indeed HZ is a trigger for GCA, then perhaps
antiviral agents or vaccination could prevent GCA. In our
study, no consistent benefit of antivirals in reducing GCA
risk was observed, although in the Medicare data set,

Table 4. Sensitivity analyses with additional specificity for a diagnosis
of GCA*

Requirement for
GCA diagnosis

Hazard ratio (95% CI)

Medicare MarketScan

Temporal artery biopsy
CPT code

Complicated HZ 3.03 (1.85–4.97)† 2.28 (1.32–3.94)†
Uncomplicated HZ 1.69 (1.09–2.60)‡ 2.03 (1.35–3.06)†

Two steroid prescriptions
Complicated HZ 3.29 (1.84–5.89)† 1.86 (0.89–3.86)
Uncomplicated HZ 1.75 (1.05–2.92)‡ 2.09 (1.28–3.42)†

≥1 outpatient ICD-9-CM
code from
a rheumatologist

Complicated HZ 2.80 (1.74–4.52)† 1.99 (1.13–3.51)‡
Uncomplicated HZ 1.70 (1.13–2.56)‡ 1.37 (0.86–2.19)

* The Medicare analyses included sex, race, antiviral treatment, and
vaccination. The MarketScan analyses included sex, antiviral treat-
ment, and vaccination. GCA = giant cell arteritis; 95% CI = 95%
confidence interval; CPT = Current Procedural Terminology; HZ =
herpes zoster; ICD-9-CM = International Classification of Diseases,
Ninth Revision, Clinical Modification.
† P < 0.01.
‡ P < 0.05.
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there was a trend toward a reduced risk of GCA in those
receiving antivirals. The assessment of these associations
was complicated by the lack of standardization with regard
to patient selection for antiviral therapy or the timing of
antiviral therapy. There are several potential explanations
for the lower proportion of patients with complicated HZ
receiving antiviral therapy compared to those with uncom-
plicated HZ, including 1) patients with complicated HZ
may have received inpatient antiviral treatment (not cap-
tured in these data), 2) patients presenting with late com-
plications of HZ may have been deemed ineligible for
treatment if they sought care outside the typical 3-day
treatment window, or 3) as a result of reverse causation,
HZ became complicated because it was not treated with
antivirals. We did not find vaccination to be protective
against GCA. However, fewer than 10% of the study
subjects were vaccinated, HZ vaccination is only approxi-
mately 50% effective in preventing shingles (31), and vac-
cine responses attenuate over time (32). Future study will
be needed as vaccination becomes a more common prac-
tice and will require careful assessments relevant to the
timing of vaccination in relation to GCA risk.

There are limitations to this study. Most notably,
with the use of administrative data is the potential for mis-
classification of the exposures and outcome. Since an opti-
mal approach to identifying GCA using administrative
data is unknown, we attempted to control for the misclas-
sification of GCA by limiting eligible subjects to those >50
years of age and requiring at least 2 outpatient encounters
with the diagnostic code or the inclusion on the hospital
discharge form. Other investigators have used similar
GCA definitions (33,34). In sensitivity analyses, we also
made our GCA definition more specific in several ways:
by requiring a CPT code for temporal artery biopsy, by
requiring at least 2 steroid prescriptions, or by requiring at
least 1 outpatient diagnostic code for GCA to have been
assigned by a rheumatologist. Across all of these analyses,
our results were consistent. Also, our observed incidence
rates of GCA within the MarketScan data set are similar
to those previously reported in other predominantly Cau-
casian populations (2). We observed a higher GCA inci-
dence rate in the Medicare data set, likely as a result of
the older age and female predominance of the popula-
tion. Moreover, since the same GCA identification ap-
proach was used across HZ exposure groups, we would
expect any resulting misclassification to be nondifferential
and thus bias our results toward the null. Additionally,
HZ is frequently identified using administrative databases,
with reasonable performance observed as compared to
gold-standard chart review for both uncomplicated and
complicated HZ, with the positive predictive values for
HZ ranging from 85% to 100% (35–37).

Given our observational study design, unmeasured
confounders may exist. Following recent recommenda-
tions, we calculated E-values as sensitivity analyses for
unmeasured confounding. For complicated HZ, we found
an E-value of 3.58, which means that an unmeasured con-
founder(s) would have to be associated at this magnitude
or greater with both our exposure (complicated HZ) and
outcome (GCA) parameters in order to nullify our find-
ings (25). Last, this is an epidemiologic study that identi-
fies associations but does not establish causation, nor
does it identify the pathophysiologic mechanisms that link
HZ and GCA.

Despite these limitations, there are many strengths
to our study, including our epidemiologic approach, which
addresses many unanswered questions regarding HZ,
antivirals, vaccination, and GCA risk. Additionally, we
used a cohort study design with a median duration of fol-
low-up >1–2 years to determine GCA risk following HZ
events. The use of 2 separate US-wide administrative
databases suggests a high degree of generalizability of
these findings as well as demonstrating their reproducibil-
ity. Last, several sensitivity analyses were performed, and
the results support the main findings.

In conclusion, in 2 large independent administra-
tive datasets in the US, we used a cohort study design to
demonstrate an increased risk of GCA following HZ
events. However, the low frequency of HZ events in
those who developed GCA suggests that HZ events
likely contribute meaningfully to GCA risk in only a
small proportion of patients. Additional studies examin-
ing pathophysiologic mechanisms that link HZ and GCA
as well as the potential benefits of antivirals or vaccina-
tion are warranted.
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Earliest Phase of Systemic Sclerosis Typified by Increased Levels
of Inflammatory Proteins in the Serum

Marta Cossu,1 Lenny van Bon,1 Carlo Preti,2 Marzia Rossato,1 Lorenzo Beretta,2

and Timothy R. D. J. Radstake1

Objective. Patients with definite systemic sclero-
sis (SSc) who lack fibrotic features can be stratified
into an intermediate stage of disease severity between
preclinical/early SSc (EaSSc) and fibrotic subsets (lim-
ited cutaneous SSc [lcSSc] and diffuse cutaneous SSc
[dcSSc]). The aim of the present study was to molecu-
larly characterize nonfibrotic SSc and EaSSc on the
basis of a broad panel of serum markers of inflamma-
tion and tissue damage, in order to increase the knowl-
edge of the pathophysiologic mechanisms underlying
SSc progression before the development of fibrosis.

Methods. An 88-plex immunoassay was per-
formed in serum samples from a discovery cohort com-
posed of 21 patients with EaSSc (meeting the LeRoy
and Medsger criteria), 15 with nonfibrotic SSc (meet-
ing the American College of Rheumatology/European
League Against Rheumatism 2013 classification crite-
ria, without skin or lung fibrosis), and 11 healthy con-
trols. Analyte concentrations that were consistently
significantly different at the exploratory P value
threshold of 0.1 were selected for replication analysis
in a larger group composed of 47 patients with EaSSc,
48 with nonfibrotic SSc, and 43 healthy controls, as

well as 51 patients with lcSSc and 35 with dcSSc. The
value of the replicated molecules in predicting SSc
progression (at a family-wise error rate of 0.05) was
tested.

Results. Based on the results of the explorative
analysis, 16 molecules were selected for testing in the
replication set. The results showed that CXCL10,
CXCL11, tumor necrosis factor receptor type II
(TNFRII), and chitinase 3–like protein 1 levels were
significantly increased in patients with EaSSc and
those with nonfibrotic SSc as compared to healthy con-
trols. The disease in patients with high concentrations
of CXCL10 and TNFRII was also characterized by a
faster rate of progression from EaSSc and from nonfi-
brotic SSc to worse disease stages.

Conclusion. SSc patients with preclinical/early
SSc and those with established, yet nonfibrotic, disease
exhibit clear molecular alterations that are associated
with faster rates of disease evolution. These data open
novel avenues for disease interception in SSc.

The hallmark of systemic sclerosis (SSc) consists
of fibrosis involving the skin and internal organs, with
pathologic development in the context of endothelial
damage and immune system activation. The sequence of
events leading to widespread collagen deposition in SSc
is largely unknown, but microvascular injury and perivas-
cular infiltration by mononuclear cells in genetically pre-
disposed individuals are considered early events in the
disease course (1,2). Raynaud’s phenomenon (RP) is
usually the first manifestation of the disease that may
antedate by years the onset of definite SSc. The pres-
ence of RP, SSc-specific autoantibodies, and SSc-specific
nailfold videocapillaroscopic (NVC) changes, even in
the absence of any other sign of definite SSc, identifies
individuals at higher risk of developing SSc, a subset
referred to as those with early SSc (EaSSc) (3) or those
with undifferentiated connective tissue disease at risk
for SSc (4).
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For years, the occurrence of skin fibrosis has
been considered the pivotal sign for identification and
classification of patients with SSc (5). However, it has
been widely recognized that a classification that relies
so extensively on the presence of skin fibrosis lacks
enough sensitivity to identify patients with limited or
early disease (6). The American College of Rheumatol-
ogy (ACR)/European League Against Rheumatism
(EULAR) 2013 classification criteria for SSc (6) were
specifically designed to circumvent this problem, and
fibrotic features are no longer a prerequisite to formal-
ize the diagnosis of SSc. The ACR/EULAR 2013 crite-
ria thus allow the identification of SSc even in the
absence of overt fibrosis. A consensus to properly
define this patient subset—a subset formerly termed as
“definite” SSc (7) or “noncutaneous” SSc (8)—does
not yet exist, and it is doubtful whether this designation
would represent a necessary intermediate phase of the
disease between EaSSc and fibrotic SSc or whether
such patients might cluster in a separate disease subset
characterized by a smoldering, slowly progressing
entity. From a clinical point of view, patients with non-
fibrotic SSc could be stratified in an intermediate stage
of disease severity between EaSSc (the least severe)
and the fibrotic subsets of SSc (the most severe) (7).

This peculiar intermediate pathologic behavior
can also be observed when a number of laboratory
parameters are taken into account, including indices of
inflammation or serum concentrations of circulating
markers of vascular activation and dysfunction (7).
Despite the existing evidence, a thorough molecular char-
acterization of these patients and individuals with EaSSc
is lacking. An increased knowledge about the biologic
characteristics of these subsets and about the changes
that occur early during evolution of the disease is indeed
of paramount importance to understand the pathophysio-
logic mechanisms of SSc progression. Moreover, this
increased knowledge would allow us to distinguish those
patients whose disease is bound to progress from those
whose disease will not progress and who will continue to
express a milder clinical phenotype, thus paving the way
for early intervention and/or disease interception.

Fueled by these considerations, we screened a
broad panel of serum markers of inflammation, tissue
damage, vascular dysfunction, metabolism, and remod-
eling in subsets of patients with definite SSc and those
with EaSSc in comparison to healthy controls. With a
2-step research strategy, we first identified a number of
analytes that were differently expressed in a discovery
cohort of patients with EaSSc and those with definite
SSc, and then replicated the results in a second, larger
cohort. We next assessed the validated molecules for

comparison to that in SSc patients with overt fibrosis.
Finally, to define the prospective value of these mole-
cules, we characterized the disease progression rates
retrospectively in each subset of SSc patients in the
replication cohort. To this end, the survival estimates
for patients with high or low levels of the validated
molecules were compared.

PATIENTS AND METHODS

Patients and healthy controls. Two different cohorts
of patients were considered for the study and identified using
a 2-step research design, with discovery and replication steps.
All patients were recruited in Italy, at the Scleroderma Unit
of the Fondazione IRCCS Ca’ Granda Policlinico di Milano.

For the discovery step, 21 patients with EaSSc (3) and
15 patients with SSc who met the ACR/EULAR 2013 classifi-
cation criteria (6) and who were without skin fibrosis (having a
modified Rodnan skin thickness score of 0 on a scale of 0–3,
where 3 indicates severe thickening [9]) and without any sign of
interstitial lung disease (ILD) or pulmonary arterial hyperten-
sion (PAH) (nonfibrotic SSc) were enrolled. ILD was defined
as a typical involvement of the lung parenchyma of >5% on
high-resolution computed tomography (10) accompanied by
reduction in the forced vital capacity (FVC) or diffusing capac-
ity for carbon monoxide (DLCO) of <80% of predicted, as pre-
viously described (11). In accordance with standardized
protocols, the presence of PAH is routinely screened in patients
with EaSSc and those with SSc, and is confirmed by right-sided
heart catheterization (12). None of the patients in the discovery
cohort were suspected of having PAH. The presence of puffy
fingers was ascertained by the referring physician and then
independently verified, in a blinded manner, by one of the
authors (LB), to correctly differentiate puffy fingers from scle-
rodactyly. When the 2 independent assessors were not in agree-
ment, consensus was reached. The duration of disease was
defined as the time from the occurrence of the first non-RP
symptom. The NVC pattern was assessed by an experienced
observer in our center and classified according to the criteria of
Cutolo et al (13). Eleven healthy control subjects, matched to
the patients by sex and age, were also included as a comparison
group in the discovery step.

For the replication step, sera from 224 subjects, whose
characteristics have previously been described elsewhere (7),
were used. This group of patients included 47 patients with
EaSSc, 48 with nonfibrotic SSc, and 43 age- and sex-matched
healthy controls. In addition, 51 patients with limited cuta-
neous SSc (lcSSc) and 35 with diffuse cutaneous SSc (dcSSc)
were enrolled.

Each patient underwent a complete evaluation to
correctly allocate them to the different study groups, as pre-
viously described (7). The baseline clinical assessment was
performed between the end of 2011 and mid-2012, allowing
the follow-up data to be evaluated retrospectively for disease
progression. Data were available for 143 patients (34 with
EaSSc, 38 with nonfibrotic SSc, 41 with lcSSc, and 30 with
dcSSc). Progression was defined as follows: 1) for those
with dcSSc, death attributable to SSc, worsening of lung
function (i.e., a reduction in the FVC of ≥10% from base-
line or a reduction in the DLCO of ≥15% from baseline),
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identification of PAH, or identification of digital ulcers in
the absence of a history of digital ulceration; 2) for those
with lcSSc, the same criteria as applied to dcSSc, as well as
the progression of skin disease from limited to diffuse
involvement; 3) for those with nonfibrotic SSc, the same cri-
teria as applied to lcSSc, as well as the progression of skin
or lung involvement and identification of fibrotic features; 4)
for those with EaSSc, the same criteria as applied to nonfi-
brotic SSc, as well as the identification of telangiectasias or
puffy fingers.

The baseline demographic and clinical characteristics
of the patients in both the discovery cohort and the replica-
tion cohort are summarized in Tables 1 and 2. The study was
performed in accordance with the Declaration of Helsinki
and approved by the local ethics committee (Comitato Etico
Area B).

Serum multiplex assay. A total of 88 markers of
immune activation, inflammation, and tissue damage and addi-
tional markers of vascular remodeling and adhesion were
selected for the analysis (a full list of the tested markers is
available upon request from the corresponding author).
Peripheral blood was obtained by venipuncture from all sub-
jects at the time of enrollment. Serum was separated by cen-
trifugation at 1,500g for 10 minutes and stored at �80°C until
analyzed. Serum analyses were performed at the MultiPlex
Core Facility of the Laboratory of Translational Immunology
(University Medical Center Utrecht). An in house–developed
multiplex immunoassay based on Luminex technology (xMAP;
Luminex) was utilized, as previously described (14).

For statistical analysis, serum concentrations below
the detection limit were converted to one-half of the lower
limit of detection. When more than 5% of measurements
were below the detection limit (out of range >5%), the ana-
lyte was excluded from further analysis. After performing this
quality control step, 46 proteins passed the threshold to
undergo statistical analysis in the discovery cohort (a com-
plete list of the 42 molecules that did not meet this prerequi-
site is available upon request from the corresponding author).

Statistical analysis. Statistical analyses were con-
ducted using SPSS software (version 22.0; IBM). Continuous
variables are expressed as the mean � SD; data were log-
transformed before being analyzed. In the discovery phase,
one-way analysis of variance (ANOVA) was performed, along
with an ANOVA polynomial linear test for trend. In both
tests, the exploratory significance threshold was P = 0.1.

Table 1. Baseline demographic and clinical characteristics of the
patients in the discovery cohort*

EaSSc
(n = 21)

Nonfibrotic SSc
(n = 15)

Female, no. (%) 20 (95.2) 14 (93.3)
Age, mean � SD years 53 � 16 53 � 14
RP duration, mean � SD years 10 � 8 13 � 10
Disease duration, mean � SD years NA 8 � 6
Autoantibodies, no. (%)
ANA 18 (85.7) 15 (100)
Anti–RNAP III 0 (0) 0 (0)
ACA 14 (66.7) 11 (73.3)
Anti–topo I 2 (9.5) 2 (13.3)

NVC changes, no. (%) 17 (80.9) 14 (93.3)
Telangiectasias, no. (%) 0 (0) 4 (26.7)
Puffy fingers, no. (%) 0 (0) 13 (86.7)
Digital ulcers, no. (%) 0 (0) 2 (13.3)

* Patients were stratified according to disease subsets of early sys-
temic sclerosis (EaSSc) and nonfibrotic SSc (definite SSc, without
lung or skin fibrosis). RP = Raynaud’s phenomenon; NA = not appli-
cable; ANA = antinuclear antibody; anti–RNAP III = anti–RNA poly-
merase III antibody; ACA = anticentromere antibody; anti–topo I =
anti–topoisomerase I antibody; NVC = nailfold videocapillaroscopic.

Table 2. Baseline demographic and clinical characteristics of the patients in the replication cohort*

EaSSc (n = 47) Nonfibrotic SSc (n = 48) lcSSc (n = 51) dcSSc (n = 35)

Female, no. (%) 44 (93.6) 48 (100) 48 (94.1) 31 (88.6)
Age, mean � SD years 53 � 14 62 � 13 62 � 10 55 � 13
RP duration, mean � SD years 11 � 10 17 � 11 18 � 11 15 � 11
Disease duration, mean � SD years NA 9 � 8 14 � 8 12 � 10
Autoantibodies, no. (%)
None 6 (12.8) 1 (2.1) 3 (5.9) 1 (2.9)
ANA 41 (87.2) 47 (97.9) 48 (94.1) 34 (97.1)
Anti–RNAP III 3 (6.4) 0 (0) 3 (5.9) 3 (8.6)
ACA 22 (46.8) 42 (87.5) 22 (43.1) 1 (2.9)†
Anti–topo I 7 (14.9) 4 (8.3) 15 (29.4) 24 (68.6)†

NVC changes, no. (%) 42 (89.4) 48 (100) NA NA
Telangiectasias, no. (%) 0 (0) 29 (60.4) 34 (66.7) 30 (85.7)
Puffy fingers, no. (%) 0 (0) 40 (83.3) NA NA
Digital ulcers, no. (%) 0 (0) 3 (6.3) 12 (23.5) 7 (20)
Pitting scars, no. (%) 0 (0) 7 (14.6) 9 (17.6) 2 (5.7)
ILD, no. (%) 0 (0) 0 (0) 17 (33.3) 17 (48.6)
PAH, no. (%) 0 (0) 0 (0) 2 (4) 0 (0)
Use of immunosuppressants, no. (%) 0 (0) 1 (2.1) 7 (13.7) 12 (34.3)

* Patients were stratified according to disease subsets of early systemic sclerosis (EaSSc), nonfibrotic SSc (definite SSc,
without lung or skin fibrosis), limited cutaneous SSc (lcSSc), and diffuse cutaneous SSc (dcSSc). RP = Raynaud’s phe-
nomenon; NA = not applicable; ANA = antinuclear antibody; anti–RNAP III = anti–RNA polymerase III antibody; NVC
= nailfold videocapillaroscopic; ILD = interstitial lung disease; PAH = primary pulmonary arterial hypertension.
† One patient was double-positive for anticentromere antibodies (ACAs) and anti–topoisomerase I antibodies (anti–topo I).
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In the replication step, the mean concentrations of
the molecules selected in the discovery step were compared
using an ANOVA test and an ANOVA polynomial linear test
for trend. Results were declared significant at the level of P =
0.05, after adjustment for multiple comparisons according to

the Bonferroni method (i.e., 0.05/13 = 0.0038). When the glo-
bal ANOVA F score was significant at the adjusted threshold,
pairwise comparisons with the Tukey’s method were per-
formed, with significant differences defined at the P value
threshold of 0.05.

Table 3. Summary of findings in the discovery cohort*

Analyte

Cohort ANOVA P†

Healthy controls EaSSc Nonfibrotic SSc F-test
Polynomial test

for trend

IL-13, pg/ml 24.5 � 21.4 258.5 � 630.3 112.8 � 273.5 NS NS
IL-18, pg/ml 52.2 � 20.0 86.6 � 62.7 97.5 � 33.8 0.039‡ 0.012‡
G-CSF, ng/ml 0.439 � 0.837 325.0 � 1345.0 124.1 � 454.7 0.019‡ NS
MIF, pg/ml 759.1 � 631.5 916.9 � 550.9 690.7 � 429.4 NS NS
CCL2, pg/ml 74.3 � 29.0 96.2 � 29.4 101.8 � 39.7 0.076‡ 0.036‡
CCL4, pg/ml 93.6 � 59.2 129.5 � 64.0 138.0 � 55.6 0.051‡ 0.020‡
CCL5, ng/ml 166.5 � 49.5 142.1 � 40.9 118.8 � 58.8 0.033‡ 0.013‡
CCL11, pg/ml 45.7 � 25.6 118.3 � 140.1 65.2 � 31.4 0.041‡ NS
CCL17, pg/ml 210.8 � 97.1 247.2 � 123.3 264.9 � 222.3 NS NS
CCL18, ng/ml 565.7 � 219.1 745.3 � 647.3 896.6 � 668.9 NS NS
CCL19, pg/ml 28.3 � 20.0 82.6 � 86.3 182.2 � 404.6 0.033‡ 0.013‡
CCL22, pg/ml 494.7 � 114.2 467.9 � 185.7 505.9 � 268.7 NS NS
CCL25, pg/ml 729.2 � 439.3 581.1 � 311.2 562.1 � 260.9 NS NS
CXCL1, pg/ml 22.5 � 76.1 188.0 � 252.2 130.6 � 110.4 NS NS
CXCL5, pg/ml 549.3 � 383.7 478.4 � 294.3 462.6 � 400.5 NS NS
CXCL7, lg/ml 18.06 � 4.12 15.43 � 3.88 16.40 � 3.78 NS NS
CXCL9, pg/ml 76.6 � 23.4 144.7 � 93.5 93.7 � 45.3 0.027‡ NS
CXCL10, pg/ml 193.5 � 63.5 595.5 � 409.2 583.0 � 265.4 0.00005‡ 0.00004‡
CXCL11, pg/ml 32.2 � 24.7 61.8 � 54.5 64.8 � 49.9 NS 0.070‡
CXCL13, pg/ml 15.9 � 8.6 52.4 � 76.2 26.8 � 30.4 0.066‡ NS
Osteopontin, ng/ml 9.0 � 5.7 12.6 � 5.0 13.0 � 5.7 NS NS
MMP-1, ng/ml 14.90 � 7.12 16.86 � 12.05 19.53 � 16.72 NS NS
MMP-3, ng/ml 16.39 � 6.57 22.09 � 14.52 20.37 � 12.30 NS NS
MMP-8, ng/ml 39.71 � 18.56 51.80 � 35.46 51.18 � 28.10 NS NS
MMP-9, ng/ml 1,860.9 � 1,672.1 2,925.0 � 1,718.3 3,072.7 � 1,708.9 NS NS
Cathepsin A, pg/ml 791.2 � 347.0 1483.6 � 1334.4 1483.6 � 1334.4 NS NS
Cathepsin B, ng/ml 12.66 � 10.52 14.17 � 7.39 12.83 � 5.92 NS NS
Cathepsin L, pg/ml 2,905.6 � 360.5 2,884.0 � 346.6 3,381.1 � 992.0 0.051‡ 0.062‡
Cathepsin S, ng/ml 9.99 � 1.81 12.13 � 2.78 11.45 � 2.26 0.063‡ NS
TNFRII, pg/ml 1,041.6 � 413.7 1,940.9 � 912.1 1,660.1 � 632.5 0.001‡ 0.007‡
Galectin 1, ng/ml 19.68 � 4.94 25.58 � 6.40 28.38 � 17.45 NS NS
Galectin 3, ng/ml 43.12 � 6.26 43.33 � 8.18 38.27 � 6.58 0.094‡ 0.084‡
TIMP-1, ng/ml 225.1 � 28.6 247.6 � 38.3 253.5 � 62.7 NS NS
C5a, ng/ml 49.44 � 10.46 58.91 � 13.82 51.42 � 18.15 NS NS
S100A8, ng/ml 169.2 � 55.2 145.0 � 40.1 163.1 � 76.1 NS NS
CHI3L1, ng/ml 83.70 � 74.27 95.45 � 45.80 102.07 � 35.71 NS 0.084‡
P-selectin, ng/ml 362.7 � 226.4 448.9 � 306.8 328.5 � 140.1 NS NS
Endoglin, pg/ml 686.9 � 309.0 850.0 � 297.2 793.3 � 363.5 NS NS
Angiopoietin 1, ng/ml 46.87 � 10.13 45.40 � 19.12 51.05 � 18.74 NS NS
PAI-1, lg/ml 11.72 � 1.36 11.85 � 1.47 11.81 � 3.79 NS NS
Adiponectin, lg/ml 234.5 � 82.3 217.8 � 86.0 206.7 � 88.5 NS NS
Adipsin, pg/ml 2,228.2 � 173.0 2,171.9 � 261.4 2,051.4 � 342.4 NS NS
Leptin, pg/ml 5,965.4 � 3133.4 5,659.0 � 3824.4 4,645.3 � 952.2 NS NS
Chemerin, ng/ml 331.5 � 35.6 306.9 � 43.0 311.5 � 27.8 NS NS
Apelin, ng/ml 24.86 � 2.42 26.06 � 4.35 25.04 � 5.15 NS NS
Resistin, ng/ml 41.67 � 12.66 56.11 � 38.94 58.30 � 32.80 NS NS

* Values are the mean � SD. EaSSc = early systemic sclerosis; nonfibrotic SSc = definite SSc, without lung or skin fibrosis; IL-13 = interleukin-13;
G-CSF = granulocyte colony-stimulating factor; MIF = macrophage migration inhibitory factor; MMP-1 = matrix metalloproteinase 1; TNFRII =
tumor necrosis factor receptor type II; TIMP-1 = tissue inhibitor of metalloproteinases 1; CHI3L1 = chitinase 3–like protein 1; PAI-1 = plasmino-
gen activator inhibitor 1.
† P values were determined by one-way analysis of variance (ANOVA) F-test or by one-way ANOVA polynomial test for trend among all 3 groups.
Except where indicated otherwise, differences were not significant (NS).
‡ Significant difference at the P value threshold of <0.1.
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Heatmaps were used to visually explore the global
behavior of the biomolecules that were replicated. To this
end, data were normalized by scaling on an interval of 0–1.
Normalization of the data and visualization were performed
using Orange data mining software (15).

For analysis of evolution of the molecular concentra-
tions, Turnbull’s nonparametric estimator for interval-censored
data (16) was used, since the collection of data was uneven,
and statistical significance of the model was assessed using
generalized log rank test statistics (17) after 10,000-fold
exact permutation testing. Evolution of the concentration of
each biomolecule was evaluated for those molecules that
passed the replication step (as described above), choosing an
optimal cutoff point that was within the 10th and 90th
percentiles of the distribution of each molecule within each
disease subset.

Data from patients in each disease subset were
stacked to calculate the predicted survival and its associated
test statistic in the overall SSc population. Survival analyses
were performed using a custom Python code (written by LB;
available upon request from the corresponding author). Mat-
plotlib version 2.0.0 (18) was used to plot the survival
curves.

RESULTS

Increased levels of CXCL10, CXCL11, tumor
necrosis factor receptor type II (TNFRII), and chitinase
3–like protein 1 (CHI3L1) in EaSSc and nonfibrotic
SSc. Of the 88 circulating proteins studied in the serum
of subjects in the discovery cohort, comprising 36 SSc
patients and 11 healthy control counterparts, 16 proteins
were found to be altered in the patients at the explora-
tory P value threshold of 0.1. These 16 proteins were
interleukin-18 (IL-18), granulocyte colony-stimulating
factor (G-CSF), CCL2, CCL4, CCL5, CCL11, CCL19,
CXCL9, CXCL10, CXCL11, CXCL13, cathepsin L,
cathepsin S, TNFRII, galectin 3, and CHI3L1 (Table 3).
All 16 analytes that passed the exploratory threshold for
statistical significance in the discovery cohort were con-
sidered for replication analysis.

Quality testing was then independently performed
in the replication cohort after the serum samples were
assayed. In the replication cohort, the concentrations of
G-CSF, cathepsin L, and galectin 3 were below the detec-
tion limit in >5% of samples tested, and therefore all 3
were excluded from further experiments. Thus, only 13
analytes, as listed in Table 4, underwent statistical analy-
sis in the replication cohort, consisting of serum samples
from 43 healthy donors and 181 patients with SSc,
including the subsets of EaSSc, nonfibrotic SSc, lcSSc,
and dcSSc.

In the replication analysis, 4 analytes, namely,
CXCL10, CXCL11, TNFRII, and CHI3L1, were found

to be increased both in patients with EaSSc and in
patients with nonfibrotic SSc as compared to healthy
controls (Table 4 and Figure 1A). Noteworthy, the
levels of all 4 of these markers showed linearly increas-
ing trends toward significant differences from healthy
controls when compared to patients with EaSSc and to
patients with nonfibrotic SSc. Importantly, in addition
to their levels being increased in EaSSc and nonfibrotic
SSc, these molecules were also up-regulated in patients
with lcSSc and those with dcSSc (Figure 1B), suggesting
that increased levels of CXCL10, CXCL11, TNFRII,
and CHI3L1 in EaSSc and/or nonfibrotic SSc may mark
disease progression.

This hypothesis was further substantiated by
the fact that CXCL10, CXCL11, TNFRII, and
CHI3L1 displayed an overall progressive increase in
concentration when patients with EaSSc, patients with
nonfibrotic SSc, and patients with fibrotic SSc (lcSSc
and dcSSc considered as a whole group) were com-
pared to healthy controls (Figure 1C). Some of the
patients with lcSSc and those with dcSSc were receiv-
ing immunosuppressive medications at the time of
study inclusion (Table 2); nevertheless, we found no
difference in the concentrations of the replicated
molecules when stratifying patients according to
whether they were or were not receiving immunosup-
pressive therapy (data not shown). A large proportion
of the patient population was positive for anticen-
tromere antibodies (ACAs), but no association with
the levels of the candidate proteins and the pattern
of ACA expression could be detected (data not
shown).

Association of CXCL10 and TNFRII concentra-
tions with shortest disease progression times. Overall,
59 (41.2%) of 143 patients with available follow-up
data within the replication cohort showed disease pro-
gression after a maximum follow-up time of 59.6
months. Nonexclusive causes of progression included
death (n = 8), worsening of lung function (n = 38),
new onset of PAH (n = 4), worsening of skin disease
(n = 10), new onset of digital ulcers (n = 4), and iden-
tification of telangiectasias (n = 7). The estimated
median time to evolution of disease (from all causes)
was between 52.6 months and 52.9 months. Patients
with higher levels of CXCL10 and TNFRII showed a
shorter progression time from EaSSc and nonfibrotic
SSc to other disease subsets. In particular, the most
consistent results were observed in those with
increased CXCL10 levels, both in the EaSSc (P =
0.01) and nonfibrotic SSc (P = 0.006) subsets
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Figure 1. Replicated immune activation markers differently expressed in the circulation of patients with early systemic sclerosis (EaSSc), those
with definite SSc in the absence of fibrosis of the skin and internal organs (nonfibrotic SSc [nonfibSSc]), or those with definite SSc in the presence
of fibrosis of the skin and internal organs (limited cutaneous SSc [lcSSc] and diffuse cutaneous SSc [dcSSc]) compared to healthy controls (HC). A
and B, Concentrations of the soluble analytes that were replicated as being significantly differently expressed (CXCL10, CXCL11, tumor necrosis
factor receptor type II [TNFRII], and chitinase 3–like protein 1 [CHI3L1]) in comparisons of healthy controls to patients with EaSSc and those
with nonfibrotic SSc (A) or to patients with EaSSc, those with nonfibrotic SSc, those with lcSSc, and those with dcSSc (B) in the replication
cohort. Each symbol represents an individual patient; horizontal lines with bars show the mean and SD. Differences in the serum concentration
levels were considered significant at the Bonferroni-adjusted threshold of P < 0.0038 by one-way analysis of variance (ANOVA) polynomial test
for trend and/or one-way ANOVA test with Tukey’s post hoc test. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. C, Heatmaps
of analyte profiles in healthy controls and each SSc disease subset (patients with lcSSc and those with dcSSc considered jointly). Data were nor-
malized for each analyte individually, and a color profile was made to show the cytokine pattern of each individual (represented by colored hori-
zontal blocks: bright green = minimal expression; bright red = maximal expression).
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(Figure 2A). These results, together with the different
rates of progression observed in patients with dcSSc (P =
0.029), accounted for the overall different times of
evolution to worse disease subsets between the high-
expressing and low-expressing CXCL10 patient groups
in the overall SSc population (P = 0.009) (Figure 2A).

Similarly, categorization of TNFRII levels could
explain the different rates of disease progression in
patients with EaSSc (P = 0.009) (Figure 2B), in those
with nonfibrotic SSc (P = 0.0005) (Figure 2B), and in
those with lcSSc (P = 0.0065) (data not shown).
Furthermore, the concentrations of TNFRII were mar-
ginally associated with disease evolution times in the
overall SSc population (P = 0.044) (Figure 2B).

Higher levels of CHI3L1 were associated with
a shorter disease evolution time in patients with
dcSSc (P = 0.004) (data not shown). However, levels
of CHI3L1 were not associated with disease evolu-
tion times in patients in the early/nonfibrotic phase
of SSc or in patients with lcSSc. Finally, the concen-
trations of CXCL11 were not associated with time

to evolution in any of the disease subsets (data not
shown).

DISCUSSION

SSc is a heterogeneous disease and patients can
be clinically stratified into different clinical phenotypes.
Although SSc with overt fibrosis has traditionally been
the subject of extensive research, little is known about
the pathophysiologic alterations that might characterize
patients with preclinical features of scleroderma
(EaSSc) or patients with a formal diagnosis of SSc who
lack fibrotic features. Recent endeavors have clearly
demonstrated that most patients with EaSSc are bound
to progress toward definite SSc (11,19), and efforts
have been made to formalize the criteria for recogni-
tion of SSc even in the absence of the prototypical hall-
marks of fibrotic changes (6). Nonetheless, biomarkers
that could be used to characterize the earliest stages of
disease and its progression are still lacking. Thus,
herein we have described for the first time the

Figure 2. Survival curves of disease evolution times in patients with EaSSc, those with nonfibrotic SSc, and all SSc patients in relation to low serum
levels versus high serum levels of CXCL10 (A) and TNFRII (B). Survival estimates were determined using Turnbull’s method for interval-censored
data. Generalized log rank test statistic probabilities were calculated using 10,000-fold exact permutation testing. See Figure 1 for definitions.
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identification and validation of 4 circulating biomark-
ers, CXCL10, CXCL11, TNFRII, and CHI3L1, that
could enable the discrimination of EaSSc and nonfi-
brotic SSc subsets from healthy controls. Most impor-
tantly, the concentrations of CXCL10 and TNFRII also
could identify those patients who show faster progres-
sion to definite disease or to lcSSc or dcSSc.

In previous studies, attempts have been made to
categorize SSc based on the level of circulating inflam-
mation markers. Liu and colleagues, for instance, based
their composite score of plasma interferon (IFN)–in-
ducible chemokines on the combination of CXCL10
and CXCL11, and described correlation of their levels
with the IFN signature and with the severity of lung,
muscle, and skin involvement in patients with fibrotic
SSc (20). We have recently shown that patients with
SSc without fibrotic features have the highest average
IFN signature score and the highest prevalence of the
IFN signature among the different disease subgroups
(EaSSc, lcSSc, and dcSSc) when compared to healthy
controls, with the EaSSc group closely following the
nonfibrotic SSc group and surpassing patients with
lcSSc and those with dcSSc in terms of the IFN score
and prevalence (8). Consistent with these findings, we
demonstrated herein that increased levels of CXCL10
and CXCL11 are present in the serum of patients with
nonfibrotic SSc and, to a smaller extent, in the serum
of patients with EaSSc. We herein also confirmed their
increased levels in the circulation of patients with lcSSc
and those with dcSSc, as has also been described previ-
ously (20,21), to levels similar to those observed in the
nonfibrotic SSc group.

The antiangiogenic effects of CXCL10 (22), as
well as its promoting role in the proliferation of vascu-
lar smooth muscle cells (23), support the notion of an
early role of CXCL10 in amplifying endothelial damage
and driving EaSSc and nonfibrotic SSc toward fibrotic
modifications. This notion is corroborated by the find-
ings observed in patients with localized scleroderma, in
whom circulating CXCL10 levels are also increased,
and whose increased levels correlate with disease activ-
ity (24). In this regard, the administration of anifrol-
umab, a monoclonal antibody directed against the
IFNa receptor type 1, in patients with fibrotic SSc was
found to be associated with a decrease in the blood
and skin IFN signature (25) and with a drop in circulat-
ing CXCL10 levels as well (26); the down-regulation of
the IFN signature correlated with the decrease in the
levels of CXCL10. It is intriguing to speculate how the
administration of anifrolumab would affect the rate of
progression of EaSSc and nonfibrotic SSc, in particular
in terms of halting the development of fibrotic features

in those individuals with the highest CXCL10 levels,
indicative of faster progression.

CXCL10 and CXCL11, as well as CXCL9—which
also showed a trend toward increased levels in patients
with nonfibrotic SSc in our cohort, but without reaching
a statistically significant difference from healthy controls
—all bind to CXCR3 on activated lymphocytes (T cells,
natural killer [NK] cells, and NK T [NKT]–like cells) and
endothelial cells (ECs). In spite of a well-documented
increased expression of CXCL10 and CXCL9 in the
serum and in the lesional skin of SSc patients, the expres-
sion of CXCR3 has been shown to be reduced in SSc
skin and to be confined to ECs only (27). CXCR3-defi-
cient mice challenged with bleomycin displayed a higher
incidence of mortality attributable to increased lung
fibrosis when compared to wild-type mice. A possible rea-
son for this phenomenon is the decreased recruitment of
NK and NKT-like cells in the lung and the consequent
decline in levels of antifibrotic IFNc in the tissue (28).

The decrease in CXCR3 levels in patients with
SSc could reflect a mechanism of down-regulation upon
overexposure to its ligands and to proinflammatory
mediators and/or mirror the progressive decrease in
leukocyte infiltration in late stages of fibrosis. In this
regard, it would be of interest to investigate the expres-
sion of CXCR3 in patients with EaSSc and those with
nonfibrotic SSc in whom fibrosis has not yet developed,
and to follow up the pattern of expression over time in
parallel with the progression of disease and lung
involvement. These investigations would be particularly
relevant in those individuals with higher circulating
levels of CXCL10, who showed faster rates of disease
progression in our cohort.

Circulating TNFRII has recently been described
as a biomarker of disease activity in juvenile dermato-
myositis (29), while in rheumatoid arthritis, not only is
TNFRII typically associated with disease activity, but
also its levels have been found to be increased in the
circulation years before disease onset (30). Similarly,
we found that the levels of TNFRII were increased in
patients with preclinical EaSSc, and increased to a
greater extent in those in whom SSc developed faster.
In patients with nonfibrotic SSc, the observed increase
in TNFRII was even higher than that in patients with
EaSSc, and patients with the highest circulating con-
centrations had faster times of progression to fibrotic
disease. It is indeed of interest to observe that TNFRII
levels peaked in patients with lcSSc and those with
dcSSc. H€ugle et al also described an increase in
TNFRII levels in the circulation of patients with fibro-
tic SSc, which marked the activation of the T cell com-
partment (31). In the same study, TNFRII was also
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found to be overexpressed on T cells of the dermis of
patients, and positively correlated with the extent of
skin thickening. Furthermore, triggering of TNFRII on
T cells in vitro led to the release of profibrotic cytoki-
nes, which further stimulated collagen production by
fibroblasts (31). The shedding of soluble TNFRs
reflects a status of broad immune activation and, in the
case of TNFRII, predominantly mirrors the activation
of T cells (32). Taken together, these data suggest that
T cells might be implicated in the evolution process
in SSc. Nevertheless, the biologic implications of
increased TNFRII concentrations in the circulation of
SSc patients need to be clarified in future studies, since
the soluble receptor could either compete for TNFa
binding with T cells—thereby inhibiting its effects—or
act as a carrier of TNFa to different tissues and thus
stabilize the TNFa serum concentration—thereby func-
tioning as a reservoir.

A novel biomarker identified by our study is
CHI3L1, a proinflammatory cytokine proposed as a
biomarker of disease progression and severe prognosis
in several chronic inflammatory diseases and cancer
(33). Secreted by neutrophils, macrophages, vascular
smooth muscle cells, synovial cells, chondrocytes from
arthritic joints, hepatic stellate cells, and cancer cells,
CHI3L1 binds to collagen and glycosaminoglycans in
the extracellular matrix (34) and stimulates fibroblast
growth, thus participating in tissue remodeling and the
development of fibrosis. In SSc, its increased levels
in the circulation has been associated with articular
involvement and augmented levels of soluble IL-2
receptor a (35), a sign of T cell activation. CHI3L1 has
also been linked to lung fibrosis and reduction in the
DLCO, with documented protein expression in macro-
phages and neutrophils in lung biopsy specimens from
an SSc patient with lung inflammation and fibrosis
(36). Its gradual increase in levels occurring linearly
from healthy controls to patients with EaSSc to
patients with nonfibrotic SSc to the highest levels in
the lcSSc and dcSSc subsets, and its association with
shortest time of disease progression in patients with
dcSSc, could be a reflection of the different stages of
disease severity. These findings offer grounds to study
these molecules as prognostic biomarkers in SSc.

To our knowledge, this is the first study in a
large cohort of patients with EaSSc and patients with
nonfibrotic SSc conducted for validation of the
biomarkers generated before the development of overt
fibrosis. A limitation of our study is the fact that the
serum proteins were not measured longitudinally and
that the clinical data were collected retrospectively, and
as a consequence, follow-up data were not available for

each individual. In particular, it would have been of
interest to assess how the levels of the validated mole-
cules would be stratified after clinical progression. This
second measurement, however, would have created
problems with interpretation of the results, considering
the high intermeasurement variability of the multiplex
assays. Nevertheless, the results presented corroborate
the concept of nonfibrotic SSc as a separate, intermedi-
ate entity linking the preclinical stage of SSc to the
fibrotic, most severe subsets of the disease. We also for
the first time provide evidence of molecules whose up-
regulation in the serum is associated with faster pro-
gression to definite disease in patients with EaSSc or
faster development of fibrotic features in patients with
nonfibrotic SSc. The present study thus offers new
ground to understand the pathophysiologic mechanisms
of SSc progression and opens new avenues for disease
interception.
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Efficacy and Safety of Selexipag in Adults With
Raynaud’s Phenomenon Secondary to Systemic Sclerosis

A Randomized, Placebo-Controlled, Phase II Study

Christopher P. Denton,1 �Eric Hachulla,2 Gabriela Riemekasten,3 Andreas Schwarting,4

Jean-Marie Frenoux,5 Aline Frey,5 Franck-Olivier Le Brun,5 and Ariane L. Herrick,6

on behalf of the Raynaud Study Investigators

Objective. To determine the effect of selexipag,
an oral, selective IP prostacyclin receptor agonist, on
the frequency of attacks of Raynaud’s phenomenon
(RP) in patients with systemic sclerosis (SSc).

Methods. Patients with SSc-related RP were ran-
domized 1:1 to placebo (n = 38) or selexipag (n = 36) in
individualized doses (maximum of 1,600 lg twice daily)
during a 3-week titration period. The primary end point
was the weekly average number of RP attacks during the
study maintenance period, analyzed using a Bayesian
approach with a negative binomial model adjusted for
baseline number of RP attacks. Other outcome measures
included Raynaud’s Condition Score (RCS), RP attack
duration, and treatment-emergent adverse events (AEs).

Results. Baseline characteristics were comparable
between treatment groups. For 83.3% of patients, the
individualized maintenance dosage of selexipag was ≤800

lg twice daily. No significant difference was observed
between placebo and selexipag in weekly average number
of electronic diary (eDiary)–recorded RP attacks during
the maintenance period (14.2 attacks during the mainte-
nance period and 21.5 attacks during the baseline week
in the placebo group [n = 32] versus 18.0 attacks during
the maintenance period and 22.4 attacks during the
baseline week in the selexipag group [n = 27]; adjusted
mean treatment difference of 3.4 in favor of placebo).
No significant treatment effect was observed on RCS or
RP attack duration. In the double-blind period, 86.8% of
placebo-treated patients and 100% of selexipag-treated
patients reported ≥1 AE; 55.3% and 91.7%, respectively,
reported ≥1 prostacyclin-associated AE.

Conclusion. Treatment with selexipag did not
reduce the number of RP attacks compared with pla-
cebo. The safety profile of selexipag was similar to that
previously reported. This study provides important
information about the feasibility of eDiary reporting of
RP attacks in clinical trials.ClinicalTrials.gov identifier: NCT02260557.
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Raynaud’s phenomenon (RP) is experienced by
>90% of patients with systemic sclerosis (SSc), often as
the first symptom of the disease (1–3). RP is part of
the spectrum of vasculopathy associated with SSc,
which also includes digital ulceration and critical digital
ischemia (2). It is an important clinical manifestation
of the disease, as it is thought that vasculopathy may
play a key role in the early pathogenesis of SSc (4). RP
occurs due to episodic, reversible vasospasm of the
small arteries and arterioles, usually in the fingers and
toes, and is mainly triggered by cold or emotional stress
(5,6). In addition, RP secondary to SSc is linked with
structural changes of the vasculature, resulting in blood
vessel narrowing and impairment of blood flow (5).
Because RP is burdensome, improvements in RP have
been linked to better quality of life (7,8).

Management of RP is challenging and requires
a multifaceted approach, including risk factor avoid-
ance and targeted drug therapy (2), such as calcium-
channel blockers (9) and, more recently, at least in
patients with severe SSc-related RP, phosphodiesterase
V inhibitors (10–12). Angiotensin receptor blockers are
sometimes recommended, but there is little evidence to
support their efficacy (13). Intravenous prostanoids,
particularly iloprost infusions, are recommended for
patients with severe RP when treatment with other
agents has failed (2,9). Although intravenous iloprost
has demonstrated efficacy in decreasing severity, fre-
quency, and duration of RP attacks in patients with SSc
(14–18), intravenous administration is burdensome.
Currently, there is limited evidence for the benefit of
oral prostacyclin analogs in patients with RP (8).
Therefore, there is a need to identify oral therapies
that act on the prostacyclin receptor for the manage-
ment of RP secondary to SSc.

Selexipag is an oral, selective IP prostacyclin
receptor agonist that has recently been approved for
the long-term treatment of pulmonary arterial hyper-
tension (PAH) in adults with World Health Organiza-
tion functional class II/III symptoms (19,20). The
present study aimed to determine the effect of selexi-
pag on the frequency of RP attacks in patients with RP
secondary to SSc.

PATIENTS AND METHODS

Study design. This was a multicenter, double-blind,
randomized, placebo-controlled, parallel-group, phase II study
comprising a 2–4-week single-blind placebo run-in period, an
8-week treatment period (3-week titration, 5-week mainte-
nance), and a 30-day posttreatment safety follow-up period.
The baseline week was the last 7 days before randomization

during the run-in period. Patients were randomized in a 1:1
ratio to placebo or selexipag, stratified by the presence or
absence of digital ulcers at baseline. Data on RP attacks were
collected using an electronic diary (eDiary).

During the single-blind run-in period, patients
received placebo twice daily. This run-in period was designed
primarily to determine eligibility with respect to RP attack
frequency. In the 3-week titration period, selexipag or match-
ing placebo was initiated at a dosage of 200 lg twice daily
and was increased every 3 days in increments of 200 lg until
unmanageable adverse effects associated with prostacyclin use
(e.g., headache or diarrhea) developed. The dose was then
either continued or decreased by 200 lg in both daily
dosages, and this was considered to be the individualized
highest tolerated dosage. The maximum dosage allowed was
1,600 lg twice daily. During the maintenance period, dose
increases were not permitted; however, dose reductions for
tolerability reasons and subsequent titration to the dose previ-
ously reached were allowed. The individualized maintenance
dose was defined as the dose that the patient was exposed to
for the longest duration during the maintenance period.

The study was conducted during the winter months in
the Northern Hemisphere to minimize seasonal variability. At
screening, patients were trained by the investigator in how to
recognize an attack as well as the information to be recorded
in the eDiary (number of RP attacks per day; attack duration
in minutes). An RP attack was defined as an episode of at
least a 2-phase color change in the fingers in response to cold
exposure or emotion, consisting of pallor and/or cyanosis and
reactive hyperemia associated with finger discomfort. Written
informed consent was provided by all patients. Ethical
approval was received from the independent ethics committee
or institutional review board of all participating centers prior
to study commencement. The study was conducted in accor-
dance with the principles of the Declaration of Helsinki. A
list of the Raynaud Study Investigators is provided in
Appendix A.

Patient selection. Eligible patients were age ≥18 years
with a diagnosis of SSc according to the American College of
Rheumatology (ACR)/European League Against Rheumatism
(EULAR) 2013 classification criteria (total score of ≥9,
including a score of 3 for the RP item) (21). Patients were
required to have had ≥7 RP attacks on ≥5 different days dur-
ing the baseline week and ≥80% eDiary compliance during
the run-in period. We excluded patients with a history of
other conditions that can affect RP evaluation (for example,
surgery [cervicothoracic sympathectomy, recent amputation,
debridement] or recent treatment with botulinum toxin).
Patients who received prostacyclin or prostacyclin analogs
within 3 months of the screening visit were not eligible.
Patients were permitted to take calcium-channel blockers,
nitrates or nitric oxide donors, endothelin receptor antago-
nists, alpha-blockers, antithrombotic agents, nonsteroidal
antiinflammatory agents, angiotensin-converting enzyme inhi-
bitors, beta-blockers, clonidine, systemic corticosteroids, and
fluoxetine during the study, provided that the dose had been
stable in the month prior to screening and remained stable
during the treatment period. Complete inclusion/exclusion cri-
teria are provided in Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40242/abstract.
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Study outcome measures. The primary efficacy end
point was the weekly average number of RP attacks during the
maintenance period. Other prespecified efficacy end points
included number and proportion of patients with weekly aver-
age number of RP attacks in categories of improved (change
from baseline week of at least –15%), stable (change from
baseline week of between –15% and 15%), and worsened
(change from baseline week of >15%) during the maintenance
period; change from baseline week to week 8 in the weekly
average RP attack duration following randomization; change
from baseline week to each postbaseline week in the weekly
average Raynaud’s Condition Score (RCS) (22) following ran-
domization; number of new digital ulcers and number of base-
line digital ulcers completely healed at week 8, and changes
from baseline to week 8 in quality of life, as measured by the
overall Scleroderma Health Assessment Questionnaire (23),
the Health Assessment Questionnaire disability index (HAQ
DI) (24), and the hand components of the HAQ DI. Safety
end points included treatment-emergent adverse events (AEs)
and laboratory assessments.

Statistical analysis. Efficacy end points were analyzed
on the per-protocol set, which included all patients who had
≥7 RP attacks on ≥5 days during the baseline week, did not
receive forbidden concomitant medication from the start of
the run-in period until end of treatment, did not prematurely

discontinue treatment before day 30, and completed ≥70% of
the eDiary RP assessments during the maintenance period.
The primary efficacy end point was analyzed using a negative
binomial model adjusted for the baseline number of RP
attacks to assess the following joint proof-of-concept criteria
in a Bayesian framework: statistical significance was achieved
if there was a high probability (≥0.95) that the difference in
the mean weekly average number of RP attacks (selexipag
minus placebo) was <0 during the maintenance period (i.e.,
the probability of a difference of <0 was ≥0.95); clinical signif-
icance was achieved if the probability of a difference of <–4
was ≥0.5. Missing data were minimized by using the per-
protocol set for the primary analysis. Weekly rates of RP
attacks were standardized based on each patient’s follow-up
time in the maintenance period, to account for different
follow-up times and/or missing days of RP attacks.

Power and sample size were determined using simula-
tions based on the assumed total number of RP attacks at
baseline and during the maintenance period. With 25 patients
per arm qualifying for the per-protocol set, the operating
characteristics of the Bayesian approach were a true-positive
probability of >85% to fulfill both proof-of-concept criteria if
the true difference between the means of the weekly average
number of RP attacks during the maintenance period was at
least 5.25, and a false-positive probability of <1% to fulfill

Figure 1. Patient disposition. * = Six patients were excluded from the placebo per-protocol set (PPS), due to premature study treatment discontin-
uation (before day 30) (n = 2), ≥30% missing data for assessment of Raynaud’s phenomenon (RP) during the maintenance period (n = 2), and the
concomitant use of forbidden medication (n = 2). † = Nine patients were excluded from the selexipag per-protocol set, due to premature study
treatment discontinuation (before day 30) (n = 7), ≥30% missing data for RP assessment during the maintenance period (n = 1), and <7 RP
attacks/RP attacks not experienced on ≥5 different days prior to randomization (n = 1). FAS = full analysis set (all randomized patients); SAE =
serious adverse event.
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both proof-of-concept criteria if the true difference between
the means was 0, assuming at least a 30% reduction from the
baseline week with ≥17.5 RP attacks. Based on this, it was
determined to randomize 35 patients per treatment arm. A
prespecified subgroup analysis of the primary efficacy variable
was conducted based on the presence/absence of digital ulcers

at baseline, number of RP attacks during the baseline week
(≤17, >17), smoking status at screening (smoker, nonsmoker/
former smoker), and use/no use of calcium-channel blockers
at baseline.

Descriptive statistics, counts and percentages (categor-
ical variables), and means and SDs (continuous variables)

Table 1. Baseline demographic and clinical characteristics of all of the randomized patients*

Placebo
(n = 38)

Selexipag
(n = 36)

All patients
(n = 74)

Sex, no. (%)
Male 7 (18.4) 7 (19.4) 14 (18.9)
Female 31 (81.6) 29 (80.6) 60 (81.1)

Age, mean � SD years 52.6 � 11.9 52.7 � 12.2 52.6 � 12.0
Race, no. (%)
White 34 (89.5) 35 (97.2) 69 (93.2)
Asian 3 (7.9) – 3 (4.1)
Other 1 (2.6) 1 (2.8) 2 (2.7)

SSc subset, no. (%)
Limited cutaneous 22 (57.9) 22 (61.1) 44 (59.5)
Diffuse cutaneous 14 (36.8) 12 (33.3) 26 (35.1)
Other 2 (5.3) 2 (5.6) 4 (5.4)

Time since SSc diagnosis, mean � SD years† 7.4 � 6.3 7.3 � 7.2 7.3 � 6.7
Time since first non-RP symptom, mean � SD years† 8.5 � 6.4 9.5 � 6.8 9.0 � 6.6
Time since first RP symptom, mean � SD years† 13.4 � 10.7 14.9 � 10.7 14.1 � 10.7
PAH and/or ILD, no. (%)‡§
PAH 0 (0.0) 0 (0.0) 0 (0.0)
ILD 10 (26.3) 4 (11.1) 14 (18.9)
Unknown/not answered 3 (7.9) 3 (8.3) 6 (8.1)

SSc-related antibodies, no. (%)‡
Anticentromere 19 (50.0) 16 (44.4) 35 (47.3)
Anti–topoisomerase I 12 (31.6) 6 (16.7) 18 (24.3)
Anti–RNA polymerase III 5 (13.2) 4 (11.1) 9 (12.2)
Unknown 1 (2.6) 2 (5.6) 3 (4.1)

RP attacks in the baseline week, mean � SD 21.6 � 14.7 22.1 � 16.1 21.8 � 15.3
History of digital ulcers, no. (%) 27 (71.1) 16 (44.4) 43 (58.1)
Digital ulcers present at baseline, no. (%) 7 (18.4) 4 (11.1) 11 (14.9)
Smoking status, no. (%)
Current smoker 6 (15.8) 6 (16.7) 12 (16.2)
Former smoker 9 (23.7) 11 (30.6) 20 (27.0)
Nonsmoker 23 (60.5) 19 (52.8) 42 (56.8)

Baseline use of CCBs, no. (%) 24 (63.2) 15 (41.7) 39 (52.7)

* SSc = systemic sclerosis; RP = Raynaud’s phenomenon; CCBs = calcium-channel blockers.
† Calculated from date of randomization.
‡ Classes not mutually exclusive.
§ Data on pulmonary arterial hypertension (PAH)/interstitial lung disease (ILD) collected as part of the American
College of Rheumatology/European League Against Rheumatism criteria (21).

Table 2. Summary of weekly RP attacks*

Placebo
(n = 32)

Selexipag
(n = 27)

Summary statistics
Average number of RP attacks during baseline week, mean � SD 21.5 � 13.5 22.4 � 15.9
Weekly average number of RP attacks during maintenance period, mean � SD 14.2 � 10.3 18.0 � 14.1

Statistical inference
Posterior weekly average number of RP attacks during the maintenance phase,

mean � SD†
12.5 � 1.1 15.9 � 1.5

Adjusted treatment difference, mean (90% CI)†‡ 3.4 (0.4–6.6)
P for difference <0† 0.03
P for difference <–4† 0.00

* Per-protocol set. 90% CI = 90% confidence interval.
† Statistics from negative binomial model in Bayesian framework.
‡ Selexipag minus placebo, adjusted for the average number of attacks of Raynaud’s phenomenon (RP) during the baseline week.
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were provided without imputation for missing data. Between-
group changes from baseline to week 8 in the RCS were com-
pared using a nonparametric analysis of covariance adjusted
for the baseline score. Safety analyses were performed on the
safety analysis set, which included all patients who received
≥1 dose of study treatment.

RESULTS

Patient disposition and baseline characteristics.
Ninety-two patients were screened between November
2014 and February 2015 from 16 centers in France,
Germany, and the UK. Seventy-four patients were ran-
domized to placebo (n = 38) or selexipag (n = 36), of
whom 59 (placebo n = 32; selexipag n = 27) formed the
per-protocol set (Figure 1).

Baseline demographics and clinical characteris-
tics were similar between all randomized patients
(Table 1) and the per-protocol set (see Supplementary
Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.
40242/abstract). The treatment arms were generally
similar, although more patients in the placebo group
had a history of digital ulcers (71.1%) compared with
the selexipag group (44.4%). Baseline use of calcium-
channel blockers in the per-protocol set was greater in
placebo-treated patients (71.9%) compared with selexi-
pag-treated patients (33.3%) (see Supplementary Table 2).

Dosing and exposure. Of all randomized patients,
71.1% (27 of 38) in the placebo group had an individu-
alized maintenance dose corresponding to 1,600 lg
twice daily, while 83.3% (30 of 36) of patients receiving
selexipag had an individualized maintenance dose of
≤800 lg twice daily (median 600 [interquartile range
200–800]) (see Supplementary Table 3, http://onlinelibrary.
wiley.com/doi/10.1002/art.40242/abstract). The median
duration of exposure to study drug for all randomized
patients in the double-blind period was 55.5 days
(interquartile range 54.0–57.0 days) in the placebo
group and 55.5 days (interquartile range 50.5–56.0
days) in the selexipag group.

Primary efficacy end point. During the mainte-
nance period, there was a decrease from the baseline
week in the weekly average number of RP attacks for
both the placebo and selexipag groups (Table 2). As
the probabilities of observing a difference (selexipag
minus placebo) of <0 (statistical significance) and of
<–4 (clinical efficacy) in the mean weekly average num-
ber of RP attacks were below the proof-of-concept crite-
ria of ≥0.95 and ≥0.5, respectively (observed probabilities
0.03 and 0.00, respectively), the primary objective was
not met (Table 2 and Figure 2). Similar results were
observed in the prespecified subgroups (Figure 3).

Other end points. The weekly average number
of RP attacks during the maintenance period improved
in 81.3% of placebo-treated patients and in 63.0% of
selexipag-treated patients; it remained stable in 12.5%
and 22.2% of patients, respectively, and worsened in
6.3% and 14.8% of patients, respectively. During the
baseline week, the average RP attack duration was 21.5
minutes in the placebo group and 24.2 minutes in the
selexipag group; the mean � SD change in weekly

A

B

C

Figure 2. Posterior distribution of weekly Raynaud’s phenomenon
(RP) attack rate in selexipag-treated patients (A) and placebo-treated
patients (B), and difference in weekly RP attack rate between treat-
ment arms (per-protocol set) (C). The probabilities of observing a dif-
ference (selexipag minus placebo) of <0 (statistical significance; right
vertical bar) and of <–4 (clinical efficacy; left vertical bar) in the
mean weekly average number of RP attacks were below the proof-of-
concept criteria of ≥0.95 and ≥0.5, respectively (observed probabilities
0.03 and 0.00, respectively).
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average RP attack duration at week 8 was 4.6 � 26.5
minutes in the placebo group and 2.7 � 17.0 minutes
in the selexipag group (n = 19 for both groups). The
mean RCS at baseline was 3.3 in placebo-treated
patients (n = 30) and 4.0 in selexipag-treated patients
(n = 25). No difference was observed between placebo
and selexipag in changes from baseline in RCS at any
time during the study (data not shown).

At baseline, 5 placebo-treated patients (15.6%)
had a total of 8 digital ulcers, and 3 selexipag-treated
patients (11.1%) had a total of 3 digital ulcers (see
Supplementary Table 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.40242/abstract). The number of new digi-
tal ulcers reported during the double-blind period was
low in both groups (0.2 per patient in the placebo group
and 0.4 per patient in the selexipag group). At the end
of treatment, 5 of the 8 baseline digital ulcers were
healed in the placebo group and all baseline digital
ulcers were healed in the selexipag group. There were
no differences between treatment groups in the quality-
of-life assessments (data not shown).

Safety and tolerability. Overall, 86.8% of pla-
cebo-treated patients and 100% of selexipag-treated

Figure 3. Forest plot of summary statistics of weekly attacks of Raynaud’s phenomenon (RP) from posterior distribution of negative binomial
Bayesian model (subgroup analyses; per-protocol set). np = number of patients receiving placebo; na = number of patients receiving active treat-
ment; P† = probability that the difference between the treatment means (selexipag minus placebo) for weekly average number of RP attacks in
the maintenance period is <0; 90% CI = 90% confidence interval; DU = digital ulcer; CCBs = calcium-channel blockers.

Table 3. Summary of AEs*

Placebo
(n = 38)

Selexipag
(n = 36)

Patients with AEs 33 (86.8) 36 (100.0)
Patients with SAEs 4 (10.5) 2 (5.6)
Patients with AEs leading to study

drug discontinuation
2 (5.3) 6 (16.7)†

AEs occurring in ≥10% of patients in
either treatment group

Headache 14 (36.8) 23 (63.9)
Nausea 4 (10.5) 13 (36.1)
Diarrhea 5 (13.2) 10 (27.8)
Dizziness 2 (5.3) 8 (22.2)
Pain in extremity 2 (5.3) 8 (22.2)
Pain in jaw 0 (0.0) 8 (22.2)
Fatigue 3 (7.9) 6 (16.7)
Myalgia 2 (5.3) 5 (13.9)
Arthralgia 1 (2.6) 5 (13.9)
Nasopharyngitis 6 (15.8) 4 (11.1)
Flushing 1 (2.6) 4 (11.1)
Back pain 0 (0.0) 4 (11.1)
Raynaud’s phenomenon worsening 4 (10.5) 2 (5.6)
Abdominal pain, upper 4 (10.5) 1 (2.8)
Skin ulcer 5 (13.2) 0 (0.0)

* Safety analysis set for the double-blind treatment period. Values are
the number (%). SAEs = serious adverse events.
† Includes 1 patient who discontinued due to an AE (headache) with
onset during the run-in period.
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patients reported ≥1 AE (Table 3). Most AEs were
reported as mild or moderate in intensity (34.2% and
44.7%, respectively, with placebo; 16.7% and 61.1%,
respectively, with selexipag). Serious AEs (SAEs)
reported in the placebo group were RP worsening
(2 patients), bronchitis (1 patient), and skin ulcer
(1 patient); SAEs reported in the selexipag group were
musculoskeletal chest pain (1 patient) and pulmonary
hypertension (1 patient). In the placebo group, AEs
leading to study drug discontinuation were bronchitis
and RP worsening. In the selexipag group, all but 1 AE
(syncope) leading to study drug discontinuation were
AEs typically associated with therapies targeting the
prostacyclin pathway. At least 1 AE typically associ-
ated with therapies targeting the prostacyclin pathway
occurred in 55.3% of placebo-treated patients and
91.7% of selexipag-treated patients, of which headache
was the most frequently reported (36.8% in the placebo
group, 63.9% in the selexipag group). Most of these
AEs were reported as mild or moderate in intensity
(61.9% and 33.3%, respectively, with placebo; 36.4%
and 48.5%, respectively, with selexipag). There were no
deaths during the study.

DISCUSSION

The primary objective of the study was to evalu-
ate the effect of selexipag on the frequency of RP
attacks in patients with RP secondary to SSc. The ra-
tionale for this evaluation included the observation that
other drugs targeting the prostacyclin pathway (e.g.,
intravenous iloprost) have shown some efficacy in RP
secondary to SSc (18). However, selexipag did not
reduce the number of RP attacks compared with pla-
cebo, and therefore the study did not meet its primary
objective. The safety profile of selexipag was consistent
with that observed previously in studies of patients with
PAH (19,25), with no new safety events identified.

Recent systematic reviews have noted that there
have been few randomized controlled trials in RP,
including in SSc-related RP (26–29). This dearth of
studies is related to the complexities of study design in
RP, which includes the need to run trials during the
winter months to minimize the effects of seasonality
(30). Despite its negative findings, our study is impor-
tant because it draws attention to a number of learning
points that will help to optimize clinical trial design.
One particular point of note for future trial design is
the issue of a placebo response in studies of RP. The
placebo effect is often a confounder in the evaluation of
RP in a clinical trial setting (12,31). In our study, the
placebo effect was notable, with many placebo-treated

patients reporting good outcomes. Patient-reported
outcomes may be particularly sensitive to the placebo
effect (30); it may be that placebo-treated patients
experience fewer AEs and subsequently report better
outcomes compared with patients receiving active treat-
ment who are subject to side effects. Another potential
contributing factor may be the difference between
groups in the number of tablets taken; a greater pro-
portion of placebo-treated patients reached a higher
placebo-equivalent dose and therefore received more
tablets. Taking more tablets may be associated with
an increased placebo effect (32). Also, by specifically
recruiting patients who report a high number of RP
attacks, we may have selected a population in which
the placebo effect is particularly apparent.

The timing and time period of the study may have
imposed certain limitations. As stated earlier, seasonal
variability is a potential confounding factor in studies
that evaluate RP (30). In this study, the observation per-
iod was limited to the winter season to avoid seasonal
variability. This restriction affected the time allowed to
titrate selexipag up to the individualized highest toler-
ated dose, and further increases were not permitted
during the maintenance period. In the Prostacyclin
Receptor Agonist In Pulmonary Arterial Hypertension
study, the titration period for selexipag (up to 1,600 lg
twice daily) was 12 weeks (19), while in our study, for the
same maximum allowed dose, selexipag was titrated to
an individualized highest tolerated dose over 3 weeks.
The short titration period in the present study meant
that patients had a limited amount of time to adjust to
AEs associated with selexipag treatment and, as a result,
may not have reached their efficacious dose.

Structural vasculopathy and vasospasm are fea-
tures of SSc (33), and it is possible that treatment act-
ing to restore vasoreactivity could lead to greater
awareness of RP attacks, thereby masking a potential
treatment effect. This potential confounding factor is
likely to be more acute over a short observation period,
and a longer observation period may be warranted to
discern any potential treatment effect.

The number of new digital ulcers reported dur-
ing the double-blind period was low in both treatment
groups and lower than that in previous studies with
double-blind or open-label treatment that specifically
focused on digital ulcers (34–38). However, this study
was not designed or powered to assess the impact of
selexipag on digital ulcers.

Although not fully understood, the pathogenesis
of RP secondary to SSc is linked to structural and
functional changes in the vasculature leading to
impaired blood flow and an imbalance in the levels of
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neurotransmitters controlling vasodilation and vasocon-
striction, and SSc-related RP has been associated with
smoking, hormonal changes, and genetic factors (39).
As there is evidence that selexipag is efficacious in
other forms of vasculopathy and some evidence that
other therapies targeting the prostacyclin pathway can
have a positive effect on RP, differences in efficacy due
to the route of administration also need to be consid-
ered. Intravenous iloprost has shown efficacy in reduc-
ing the number, severity, and duration of RP attacks
(14–17,40,41); however, consistent benefits have not
been seen in trials evaluating oral iloprost (42–44). This
raises the question of whether the route of administra-
tion of selexipag may have an impact on the potential
for a treatment response. One might consider targeting
SSc vasculopathy with IP prostacyclin receptor agonists,
such as selexipag, but via a different mode of adminis-
tration. Furthermore, future studies may include the
use of objective measurements to assess clinically rele-
vant end points in SSc vasculopathy.

There are a number of additional points to note
about the design and conduct of our study. First,
patients used an eDiary to record the frequency and
duration of their RP attacks. Compared with a paper
diary, this electronic tool was expected to facilitate bet-
ter compliance and accuracy (45). Indeed, 95.9% of
patients were compliant in completing the eDiary; only
2 of 38 placebo-treated patients and 1 of 36 selexipag-
treated patients were excluded from the per-protocol
set due to lack of eDiary compliance, a key finding that
benchmarks this novel method of recording RP attacks
for future studies. Second, despite the short enrollment
period, it was feasible to recruit a good number of
patients who were representative of the patients with
SSc seen in daily clinical practice; the enrolled popula-
tion was comparable to that reported in large cohorts
such as the EULAR Scleroderma Trials and Research
group database (1). Third, a precise definition of RP
attacks, based on the ACR/EULAR criteria (21), was
used in this study, while earlier studies of intravenous
or oral treatments for RP used less precise and incon-
sistent definitions of RP attacks.

In conclusion, treatment with selexipag in the
present study did not reduce the number of RP attacks
compared with placebo in patients with RP secondary
to SSc. The safety profile of selexipag was consistent
with that previously observed in studies of patients with
PAH, with no new safety events identified. Some
aspects of this study may offer a potentially robust tem-
plate for future studies in RP secondary to SSc, includ-
ing the use of the eDiary as an innovative tool in
disease monitoring.
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APPENDIX A: THE RAYNAUD STUDY INVESTIGATORS

The Raynaud Study Investigators are as follows: C. Agard
(CHU de Nantes–Hôpital Hôtel Dieu, PHUS–Service de M�edecine
Interne, Nantes, France), A. Ambach (Otto-von-Guericke-Universit€at
Magdeburg, Universit€atsklinik f€ur Dermatologie und Venerologie, Mag-
deburg, Germany), M. Anderson (University Hospital Aintree–Rheuma-
tology Department, Liverpool, UK), M. Buch (Leeds Institute of
Rheumatic and Musculoskeletal Medicine, Leeds, UK), P. Carpentier
(CHU Grenoble–Hôpital Michallon, Service de m�edecine vasculaire,
Grenoble, France), C. P. Denton (The Royal Free Hospital, Department
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of Rheumatology, Royal Free London NHS Foundation Trust, London,
UK), J. Distler (Friedrich-Alexander-Universit€at Erlangen-N€urnberg,
Medizinische Klinik 3, Rheumatologie und Immunologie, Erlangen,
Germany), E. Feist (Universit€atsmedizin Berlin, Medizinische Klinik mit
Schwerpunkt, Rheumatologie und Klinische Immunologie, Berlin, Ger-
many), �E. Hachulla (CHRU de Lille–Hôpital Claude Huriez, Service de
M�edecine Interne, Lille, France), A. Herrick (Salford Royal NHS Foun-
dation Trust, Rheumatic Diseases Centre, Clinical Research Facility,
Salford, UK), R. K€onig (Kerckhoff-Klinik GmbH, Abteilung für Rheu-
matologie und Klinische Immunologie, Bad Nauheim, Germany),

P. Moinzadeh (Uniklinik K€oln, Klinik und Poliklinik f€ur Dermatologie
und Venerologie, K€oln, Germany), L. Mouthon (Hôpital Cochin, Ser-
vice de M�edecine Interne, Paris, France), J. Pauling (Royal National
Hospital for Rheumatic Diseases, Department of Rheumatology, Bath,
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Hautepierre, Service de Rhumatologie, Strasbourg, France).

SELEXIPAG IN RAYNAUD’S PHENOMENON 2379



BRIEF REPORT

Drug-Free Long-Term Remission in Severe Behc�et’s Disease Following Withdrawal
of Successful Anti–Tumor Necrosis Factor Treatment

Petros P. Sfikakis, Aikaterini Arida, Stylianos Panopoulos, Kalliopi Fragiadaki, George Pentazos, Katerina Laskari,
Maria Tektonidou, and Nikos Markomichelakis

Objective. To test the hypothesis that remission of
Behc�et’s disease (BD) in patients with severe vital organ
involvement is maintained after withdrawal of successful
anti–tumor necrosis factor (anti-TNF) treatment.

Methods. This single-center, retrospective, longi-
tudinal outcomes study focused on consecutive patients
with disease refractory to treatment with conventional
immunosuppressant agents who responded to add-on
long-term anti-TNF treatment that was subsequently
discontinued. The end point was the proportion of
patients remaining in complete remission for at least 3
years after withdrawal of anti-TNF treatment.

Results. In our BD cohort comprising 87 patients,
29 were eligible for analysis. All of these patients had dis-
ease that was refractory to conventional immunosup-
pressive therapy and had received successful anti-TNF
treatment for a median of 2 years (interquartile range
[IQR] 1.1–2.0) before treatment discontinuation. Of
these patients, 12 (41%) achieved the study end point.
The remaining 17 patients experienced a relapse within
1 year (IQR 0.6–1.5) after discontinuation. Re-treatment
with anti-TNF was safe and effective in 14 (82%) of 17
patients; so far, 4 of these patients also achieved the
study end point. Overall, 16 patients have remained in
complete remission (median 6.5 years [IQR 5.5–8]). Ten
of these patients are in drug-free remission (treated with
anti-TNF agents, mainly for sight-threatening disease),
and 6 are in azathioprine-maintained remission (treated
with anti-TNF agents for ocular, intestinal, or central
nervous system involvement). Notably, patients in drug-
free remission were significantly younger and had a

significantly shorter duration of BD when anti-TNF
treatment was initiated compared to patients receiving
azathioprine maintenance treatment.

Conclusion. Drug-free, long-term remission after
withdrawal of successful anti-TNF treatment is feasible
in patients with severe BD. Because an anti-TNF agent–
induced “cure” cannot be differentiated from sponta-
neous remission by natural history, prospective studies
should examine whether anti-TNF agents should be
used as first-line treatment for the induction of remis-
sion in every patient with vital organ involvement.

Behc�et’s disease (BD), which is also known as
Adamantiades-BD, is a chronic, relapsing–remitting sys-
temic vasculitis of unknown etiology, with a greater
prevalence in countries along the ancient Silk Road.
The clinical spectrum of the disease is wide, with recur-
rent oral ulcers being the most common symptom (1).
Although the disease course can be mild in patients
with mucocutaneous manifestations only, the involve-
ment of vital organs, such as the eye, large vessels,
intestine, and central nervous system (CNS), may lead
to severe morbidity and increased mortality (2).

Corticosteroids and conventional immunosuppres-
sive drugs such as azathioprine, methotrexate, cyclo-
sporine, and cyclophosphamide, used either alone or
in combination, should be promptly initiated for BD-
associated vital organ involvement. Interferon-a (IFNa) is
also an effective treatment alternative for severe eye
involvement such as posterior uveitis (3). Moreover, tumor
necrosis factor (TNF) blockade has been established over
the past 15 years as being an important therapeutic
advancement for BD patients with vital organ involvement
who have treatment-refractory disease or are intolerant to
standard immunosuppressive drug regimens (4,5).

Anti-TNF treatment has been shown to be effec-
tive for inducing rapid and sustained remission in many
BD patients with eye (6,7), large vessel, intestine, and
CNS involvement (7,8). Although several studies have
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demonstrated the efficacy and safety of the anti-TNF
monoclonal antibodies (mAb) infliximab and adali-
mumab in BD, data for disease outcome after discontin-
uation of these agents are currently lacking. However,
recent evidence suggests that remission induced using a
treat-to-target approach with anti-TNF agents can be
maintained over long-term follow-up after discontinua-
tion of these drugs in patients with rheumatoid arthritis
(9) and those with inflammatory bowel disease (10).
Moreover, a previous study indicated that IFNa induces
long-term remission in BD patients after cessation of
treatment for severe uveitis (11).

Based on the above-mentioned findings, and given
the robust efficacy of anti-TNF mAb in many patients with
BD, we hypothesized that induction of complete disease
remission may result to sustained long-term remission
even after discontinuation of anti-TNF treatment. There-
fore, the current study was conducted to examine whether
remission of BD in patients with severe vital organ
involvement can be maintained for at least 3 years after
withdrawal of successful anti-TNF treatment.

PATIENTS AND METHODS

In this retrospective longitudinal outcome study, we
examined the records of all patients with BD diagnosed
according to the International Study Group for Behc�et’s Dis-
ease criteria (12) who have been followed up at our center at
least once yearly since 2000. The final follow-up assessment

and review of flow charts were conducted during the first tri-
mester of 2017, and information on clinical manifestations,
corticosteroid use, standard immunosuppressive and biologic
treatment (duration, efficacy, and safety features), as well as
long-term disease outcome (sustained remission, relapses)
and treatment modifications, were recorded. Complete remis-
sion was considered to be remission of all major organ mani-
festations that were present at baseline, as well as any other
BD-related manifestations, and the absence of relapses or
new clinical features thereafter.

Patients eligible for the study analysis were those who
achieved complete and sustained remission after administration
of anti-TNF treatment of disease refractory to conventional
immunosuppressive drugs; discontinued anti-TNF treatment at
some point; and were followed up for at least 3 years after dis-
continuation of anti-TNF treatment. The study end point was
the proportion of patients achieving complete remission of BD,
which was sustained for at least 3 years after withdrawal of anti-
TNF treatment. The study was approved by Laikon Hospital
Institutional Review Board, and all subjects provided informed
consent according to the Declaration of Helsinki.

Continuous variables are presented as the median and
25th and 75th percentiles (interquartile range [IQR]), and
categorical variables are presented as percentiles. Continuous
variables were compared by paired t-test, and categorical vari-
ables were compared by chi-square test. Stata version 12 soft-
ware was used for all analyses. P values less than 0.05 were
considered significant.

RESULTS

Among a total of 87 patients with BD who were
followed up at our center, 29 patients (15 men, median

Figure 1. Flow chart showing the distribution of the study population. BD = Behc�et’s disease; anti-TNF = anti–tumor necrosis factor; IQR =
interquartile range.

LONG-TERM REMISSION IN BEHC�ET’S DISEASE AFTER ANTI-TNF TREATMENT WITHDRAWAL 2381



age 40 years [IQR 36–48]) were eligible for the analysis
(Figure 1). All of these patients had disease that was
refractory to conventional immunosuppressive therapy
and had received successful add-on anti-TNF mAb
treatment for a median of 2 years (IQR 1.1–2.0) before
treatment was discontinued.

Anti-TNF treatment was initiated ~2 years (IQR
0.6–5.5) after the diagnosis of BD, due to unsuccessful
treatment with corticosteroids (n = 29), azathioprine
(n = 26), cyclosporine (n = 18), and/or methotrexate
(n = 2). The first agent prescribed was infliximab (n = 27)
or adalimumab (n = 2); subsequent switching of infliximab
to subcutaneous anti-TNF agents was offered in 11 patients
(adalimumab, n = 9; etanercept, n = 1; certolizumab pegol,
n = 1). Azathioprine was coadministered, unless it was not
tolerated (n = 3).

As shown in Table 1, the main indication for
anti-TNF therapy was sight-threatening, relapsing pos-
terior uveitis or panuveitis (22 patients), severe muco-
cutaneous disease impairing the quality of life
(n = 3), parenchymal CNS involvement (n = 2), and
treatment-refractory intestinal disease (n = 2); some
patients had more than 1 indication. Overall, severe

clinical manifestations of BD in these 29 patients
included posterior segment ocular inflammation (n =
23), mucocutaneous involvement (n = 18), deep vein
thrombosis (n = 8), CNS involvement (n = 5), gastroin-
testinal involvement (n = 2), or arthritis (n = 5)
(Table 1).

Following discontinuation of successful anti-TNF
therapy due to uneventful long-term remission (n = 23;
using a step-down approach by extending the intervals
between doses), unplanned pregnancy (n = 3), logistics
(n = 1), recurrent infections (n = 1), or allergy (n = 1),
12 patients (41% [11 with ocular involvement and 1 with
gastrointestinal involvement]) achieved the study end
point and remained in long-term remission (median 7.3
years [IQR 5.5–8.7]) (Figure 1). Eight of these 12
patients, all of whom had ocular disease, are drug-free.

However, BD relapses occurred in the other 17
patients after a median of 1 year (IQR 0.6–1.5) follow-
ing anti-TNF discontinuation, while being treated with
azathioprine combined with low-dose corticosteroids.
Anti-TNF re-treatment for a median of 1.8 years (IQR
1-2.5) in 16 patients was effective and safe in 14
(82%). The other 2 patients with ocular disease did not

Table 1. Characteristics of the 29 patients with Behc�et’s disease who discontinued successful anti-TNF treatment*

Main organ involvement requiring
anti-TNF treatment Ocular Mucocutaneous CNS GI

Male sex, no. (%) 22 (11) 3 (2) 2 (2) 2 (0)
Current age, years† 38 (36–46) 22, 54, and 55, respectively 45 and 78, respectively 33 and 44, respectively
Disease duration, years† 13 (10–15) 6, 10, and 15, respectively 15 and 22, respectively 7 and 9, respectively
Disease duration at time of anti-TNF

treatment initiation, years†
2.0 (0.5–4.0) 1.5, 6, and 8, respectively 8 and 18, respectively 0.5 and 3, respectively

Overall clinical manifestations
Ocular inflammation 22 0 1 0
Severe mucocutaneous disease 12 3 1 2
Deep vein thrombosis 3 2 2 1
CNS involvement 2 1 2 0
GI involvement 0 0 0 2
Arthritis 5 0 0 0

Prior treatment
Azathioprine 20 3 1 2
Cyclosporine 14 2 2 0
Methotrexate 1 1 0 0
Corticosteroids 22 3 2 2

Anti-TNF agent (including switches)
Infliximab 22 3 2 2
Adalimumab 6 3 0 1
Etanercept 1 0 0 0
Certolizumab 0 1 0 0

Long-term remission after discontinuation
of anti-TNF treatment‡

Drug-free 10/6.8 (5.5–8.5) 0 0 0
Maintained with low-dose azathioprine 4/7.0 (6.3–8.2) 0 1/5.5 1.5/5

* Except where indicated otherwise, values are the number of patients. Anti-TNF = anti–tumor necrosis factor.
† Values for ocular involvement are the median (interquartile range [IQR]; values for mucocutaneous, central nervous system (CNS), and
gastrointestinal (GI) involvement represent each patient.
‡ Values for ocular involvement are the number of patients/median years (IQR); values for mucocutaneous, CNS, and GI involvement
represent an individual patient/years.
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respond to reintroduction of anti-TNF therapy (1 of
these patients became blind, despite the use of IFNa,
anti–IL-1, and anti–IL-6 treatment) (Figure 1). Ten
patients (5 with ocular involvement, 3 with mucocuta-
neous involvement, 1 with CNS involvement, and 1
with gastrointestinal involvement) continued to receive
anti-TNF treatment for a median of 1.1 years (IQR
1–2). So far, successful anti-TNF therapy has been dis-
continued in 4 patients after 0.7, 2, 2, and 2.8 years,
respectively. All 4 of these patients remained in remis-
sion for a median of 6 years (IQR 5.5–6.5), whereas 2
remained in drug-free remission.

As shown in Tables 1 and 2, among the 16
patients who have achieved the study end point so far,
10 patients, all of whom were treated for sight-threat-
ening ocular disease, remained in drug-free long-term
remission for a median of 6.8 years (IQR 5.5–8.5). The
other 6 patients treated for ocular (n = 4), intestinal
(n = 1), or CNS involvement (n = 1), remained in
remission with low-dose azathioprine (≤1 mg/kg/day)
for a median of 6.3 years (IQR 5.5–7.5). Notably, the
subgroup analysis revealed that the drug-free patients
were younger (median age 26.3 years [IQR 24–31] ver-
sus 37.2 years [IQR 32–38.3]; P = 0.029 by t-test) and

had a shorter disease duration at the time of anti-TNF
treatment initiation, compared to those receiving low-
dose azathioprine maintenance treatment (1 year [IQR
0.5–3] versus 4.2 years [IQR 3.3–8], respectively; P =
0.023). All other demographic or disease-related char-
acteristics were comparable between the 2 subgroups.
(Table 2). Moreover, subgroup analysis of patients who
experienced a relapse and those who remained in
remission did not reveal any significant differences
regarding any of the examined characteristics (addi-
tional information is available upon request from the
corresponding author).

Overall, anti-TNF agents were well tolerated.
Two patients experienced a mild allergic reaction (not
requiring hospitalization) while receiving infliximab,
and 1 patient developed psoriasis (for review, see ref.
13). None of the patients experienced tuberculosis
reactivation or any other serious adverse event.

DISCUSSION

In this retrospective, longitudinal cohort outcome
study, we examined whether remission lasting ≥3 years
can be maintained after withdrawal of successful anti-
TNF treatment in BD patients with severe vital organ
involvement. A previous study demonstrated that IFNa,
when given to patients with severe BD-related uveitis,
decreased the relapse rate and induced remission even
after discontinuation of treatment in these patients, for
a median of 3.8 years (IQR 1.6–8.9) (11). To our knowl-
edge, the current study is the first to examine the long-
term outcome of BD after discontinuation of anti-TNF
treatment, and certainly it cannot serve as an epidemio-
logic study.

Our cohort comprised 29 BD patients in whom
continuous, successful anti-TNF treatment given pre-
dominantly for sight-threatening disease was withdrawn
at some point. Of these, 16 patients have so far achieved
the study end point and have remained in remission for a
median of 6.5 years (IQR 5.5–8), and 10 of these patients
are drug-free. Interestingly, subgroup analysis of patients
remaining in remission revealed that in those who con-
tinue to be free of any drug, anti-TNF therapy had been
initiated during the first 3 years after the BD diagnosis.
On the other hand, more than half of the patients experi-
enced relapses during the following year. Re-treatment
with the same or another anti-TNF mAb was effective
and safe in 82% of these patients; so far, 4 additional
patients who discontinued anti-TNF re-treatment have
achieved the study end point.

The first patient with sight-threatening panuveitis
refractory to combination treatment with corticosteroids,

Table 2. Demographic and clinical characteristics of BD patients in
long-term remission after withdrawal of anti-TNF treatment*

Remission

Drug-free
Maintained with
azathioprine

Male sex, no. (%) 10 (5) 6 (2)
Current age, median (IQR) years 36 (31–41) 45 (40–49)
Disease duration, median (IQR)

years
12 (10–14) 14 (12–15)

Age at initiation of anti-TNF
treatment, median (IQR) years

26.3 (24–31) 37.2 (32–38.3)†

Time between disease diagnosis
and initiation of anti-TNF
treatment, median (IQR) years

1 (0.5–3) 4.2 (3.3–8)‡

Main manifestations requiring
anti-TNF therapy

Ocular involvement 10 4
CNS involvement 0 1
Intestinal involvement 0 1

Overall disease manifestations
Ocular involvement 10 4
CNS involvement 1 1
Deep vein thrombosis 2 3
Severe mucocutaneous

involvement
8 4

Gastrointestinal involvement 0 1
Arthritis 4 0

* Except where indicated otherwise, values are the number of
patients. BD = Behc�et’s disease; anti-TNF = anti–tumor necrosis fac-
tor; IQR = interquartile range; CNS = central nervous system.
† P = 0.029 versus drug-free.
‡ P = 0.023 versus drug-free.
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azathioprine, and cyclosporine, received successful treat-
ment with infliximab at our center in 2000 (14). Since
then, we have empirically administered anti-TNF treat-
ment in patients with severe BD, essentially according to
the recommendations for the optimal use of anti-TNF
agents published in 2007 by an expert panel (4) that
conform to the European League Against Rheumatism
recommendations published in 2008 (3). Briefly, it is rec-
ommended that treatment of severe vital organ involve-
ment in BD should be individualized, aiming at prompt
and effective control of inflammation, to avoid recur-
rences and irreversible damage. Physicians may decide to
provide anti-TNF treatment in selected patients with
severe BD as an add-on therapy, with close monitoring
for objective improvement. Although there are no estab-
lished criteria to define the subgroup of patients with
severe BD, patients with ≥2 relapses of posterior uveitis
or panuveitis per year, patients with low visual acuity due
to chronic cystoid macular edema, or patients with active
CNS-related parenchymal disease would certainly fit into
this category. Selected patients with intestinal inflamma-
tion, chronic arthritis, and/or mucocutaneous manifesta-
tions significantly impairing the quality of life could also
benefit from anti-TNF treatment (4).

Therefore, anti-TNF therapy was initiated in our
patients with ocular involvement (n = 22), severe muco-
cutaneous involvement (n = 3), CNS involvement (n =
2) or intestinal involvement (n = 2), who were resistant
to conventional treatment (always as an add-on to aza-
thioprine treatment). Overall, the efficacy and safety of
anti-TNF agents for these forms of BD in patients
at our center were compatible with the published expe-
rience (5). Almost all of the patients who originally
responded to anti-TNF treatment and experienced a
relapse after treatment withdrawal were re-treated suc-
cessfully, suggesting that discontinuation of anti-TNF
treatment, using a step-down approach with close mon-
itoring, should indeed be attempted after ~2 years of
complete remission.

The limitations of the current study include its ret-
rospective nature and the relatively small number of
patients. Anti-TNF treatment was given predominantly to
patients with severe ocular disease; therefore, our results
may mainly reflect the response and natural course of
relapsing ocular inflammation associated with BD. Inter-
estingly, however, none of our patients developed severe
additional major system involvement while receiving
anti-TNF treatment, which has been also observed in
other patient cohorts treated with anti-TNF agents (15).
Finally, this is a single-center study, and thus our results
require further confirmation from other dedicated cen-
ters.

In conclusion, although these data need to be
confirmed in an independent cohort, maintenance of
remission for many years after discontinuation of suc-
cessful anti-TNF treatment for severe BD is feasible in at
least half of these patients. Withdrawal of anti-TNF
treatment should be attempted, using a step-down
approach, in all patients in whom remission has been sus-
tained for ~2 years. Given that patients who remained in
drug-free remission for >6 years were younger and had a
shorter disease duration at the time of initiation of anti-
TNF treatment compared to those with azathioprine-
maintained remission, prospective studies should test the
hypothesis that anti-TNF mAb could be used as first-line
treatment for remission induction in every patient with
vital organ involvement associated with BD. Such studies
will essentially test an outcome-oriented treatment strat-
egy but are necessary, because an anti-TNF agent–
induced “cure” of BD cannot yet be differentiated from
spontaneous remission by natural history.
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Clinical Images: Pulmonary sarcoidosis revealed by ulcerating nodules within tattoos

The patient, a previously healthy 37-year-old man, presented with new-onset erythematous ulcerating nodules within longstanding
tattoos on the upper arms (A). He reported making homemade ink by crushing graphite pencil tips and tattooing himself using
unsterilized instruments. The lesions were mildly tender. A thorough review of systems revealed no other notable findings. Results
of laboratory investigations, including calcium and angiotensin-converting enzyme levels, were within normal limits. Histopatho-
logic examination of skin lesions showed well-formed granulomas with minimal surrounding inflammation within the dermis (B).
No polarizable foreign body material was identified. Special stains and tissue cultures did not demonstrate bacteria, fungi, or
acid-fast bacilli. Chest radiography showed bilateral hilar lymphadenopathy (C). Testing for tuberculosis yielded negative results.
Sarcoidosis was diagnosed. Electrocardiography and pulmonary function test results were unremarkable, and treatment for
pulmonary involvement was not deemed necessary. Treatment with intralesional and high-potency topical steroids led to marked
improvement of the nodules within the tattoos without development of new cutaneous lesions. As early as the 1950s, it was
reported that skin lesions arising within tattoos led to the diagnosis of systemic sarcoidosis (1). In a review of 75 cases of tattoo
sarcoidosis, there was a median of 14 years between tattooing and onset of cutaneous lesions (2). Most lesions were papules,
nodules, or plaques. Only 1 case, which occurred during treatment for chronic hepatitis C, featured ulceration. The pathogenesis
of tattoo-related sarcoidosis is unknown but may relate to chronic antigenic stimulation by tattoo ink (3). Differential diagnosis
includes deep fungal infection, cutaneous tuberculosis, hypertrophic discoid lupus, and foreign-body granuloma.

1. Lubeck G, Epstein E. Complications of tattooing. Calif Med 1952;
76:83–5.

2. Kluger N. Sarcoidosis on tattoos: a review of the literature from
1939 to 2011. Sarcoidosis Vasc Diffuse Lung Dis 2013;30:86–102.

3. Antonovich DD, Callen JP. Development of sarcoidosis in cos-
metic tattoos. Arch Dermatol 2005;141:869–72.
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Effects of Febuxostat in Early Gout

A Randomized, Double-Blind, Placebo-Controlled Study

Nicola Dalbeth,1 Kenneth G. Saag,2 William E. Palmer,3 Hyon K. Choi,3 Barbara Hunt,4

Patricia A. MacDonald,4 Ulrich Thienel,5 and Lhanoo Gunawardhana4

Objective. To assess the effect of treatment with
febuxostat versus placebo on joint damage in hyper-
uricemic subjects with early gout (1 or 2 gout flares).

Methods. In this double-blind, placebo-controlled
study, 314 subjects with hyperuricemia (serum uric acid
[UA] level of ≥7.0 mg/dl) and early gout were random-
ized 1:1 to receive once-daily febuxostat 40 mg (in-
creased to 80 mg if the serum UA level was ≥6.0 mg/dl
on day 14) or placebo. The primary efficacy end point
was the mean change from baseline to month 24 in the
modified Sharp/van der Heijde erosion score for the
single affected joint. Additional efficacy end points
included change from baseline to month 24 in the
Rheumatoid Arthritis Magnetic Resonance Imaging
Scoring (RAMRIS) scores for synovitis, erosion, and
edema in the single affected joint, the incidence of gout

flares, and serum UA levels. Safety was assessed
throughout the study.

Results. Treatment with febuxostat did not lead
to any notable changes in joint erosion over 2 years. In
both treatment groups, the mean change from baseline
to month 24 in the modified Sharp/van der Heijde ero-
sion score for the single affected joint was minimal,
with no between-group differences. However, treatment
with febuxostat significantly improved the RAMRIS
synovitis score at month 24 compared with placebo
treatment (change from baseline �0.43 versus �0.07;
P <0.001), decreased the overall incidence of gout
flares (29.3% versus 41.4%; P < 0.05), and improved
serum UA control (62.8% versus 5.7%; P < 0.001). No
major safety concerns were reported.

Conclusion. Urate-lowering therapy with febuxostat
improved magnetic resonance imaging–determined
synovitis and reduced the incidence of gout flares in
subjects with early gout.

Gout is a chronic disease characterized by
monosodium urate crystal deposition (1,2). Gout man-
agement guidelines recommend urate-lowering therapy
for subjects with frequent flares, typically at least 2
flares in the preceding year (3). Xanthine oxidase inhi-
bitors such as allopurinol or febuxostat are recom-
mended by the American College of Rheumatology
(ACR) as first-line urate-lowering therapy for subjects
with gout (3). The benefits and risks of urate-lowering
therapy for subjects with earlier disease are unknown.
Recently, the conventional clinical treatment goal of
achieving a significant reduction in the serum urate
level has been brought into question by national guide-
lines that focused heavily on improvement of gout
symptoms (4). Thus, there is considerable need for
clinical trial data showing clear associations between a
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reduction in urate levels and less frequent gout flares,
which we examined in this study.

While acute self-limiting flares are the most com-
mon clinical presentation of gout, joint damage is a fre-
quent complication (5). Both bone erosion and focal
cartilage damage are closely associated with the presence
of tophi within the joint (6,7). Although joint damage is
typically a late feature of long-standing gout, longitudinal
observational data have indicated that joint damage can
occur in some subjects with early disease, and that devel-
opment of bone erosion is associated with clinical evi-
dence of increased urate crystal deposition (8).

In subjects with gout, the severity of joint damage
can be evaluated by a number of different imaging
techniques, including plain radiography and magnetic
resonance imaging (MRI) (2,9). Scoring based on radio-
graphic images is commonly used to analyze the severity
and progression of structural damage, such as bone ero-
sions and joint space narrowing (JSN) (9). Compared
with plain radiography, MRI provides increased sensitiv-
ity for assessing joint damage by detecting abnormalities
in both bone and soft tissue (10). The aim of this study
was to assess the effect of treatment with febuxostat
compared with placebo over a 2-year period in hyper-
uricemic subjects with early gout.

PATIENTS AND METHODS

Study design. This phase II, double-blind, multicenter,
placebo-controlled study enrolled subjects with hyperuricemia
(serum uric acid [UA] level of ≥7.0 mg/dl) and early gout (de-
fined as 1 or 2 flares). This study was conducted at sites in
the US, in compliance with the institutional review board/in-
dependent ethics committee regulations stated in the US
Code of Federal Regulations, Good Clinical Practice (GCP)
regulations and guidelines, the principles of the Declaration
of Helsinki and the International Conference on Harmonisa-
tion guidelines for GCP, and all applicable local regulations.
All subjects provided informed consent prior to participation
in any study procedures. All study protocols, along with
informed consent forms, were approved by the study site
institutional review boards or independent ethics committees.

The study duration was 24 months. After an initial
clinic visit for eligibility screening on day �35, subjects were
randomized 1:1 on day 1 to receive either febuxostat 40 mg
once daily or placebo (Figure 1). Serum UA levels were
assessed on day 14; in subjects with a serum UA level of ≥6.0
mg/dl, the febuxostat dosage increased to 80 mg once daily at
month 1, and this dosage was maintained for the remainder
of the study. Subjects with a serum UA level of <6.0 mg/dl
continued to receive febuxostat 40 mg. For the first 6 months,
all subjects received prophylaxis against gout flares (either
colchicine 0.6 mg once daily or naproxen 250 mg twice daily
plus lansoprazole 15 mg once daily). In subjects receiving
concomitant medications and those with comorbid conditions,
the dose of colchicine could be reduced, or other gout flare

Figure 1. Study design and subject disposition. * = Of the 157 subjects randomized to receive febuxostat 40 mg once daily, 60 required a dosage
increase to 80 mg once daily at month 1.

FEBUXOSTAT IN EARLY GOUT 2387



management approaches could be used, as deemed appropri-
ate by the investigator. Subjects returned to the clinic at
scheduled time points for radiographic assessment, MRI, clin-
ical assessment, and laboratory tests for safety assessments.
Subjects were contacted by telephone throughout the study in
order to assess adverse events (AEs), compliance, concomi-
tant medications, and gout flares.

Subject selection. Enrolled subjects were required to
have a serum UA level of ≥7.0 mg/dl, meet the American
Rheumatology Association preliminary classification criteria
for gout (11), and have early gout (which was defined as 1 or
2 gout flares). Subjects with 2 gout flares could have experi-
enced only 1 flare in the past 12 months. Eligible male subjects
were to be ≥18 years of age, and eligible female subjects were
to be ≥45 years of age and >2 years postmenopausal, or ≥55
years of age in those receiving hormone replacement therapy.

Subjects were not eligible to enroll if they had pre-
viously received urate-lowering therapy or had secondary
hyperuricemia, rheumatoid arthritis (RA), active peptic ulcer
disease, a history of xanthinuria, a myocardial infarction or
stroke within 90 days prior to screening, or cancer not in
remission for ≥5 years. In addition, subjects could not enroll
if they had an estimated glomerular filtration rate (eGFR) of
<60 ml/minute/1.73 m2 as calculated using the Modification
of Diet in Renal Disease equation (12), a serum creatinine
level of >2.0 mg/dl, an alanine aminotransferase or aspartate
aminotransferase level of >2.09 the upper limit of normal, a
history of drug or alcohol abuse in the past 5 years, or any
issues that would prevent them from undergoing MRI or
otherwise participating in the study. Subjects with an eGFR
of <60 ml/minute/1.73 m2 were excluded because gadolinium
was considered to be unsafe in subjects with renal impairment
and therefore was not recommended in this population.

Assessments and end points. Efficacy was assessed
using radiography, MRI, incidence of gout flares, and serum
UA measurements. Subjects could not have a disease flare at
the time of the imaging assessments, in order to avoid tran-
siently high synovitis and bone edema scores. Radiographs of
a single affected joint (the joint in which the subject reported
having the first gout flare) and corresponding contralateral
joint were obtained at the time of screening and at the month
6, month 12, month 18, and month 24 visits, and/or the early
termination visit. If the subject was unable to report the
specific location of the first flare, the right first metatarsopha-
langeal joint was considered to be the primary affected joint.
In addition, radiographic assessment of both full hands and
feet was performed at screening and month 24 and/or early
termination. Radiographic assessments were performed using
a modified Sharp/van der Heijde (SHS) scoring system
previously validated in subjects with gout to evaluate bone
erosion and JSN (13). The single affected joint was scored for
erosion (range 0–10), JSN (range 0–4), and erosion plus JSN
total score (range 0–14); the hands and feet were also scored
for erosion (range 0–320), JSN (range 0–208), and erosion
plus JSN (range 0–528).

MRI studies of the affected joint and the correspond-
ing contralateral joint were performed at screening, month 12,
month 24, and/or early termination, using a standardized pro-
tocol and a core set of pulse sequences (14). MRI sequences
of the single affected joint were obtained before and after
gadolinium contrast administration (unless there were con-
traindications to gadolinium use), while MRI sequences of

the contralateral joint were obtained only before contrast
administration. MRI assessments used the Rheumatoid Arthri-
tis MRI Scoring (RAMRIS) system to evaluate bone erosion
(range 0–10 for each side of the joint, total range 0–20 for the
single affected joint), bone marrow edema (range 0–10 for
each side of the joint, total range 0–20 for the single affected
joint), and synovitis (range 0–3 for the single affected joint)
(14). Synovitis was assessed on contrast-enhanced images. All
radiographic and MRI images were transmitted and archived
by a central imaging vendor (Parexel Medical Imaging [for-
merly Perceptive Informatics]). Images were read only for sub-
jects who completed the month 24 or early termination visit
and were assessed in a blinded manner by 2 independent
readers.

Gout flares were assessed at screening and throughout
the study. Subjects were instructed to contact the investigator
when they experienced a suspected gout flare and when the
flare resolved. Subjects with confirmed acute gout flares
received standard-of-care treatment at the discretion of the
investigator. All gout flares were followed up until complete
resolution was achieved. The percentage of subjects with at
least 1 gout flare was summarized according to time interval
(months 0–6, 6–12, 12–18, and 18–24), as well as for the over-
all study duration.

Serum samples for the analysis of serum UA were col-
lected at the time of screening, day 1 and day 14, months 1,
3, 6, 12, 18, and 24, or early termination. Throughout the
study, the sponsor and investigators at the study sites were
blinded to the serum UA test results.

The primary efficacy end point was the mean change
from baseline to month 24 in the modified SHS erosion score
for the single affected joint. The prespecified secondary effi-
cacy end points were the mean change from baseline to
month 24 in the total modified SHS score for radiographs of
the single affected joint; the modified SHS total score for
radiographs of full hands and feet; the modified SHS erosion
score for radiographs of full hands and feet; and RAMRIS
scores for erosion, edema, and synovitis based on MRI. Addi-
tional efficacy end points included the percentage of subjects
with at least 1 gout flare requiring treatment throughout the
study and the percentage of subjects with a serum UA level
of <6.0 mg/dl at month 24.

Safety was assessed by evaluating the incidence of
AEs, including cardiovascular (CV) AEs, electrocardiography
findings, clinical laboratory values, and vital signs. All CV
AEs, including deaths that were possibly related to CV AEs,
were sent to an adjudication committee for evaluation as
major adverse cardiac events in a blinded manner.

Statistical analysis. The efficacy analysis was per-
formed on the full analysis set, which included all subjects
who were randomized and received ≥1 dose of study medica-
tion; subjects were analyzed according to the assigned treat-
ment group. Efficacy analyses of imaging end points included
only subjects with results for month 24, because images were
read only for subjects who had completed the month 24 visit.
The percentage of subjects with gout flares was calculated
based on the number of subjects who had ≥1 day of study
medication exposure during the corresponding time interval.
The safety analysis was conducted with the safety analysis set,
which included all subjects who received ≥1 dose of study
medication; subjects were analyzed according to the study
medication they received.
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Statistical analyses were performed using SAS System
version 9.2 with the HP-UNix operating system. All statistical
tests and confidence intervals were 2-sided with a significance
level of 0.05. All computations were performed prior to
rounding. Descriptive statistics were used to summarize con-
tinuous variables for demographic and baseline characteristics
and gout history. The number and percentage of subjects
were used to summarize categorical variables for demo-
graphic and baseline characteristics. Primary and secondary
efficacy variables were compared between the placebo and

febuxostat treatment groups, using rank analysis of covariance
(ANCOVA) model. Baseline imaging results were included in
the ANCOVA model, assessing change from baseline for vari-
ous imaging scores. Descriptive statistics were used to sum-
marize baseline, month 24, and change from baseline to
month 24 values for the efficacy variables. The between-group
difference in the incidence of gout flares was analyzed using
Fisher’s exact test.

Enrollment of 300 subjects (150 per treatment group)
was planned. This sample size provided >80% power to detect

Table 1. Baseline demographics and characteristics of the study subjects*

Placebo
(n = 157)

Febuxostat
(n = 157)

Placebo
(n = 157)

Febuxostat
(n = 157)

Characteristic Modified SHS erosion score for
full hands and feet (range 0–320)Male sex 145 (92.4) 143 (91.1)
Mean � SD 0.17 � 0.47 0.36 � 1.16

Age, mean � SD years 50.1 � 11.7 51.4 � 12.4 >0§ 16/86 (19) 24/91 (26)
Race Total modified SHS score for full

hands and feet (range 0–528)
Asian 10 (6.4) 8 (5.1) Mean � SD 4.56 � 8.63 4.98 � 9.71
Black/African American 24 (15.3) 25 (15.9) >0§ 66/86 (77) 79/91 (87)
White 121 (77.1) 119 (75.8) RAMRIS synovitis score in single

affected joint (range 0–3)Other† 2 (1.3) 5 (3.2)
Mean � SD 1.09 � 0.69 1.29 � 0.78

Ethnicity >0§ 68/76 (89) 77/82 (94)
Hispanic or Latino 36 (22.9) 26 (16.6) RAMRIS bone erosion score in

single affected joint (range 0–20)Not Hispanic or Latino 121 (77.1) 131 (83.4)
Mean � SD 1.48 � 0.92 1.63 � 0.94

Body mass index, kg/m2 >0§ 73/77 (95) 79/84 (94)
Mean � SD 32.3 � 6.23 33.1 � 6.40 RAMRIS bone marrow edema

score in single affected joint
(range 0–6)≥30 100 (63.7) 109 (69.4)
Mean � SD 0.51 � 0.92 0.73 � 1.02

Renal function‡ >0§ 27/75 (36) 37/81 (46)
Normal 40 (25.5) 49 (31.2) Location of primary affected joints
Mild impairment 115 (73.2) 105 (66.9) Metatarsophalangeal
Moderate impairment 2 (1.3) 3 (1.9) Left 69 (43.9) 58 (36.9)

Baseline serum UA, mg/dl Right 71 (54.2) 75 (47.8)
Mean � SD 8.8 � 1.33 8.7 � 1.40 Overall 140 (89.2) 133 (84.7)
<9.0 93 (59.2) 93 (59.2) Ankle
9.0–10.0 38 (24.2) 38 (24.2) Left 4 (2.5) 7 (4.5)
>10.0 26 (16.6) 26 (16.6) Right 7 (4.5) 11 (7.0)

Tophus present at baseline 24 (15.3) 14 (8.9) Overall 11 (7.0) 18 (11.5)
Previous gout flares Metacarpophalangeal
1 113 (72.0) 125 (79.6) Left 1 (<1) 0
2 44 (28.0) 32 (20.4) Right 1 (<1) 2 (1.3)

Time since last flare, median days 80 98 Overall 2 (1.3) 2 (1.3)
Baseline imaging scores Interphalangeal
Modified SHS erosion score for

single affected joint (range 0–10)
Left 3 (1.9) 2 (1.3)

Mean � SD 0.11 � 0.44 0.16 � 0.44
Right 1 (<1) 2 (1.3)

>0§ 7/82 (9) 12/86 (14) Overall 4 (2.5) 4 (2.5)
Total modified SHS score (erosion

and narrowing) for single
affected joint (range 0–14)
Mean � SD 0.77 � 1.02 0.85 � 1.06
>0§ 50/82 (61) 54/86 (63)

* Except where indicated otherwise, values are the number (%). UA = uric acid; SHS = Sharp/van der Heijde system; RAMRIS = Rheumatoid
Arthritis Magnetic Resonance Imaging Scoring system.
† Combined categories of American Indian or Alaska Native, Native Hawaiian or other Pacific Islander, or other.
‡ Defined according to the estimated glomerular filtration (eGFR) rate using the Modification of Diet in Renal Disease equation, where normal
= eGFR ≥90 ml/minute/1.73 m2, mild impairment = eGFR 60–89 ml/minute/1.73 m2, and moderate impairment = eGFR 30–59 ml/minute/1.73 m2.
§ Values are the number/total number (%) of subjects who completed the month 24 visit and had a nonmissing score.
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a difference in the change from baseline to month 24 in the
modified SHS erosion score for the single affected joint at a
2-sided significance level of 0.05, assuming a mean change of
2.0 in the placebo group, 0.5 in the febuxostat group, and a
common SD of 4.0 using the Wilcoxon-Mann-Whitney rank
sum test. The calculation also assumed a dropout rate of 20%.
These assumptions were based on the mean changes in the
modified SHS erosion score observed in a study comparing
adalimumab with placebo in patients with RA (15).

RESULTS

Subject disposition and characteristics. Among
the 798 subjects screened, 314 were enrolled (157 in
each treatment group). The reasons for screening fail-
ure are shown Figure 1. Sixty subjects in the febuxostat
group who initially received febuxostat 40 mg had a
dose adjustment to 80 mg. Ninety subjects (57.3%) in
the placebo group and 93 subjects (59.2%) in the
febuxostat group completed the study (Figure 1). A
total of 78 subjects withdrew during year 1 (37 in the
placebo group and 41 in the febuxostat 40/80 mg

group). An additional 53 subjects (30 in the placebo
group and 23 in the febuxostat group) dropped out
during year 2. Overall, reasons for discontinuation were
balanced between the 2 groups (Figure 1), with the
exception of the number of subjects withdrawing volun-
tarily, which was slightly higher in the placebo group.
The most common reasons for voluntary withdrawal
included a work schedule conflict and relocation.

The majority of subjects were male (91.7%),
white (76.4%), and had a body mass index of ≥30 kg/
m2 (66.6%); the mean age was 50.8 years (Table 1). In
general, baseline characteristics were balanced between
treatment groups (Table 1). For ~85% of subjects in
each treatment group, the location of the first gout
flare was the metatarsophalangeal joint (Table 1). The
median time since the last flare was 85 days in all sub-
jects. The numbers of subjects with a history of CV
events were similar between groups. In both groups,
among subjects who had a nonmissing score at base-
line, most had RAMRIS erosion and synovitis scores of

Table 2. Change from baseline to month 24 in the primary and secondary end points (intent-to-treat analysis)*

Variable

Placebo Febuxostat

n Mean � SD n Mean � SD

Primary end point
Modified SHS erosion score, single affected joint
Baseline 82 0.11 � 0.44 86 0.16 � 0.44
CFB to month 12 80 0.00 � 0.00 84 �0.01 � 0.18
CFB to month 24† 82 0.01 � 0.25 86 0.01 � 0.33

Secondary end points
Total modified SHS score (erosion and narrowing), single affected joint
Baseline 82 0.77 � 1.02 86 0.85 � 1.06
CFB to month 12 80 �0.04 � 0.20 84 �0.03 � 0.38
CFB to month 24 76 0.05 � 0.36 81 0.00 � 0.60

Modified SHS erosion score, full hands and feet
Baseline 86 0.17 � 0.47 91 0.36 � 1.16
CFB to month 24 74 0.11 � 0.97 78 0.17 � 1.71

Total modified SHS score, full hands and feet
Baseline 86 4.56 � 8.63 91 4.98 � 9.71
CFB to month 24 74 0.29 � 1.75 78 0.31 � 2.45

RAMRIS synovitis score, single affected joint
Baseline 76 1.09 � 0.69 82 1.29 � 0.78
CFB to month 12 72 �0.06 � 0.54 79 �0.34 � 0.73‡
CFB to month 24 67 �0.07 � 0.53 75 �0.43 � 0.71§

RAMRIS erosion score, single affected joint, distal + proximal
Baseline 77 1.48 � 0.92 84 1.63 � 0.94
CFB to month 12 75 0.00 � 0.39 83 �0.11 � 0.57
CFB to month 24 69 0.04 � 0.48 79 �0.01 � 0.70

RAMRIS edema score, single affected joint, distal + proximal
Baseline 75 0.51 � 0.92 81 0.73 � 1.02
CFB to month 12 73 �0.07 � 0.83 80 �0.35 � 0.91
CFB to month 24 66 �0.10 � 0.96 77 �0.36 � 0.92

* SHS = Sharp/van der Heijde score; CFB = change from baseline; RAMRIS = Rheumatoid Arthritis Magnetic Resonance Imaging
Scoring system.
† Missing values at month 24 were imputed using linear extrapolation.
‡ P = 0.025 versus placebo.
§ P < 0.001 versus placebo.
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>0 in the single affected joint, but only a small percent-
age had a modified SHS erosion score of >0 in the sin-
gle affected joint (Table 1).

Efficacy. Imaging. Radiographic assessments of
the single affected joint and full hands and feet demon-
strated that once daily treatment with febuxostat or
placebo for up to 24 months did not lead to any nota-
ble changes in joint erosion (Table 2). In both groups,
the mean change from baseline at all time points in the
modified SHS erosion scores of the single affected joint
were very small. The mean change from baseline to
month 24 in modified SHS erosion scores of the single
affected joint was not statistically significantly different
between the placebo and febuxostat groups. Similarly,
the mean change from baseline to month 24 in the
total modified SHS (erosion and JSN) score of the sin-
gle affected joint was very small in both groups, with
no significant between-group difference (Table 2).

The baseline mean modified SHS total and ero-
sion scores of full hands and feet in both treatment
groups are shown in Table 2. At month 24, there were
no statistically significant differences in the mean
change from baseline in the modified SHS total or ero-
sion scores of full hands and feet between the placebo
and febuxostat groups (Table 2).

MRI assessments of the single affected joint
demonstrated that treatment with febuxostat for up to
24 months did not lead to any notable changes in bone
erosion or bone marrow edema but significantly
improved synovitis. The mean changes from baseline to
months 12 and 24 in RAMRIS bone erosion and bone
marrow edema scores were not significantly different
between treatment groups (Table 2). However, a

significantly greater reduction in the RAMRIS synovitis
score was observed at months 12 (P = 0.025) and 24 (P
< 0.001) in the febuxostat group compared with the pla-
cebo group (Figure 2) (representative MRI images are
shown in Supplementary Figures 1 and 2, available on
the Arthritis & Rheumatology web site at http://onlinelib
rary.wiley.com/doi/10.1002/art.40233/abstract). When
summarizing RAMRIS synovitis scores in subjects
according to the number of historical gout flares, the
statistically significant differences in change from base-
line were mostly retained between treatment groups. In
subjects with a history of 1 gout flare, there was a signif-
icant between-group difference in the mean � SD
change from baseline in the RAMRIS synovitis score at
month 24 (�0.12 � 0.57 versus �0.42 � 0.73 in the pla-
cebo and febuxostat groups, respectively; P = 0.005) but
not at month 12 (�0.10 � 0.57 versus �0.29 � 0.75 in
the placebo and febuxostat groups, respectively; P =
0.123).

In subjects with a history of 2 gout flares, the
between-group difference in the mean � SD change
from baseline in synovitis scores was significant at
both month 12 (0.06 � 0.45 versus �0.53 � 0.62 in
the placebo and febuxostat groups, respectively; P =
0.016) and month 24 (0.06 � 0.39 versus �0.50 �
0.65 in the placebo and febuxostat groups, respec-
tively; P = 0.01).

Gout flares. During the first 6 months of the
study, the percentage of subjects with at least 1 flare
was slightly higher in the febuxostat group compared
with the placebo group, although the difference was
not statistically significant (Figure 3). During the subse-
quent months (months 6–12, 12–18, and 18–24), the

Figure 2. Change from baseline in the Rheumatoid Arthritis Magnetic Resonance Imaging Scoring synovitis score. Values are the mean � SD.
* = P = 0.025; † = P < 0.001.
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percentages of subjects with at least 1 flare were all sig-
nificantly lower in the febuxostat group compared with
the placebo group (P < 0.05 for all time periods). Over
the entire study duration, the percentage of subjects
with at least 1 flare was also significantly lower in the
febuxostat group compared with the placebo group
(29.3% versus 41.4%; P < 0.05).

Serum uric acid. Febuxostat provided more
effective serum UA control than did placebo. At base-
line, the mean serum UA levels in the placebo and
febuxostat groups were 8.8 mg/dl and 8.7 mg/dl, respec-
tively. After 2 years, the mean serum UA levels were
8.2 mg/dl in the placebo group and 5.7 mg/dl in the
febuxostat group. Over the course of the study, the pro-
portion of subjects with serum UA levels of <6.0 mg/dl
was consistently significantly higher in the febuxostat
group compared with the placebo group. On day 14
and months 1, 6, 12, and 24, 59.5%, 59.9%, 66.9%,
64.3%, and 62.8% of subjects in the febuxostat group,
respectively, and 0%, 0.7%, 2.2%, 1.7%, and 5.7% in
the placebo group, respectively (P < 0.001 at all time
points) had a serum UA level of <6.0 mg/dl (see Sup-
plementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.c
om/doi/10.1002/art.40233/abstract).

Safety. The patterns of observed treatment-emer-
gent AEs (TEAEs) were similar between the placebo
and febuxostat groups (Table 3). Most TEAEs were mild
to moderate in intensity. Elevated liver function test
results were observed in 15 patients in the placebo group
and 21 patients in the febuxostat 40/80 mg group; these
events were mild to moderate in intensity and resolved
without changes in therapy. The incidence of TEAEs

considered to be treatment-related by the investigator
was low. Common treatment-related TEAEs that were
experienced by ≥2 subjects in either treatment group
included elevated liver function test results (5 subjects in
the placebo group and 9 in the febuxostat group), ele-
vated skeletal and cardiac muscle test results (2 subjects
in the placebo group and 5 in the febuxostat group), and
dermatitis and eczema (0 subjects in the placebo group
and 3 in the febuxostat group).

Two subjects died during the study. One subject
in the febuxostat group who had a history of congestive
heart failure, hypertension, chronic obstructive pul-
monary disease, and ischemic heart disease died of
congestive heart failure. One subject in the placebo
group with a history of congestive heart failure, cardiac
arrhythmias, myocardial infarction, QT prolongation,
and ischemic cardiomyopathy died of ventricular fibril-
lation. Neither death was considered to be related to
the study drug. The total number of subjects with major
adverse CV events was low (2 subjects in the placebo
group [CV death and unstable angina with urgent coro-
nary revascularization, respectively] and 3 subjects in
the febuxostat group [CV death, nonfatal myocardial
infarction, and unstable angina with urgent coronary
revascularization]).

The rates of other serious TEAEs were similar
between groups, and no trends were observed (Table 3).
Most serious TEAEs were experienced by no more than
1 subject. Most TEAEs leading to discontinuation were
also experienced by only 1 subject, with the exception of
abnormal liver function test results, which were reported
by 4 subjects in the febuxostat group and no subjects in
the placebo group.

Figure 3. Percentage of subjects with at least 1 gout flare. * = P < 0.05; † = P < 0.01 versus placebo, by Fisher’s exact test.
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DISCUSSION

To our knowledge, this is the first randomized
controlled study examining the effects of urate-lowering
therapy in subjects with early gout. The primary end
point was change in the radiographic erosion score in
the single affected joint. However, very little radio-
graphic damage was observed at baseline, and there was
no change over the 24-month study period in either
group. In contrast, MRI-detected synovitis in the single
affected joint was observed in most subjects at baseline,
and febuxostat treatment led to significantly greater
improvements in RAMRIS synovitis scores compared
with placebo. Recurrent flares affected >40% of the pla-
cebo group over the 2-year period. Over the study per-
iod, treatment with febuxostat significantly reduced the
incidence of gout flares compared with placebo. Febux-
ostat was generally well tolerated in this population of
subjects with early gout.

The current study provides important new infor-
mation about the natural history of joint damage in
subjects with gout. Joint damage has been associated
with tophaceous gout (6,8), which is typically a late fea-
ture that often develops >10 years after initial gout pre-
sentation if the disease is left untreated (16). In this
study of early gout, erosion on plain radiography was
infrequently observed at baseline, and no change in
erosion scores in either group was noted over the
2-year study period. The lack of evidence of progres-
sion in both the febuxostat and placebo groups is in
stark contrast to radiographic progression in the early
stages of other forms of erosive arthritis, such as RA
(17,18). Because no studies of radiographic progression
in gout were available at the time of study design, the
sample size for this study was calculated based on
radiographic progression in patients with early RA. The
results of the current study suggest that the natural his-
tory of radiographic damage in gout is quite different
from that in RA.

Consistent with other imaging studies in patients
with gout (10,19), MRI detected significantly more
erosions and also revealed that most subjects had
evidence of synovitis at baseline. A key finding of the
current study is that febuxostat treatment led to greater
improvements in MRI-detected synovitis over the 2-year
period compared with placebo treatment. To our knowl-
edge, this trial is the first to demonstrate that urate-low-
ering therapy can improve synovitis in subjects with gout.
Importantly, MRI scanning was not undertaken when a
gout flare was clinically apparent. Although MRI is not
routinely used for gout assessment in clinical practice, it
is a useful tool in research settings due to its sensitivity

Table 3. Adverse events and markedly elevated liver function test
values in subjects according to treatment group*

Placebo
(n = 157)

Febuxostat
(n = 157)

≥1 TEAE 76 (48.4) 89 (56.7)
Most frequently reported TEAEs

(≥5% of subjects)†
Upper respiratory tract infection 21 (13.4) 27 (17.2)
Musculoskeletal and connective tissue
pain and discomfort

25 (15.9) 21 (13.4)

Liver function analyses 15 (9.6) 21 (13.4)
Joint-related signs and symptoms 11 (7.0) 15 (9.6)
Headaches NEC 11 (7.0) 5 (3.2)
Skeletal and cardiac muscle analyses 11 (7.0) 9 (5.7)
Diarrhea (noninfectious) 6 (3.8) 9 (5.7)
Edema NEC 5 (3.2) 9 (5.7)
Dermatitis and eczema 4 (2.5) 8 (5.1)
Upper respiratory tract signs and
symptoms

1 (<1) 8 (5.1)

Vascular hypertensive disorders NEC 7 (4.5) 8 (5.1)
≥1 treatment-related TEAE 20 (12.7) 29 (18.5)
≥1 serious TEAE 11 (7.0) 13 (8.3)
≥1 TEAE leading to study drug

withdrawal
6 (3.8) 10 (6.4)

Primary MACE 2 (1) 3 (2)
Cardiac death 1 (<1) 1 (<1)
Nonfatal myocardial infarction 0 1 (<1)
Nonfatal stroke 0 0
Unstable angina, with urgent
coronary revascularization

1 (<1) 1 (<1)

Nonprimary MACE 4 (3) 2 (1)
Urgent cerebral revascularization 0 0
Hospitalized chronic heart failure 2 (1) 0
Arrhythmias not associated with
ischemia

1 (<1) 1 (<1)

Venous and peripheral arterial
thromboembolic events

1 (<1) 1 (<1)

Transient ischemic attack 0 0
Other CV events 0 0
Non-CV events 9 (6) 7 (4)
ALT elevation
>39 ULN 4 (2.5) 8 (5.1)
≥59 ULN 2 (1.3) 1 (<1)
≥109 ULN 1 (<1) 1 (<1)
>39 ULN and total bilirubin
>1.59 ULN

1 (<1)‡ 0

>39 ULN and total bilirubin
>2.09 ULN

1 (<1)‡ 0

AST elevation
>39 ULN 3 (1.9) 5 (3.2)
≥59 ULN 2 (1.3) 2 (1.3)
≥109 ULN 0 0
>39 ULN and total bilirubin
>1.59 ULN

1 (<1)‡ 0

>39 ULN and total bilirubin
>2.09 ULN

1 (<1)‡ 0

Both ALT and AST >39 ULN 3 (1.9) 2 (1.3)

* Values are the number (%) of subjects. TEAE = treatment-emer-
gent adverse event; NEC = not elsewhere classified; MACE = major
adjudicated cardiovascular event; CV = cardiovascular; ALT = alanine
aminotransferase; ULN = upper limit of normal; AST = aspartate
transaminase.
† According to Medical Dictionary for Regulatory Activities high
level terms.
‡ The subject experienced a serious AE (severe hepatic infection) on
day 548. The event resolved on day 566, and elevated liver function
test values later resolved to normal. The event was considered by the
investigator to be unrelated to treatment, and the subject continued
in the study.
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for detecting inflammation and joint damage (20). The
clinical implications of subclinical synovitis in patients
with gout are uncertain; in particular, it is unknown
whether synovitis is a risk factor for future flares or joint
damage, as is the case with other forms of inflammatory
arthritis, such as RA (21). However, consistent with the
reduction in MRI-detected synovitis, febuxostat treat-
ment also significantly reduced the incidence of gout
flares over the 2-year study period.

Changes in the incidence of gout flares during
this study contrast with the results of previous phase II
and phase III randomized clinical trials (RCTs) of
febuxostat, in which the treatment arms did not demon-
strate benefit in flare control compared with the con-
trol arms (22–24). There are a number of reasons for
the discordance in results of the current study and
those of previous RCTs of febuxostat.

First, subjects in the current study had early
gout and thus were different from those with a much
longer disease duration in previous RCTs; because of
their early disease stage, the subjects in the current
study may also have had a lower urate crystal burden
and, therefore were likely to experience a faster flare
benefit from urate-lowering therapy.

Second, even in subjects with early gout, the ben-
efits in terms of flare control in this placebo-controlled
RCT were observed only after 6 months of febuxostat
treatment. The only other placebo-controlled RCT of
febuxostat had a duration of 28 weeks and did not
demonstrate any between-arm difference in the flare
rate toward the end of the study (24). This result was
consistent with the findings in our study when the sub-
jects were treated for 28 weeks.

Third, according to previous studies, subjects with
gout often experience an increased risk of flare in the ini-
tial phase of urate-lowering therapy, which may increase
the between-arm difference in the rate of gout flares (25).

Finally, an RCT of longer duration (up to 52
weeks) used another urate-lowering drug, allopurinol,
as an active comparator (23). Because in that study, a
reduced incidence of flares was observed in both treat-
ment arms over 1 year, the between-arm difference was
not as significant as that in the current study. This
reduction in the number of flares has particular timely
significance, because the recent American College of
Physicians guidelines cite a lack of RCT evidence show-
ing the benefit of urate-lowering therapy for improving
symptoms such as flares (26).

One limitation of the current study is the high
rate of subject discontinuation, although a high rate of
withdrawal is common in long-term gout trials (27,28).
In our study, the overall discontinuation rates and the

reasons for discontinuation were balanced between the
febuxostat and placebo groups. The most common rea-
sons for discontinuation in both groups were loss to fol-
low-up and voluntary withdrawal. Although the rate of
voluntary withdrawal was slightly higher in the placebo
group, the most common reasons for voluntary with-
drawal were a work schedule conflict and relocation,
which were unrelated to the treatment that subjects
received. For these reasons, it is unlikely that subject
discontinuation would result in selection bias.

In the 2012 ACR gout management guidelines, it
is recommended that urate-lowering therapy should be
prescribed for patients with frequent flares, typically at
least 2 flares in the preceding year (3). In the more recent
2016 European League Against Rheumatism guidelines
it is recommended that urate-lowering therapy be consid-
ered after the first gout flare (29). In the current study of
early gout, febuxostat led to a significantly higher propor-
tion of subjects achieving serum UA target levels of <6
mg/dl, improved the MRI synovitis score, significantly
reduced flare frequency over the 2-year study period, and
was well tolerated. Most TEAEs were not considered to
be treatment-related, and very few led to early discontin-
uation of the study drug. Increases in liver function test
values were mild to moderate in severity, and most
resolved by the end of the study. No new safety concerns
were identified in subjects receiving febuxostat 40/80 mg
once daily for up to 2 years.

In conclusion, this study demonstrated that initi-
ating treatment with febuxostat in subjects with ≤2 gout
flares can reduce synovitis, prevent future gout flares,
and improve serum UA control without any outstand-
ing safety concerns. The results suggest that reducing
serum urate levels in patients with early gout may pro-
vide treatment benefits.
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BRIEF REPORT

A Novel ELANE Mutation Associated With Inflammatory Arthritis, Defective
NETosis, and Recurrent Parvovirus Infection

Uma Thanarajasingam,1 Mark A. Jensen,2 Jessica M. Dorschner,1 Theresa Wampler Muskardin,2

Yogita Ghodke-Puranik,2 Monica Purmalek,3 Elias Eliopoulos,4 Maria I. Zervou,5 George N. Goulielmos,5

Matthew Howard,1 Mariana J. Kaplan,3 and Timothy B. Niewold2

Objective. We describe a 38-year-old woman who
presented with a history of inflammatory arthritis, rash,
and daily fevers. She was noted to have chronic parvo-
virus infection with persistently detectable viral titers
and a novel mutation in the ELANE gene. ELANE
encodes neutrophil elastase, a neutrophil serine protease
with important antimicrobial effects, and is found as part
of neutrophil extracellular trap (NET) complexes. Patho-
genic ELANE mutations have been identified in forms of
hereditary neutropenia. However, our patient never had
neutropenia. Because of the striking clinical scenario, we
investigated this mutation functionally.

Methods. NET formation by neutrophils was
assessed by scanning electron microscopy. Neutrophil
activation and neutrophil elastase production were
evaluated by flow cytometry and fluorescent substrate–
based functional assay, respectively. A multiplex assay

was used to quantitate neutrophil inflammatory cyto-
kine production. PyMOL software was used to gener-
ate 3-dimensional models of mutant elastase.

Results. Activated neutrophils from the patient
demonstrated a significantly decreased ability to form
NETs on scanning electron microscopy, as well as
quantitative defects in neutrophil activation and neu-
trophil elastase activity. The patient’s neutrophils
showed altered levels of interleukin-12 (IL-12) and IL-
8, which are key cytokines for antiviral immunity and
neutrophil chemotaxis. Three-dimensional mapping
revealed that the mutation could alter protein folding
and surface charge distribution, potentially perturbing
protein trafficking. Thus, the mutation could affect
neutrophil function by decreasing NETosis and altering
key antiviral activities of neutrophils.

Conclusion. This is the first report of a human
pathogenic ELANE mutation associated with a defect
in NETosis and a distinct syndrome of recurrent viral
infection and chronic inflammation.

We describe a 38-year-old woman who presented
with an autoimmune inflammatory condition associated
with chronic parvovirus infection and a previously unde-
scribed mutation in the ELANE gene (previously called
Ela-2). We have further studied the biologic relevance of
this ELANE mutation and found, to our knowledge, the
first reported case of a human genetic defect in neutrophil
extracellular trap (NET) formation leading to recurrent
parvovirus infection and inflammatory arthritis. The
ELANE gene is located at 19p13.3 and encodes neu-
trophil elastase, a neutrophil granule serine protease.
Neutrophil granule serine proteases include proteinase 3,
cathepsin G, and neutrophil elastase. Neutrophil granule
serine proteases are expressed exclusively in mature
myelomonocytic cells and play crucial roles in proinflam-
matory responses and pathogen destruction. The ELANE
gene is clustered with other serine protease gene family
members; all protein products are packaged together into
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azurophilic granules during neutrophil differentiation (1).
Inside the cell, neutrophil elastase acts within phagolyso-
somes to digest microorganisms in concert with microbici-
dal peptides and the NADPH oxidase system (2).

Extracellularly, elastase can cleave virulence fac-
tors from a variety of gram-negative bacterial species as
substrates (3). During inflammation, elastase destroys
bacteria and host tissue alike, thus playing an important
role in noninfectious chronic inflammatory diseases as
well (2). Neutrophil elastase can also exist as part of
NETs, extracellular structures composed of chromatin
bound to positively charged molecules such as histones
and neutrophil granule serine proteases (4). NETs serve
as physical barriers that can trap pathogens, and the NET-
associated neutrophil granule serine proteases participate
in killing pathogens by degrading virulence factors. More
recently, NETs have been implicated in the pathogenesis
of autoimmune diseases such as systemic lupus erythe-
matosus (5) and rheumatoid arthritis (6).

Pathogenic mutations in ELANE are most fre-
quently associated with cyclic and congenital neutropenia
syndromes, with over 120 distinct mutations now known
(7). Interestingly, the patient we describe here has never
had neutropenia. The ELANE mutations that have been
linked to neutropenia are often frameshift and termina-
tion mutations with obvious deleterious effects on protein
structure (7). Our patient’s novel mutation is a single cod-
ing-change polymorphism located on exon 5, the same
exon that harbors all known chain-terminating neutrope-
nia-associated mutations in ELANE. Because of the strik-
ing clinical scenario of recurrent polymerase chain
reaction (PCR)–documented parvovirus infection and
chronic inflammatory arthritis, we investigated this muta-
tion functionally in neutrophils, and found a striking
defect in their capacity to form NETs.

PATIENT AND METHODS

Patient characteristics. The patient, a 38-year-old
woman, presented with a 2-year history of rash, daily fever, oral
ulcers, and chronic inflammatory arthritis. She underwent an
extensive clinical and serologic evaluation. Pertinent negative or
normal findings were noted for complete blood cell count with
differential cell count, peripheral smear (specifically in neu-
trophils; no nucleic or cytoplasmic granular abnormalities and
no preponderance of immature neutrophils), absolute neu-
trophil count, neutrophil oxidative burst assay, T, B, and natural
killer cell counts and immunophenotyping, autoimmune sero-
logic tests (i.e., for antinuclear antibody, extractable nuclear
antigens, rheumatoid factor, anti–cyclic citrullinated peptide
antibody, and antineutrophil cytoplasmic antibodies), comple-
ment levels, erythrocyte sedimentation rate, C-reactive pro-
tein level, interleukin-6 (IL-6) and IL-1b levels, and serologic
tests for Lyme disease, Ehrlichia, Bartonella, Babesia, Coxiella,

Whipple’s disease, Epstein-Barr virus, and human herpesvirus 6.
Notably, the patient’s complete blood cell count was checked on
5 separate occasions over the course of 30 months, and the neu-
trophil count was normal each time. At the time of each draw,
the patient had fatigue and arthralgias but was afebrile and
vitally stable. Pertinent positive findings included detectable
parvovirus load in plasma as quantitated by PCR on several
occasions, and a novel heterozygous G210R missense mutation
in ELANE resulting in a nonconservative amino acid substitu-
tion (glycine?arginine; pGly210Arg [GGG>AGG]c626G>A).

Genetic testing. A blood sample from the patient was
sent to GeneDx for specialized genetic testing as part of their
Periodic Fever Panel.

Scanning electron microscopy. Freshly isolated neu-
trophils from the patient with the ELANE mutation and
a healthy control subject were cultured for 1.5 hours with
media alone or media plus 50 nM phorbol myristate acetate
(PMA). Cells in suspension were fixed overnight with Trump’s
medium and plated onto coverslips prior to scanning.

Quantitation of neutrophil elastase. Neutrophils from
the patient and a normal control were isolated by density-gra-
dient centrifugation (PolymorphPrep; Progen Biotechnik)
from freshly collected human whole blood and incubated for
3 hours in medium only or in 50 nM PMA. Frozen super-
natants were subsequently assayed for functional neutrophil
elastase concentration using a kit-based assay (Cayman
Chemical) per the manufacturer’s protocol.

Flow cytometric analysis. Neutrophils were freshly
isolated from whole blood by density-gradient centrifugation
(PolymorphPrep), cultured for 2 hours with 50 nM PMA, and
subsequently coincubated for 30 minutes with V500-conjugated
anti-CD45, phycoerythrin [PE]–Cy7–conjugated anti-CD11b,
and PE-conjugated anti-CD62L, or the appropriate light-
chain–restricted isotype controls (all from BioLegend). Cells
were washed, suspended in 1% formalin, and analyzed within 2
hours using a Becton Dickinson FACSCanto X instrument.
Flow data were analyzed using FlowJo software (Tree Star).

Cytokine multiplex assay. Unstimulated sera and super-
natants from stimulated neutrophils (freshly isolated neutrophils
cultured for 3 hours with 50 nM PMA) from the patient with the
ELANE mutation and from healthy controls were assessed for
inflammatory cytokine secretion using a Bio-Plex human cyto-
kine 30-plex kit (Life Technologies) per the manufacturer’s
instructions. Levels of the following cytokines were measured:
granulocyte–macrophage colony-stimulating factor, tumor
necrosis factor, IL-1b, IL-5, IL-4, IL-2, IL-6, macrophage
inflammatory protein 1a (MIP-1a), IL-8, IL-2 receptor, inter-
feron-c–inducible 10-kd protein, MIP-1b, eotaxin, RANTES,
monokine induced by interferon-c, vascular endothelial growth
factor, hepatocyte growth factor, epidermal growth factor, IL-1
receptor antagonist, IL-12 (p40⁄p70), IL-13, basic fibroblast
growth factor, interferon-c (IFNc), granulocyte colony-stimulat-
ing factor (G-CSF), monocyte chemotactic protein 1, IL-7,
IL-15, IFNa, IL-17, and IL-10.

Three-dimensional (3-D) modeling of mutant neutrophil
elastase. Using the 3-D structure of human neutrophil elastase
(PDB code 3Q77) (8), we generated the mutant G210R 3-D
model using PyMOL version 1.8.

Statistical analysis. Non-normally distributed data are
expressed as the median (interquartile range). Differences were
analyzed by unpaired t-tests (GraphPad Prism version 7.01). P
values less than 0.05 were considered significant.
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RESULTS

We studied the morphology of freshly isolated
neutrophils from our patient by scanning electron
microscopy (Figure 1). The representative images
demonstrated that at rest, neutrophils from the patient
(Figure 1A) and control subject (Figure 1C) appeared
similar, without evidence of significant spontaneous
NETosis. Upon stimulation with PMA, neutrophils from
the patient failed to extrude the characteristic web-like
structures (Figure 1B) seen in the control (Figure 1D),

where NET formation was significant, to the extent that
intact neutrophils were scarce. On flow cytometry,
patient neutrophils demonstrated impaired activation
upon stimulation. Specifically, CD62L down-regulation
and CD11b up-regulation were decreased in the patient
compared to controls upon stimulation (Supplementary
Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40314/
abstract). In addition, using a functional assay for neu-
trophil elastase, we demonstrated that activated neutrophils
from the patient generated significantly less functional

Figure 1. Qualitatively less neutrophil extracellular trap (NET) formation and lower production of functional elastase by stimulated neutrophils from
the patient with a novel ELANE mutation compared to a healthy control. A–D, Representative scanning electron photomicrographs of freshly isolated
neutrophils from the patient (A and B) and a healthy control (C and D), cultured with media alone (resting) (A and C) or media plus phorbol myristate
acetate (PMA; stimulated) (B and D). Original magnification 9 10,000 in A and C; 9 13,000 in B; 9 6,000 in D. E, Neutrophil elastase concentration
in unstimulated and stimulated neutrophils from the patient and a healthy control. Neutrophils from the patient and control were incubated for 3 hours
in media only or PMA. Frozen supernatants were subsequently assayed for neutrophil elastase concentration. Bars show the mean � SD.
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elastase than activated neutrophils from a healthy control
subject (Figure 1E). While the patient’s neutrophil count,
oxidative burst assay, and neutrophil morphology by periph-
eral smear were all normal, these detailed investigations
revealed a significant defect in the induction of NET forma-
tion and quantitative defects in activation and neutrophil
elastase activity.

We also investigated differences in resting and
stimulated levels of key neutrophil chemokines and
cytokines in our patient as compared to healthy controls
(Figure 2). IL-12 production was significantly decreased
in patient sera, and IL-8 tended to be increased upon
neutrophil activation, compared to controls (Figures 2A
and B), while IL-8 production was significantly elevated
in patient sera and upon neutrophil stimulation. Notably,
parvovirus load was not detectable in the patient’s
plasma at the time of the assay.

In PolyPhen-2 analysis, the G210R change is
listed as probably damaging, with a score of 1.0 (on a
scale of 0–1.0, where 0 indicates not likely damaging
and 1.0 indicates a probable damaging change). We
generated the mutant G210R 3-D model using PyMOL
software version 1.8 (Figure 3). The tertiary structure
of neutrophil elastase is comprised of 2 b-barrels, con-
taining 6 antiparallel b-sheets connected through a lin-
ker segment, and a carboxyl-terminal a-helical domain.
Position 210 is located away from the enzymatic active
site and connects 2 b-strands of the N-terminal b-barrel
(Figures 3A and B). The mutation of Gly to Arg at
position 210 favors the type 1 conformation of the
hairpin loop (9), potentially resulting in local misfold-
ing. The addition of the extra positive charge of
the arginine amino acid residue affects the electro-
static surface potential and local charge distribution

Figure 2. Altered production of key inflammatory and chemotactic cytokines in the patient with an ELANE mutation. Results in unstimulated sera (A)
and supernatants from freshly isolated neutrophils cultured with phorbol myristate acetate (B) from the patient and healthy controls are shown. Cytokine
secretion was assessed by multiplex assay. Circles represent individual samples from the patient, serum samples from 2 different healthy controls, and
neutrophil samples from 3 different healthy controls; horizontal lines and error bars show the median and interquartile range. IL-12 = interleukin-12.
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(Figures 3C and D) and may in turn perturb elastase
trafficking.

DISCUSSION

We report a novel pathogenic ELANE mutation
(G201R) with distinct clinical and laboratory features in a
patient without neutropenia. Data from our 3-D ribbon
modeling support the notion that this G210R mutation
results in local protein misfolding. The ELANE mutations
G210V and G210W, but not G210R, have been detected
in patients with severe congenital neutropenia who have
subsequently developed myelodysplastic syndrome and
acute myeloid leukemia (7). In a cell line–based model of
severe congenital neutropenia, expression of various
mutant neutrophil elastases initiate the unfolded protein
response, accelerate apoptosis of developing myeloid
cells, and result in ineffective myelopoiesis (10). These

findings were subsequently recapitulated in transgenic
mice carrying a targeted mutation of ELANE found in
severe congenital neutropenia (11). We postulate that the
G210R mutation exerts deleterious effects by expression
of misfolded and defective neutrophil elastase, and indeed,
we have demonstrated decreased elastase activity and
defective NETosis in the patient’s neutrophils. An area
for further investigation would be to determine if this
mutation affects the ability of neutrophil elastase to
translocate to the nucleus, a step which occurs prior to
NETextrusion (4).

IL-12 plays a key role in neutrophil chemotaxis
and has been implicated as a mediator of neutrophil acti-
vation and resistance to polymicrobial sepsis in a mouse
model (12). IL-8 (or CXCL8) plays a critical role in neu-
trophil chemotaxis to sites of infection and inflammation
(6). Our patient displayed decreased serum levels of
IL-12, decreased neutrophil activation based on flow

Figure 3. Three-dimensional protein model of human neutrophil elastase and mutation G210R. A, Ribbon diagram of the model with position 210
(numbered 205 in the native structure) located on a typical type II hairpin loop, on the surface of the protein away from the active site connecting 2 b-
strands (198–201 and 208–215). B, Details of the b-turn. In A and B, elements of secondary structure are shown as ribbons in magenta (b-strands), cyan
(a-helices), and pink (loops and turns). The active site triad is shown in green, and the mutation G210R is shown in purple. Other previously reported
Gly involved mutations in the 185–195 linker are shown in red. Amino acids without known mutations are shown in blue and yellow. C, Native (Gly)
charge distribution. D,Mutant (Arg) charge distribution. In C and D, red indicates a negative charge and blue indicates a positive charge.
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cytometry, and increased serum and neutrophil-specific
production of IL-8 even in the absence of detectable
parvovirus. This suggests an IL-12–dependent defect in
neutrophil activation that could lead to impaired antimi-
crobial activity, as well as inappropriate recruitment of
intrinsically defective neutrophils to sites of inflammation
mediated by elevated IL-8 levels. This cycle could
perpetuate the aberrant immune response and, in turn,
contribute to sustained autoimmunity and inflammation.

Our patient’s neutrophils displayed a striking
defect in PMA-induced NETosis on scanning electron
microscopy, without interfering with other neutrophil-
dependent functions. To our knowledge, this is the first
report of a selective severe NETosis deficiency in a
human. Less severe quantitative defects in NETosis have
been reported to accompany aging (13). It has recently
been recognized that NETs are generated during viral
infection (14). The antiviral activity of NETs is thought to
be mediated by the ability of the chromatin backbone, in
part via electrostatic attraction, to bind and immobilize
viral particles, thereby preventing viral spreading. Antivi-
ral activity is also supported by other NET-associated
molecules attached to the chromatin backbone of the
NET, such as cathelicidins and a-defensins, which have
antiviral activity against an array of viruses (15). In addi-
tion, viruses may be able to subvert NET formation in a
variety of ways (for example, via modulation of IL-10
expression) that appear to be virus specific (14). Our
patient displayed a persistent defect in NETosis even after
parvovirus loads were no longer detectable in the plasma,
supporting the notion of a persistent genetic defect.

We hypothesize that our patient became chroni-
cally infected with parvovirus secondary to a defect in
neutrophil elastase function and NET production. The
initial inability to clear the virus then could have per-
petuated a sustained and inappropriate inflammatory
response, driven by alterations in IL-12 and IL-8 secre-
tion, leading to a persistent autoimmune phenotype.
She continues to have symptoms of fever, rash, and
inflammatory arthritis. She has been treated unsuccess-
fully with numerous medications, including methotrex-
ate, leflunomide, sulfasalazine, and mycophenolate
mofetil. A trial of IFNb was attempted but discontin-
ued due to intolerance. Filgrastim (G-CSF) exacer-
bated her fevers and was discontinued after a short
time. An ideal therapeutic agent has yet to be deter-
mined. To our knowledge, this is the first report of a
human pathogenic ELANE mutation associated with a
defect in NETosis and a distinct syndrome of recurrent
viral infection and chronic inflammation.
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Immortal time bias: comment on the article by
Gwinnutt et al

To the Editor:

In a study of patients with rheumatoid arthritis,
Gwinnutt et al reported a trend toward reduced mortality risk
in the early treatment group and a significant reduction in
mortality in the late treatment group compared to the never
treatment group (1). In attempting to address an important
question in rheumatology care regarding the “window of
opportunity,” whereby early treatment initiation may lead to
improved outcomes, the analyses used in this study unfortu-
nately fell prey to immortal time bias (2).

Immortal time bias refers to a time period during
which patients could not have died, by study design. The
bias was created by looking through the entire 20-year fol-
low-up period to determine whether patients belonged in
the early, late, or never treatment groups, and then treating
these groupings as baseline variables. This creates a period
of time between study inclusion and treatment initiation in
both the early and late treatment groups during which
patients cannot die and are therefore “immortal.” An
instructive example of this fallacy was a study of the effect
on mortality of the amount of chemotherapy received (3).
Those who lived the longest received the most chemother-
apy, but the analysis wrongly concluded that those with
longer treatment had a longer life. Similarly, in the study by
Gwinnutt et al, those with the longest follow-up had more
opportunity for intervention, so a longer period of observa-
tion caused the treatment status and not the other way
around.

While this bias was recognized in the 1970s in epidemio-
logic cohort studies of the survival benefit of heart transplanta-
tion, it is still not familiar to many investigators and may have
recently become more prevalent due to the increased availability
of long-term computerized databases of observational data
(4,5). This bias can be avoided by counting the time from study
inclusion to treatment initiation in the unexposed (i.e., not yet
treated) group. When this immortal time is erroneously attrib-
uted to the treated group, it lowers the event rate among those
who are treated and also falsely decreases the denominator in
the unexposed group, leading to increased event rates. Together
these biases lead to a conclusion that the treatment is effica-
cious, as was found in this study.

While the authors are to be commended for their
careful attention to the bias of confounding by indication
(i.e., sicker patients are more likely to receive treatment) and
survivorship bias (i.e., dropout for repeated measures analyses
is not random), immortal time bias is equally important and
should be addressed to understand how it might have affected
the conclusions.

Cynthia S. Crowson, MS
Mayo Clinic College of Medicine and Science
Rochester, MN
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Reply

To the Editor:

We thank Dr. Crowson for her interest in our study
and for her comment. Immortal time bias is an important
issue in observational research and can lead to large biases
and misinterpretation of results. However, we would argue
that in this instance, the bias is not large and the clinical mes-
sage from our analysis has not changed.

Immortal time leads to important bias when a large
proportion of follow-up time in the exposed group is consid-
ered “immortal.” An article outlining the dangers of immortal
time bias used, as an example, an analysis of the association
between statin exposure for ≥1 year and risk of progression of
diabetes mellitus compared with no statin exposure. The
authors reported that patients in the exposed group were
“immortal” (i.e., they could not die) for nearly 68% of their
total follow-up time (1). In our study, the median percentage
of follow-up time considered “immortal” for the early treat-
ment group (i.e., the time before treatment started) was 1.9%
(interquartile range [IQR] 1.1–2.6) and 9.2% (IQR 5.2–21.4)
for the late treatment group. This would have led to a 1.3%
bias in the comparison between early treatment and never
treatment and a 10.8% bias in the comparison between late
treatment and never treatment, using the formula recom-
mended by Suissa (2).

These biases are relatively low and will necessarily
attenuate the results of the analysis but will not explain the
reported findings completely. Indeed, when we performed the
analysis suggested by Crowson, we calculated attenuated but
similar point estimates for the association between treatment
group and mortality (for early treatment versus never
treatment, adjusted odds ratio [OR] 0.89 [95% confidence
interval {95% CI} 0.62–1.27]; for late treatment versus never
treatment, adjusted OR 0.78 [95% CI 0.55–1.11]). This analy-
sis allowed treatment group allocation to vary with time, so
that patients were all defined as not receiving treatment
until they first received treatment. Once patients received
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treatment, they were defined as being in either the early
treatment group or the late treatment group, depending on
the length of time from symptom onset to first treatment.

Thus, the main finding of our analysis is still apparent
after accounting for immortal time bias. There appears to be
an association between treatment and reduced risk of mortal-
ity for patients with rheumatoid arthritis (RA), as seen in
other analyses (3,4). However, the 6-month window of oppor-
tunity for treating patients with RA may not exist when con-
sidering mortality as the outcome.

James M. Gwinnutt, BSc
Deborah P. M. Symmons, MD, FFPH, FRCP
Mark Lunt, PhD
Arthritis Research UK Centre for Epidemiology
University of Manchester
Suzanne M. M. Verstappen, PhD
Arthritis Research UK Centre for Epidemiology
University of Manchester
and NIHR Manchester Biomedical Research Centre
Central Manchester University Hospitals
NHS Foundation Trust
Manchester Academic Health Science Centre

Manchester, UK
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Systemic inflammation and endothelial dysfunction—a
possible link between osteoarthritis and hypertension:
comment on the article by Niu et al

To the Editor:

I read with interest the article by Niu et al (1) reporting
that neither metabolic syndrome nor its components were asso-
ciated with incident knee osteoarthritis (OA) after adjustment
for body mass index (BMI). However, their data did indicate
that, after adjustment for BMI, there was a significant associa-
tion between incident symptomatic OA and diastolic blood
pressure (BP) and a near-significant association with systolic
BP. Besides the use of nonsteroidal antiinflammatory drugs
(NSAIDs), as the authors suggest, other mechanisms could be
involved in this process. Thus, in a US cohort, higher BP was
associated with increased incident radiographic knee OA after
adjustment for several confounders, including NSAID use (2).

OA is a degenerative disease of joints characterized by
a state of low-grade systemic inflammation (3). In fact, emerg-
ing evidence suggests that the development and progression of
OA may be associated with inflammation. A recent meta-analy-
sis showed that serum high-sensitivity C-reactive protein levels
in OA patients were modestly but significantly higher than in

controls and were associated with pain and decreased physical
function (4). As occurs in other chronic inflammatory diseases,
inflammation might favor the development of atherosclerosis
in patients with OA (3). In fact, OA patients are at increased
risk of death due to cardiovascular disease (5). Increased
arterial stiffness, which is a surrogate marker of endothelial
dysfunction and arterial elasticity, has been found in OA
and positively correlated with radiographic OA severity (6).
Increased arterial stiffness is closely linked to hypertension,
and the loss of the arterial elasticity as a result of degeneration
and hyperplasia of the arterial wall generates hypertension. In
turn, high BP over time leads to abnormal arterial remodeling
and increased stiffness. In this regard, my group has reported a
significant association between increased arterial stiffness and
hypertension in women with systemic lupus erythematosus (7).

In summary, low-grade systemic inflammation might
explain, at least in part, the association between OA and
increased BP, through endothelial dysfunction and arterial
stiffness. If so, this could have implications for the manage-
ment of OA beyond control of pain.

Jos�e Mario Sabio, MD, MPH
Virgen de las Nieves University Hospital
Granada, Spain
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Could autophagy induced by misfolded mutant
a1-antitrypsin Z in synovitis explain the association of
a1-antitrypsin Z with increased anti–citrullinated
protein antibody production in rheumatoid arthritis?
Comment on the article by McCarthy et al

To the Editor:

We read with interest the article “Genetic variation of
the a1-antitrypsin gene is associated with increased autoanti-
body production in rheumatoid arthritis” by McCarthy et al
(1). A strong association between mutant a1-antitrypsin Z
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(AATZ) and anti–citrullinated protein antibody (ACPA) pro-
duction was noted in rheumatoid arthritis (RA). The authors
suggest that a1-antitrypsin deficiency (AATD) may give rise
to a tendency toward ACPA production. We suggest that it is
the abnormal mutant protein AATZ itself that induces auto-
phagy resulting in ACPA production in inflammatory cells such
as macrophages rather than ACPA production being a conse-
quence of AATD per se. We believe this is likely to occur in
the context of established synovitis rather than preceding the
development of RA.

Chronic obstructive pulmonary disease (COPD) is the
most prevalent disease manifestation of AATD (2). Given the
evidence that ACPA-positive RA arises as a consequence of
chronic lung disease (3), it is important to consider whether
AATD confers an increased risk of ACPA-positive RA as a
consequence of the strong association that has been observed
between AATD and COPD.

Both COPD and RA are strongly associated with
smoking. Therefore, any association observed between RA and
COPD is strongly confounded by smoking. Studies investigat-
ing COPD cohorts without a significant smoking history to
determine the risk of RA are sparse; however, a cohort with
severe AATD (homozygous AATZ) (n = 257) has been studied
(4). COPD was highly prevalent (81%), but current smoking
was uncommon (5%), with a modest mean 15 pack-years
smoked. Interestingly, there was no difference in ACPA levels
in individuals with severe AATD and controls (P = 0.4). Fur-
thermore, none of those individuals had RA either at baseline
or during a mean of 9 years of follow-up. These data suggest
that severe AATD does not result in increased ACPA genera-
tion or increase the risk of RA development. In contrast, 116
patients with COPD without severe AATD, all of whom had
smoked (mean 46 pack-years), had significantly higher anti–
cyclic citrullinated peptide titers than the AATD cohort (P =
0.002), and 3 of the 116 patients had RA at baseline (4).

Therefore, if AATD as such does not explain the find-
ings of McCarthy et al, the potential role of the mutant protein
AATZ itself should be considered further. AATZ is synthesized
as a misfolded protein accumulating in the endoplasmic reticu-
lum (ER) of liver cells. In animal models, accumulation of
AATZ in the ER activates autophagy (for review, see ref. 3).
Activation of autophagy in antigen-presenting cells such as
macrophages results in presentation of citrullinated peptides to
CD4 Tcells (5). Inflammatory cells such as macrophages gener-
ate AAT with levels increasing 3 fold and as part of the acute-
phase response (6). We suggest that individuals with AATZ who
develop synovitis are at an increased risk of ACPA generation as
a consequence of increased macrophage AATZ generation,
which results in autophagy leading to intracellular peptide citrul-
lination and subsequent ACPA generation. This would explain
the observations of McCarthy et al that AATZ was not overrep-
resented in their RA cohort compared to controls, but in the
context of RA disease associated with ACPA generation (1).

We suggest that genetic studies of ACPA-positive RA
patients without discernible environmental risk factors for
their disease, such as smoking (7), numerous and varied man-
ual occupations associated with inhalation of vapors, gases,
dusts, and fumes (8), and bronchiectasis (9), will be helpful in
identifying genes associated with misfolded protein and
neoepitope generation and therefore highlight important
genetic explanations for ACPA-positive RA.
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Reply

To the Editor:

We thank Drs. Hutchinson and Eggleton for their
interest in our report and for raising some interesting points.
While we believe there is some merit in the issues they raise,
we do not believe these invalidate the data we have presented
or the conclusions we made in our initial report.

First, our study confirms that there is no increased risk
of AATD in RA. We addressed the question of any association
between abnormal AAT phenotypes and RA in a large RA
patient cohort, and demonstrated no association. However, we
found increased ACPA production in RA patients heterozy-
gous for the Z allele, and the relationship between autoanti-
body production in RA and AAT is nuanced in nature.
Hutchinson and Eggleton suggest that AATD does not increase
the risk of RA or result in increased ACPA production, citing a
study by Wood et al (1). We argue that it is unlikely that none
of the 257 patients in that cohort developed RA over a 9-year
follow-up period, since the background prevalence of
ACPA positivity in healthy control individuals is 1% and the
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prevalence of RA in the general population is 0.5–1%. This
suggests a lack of sensitivity in that study both for the detection
of RA and for ACPA serologic testing; hence, we believe the
study by Wood et al does not negate the results we have
reported.

Second, in response to Hutchinson and Eggleton’s
point that smoking may be a confounding factor, this is a com-
plex issue and it is extremely difficult to disentangle smoking
and other environmental exposures as risk factors for ACPA
production in RA. This difficulty is often due to the poorly
measured dose effect of smoking, especially since many RA
studies simply report qualitative smoking status, as ever smoker
or never smoker, rather than a quantitative measure of smoke
exposure. Indeed, while smoking may contribute to ACPA pro-
duction, we have no evidence for that and the data presented
support the notion that AAT heterozygosity is independently
associated with ACPA production in RA.

Third, Hutchinson and Eggleton hypothesize that
altered mutant AAT induces autophagy in macrophages and
dendritic cells, leading to citrullination of AAT and subse-
quent autoantibody production. It is unknown whether
mutant AATZ is more susceptible to citrullination than
healthy control AATM. While citrullination of AATZ may
potentially explain an association between increased ACPA
levels in RA patients heterozygous for the Z allele, this does
not explain the increased production of antibodies toward
noncitrullinated targets associated with AATZ. The link
between anti–proteinase 3 (anti-PR3)–associated vasculitis
and AAT mutations is well established (2) and is independent
of ACPA production, with the pathogenesis ascribed to a dis-
ruption in the protease/antiprotease balance (3) and/or poly-
mers (4,5) of AATZ leading to neutrophil activation and
inflammation. Indeed, AAT has been demonstrated to signifi-
cantly reduce anti-PR3 antibody–induced neutrophil activity
from patients with granulomatosis with polyangiitis (Wege-
ner’s) (3). Moreover, it has recently been demonstrated that
in AATD patients homozygous for the Z allele, neutrophil
degranulation is increased, leading to the development of
autoantibodies, in particular antilactoferrin (6), further
strengthening the argument that the increased levels of auto-
antibodies in RA patients with AATD heterozygosity may be
a result of neutrophil activation and increased inflammation.

Furthermore, AATZ may be more susceptible to induc-
ing autoantibody production, since it is glycosylated differently
from AATM (7), which in turn may induce autoantibody
production through different glycan recognition on antigen-
presenting cells. Additionally, it has recently been demonstrated
that carbamylated AAT may be a target for anti–carbamylated
protein antibodies (8), novel autoantibodies in RA associated
with disease severity (9,10). For these reasons, autoantibody pro-
duction in AATD is likely a complex multifaceted process and
not solely due to autophagy. However, if autophagy does play a
major role, then tumor necrosis factor (TNF) likely contributes
significantly, since it has been shown that autophagy is activated
in a TNF-dependent manner in RA (11). Indeed, in AATD,
TNF levels are increased directly as a result of neutrophil-
related dysfunction (6), further strengthening the argument that
antibody production in AATD is related to the underlying
inflammatory milieu.

Finally, if autophagy were the primary mechanism
through which citrullinated AATZ was produced, this would
raise the question of whether targeting inhibition of autophagy

would be useful as a therapeutic strategy in RA patients with
AATD. This approach would be contrary to emerging strategies
under investigation in AATD-associated liver disease, where
there are ongoing attempts to use several autophagy enhancer
drugs to augment this process in hepatocytes, thus reducing the
burden of liver disease in AATD (12). One of the current
potential therapeutic strategies to target autophagy in AATD
involves plasma-purified AATaugmentation therapy, since AAT
has been demonstrated to increase autophagy in vitro (13).
AAT augmentation therapy has been shown to be effective in
slowing the progression of lung disease (14) and ameliorating
acute inflammation (15) and can reduce autoantibody levels in
patients with AATD (6). In animal models of arthritis, AATaug-
mentation has been shown to reduce autoantibody levels and
decrease inflammation (16); thus, the use of plasma-purified
AATas a therapeutic strategy in RA remains appealing for many
reasons, and the theoretical basis for its use continues to grow.

In conclusion, we wish to thank Drs. Hutchinson and
Eggleton for their comments and for broadening the discus-
sion regarding the intertwining relationship between systemic
inflammation, RA, and AATD.
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Clinical Images: Relapsing polychondritis diagnosed by fusion images of gallium-67 uptake on computed tomography and
single-photon–emission computed tomography

The patient, a 64-year-old man, presented with a dry cough and severe ear, nose, and throat pain that had persisted for several
weeks. He was diagnosed as having relapsing polychondritis (RP) on the basis of McAdam’s criteria. Involvement of auricular,
nasal, and tracheal cartilage was shown clearly on fusion images of gallium-67 uptake obtained by computed tomography (CT)
and single-photon–emission CT (SPECT/CT) (A and B) (arrows). High-dose glucocorticoid (GC) therapy markedly improved
signs, symptoms, and inflammatory reactions, as well as gallium uptake in cartilage as detected by SPECT/CT (C). RP is a rare
systemic disease characterized by inflammation and deterioration of cartilage and is often life-threatening if the respiratory tract
and heart valves are affected. However, it is difficult to diagnose RP early, to assess organ involvement, and to estimate treatment
response, due to limited means of whole-body imaging of inflammation. Although fluorodeoxyglucose–positron emission tomogra-
phy (FDG-PET)/CT may be useful for whole-body imaging, it is costly and is not widely available. Fused SPECT/CT imaging with
gallium is a potentially powerful tool for the early diagnosis of RP and assessment of organ manifestations, severity, disease activ-
ity, and treatment response. It can be used for whole-body surveying and can identify inflammation with high sensitivity, even at
difficult-to-access sites such as the trachea. Moreover, gallium-SPECT/CT is cheaper and more readily available than FDG-PET/
CT. It could be the first-choice imaging tool for whole-body surveying for systemic inflammatory diseases such as RP.
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Piotr Leszczyński, C. Michael Neuwelt, Kathryn Hobbs, Mauro Keiserman, Liliana Duca, 
Kenneth C. Kalunian, Catrinel Galateanu, Sabine Bongardt, Christian Stach, Carolyn Beaudot, 
Brian Kilgallen, and Caroline Gordon, on behalf of the EMBODY Investigator Group   .....................................  362 

 Anifrolumab, an Anti–Interferon-α Receptor Monoclonal Antibody, in Moderate-to-Severe Systemic 
Lupus Erythematosus 

 Richard Furie, Munther Khamashta, Joan T. Merrill, Victoria P. Werth, Kenneth Kalunian, Philip Brohawn, 
Gabor G. Illei, Jorn Drappa, Liangwei Wang, and Stephen Yoo, for the CD1013 Study Investigators   ...............  376 

 Comparative Rates of Serious Infections Among Patients With Systemic Lupus Erythematosus Receiving 
Immunosuppressive Medications 

 Candace H. Feldman, Francisco M. Marty, Wolfgang C. Winkelmayer, Hongshu Guan, Jessica M. Franklin, 
Daniel H. Solomon, Karen H. Costenbader, and Seoyoung C. Kim   .....................................................................  387 

 Human Endogenous Retroviral Genetic Element With Immunosuppressive Activity in Both Human 
Autoimmune Diseases and Experimental Arthritis 

 Magdalena Janina Laska, Anne Troldborg, Ellen-Margrethe Hauge, Shervin Bahrami, and 
Kristian Stengaard-Pedersen   ...................................................................................................................................  398 

 Vasculitis 
 CD8+ T Cells Contribute to the Development of Coronary Arteritis in the Lactobacillus casei Cell Wall 
Extract-Induced Murine Model of Kawasaki Disease 

 Magali Noval Rivas, Youngho Lee, Daiko Wakita, Norika Chiba, Jargalsaikhan Dagvadorj, Kenichi Shimada, 
Shuang Chen, Michael C. Fishbein, Thomas J. A. Lehman, Timothy R. Crother, and Moshe Arditi   ................  410 

 Gout 
 Gout and Risk of Fracture in Women: A Prospective Cohort Study 

 Julie M. Paik, Seoyoung C. Kim, Diane Feskanich, Hyon K. Choi, Daniel H. Solomon, and Gary C. Curhan ..   422 
 Performance of Ultrasound in the Diagnosis of Gout in a Multicenter Study: Comparison With 
Monosodium Urate Monohydrate Crystal Analysis as the Gold Standard 

 Alexis Ogdie, William J. Taylor, Tuhina Neogi, Jaap Fransen, Tim L. Jansen, H. Ralph Schumacher, 
Worawit Louthrenoo, Janitzia Vazquez-Mellado, Maxim Eliseev, Geraldine McCarthy, Lisa K. Stamp, 
Fernando Perez-Ruiz, Francisca Sivera, Hang-Korng Ea, Martijn Gerritsen, Giovanni Cagnotto, Lorenzo Cavagna, 
Chingtsai Lin, Yin-Yi Chou, Anne-Kathrin Tausche, Manuella Lima Gomes Ochtrop, Matthijs Janssen, 
Jiunn-Horng Chen, Ole Slot, Juris Lazovskis, Douglas White, Marco A. Cimmino, Till Uhlig, and 
Nicola Dalbeth   ........................................................................................................................................................  429 



2415

 Clinical Images 
 IgG4-Related Nodular Lung Lesion 

 Fotini N. Skopouli, Panayotis Panayotopoulos, and Haralampos M. Moutsopoulos   ..........................................  438 
 Autoimmune Disease 

 Herpes Zoster and the Risk of Stroke in Patients With Autoimmune Diseases 
 Leonard H. Calabrese, Fenglong Xie, Huifeng Yun, Kevin L. Winthrop, John W. Baddley, 
Cassandra Calabrese, and Jeffrey R. Curtis   ...........................................................................................................  439 

 Clinical Images 
 Cutaneous Lymphangiectasia in Systemic Sclerosis 

 Sabrina Hoa, Valerie Leclair, and Marie Hudson   ..................................................................................................  446 
 Autoinflammatory Disease 

 Identification of a High-Frequency Somatic NLRC4 Mutation as a Cause of Autoinflammation by Pluripotent 
Cell–Based Phenotype Dissection 

 Yuri Kawasaki, Hirotsugu Oda, Jun Ito, Akira Niwa, Takayuki Tanaka, Atsushi Hijikata, Ryosuke Seki, 
Ayako Nagahashi, Mitsujiro Osawa, Isao Asaka, Akira Watanabe, Shigeo Nishimata, Tsuyoshi Shirai, 
Hisashi Kawashima, Osamu Ohara, Tatsutoshi Nakahata, Ryuta Nishikomori, Toshio Heike, and 
Megumu K. Saito   ....................................................................................................................................................  447 

 STING Contributes to Abnormal Bone Formation Induced by Deficiency of DNase II in Mice 
 Rebecca Baum, Shruti Sharma, Jason M. Organ, Christopher Jakobs, Veit Hornung, David B. Burr, 
Ann Marshak-Rothstein, Katherine A. Fitzgerald, and Ellen M. Gravallese  .........................................................  460 

 Letters 
 Functional Significance of Interleukin-9 and Its Receptor System in the Pathogenesis of Psoriatic 
Arthritis: Comment on the Article by Ciccia et al 

 Smriti K. Raychaudhuri, Christine Abria, and Siba P. Raychaudhuri   ..................................................................  472 
 Reply 

 Francesco Ciccia, Giuliana Guggino, Stefania Raimondo, Riccardo Alessandro, and Giovanni Triolo   ...........  473 
 Bruton’s Tyrosine Kinase Inhibitors Could Induce Rheumatoid Arthritis–Like Manifestations: Comment 
on the Article by Nyhoff et al 

 Jose Antonio Bernal, Mariano Andrés, and María Fernanda Palmero   ................................................................  475 
 Reply 

 Lindsay E. Nyhoff, Leslie J. Crofford, and Peggy L. Kendall   ................................................................................  475 
 High-Resolution Magnetic Resonance Imaging of Scalp Arteries and Ultrasound of Temporal Arteries: 
A Winning Strategy for Diagnosing Giant Cell Arteritis? Comment on the Article by Rhéaume et al 

 Carine Boulon, Sophie Skopinski, and Joël Constans  ...........................................................................................  477 
 Reply 

 Maxime Rhéaume, Christian Pagnoux, and Nader A. Khalidi   .............................................................................  477 
 ACR Announcements  ............................................................................................................................................   A22 

VOLUME 69 MARCH 2017 NO. 3

 In This Issue  ..........................................................................................................................................................   A15 
 Clinical Connections  .............................................................................................................................................   A17 
 Special Articles 

 Editorial: Do Not Let Gout Apathy Lead to Gouty Arthropathy 
 John D. FitzGerald, Tuhina Neogi, and Hyon K. Choi   .........................................................................................  479 

 Editorial: Who Gets Lupus? Clues to a Tantalizing Syndrome 
 Ronald F. van Vollenhoven   .....................................................................................................................................  483 

 New Perspectives in Rheumatology: Biomarkers as Entry Criteria for Clinical Trials of New Therapies for 
Systemic Lupus Erythematosus: The Example of Antinuclear Antibodies and Anti-DNA 

 David S. Pisetsky, Brad H. Rovin, and Peter E. Lipsky  ..........................................................................................  487 
 Review: Breaking From Bisphosphonates 

 Margaret Seton   ........................................................................................................................................................  494 
 ACR Presidential Address: Delivering High-Value Rheumatology Care: Using the American College of 
Rheumatology RISETM Registry to Promote Quality and Efficiency 

 Joan Von Feldt   .........................................................................................................................................................  499 



2416

 Rheumatoid Arthritis 
 Baricitinib, Methotrexate, or Combination in Patients With Rheumatoid Arthritis and No or Limited Prior 
Disease-Modifying Antirheumatic Drug Treatment 

 Roy Fleischmann, Michael Schiff, Désirée van der Heijde, Cesar Ramos-Remus, Alberto Spindler, 
Marina Stanislav, Cristiano AF. Zerbini, Sirel Gurbuz, Christina Dickson, Stephanie de Bono, 
Douglas Schlichting, Scott Beattie, Wen-Ling Kuo, Terence Rooney, William Macias, and 
Tsutomu Takeuchi   ...................................................................................................................................................  506 

 Comparative Assessment of the Different American College of Rheumatology/European League Against 
Rheumatism Remission Definitions for Rheumatoid Arthritis for Their Use as Clinical Trial End Points 

 Michael E. Mack, Elizabeth Hsia, and Daniel Aletaha  .........................................................................................  518 
 Coronary Artery Calcification and Rheumatoid Arthritis: Lack of Relationship to Risk Alleles for 
Coronary Artery Disease in the General Population 

 Iván Ferraz-Amaro, Robert Winchester, Peter K. Gregersen, Richard J. Reynolds, Mary Chester Wasko, 
Anette Oeser, Cecilia P. Chung, C. Michael Stein, Jon T. Giles, and Joan M. Bathon  ..........................................  529 

 Progressive Decline of Lung Function in Rheumatoid Arthritis–Associated Interstitial Lung Disease 
 Jorge A. Zamora-Legoff, Megan L. Krause, Cynthia S. Crowson, Jay H. Ryu, and Eric L. Matteson   ................  542 

 Rheumatoid Arthritis Naive T Cells Share Hypermethylation Sites With Synoviocytes 
 Brooke Rhead, Calliope Holingue, Michael Cole, Xiaorong Shao, Hong L. Quach, Diana Quach, 
Khooshbu Shah, Elizabeth Sinclair, John Graf, Thomas Link, Ruby Harrison, Elior Rahmani, 
Eran Halperin, Wei Wang, Gary S. Firestein, Lisa F. Barcellos, and Lindsey A. Criswell  ....................................  550 

 Clinical Image 
 Clinical Image: Whipple’s Destructive Septic Arthritis 

 Xavier Puéchal and Jonathan London  ...................................................................................................................  559 
 Osteoarthritis 

 Brief Report: Partial- and Full-Thickness Focal Cartilage Defects Contribute Equally to Development of 
New Cartilage Damage in Knee Osteoarthritis: The Multicenter Osteoarthritis Study 

 Ali Guermazi, Daichi Hayashi, Frank W. Roemer, Jingbo Niu, Emily K. Quinn, Michel D. Crema, 
Michael C. Nevitt, James Torner, Cora E. Lewis, and David T. Felson  .................................................................  560 

 Rapid Activation of Transforming Growth Factor   β-Activated Kinase 1 in Chondrocytes by 
Phosphorylation and K 63 -Linked Polyubiquitination Upon Injury to Animal Articular Cartilage 

 Heba M. Ismail, Athanasios Didangelos, Tonia L. Vincent, and Jeremy Saklatvala   ...........................................  565 
 Role of Fibulin 3 in Aging-Related Joint Changes and Osteoarthritis Pathogenesis in Human and 
Mouse Knee Cartilage 

 Akihiko Hasegawa, Tomo Yonezawa, Noboru Taniguchi, Koji Otabe, Yukio Akasaki, Tetsuya Matsukawa, 
Masahiko Saito, Masashi Neo, Lihua Y. Marmorstein, and Martin K. Lotz   ........................................................  576 

 Increased Activity of the Chondrocyte Translational Apparatus Accompanies Osteoarthritic Changes in 
Human and Rodent Knee Cartilage 

 Olga Katsara, Mukundan Attur, Rachel Ruoff, Steven B. Abramson, and Victoria Kolupaeva  ...........................  586 
 Regulation of Chondrocyte Survival in Mouse Articular Cartilage by p63 

 Yuki Taniguchi, Manabu Kawata, Song Ho Chang, Daisuke Mori, Keita Okada, Hiroshi Kobayashi, 
Shurei Sugita, Yoko Hosaka, Hiroshi Inui, Shuji Taketomi, Fumiko Yano, Toshiyuki Ikeda, 
Haruhiko Akiyama, Alea A. Mills, Ung-il Chung, Sakae Tanaka, Hiroshi Kawaguchi, and Taku Saito   ............  598 

 Spondyloarthritis 
 Polymorphisms in the F Pocket of HLA–B27 Subtypes Strongly Affect Assembly, Chaperone Interactions, 
and Heavy-Chain Misfolding 

 David B. Guiliano, Helen North, Eleni Panayoitou, Elaine C. Campbell, Kirsty McHugh, 
Fiona G. M. Cooke, Marine Silvestre, Paul Bowness, Simon J. Powis, and Antony N. Antoniou   .......................  610 

 Psoriatic Arthritis 
 The Development of Psoriatic Arthritis in Patients With Psoriasis Is Preceded by a Period of Nonspecific 
Musculoskeletal Symptoms: A Prospective Cohort Study 

 Lihi Eder, Ari Polachek, Cheryl F. Rosen, Vinod Chandran, Richard Cook, and Dafna D. Gladman   ..............  622 



2417

 Systemic Lupus Erythematosus 
 Discerning Risk of Disease Transition in Relatives of Systemic Lupus Erythematosus Patients Utilizing 
Soluble Mediators and Clinical Features 

 Melissa E. Munroe, Kendra A. Young, Diane L. Kamen, Joel M. Guthridge, Timothy B. Niewold, 
Karen H. Costenbader, Michael H. Weisman, Mariko L. Ishimori, Daniel J. Wallace, Gary S. Gilkeson, 
David R. Karp, John B. Harley, Jill M. Norris, and Judith A. James   ....................................................................  630 

 Gene Expression and Pharmacodynamic Changes in 1,760 Systemic Lupus Erythematosus Patients From 
Two Phase III Trials of BAFF Blockade With Tabalumab 

 Robert W. Hoffman, Joan T. Merrill, Marta M. E. Alarcón-Riquelme, Michelle Petri, Ernst R. Dow, 
Eric Nantz, Laura K. Nisenbaum, Krista M. Schroeder, Wendy J. Komocsar, Narayanan B. Perumal, 
Matthew D. Linnik, David C. Airey, Yushi Liu, Guilherme V. Rocha, and Richard E. Higgs   .............................  643 

 Antiphospholipid Syndrome 
 In Vivo Role of Neutrophil Extracellular Traps in Antiphospholipid Antibody–Mediated Venous Thrombosis 

 He Meng, Srilakshmi Yalavarthi, Yogendra Kanthi, Levi F. Mazza, Megan A. Elfline, Catherine E. Luke, 
David J. Pinsky, Peter K. Henke, and Jason S. Knight   ...........................................................................................  655 

 Pediatric Rheumatology 
 Anti–Interleukin-6 Receptor Tocilizumab for Severe Juvenile Idiopathic Arthritis–Associated Uveitis 
Refractory to Anti–Tumor Necrosis Factor Therapy: A Multicenter Study of Twenty-Five Patients 

 Vanesa Calvo-Río, Montserrat Santos-Gómez, Inmaculada Calvo, M. Isabel González-Fernandez, 
Berta López-Montesinos, Marina Mesquida, Alfredo Adán, María Victoria Hernández, Olga Maíz, 
Antonio Atanes, Beatriz Bravo, Consuelo Modesto, Gisela Díaz-Cordovés, Natalia Palmou-Fontana, 
Javier Loricera, M. C. González-Vela, Rosalía Demetrio-Pablo, J. L. Hernández, Miguel A. González-Gay, 
and Ricardo Blanco   ................................................................................................................................................  668 

 Letters 
 Low Rate of Progression to Ankylosing Spondylitis Among Patients With Presumed Nonradiographic 
Axial Spondyloarthritis: Comment on the Article by Wang et al 

 Juergen Braun and Joachim Sieper   ........................................................................................................................  676 
 Reply 

 Runsheng Wang and Michael M. Ward   ..................................................................................................................  677 
 Missing Information About Disease Controls: Comment on the Article by Mangnus et al 

 Sinem Nihal Esatoglu, Emire Seyahi, and Hasan Yazici   .......................................................................................  678 
 Reply 

 L. Mangnus and A. H. M. van der Helm-van Mil   .................................................................................................  678 
 No Association of Fibromyalgia and Seronegative Rheumatoid Arthritis—The Need for Uniform Application 
of Fibromyalgia Criteria in Research Studies: Comment on the Article by Doss et al 

 Frederick Wolfe and Brian Walitt   ...........................................................................................................................  679 
 Reply 

 Jayanth Doss, Huan Mo, Robert J. Carroll, Leslie J. Crofford, and Joshua C. Denny   .........................................  680 
 Need for Caution in Diagnosing IgG4-Related Disease: A Possible Paraneoplastic Syndrome? Comment on 
the Article by Wallace et al 

 Yiwen Wang and Jian Zhu   ......................................................................................................................................  681 
 Relapsing Polychondritis Complicated by Myelodysplastic Syndrome Is Resistant to Immunosuppression: 
Comment on the Article by Dion et al 

 Tsuyoshi Shirai, Hiroshi Fujii, Ryoko Saito, Kentaro Nasu, Yukiko Kamogawa, Noriko Fukuhara, 
Yoko Fujita, Yuko Shirota, Tomonori Ishii, and Hideo Harigae   ...........................................................................  682 

 Reply 
 Jérémie Dion, Nathalie Costedoat-Chalumeau, and Jean-Charles Piette   ............................................................  683 

 Post-Lyme Arthritis May Be More Than Lyme: Comment on the Article by Arvikar et al 
 Carl Tuttle   ................................................................................................................................................................  684 

 Reply 
 Sheila L. Arvikar and Allen C. Steere   ....................................................................................................................  684 

 Erratum 
 Heterozygosity of the 721.221-B*51:01 Cell Line Used in the Study by Guasp et (Arthritis 
Rheumatol, February 2016) .................................................................................................................................  686 
 ACR Announcements  ............................................................................................................................................   A20 



2418

VOLUME 69 APRIL 2017 NO. 4

 In This Issue  ..........................................................................................................................................................   A13 
 Clinical Connections  .............................................................................................................................................   A15 
 Special Article 

 Review: Immune-Related Adverse Events With Use of Checkpoint Inhibitors for Immunotherapy of Cancer 
 Maria E. Suarez-Almazor, Sang T. Kim, Noha Abdel-Wahab, and Adi Diab   ......................................................  687 

 Rheumatoid Arthritis 
 Rheumatoid Arthritis and Risk of Malignant Lymphoma: Is the Risk Still Increased? 

 K. Hellgren, E. Baecklund, C. Backlin, C. Sundstrom, K. E. Smedby, and J. Askling   ........................................  700 
 Peficitinib, a JAK Inhibitor, in the Treatment of Moderate-to-Severe Rheumatoid Arthritis in Patients With 
an Inadequate Response to Methotrexate 

 AJ. Kivitz, S. R. Gutierrez-Ureña, J. Poiley, M. C. Genovese, R. Kristy, K. Shay, X. Wang, J. P. Garg, and 
A. Zubrzycka-Sienkiewicz   .......................................................................................................................................  709 

 Different Rating of Global Rheumatoid Arthritis Disease Activity in Rheumatoid Arthritis Patients With 
Multiple Morbidities 

 Helga Radner, Kazuki Yoshida, Sara Tedeschi, Paul Studenic, Michelle Frits, Christine Iannaccone, 
Nancy A. Shadick, Michael Weinblatt, Daniel Aletaha, Josef S. Smolen, and Daniel H. Solomon  .....................  720 

 Brief Report: Remission Rates With Tofacitinib Treatment in Rheumatoid Arthritis: A Comparison of Various 
Remission Criteria 

 Josef S. Smolen, Daniel Aletaha, David Gruben, Samuel H. Zwillich, Sriram Krishnaswami, and Charles Mebus   ....  728 
 Brief Report: The Role of Rare Protein-Coding Variants in Anti–Tumor Necrosis Factor Treatment Response 
in Rheumatoid Arthritis 

 Jing Cui, Dorothee Diogo, Eli A. Stahl, Helena Canhao, Xavier Mariette, Jeffrey D. Greenberg, Yukinori Okada, 
Dimitrios A. Pappas, Robert S. Fulton, Paul P. Tak, Michael T. Nurmohamed, Annette Lee, David E. Larson, 
Fina Kurreeman, Tracie L. Deluca, Michelle O’Laughlin, Catrina C. Fronick, Lucinda L. Fulton, 
Elaine R. Mardis, Irene E. van der Horst-Bruinsma, Gert-Jan Wolbink, Peter K. Gregersen, Joel M. Kremer, 
J. Bart A. Crusius, Niek de Vries, Tom W. J. Huizinga, João Eurico Fonseca, Corinne Miceli-Richard, 
Elizabeth W. Karlson, Marieke J. H. Coenen, Anne Barton, Robert M. Plenge, and Soumya Raychaudhuri   .....  735 

 Phenome-Wide Association Study of Autoantibodies to Citrullinated and Noncitrullinated Epitopes in 
Rheumatoid Arthritis 

 Katherine P. Liao, Jeffrey A. Sparks, Boris P. Hejblum, I-Hsin Kuo, Jing Cui, Lauren J. Lahey, 
Andrew Cagan, Vivian S. Gainer, Weidong Liu, T. Tony Cai, Jeremy Sokolove, and Tianxi Cai   ........................  742 

 The Transcriptional Coactivator Bob1 Is Associated With Pathologic B Cell Responses in Autoimmune 
Tissue Inflammation 

 Maria J. Levels, Melissa N. Van Tok, Tineke Cantaert, Juan D. Cañete, Frans G. M. Kroese, 
Kristine Germar, Hergen Spits, Dominique L. P. Baeten, and Nataliya G. Yeremenko  ........................................  750 

 Osteoarthritis 
 Long-Term Safety and Efficacy of Fulranumab in Patients With Moderate-to-Severe Osteoarthritis Pain: 
A Phase II Randomized, Double-Blind, Placebo-Controlled Extension Study 

 Panna Sanga, Nathaniel Katz, Elena Polverejan, Steven Wang, Kathleen M. Kelly, Juergen Haeussler, 
and John Thipphawong  ...........................................................................................................................................  763 

 Spondyloarthritis 
 Discovery of T Cell Receptor β Motifs Specific to HLA–B27–Positive Ankylosing Spondylitis by Deep 
Repertoire Sequence Analysis 

 Malek Faham, Victoria Carlton, Martin Moorhead, Jianbiao Zheng, Mark Klinger, Francois Pepin, 
Thomas Asbury, Marissa Vignali, Ryan O. Emerson, Harlan S. Robins, James Ireland, 
Emily Baechler-Gillespie, and Robert D. Inman   ...................................................................................................  774 

 Systemic Lupus Erythematosus 
 Brief Report: Longitudinal Patterns of Response to Standard of Care Therapy for Systemic Lupus 
Erythematosus: Implications for Clinical Trial Design 

 Mimi Kim, Joan Merrill, Kenneth Kalunian, Bevra Hahn, Anita Roach, and Peter Izmirly, for the 
Lupus Foundation of America Collective Data Analysis Initiative Group   ...........................................................  785 

 Effects of Hydroxychloroquine in Patients With Cutaneous Lupus Erythematosus: A Multicenter, 
Double-Blind, Randomized, Parallel-Group Trial 

 N. Yokogawa, H. Eto, A. Tanikawa, T. Ikeda, K. Yamamoto, T. Takahashi, H. Mizukami, 
T. Sato, N. Yokota, and F. Furukawa  .......................................................................................................................  791 



2419

 Expression of Cyclic GMP-AMP Synthase in Patients With Systemic Lupus Erythematosus 
 Jie An, Laura Durcan, Reynold M. Karr, Tracy A. Briggs, Gillian I. Rice, Thomas H. Teal, 
Joshua J. Woodward, and Keith B. Elkon   ..............................................................................................................  800 

 Brief Report: CD4+ T Cells From Patients With Systemic Lupus Erythematosus Respond Poorly to 
Exogenous Interleukin-2 

 Denis Comte, Maria P. Karampetsou, Katalin Kis-Toth, Nobuya Yoshida, Sean J. Bradley, 
Vasileios C. Kyttaris, and George C. Tsokos   ..........................................................................................................  808 

 VISTA Deficiency Accelerates the Development of Fatal Murine Lupus Nephritis 
 Sabrina Ceeraz, Petra A. Sergent, Sean F. Plummer, Alan R. Schned, Dov Pechenick, 
Christopher M. Burns, and Randolph J. Noelle   .....................................................................................................  814 

 Ultraviolet B Irradiation Causes Stimulator of Interferon Genes–Dependent Production of Protective 
Type I Interferon in Mouse Skin by Recruited Inflammatory Monocytes 

 Clayton Sontheimer, Denny Liggitt, and Keith B. Elkon   .......................................................................................  826 
 Clinical Images 

 Clinical Images: Hematoidin in Synovial Fluid 
 Mariano Andrés and Eliseo Pascual   ......................................................................................................................  836 

 Vasculitis 
 A Randomized, Double-Blind Trial of Abatacept (CTLA-4Ig) for the Treatment of Giant Cell Arteritis 

 Carol A. Langford, David Cuthbertson, Steven R. Ytterberg, Nader Khalidi, Paul A. Monach, Simon Carette, 
Philip Seo, Larry W. Moreland, Michael Weisman, Curry L. Koening, Antoine G. Sreih, Robert Spiera, 
Carol A. McAlear, Kenneth J. Warrington, Christian Pagnoux, Kathleen McKinnon, Lindsy J. Forbess, 
Gary S. Hoffman, Renée Borchin, Jeffrey P. Krischer, and Peter A. Merkel, for the Vasculitis Clinical 
Research Consortium   ..............................................................................................................................................  837 

 A Randomized, Double-Blind Trial of Abatacept (CTLA-4Ig) for the Treatment of Takayasu Arteritis 
 Carol A. Langford, David Cuthbertson, Steven R. Ytterberg, Nader Khalidi, Paul A. Monach, 
Simon Carette, Philip Seo, Larry W. Moreland, Michael Weisman, Curry L. Koening, Antoine G. Sreih, 
Robert Spiera, Carol A. McAlear, Kenneth J. Warrington, Christian Pagnoux, Kathleen McKinnon, 
Lindsy J. Forbess, Gary S. Hoffman, Renée Borchin, Jeffrey P. Krischer, and Peter A. Merkel, for the 
Vasculitis Clinical Research Consortium   ...............................................................................................................  846 

 Autoinflammatory Disease 
 Anakinra for Colchicine-Resistant Familial Mediterranean Fever: A Randomized, Double-Blind, 
Placebo-Controlled Trial 

 Ilan Ben-Zvi, Olga Kukuy, Eitan Giat, Elon Pras, Olga Feld, Shaye Kivity, Oleg Perski, Gil Bornstein, 
Chagai Grossman, Gil Harari, Merav Lidar, and Avi Livneh   ..............................................................................  854 

 Erratum 
 Middle Initial Omitted From Author Name in the Article by Felson et al (Arthritis Rheumatol, 
February 2017) ............................................................................................................................................... 862 

 Letters 
 Reanalysis of the Multi-Biomarker Disease Activity Score for Assessing Disease Activity in the 
Abatacept Versus Adalimumab Comparison in Biologic-Naive Rheumatoid Arthritis Subjects with 
Background Methotrexate Study: Comment on the Article by Fleischmann et al 

 Jeffrey R. Curtis, Grace C. Wright, Vibeke Strand, Charles S. Davis, Elena Hitraya, and Eric H. Sasso  ............  863 
 Limited Value of the Multi-Biomarker Disease Activity Assay Compared to the Routine Assessment of 
Patient Index Data 3 (RAPID3) Score in the Prognosis of Important Clinical Outcomes in Rheumatoid Arthritis: 
Comment on the Article by Fleischmann et al and Accompanying Editorial by Davis 

 Theodore Pincus, Joel A. Block, Yusuf Yazici, Martin J. Bergman, and Tuulikki Sokka   .....................................  866 
 Reply 

 Roy Fleischmann, Sean E. Connolly, Michael A. Maldonado, and Michael Schiff   ............................................  867 
 The Role of Omalizumab in Patients With Eosinophilic Granulomatosis With Polyangiitis (Churg-Strauss): 
Comment on the Article by Jachiet et al 

 Aikaterini Detoraki, Gilda Varricchi, Arturo Genovese, Gianni Marone, and Giuseppe Spadaro   .....................  868 
 Biologic Therapy for Eosinophilic Granulomatosis With Polyangiitis (Churg-Strauss): Comment on the Article 
by Jachiet et al 

 Pavel Novikov and Sergey Moiseev   .........................................................................................................................  870 
 Reply 

 Marie Jachiet and Benjamin Terrier  ........................................................................................................................  872 
 ACR Announcements  ...........................................................................................................................................   A25 



2420

VOLUME 69 APRIL SUPPLEMENT 2017 NO. 4

 Abstracts From the American College of Rheumatology 2017 Pediatric Rheumatology Symposium  ....................   S1 

VOLUME 69 MAY 2017 NO. 5

 In This Issue  ..........................................................................................................................................................   A15 
 Clinical Connections  .............................................................................................................................................   A17 
 Special Articles 

 Editorial: Prevention of Rheumatoid Arthritis: Now Is the Time, but How to Proceed? 
 Kevin D. Deane, Christopher C. Striebich, and V. Michael Holers   ........................................................................  873 

 Editorial: A New Classification of Adult Autoimmune Myositis 
 Jean-Luc Senécal, Jean-Pierre Raynauld, and Yves Troyanov   ..............................................................................  878 

 Review: Innate Lymphoid Cells: Sparking Inflammatory Rheumatic Disease? 
 Mark H. Wenink, Emmerik FA. Leijten, Tom Cupedo, and Timothy RDJ. Radstake   .........................................  885 

 2016 American College of Rheumatology/European League Against Rheumatism Criteria for Minimal, 
Moderate, and Major Clinical Response in Adult Dermatomyositis and Polymyositis: An International 
Myositis Assessment and Clinical Studies Group/Paediatric Rheumatology International Trials Organisation 
Collaborative Initiative 

 Rohit Aggarwal, Lisa G. Rider, Nicolino Ruperto, Nastaran Bayat, Brian Erman, Brian M. Feldman, 
Chester V. Oddis, Anthony A. Amato, Hector Chinoy, Robert G. Cooper, Maryam Dastmalchi, David Fiorentino, 
David Isenberg, James D. Katz, Andrew Mammen, Marianne de Visser, Steven R. Ytterberg, Ingrid E. Lundberg, 
Lorinda Chung, Katalin Danko, Ignacio García-De la Torre, Yeong Wook Song, Luca Villa, Mariangela Rinaldi, 
Howard Rockette, Peter A. Lachenbruch, Frederick W. Miller, and Jiri Vencovsky, for the International 
Myositis Assessment and Clinical Studies Group and the Paediatric Rheumatology International Trials
 Organisation   ...........................................................................................................................................................  898 

 2016 American College of Rheumatology/European League Against Rheumatism Criteria for Minimal, 
Moderate, and Major Clinical Response in Juvenile Dermatomyositis: An International Myositis Assessment and 
Clinical Studies Group/Paediatric Rheumatology International Trials Organisation Collaborative Initiative 

 Lisa G. Rider, Rohit Aggarwal, Angela Pistorio, Nastaran Bayat, Brian Erman, Brian M. Feldman, 
Adam M. Huber, Rolando Cimaz, Ruben J. Cuttica, Sheila Knupp de Oliveira, Carol B. Lindsley, 
Clarissa A. Pilkington, Marilynn Punaro, Angelo Ravelli, Ann M. Reed, Kelly Rouster-Stevens, 
Annet van Royen-Kerkhof, Frank Dressler, Claudia Saad Magalhaes, Tamás Constantin, Joyce E. Davidson, 
Bo Magnusson, Ricardo Russo, Luca Villa, Mariangela Rinaldi, Howard Rockette, Peter A. Lachenbruch, 
Frederick W. Miller, Jiri Vencovsky, and Nicolino Ruperto, for the International Myositis Assessment and 
Clinical Studies Group and the Paediatric Rheumatology International Trials Organisation   .............................  911 

 Winners of the 2016 American College of Rheumatology Annual Image Competition 
 American College of Rheumatology Image Library Subcommittee   ......................................................................  924 

 Rheumatoid Arthritis 
 Brief Report: Clinical Trials Aiming to Prevent Rheumatoid Arthritis Cannot Detect Prevention Without 
Adequate Risk Stratification: A Trial of Methotrexate Versus Placebo in Undifferentiated Arthritis as an 
Example 

 Leonie E. Burgers, Cornelia F. Allaart, Tom W. J. Huizinga, and Annette H. Mvan der Helm-van Mil  ..............  926 
 Peficitinib, a JAK Inhibitor, in Combination With Limited Conventional Synthetic Disease-Modifying 
Antirheumatic Drugs in the Treatment of Moderate-to-Severe Rheumatoid Arthritis 

 Mark C. Genovese, Maria Greenwald, Christine Codding, Anna Zubrzycka-Sienkiewicz, Alan J. Kivitz, 
Annie Wang, Kathyjo Shay, Xuegong Wang, Jay P. Garg, and Mario H. Cardiel  ..................................................  932 

 Effects of Baricitinib on Lipid, Apolipoprotein, and Lipoprotein Particle Profiles in a Phase IIb Study of 
Patients With Active Rheumatoid Arthritis 

 Joel M. Kremer, Mark C. Genovese, Edward Keystone, Peter C. Taylor, Steven H. Zuckerman, Giacomo Ruotolo, 
Douglas E. Schlichting, Victoria L. Crotzer, Eric Nantz, Scott D. Beattie, and William L. Macias   ....................  943 

 A Multi-Biomarker Disease Activity Score and the Choice of Second-Line Therapy in Early Rheumatoid Arthritis 
After Methotrexate Failure 

 Karen Hambardzumyan, Saedis Saevarsdottir, Kristina Forslind, Ingemar F. Petersson, Johan K. Wallman, 
Sofia Ernestam, Rebecca J. Bolce, and Ronald F. van Vollenhoven   .....................................................................  953 



2421

 Evidence of the Immune Relevance of   Prevotella copri, a Gut Microbe, in Patients With Rheumatoid Arthritis 
 Annalisa Pianta, Sheila Arvikar, Klemen Strle, Elise E. Drouin, Qi Wang, Catherine E. Costello, and 
Allen C. Steere   .........................................................................................................................................................  964 

 A Multinational Arab Genome-Wide Association Study Identifies New Genetic Associations for Rheumatoid 
Arthritis 

 Richa Saxena, Robert M. Plenge, Andrew C. Bjonnes, Hassan S. Dashti, Yukinori Okada, Wessam Gad El Haq, 
Mohammed Hammoudeh, Samar Al Emadi, Basel K. Masri, Hussein Halabi, Humeira Badsha, Imad W. Uthman, 
Lauren Margolin, Namrata Gupta, Ziyad R. Mahfoud, Marianthi Kapiri, Soha R. Dargham, Grace Aranki, 
Layla A. Kazkaz, and Thurayya Arayssi   ................................................................................................................  976 

 High-Titer Rheumatoid Arthritis Antibodies Preferentially Bind Fibrinogen Citrullinated by Peptidylarginine 
Deiminase 4 

 Nathalie E. Blachre, Salina Parveen, Mayu O. Frank, Brian D. Dill, Henrik Molina, and Dana E. Orange   .....  986 
 Osteoarthritis 

 Targeting the D Series Resolvin Receptor System for the Treatment of Osteoarthritis Pain 
 Junting Huang, James J. Burston, Li Li, Sadaf Ashraf, Paul I. Mapp, Andrew J. Bennett, Srinivasarao Ravipati, 
Petros Pousinis, David A. Barrett, Brigitte E. Scammell, and Victoria Chapman   ................................................  996 

 Spondyloarthritis 
 Brief Report: Functional Interaction of Endoplasmic Reticulum Aminopeptidase 2 and HLA–B27 Activates the 
Unfolded Protein Response 

 Zhenbo Zhang, Francesco Ciccia, Fanxing Zeng, Giuliana Guggino, Kirby Yee, Hasan Abdullah, 
Mark S. Silverberg, Riccardo Alessandro, Giovanni Triolo, and Nigil Haroon  .....................................................  1009 

 Systemic Lupus Erythematosus 
 Efficacy and Safety of Subcutaneous Belimumab in Systemic Lupus Erythematosus: A Fifty-Two–Week 
Randomized, Double-Blind, Placebo-Controlled Study 

 William Stohl, Andreas Schwarting, Masato Okada, Morton Scheinberg, Andrea Doria, Anne E. Hammer, 
Christi Kleoudis, James Groark, Damon Bass, Norma Lynn Fox, David Roth, and David Gordon   ..................  1016 

 Brief Report: Pharmacodynamics, Safety, and Clinical Efficacy of AMG 811, a Human 
Anti–Interferon-γ Antibody, in Patients With Discoid Lupus Erythematosus 

 Victoria P. Werth, David Fiorentino, Barbara A. Sullivan, Michael J. Boedigheimer, Kit Chiu, Christine Wang, 
Gregory E. Arnold, Michael A. Damore, Jeannette Bigler, Andrew A. Welcher, Chris B. Russell, 
David A. Martin, and James B. Chung   ..................................................................................................................  1028 

 Signaling Lymphocytic Activation Molecule Family Member 7 Engagement Restores Defective Effector 
CD8+ T Cell Function in Systemic Lupus Erythematosus 

 Denis Comte, Maria P. Karampetsou, Nobuya Yoshida, Katalin Kis-Toth, Vasileios C. Kyttaris, and 
George C. Tsokos  .....................................................................................................................................................  1035 

 Vasculitis 
 Effect of Continuous B Cell Depletion With Rituximab on Pathogenic Autoantibodies and Total IgG Levels in 
Antineutrophil Cytoplasmic Antibody–Associated Vasculitis 

 Frank B. Cortazar, William F. Pendergraft III, Julia Wenger, Charles T. Owens, Karen Laliberte, and 
John L. Niles   ...........................................................................................................................................................  1045 

 Identification of Functional and Expression Polymorphisms Associated With Risk for Antineutrophil 
Cytoplasmic Autoantibody–Associated Vasculitis 

 Peter A. Merkel, Gang Xie, Paul A. Monach, Xuemei Ji, Dominic J. Ciavatta, Jinyoung Byun, 
Benjamin D. Pinder, Ai Zhao, Jinyi Zhang, Yohannes Tadesse, David Qian, Matthew Weirauch, Rajan Nair, 
Alex Tsoi, Christian Pagnoux, Simon Carette, Sharon Chung, David Cuthbertson, John C. Davis Jr., 
Paul F. Dellaripa, Lindsy Forbess, Ora Gewurz-Singer, Gary S. Hoffman, Nader Khalidi, Curry Koening, 
Carol A. Langford, Alfred D. Mahr, Carol McAlear, Larry Moreland, E. Philip Seo, Ulrich Specks, Robert F. 
Spiera, Antoine Sreih, E. William St.Clair, John H. Stone, Steven R. Ytterberg, James T. Elder, Jia Qu, 
Toshiki Ochi, Naoto Hirano, Jeffrey C. Edberg, Ronald J. Falk, Christopher I. Amos, and 
Katherine A. Siminovitch, for the Vasculitis Clinical Research Consortium  .........................................................  1054 

 Systemic Sclerosis 
 Early Mortality in a Multinational Systemic Sclerosis Inception Cohort 

 Yanjie Hao, Marie Hudson, Murray Baron, Patricia Carreira, Wendy Stevens, Candice Rabusa, 
Solene Tatibouet, Loreto Carmona, Beatriz E. Joven, Molla Huq, Susanna Proudman, Mandana Nikpour, 
the Canadian Scleroderma Research Group, and the Australian Scleroderma Interest Group ............................  1067 



2422

 Scleroderma Peripheral B Lymphocytes Secrete Interleukin-6 and Transforming Growth Factor β and Activate 
Fibroblasts 

 Nicolas Dumoitier, Benjamin Chaigne, Alexis Régent, Sébastien Lofek, Maissa Mhibik, Peter Dorfmüller, 
Benjamin Terrier, Jonathan London, Alice Bérezné, Nicolas Tamas, Nadine Varin-Blank, and 
Luc Mouthon   ..........................................................................................................................................................  1078 

 Myositis 
 Immune-Array Analysis in Sporadic Inclusion Body Myositis Reveals HLA–DRB1 Amino Acid Heterogeneity 
Across the Myositis Spectrum 

 Simon Rothwell, Robert G. Cooper, Ingrid E. Lundberg, Peter K. Gregersen, Michael G. Hanna, 
Pedro M. Machado, Megan K. Herbert, Ger J. M. Pruijn, James B. Lilleker, Mark Roberts, John Bowes, 
Michael F. Seldin, Jiri Vencovsky, Katalin Danko, Vidya Limaye, Albert Selva-O’Callaghan, Hazel Platt, 
Øyvind Molberg, Olivier Benveniste, Timothy R. D. J. Radstake, Andrea Doria, Jan De Bleecker,
 Boel De Paepe, Christian Gieger, Thomas Meitinger, Juliane Winkelmann, Christopher I. Amos, 
William E. Ollier, Leonid Padyukov, Annette T. Lee, Janine A. Lamb, and Hector Chinoy, for the 
Myositis Genetics Consortium   ................................................................................................................................  1090 

 Clinical Images 
 Clinical Images: Widening of Joint Spaces in Acromegaly 

 Masei Suda, Yasuhiro Suyama, and Masato Okada  ..............................................................................................  1099 
 Lyme Disease 

 MicroRNA Expression Shows Inflammatory Dysregulation and Tumor-Like Proliferative Responses in 
Joints of Patients With Postinfectious Lyme Arthritis 

 Robert B. Lochhead, Klemen Strle, Nancy D. Kim, Minna J. Kohler, Sheila L. Arvikar, John M. Aversa, 
and Allen C. Steere   .................................................................................................................................................  1100 

 Cartilage Biology 
 CRISPR/Cas9 Editing of Murine Induced Pluripotent Stem Cells for Engineering Inflammation-Resistant 
Tissues 

 Jonathan M. Brunger, Ananya Zutshi, Vincent P. Willard, Charles A. Gersbach, and Farshid Guilak   ..............  1111 
 Letters 

 Lesinurad in Combination With Allopurinol: Risk Without Reward? Comment on the Article by Saag et al 
 Aryeh M. Abeles   ......................................................................................................................................................  1122 

 Reply 
 Kenneth G. Saag  ......................................................................................................................................................  1122 

 Axial Spondyloarthritis in Relatives of Probands With Ankylosing Spondylitis: Comment on the Article by 
Turina et al 

 Sjef van der Linden and Muhammad A. Khan   .....................................................................................................  1122 
 Bone Marrow Edema in the Sacroiliac Joint—Degenerative Sacroiliac Joint Disease Might Be More 
Likely Than Spondyloarthritis: Comment on the Article by Turina et al 

 Athan Baillet, Romain Gastaldi, Jean Noel Ravey, and Philippe Gaudin   ............................................................  1123 
 Reply 

 Janneke de Winter, Marleen van de Sande, Robert Landewé, and Dominique Baeten   ........................................  1124 
 Facet Pain Syndrome and Nonradiographic Axial Spondyloarthritis 

 Francisco Javier Olmedo-Garzón   ...........................................................................................................................  1125 
 Reply 

 Bodil Arnbak, Claus Manniche, Anne Grethe Jurik, and Tue Secher Jensen   .......................................................  1126 
 ACR Announcements  ............................................................................................................................................   A18 

VOLUME 69 JUNE 2017 NO. 6

 In This Issue  ..........................................................................................................................................................   A17 
 Clinical Connections  .............................................................................................................................................   A19 
 Special Articles 

 Editorial: “Weighing in” on the Framingham Osteoarthritis Study: Measuring Biomechanical and 
Metabolic Contributions to Osteoarthritis 

 C. Thomas Appleton, Gillian A. Hawker, Catherine L. Hill, and Janet E. Pope   .................................................  1127 
 Editorial: Choosing New Targets for Rheumatoid Arthritis Therapeutics: Too Interesting to Fail? 

 Iain B. McInnes, Duncan Porter, and Stefan Siebert   .............................................................................................  1131 
 Review: Cytokine Storm Syndrome: Looking Toward the Precision Medicine Era 

 Edward M. Behrens and Gary A. Koretzky  .............................................................................................................  1135 



2423

 Rheumatoid Arthritis 
 Secukinumab in Active Rheumatoid Arthritis: A Phase III Randomized, Double-Blind, Active 
Comparator— and Placebo-Controlled Study 

 Francisco J. Blanco, Rüdiger Möricke, Eva Dokoupilova, Christine Codding, Jeffrey Neal, Mats Andersson, 
Susanne Rohrer, and Hanno Richards   ...................................................................................................................  1144 

 Cardiovascular Safety of Tocilizumab Versus Tumor Necrosis Factor Inhibitors in Patients With 
Rheumatoid Arthritis: A Multi-Database Cohort Study 

 Seoyoung C. Kim, Daniel H. Solomon, James R. Rogers, Sara Gale, Micki Klearman, Khaled Sarsour, 
and Sebastian Schneeweiss   .....................................................................................................................................  1154 

 Anti–Citrullinated Protein Antibodies Are Associated With Neutrophil Extracellular Traps in the Sputum 
in Relatives of Rheumatoid Arthritis Patients 

 M. Kristen Demoruelle, Kylie K. Harrall, Linh Ho, Monica M. Purmalek, Nickie L. Seto, 
Heather M. Rothfuss, Michael H. Weisman, Joshua J. Solomon, Aryeh Fischer, Yuko Okamoto, 
Lindsay B. Kelmenson, Mark C. Parish, Marie Feser, Chelsie Fleischer, Courtney Anderson, 
Michael Mahler, Jill M. Norris, Mariana J. Kaplan, Brian D. Cherrington, V. Michael Holers, and 
Kevin D. Deane   .......................................................................................................................................................  1165 

 Persistence of Disease-Associated Anti-Citrullinated Protein Antibody–Expressing Memory B Cells in 
Rheumatoid Arthritis in Clinical Remission 

 Adam J. Pelzek, Caroline Gönwall, Pamela Rosenthal, Jeffrey D. Greenberg, Mandy McGeachy, 
Larry Moreland, William F. C. Rigby, and Gregg J. Silverman   .............................................................................  1176 

 Brief Report: Treatment of Tumor Necrosis Factor-Transgenic Mice With Anti-Tumor Necrosis Factor 
Restores Lymphatic Contractions, Repairs Lymphatic Vessels, and May Increase Monocyte/Macrophage Egress 

 Echoe M. Bouta, Igor Kuzin, Karen de Mesy Bentley, Ronald W. Wood, Homaira Rahimi, Rui-Cheng Ji, 
Christopher T. Ritchlin, Andrea Bottaro, Lianping Xing, and Edward M. Schwarz   ............................................  1187 

 Clinical Images 
 Clinical Images: Arytenoid Chondritis 

 Yasuhiro Suyama, Shin-Ichi Ishimoto, and Kiyofumi Hagiwara   ..........................................................................  1193 
 Osteoarthritis 

 Metabolic Syndrome, Its Components, and Knee Osteoarthritis: The Framingham Osteoarthritis Study 
 Jingbo Niu, Margaret Clancy, Piran Aliabadi, Ramachandran Vasan, and David T. Felson   ..............................  1194 

 Lifetime Risk of Symptomatic Hand Osteoarthritis: The Johnston County Osteoarthritis Project 
 Jin Qin, Kamil E. Barbour, Louise B. Murphy, Amanda E. Nelson, Todd A. Schwartz, 
Charles G. Helmick, Kelli D. Allen, Jordan B. Renner, Nancy A. Baker, and Joanne M. Jordan   ........................  1204 

 Serum Urate Levels Predict Joint Space Narrowing in Non-Gout Patients With Medial Knee Osteoarthritis 
 Svetlana Krasnokutsky, Charles Oshinsky, Mukundan Attur, Sisi Ma, Hua Zhou, Fangfei Zheng, Meng Chen, 
Jyoti Patel, Jonathan Samuels, Virginia C. Pike, Ravinder Regatte, Jenny Bencardino, Leon Rybak, 
Steven Abramson, and Michael H. Pillinger  ...........................................................................................................  1213 

 Profibrotic Infrapatellar Fat Pad Remodeling Without M1 Macrophage Polarization Precedes Knee 
Osteoarthritis in Mice With Diet-Induced Obesity 

 Erika Barboza, Joanna Hudson, Wan-Pin Chang, Susan Kovats, Rheal A. Towner, Robert Silasi-Mansat, 
Florea Lupu, Collin Kent, and Timothy M. Griffin   ...............................................................................................  1221 

 A Dual Role of Upper Zone of Growth Plate and Cartilage Matrix–Associated Protein in Human and 
Mouse Osteoarthritic Cartilage: Inhibition of Aggrecanases and Promotion of Bone Turnover 

 Michael Stock, Stefanie Menges, Nicole Eitzinger, Maria Gelein, Renate Botschner, Laura Wormser, 
Alfiya Distler, Ursula Schlötzer-Schrehardt, Katharina Dietel, Jörg Distler, Christian Beyer, Kolja Gelse, 
Klaus Engelke, Marije I. Koenders, Wim van den Berg, Klaus von der Mark, and Georg Schett   ........................  1233 

 Inhibition of Shedding of Low-Density Lipoprotein Receptor–Related Protein 1 Reverses Cartilage Matrix 
Degradation in Osteoarthritis 

 Kazuhiro Yamamoto, Salvatore Santamaria, Kenneth A. Botkjaer, Jayesh Dudhia, Linda Troeberg, 
Yoshifumi Itoh, Gillian Murphy, and Hideaki Nagase   ..........................................................................................  1246 

 Systemic Lupus Erythematosus 
 The Biomarkers of Lupus Disease Study: A Bold Approach May Mitigate Interference of Background 
Immunosuppressants in Clinical Trials 

 Joan T. Merrill, Fred Immermann, Maryann Whitley, Tianhui Zhou, Andrew Hill, Margot O’Toole, 
Padmalatha Reddy, Marek Honczarenko, Aikaterini Thanou, Joe Rawdon, Joel M. Guthridge, 
Judith A. James, and Sudhakar Sridharan   ............................................................................................................  1257 

 Brief Report: The Euro-Lupus Low-Dose Intravenous Cyclophosphamide Regimen Does Not Impact 
the Ovarian Reserve, as Measured by Serum Levels of Anti–Müllerian Hormone 

 Farah Tamirou, Séverine Nieuwland Husson, Damien Gruson, Frédéric Debiéve, Bernard R. Lauwerys, 
and Frédéric A. Houssiau   .......................................................................................................................................  1267 



2424

 Effect of Corticosteroids and Cyclophosphamide on Sex Hormone Profiles in Male Patients With Systemic 
Lupus Erythematosus or Systemic Sclerosis 

 Laurent Arnaud, Annica Nordin, Hannes Lundholm, Elisabet Svenungsson, Erik Hellbacher, Johan Wikner, 
Agneta Zickert, and Iva Gunnarsson   .....................................................................................................................  1272 

 Pathogenesis of Diffuse Alveolar Hemorrhage in Murine Lupus 
 Haoyang Zhuang, Shuhong Han, Pui Y. Lee, Ravil Khaybullin, Stepan Shumyak, Li Lu, Amina Chatha, 
Anan Afaneh, Yuan Zhang, Chao Xie, Dina Nacionales, Lyle Moldawer, Xin Qi, Li-Jun Yang, and 
Westley H. Reeves  .....................................................................................................................................................  1280 

 Sjogren’s Syndrome 
 Genome-Wide Association Analysis Reveals Genetic Heterogeneity of Sjögren’s Syndrome According to Ancestry 

 Kimberly E. Taylor, Quenna Wong, David M. Levine, Caitlin McHugh, Cathy Laurie, Kimberly Doheny, 
Mi Y. Lam, Alan N. Baer, Stephen Challacombe, Hector Lanfranchi, Morten Schødt, M. Srinivasan, 
Hisanori Umehara, Frederick B. Vivino, Yan Zhao, Stephen C. Shiboski, Troy E. Daniels, John S. Green, 
Caroline H. Shiboski, and Lindsey A. Criswell   ......................................................................................................  1294 

 Systemic Sclerosis 
 Brief Report: Anti–RNPC-3 Antibodies As a Marker of Cancer-Associated Scleroderma 

 Ami A. Shah, George Xu, Antony Rosen, Laura K. Hummers, Fredrick M. Wigley, Stephen J. Elledge, and 
Livia Casciola-Rosen   ..............................................................................................................................................  1306 

 Autoimmune Disease 
 Enhanced Bruton’s Tyrosine Kinase Activity in Peripheral Blood B Lymphocytes From Patients With 
Autoimmune Disease 

 Odilia BJ. Corneth, Gwenny MP. Verstappen, Sandra M. J. Paulissen, Marjolein J. W. de Bruijn, Jasper Rip, 
Melanie Lukkes, Jan Piet van Hamburg, Erik Lubberts, Hendrika Bootsma, Frans G. M. Kroese, and 
Rudi W. Hendriks  .....................................................................................................................................................  1313 

 Clinical Images 
 Clinical Images: Progressive Noninfectious Anterior Vertebral Fusion (Copenhagen Syndrome) in a 
15-Year-Old Boy 

 Clément Prati, Jean Langlais, Sébastien Aubry, Benoit Barbier Brion, and Daniel Wendling   .............................  1324 
 Autoinflammatory Disease 

 Cerebrospinal Fluid Cytokines Correlate With Aseptic Meningitis and Blood–Brain Barrier Function 
in Neonatal-Onset Multisystem Inflammatory Disease: Central Nervous System Biomarkers in 
Neonatal-Onset Multisystem Inflammatory Disease Correlate With Central Nervous System Inflammation 

 Jackeline Rodriguez-Smith, Yen-Chih Lin, Wanxia Li Tsai, Hanna Kim, Gina Montealegre-Sanchez, 
Dawn Chapelle, Yan Huang, Cailin H. Sibley, Massimo Gadina, Robert Wesley, Bibiana Bielekova, and 
Raphaela Goldbach-Mansky   ..................................................................................................................................  1325 

 Concise Communication 
 Analysis of ATP8 B4F436L Missense Variant in a Large Systemic Sclerosis Cohort 

 Elena López-Isac, Lara Bossini-Castillo, Ana B. Palma, Shervin Assassi, Maureen D. Mayes, 
Carmen P. Simeón, Norberto Ortego-Centeno, Esther Vicente, Carlos Tolosa, Manuel Rubio-Rivas, 
José A. Román-Ivorra, Lorenzo Beretta, Gianluca Moroncini, Nicolas Hunzelmann, Jörg H. W. Distler, 
Gabriella Riemekasten, Jeska de Vries-Bouwstra, Alexandre E. Voskuyl, Timothy R. D. J. Radstake, 
Ariane Herrick, Christopher P. Denton, Carmen Fonseca, and Javier Martn   .......................................................  1337 

 Letters 
 Could γδ T Cells Explain Adverse Effects of Zoledronic Acid? Comment on the Article by Reinhardt et al 

 Cristian Caimmi, Maurizio Rossini, Ombretta Viapiana, Luca Idolazzi, Giovanni Adami, and 
Davide Gatti   ............................................................................................................................................................  1339 

 Reply 
 Annika Reinhardt and Immo Prinz   ........................................................................................................................  1339 

 American College of Rheumatology/European League Against Rheumatism Sjögren’s Syndrome Classification 
Criteria May Not Be Adequate for Extraglandular Disease and Necessitate Defining “Seronegative Sjögren’s 
Syndrome”: Comment on the Article by Shiboski et al 

 Mehmet E. Tezcan, Hamit Kucuk, and Berna Goker  ............................................................................................  1341 
 Reply 

 Claudio Vitali, Hal Scofield, Stephen C. Shiboski, Lindsey A. Criswell, Thomas M. Lietman, 
Raphale Seror, Marc Labetoulle, Xavier Mariette, Astrid Rasmussen, Simon J. Bowman, and 
Caroline H. Shiboski   ...............................................................................................................................................  1342 



2425

VOLUME 69 JULY 2017 NO. 7

 In This Issue  ..........................................................................................................................................................   A15 
 Clinical Connections  .............................................................................................................................................   A17 
 Special Articles 

 Editorial: Arthritis Pain: Moving Between Early- and Late-Stage Disease 
 David A. Walsh   .......................................................................................................................................................  1343 

 Editorial: Rituximab in the Treatment of Sjögren’s Syndrome: Is It the Right or Wrong Drug? 
 Hendrika Bootsma, Frans G. M. Kroese, and Arjan Vissink   ................................................................................  1346 

 Review: Extracellular Vesicles in Joint Inflammation 
 Andrew D. Foers, Lesley Cheng, Andrew F. Hill, Ian P. Wicks, and Ken C. Pang   ................................................  1350 

 Review: Interventions for Cartilage Disease: Current State-of-the-Art and Emerging Technologies 
 Luiz Felipe Ambra, Laura de Girolamo, Brian Mosier, and Andreas H. Gomoll   ...............................................  1363 

 Rheumatoid Arthritis 
 Implementation of Treat-to-Target in Rheumatoid Arthritis Through a Learning Collaborative: Results 
of a Randomized Controlled Trial 

 Daniel H. Solomon, Elena Losina, Bing Lu, Agnes Zak, Cassandra Corrigan, Sara B. Lee, Jenifer Agosti, 
Asaf Bitton, Leslie R. Harrold, Theodore Pincus, Helga Radner, Zhi Yu, Josef S. Smolen, Liana Fraenkel, 
and Jeffrey N. Katz   ..................................................................................................................................................  1374 

 Brief Report: Anti–Carbamylated Protein Antibodies in Rheumatoid Arthritis Patients Are Reactive With 
Specific Epitopes of the Human Fibrinogen   β-Chain

 Jonathan D. Jones, B. JoNell Hamilton, and William FC. Rigby  .........................................................................  1381 
 Antibodies to Cyclic Citrullinated Peptides in Patients With Juvenile Idiopathic Arthritis and Patients With 
Rheumatoid Arthritis: Shared Expression of the Inherently Autoreactive 9G4 Idiotype 

 Hannah Peckham, Geraldine Cambridge, Lauren Bourke, Debajit Sen, Anna Radziszewska, Maria Leandro, 
and Yiannis Ioannou   ..............................................................................................................................................  1387 

 Osteoarthritis 
 Regional Differences Between Perisynovial and Infrapatellar Adipose Tissue Depots and Their Response to 
Class II and Class III Obesity in Patients With Osteoarthritis 

 Natalia S. Harasymowicz, Nick D. Clement, Asim Azfer, Richard Burnett, Donald M. Salter, and 
A. Hamish WR. Simpson   .......................................................................................................................................  1396 

 Effects of Treadmill Exercise on Advanced Osteoarthritis Pain in Rats 
 Joshua Allen, Ian Imbert, Joshua Havelin, Terry Henderson, Glenn Stevenson, Lucy Liaw, and 
Tamara King   ............................................................................................................................................................  1407 

 Regulated in Development and DNA Damage Response 1 Deficiency Impairs Autophagy and 
Mitochondrial Biogenesis in Articular Cartilage and Increases the Severity of Experimental Osteoarthritis 

 Oscar Alvarez-Garcia, Tokio Matsuzaki, Merissa Olmer, Lars Plate, Jeffery W. Kelly, and 
Martin K. Lotz   .........................................................................................................................................................  1418 

 Chemogenetic Inhibition of Pain Neurons in a Mouse Model of Osteoarthritis 
 Rachel E. Miller, Shingo Ishihara, Bula Bhattacharyya, Ada Delaney, Daniela M. Menichella, 
Richard J. Miller, and Anne-Marie Malfait   ............................................................................................................  1429 

 Sjögren’s Syndrome 
 Randomized Controlled Trial of Rituximab and Cost-Effectiveness Analysis in Treating Fatigue and 
Oral Dryness in Primary Sjögren’s Syndrome 

 Simon J. Bowman, Colin C. Everett, John L. O’Dwyer, Paul Emery, Costantino Pitzalis, Wan-Fai Ng, 
Colin T. Pease, Elizabeth J. Price, Nurhan Sutcliffe, Nagui S. T. Gendi, Frances C. Hall, 
Sharon P. Ruddock, Catherine Fernandez, Catherine Reynolds, Claire T. Hulme, Kevin A. Davies, 
Christopher J. Edwards, Peter C. Lanyon, Robert J. Moots, Euthalia Roussou, Ian P. Giles,
 Linda D. Sharples, and Michele Bombardieri   ......................................................................................................  1440 

 Systemic Sclerosis 
 Mycophenolate Mofetil Versus Placebo for Systemic Sclerosis–Related Interstitial Lung Disease: An 
Analysis of Scleroderma Lung Studies I and II 

 Elizabeth R. Volkmann, Donald P. Tashkin, Ning Li, Michael D. Roth, Dinesh Khanna, 
Anna-Maria Hoffmann-Vold, Grace Kim, Jonathan Goldin, Philip J. Clements, Daniel E. Furst, 
and Robert M. Elashoff   ..........................................................................................................................................  1451 

 Clinical Images 
 Clinical Images: Black Esophagus in Antiphospholipid Syndrome 

 Amrita Padda, Amar Mandalia, and Amr H. Sawalha  ..........................................................................................  1460 



2426

 Gout 
 Population-Specific Resequencing Associates the ATP-Binding Cassette Subfamily C Member 4 Gene 
With Gout in New Zealand M aori and Pacific Men 

 Callum Tanner, James Boocock, Eli A. Stahl, Amanda Dobbyn, Asim K. Mandal, Murray Cadzow, 
Amanda J. Phipps-Green, Ruth K. Topless, Jennie Harré Hindmarsh, Lisa K. Stamp, Nicola Dalbeth, 
Hyon K. Choi, David B. Mount, and Tony R. Merriman   ......................................................................................  1461 

 Pediatric Rheumatology 
 Early Outcomes in Children With Antineutrophil Cytoplasmic Antibody–Associated Vasculitis 

 Kimberly A. Morishita, Lakshmi N. Moorthy, Joanna M. Lubieniecka, Marinka Twilt, Rae SM. Yeung, 
Mary B. Toth, Susan Shenoi, Goran Ristic, Susan M. Nielsen, Raashid A. Luqmani, Suzanne C. Li, 
Tzielan Lee, Erica F. Lawson, Mikhail M. Kostik, Marisa Klein-Gitelman, Adam M. Huber, 
Aimee O. Hersh, Dirk Foell, Melissa E. Elder, Barbara A. Eberhard, Paul Dancey, Sirirat Charuvanij, 
Susanne M. Benseler, and David A. Cabral, for the ARChiVe Investigators Network within the PedVas 
Initiative  ...................................................................................................................................................................  1470 

 Proinflammatory Cytokine Environments Can Drive Interleukin-17 Overexpression by γδT Cells in 
Systemic Juvenile Idiopathic Arthritis 

 Christoph Kessel, Katrin Lippitz, Toni Weinhage, Claas Hinze, Helmut Wittkowski, Dirk Holzinger, 
Ndate Fall, Alexei A. Grom, Niklas Gruen, and Dirk Foell   ..................................................................................  1480 

 Autoimmune Disease 
 Brief Report: Blockade of TANK-Binding Kinase 1/IKKε Inhibits Mutant Stimulator of Interferon 
Genes (STING)–Mediated Inflammatory Responses in Human Peripheral Blood Mononuclear Cells 

 Marie-Louise Frémond, Carolina Uggenti, Lien Van Eyck, Isabelle Melki, Vincent Bondet, 
Naoki Kitabayashi, Christina Hertel, Adrian Hayday, Bénédicte Neven, Yoann Rose, Darragh Duffy, 
Yanick J. Crow, and Mathieu P. Rodero   .................................................................................................................  1495 

 Concise Communication 
 American College of Rheumatology Criteria for Systemic Lupus Erythematosus Exclude Half of All 
Systemic Lupus Erythematosus Patients 

 Linjia Jia, Alana B. Levine, and Michael D. Lockshin  ..........................................................................................  1502 
 Letters 

 Abatacept as Adjunctive Therapy for the Treatment of Giant Cell Arteritis: Comment on the Article by 
Langford et al 

 Hubert de Boysson and Achille Aouba   ..................................................................................................................  1504 
 Personalized Biologic Therapy for Large Vessel Vasculitis: Comment on the Articles by Langford et al 

 Sergey Moiseev, Pavel Novikov, and Ilya Smitienko   ..............................................................................................  1504 
 Reply 

 Carol A. Langford, Jeffrey P. Krischer, and Peter A. Merkel, on behalf of the Vasculitis Clinical 
Research Consortium  ...............................................................................................................................................  1505 

 Rituximab and cγ Receptors in Granulomatosis With Polyangiitis (Wegener’s): Comment on the 
Article by Cartin-Ceba et al 

 Wolfgang Merkt, Hanns-Martin Lorenz, and Carsten Watzl   .................................................................................  1506 
 Reply 

 Brad H. Rovin, Dan Birmingham, Rodrigo Cartin-Ceba, Ulrich Specks, and John H. Stone   .............................  1507 
 Clinical Images 

 Clinical Images: Gouty Tophus as an Unusual Cause of Talus Fracture 
 Steven Thomson, Stefan Urbanski, and Paul MacMullan  .....................................................................................  1508 

VOLUME 69 AUGUST 2017 NO. 8

 In This Issue  ..........................................................................................................................................................   A15 
 Clinical Connections  .............................................................................................................................................   A17 
 Special Articles 

 Editorial: Is Rheumatoid Arthritis a Mortal Disease? 
 Johan Askling, Marie Holmqvist, and Lotta Ljung   ...............................................................................................  1509 

 Editorial: Tumor Necrosis Factor-Transgenic Mice: Close Enough to Human Epigenetics? 
 Ulf Müller-Ladner and Elena Neumann   ...............................................................................................................  1512 

 Editorial: Podocytes as Active Participants in Lupus Nephritis 
 Ian R. Rifkin and Ramon G. Bonegio   ...................................................................................................................  1517 



2427

 2017 American College of Rheumatology Guideline for the Prevention and Treatment of 
Glucocorticoid-Induced Osteoporosis 

 Lenore Buckley, Gordon Guyatt, Howard A. Fink, Michael Cannon, Jennifer Grossman, 
Karen E. Hansen, Mary Beth Humphrey, Nancy E. Lane, Marina Magrey, Marc Miller, Lake Morrison, 
Madhumathi Rao, Angela Byun Robinson, Sumona Saha, Susan Wolver, Raveendhara R. Bannuru, 
Elizaveta Vaysbrot, Mikala Osani, Marat Turgunbaev, Amy S. Miller, and Timothy McAlindon   ........................  1521 

 2017 American College of Rheumatology/American Association of Hip and Knee Surgeons Guideline for 
the Perioperative Management of Antirheumatic Medication in Patients With Rheumatic Diseases 
Undergoing Elective Total Hip or Total Knee Arthroplasty 

 Susan M. Goodman, Bryan Springer, Gordon Guyatt, Matthew P. Abdel, Vinod Dasa, Michael George, 
Ora Gewurz-Singer, Jon T. Giles, Beverly Johnson, Steve Lee, Lisa A. Mandl, Michael A. Mont, 
Peter Sculco, Scott Sporer, Louis Stryker, Marat Turgunbaev, Barry Brause, Antonia F. Chen, 
Jeremy Gililland, Mark Goodman, Arlene Hurley-Rosenblatt, Kyriakos Kirou, Elena Losina, 
Ronald MacKenzie, Kaleb Michaud, Ted Mikuls, Linda Russell, Alexander Sah, Amy S. Miller, 
Jasvinder A. Singh, and Adolph Yates   ....................................................................................................................  1538 

 New Perspectives in Rheumatology: May You Live in Interesting Times: Challenges and Opportunities 
in Lupus Research 

 Iñaki Sanz  ................................................................................................................................................................  1552 
 Rheumatoid Arthritis 

 Brief Report: Rheumatoid Arthritis as the Underlying Cause of Death in Thirty-One Countries, 
1987–2011: Trend Analysis of World Health Organization Mortality Database 

 Aliasghar A. Kiadaliri, David T. Felson, Tuhina Neogi, and Martin Englund   ......................................................  1560 
 Twenty-Year Outcome and Association Between Early Treatment and Mortality and Disability in an 
Inception Cohort of Patients With Rheumatoid Arthritis: Results From the Norfolk Arthritis Register 

 James M. Gwinnutt, Deborah P. M. Symmons, Alexander J. MacGregor, Jacqueline R. Chipping, 
Tarnya Marshall, Mark Lunt, and Suzanne MM. Verstappen   ...............................................................................  1566 

 Brief Report: Genetic Variation of the   α 1 -Antitrypsin Gene Is Associated With Increased Autoantibody 
Production in Rheumatoid Arthritis 

 Cormac McCarthy, Carl Orr, Laura T. Fee, Tomas P. Carroll, Danielle M. Dunlea, David J. L. Hunt, 
Eimear Dunne, Paul O’Connell, Geraldine McCarthy, Dermot Kenny, Ursula Fearon, 
Douglas J. Veale, Emer P. Reeves, and Noel G. McElvaney   ..................................................................................  1576 

 Early Changes of the Cortical Micro-Channel System in the Bare Area of the Joints of Patients With 
Rheumatoid Arthritis 

 David Werner, David Simon, Matthias Englbrecht, Fabian Stemmler, Christoph Simon, 
Andreas Berlin, Judith Haschka, Nina Renner, Thomas Buder, Klaus Engelke, Axel J. Hueber, 
Jürgen Rech, Georg Schett, and Arnd Kleyer   .........................................................................................................  1580 

 Genomic Responses of Mouse Synovial Fibroblasts During Tumor Necrosis Factor–Driven Arthritogenesis 
Greatly Mimic Those in Human Rheumatoid Arthritis 

 Evangelos Ntougkos, Panagiotis Chouvardas, Fani Roumelioti, Caroline Ospelt, Mojca Frank-Bertoncelj, 
Andrew Filer, Christopher D. Buckley, Steffen Gay, Christoforos Nikolaou, and George Kollias   .......................  1588 

 Osteoarthritis 
 Matriptase Induction of Metalloproteinase-Dependent Aggrecanolysis In Vitro and In Vivo: Promotion of 
Osteoarthritic Cartilage Damage by Multiple Mechanisms 

 David J. Wilkinson, Angela Habgood, Heather K. Lamb, Paul Thompson, Alastair R. Hawkins, 
Antoine Désilets, Richard Leduc, Torsten Steinmetzer, Maya Hammami, Melody S. Lee, Charles 
S. Craik, Sharon Watson, Hua Lin, Jennifer M. Milner, and Andrew D. Rowan  ..................................................  1601 

 Systemic Lupus Erythematosus 
 A Prospective Study of the Impact of Current Poverty, History of Poverty, and Exiting Poverty on 
Accumulation of Disease Damage in Systemic Lupus Erythematosus 

 Edward Yelin, Laura Trupin, and Jinoos Yazdany   .................................................................................................  1612 
 Bone Marrow–Derived Mesenchymal Stem Cells From Patients With Systemic Lupus Erythematosus 
Have a Senescence–Associated Secretory Phenotype Mediated by a Mitochondrial Antiviral Signaling 
Protein–Interferon-βFeedback Loop 

 Lin Gao, Anna K. Bird, Nida Meednu, Kristin Dauenhauer, Jane Liesveld, Jennifer Anolik, and 
R. John Looney  ........................................................................................................................................................  1623 

 Podocyte Activation of NLRP3 Inflammasomes Contributes to the Development of Proteinuria in 
Lupus Nephritis 

 Rong Fu, Chaohuan Guo, Shuang Wang, Yuefang Huang, Ou Jin, Haoqiang Hu, Jingxian Chen, 
Bihua Xu, Mianjing Zhou, Jijun Zhao, Sun-sang J. Sung, Hongyang Wang, Felicia Gaskin, 
Niansheng Yang, and Shu Man Fu   .........................................................................................................................  1636 



2428

 Haploinsufficiency of NADPH Oxidase Subunit Neutrophil Cytosolic Factor 2 Is Sufficient to Accelerate 
Full-Blown Lupus in NZM 2328 Mice 

 Chaim O. Jacob, Ning Yu, Dae-Goon Yoo, Lizet J. Perez-Zapata, Emilia Alina Barbu, 
Mariana J. Kaplan, Monica Purmalek, Jeanette T. Pingel, Rachel A. Idol, and Mary C. Dinauer  ......................  1647 

 Clinical Images 
 Clinical Images: Chronic Nonbacterial Osteomyelitis 

 Yusuke Takeuchi, Kosaku Murakami, Nobuo Kuramoto, Ran Nakashima, Motomu Hashimoto, 
Yoshitaka Imura, Hajime Yoshifuji, Koichiro Ohmura, and Tsuneyo Mimori   .....................................................  1660 

 Systemic Sclerosis 
 The Therapeutic Efficacy of Botulinum Toxin in Treating Scleroderma-Associated Raynaud’s Phenomenon: 
A Randomized, Double-Blind, Placebo-Controlled Clinical Trial 

 Ricardo J. Bello, Carisa M. Cooney, Eitan Melamed, Keith Follmar, Gayane Yenokyan, 
Gwendolyn Leatherman, Ami A. Shah, Fredrick M. Wigley, Laura K. Hummers, and Scott D. Lifchez  ............  1661 

 Short-Term Pulmonary Function Trends Are Predictive of Mortality in Interstitial Lung Disease 
Associated With Systemic Sclerosis 

 Nicole S. Goh, Rachel K. Hoyles, Christopher P. Denton, David M. Hansell, Elisabetta A. Renzoni, 
Toby M. Maher, Andrew G. Nicholson, and Athol U. Wells   ..................................................................................  1670 

 Autoinflammatory Disease 
 Open-Label, Phase II Study to Assess the Efficacy and Safety of Canakinumab Treatment in Active 
Hyperimmunoglobulinemia D With Periodic Fever Syndrome 

 Juan I. Arostegui, Jordi Anton, Inmaculada Calvo, Angel Robles, Estibaliz Iglesias, 
Berta López-Montesinos, Romain Banchereau, Seunghee Hong, Yolandi Joubert, Guido Junge, 
Virginia Pascual, and Jordi Yague   ..........................................................................................................................  1679 

 Screening of 181 Patients With Antibody Deficiency for Deficiency of Adenosine Deaminase 2 Sheds 
New Light on the Disease in Adulthood 

 Johanna Schepp, Michele Proietti, Natalie Frede, Mary Buchta, Katrin Hübscher, Jessica Rojas Restrepo, 
Sigune Goldacker, Klaus Warnatz, Jana Pachlopnik Schmid, Andrea Duppenthaler, Vassilios Lougaris, 
Ignacio Uriarte, Susan Kelly, Michael Hershfield, and Bodo Grimbacher   ...........................................................  1689 

 Letters 
 Corrected Estimates for the Prevalence of Self-Reported Doctor-Diagnosed Arthritis Among US Adults: 
Comment on the Article by Hootman et al 

 S. Reza Jafarzadeh and David T. Felson   ................................................................................................................  1701 
 Reply 

 Jennifer M. Hootman and Charles G. Helmick   .....................................................................................................  1702 
 Are Murine Fibroblasts Responsible for Fibrosis Reversion? Comment on the Article by Luchetti et al 

 Pauline Henrot, Marie-Elise Truchetet, and Muriel Cario-Andre   .........................................................................  1703 
 Reply 

 Michele M. Luchetti, Gianluca Moroncini, Silvia Svegliati, Fernado Larcher, Enrico V. Avvedimento, 
and Armando Gabrielli   ..........................................................................................................................................  1703 

 Conclusions From a Meta-Analysis: Oversimplification or Warranting Critical Analysis? Comment on 
the Article by Tektonidou et al 

 Smita Pattanaik   .......................................................................................................................................................  1704 
 Reply 

 Michael M. Ward, Abhijit Dasgupta, and Maria Tektonidou   ................................................................................  1705 
 Clinical Images 

 Clinical Images: Nonradiographic Axial Spondyloarthritis With Sacroiliitis Detected by Tomosynthesis 
 Kurisu Tada, Michihiro Ogasawara, Hisashi Inoue, Ken Yamaji, Shigeto Kobayashi, and Naoto Tamura   ........  1706 

 ACR Announcements  ............................................................................................................................................   A20 

VOLUME 69 SEPTEMBER 2017 NO. 9

 In This Issue  ..........................................................................................................................................................   A17 
 Clinical Connections  .............................................................................................................................................   A19 
 Special Articles 

 Editorial: The Effect of Ethnicity on Cardiovascular Outcomes in Systemic Lupus Erythematosus Is Perhaps 
Not a Paradox 

 Janet E. Pope, Michael H. Weisman, and Christopher Sjöwall   .............................................................................  1707 



2429

 Emerging Treatment Models in Rheumatology: Antiphospholipid Syndrome and Pregnancy: Pathogenesis 
to Translation 

 Vikki M. Abrahams, Lawrence W. Chamley, and Jane E. Salmon   .......................................................................  1710 
 Emerging Treatment Models in Rheumatology: IgG4-Related Disease: Insights Into Human Immunology 
and Targeted Therapies 

 Cory A. Perugino, Hamid Mattoo, Vinay S. Mahajan, Takashi Maehara, Zachary S. Wallace, Shiv Pillai, 
and John H. Stone   ..................................................................................................................................................  1722 

 Rheumatoid Arthritis 
 Changing Trends in Opioid Use Among Patients With Rheumatoid Arthritis in the United States 

 Jeffrey R. Curtis, Fenglong Xie, Christian Smith, Kenneth G. Saag, Lang Chen, Timothy Beukelman, 
Melissa Mannion, Huifeng Yun, and Stefan Kertesz   ..............................................................................................  1733 

 Effects of Teriparatide on Joint Erosions in Rheumatoid Arthritis: A Randomized Controlled Trial 
 D. H. Solomon, J. Kay, J. Duryea, B. Lu, M. B. Bolster, R. A. Yood, R. Han, S. Ball, C. Coleman, E. Lo, 
A. Wohlfahrt, M. Sury, M. Yin, Z. Yu, A. Zak, and E. M. Gravallese   ..................................................................  1741 

 Transaminase Levels and Hepatic Events During Tocilizumab Treatment: Pooled Analysis of Long-Term 
Clinical Trial Safety Data in Rheumatoid Arthritis 

 Mark C. Genovese, Joel M. Kremer, Ronald F. van Vollenhoven, Rieke Alten, Juan Jose Scali, 
Ariella Kelman, Sophie Dimonaco, and Laura Brockwell   ....................................................................................  1751 

 Association of Increased F4/80 high  Macrophages With Suppression of Serum-Transfer Arthritis in Mice 
With Reduced FLIP in Myeloid Cells 

 Qi-Quan Huang, Robert Birkett, Renee E. Doyle, G. Kenneth Haines, Harris Perlman, Bo Shi, 
Philip Homan, Lianping Xing, and Richard M. Pope   ...........................................................................................  1762 

 Osteoarthritis 
 Conditional Macrophage Depletion Increases Inflammation and Does Not Inhibit the Development of 
Osteoarthritis in Obese Macrophage Fas-Induced Apoptosis–Transgenic Mice 

 Chia-Lung Wu, Jenna McNeill, Kelsey Goon, Dianne Little, Kelly Kimmerling, Janet Huebner, 
Virginia Kraus, and Farshid Guilak   .......................................................................................................................  1772 

 Exacerbation of Aging-Associated and Instability-Induced Murine Osteoarthritis With Deletion of D 
Prostanoid Receptor 1, a Prostaglandin D 2  Receptor 

 Yassine Ouhaddi, Sarah-Salwa Nebbaki, Lauris Habouri, Hassan Afif, Bertrand Lussier, Mohit Kapoor, 
Shuh Narumiya, Jean-Pierre Pelletier, Johanne Martel-Pelletier, Mohamed Benderdour, and Hassan Fahmi   ....  1784 

 Clinical Images 
 Sarcoid Myofasciitis 

 Ryo Rokutanda, Yutaka Tomishima, and Masato Okada   ....................................................................................  1795 
 Spondyloarthritis 

 Macrophage Migration Inhibitory Factor Induces Inflammation and Predicts Spinal Progression in 
Ankylosing Spondylitis 

 Vidya Ranganathan, Francesco Ciccia, Fanxing Zeng, Ismail Sari, Guiliana Guggino, 
Janogini Muralitharan, Eric Gracey, and Nigil Haroon   ........................................................................................  1796 

 Role of Gut Inflammation in Altering the Monocyte Compartment and Its Osteoclastogenic Potential 
in HLA–B27–Transgenic Rats 

 Cecilia Ansalone, Lotta Utriainen, Simon Milling, and Carl S. Goodyear   ..........................................................  1807 
 Brief Report: Group 3 Innate Lymphoid Cells in Human Enthesis 

 Richard J. Cuthbert, Evangelos M. Fragkakis, Robert Dunsmuir, Zhi Li, Mark Coles, 
Helena Marzo-Ortega, Peter V. Giannoudis, Elena Jones, Yasser M. El-Sherbiny, and Dennis McGonagle   .......  1816 

 Systemic Lupus Erythematosus 
 Race/Ethnicity and Cardiovascular Events Among Patients With Systemic Lupus Erythematosus 

 Medha Barbhaiya, Candace H. Feldman, Hongshu Guan, Jose A. Gómez-Puerta, Michael A. Fischer, 
Daniel H. Solomon, Brendan Everett, and Karen H. Costenbader   ......................................................................  1823 

 Brief Report: Deficiency of Complement 1r Subcomponent in Early-Onset Systemic Lupus Erythematosus: 
The Role of Disease-Modifying Alleles in a Monogenic Disease 

 Erkan Demirkaya, Qing Zhou, Carolyne K. Smith, Michael J. Ombrello, Natalie Deuitch, 
Wanxia L. Tsai, Patrycja Hoffmann, Elaine F. Remmers, Masaki Takeuchi, Yong Hwan Park,
 JaeJin Chae, Kenan Barut, Dogan Simsek, Amra Adrovic, Sezgin Sahin, Salim Caliskan, 
Settara C. Chandrasekharappa, Sarfaraz A. Hasni, Amanda K. Ombrello, Massimo Gadina, 
Daniel L. Kastner, Mariana J. Kaplan, Ozgur Kasapcopur, and Ivona Aksentijevich   ..........................................  1832 

 Enhanced Inflammasome Activity in Systemic Lupus Erythematosus Is Mediated via Type I 
Interferon–Induced Up-Regulation of Interferon Regulatory Factor 1 

 Jianhua Liu, Celine C. Berthier, and J. Michelle Kahlenberg   ................................................................................  1840 



2430

 Sjögren’s Syndrome 
 Attenuation of Follicular Helper T Cell-Dependent B Cell Hyperactivity by Abatacept Treatment in 
Primary Sjögren’s Syndrome 

 Gwenny M. Verstappen, Petra M. Meiners, Odilia BJ. Corneth, Annie Visser, Suzanne Arends, 
Wayel H. Abdulahad, Rudi W. Hendriks, Arjan Vissink, Frans GM. Kroese, and Hendrika Bootsma   ...............  1850 

 Vasculitis 
 Characteristics and Management of IgA Vasculitis (Henoch-Schönlein) in Adults: Data From 260 Patients 
Included in a French Multicenter Retrospective Survey 

 Alexandra Audemard-Verger, Benjamin Terrier, Agnés Dechartres, Johan Chanal, Zahir Amoura, 
Noémie Le Gouellec, Patrice Cacoub, Noémie Jourde-Chiche, Geoffrey Urbanski, Jean-François Augusto, 
Guillaume Moulis, Loic Raffray, Alban Deroux, Aurélie Hummel, Bertrand Lioger, Mélanie Catroux, 
Stanislas Faguer, Julie Goutte, Nihal Martis, François Maurier, Etienne Riviére, Sébastien Sanges, 
Aurelie Baldolli, Nathalie Costedoat-Chalumeau, Mélanie Roriz, Xavier Puéchal, Marc André, 
Christian Lavigne, Boris Bienvenu, Arséne Mekinian, Elie Zagdoun, Charlotte Girard, Alice Bérezné, 
Loïc Guillevin, Eric Thervet, and Evangéline Pillebout, on behalf of the French Vasculitis Study Group   ..........  1862 

 Systemic Sclerosis 
 CCL2 in the Circulation Predicts Long-Term Progression of Interstitial Lung Disease in Patients With 
Early Systemic Sclerosis: Data From Two Independent Cohorts 

 Minghua Wu, Murray Baron, Claudia Pedroza, Gloria A. Salazar, Jun Ying, Julio Charles, 
Sandeep K. Agarwal, Marie Hudson, Janet Pope, Xiaodong Zhou, John D. Reveille, Marvin J. Fritzler, 
Maureen D. Mayes, and Shervin Assassi   ................................................................................................................  1871 

 Contribution of Soluble Forms of Programmed Death 1 and Programmed Death Ligand 2 to Disease 
Severity and Progression in Systemic Sclerosis 

 Takemichi Fukasawa, Ayumi Yoshizaki, Satoshi Ebata, Kouki Nakamura, Ryosuke Saigusa, Syunsuke Miura, 
Takashi Yamashita, Megumi Hirabayashi, Yohei Ichimura, Takashi Taniguchi, Yoshihide Asano,
 Hisashi Shimizu, Yutaka Kazoe, Kazuma Mawatari, Takehiko Kitamori, and Shinichi Sato   ............................  1879 

 Association of MicroRNA-618 Expression With Altered Frequency and Activation of Plasmacytoid Dendritic 
Cells in Patients With Systemic Sclerosis 

 Marzia Rossato, Alsya J. Affandi, Soley Thordardottir, Catharina G. K. Wichers, Marta Cossu, 
Jasper C. A. Broen, Frederique M. Moret, Lara Bossini-Castillo, Eleni Chouri, Lenny van Bon, 
Femke Wolters, Wioleta Marut, Maarten van der Kroef, Sandra Silva-Cardoso, Cornelis P. J. Bekker, 
Harry Dolstra, Jacob M. van Laar, Javier Martin, Joel A. G. van Roon, Kris A. Reedquist, Lorenzo Beretta, 
and Timothy R. D. J. Radstake   ...............................................................................................................................  1891 

 Gout 
 Lesinurad, a Selective Uric Acid Reabsorption Inhibitor, in Combination With Febuxostat in Patients 
With Tophaceous Gout: Findings of a Phase III Clinical Trial 

 Nicola Dalbeth, Graeme Jones, Robert Terkeltaub, Dinesh Khanna, Jeff Kopicko, Nihar Bhakta, 
Scott Adler, Maple Fung, Chris Storgard, Scott Baumgartner, and Fernando Perez-Ruiz   ....................................  1903 

 Letters 
 Important Issues Concerning the Double-Blind Study of Anakinra in Familial Mediterranean Fever: 
Comment on the Article by Ben-Zvi et al 

 Hasan Yazici   ............................................................................................................................................................  1914 
 Reply 

 Avi Livneh, Gil Harari, and Ilan Ben-Zvi   .............................................................................................................  1914 
 Understanding the Role of Antibodies as Markers of Cancer-Associated Systemic Sclerosis: Comment 
on the Article by Shah et al 

 David Bernal-Bello, Alfredo Guillén-del Castillo, Albert Selva-O’Callaghan, Vicent Fonollosa-Pla, 
Jaime García de Tena, and Carmen Pilar Simeón-Aznar   .....................................................................................  1914 

 Reply 
 Ami A. Shah, Antony Rosen, Laura K. Hummers, Fredrick M. Wigley, George Xu, Stephen J. Elledge, 
and Livia Casciola-Rosen   ......................................................................................................................................  1915 

 Clinical Images 
 Arteriovenous Fistula Steal Syndrome Causes Severe Tophaceous Gout 

 Jan Neumann, Susanne Kisban, Stephan Kemmner, Uwe Heemann, Philipp Moog, and 
Christoph Schmaderer   ............................................................................................................................................  1916 

 ACR Announcements  ............................................................................................................................................   A21 



2431

VOLUME 69 OCTOBER 2017 NO. 10

 In This Issue  ..........................................................................................................................................................   A11 
 Clinical Connections  .............................................................................................................................................   A13 
 Special Articles 

 Editorial: Herpes Zoster: Fear the Infection, Value the Solution 
 John J. Cush   ............................................................................................................................................................  1917 

 Editorial: Lupus, the Chameleon: Many Disguises Difficult to Capture 
 Susan Manzi and Joan Merrill .................................................................................................................................  1921 

 Review: Enhancers in Autoimmune Arthritis: Implications and Therapeutic Potential 
 Janneke GC. Peeters, Sebastiaan J. Vastert, Femke van Wijk, and Jorg van Loosdregt   .......................................  1925 

 Rheumatoid Arthritis 
 A Phase III Study Evaluating Continuation, Tapering, and Withdrawal of Certolizumab Pegol After One 
Year of Therapy in Patients With Early Rheumatoid Arthritis 

 Michael E. Weinblatt, Clifton O. Bingham III, Gerd-Rüdiger Burmester, Vivian P. Bykerk, 
Daniel E. Furst, Xavier Mariette, Désirée van der Heijde, Ronald van Vollenhoven, Brenda Vanunen, 
Cecile Ecoffet, Christopher Cioffi, and Paul Emery   ..............................................................................................  1937 

 Efficacy, Safety, Pharmacokinetics, and Pharmacodynamics of Filgotinib, a Selective JAK-1 Inhibitor, 
After Short-Term Treatment of Rheumatoid Arthritis: Results of Two Randomized Phase IIa Trials 

 Frédéric Vanhoutte, Minodora Mazur, Oleksandr Voloshyn, Mykola Stanislavchuk, Annegret Van der Aa, 
Florence Namour, René Galien, Luc Meuleners, and Gerben van’t Klooster   ......................................................  1949 

 Herpes Zoster and Tofacitinib: Clinical Outcomes and the Risk of Concomitant Therapy 
 Kevin L. Winthrop, Jeffrey R. Curtis, Stephen Lindsey, Yoshiya Tanaka, Kunihiro Yamaoka, 
Hernan Valdez, Tomohiro Hirose, Chudy I. Nduaka, Lisy Wang, Alan M. Mendelsohn, Haiyun Fan, 
Connie Chen, and Eustratios Bananis   ...................................................................................................................  1960 

 The Safety and Immunogenicity of Live Zoster Vaccination in Patients With Rheumatoid Arthritis 
Before Starting Tofacitinib: A Randomized Phase II Trial 

 Kevin L. Winthrop, Ann G. Wouters, Ernest H. Choy, Koshika Soma, Jennifer A. Hodge, 
Chudy I. Nduaka, Pinaki Biswas, Elie Needle, Sherry Passador, Christopher F. Mojcik, and 
William F. Rigby   ......................................................................................................................................................  1969 

 Osteoarthritis 
 Brief Report: Induction of Matrix Metalloproteinase Expression by Synovial Wnt Signaling and 
Association With Disease Progression in Early Symptomatic Osteoarthritis 

 Martijn Hvan den Bosch, Arjen B. Blom, Fons Avan de Loo, Marije I. Koenders, Floris P. Lafeber, 
Wim B. van den Berg, Peter M. van der Kraan, and Peter L. van Lent  .................................................................  1978 

 Spondyloarthritis 
 Intestinal Metabolites Are Profoundly Altered in the Context of HLA–B27 Expression and Functionally 
Modulate Disease in a Rat Model of Spondyloarthritis 

 Mark Asquith, Sean Davin, Patrick Stauffer, Claire Michell, Cathleen Janowitz, Phoebe Lin, 
Joe Ensign-Lewis, Jason M. Kinchen, Dennis R. Koop, and James T. Rosenbaum   .............................................  1984 

 Systemic Lupus Erythematosus 
 The Incidence and Prevalence of Systemic Lupus Erythematosus in San Francisco County, California: 
The California Lupus Surveillance Project 

 Maria Dall’Era, Miriam G. Cisternas, Kurt Snipes, Lisa J. Herrinton, Caroline Gordon, and 
Charles G. Helmick   ................................................................................................................................................  1996 

 The Incidence and Prevalence of Systemic Lupus Erythematosus in New York County (Manhattan), 
New York: The Manhattan Lupus Surveillance Program 

 Peter M. Izmirly, Isabella Wan, Sara Sahl, Jill P. Buyon, H. Michael Belmont, Jane E. Salmon, 
Anca Askanase, Joan M. Bathon, Laura Geraldino-Pardilla, Yousaf Ali, Ellen M. Ginzler, 
Chaim Putterman, Caroline Gordon, Charles G. Helmick, and Hilary Parton   ...................................................  2006 

 Plasmablasts With a Mucosal Phenotype Contribute to Plasmacytosis in Systemic Lupus Erythematosus 
 Henrik E. Mei, Stefanie Hahne, Andreas Redlin, Bimba F. Hoyer, Kaiyin Wu, Lisa Baganz, 
Anna R. Lisney, Tobias Alexander, Birgit Rudolph, and Thomas Dörner   ............................................................  2018 

 Peripheral Immunophenotyping Identifies Three Subgroups Based on T Cell Heterogeneity in Lupus Patients 
 Satoshi Kubo, Shingo Nakayamada, Maiko Yoshikawa, Yusuke Miyazaki, Kei Sakata, Kazuhisa Nakano, 
Kentaro Hanami, Shigeru Iwata, Ippei Miyagawa, Kazuyoshi Saito, and Yoshiya Tanaka   .................................  2029 



2432

 Sjögren’s Syndrome 
 Increased CCL25 and T Helper Cells Expressing CCR9 in the Salivary Glands of Patients With Primary 
Sjögren’s Syndrome: Potential New Axis in Lymphoid Neogenesis 

 Sofie LM. Blokland, Maarten R. Hillen, Aike A. Kruize, Stephan Meller, Bernhard Homey, 
Glennda M. Smithson, Timothy R. D. J. Radstake, and Joel A. G. van Roon   .....................................................  2038 

 Clinical Images 
 Carpal Tunnel Biopsy Identifying Transthyretin Amyloidosis 

 Taryn Youngstein, Janet A. Gilbertson, David F. Hutt, Mark R. E. Coyne, Tamer Rezk, Richa Manwani, 
Candida C. Quarta, Helen J. Lachmann, Julian D. Gillmore, Huw Beynon, Nicholas Goddard, and 
Philip N. Hawkins   ...................................................................................................................................................  2051 

 Antiphospholipid Syndrome 
 Major Histocompatibility Complex Class II Alleles Influence Induction of Pathogenic Antiphospholipid 
Antibodies in a Mouse Model of Thrombosis 

 Elizabeth Papalardo, Zurina Romay-Penabad, Rohan Willis, Premkumar Christadoss, 
Ana Laura Carrera-Marin, Elba Reyes-Maldonado, Rajani Rudrangi, Silvana Alfieri-Papalardo, 
Ethel Garcia-Latorre, Miri Blank, Silvia Pierangeli, Allan R. Brasier, and Emilio B. Gonzalez  .........................  2052 

 Systemic Sclerosis 
 Brief Report: Association of Elevated Adipsin Levels With Pulmonary Arterial Hypertension in 
Systemic Sclerosis 

 Benjamin D. Korman, Roberta Goncalves Marangoni, Monique Hinchcliff, Sanjiv J. Shah, 
Mary Carns, Aileen Hoffmann, Rosalind Ramsey-Goldman, and John Varga   ....................................................  2062 

 Vasculitis 
 Myeloperoxidase/HLA Class II Complexes Recognized by Autoantibodies in Microscopic Polyangiitis 

 Ryosuke Hiwa, Koichiro Ohmura, Noriko Arase, Hui Jin, Kouyuki Hirayasu, Masako Kohyama, 
Tadahiro Suenaga, Fumiji Saito, Chikashi Terao, Tatsuya Atsumi, Hirotsugu Iwatani, Tsuneyo Mimori, 
and Hisashi Arase   ...................................................................................................................................................  2069 

 Errata 
 Errors in the Format of the Global Pain Score (Visual Analog Scale) in the Article by Roman-Blas et al 
(Arthritis Rheumatol, January 2017) ........................................................................................................................ 2080 
Two NIH Grants Omitted From Grant Support Statement in the Article by Kalampokis et al 
(Arthritis Rheumatol, January 2017)  ....................................................................................................................... 2080 

 Autoinflammatory Disease 
 Musculoskeletal Disease in MDA5-Related Type I Interferonopathy: A Mendelian Mimic of Jaccoud’s 
Arthropathy 

 Luciana Martins de Carvalho, Gonza Ngoumou, Ji Woo Park, Nadja Ehmke, Nikolaus Deigendesch, 
Naoki Kitabayashi, Isabelle Melki, Flávio Falcäo L. Souza, Andreas Tzschach, Marcello H. 
Nogueira-Barbosa, Virgínia Ferriani, Paulo Louzada-Junior, Wilson Marques Jr., Charles M. Lourenço, 
Denise Horn, Tilmann Kallinich, Werner Stenzel, Sun Hur, Gillian I. Rice, and Yanick J. Crow  ........................  2081 

 Letters 
 Methodologic Questions Regarding Study of the Efficacy of Chondroitin Sulfate/Glucosamine Treatment 
of Knee Osteoarthritis: Comment on the Article by Roman-Blas et al 

 Maritza Quintero  ......................................................................................................................................................  2092 
 Reply 

 Jorge A. Roman-Blas, Olga Sánchez-Pernaute, Raquel Largo, and Gabriel Herrero-Beaumont   ........................  2093 
 Rituximab for Antineutrophil Cytoplasmic Antibody–Associated Vasculitis—Not Everything in the Garden 
Is Rosy: Comment on the Article by Cortazar et al 

 Pavel Novikov, Leonid Strizhakov, and Sergey Moiseev   ........................................................................................  2094 
 Reply 

 Frank B. Cortazar and John L. Niles  ......................................................................................................................  2095 
 Clinical Images 
 Livedoid Vasculopathy 

 Evangelia Zampeli and Haralampos M. Moutsopoulos   .......................................................................................  2096 
 ACR Announcements  ............................................................................................................................................   A16 



2433

VOLUME 69 OCTOBER SUPPLEMENT 2017 NO. 10

 Annual Scientific Meetings of the American College of Rheumatology and the Association of Rheumatology 
Health Professionals  .............................................................................................................................................  S1

VOLUME 69 NOVEMBER 2017 NO. 11

 In This Issue  ..........................................................................................................................................................  A17
 Clinical Connections  .............................................................................................................................................  A19
 Special Articles 

 Editorial: Response to the American College of Physicians Osteoporosis Guideline, 2017 Update 
 Liron Caplan, Karen E. Hansen, and Kenneth G. Saag  ........................................................................................  2097 

 Review: The Evolving Landscape for Complement Therapeutics in Rheumatic and Autoimmune Diseases  
 Joshua M. Thurman, Ashley Frazer-Abel, and V. Michael Holers  ..........................................................................  2102 

 Rheumatoid Arthritis 
 Synovial Immunophenotype and Anti–Citrullinated Peptide Antibodies in Rheumatoid Arthritis Patients:
Relationship to Treatment Response and Radiologic Prognosis 

 Carl Orr, Aurelie Najm, Monika Biniecka, Trudy McGarry, Chin-Teck Ng, Francis Young, Ursula Fearon, 
and Douglas J. Veale  ................................................................................................................................................  2114 

 Therapeutic Modulation of Plasmacytoid Dendritic Cells in Experimental Arthritis 
 Ramzi Nehmar, Ghada Alsaleh, Benjamin Voisin, Vincent Flacher, Alexandre Mariotte, Victoria Saferding, 
Antonia Puchner, Birgit Niederreiter, Thierry Vandamme, Gernot Schabbauer, Philippe Kastner, 
Susan Chan, Peggy Kirstetter, Martin Holcmann, Christopher Mueller, Jean Sibilia, Seiamak Bahram, 
Stephan Blüml, and Philippe Georgel  .....................................................................................................................  2124 

 Osteoarthritis 
 Varus Thrust and Incident and Progressive Knee Osteoarthritis 

 Leena Sharma, Alison H. Chang, Rebecca D. Jackson, Michael Nevitt, Kirsten C. Moisio, Marc Hochberg, 
Charles Eaton, C. Kent Kwoh, Orit Almagor, Jane Cauley, and Joan S. Chmiel  ..................................................  2136 

 Spondyloarthritis 
 Co-Occurrence and Characteristics of Patients With Axial Spondyloarthritis Who Meet Criteria for 
Fibromyalgia: Results From a UK National Register 

 Gary J. Macfarlane, Maxwell S. Barnish, Ejaz Pathan, Kathryn R. Martin, Kirstie L. Haywood, 
Stefan Siebert, Jonathan Packham, Fabiola Atzeni, and Gareth T. Jones  .............................................................  2144 

 Psoriatic Arthritis 
 Safety and Efficacy of Intravenous Golimumab in Patients With Active Psoriatic Arthritis: Results Through 
Week Twenty-Four of the GO-VIBRANT Study 

 Arthur Kavanaugh, M. Elaine Husni, Diane D. Harrison, Lilianne Kim, Kim Hung Lo, Jocelyn H. Leu, 
and Elizabeth C. Hsia  ..............................................................................................................................................  2151 

 Systemic Lupus Erythematosus 
 Association of Trauma and Posttraumatic Stress Disorder With Incident Systemic Lupus Erythematosus 
in a Longitudinal Cohort of Women 

 Andrea L. Roberts, Susan Malspeis, Laura D. Kubzansky, Candace H. Feldman, Shun-Chiao Chang, 
Karestan C. Koenen, and Karen H. Costenbader  ...................................................................................................  2162 

 Brief Report: Association of Natural Killer Cell Ligand Polymorphism  HLA –C Asn80Lys With the 
Development of Anti- SSA /Ro–Associated Congenital Heart Block 

 Hannah C. Ainsworth, Miranda C. Marion, Tiziana Bertero, Antonio Brucato, Rolando Cimaz, 
Nathalie Costedoat-Chalumeau, Micaela Fredi, Patrick Gaffney, Jennifer Kelly, Kateri Levesque, 
Alice Maltret, Nathalie Morel, Veronique Ramoni, Amelia Ruffatti, Carl D. Langefeld, Jill P. Buyon, 
and Robert M. Clancy  ..............................................................................................................................................  2170 

 Vasculitis 
 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 

 Xavier Puéchal, Christian Pagnoux, Gabriel Baron, Thomas Quémeneur, Antoine Néel, Christian Agard, 
François Lifermann, Eric Liozon, Marc Ruivard, Pascal Godmer, Nicolas Limal, Arsène Mékinian, 
Thomas Papo, Anne-Marie Ruppert, Anne Bourgarit, Boris Bienvenu, Loïck Geffray, Jean-Luc Saraux, 
Elisabeth Diot, Bruno Crestani, Xavier Delbrel, Laurent Sailler, Pascal Cohen, Véronique Le Guern, 
Benjamin Terrier, Matthieu Groh, Claire Le Jeunne, Luc Mouthon, Philippe Ravaud, and Loïc Guillevin, 
for the French Vasculitis Study Group  .....................................................................................................................  2175 



2434

 Sjögren’s Syndrome 
 Brief Report: Rare X Chromosome Abnormalities in Systemic Lupus Erythematosus and Sjögren’s Syndrome 

 Rohan Sharma, Valerie M. Harris, Joshua Cavett, Biji T. Kurien, Ke Liu, Kristi A. Koelsch, Anum Fayaaz, 
Kaustubh S. Chaudhari, Lida Radfar, David Lewis, Donald U. Stone, C. Erick Kaufman, Shibo Li, 
Barbara Segal, Daniel J. Wallace, Michael H. Weisman, Swamy Venuturupalli, Jennifer A. Kelly, 
Bernardo Pons-Estel, Roland Jonsson, Xianglan Lu, Jacques-Eric Gottenberg, Juan-Manuel Anaya, 
Deborah S. Cunninghame-Graham, Andrew J. W. Huang, Michael T. Brennan, Pamela Hughes, 
Ilias Alevizos, Corinne Miceli-Richard, Edward C. Keystone, Vivian P. Bykerk, Gideon Hirschfield, 
Gunnel Nordmark, Sara Magnusson Bucher, Per Eriksson, Roald Omdal, Nelson L. Rhodus, 
Maureen Rischmueller, Michael Rohrer, Marie Wahren-Herlenius, Torsten Witte, Marta Alarcón-Riquelme, 
Xavier Mariette, Christopher J. Lessard, John B. Harley, Wan-Fai Ng, Astrid Rasmussen, Kathy L. Sivils, 
and R. Hal Scofield  ..................................................................................................................................................  2187 

  NF -κB2 Controls the Migratory Activity of Memory T Cells by Regulating Expression of  CXCR 4 in 
a Mouse Model of Sjögren’s Syndrome 

 Mie Kurosawa, Rieko Arakaki, Akiko Yamada, Takaaki Tsunematsu, Yasusei Kudo, Jonathan Sprent, 
and Naozumi Ishimaru  ............................................................................................................................................  2193 

 Brief Report: Defective Early B Cell Tolerance Checkpoints in Sjögren’s Syndrome Patients 
 Salomé Glauzy, Joel Sng, Jason M. Bannock, Jacques-Eric Gottenberg, Anne-Sophie Korganow, 
Patrice Cacoub, David Saadoun, and Eric Meffre  .................................................................................................  2203 

 Clinical Images 
 Ochronotic Arthropathy 

 Kashif Jafri, Lianne S. Gensler, and Thomas M. Link  ...........................................................................................  2208 
 Systemic Sclerosis 

 Role of Stromelysin 2 (Matrix Metalloproteinase 10) as a Novel Mediator of Vascular Remodeling 
Underlying Pulmonary Hypertension Associated With Systemic Sclerosis  

 Jérôme Avouac, Christophe Guignabert, Anna Maria Hoffmann-Vold, Barbara Ruiz, Peter Dorfmuller, 
Sonia Pezet, Olivia Amar, Ly Tu, Jérôme Van Wassenhove, Jérémy Sadoine, David Launay, Muriel Elhai, 
Anne Cauvet, Arun Subramaniam, Robert Resnick, Eric Hachulla, Øyvind Molberg, André Kahan, 
Marc Humbert, and Yannick Allanore  ....................................................................................................................  2209 

 Pediatric Rheumatology 
 Genome-Wide Association Meta-Analysis Reveals Novel Juvenile Idiopathic Arthritis Susceptibility Loci  

 Laura A. McIntosh, Miranda C. Marion, Marc Sudman, Mary E. Comeau, Mara L. Becker, 
John F. Bohnsack, Tasha E. Fingerlin, Thomas A. Griffin, J. Peter Haas, Daniel J. Lovell, Lisa A. Maier, 
Peter A. Nigrovic, Sampath Prahalad, Marilynn Punaro, Carlos D. Rosé, Carol A. Wallace, Carol A. Wise, 
Halima Moncrieffe, Timothy D. Howard, Carl D. Langefeld, and Susan D. Thompson  .....................................  2222 

 Brief Report: Clinical and Molecular Phenotypes of Low-Penetrance Variants of   NLRP   3 : Diagnostic 
and Therapeutic Challenges 

 J. B. Kuemmerle-Deschner, D. Verma, T. Endres, L. Broderick, A. A. de Jesus, F. Hofer, N. Blank, 
K. Krause, C. Rietschel, G. Horneff, I. Aksentijevich, P. Lohse, R. Goldbach-Mansky, H. M. Hoffman, 
and S. M. Benseler  ...................................................................................................................................................  2233 

 Autoimmunity 
 Brief Report: De Novo Human Herpesvirus 8 Tumors Induced by Rituximab in Autoimmune or 
Inflammatory Systemic Diseases 

 Amandine Périer, Léa Savey, Anne-Geneviève Marcelin, Philippe Serve, David Saadoun, and 
Stéphane Barete  .......................................................................................................................................................  2241 

 Errata 
 Error in Spelling of Author Name in the Article by Fang et al (Arthritis Rheumatol, August 2016)    ................  2246 
 Error in Optimized Calcium Dosage Shown in Table 2 of the Article by Buckley et al 
(Arthritis Rheumatol, August 2017)    ......................................................................................................................... 2246  

 Letters 
 Rituximab Therapy and the Highly Polymorphic Fc Region of IgG: Comment on the Article by 
Cartin-Ceba et al 

 Janardan P. Pandey  ..................................................................................................................................................  2247 
 Reply 

 Brad H. Rovin, Dan Birmingham, Rodrigo Cartin-Ceba, Ulrich Specks, and John H. Stone  ..............................  2247 
 Muscle Ultrasonography Is a Potential Tool for Detecting Fasciitis in Dermatomyositis and Polymyositis: 
Comment on the Article by Yoshida et al 

 Kavish J. Bhansing, Marieke H. van Rosmalen, Baziel G. van Engelen, Piet L. van Riel, Sigrid Pillen, 
and Madelon C. Vonk  ..............................................................................................................................................  2248 



2435

 Reply 
 Ken Yoshida, Kentaro Noda, Taro Ukichi, Kazuhiro Furuya, and Daitaro Kurosaka  ..........................................  2249 

 Clinical Images 
 Progressive Linear Blaschkoid Lupus Erythematosus 

 Lucía Campos-Muñoz, Alejandro Fueyo-Casado, Alberto Conde-Taboada, Carmen Carranza-Romero, 
and Eduardo López-Bran  ........................................................................................................................................  2250 

ACR Announcements ............................................................................................................................................  A21

VOLUME 69 DECEMBER 2017 NO. 12

 In This Issue  ..........................................................................................................................................................  A17 
 Clinical Connections  .............................................................................................................................................  A19
 Special Articles 

 Editorial: Anti–Citrullinated Protein Antibody, Anti–Carbamylated Protein Antibody, and Rheumatoid 
Arthritis: Azurophilic Granules Sing the Blues   

 William F. C. Rigby, Sladjana Skopelja-Gardner, and Jonathan D. Jones  ............................................................  2251 
 Editorial: Clinical Trials in Raynaud's Phenomenon: A Spoonful of Sugar (Pill) Makes the Medicine Go Down 
(in Flames) 

 James R. Seibold and Fredrick M. Wigley  ...............................................................................................................  2256 
 Review: Metabolic Control of Immune System Activation in Rheumatic Diseases 

 Andras Perl  ...............................................................................................................................................................  2259 
 2017 European League Against Rheumatism/American College of Rheumatology Classification Criteria for 
Adult and Juvenile Idiopathic Inflammatory Myopathies and Their Major Subgroups   

 Ingrid E. Lundberg, Anna Tjärnlund, Matteo Bottai, Victoria P. Werth, Clarissa Pilkington, 
Marianne de Visser, Lars Alfredsson, Anthony A. Amato, Richard J. Barohn, Matthew H. Liang, 
Jasvinder A. Singh, Rohit Aggarwal, Snjolaug Arnardottir, Hector Chinoy, Robert G. Cooper, Katalin Dankó, 
Mazen M. Dimachkie, Brian M. Feldman, Ignacio Garcia-De La Torre, Patrick Gordon, Taichi Hayashi, 
James D. Katz, Hitoshi Kohsaka, Peter A. Lachenbruch, Bianca A. Lang, Yuhui Li, Chester V. Oddis, 
Marzena Olesinska, Ann M. Reed, Lidia Rutkowska-Sak, Helga Sanner, Albert Selva-O’Callaghan, 
Yeong-Wook Song, Jiri Vencovsky, Steven R. Ytterberg, Frederick W. Miller, Lisa G. Rider, and the 
International Myositis Classification Criteria Project Consortium, the Euromyositis Register, and the 
Juvenile Dermatomyositis Cohort Biomarker Study and Repository (UK and Ireland)  ........................................  2271 

 Rheumatoid Arthritis 
 Safety, Tolerability, and Pharmacodynamics of  ABT -122, a Tumor Necrosis Factor – and 
Interleukin-17–Targeted Dual Variable Domain Immunoglobulin, in Patients With Rheumatoid Arthritis 

 Roy M. Fleischmann, Frank Wagner, Alan J. Kivitz, Heikki T. Mansikka, Nasser Khan, 
Ahmed A. Othman, Amit Khatri, Feng Hong, Ping Jiang, Melanie Ruzek, and Robert J. Padley  ........................  2283 

 Association of the Presence of Anti–Carbamylated Protein Antibodies in Early Arthritis With a Poorer 
Clinical and Radiologic Outcome: Data From the French ESPOIR Cohort   

 Marie-Elise Truchetet, Stéphanie Dublanc, Thomas Barnetche, Olivier Vittecoq, Xavier Mariette, 
Christophe Richez, Patrick Blanco, Michael Mahler, Cécile Contin-Bordes, and Thierry Schaeverbeke, 
on behalf of the Fédération Hospitalo–Universitaire ACRONIM  ..........................................................................  2292 

 Association of Distinct Fine Specificities of Anti−Citrullinated Peptide Antibodies With Elevated Immune 
Responses to  Prevotella intermedia  in a Subgroup of Patients With Rheumatoid Arthritis and Periodontitis     

 Anja Schwenzer, Anne-Marie Quirke, Anna M. Marzeda, Alicia Wong, Anna B. Montgomery, 
Harlan R. Sayles, Sigrun Eick, Katarzyna Gawron, Maria Chomyszyn-Gajewska, Katarzyna Łazarz-Bartyzel, 
Simon Davis, Jan Potempa, Benedikt M. Kessler, Roman Fischer, Patrick J. Venables, Jeffrey B. Payne, 
Ted R. Mikuls, and Kim S. Midwood  ......................................................................................................................  2303 

  CD 11b+Gr-1 dim  Tolerogenic   Dendritic Cell–Like Cells Are Expanded in Interstitial Lung Disease in
 SKG  Mice 

 Sho Sendo, Jun Saegusa, Takaichi Okano, Soshi Takahashi, Kengo Akashi, and Akio Morinobu  .....................  2314 
 Systemic Lupus Erythematosus 

 Lupus-Associated Functional Polymorphism in  PNP    Causes Cell Cycle Abnormalities and Interferon 
Pathway   Activation in Human Immune Cells   

 Yogita Ghodke-Puranik, Jessica M. Dorschner, Danielle M. Vsetecka, Shreyasee Amin, Ashima Makol, 
Floranne Ernste, Thomas Osborn, Kevin Moder, Vaidehi Chowdhary, Elias Eliopoulos, Maria I. Zervou, 
George N. Goulielmos, Mark A. Jensen, and Timothy B. Niewold  ........................................................................  2328 



2436

 Vasculitis   
 The Epidemiology of Antineutrophil Cytoplasmic Autoantibody–Associated Vasculitis in Olmsted County, 
Minnesota: A Twenty-Year US Population–Based Study     

 Alvise Berti, Divi Cornec, Cynthia S. Crowson, Ulrich Specks, and Eric L. Matteson  .........................................  2338 
 Herpes Zoster as a Risk Factor for Incident Giant Cell Arteritis 

 Bryant R. England, Ted R. Mikuls, Fenglong Xie, Shuo Yang, Lang Chen, and Jeffrey R. Curtis  ........................  2351 
 Systemic Sclerosis   

 Earliest Phase of Systemic Sclerosis Typified by Increased Levels of Inflammatory Proteins in the Serum   
 Marta Cossu, Lenny van Bon, Carlo Preti, Marzia Rossato, Lorenzo Beretta, and Timothy R. D. J. Radstake  ......  2359 

 Efficacy and Safety of Selexipag in Adults With Raynaud’s Phenomenon Secondary to Systemic Sclerosis: 
A Randomized, Placebo-Controlled, Phase II Study 

 Christopher P. Denton, Éric Hachulla, Gabriela Riemekasten, Andreas Schwarting, Jean-Marie Frenoux, 
Aline Frey, Franck-Olivier Le Brun, and Ariane L. Herrick, on behalf of the Raynaud Study Investigators  ........  2370 

Behçet’s Disease
 Brief Report: Drug-Free Long-Term Remission in Severe Behçet’s Disease Following Withdrawal of 
Successful Anti–Tumor Necrosis Factor Treatment 

 Petros P. Sfikakis, Aikaterini Arida, Stylianos Panopoulos, Kalliopi Fragiadaki, George Pentazos, 
Katerina Laskari, Maria Tektonidou, and Nikos Markomichelakis  ......................................................................  2380 

 Clinical Images 
 Pulmonary Sarcoidosis Revealed by Ulcerating Nodules Within Tattoos 

 Brandon L. Adler, Gene H. Kim, and Alexandra D. Haden  ..................................................................................  2385 
 Gout 

 Effects of Febuxostat in Early Gout: A Randomized, Double-Blind, Placebo-Controlled Study   
 Nicola Dalbeth, Kenneth G. Saag, William E. Palmer, Hyon K. Choi, Barbara Hunt, 
Patricia A. MacDonald, Ulrich Thienel, and Lhanoo Gunawardhana  .................................................................  2386 

Autoinflammatory Disease
 Brief Report: A Novel  ELANE  Mutation Associated With Inflammatory Arthritis, Defective NETosis, 
and Recurrent Parvovirus Infection 

 Uma Thanarajasingam, Mark A. Jensen, Jessica M. Dorschner, Theresa Wampler Muskardin, 
Yogita Ghodke-Puranik, Monica Purmalek, Elias Eliopoulos, Maria I. Zervou, George N. Goulielmos, 
Matthew Howard, Mariana J. Kaplan, and Timothy B. Niewold  ...........................................................................  2396 

 Letters   
 Immortal Time Bias: Comment on the Article by Gwinnutt et al 

 Cynthia S. Crowson  .................................................................................................................................................  2402 
 Reply   

 James M. Gwinnutt, Deborah P. M. Symmons, Mark Lunt, and Suzanne M. M. Verstappen  ..............................  2402 
 Systemic Inflammation and Endothelial Dysfunction—a Possible Link Between Osteoarthritis and 
Hypertension: Comment on the Article by Niu et al   

 José Mario Sabio  ......................................................................................................................................................  2403 
 Could Autophagy Induced by Misfolded Mutant α 1 -Antitrypsin Z in Synovitis Explain the Association of 
α 1 -Antitrypsin Z With Increased Anti–Citrullinated Protein Antibody Production in Rheumatoid Arthritis? 
Comment on the Article by McCarthy et al 

 David Hutchinson and Paul Eggleton  .....................................................................................................................  2402 
 Reply   

 Cormac McCarthy, Emer P. Reeves, Carl Orr, Ursula Fearon, Douglas J. Veale, and Noel G. McElvaney ..........  2404 
 Clinical Images 

 Relapsing Polychondritis Diagnosed by Fusion Images of Gallium-67 Uptake on Computed Tomography and 
Single-Photon–Emission Computed Tomography   

 Kazuhisa Nakano, Takafumi Aritomi, Naoaki Ohkubo, and Yoshiya Tanaka  .....................................................  2406 
Reviewers   ...............................................................................................................................................................  2407
Contents, Volume 69, 2017   .....................................................................................................................................  2411
ACR Announcements   ............................................................................................................................................  A21 


	1
	2
	3
	4
	2251
	2256
	2259
	2271
	2283
	2292
	2303
	2314
	2328
	2338
	2351
	2359
	2370
	2380
	2385
	2386
	2396
	2402
	2404
	2407
	2411



