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Effect of Biosimilar Infl iximab on Treatment Utilization 
and Costs in the US
Some European countries have substantially 
reduced the costs of treatment with tumor 
necrosis factor inhibitors (TNFi) by using 
select biosimilars. In this issue, Kim et al 

(p. 1036) report the results 
of their assessment of 
whether market entry of 

infl iximab biosimilars in the US was associ-
ated with similar changes in the utilization and 
costs of TNFi. Their analysis included ~1.1 
million total TNFi prescriptions or infusions 
dispensed to 95,906 unique patients. The large 
commercial insurance database revealed <1% 
uptake of biosimilar infl iximab.

The researchers posit that the small 

percentage of uptake may be due to an early 
lack of savings in insurer cost or patient 
copayment for biosimilar infl iximab versus 
originator TNFi. The fi ndings are also consis-
tent with Medicare’s report of a similarly 
insignifi cant early reduction in patient out-
of-pocket costs for biosimilar infl iximab. The 
authors also note that a decrease in the mean 
quarterly insurer cost for biosimilar infl ix-
imab was observed in the third quarter of 
2018. This decrease in insurer cost could have 
been triggered by the availability of unique 
Healthcare Common Procedure Coding 
System codes, which increased the ability of 
biosimilar manufacturers to compete on price. 

Many rheumatologists consider insulin 
resistance (IR) to be an epiphenom-
enon of, as opposed to causal in, the 
development of chronic infl amma-

tory disease states 
such as rheumatoid 
arthritis (RA). In this 

issue, Gallagher et al (p. 896) report 
the results of their investigation of the 
potential links between altered glu-
cose handling and RA disease activity. 
They found that, in this patient popula-
tion, IR is signifi cantly associated with 
body mass index (BMI) and synovitis. 
This association suggests a distinct 
interplay between glucose availability 
and infl ammation in RA. The investiga-
tors go further and suggest that the 
effect of metformin on proinfl amma-
tory mechanisms indicates a role for AMP-activated protein kinase 
(AMPK)–modifying compounds in the treatment of RA.

The researchers found that IR was independently associated 
with both BMI and swollen joint count in 28 joints. They also found 

increased glucose transporter 1 
(GLUT-1) expression in RA synovium 
versus osteoarthritis (OA) synovium 
as well as increased expression in the 
lining, sublining, and vascular regions. 
In contrast, the researchers found 
decreased GLUT-4 expression in the 
RA lining layer compared to the OA 
lining layer.

The team then looked at the role 
of metformin in RA disease activity 
and found that GLUT-1 protein 
expression decreased in parallel to 
increases in phosphorylated AMPK 
protein expression in synovial fi bro-
blasts (SFs) in the presence of met-
formin. Metformin also increased 
glycolytic activity and decreased oxi-
dative phosphorylation in RASFs. The 

presence of metformin or aminoimidazole carboxamide ribo-
nucleotide decreased spontaneous production of interleukin-6 
(IL-6), IL-8, and monocyte chemotactic protein 1 in RA synovial 
explants and SFs.

Insulin Resistance Plays a Role in Rheumatoid Arthritis
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The authors note that US consumers have 
weaker purchasing power than single-payer 
systems. Perhaps because of this, they explain, 
the reduction in price in the US was small rela-
tive to the savings seen in Denmark and was 
met with a negligible increase in biosimilar 
infl iximab utilization. Taken together, their 
fi ndings suggest that in the current US phar-
maceutical market, biosimilar savings are 
insuffi cient to promote the widespread use 
of infl iximab biosimilars. The researchers 
conclude by suggesting that only with systemic 
reform of the market will the US be able to 
achieve savings that are comparable to those 
achieved in some European countries.

Figure 1. Infl uence of disease activity and adiposity on 
IR in RA and immunohistochemistry analysis of glucose 
transporters in RA synovial tissue. Tissue stained for 
GLUT-1 and GLUT-4 expression.
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Patients with rheumatoid arthritis (RA) often fi rst develop 
autoantibodies to citrullinated protein antigen (ACPA). The 
autoantibodies are directed against citrullinated arginine residues 
that result from the action of peptidylarginine deiminases 

(PADs), which themselves can serve as the 
target of autoantibodies. PAD4 is one such 
target. Rheumatologists suspect that HLA–DRB1 

molecules infl uence the production of ACPAs in RA, and some 
believe that a shared epitope binds citrullinated peptides.

However, Auger and colleagues have previously suggested that 
ACPAs arise because PAD4 is recognized by T cells, which facilitate 
the production of autoantibodies to proteins bound by PAD4. They 
formed their hypothesis based on previously published research that 
supported the hapten–carrier model in mice. In this issue,  Auger 
et al (p. 903) report the results of their investigation as to whether 
there is evidence to support the hapten–carrier model in humans. 
They found that ACPA immunity is associated with antibodies to 
PAD4, as well as T cell responses to PAD4 and PAD4 peptides. Their 
fi ndings are consistent with a hapten–carrier model in which PAD4 
is the carrier and citrullinated proteins are the haptens.

The researchers investigated antibody and T cell proliferative 
responses to PAD4 in the peripheral blood of RA patients, psoriatic 
arthritis (PsA) patients, and healthy controls. They found that only 
patients with RA had both antibodies and T cell responses to PAD4. 
They then tested binding of 65 PAD4 peptides to 5 HLA–DR alleles 
and selected 11 PAD4 peptides for use in proliferation studies with 
samples from RA patients and controls. Afterward, they performed 
fl uorescence-activated, cell sorting analysis of peripheral blood 

lymphocytes from additional RA patients and healthy controls to 
determine the expression levels of CD3, CD4, CD154, and tumor 
necrosis factor after PAD4 stimulation. The investigators found 
that T cell response to the PAD4 peptide known as peptide 8 was 
associated with RA, ACPAs, and the shared epitope.

More Data in Support of the 
Hapten–Carrier Model of 
Rheumatoid Arthritis

Associations Between Structural and Infl ammatory 
Features in Hand Osteoarthritis and Pain
Previous hand osteoarthritis (OA) studies 
have indicated that structural features and 
infl ammatory severity observed on radio-
graphs, magnetic resonance imaging (MRI), 

and ultrasound are strongly 
associated with joint 
tenderness on palpation. 

Rheumatologists also recognize that pain 
sensitization contributes to the complex OA 
pain experience. While one small study of 13 
patients with hand OA revealed signifi cant 
correlations between Kellgren/Lawrence 
grade and pressure pain threshold (PPT) 
at the same interphalangeal joint, for the 

most part the relationship between imaging 
features of hand OA and clinically assessed 
pain sensitization has, until now, been 
largely unexplored. 

In this issue, Steen Pettersen et al (p. 966) 
describe the results of their study designed 
to examine the association of structural and 
infl ammatory features of hand OA with 
local PPTs in participants in the Nor-Hand 
study. The investigators analyzed a total of 
570 joints in 285 participants and found that 
both structural and infl ammatory hand OA 
features, independent of each other, were 
associated with lower PPT at fi nger joints. 

They calculated adjusted beta levels of −0.5 
per Kellgren/Lawrence grade increase, −1.4 
for erosive versus non-erosive joints, −0.7 
per gray-scale ultrasound synovitis grade 
increase, and −1.5 for joints with activity 
on power Doppler evaluation versus those 
without. The authors thus found that, in 
patients with hand OA, greater severity of 
structural pathologic features and hand joint 
infl ammation was associated with lower 
PPTs. They conclude from this that patients 
with hand OA have pain sensitization that 
might be driven by structural and infl am-
matory pathology. 

p.  966

p.  903

Figure 1. Antibody response to PAD4 and proliferation of T cells in 
response to PAD4 in patients with RA (n = 41), patients with PsA (n 
= 25), and healthy controls (n = 11). Subjects were tested for antibody 
response to PAD4 and proliferative response to PAD4 and classifi ed into 
the following 4 groups: negative for PAD4 antibody (Ab−) and positive 
for T cell proliferation (Tc+), positive for both PAD4 antibody and T cell 
proliferation, negative for both PAD4 antibody and T cell proliferation, 
or positive for PAD4 antibody and negative for T cell proliferation. 
Values are the number of shared epitope (SE)–positive subjects/total 
number of subjects in the indicated group.
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Generation of Distinct Patterns of Rheumatoid Arthritis 
Autoantigens by Peptidylarginine Deiminase Types 2 and 4 
During Perforin-Induced Cell Damage
Romero et al, Arthritis Rheumatol 2020;77:912–918
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SUMMARY 
Among the 5 peptidylarginine deiminase (PAD) 
isoenzymes, PAD2 and PAD4 have been implicated 
in the production of citrullinated autoantigens. Their 
roles in autoantigen production, however, is uncertain 
because purified PADs require activation conditions 
that do not coexist in vivo. Using a system in which 
independent PADs were activated during cytotoxic 
cell–mediated killing, which mimics citrullination in 
the rheumatoid arthritis (RA) joint, different patterns 
of RA autoantigens were generated. Romero et al 
found that while PAD activation induces a range of 
citrullinated proteins (known as hypercitrullination), 
autoantibodies only target a limited number of 
these antigens, showing heterogeneity in antigen 
specificity among individuals with RA. Moreover, 
PAD2 and PAD4 can generate citrullinated antigens 
that are exclusive to each isoenzyme. In addition, 
autoantibodies in RA recognize other autoantigen 
subsets including native proteins and proteins 
cleaved by proteases released from cytotoxic 
cells (e.g., granzyme B). These data demonstrate 
that cytotoxic cells can modify self-proteins by 
inducing hypercitrullination and antigen cleavage, 
generating distinct targets for RA autoantibodies. 
Moreover, among the large number of citrullinated 
proteins generated by PAD2 and PAD4, only a few 
are targets of autoantibodies and in some cases, 
these autoantibodies distinguish between antigens 
generated by each PAD isoenzyme. This work 
highlights the need for closer study of the production 
and repertoire of autoantigens in RA.

KEY POINTS 
•  Cytotoxic cells can generate autoantigens in RA by inducing

hypercitrullination and antigen cleavage in target cells.

•  Among a large number of citrullinated proteins generated by
PAD2 and PAD4, only a few are targets of autoantibodies in RA.

•  PAD2 and PAD4 can generate common and exclusive
citrullinated autoantigens.
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SUMMARY  
Most susceptibility variants of systemic lupus 
erythematosus (SLE) identified by genome-wide 
association studies are located in noncoding regions. 
The mechanism of how such susceptibility variants 
in noncoding genes predispose to SLE is not well 
characterized. Fan et al identified a novel SLE risk locus in 
a long noncoding RNA (lncRNA) gene, SLEAR, through 
a genome-wide survey in Han Chinese subjects (4,556 
with SLE and 9,451 healthy controls). The intronic 
single-nucleotide polymorphism (SNP), rs13259960, 
is located in an enhancer, which recruits STAT1 to 
the promoter of the gene for SLEAR (SLE-associated 
RNA), an uncharacterized lncRNA gene, to promote 
SLEAR transcription. The wild-type A nucleotide allele 
results in increased expression of SLEAR by facilitating 
the binding of STAT1, a transcription activator. STAT 
proteins associate with active gene transcription 
enhancers in T cells. SLEAR recruits a protein complex 
containing interleukin enhancer binding factor 2 (ILF2), 
heterogeneous nuclear RNP F (hnRNP F), and TATA-
binding protein–associated factor (TAF15) to activate 
multiple target genes in apoptosis, such as BCL2, 
BIRC2, BIRC5, and XIAP. The risk rs13259960[G] 
risk allele impairs STAT1 recruitment and results in 
decreased SLEAR expression, which might contribute 
to SLE susceptibility by promoting the liberation of 
autoantigenic nuclear components. 

Association of the SLEAR Genetic Polymorphism with 
Predisposition to Systemic Lupus Erythematosus 
Fan et al, Arthritis Rheumatol 2020;77:985–996

CORRESPONDENCE 
Yong Cui, MD, PhD: wuhucuiyong@vip.163.com
Xuejun Zhang, MD, PhD: ayzxj@vip.sina.com
Runsheng Chen, BSc: rschen@ibp.ac.cn

KEY POINTS  
•  A novel SLE risk locus in an lncRNA gene, SLEAR, was examined in a genome-wide survey in Han Chinese subjects. 

•  The rs13259960 A>G SNP, located in an intronic enhancer, impairs the recruitment of STAT1 to the SLEAR promoter and decreases SLEAR expression. 

•  SLEAR can interact with ILF2, hnRNP F, and TAF15 to form a complex for transcription activation of antiapoptotic (IAP) genes.
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In Appreciation of Richard J. Bucala, MD, PhD 
Editor, Arthritis & Rheumatology, 2015–2020

June 30, 2020 marks the official end of the 5- year term of 
Arthritis & Rheumatology Editor- in- Chief Dr. Richard J. (Rick) 
Bucala, Waldemar Von Zedtwitz Professor of Medicine and 
Section Chief, Rheumatology, Allergy, and Immunology, Yale 
University School of Medicine. On behalf of the American Col-
lege of Rheumatology leadership, Committee on Journal Pub-
lications, and membership we express our sincere admiration 
and thanks.

Throughout his editorship, Dr. Bucala has led A&R with atten-
tion to a priority he articulated early on: to meet the academic and 
educational needs of rheumatologists, with an overarching philos-
ophy to publish the highest- quality original research and informa-
tion in service to the evolving needs of the profession. To that end, 
he instituted a number of initiatives.

To better convey the bench- to- bedside potential of some of 
the more basic science–oriented studies published in the journal 
and make the work more approachable for readers whose focus 
is not basic research, he introduced the Clinical Connections fea-
ture, in which two basic science articles in each issue are pre-
sented in a summarized and graphical format. With the growing 
discoveries of exciting new potential treatment avenues for the 
rheumatic diseases, he has welcomed submissions of rigorous 
clinical trials, offering rapid review opportunities and adding a clin-
ical trials advisor to his editorial board. He also has expanded the 
journal’s flexibility in acceptance of supplementary materials—in 
general and for clinical trial reports in particular. The number of 
important trials published in the journal has significantly increased 
as a result of these efforts.

A&R also underwent an aesthetic transformation under  
Dr. Bucala’s editorship. With his support and encouragement, 
the appearance of the articles was modernized with a change to 
new fonts and layouts that are more contemporary and electronic 
reading–compatible. Additionally, the journal introduced the option 
for authors to enhance their articles by means of video abstracts. 
And A&R, along with the other ACR journals, added the position 

of Social Media Editor to widen the audience for, and the conver-
sation about, the important studies published.

Dr. Bucala has also taken an active role in recognizing and 
rewarding the efforts of the journal’s peer reviewers. The jour-
nal began offering CME for reviewers during his editorship, and 
he has implemented a number of steps to recognize individual 
reviewers who have made exceptionally valuable contributions.

Dr. Bucala took the helm of A&R during a time of ongoing 
and rapid change in academic publishing in general and schol-
arly medical publishing in particular. Norms and expectations 
regarding use, sharing, and ownership of scientific data have been 
continuously evolving and sometimes conflicting. Dr. Bucala has 
kept a close eye on the trends and made measured and princi-
pled judgments regarding data deposition requirements, sharing 
of clinical trial data, publication of work already appearing on pre-
print servers, and numerous other scenarios. In addition, during 
Dr. Bucala’s editorship some circumstances involving ethical con-
cerns arose. He approached and managed these with the utmost 
judiciousness and integrity.

Under Dr. Bucala, A&R’s submission numbers have remained 
high and are worldwide in origin. In 2019, 75% of the submissions 
were from outside North America, with all continents but Antarc-
tica represented.

Ultimately for any scientific journal, what is most important 
is not how pretty the articles look or how many there are, but 
their content. The Editor- in- Chief, along with his or her editorial 
team, must maintain a keen ability to discern rigorous and appro-
priate research methods, to distinguish the novel and promising 
from the already known, and to recognize emerging research 
directions that have promising potential. In all these areas Rick 
Bucala has excelled, taking A&R from strength to strength—to the 
benefit of the journal’s authors and readers, the American College 
of Rheumatology, and ultimately our patients with rheumatic dis-
ease. We extend him our deepest gratitude.

Shervin Assassi, MD, MS   
Chair, ACR Committee on Journal Publications
Jane S. Diamond, MPH   
Managing Editor, Arthritis & Rheumatology
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William Phelps Arend, MD, 1937–2020
William P. Arend, MD, Distinguished Professor Emeritus at 

the University of Colorado Anschutz Medical Campus, died on 
January 14, 2020. He was a scientific and professional leader 
in rheumatology during an era when biologic phenomena were 
 converted into molecules, and molecules into medicines.

Dr. Arend was born in Utica, New York on August 24, 1937 
and grew up exploring, hunting, and fishing the lakes and forests 
of the Adirondacks in upstate New York. He received his Bachelor 
of Arts degree (Cum Laude and Phi Beta Kappa) from Williams 
College. During his career, Dr. Arend often sought out younger 
individuals who shared the same undergraduate education and 
experiences to recount the importance of that particular humanistic 
experience, where knowledge, curiosity, critical thinking, empathy, 
and service were emphasized. He received his Doctor of Medicine 
degree from Columbia University College of Physicians and Sur-
geons, graduating in 1964. In the same year, Dr. Arend married 
Ann Elizabeth Manes, his subsequent lifelong partner with whom 
he had 4 sons, Peter, Thomas, Christopher, and Jeffrey. He is sur-
vived by his wife and 2 sons, Christopher and Jeffrey.

Dr. Arend’s postgraduate residency and fellowship training were 
carried out at the University of Washington, where he worked with 
his mentor Dr. Mart Mannik and received training in basic research, 
following which he remained on the faculty there for 10 years. His 
early research activities were focused on the mechanisms, including 
immune complexes, complement, and phagocytic cells, that were 
understood to be central to the pathogenesis of human autoim-
mune and inflammatory diseases. In 1980 Dr. Arend was awarded 
a highly competitive Guggenheim Fellowship, an award given to 
very few physician- investigators. With that support, he moved his 
young family to the United Kingdom and spent a year in research 
as a Visiting Scientist in the Strangeways Research Laboratory and 
as a Visiting Scholar at Corpus Christi College, both components 
of the University of Cambridge. He often recounted those days as 
among the most influential of his career, as he was able to explore 
novel hypotheses without limitation or expectation of immediate 
success. After a brief period in Houston, Texas, Dr. Arend came 
to the University of Colorado in 1983 to begin his 30- year career in 
Denver as Head of the Division of Rheumatology, a position he held 
through 2000, as well as Professor of Medicine, a position he held 
through his retirement as a Distinguished Professor in 2013.

In 1996 Dr. Arend recruited the outstanding clinician- 
educator Dr. Sterling West to the University of Colorado, where 
his own career continued to flourish. Dr. West’s memories of those 
early and subsequent years of working with Dr. Arend included 

“Dr. Arend was an excellent mentor as I transitioned from mili-
tary medicine to academic medicine. I will be forever grateful for 
the opportunity he gave me and for his influence on my career.” 
In addition to Dr. West, Dr. Arend recruited and supported the 
careers of many other individuals who continue to make substan-
tial impacts in the fields of immunology and rheumatology.

Dr. Arend was perhaps best known for his work on the 
interleukin- 1 (IL- 1) family of cytokines. While in the UK, he began 
studies on an unknown factor found in the joints of patients with 
rheumatoid arthritis; this molecule was subsequently determined 
to be IL- 1 itself. IL- 1 is of course the prototypic cytokine that has 
been invoked as a prime mediator of tissue damage in many 
diseases. Dr. Arend continued his sabbatical studies in Denver 
and there identified and comprehensively characterized an unex-
pected antagonist of IL- 1 that he designated the IL- 1 receptor 
antagonist (IL- 1Ra). This protein was the first described natural 
inhibitor of any member of the cytokine families that are now 
known to play such a fundamental role in causing inflammation 
in human diseases.

These observations by Dr. Arend resulted in a paradigm 
shift in the understanding of how cytokines and cytokine 
effects are controlled in vivo. The IL- 1Ra molecule serves to 
regulate the effects of IL- 1 in both normal function and dis-
ease. Perhaps most importantly, recombinant IL- 1Ra, also 
called anakinra, was subsequently developed by Dr. Arend and 
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his biotechnology partners and transitioned to a treatment for 
human disease. The unique translational accomplishment in 
which a single individual traversed basic science, protein biol-
ogy, clinical immunology, and clinical application is a landmark 
that has rarely been achieved. It is a testimony to his drive and 
creativity, never losing site of the ultimate goal of helping our 
patients. Perhaps most notably, although it was first approved 
by the Food and Drug Administration for the treatment of rheu-
matoid arthritis, IL- 1Ra has since been demonstrated to have 
a dramatically beneficial effect in children with systemic- onset 
juvenile inflammatory arthritis and in a variety of newly defined 
forms of autoinflammatory diseases. In addition, anakinra 
and other like inhibitors of IL- 1 are currently being evaluated 
as therapeutic agents in many types of inflammatory, cardio-
vascular, and chronic metabolic disorders. After characteriz-
ing IL- 1Ra, Dr. Arend became a major supporter of the then 
new field of cytokine antagonists as treatments for human 
disease, an approach that has obviously had many beneficial 
effects on a wide variety of autoimmune and inflammatory dis-
orders. Importantly, funded by anakinra royalties, the William 
P. Arend Endowed Chair in Rheumatology was established 
to provide for ongoing research in perpetuity in the fields of 
rheumatology and inflammatory diseases at the University  
of Colorado.

In addition to his impact through the discovery of IL- 1Ra, 
Dr. Arend contributed to his profession in many ways, and 
received some of its highest honors. He was Editor- in- Chief 
of Arthritis & Rheumatism (now Arthritis and Rheumatology) 
in 1995–2000. He was a Fellow of the American Association 
for the Advancement of Science as well as a recipient of the 
Rheumatology Prize from Novartis–International League of 
Associations for Rheumatology, the Howley Prize for Research 
from the Arthritis Foundation, a Japan Rheumatism Foundation 
International Rheumatoid Arthritis Award, a Pinnacles in Inven-
torship Lifetime Achievement Award from CU Innovations, a 
Distinguished Professorship from the University of Colorado, 
the Columbia University College of Physicians and Surgeons’ 
Alumni Association Gold Medal for Outstanding Achievement 

in Medical Research, and the American College of Rheumatol-
ogy Gold Medal.

Although Dr. Arend grew up in upstate New York, his true 
love was for the West, where he and his family enjoyed an out-
door lifestyle, including skiing (both downhill and cross- country), 
hiking, backpacking, and river rafting. When nearing and after 
his retirement, he and his wife took many trips to fascinating 
areas of the world and came back with a book of photos that 
drew many to follow in their footsteps to the same locations. 
With his wife Elizabeth, he went on adventures to Egypt, the 
Amazon and highlands of Peru, and the Northern Lights and 
polar bears of the Svalbard Islands, as well as China, Japan, 
New Zealand, and floating the rapids and exploring the waterfalls 
of the Grand Canyon.

Dr. Arend was a loving husband, father, brother, and friend. 
An avid reader and learner, he was passionate about the envi-
ronment, health care access for all, the politics of the day, and 
the need to support medical research to alleviate suffering from 
diseases. Dr. Arend lived a life of high integrity and honesty and 
took a great interest in his many friends and colleagues, as well 
as their families. His ability to collaborate, connect, and mentor 
across any skill level or any age was as remarkable as it was rare. 
Dr. Arend could simultaneously challenge and support his men-
tees and imbue them with his spirit of scientific adventure and 
resiliency.

Dr. Arend’s impact will continue through his many contribu-
tions and discoveries that have bettered the lives of his colleagues 
and touched so many patients, as well as the many pathways 
that he laid out for all of us to be better physicians, scientists, 
colleagues, friends, and citizens of a rapidly shrinking and extraor-
dinarily challenging world.

V. Michael Holers, MD
University of Colorado
Denver, CO
Gary S. Firestein, MD
University of California San Diego 
Kevin D. Deane, MD, PhD
University of Colorado
Denver, CO
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Rheumatology Forecast: Why Prevention Matters
Richard J. Bucala

Recent epidemiologic surveys estimate an overall population 
prevalence of ~5% for autoimmune diseases, which comprise 
~100 nosologically distinct entities (1). Many autoimmune diseases 
disproportionately affect women and occur more commonly or 
with greater severity in certain races or ethnicities. Systemic lupus 
erythematosus (SLE), for instance, is more common in those of 
African ancestry and in Asian populations. In this issue of Arthritis & 
Rheumatology, Dinse and colleagues (2) report their analysis of the 
comparative prevalence of antinuclear antibodies (ANAs) in 3 US 
cohorts sampled over a 25- year period: 1988–1991, 1999–2004, 
and 2011–2012. Sera were obtained from 14,211 participants in 
the National Health and Nutrition Examination Survey and pro-
cessed uniformly for ANA determination by immunofluorescence 
on HEp- 2 cells. The authors’ findings are unambiguous in establish-
ing a significant increase in the population prevalence of this lupus 
autoantibody: from an ANA prevalence of 11.0% in 1988–1991 
to an ANA prevalence of 15.9% in 2011–2012. These frequen-
cies correspond to an increase in ANA- positive individuals from 
~22 million to ~41 million over 25 years. Adjusted logistic modeling 
confirmed an association between ANA positivity and female sex 
(2–3 times greater than that in men). Additional demographic find-
ings included an increase in the probability of ANA positivity over 
time in adolescents, males, and in non- Hispanic African Americans 
and Mexican Americans when compared to non- Hispanic whites. 
Notably, the increase in ANA prevalence among cohorts did not 
correlate with contemporaneous trends in body mass index, 
smoking history, or alcohol consumption.

An increase in the incidence and prevalence of SLE, and 
in autoimmune diseases in general, has been suggested in 
prior studies, although disentangling the contribution of ascer-
tainment bias and changing demographics is not straightfor-
ward (1,3). The measurement of ANAs within a well- defined 
registry and serum repository offers an important observation. 
It is especially important with the understanding that ANAs 
are not mere epiphenomena, but they represent a factor in 
pathologic progression to disease in a substantial proportion 
of subjects (4,5).

The prevailing paradigm for autoimmunity is founded on 
the lifetime interplay between genetic susceptibility and acquired 
environmental exposures, albeit with molecular pathogenesis still 
undefined. Despite evidence of the role of genetics in multiple 
autoimmune diseases and the involvement of the same or similar 
genes in different diseases, concordance rates differ significantly 
between monozygotic twins and dizygotic twins, but the rates are 
typically well below 50% (6).

Since genetic susceptibility has not changed in 25 years, 
the only meaningful conclusion, as proposed by Dinse et al, is 
the changing nature of human environmental exposure. How-
ever, the mechanistic contribution of specific environmental 
exposures to autoimmunity, including the identity or role of ini-
tiating antigens, remains largely unknown, even in the well- 
defined circumstances of drug- induced autoimmune syndromes 
(7). The autoantibodies that develop in circulation are encoded 
in germline DNA and are thought to function naturally as first- 
line defense against microbial invasion, assisting in the clear-
ance of macromolecules and maintaining immune homeostasis. 
Unresolved stimulation that may be either antigen or nonantigen 
driven, or ensuing stochastic events, initiate immunoglobulin 
class- switching, somatic mutation within their antigen- binding 
domains, and the selection and persistence of B cells producing 
higher- affinity autoantibodies.

Beyond limited and not completely understood exam-
ples of cross- reactive antibodies that result from infection, 
as in the case of Streptococcus- induced rheumatic carditis, 
there are few guiding examples of autoimmunity triggered by 
changes in environmental exposure. One instructive example 
of a pathologic antibody response developing from a discrete 
environmental exposure is the reaginic α- galactosyl antibody, 
which was recently discovered to explain both red meat 
allergy and infusion reactions to α- galactosyl–containing bio-
logic drugs (8). These antibodies appear almost certainly to 
have developed from increased human exposure to tick bites 
as a consequence of an expansion in the range of the US 
Lone Star and Australian paralysis tick populations. Modern 
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societies experience an ever increasing variety of exposures 
due to travel and population migration, an increase in both the 
internationalization of agriculture and the industrialization of 
food production, a higher environmental burden of synthetic 
chemicals, emerging pathogens, and the inexorable effects of 
climate change (1,9). The speed and intensity of these influ-
ences is arguably unprecedented in human history and clearly 
outpace the possibility of protective genetic mechanisms to 
evolve and adapt.

New challenges in rheumatology are forecast. Beyond the 
investigative requirement to understand the origins of autoan-
tibodies in different rheumatic diseases and in the steps that 
lead to disease progression, our rheumatology workforce will 
be further constrained by the projected increase in the prev-
alence of autoimmune diseases (10). The findings of Dinse 
et  al also give impetus to multidisciplinary efforts aimed at 
preventative strategies, identifying environmental hazards, 
defining high- risk individuals, and preventing disease develop-
ment in susceptible populations. A more concise definition of 
different pre- autoimmune phenotypes must be pursued, and 
the tools of epidemiology, data science, molecular and genetic 
profiling, as well as mechanistic studies in experimental mod-
els will be necessary. Ultimately, the collective capabilities of 
an informed and well- trained global community of rheumatol-
ogists must be dedicated to the goal of rheumatic disease 
 prevention.
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Failure to Launch: Biosimilar Sales Continue to Fall Flat in 
the United States
Jinoos Yazdany

Rising US drug expenditures are primarily driven by 
spending on specialty biologic drugs. From 2014 to 2018 
alone, spending on biologic drugs increased 50% to $125 bil-
lion (1). Growing spending reflects rising biologic drug prices, 
not just increased use. Many policy analysts, including the 
US Congressional Budget Office (CBO), forecasted that bio-
similars would curb spending by finally introducing competi-
tion into the marketplace. However, in this issue of Arthritis & 
Rheumatology, Kim and colleagues report that between 2016 
and 2019, the 2 available infliximab biosimilar drugs made up 
<1% of tumor necrosis factor inhibitor (TNFi) sales for a large 
commercial health plan that covers 14 million Americans (2). 
Additionally, of the 13 Food and Drug Administration (FDA)–
approved biosimilars indicated for rheumatic diseases, only 2 
have reached the commercial market (Table 1). In other words, 
biosimilars have largely failed to launch in the US.

The lack of market penetration and very modest price reduc-

tions for biosimilars have left policy makers, payers, physicians, 

and the public frustrated, particularly because sales in Europe 

continue to rapidly expand and robust cost savings have mate-

rialized. Ten years ago, the CBO projected cost savings of 40% 

for biosimilars in the US. In European markets, this estimate is 

not far off. Countries like Denmark and Sweden, using the nego-

tiating and purchasing power of their single- payer systems, have 

instituted a winner- takes- all bidding system. Remarkably, Den-

mark realized a two- thirds cost reduction through this bidding 

process coupled with mandatory switching from originator to 

biosimilar infliximab (3). In contrast, in the US, recent analyses 

show that in 2018, biosimilars achieved only 9% ($91 million) of 

the $1 billion in cost savings the CBO had projected (4). This edi-

torial examines the 4 main factors that have created  formidable 

legal, financial, and regulatory barriers to US market entry and 

uptake.

Patent protections and legal actions

The tactics used by drug makers to block the entry of bio-
similars into the market after originator biologic patents expire are 
unprecedented in scale. In the US, the Biologics Price Competi-
tion and Innovation Act created a 12- year exclusivity period for 
originator biologics. Companies have extended this period by filing 
lawsuits and numerous patents to create a “patent thicket” that 
biosimilar competitors must navigate to reach the market. Among 
the many examples is Humira (adalimumab), a top seller repre-
senting >$13 billion in US sales in 2018. Humira was approved 
in 2002 and therefore completed its exclusivity period in 2014. 
The manufacturer, AbbVie, has filed >200 patents and patent 
applications that cover the drug itself, manufacturing methods, 
and other ancillary aspects associated with its use: more than 3 
times the number of patents filed in the European Union (EU) (76 
patents) and Japan (63 patents) (5). Accusations that AbbVie is 
systematically attempting to delay market entry of its competitors 
are supported by the fact that nearly half of its patent applications 
in the US were filed after the patent expiration date in 2014 (6). 
The manufacturer recently reached a settlement agreement that 
delayed the launch of the biosimilar adalimumab- atto (Amjevita), 
approved by the FDA in 2016 (Table 1), until 2023. During this 
time, Humira’s price has increased 18% each year, rising from 
$16,000 to >$30,000 from 2012 to 2016 alone. These striking 
price increases are largely passed on to insurers, including Medi-
care, and to patients.

Addressing the patent thicket has been challenging. Recently 
introduced legislation, the bipartisan Biologic Patent Transparency 
Act, will require biologic manufacturers to disclose and publish 
patents in the “Purple Book,” a publicly searchable database. 
This act would limit “competition- stymieing patent thickets that 
delay competition without providing meaningful product improve-
ments by restricting enforcement of patents that are issued after a 
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 biosimilar application has been submitted to the FDA” (7). The fate 
of this legislation is unclear, and its potential impact on reducing 
the patent thicket remains to be seen.

Rebates and gap discounts

Another barrier to biosimilar market entry is the rebate sys-
tem between drug manufacturers, pharmacy benefit managers 
(PBMs), and other payers that incentivizes listing higher- priced 
originator biologics over biosimilars on formularies. For drugs pre-
scribed by rheumatologists, such as TNFi, rebates to PBMs can 
approach 50% of the drug’s list price (8). The so- called “rebate 
trap” occurs when the originator biologic manufacturer threatens 
to withdraw this sizable rebate if a biosimilar is placed in a pre-
ferred position on a formulary. Since the retail price of biosimilars is 
only modestly lower than that of originator biologics, rebates may 
result in originator biologics having a lower post- rebate price than 
biosimilars. This could explain why <10% of commercial Medi-
care Part D plans cover biosimilar infliximab compared to >90% 
of plans covering originator infliximab (9). To compound matters, 
it is not uncommon for multiyear rebate agreements to be made 
immediately before biosimilar launch dates. Moreover, a lack of 
transparency regarding rebates remains, making it difficult for 
plans to uniformly benefit from competition and for biosimilars to 
compete on a level playing field.

Despite various attempts, policy solutions to address the 
rebate trap have failed to materialize. A recent rule proposed 
by the Department of Health and Human Services (DHHS) to 
limit manufacturers from providing rebates was withdrawn after 
analyses by the CBO and others suggested that the policy might 
cause Medicare Part D premiums to rise. Despite disagreement 
about the assumptions that went into this analysis (10), the pros-
pect of premium increases essentially killed the rule. Meanwhile, 

the issue has been taken up in court: a lawsuit initiated in 2017 
by Pfizer, manufacturer of biosimilar infliximab, against Johnson & 
Johnson, manufacturer of originator infliximab, addressing anti-
competitive practices such as rebate traps, is ongoing.

In light of multiple policy failures, one area where policy has 
successfully leveled the playing field for biosimilars is the Medicare 
Part D pharmacy benefit. With Medicare, out- of- pocket costs 
are based on the full retail price of drugs, and rebates are not 
passed directly to patients. Medicare Part D plans include an initial 
deductible, coverage, gap, and catastrophic phase. Beneficiaries 
received a 50% manufacturer discount during the gap phase for 
originator biologics in 2018 but no discount for biosimilars, leading 
to significantly higher out- of- pocket costs (9). Fortunately, this pol-
icy misstep was addressed in 2019 through the Bipartisan Budget 
Act, which now allows gap discounts for biosimilars.

Prescriber inertia and infusion reimbursement

Several factors impact clinicians’ willingness to substitute 
biosimilar drugs. First, cost savings with biosimilars have been 
smaller than expected, reducing incentives for switching. Kim et al 
(2) show that cost savings increased modestly to ~$1,000 per 
quarter by the end of 2018, and patients’ out- of- pocket costs 
were unchanged. Second, most clinicians are influenced by what 
is covered on formularies or by payers, and formulary coverage for 
biosimilar infliximab has been inconsistent. Third, reimbursement 
policies may not incentivize providers to switch to biosimilars in the 
commercial sector. For commercial payers, drugs administered in 
offices are often reimbursed as a percent- of- charge. Higher drug 
prices mean providers administering the drug receive a larger reim-
bursement; therefore, use of a lower- cost biosimilar could poten-
tially result in lost revenue. Medicare currently addresses this issue 
by reimbursing providers under the Physician Fee Schedule based 

Table 1. Originator biologic drugs and biosimilars approved by the US Food and Drug Administration (FDA)

Originator biologic drug, 
biosimilar Product owner FDA approval date

Biosimilar US 
market launch

Infliximab (Remicade) Janssen November 10, 1999
Infliximab-dyyb(Inflectra) Celltrion April 5, 2016 November 2016
Infliximab-abda(Renflexis) Samsung Bioepis April 21, 2017 July2017
Infliximab-qbtx(Ixifi) Pfizer December 13, 2017 –
Infliximab-axxq(Avsola) Amgen December 6, 2019 –

Adalimumab (Humira) AbbVie December 31, 2002
Adalimumab-atto(Amjevita) Amgen September 23, 2016 –
Adalimumab-abdm(Cyltezo) Boehringer Ingelheim August 25, 2017 –
Adalimumab-adaz(Hyrimoz) Sandoz October 30, 2018 –
Adalimumab-bwwd(Hadlima) Samsung Bioepis July23,2019 –
Adalimumab-afzb(Abrilada) Pfizer November 15, 2019 –

Etanercept (Enbrel) Amgen January1,2002
Etanercept-szzs(Erelzi) Sandoz August 30, 2016 –
Etanercept-ykro(Eticovo) Samsung Bioepis April 25, 2019 –

Rituximab (Rituxan) Roche/Genentech February23,2006
Rituximab-abbs(Truxima)* Celltrion November 28, 2018 –
Rituximab-pvvr(Ruxience) Pfizer July23,2019 Planned for 2020

* Rituximab- abbs (Truxima) has been commercially available since November 11, 2019 but has not yet been 
approved for treatment of rheumatic diseases. 
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on the biosimilar’s average price plus 6% of the reference biologic 
price, making physician profit comparable whether a biosimilar or 
reference biologic is prescribed. Fourth, even with comparable 
revenue for administration of a biosimilar, switching a patient to 
a biosimilar can result in unreimbursed work, including the time 
it takes to explain the change to the patient and to generate a 
new drug order. Finally, physician knowledge about biosimilars has 
lagged. In one study, more than half of physicians were unfamil-
iar with the drugs, and more than one- third had never prescribed 
them (11). Financial incentives will need to be aligned with targeted 
and effective education to overcome prescriber inertia.

Regulatory issues and interchangeability

Given the fragmented and complex nature of the US health 
care system, it is not surprising that the regulatory pathway for 
biosimilars has taken many years to define. One key issue that 
drives the need for new regulation is that biologic drugs do not 
have fully reproducible structures, unlike small molecule drugs. 
Protein glycosylation is one important source of variability and 
can impact immunogenicity, stability, and clinical efficacy. Under 
current FDA regulations, manufacturers are required to produce 
data demonstrating that switching from the originator biologic to 
the biosimilar has no significant effect on safety and efficacy. If 
a biologic drug has multiple indications, scientific justification for 
extrapolation to all indications for which the originator biologic 
is approved is required. In addition to extrapolation justification 
requirements, different exclusivity periods for each indication can 
create additional approval delays.

As the regulatory pathway continues to evolve, the experience 
with biosimilars to date should provide some reassurance. For 
example, a recent systematic review examining 90 research articles 
across 14 disease indications and >14,000 participants showed 
that most studies did not demonstrate differences in immunogenic-
ity, safety, or efficacy for biosimilars compared to originator drugs 
(12). The FDA will likely continue to modify the regulatory pathway 
for biosimilars in response to emerging data, including data arising 
from postmarketing pharmacovigilance studies.

A separate issue from regulatory approval is the concept of 
interchangeability, a designation granted by the FDA to indicate 
that a biosimilar product is expected to produce identical clinical 
results to the biologic. To receive this status, a biosimilar manu-
facturer needs to provide additional information to the FDA to 
evaluate the risk of alternating or switching between products. If 
interchangeabil ity status is achieved, a pharmacist could potentially 
substitute a product without provider notification, as is currently the 
case with many generic drugs. Given concerns about immuno-
genicity, efficacy, and safety, rheumatologists are  understandably 
anxious about unintended consequences of this designation for 
biosimilars, as outlined in a recent position  statement by the Amer-
ican College of Rheumatology (13). Not surprisingly, almost 40 
states have already enacted preemptive legislation to require pro-

vider notification for switching. In the EU, interchangeability desig-
nations are relegated to member states, a factor that has facilitated 
widespread biosimilar substitution in many countries.

Given the impact interchangeability could have on biosim-
ilar uptake in the US, some manufacturers, such as Boehringer 
Ingelheim, the manufacturer of adalimumab- abdm (Cyltezo), 
have started the first interchangeability clinical trials. Final FDA 
guidance on interchangeability is pending and is a regulatory 
factor that could influence the speed of biosimilar uptake in 
the US.

Potential solutions

As illustrated above, the failure of biosimilars to gain traction 
in the US is due to at least 4 interrelated issues. Each of these 
will need to be tackled in turn to reduce the legal, financial, reg-
ulatory, and clinical barriers that have impeded the development 
of a more vibrant biosimilar market that fosters competition and 
leads to cost savings. In the short term, policies such as the Bio-
logic Patent Transparency Act can begin to address the patent 
thicket. Legislation that would allow the Federal Trade Commis-
sion to more aggressively target anticompetitive behaviors could 
further address market launch delays. Policy makers should also 
reinvigorate attempts to directly address the rebate traps and 
the misaligned incentives of groups such as PBMs, learning from 
the missteps that led to premature withdrawal of the recently pro-
posed DHHS rule. On the regulatory front, the FDA should provide 
timely leadership and clear rules that respond to evolving evidence 
about biosimilars. The FDA’s policies around indication extrapo-
lation, use of data generated by the EU and countries in other 
regions to expedite approval, and interchangeability have the 
potential to profoundly impact biosimilar uptake in the US in the 
coming years. Finally, high- quality continuing medical education 
to keep providers up to date on the efficacy and safety of biosim-
ilars should be coupled with reimbursement policies that provide 
incentives for them to switch to biosimilars.
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Who Needs a Corona?
Kevin L. Winthrop

While the Western world now takes on a viral pandemic, the 
news cycle and constant reminders to wash your hands and avoid 
touching your face might drive anyone to reach in the fridge for a 
beer. It is “Corona time,” but unfortunately it is the virus of which 
we speak. At the time of this writing (early/mid- March 2020), there 
are many more questions than answers. It is clear that the virus 
is at least as transmissible as influenza, and it is likely that there 
is little or no preexisting immunity within the world’s population. 
Accordingly, it has the capacity to spread easily and has shown 
the ability to inflict severe harm, particularly among older adults 
and those with preexisting conditions. Most of our clinical infor-
mation comes from early reports of the virus’s impact in China 
and Italy and the cluster of cases within the state of Washington. 
The latter has made it clear that the virus has been in the US since 
January, and has been transmitted in the general population in 
Washington (and likely other locales in the US) since that time. 
While our incidence count continues to climb each day, our true 
incidence in the US is undoubtedly much higher than identified, 
simply due to our lack of testing. Sometimes it feels better not to 
know?

As of March 11, the US has 647 confirmed cases, among 
which 25 (3.9%) have died. One day later as I edit this manu-
script prior to submission, we now have 938 cases, among 
which 29 (3.1%) have died. To date we have tested just over 
8,500 persons (1), and testing has focused only on individuals 
who are severely ill or have had contact (or potential contact) with 
those who have COVID- 19. The Republic of Korea, in contrast, 
has tested >200,000 individuals (1,2), many of whom presum-
ably are asymptomatic or have little likelihood of having the dis-
ease. The more widespread “screening,” however, has allowed 
the Republic of Korea to more accurately describe the burden 
of COVID- 19, as well as to take nationwide public health actions 
geared toward mitigating the spread of virus from cases to oth-
ers. While the Centers for Disease Control and Prevention (CDC) 
and public health authorities have worked double- time to develop 
guidance, recommendations, and protocols for physicians and 
the public, the lack of test kits has hampered early efforts of 

containment. CDC should not be held accountable for the mass 
production of test kits (not what CDC does), but rather the US 
regulators and offices of emergency preparedness at the federal 
level should be partnering with industry and others (e.g., global 
health foundations) to rapidly manufacture and validate test kits 
for use. I suspect this will occur before this article is published, but 
the delay has meant the US incidence has remained low (because 
we are not testing) and the public’s understanding of personal risk 
is frankly unknown and informed more by the 24- hour news cycle 
than it is by data.

So what should rheumatologists and their patients know and 
consider during these times of “social distancing”? I’ve addressed 
the most common questions that I receive hourly.

How lethal is this virus?

The mortality of this virus ranges according to country, which 
reflects differential patterns in testing and identifying those with 
disease. While mortality is high in countries like the US and Italy, 
individuals with minimal or no symptoms have not been tested. In 
the Republic of Korea, where testing has been much more wide-
spread, the observed mortality is 0.7% (3). This doesn’t sound 
too bad, although when compared to the usual influenza mortal-
ity of 0.1% (4), one can quickly do the math and conclude that  
COVID- 19 has the capacity to cause thousands of deaths in the 
US if it becomes widespread. Currently influenza causes an esti-
mated 30,000–60,000 deaths each year in the US (4)—all the more 
reason to take extraordinary efforts to contain COVID- 19.

Are rheumatology patients at increased risk of 
morbidity and mortality with COVID- 19?

Reports suggest that the elderly with comorbid heart and 
lung conditions are at highest risk of morbidity and mortality, and 
although many news headlines insist the “elderly and immuno-
compromised” are at higher risk, there are absolutely no data 
commenting on the outcomes of COVID- 19 infections in those 
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with autoimmune inflammatory diseases, those receiving immu-
nosuppressive agents, or those with other immunodeficiencies. 
To date it is unclear if rheumatology patients are at higher risk 
due to their diseases or their therapies; however, many patients 
are likely at increased risk due to their age and comorbidities, 
including smoking-  or autoimmune- related lung disease and car-
diovascular disease. Despite US universities releasing students 
home without student cases or evidence of campus transmis-
sion (as a college tuition paying parent, I thought these actions 
were premature!), there is very little evidence of severe outcomes 
in children and younger individuals. There have been no deaths 
reported in those under age 30 from the Republic of Korea or 
under age 50 from Japan (5). In China, a recent cohort study 
identified a number of comorbidities (hypertension, diabetes, 
chronic obstructive pulmonary disease, others) to be common in 
hospitalized patients with COVID- 19, but in a multivariate model 
advanced age was the primary risk factor for mortality among 
cases (6). Perhaps most disturbing was the finding of prolonged 
viral shedding among survivors, up to 37 days (median 20 
days), raising the prospect of contagiousness even after disease 
 recovery. A registry has been established to collect case reports 
of rheumatology patients with COVID-19. Rheumatologists are 
encouraged to report cases at http://rheum-covid.org.

Is there effective antiviral treatment?

Currently unknown. Clinical trials are now enrolling to test 
both remdesivir (an RNA polymerase inhibitor that failed in Ebola 
trials) (7,8) and the HIV drugs lopinavir/ritonavir (clinical trial no. 
ChiCTR2000029308). Other compounds have shown in vitro activ-
ity, e.g., hydroxychloroquine (5 times more active in vitro than chlo-
roquine) (9). There is speculation that baricitinib and other drugs 
that block AAK1 might inhibit viral entry into pulmonary alveolar 
cells and potentially decrease the risk of infection. However, given 
the ability of JAK inhibitors to diminish signaling associated with 
innate antiviral defenses (e.g., type 1 and 2 interferons), the ethics 
of such a trial are tricky. At this time, though, other immunomodu-
lators are also being hypothesized as potentially useful in decreas-
ing virus- associated inflammation and morbidity. There are case 
reports from China describing the use of anti–interleukin- 6 therapy 
against the virus, and Regeneron recently announced that they 
will evaluate sarilumab as a therapy for COVID- 19 (10). In fact, on 
March 10, Chinese medical authorities released updated guidelines 
for the treatment of COVID- 19 that include the use of tocilizumab, 
and a clinical trial evaluating its use has been started there.

Do disease- modifying antirheumatic drugs 
(DMARDs) increase the risk of infection or poor 
outcomes with COVID- 19?

Maybe and maybe not. In case series to date, it appears 
that much of the morbidity of this virus is related to immune 

 activation, inflammation, and sepsis. The contribution of second-
ary bacterial infection to COVID- 19–related mortality is unknown. 
As indicated above, there are at least several biologic agents 
known to increase the risk of serious bacterial and opportunistic 
infections that may actually have a role in limiting the inflammation 
related to this virus. While I would speculate that most biologics 
and small molecules would increase the risk of secondary bac-
terial infection in those with COVID- 19, it is at least theoretically 
possible that rheumatology patients with COVID- 19 might have 
better outcomes with some biologics as compared to infected 
individuals not receiving antiinflammatory treatment. This might be 
akin to the finding that while anti–tumor necrosis factor (anti- TNF) 
therapies increase the risk of infection development while patients 
are hospitalized, it turns out that for those already having an infec-
tion at the time of hospitalization, receiving such biologic therapy 
at the time of infection development appeared protective (lower 
risk of sepsis and death) compared to those who were receiving 
nonbiologic DMARDs at the time of their infection (11). Interest-
ingly, the main risk factors for sepsis and death in this specific 
anti- TNF analysis were age and cardiovascular disease—the very 
same risk factors described in the analyses of COVID- 19 deaths. 
Regardless, it is obviously best to avoid being a subject in such 
a study.

Should we stop biologic or JAK inhibitor therapy 
in a patient with COVID- 19 infection?

As indicated above, I don’t know. There are potential ben-
efits (antiinflammatory) and potential risks (likely increased risk 
of secondary bacterial infection). The risk could vary between 
therapeutic classes. For now, in a case of proven or suspected 
COVID- 19 infection, I would stick with the guidance and stand-
ard of care for any serious infection and interrupt DMARD treat-
ment temporarily, until clinical improvement against the virus has 
occurred. This advice could very well change in the next month, 
as case series of such patients with such exposures will undoubt-
edly be published.

How long does COVID- 19 survive in the  
environment?

We don’t know, and why hasn’t this study been done yet? 
(“current evidence suggests hours to days,” says the CDC web 
site [12].)

How transmissible is it and what should I tell my 
patients to do?

My advice—go outside and take a walk (13). Spend time 
increasing your fitness and meeting friends (who are not sick) 
in outdoor places where transmission should be less common. 
 Listen to the advice coming from public health agencies (e.g., state 

http://rheum-covid.org
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health department or CDC), particularly if you are of advanced age 
with diabetes or chronic lung or heart disease.

Exactly when can we go back to our normal daily 
lives?

I don’t know. While there is reason to speculate that the out-
break will subside in the summer months (like influenza season 
wanes), there is no guarantee that COVID- 19 will disappear as 
did SARS, and transmission could potentially occur year- round 
(as for influenza). The silver lining (albeit small one) with COVID- 19 
is that influenza season should be shortened as individuals and 
businesses take extra precautions that will likely diminish influenza 
transmission—although at the time of this writing we are seeing 
an increase in influenza A cases locally in Oregon, likely due to 
increased testing (14). Other than this, I see few silver linings to this 
epidemic—only enormous and overwhelming amounts of work for 
health care systems, tremendous anxiety and disruption, and many 
thousands of deaths that otherwise would not have occurred. This 
is the likely scenario, making therapeutic and vaccine development 
of the utmost importance, as social distancing can only go so far.

Finally, epidemics such as these remind our leaders that 
public health agencies and health care systems need to be 
funded and equipped for such events (despite their infrequency). 
CDC’s budget should not be going down annually (as it recently 
has) (15). And one more plea to whomever is in charge of this 
thing: please, please do not cancel March Madness!

Addendum. As of April 12, 2020, there were 555,371 
cases of COVID-19 infection in the US, and 22,056 deaths (16).
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Underscoring the Importance of Allopurinol in 
Treating Gout: Results of a Food and Drug  
Administration–Mandated Safety Trial
Nikolay P. Nikolov,  Sally Seymour, Rosemarie Neuner, Ya-Hui Hsueh, Eugenio Andraca-Carrera, and Kusum Mistry

The US Food and Drug Administration (FDA) recently added 
a boxed warning to the product label and limited the indication 
for febuxostat, a xanthine oxidase inhibitor (XOI) approved in 
2009 for the management of chronic hyperuricemia in patients 
with gout. The labeling changes reflect the FDA’s analysis of a 
cardiovascular (CV) safety trial (1), showing an increased risk of 
CV death with febuxostat relative to allopurinol in gout patients 
with established car diovascular disease (CVD). Because of 
this observed increased risk, the FDA concluded that febux-
ostat should be used only in patients who have an inadequate 
response to a maximally titrated dosage of allopurinol, who are 
intolerant to allopurinol, or for whom treatment with allopurinol is 
otherwise not advisable. The FDA action emphasizes the critical 
need for health care professionals to first optimize allopurinol use 
before determining whether febuxostat is indicated.

Gout is a chronic and common form of arthritis, characterized 
by hyperuricemia, crystal arthropathy, and nephrolithiasis. Control 
of hyperuricemia with urate- lowering therapies, with XOIs being 
used as first line, is the foundation of chronic gout management. 
The FDA approved allopurinol in 1966 for the treatment of patients 
with signs and symptoms of primary or secondary gout (acute 
attacks, tophi, joint destruction, uric acid lithiasis, and/or nephrop-
athy). In 2009 the FDA approved the  second and only alternative 
XOI, febuxostat, for the long- term management of hyperuricemia 
in patients with gout. During its review of the new drug application 
for febuxostat, the FDA took note of cardiovascular adverse events 
and an unfavorable numerical imbalance in mortality and required 
the sponsor (Takeda) to obtain additional safety data. Even upon 
approval, however, the FDA required a postmarketing safety trial 
to evaluate the cardiovascular risks of febuxostat, resulting in the 
Cardiovascular Safety of Febuxostat and Allopurinol in Patients 
with Gout and  Cardiovascular  Morbidities (CARES) trial (1).

In the CARES trial, a randomized, double- blind, active- 
controlled (allopurinol), noninferiority design was used to  evaluate 

the risk of major adverse cardiovascular events (MACE) with febux-
ostat. The trial enrolled 6,190 patients with a history of gout, hype-
ruricemia, and one of the following: major CVD, cerebrovascular 
disease, or diabetes mellitus with micro-  and/or macrovascular 
disease. The primary end point was the time to first occurrence of 
MACE, defined as the composite of cardiovascular death, nonfa-
tal myocardial infarction, nonfatal stroke, or unstable angina with 
urgent coronary revascularization. The CARES study was designed 
to exclude a prespecified risk margin of 1.3 for the hazard ratio of 
MACE. All suspected CV events were prospectively adjudicated by 
an independent cardiovascular end point committee whose mem-
bers were blinded with regard to treatment assignment.

Results showed that febuxostat was noninferior to allopurinol 
for the primary end point of MACE (hazard ratio 1.03 [95% con-
fidence interval 0.89–1.21]) (Table 1). However, among patients 
treated with febuxostat, the number of CV deaths was signifi-
cantly greater (134 [1.5 per 100 patient- years]) compared to the 
number among patients treated with allopurinol (100 [1.1 per 100 
patient- years]), with no difference observed in non- CV mortality. 
Based on the CARES data, the FDA determined that febuxostat 
had an estimated number needed to harm of 278 patient- years 
(95% confidence interval 145–3,248) for CV death, meaning that 
278 patient- years of exposure to febuxostat are needed (among 
patients with CV risk similar to that among patients in the CARES 
trial) to observe 1 additional CV death relative to allopurinol.

Because information regarding discontinuation rates and 
retention was not readily available to inform the study design and 
conduct, the CARES protocol did not specify a maximum duration 
of follow-up. Patients were to be followed up until study completion. 
The CARES was a long study: the maximum patient follow-up was 
7 years, the median on-study follow-up time was 2.6 years, and 
the median on-treatment time was 2.0 years. As a result, the amount 
of missing data was notable: 45% of subjects discontinued on-study 
follow-up and 56.6% discontinued treatment. This was a major limi-

Nikolay P. Nikolov, MD, Sally Seymour, MD, Rosemarie Neuner, MD, MPH, 
Ya-Hui Hsueh, PhD, Eugenio Andraca-Carrera, PhD, Kusum Mistry, PharmD: 
Center for Drug Evaluation and Research, US Food and Drug Administration, 
Silver Spring, Maryland.

No potential conflicts of interest relevant to this article were reported.

Address correspondence to Nikolay P. Nikolov, MD, US Food and Drug 
Administration, 10903 New Hampshire Avenue, Silver Spring, MD. E-mail: 
Nikolay.Nikolov@fda.hhs.gov.

Submitted for publication March 3, 2020; accepted in revised form 
March 18, 2020.

https://orcid.org/0000-0003-0382-6134
mailto:Nikolay.Nikolov@fda.hhs.gov
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41266&domain=pdf&date_stamp=2020-05-27


NIKOLOV ET AL 878       |

tation in this otherwise rigorously conducted trial. While there were 
considerable missing data in the CARES, the results from the study 
were concerning and appeared to confirm the safety concerns in 
the original development program. Additional sensitivity and tip-
ping point analyses to evaluate the impact of missing data showed 
that a highly unlikely imbalance in events after patients were lost to 
 follow-up would be needed to change the study conclusion of non- 
excessive CV risk with febuxostat compared to allopurinol. These 
analyses further mitigated concerns regarding the impact of missing 
data on the overall results and conclusions. The CARES enrolled 
patients with established CVD, and the number needed to harm is 
likely higher (i.e., more people required in order to observe 1 excess 
death) in lower- risk patients. Because the CARES compared febux-
ostat to allopurinol without a placebo arm to provide a frame of 
reference, it is not possible to draw conclusions concerning the 
absolute risk of CV mortality or the potential for a protective effect 
from lowering serum uric acid levels. Despite these limitations, the 
safety information from the CARES provides important comparative 
data to inform the benefits and risks of the two XOI products.

In reviewing the CARES results and the benefit/risk of 
febuxostat, we considered the context of its use. Gout affects 
~9.2 million adults in the US (2), and the clinical, economic, and 
social impacts of the disease are significant. Control of hyper-
uricemia with urate- lowering therapy is the foundation of long- term 
gout management, and reduction in serum uric acid levels corre-
lates with a decrease in gout flares, tophi, and urate nephrolithiasis. 
Allopurinol is the most commonly prescribed XOI in the US, with 
14.9 million prescriptions dispensed in 2017, compared to 1.2 million  
prescriptions dispensed for febuxostat (3). Febuxostat is the only 
XOI alternative to allopurinol and only one of a handful of urate- 
lowering therapies available domestically. In addition to diet and 
lifestyle modifications, XOIs are considered first- line pharmacologic 
therapy, followed by uricosuric and uricase products, which are also 
associated with limitations of use and toxicities, such as renal toxicity,  
immuno genicity, and anaphylaxis (4). Given the limited number 
of therapies, gout is a disease with an unmet need for treatment 
options. The results of the CARES study were thoroughly consid-
ered within a benefit/risk context, and the FDA determined that 
febuxostat should be reserved for use in those patients who cannot 
tolerate or do not respond favorably to treatment with allopurinol.

In deciding to reserve use of febuxostat for patients who have 
an inadequate response to allopurinol, the FDA was aware that 
optimal allopurinol dosing has been challenging in clinical prac-
tice, resulting in nonadherence and suboptimal dosing (5). While 
the average dosage of allopurinol is 200–300 mg/day for patients 
with mild gout and 400–600 mg/day for those with moderately 
severe tophaceous gout, the maximum recommended dosage is 
800 mg daily. The CARES data were generated in accordance 
with these recommendations, even in patients with mild- to- 
moderate renal impairment.

The safety information from the CARES trial underscores the 
critical role of allopurinol as a mainstay in the treatment of gout. 
Health care providers must be diligent in appropriately titrating allop-
urinol when treating any patient with gout before making a conclu-
sion as to whether the patient cannot tolerate or is an inadequate 
responder to allopurinol. Current practices for the management of 
gout (e.g., treatment guidelines) will benefit from the considerations 
outlined above, with due emphasis on optimizing the use of allopu-
rinol. Data generated from postmarketing studies, like the CARES  
study, remind us that, despite important advances in drug  
development, patient safety can sometimes be better served  
through the judicious use of well- established drugs: in this  
instance, allopurinol.

 1. White WB, Saag KG, Becker MA, Borer JS, Gorelick P, Whelton A,
et al. CARES Investigators. Cardiovascular safety of febuxostat or al-
lopurinol in patients with gout. N Engl J Med 2018;378:1200–10.

 2. Chen-Xu M, Yokose C, Rai SK, Pillinger MH, Choi HK. Contempo-
rary prevalence of gout and hyperuricemia in the United States and
decadal trends: the National Health and Nutrition Examination Survey
2007–2016. Arthritis Rheumatol 2019;71:991–9.

 3. FDA briefing information for January 11, 2019 joint meeting of the
Arthritis Advisory Committee and Drug Safety and Risk Management
Advisory Committee. URL: https://www.fda.gov/downl oads/Advis
oryCo mmitt ees/Commi ttees Meeti ngMat erial s/Drugs/ Arthr itisA dviso 
ryCom mitte e/UCM62 9362.pdf.

 4. Khanna D, Fitzgerald JD, Khanna PP, Bae S, Singh MK, Neogi T,
et al. 2012 American College of Rheumatology guidelines for man-
agement of gout. Part 1: Systematic nonpharmacologic and pharma-
cologic therapeutic approaches to hyperuricemia. Arthritis Care Res
2012;64:1431–46.

 5. Singh JA, Hodges JS, Asch SM. Opportunities for improving medica-
tion use and monitoring in gout. Ann Rheum Dis 2009;68:1265–70.

Table 1. Primary analysis of MACE in the CARES trial*

Febuxostat 
(n = 3,098, 

PY = 8,799.5)

Allopurinol 
(n = 3,092, 

PY = 8,675.7)

HR (95% CI), 
febuxostat vs. 

allopurinol 
MACE 335 (IR 3.8) 321 (IR 3.7) 1.03 (0.89–1.21)

Cardiovascular death 134 100 1.34 (1.03–1.73)
Nonfatal MI 111 118 0.93 (0.72–1.21)
Nonfatal stroke 71 70 1.01 (0.73–1.41)
Unstable angina with urgent coronary revascularization 49 56 0.86 (0.59–1.26)

* Data are from the Cardiovascular Safety of Febuxostat and Allopurinol in Patients with Gout and Cardiovascular Morbidities
(CARES) trial (on- study analysis). MACE = major adverse cardiovascular events; HR = hazard ratio; 95% CI = 95% confidence interval; 
IR = incidence rate per 100 person- years (PY); MI = myocardial infarction. 
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2020 American College of Rheumatology Guideline for the 
Management of Gout
John D. FitzGerald,1  Nicola Dalbeth,2  Ted Mikuls,3  Romina Brignardello-Petersen,4 Gordon Guyatt,4  
Aryeh M. Abeles,5  Allan C. Gelber,6  Leslie R. Harrold,7 Dinesh Khanna,8  Charles King,9 Gerald Levy,10 
Caryn Libbey,11 David Mount,12 Michael H. Pillinger,5  Ann Rosenthal,13 Jasvinder A. Singh,14   
James Edward Sims,15 Benjamin J. Smith,16  Neil S. Wenger,17 Sangmee Sharon Bae,17  Abhijeet Danve,18 
Puja P. Khanna,19 Seoyoung C. Kim,20  Aleksander Lenert,21 Samuel Poon,22 Anila Qasim,4 Shiv T. Sehra,23 
Tarun Sudhir Kumar Sharma,24 Michael Toprover,5 Marat Turgunbaev,25 Linan Zeng,4 Mary Ann Zhang,20   
Amy S. Turner,25 and Tuhina Neogi11

Objective. To provide guidance for the management of gout, including indications for and optimal use of urate- 
lowering therapy (ULT), treatment of gout flares, and lifestyle and other medication recommendations.

Methods. Fifty- seven population, intervention, comparator, and outcomes questions were developed, followed by 
a systematic literature review, including network meta- analyses with ratings of the available evidence according to the 
Grading of Recommendations Assessment, Development and Evaluation (GRADE) methodology, and patient input. A group 
consensus process was used to compose the final recommendations and grade their strength as strong or conditional.

Results. Forty- two recommendations (including 16 strong recommendations) were generated. Strong recommen-
dations included initiation of ULT for all patients with tophaceous gout, radiographic damage due to gout, or frequent 
gout flares; allopurinol as the preferred first- line ULT, including for those with moderate- to- severe chronic kidney 
disease (CKD; stage >3); using a low starting dose of allopurinol (≤100 mg/day, and lower in CKD) or febuxostat 
(<40 mg/day); and a treat- to- target management strategy with ULT dose titration guided by serial serum urate (SU) 
measurements, with an SU target of <6 mg/dl. When initiating ULT, concomitant antiinflammatory prophylaxis therapy for 
a duration of at least 3–6 months was strongly recommended. For management of gout flares, colchicine, nonsteroidal 
antiinflammatory drugs, or glucocorticoids (oral, intraarticular, or intramuscular) were strongly recommended.

Conclusion. Using GRADE methodology and informed by a consensus process based on evidence from the 
current literature and patient preferences, this guideline provides direction for clinicians and patients making decisions 
on the management of gout.

Guidelines and recommendations developed and/or endorsed by the American College of Rheumatology (ACR) are  
intended to provide guidance for particular patterns of practice and not to dictate the care of a particular patient. The ACR 
considers adherence to the recommendations within this guideline to be voluntary, with the ultimate determination regarding 
their application to be made by the physician in light of each patient’s individual circumstances. Guidelines and recommen-
dations are intended to promote beneficial or desirable outcomes but cannot guarantee any  specific outcome. Guidelines and 
recommendations developed and endorsed by the ACR are subject to periodic revision as warranted by the evolution of med-
ical knowledge, technology, and practice. ACR recommendations are not intended to dictate payment or insurance decisions, 
and drug formularies or other third- party analyses that cite ACR guidelines should state this. These recommendations cannot 
adequately convey all uncertainties and nuances of patient care.

The American College of Rheumatology is an independent, professional, medical and scientific society that does not guaran-
tee, warrant, or endorse any commercial product or service.
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INTRODUCTION

Gout is the most common form of inflammatory arthritis, 
affecting ~9.2 million adults (3.9%) in the US (1). While the eti-
ology of gout is well- understood and there are effective and 
inexpensive medications to treat gout, gaps in quality of care 
persist (2–4). The 2012 American College of Rheumatology 
(ACR) Guidelines for the Management of Gout (5,6) and other 
international specialty society guidelines recommend treat- 
to- target strategies with use of urate- lowering therapy (ULT) 
(7–10). Despite these recommendations, over the past 2 de-
cades there has been no increase in ULT utilization. Adherence 
to ULT remains poor (2,11) and is the lowest adherence among 
treatments for 7 common chronic medical conditions (12). 
Complicating the efforts to improve adherence is the fact that 
the prior 2012 ACR Guidelines for the Management of Gout 
have been criticized due to low quality of evidence supporting 
treat- to- target recommendations (13,14). Since the 2012 ACR 
Guidelines for the Management of Gout were published, sev-
eral clinical trials have been conducted that provide additional 
evidence regarding the management of gout, leading the ACR 
Guidelines Subcommittee to determine that new guidelines 
were warranted.

METHODS

This guideline follows the ACR guideline development 
 process (https://www.rheum atolo gy.org/Pract ice-Quali ty/Clini cal- 
Suppo rt/Clini cal-Pract ice-Guide lines) using the Grading of 
Recom  mendations Assessment, Development and Evaluation 
(GRADE) methodology to rate the certainty of evidence and 
develop recommendations (15–17), with an emphasis on develop-
ing actionable guidelines. ACR policy guided the management of 

conflicts of interest and disclosures (https://www.rheum atolo gy. 
org/Pract ice-Quali ty/Clini cal-Suppo rt/Clini cal-Pract ice-Guide 
lines/ Gout). A full description of the methods is presented in Sup-
plementary Appendix 1 (available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41247/ 
abstract).

Briefly, the Core Team, Expert Panel, and Voting Panel 
(consisting of rheumatologists, a general internist, a nephrol-
ogist, a physician assistant, and a patient representative) gen-
erated 57 population, intervention, comparator, and outcomes 
(PICO) questions to address the following: indications for ULT 
(5 questions), approaches to initiating ULT (7 questions), ongo-
ing ULT management (18 questions), gout flares (10 questions), 
and lifestyle and other medication strategies in patients with 
gout (9 questions) and in individuals with asymptomatic hyper-
uricemia (8 questions). PICO questions were posted on the 
ACR web site for public comment (October 30–November 30, 
2018) (for a list of team and panel members, see Supplemen-
tary Appendix 2, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41247/ 
abstract). An in- person Patient Panel of 8 male patients with 
gout, moderated by one of the voting panel members (JAS), 
reviewed the evidence report (along with a summary and inter-
pretation by the moderator) and provided patient perspectives 
and preferences.

The Core Team prespecified outcomes as critical or 
important for each PICO question for the systematic literature 
review. Outcomes varied across PICO topic (for details, see 
Supplementary Appendix 3, at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41247/ abstract). Gout flare and serum urate 
(SU) concentration (and tophus for PICO question 1) were 
specified as critical outcomes for all PICO questions specific to 
ULT. Pain was identified as critical for PICO questions specific 
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to gout flare. Gout flare was specified as the only critical out-
come for management of lifestyle factors. All other outcomes 
were specified as important. Without standardized definitions 
for gout flare as an outcome (18), flare definitions varied by 
duration of follow- up in the various studies. Based on Patient 
Panel input, we specified that longer- term outcomes (e.g., 
24 months) would be critical, while shorter durations (e.g., 
<12 months) were considered important; it was recognized 
that very short time points (e.g., <6 months) may reflect the 
expected flares during ULT initiation.

We conducted systematic literature reviews (including 2 
network meta- analyses [NMAs]) to address each PICO ques-
tion (for search strategies and study selection process, see Sup-
plementary Appendices 4 and 5, respectively, at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41247/ abstract). The first NMA 
evaluated the impact of starting ULT versus no ULT and the rel-
ative impact of the various ULT agents (for details, see Supple-
mentary Appendix 6, available at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41247/ abstract). The second NMA evaluated 
antiinflammatory agents in gout flare management (for details, see 
Supplementary Appendix 7, available at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41247/ abstract). To accomplish this sec-
ond NMA, we grouped similar agents into nodes (e.g., acetic acid 
derivatives, profens, cyclooxygenase 2 agents, glucocorticoids, 
and interleukin- 1 [IL- 1] inhibitors).

The lowest level of evidence for the outcomes deemed crit-
ical to patients determined the certainty of evidence for each 
PICO question (15). For PICO questions specific to ULT, and 
on the basis of input from 1) the Patient Panel; 2) prior focus 
group work citing the importance of SU, gout flare, and tophi 
to patients (19); and 3) prior guidance from the GRADE work-
ing group  (20), we made the following decisions. Where there 
was moderate or high certainty of evidence demonstrating 
improvement in any 1 of these 3 outcomes, we deemed this 
sufficient evidence to support a strong recommendation. The 
certainty of evidence from the other 2 outcomes was then des-
ignated as important but not  critical to support the recommen-
dation. The certainty of the evidence for each recommendation 
is presented in Tables  1–8, and the certainty of evidence for 
each outcome within each PICO question is in the full evidence 
report (see Supplementary Appendix 8, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41247/ abstract).

Additionally, we report results using the more conservative 
rating of the evidence using the lowest level of evidence for 
any of the critical outcomes. Applying these more conservative 
rules, the summary certainty of evidence decreased (in com-
parison to the reported results) for some of the ULT recom-
mendation statements, which would result in a lower strength 
of recommendation for 2 recommendations (PICO question 2: 
ULT indication for patients with erosions, and PICO question 

27: switching to pegloticase for ULT failure). The details are 
available in the evidence report (Supplementary Appendix 8). 
Medication costs (not part of the systematic literature review), 
reported as average wholesale pricing as sourced from Lexi-
comp on August 23, 2019, were provided to the Voting Panel, 
as cost of treatment was included as part of the evaluation of 
risks and benefits of treatment medications (see Supplemen-
tary Appendix 9, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41247/ 
abstract).

PICO questions were drafted into recommendation state-
ments and were sent to the Voting Panel with the evidence report 
prior to round 1 voting. At a face- to- face meeting, the Voting Panel 
again reviewed draft recommendations, a summary of the vot-
ing results from round 1, the evidence report, and a summary of 
Patient Panel statements (1 patient from the Patient Panel [JES] 
and the Patient Panel moderator [JAS] attended the Voting Panel 
and were available to answer questions about the Patient Panel 
statements). To become a recommendation (for or against) in 
this guideline, at least 70% consensus of the Voting Panel was 
required.

The strength of each recommendation was rated as strong 
or conditional. Strong recommendations reflect decisions sup-
ported by moderate or high certainty of evidence where the 
benefits consistently outweigh the risks, and, with only rare 
exceptions, an informed patient and his or her provider would be 
expected to reach the same decision. Conditional recommen-
dations reflect scenarios for which the benefits and risks may 
be more closely balanced and/or only low certainty of evidence 
or no data are available.

Recommendations in this guideline apply to patients with 
gout, except for a single recommendation regarding the use of 
ULT in individuals with asymptomatic hyperuricemia, which is 
defined as an SU concentration of ≥6.8 mg/dl with no prior gout 
flares or subcutaneous tophi. Patients with evidence of mono-
sodium urate monohydrate (MSU) deposition on advanced imag-
ing may still be considered asymptomatic if they have not had a 
prior gout flare or subcutaneous tophi.

These guidelines do not directly address the impact of gout 
or hyperuricemia on other comorbidities, such as cardiovascular 
disease (CVD), hypertension, urolithiasis, or chronic kidney dis-
ease (CKD). As we developed these guidelines for use by provid-
ers practicing in the US, we considered pharmacologic therapies 
available in the US, with select exceptions. Although lesinurad 
was withdrawn from the US market by the manufacturer during 
the course of guideline development, it remains Food and Drug 
Administration (FDA) approved, and we therefore considered 
the data in relation to relevant PICO questions. To facilitate the 2 
NMAs, we also considered medications not available in the US to 
permit comparisons with other available medications in the net-
work analysis.

http://onlinelibrary.wiley.com/doi/10.1002/art.41247/abstract
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RESULTS/RECOMMENDATIONS

Indications for pharmacologic ULT

Initiating ULT is strongly recommended for 
gout patients with any of the following: ≥1 subcuta-
neous tophi; evidence of radiographic damage (any 
modality) attributable to gout; OR frequent gout 
flares, with frequent being defined as ≥2 annually.

From the ULT NMA (see Supplementary Appendix 6,  
available at http://onlin elibr ary.wiley.com/doi/10.1002/art.41247/ 
abstract) and randomized clinical trials (RCTs) of pegloticase 
(21–23) and lesinurad (24), there was high certainty of evidence 
regarding the efficacy of ULT in reducing flare frequency (23–26),  
tophi (21,23), and SU concentrations (23–26). While many Patient 
Panel participants reported that they were initially hesitant to start 
ULT, after experiencing improved control of inflammatory symp-
toms and tophi, they became strong advocates for its earlier insti-
tution  (for all indications for pharmacologic ULT, see Table 1 and 
Supplementary Figure  1, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.41247/abstract).

Initiating ULT is conditionally recommended 
for patients who have previously experienced >1 
flare but have infrequent flares (<2/year).

For patients with less frequent flares and no tophi, the poten-
tial clinical benefit of ULT would be lower than the ULT benefit for 
patients with more burdensome gout. In a single study (moder-
ate certainty of evidence), patients with ≤2 previous flares (and 
no more than 1 gout flare in the preceding year) randomized to 
receive febuxostat (versus placebo) were less likely to experience 
a subsequent flare (30% versus 41%; P < 0.05) (27).

Specific characteristics for patients with infrequent flares 
(e.g., SU concentration >9 mg/dl, CKD, CVD) that might influence 

the risk- benefit assessment were considered, but due to insuffi-
cient data for these subgroups, the Voting Panel did not find that 
these conditions warranted stronger ULT recommendations spe-
cific to these subgroups.

Initiating ULT is conditionally recommended 
against in patients with gout experiencing their 
first gout flare.

However, initiating ULT is conditionally rec-
ommended for patients with experiencing their 
first flare when comorbid moderate- to- severe 
CKD (stage  ≥3), SU concentration >9 mg/dl, or  
urolithiasis is present.

While conditionally recommending against ULT initiation fol-
lowing the first gout flare in a patient with “uncomplicated” gout, 
the Voting Panel considered Patient Panel input and recognized 
that there may be patients who would prefer (or benefit from) ULT, 
underscoring the need for shared decision- making. As noted 
above, data from the RCT of patients with ≤2 previous flares (and 
no more than 1 gout flare in the preceding year) supported the ben-
efit of ULT for reduction of SU concentration and gout flare risk (27). 
For patients with moderate- to- severe CKD (e.g., stage >3), there 
is a higher likelihood of gout progression and development of clini-
cal tophi (28–30). Furthermore, treatment options for gout flare are 
limited in this population, and there may be added benefit of using 
ULT to prevent progression of renal disease (31). Similarly, patients 
with markedly elevated SU concentrations (>9 mg/dl) are more 
likely to experience gout progression (26,32). For patients with a 
history of urolithiasis, allopurinol and febuxostat provide benefit, as 
both medications lower 24- hour urinary uric acid excretion more 
than placebo (33). Among patients with calcium oxalate stones 
and hyperuricosuria, allopurinol (300 mg/day) is superior to pla-
cebo in reducing the 3- year incidence of stone- related events (34).

Table 1. Indications for pharmacologic urate- lowering therapy (ULT)*

Recommendation
PICO 

question
Certainty of 

evidence
For patients with 1 or more subcutaneous tophi, we strongly recommend initiating ULT over no ULT. 1 High
For patients with radiographic damage (any modality) attributable to gout, we strongly recommend 

initiating ULT over no ULT.
2 Moderate

For patients with frequent gout flares (>2/year), we strongly recommend initiating ULT over no ULT. 3 High
For patients who have previously experienced >1 flare but have infrequent flares (<2/year), we conditionally 

recommend initiating ULT over no ULT.
4 Moderate

For patients experiencing their first flare, we conditionally recommend against initiating ULT over no ULT, 
with the following exceptions.

5 Moderate

For patients experiencing their first flare and CKD stage >3, SU >9 mg/dl, or urolithiasis, we conditionally 
recommend initiating ULT.

5 Very low

For patients with asymptomatic hyperuricemia (SU >6.8 mg/dl with no prior gout flares or subcutaneous 
tophi), we conditionally recommend against initiating any pharmacologic ULT (allopurinol, febuxostat, 
probenecid) over initiation of pharmacologic ULT.

57 High†

* PICO = population, intervention, comparator, outcomes; CKD = chronic kidney disease; SU = serum urate.
† There is randomized clinical trial data to support the benefit that ULT lowers the proportion of patients who develop incident gout. However, 
based on the attributable risk, 24 patients would need to be treated for 3 years to prevent a single (incident) gout flare leading to the 
recommendation against initiating ULT in this patient group. 
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Initiating ULT is conditionally recommended 
against in patients with asymptomatic hyperuri-
cemia.

For patients with asymptomatic hyperuricemia, RCTs 
(designed to study CVD outcomes) demonstrated significant 
reduction in incident gout flares over 3 years. However, the 
development of incident gout was low for both ULT and pla-
cebo arms (<1% versus 5%) (35,36). In other words, 24 patients 
would need to be treated with ULT for 3 years to prevent a 
single (incident) gout flare. From observational studies, among 
patients with asymptomatic hyperuricemia with SU concentra-
tions of >9 mg/dl, only 20% went on to develop gout within 5 
years (32). The Voting Panel felt that, on average, for the major-
ity of patients with asymptomatic hyperuricemia (including those 
with comorbid CKD, CVD, urolithiasis, or hypertension), the 
benefits of ULT would not outweigh potential treatment costs 
or risks for the large number of patients unlikely to progress 
to gout. This is also the case for patients with asymptomatic 
hyperuricemia with MSU crystal deposition as noted on imaging 
tests such as ultrasound or dual- energy computed tomography.

Recommendations for choice of initial ULT for  
patients with gout

Treatment with allopurinol as the preferred 
first- line agent, over all other ULTs, is strongly 
recommended for all patients, including those 
with moderate- to- severe CKD (stage ≥3).

The Voting Panel strongly recommended allopurinol as the 
preferred first- line agent given its efficacy when dosed  appropriately 
(often required doses >300 mg/day [37] up to the maximum FDA- 
approved dose of 800 mg/day [38]), tolerability, safety, and lower 

cost. Using a lower starting dose mitigates safety issues specific 
to allopurinol hypersensitivity syndrome (AHS) (39,40). The Vot-
ing Panel indicated that an optimal trial of oral medication would 
be appropriate prior to pegloticase due to cost differences and 
potential adverse effects of the latter medication (for recommen-
dations for choice of initial ULT, see Table 2 and Supplementary 
Figure  2, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41247/abstract).

The choice of either allopurinol or febuxostat 
over probenecid is strongly recommended for pa-
tients with moderate- to- severe CKD (stage ≥3).

The choice of pegloticase as a first- line thera-
py is strongly recommended against.

Starting treatment with low- dose allopuri-
nol (≤100 mg/day and lower in patients with CKD 
[stage ≥3]) and febuxostat (≤40 mg/day) with sub-
sequent dose titration over starting at a higher 
dose is strongly recommended.

Starting treatment with low- dose probenecid 
(500 mg once to twice daily) with subsequent dose 
titration over starting at a higher dose is condi-
tionally recommended.

A lower starting dose of any ULT reduces the risk of flare asso-
ciated with initiation (41). The Patient Panel voiced a strong pref-
erence for safer ULT prescribing regimens through lower starting 
doses with subsequent dose escalation, even if such regimens 
required more blood draws and provider visits, over alternate 
regimens (e.g., starting with higher doses) that might incur more 
risk. Even lower initial allopurinol doses (e.g., ≤50 mg/day) 

Table 2. Recommendations for choice of initial urate- lowering therapy (ULT) in patients with gout*

Recommendation
PICO 

question
Certainty of 

evidence
For patients starting any ULT, we strongly recommend allopurinol over all other ULT as the preferred first- line 

agent for all patients, including in those with CKD stage >3.
10 Moderate

We strongly recommend a xanthine oxidase inhibitor over probenecid for those with CKD stage >3.
For allopurinol and febuxostat, we strongly recommend starting at a low dose with subsequent dose titration 

to target over starting at a higher dose (e.g., <100 mg/day [and lower in patients with CKD] for allopurinol or 
<40 mg/day for febuxostat). 

7 Moderate

For probenecid, we conditionally recommend starting at a low dose (500 mg once or twice daily) with dose 
titration over starting at a higher dose.

We strongly recommend initiating concomitant antiinflammatory prophylaxis therapy (e.g., colchicine, NSAIDs, 
prednisone/prednisolone) over no antiinflammatory prophylaxis. 
The choice of specific antiinflammatory prophylaxis should be based upon patient factors.

9 Moderate

We strongly recommend continuing prophylaxis for 3–6 months rather than <3 months, with ongoing 
evaluation and continued prophylaxis as needed if the patient continues to experience flares.

9 Moderate

When the decision is made that ULT is indicated while the patient is experiencing a gout flare, we 
conditionally recommend starting ULT during the gout flare over starting ULT after the gout flare has 
resolved.

6 Moderate

We strongly recommend against pegloticase as first- line therapy. 10 Moderate†

* PICO = population, intervention, comparator, outcomes; CKD = chronic kidney disease; NSAIDs = nonsteroidal antiinflammatory drugs. 
† Moderate evidence is in support of the efficacy of pegloticase, but due to cost, safety concerns, and favorable benefit- to- harm ratios of other 
untried treatment options, the recommendation is against using pegloticase as first- line agent. 
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should be considered in patients with CKD. While higher  starting 
doses and CKD are associated with risk of AHS (39), patients 
with CKD may still require dose titration above 300 mg/day  
to achieve the SU target (42,43). A population pharmacokinetic– 
pharmacodynamics study showed that larger body size and 
diuretic use indicated the need for higher allopurinol doses to 
achieve greater urate reduction. Worse renal function only had 
a modest negative impact on urate reduction (44). Other studies 
have demonstrated that allopurinol dose escalation can be done 
safely in this population (40,45).

Administering concomitant antiinflammatory 
prophylaxis therapy (e.g., colchicine, nonsteroi-
dal antiinflammatory drugs [NSAIDs], prednisone/
prednisolone) over no antiinflammatory prophy-
laxis therapy is strongly recommended.

Based on 8 RCTs (41,46–52) and 2 observational studies 
(53,54), there is moderate certainty of evidence to support the 
strong recommendations to use antiinflammatory prophylaxis 
therapy when initiating ULT. Continuation of prophylaxis for at 
least 3–6 months after ULT initiation was recommended because 
shorter durations were associated with flares upon cessation of 
prophylaxis (55,56). After cessation, monitoring for flare activity 
and continuation of antiinflammatory treatment as needed if the 
patient continues to experience flares was recommended.

Continuing concomitant antiinflammatory  
prophylaxis therapy for 3–6 months over <3 
months, with ongoing evaluation and continued 
prophylaxis as needed if the patient continues to 
experience gout flares, is strongly recommended.

Timing of ULT initiation

When the decision is made that ULT is indicat-
ed while the patient is experiencing a gout flare, 
starting ULT during the gout flare over starting 
ULT after the gout flare has resolved is condition-
ally recommended.

Starting ULT during a flare has conceptual benefits, including 
the time efficiency offered by initiating therapy during the concur-
rent flare visit rather than risking the patient not returning for ULT 
initiation. Furthermore, input from the Patient Panel emphasized 
that patients are likely to be highly motivated to take ULT due to 
the symptoms related to the current flare. However, concerns 
about starting ULT during a flare include potential extension or 
worsening of a flare, as well as the possibility of information over-
load for patients, which may lead to conflating flare management 
and long- term ULT. Two small RCTs (57,58) and an observational 
study (59) support the hypothesis that starting ULT during a flare 
does not significantly extend flare duration or severity. Input 
from the Patient Panel, citing their own ability to simultaneously 

process information related to flare treatment and ULT initiation 
together, along with their preference to start on a treatment path 
sooner to prevent future flares, influenced the final recommen-
dation. As with all conditional recommendations, there may be 
patient factors or preferences that would reasonably support the 
alternative of delaying ULT initiation until the flare has resolved.

A treat- to- target management strategy that 
includes ULT dose titration and subsequent dos-
ing guided by serial SU measurements to achieve a 
target SU, over a fixed- dose ULT strategy, is strong-
ly recommended for all patients receiving ULT.

Achieving and maintaining an SU target of <6 
mg/dl over the use of no target is strongly recom-
mended for all patients receiving ULT.

We recommend using a treat- to- target management strategy 
to optimize patient outcomes by achieving and maintaining an SU 
target of <6 mg/dl rather than using a fixed- dose strategy (Table 3 
and Supplementary Figure 2, available at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41247/ abstract). There is moderate-  and 
high- quality evidence supporting these 2 recommendations. In an 
RCT from the UK (43), patients randomized to a nurse- led, treat- 
to- target protocol demonstrated greater ULT adherence, lower SU 
concentrations, reduction in tophi, and a lower proportion of fre-
quent (≥2) gout flares at 24 months, compared with patients ran-
domized to general practitioner–led usual care (an approach more 
often characterized by a fixed- dose strategy when ULT is adminis-
tered). Two separate pharmacist- led interventions in the US, both 
incorporating treat- to- target strategies, were superior to usual 
care in terms of treatment adherence, SU outcomes, and higher 
allopurinol dosing (60,61). Additional studies provide support for 
ULT dose escalation to achieve target SU levels, including dose 
titration of allopurinol in patients with CKD (40,43). While a specific 
dose titration schedule is left to provider and patient to individual-
ize based on patient comorbidities and preferences, ULT titration 
should occur over a reasonable time frame (e.g., weeks to months, 
not years) to prevent “treatment inertia” (62). In contrast to the 2012 
ACR Guidelines for the Management of Gout, due to lack of sup-
porting evidence for additional specific thresholds, we do not define 
further thresholds for patients warranting more intensive ULT.

Delivery of an augmented protocol of ULT dose 
management by nonphysician providers to op-
timize the treat- to- target strategy that includes 
patient education, shared decision- making, and 
treat- to- target protocol is conditionally recom-
mended for all patients receiving ULT.

Based on recent nurse-  (43) and pharmacist- led (60,61) inter-
ventions, the Voting Panel supported the benefit of an  augmented 
delivery- of- care using patient education and shared decision- 
making through implementation of a treat- to- target protocol over 
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usual care. However, the panel recognized that these resources may 
not be available in all health care settings, and that the key is for the 
treating provider (who could be the treating physician) to educate 
the patient and implement a treat- to- target protocol.

Duration of ULT

Continuing ULT indefinitely over stopping ULT 
is conditionally recommended.

For patients in clinical remission taking ULT (e.g., no flares 
for ≥1 year and no tophi [63]), the Voting Panel considered 
ULT cessation or tapering. In a single case series where ULT 
was withheld in patients in clinical remission with years of well- 
controlled SU concentrations prior to cessation, only 13% 
of patients (27 of 211) whose SU concentration remained at 
<7 mg/dl while not receiving ULT had no flares during a 5- year 
follow- up period. Furthermore, patients with higher SU con-
centrations after withholding therapy had more frequent flares 
with greater likelihood of flares associated with higher SU lev-
els (37). The Patient Panel voiced concerns about a return or 
worsening of gout symptoms, tophi, or joint damage with ULT 
cessation. If therapy is well- tolerated and not burdensome, the 
Patient Panel expressed a preference to continue treatment.

Recommendations for patients receiving ULT 
medications

Allopurinol

Testing for the HLA–B*5801 allele prior to 
starting allopurinol is conditionally recommend-
ed for patients of Southeast Asian descent (e.g., 
Han Chinese, Korean, Thai) and for African Ameri-
can patients, over not testing for the HLA–B*5801 
allele.

Universal testing for the HLA–B*5801 allele pri-
or to starting allopurinol is conditionally re comm -
en  ded against in patients of other ethnic or racial 
background over testing for the HLA–B*5801 allele.

As noted above, starting allopurinol in daily  
doses of ≤100 mg (and lower doses in patients 
with CKD) is strongly recommended over starting 
at a higher dose.

The HLA–B*5801 allele is associated with a markedly ele-
vated risk for AHS (64,65). The prevalence of HLA–B*5801 
is highest among persons of Han Chinese, Korean, and Thai 

Table 3. Recommendations for all patients taking urate- lowering therapy (ULT)*

Recommendation
PICO 

question
Certainty of 

evidence
For all patients taking ULT, we strongly recommend a treat- to- target strategy of ULT dose management that 

includes dose titration and subsequent dosing guided by serial SU values to achieve an SU target over a 
fixed, standard- dose ULT strategy.

13 Moderate

For all patients taking ULT, we strongly recommend continuing ULT to achieve and maintain an SU target of <6 
mg/dl over no target.

14 High

For all patients taking ULT, we conditionally recommend delivery of an augmented protocol of ULT dose 
management by nonphysician providers to optimize the treat- to- target strategy that includes patient 
education, shared decision- making, and treat- to- target protocol.

8 Moderate

We conditionally recommend continuing ULT indefinitely over stopping ULT. 19 Very low

* PICO = population, intervention, comparator, outcomes; SU = serum urate.

Table 4. Recommendations for patients taking specific urate- lowering therapy (ULT) medications*

Recommendation
PICO 

question
Certainty of 

evidence
Allopurinol 
We conditionally recommend testing HLA–B*5801 prior to starting allopurinol for patients of Southeast Asian 

descent (e.g., Han Chinese, Korean, Thai) and African American patients, who have a higher prevalence of 
HLA–B*5801.

12 Very low

We conditionally recommend against HLA–B*5801 testing in all others.
For patients with a prior allergic response to allopurinol who cannot be treated with other oral ULT, we 

conditionally recommend using allopurinol desensitization.
23 Very low

Febuxostat
For patients with gout taking febuxostat with a history of CVD or a new CV event, we conditionally recommend 

switching to an alternative ULT agent if available and consistent with other recommendations in this guideline.
22 Moderate

Uricosurics
For patients considered for, or taking uricosuric treatment, prior to starting any uricosuric treatment, we 

conditionally recommend against checking urinary uric acid over checking urinary uric acid.
28 Very low

For patients taking uricosuric treatment, we conditionally recommend against alkalinizing urine. 29 Very low

* PICO = population, intervention, comparator, outcomes; CVD = cardiovascular disease.
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descent (7.4%) (66), lower among African Americans (3.8%), and 
even lower among whites and Hispanics (0.7% each) (66). Test-
ing for this allele among Asians and African American patients 
was reported to be cost- effective (incremental cost- effectiveness 
ratios <$109,000 per quality- adjusted life years) (67). Asian and 
African American patients taking allopurinol both have a 3- fold 
increased risk of AHS compared with white patients taking allo-
purinol (68) (for recommendations for ULT medications, see 
Table 4 and Supplementary Figure 3, available at http://onlineli-
brary.wiley.com/doi/10.1002/art.41247/abstract).

Allopurinol desensitization is conditionally 
recommended for patients with a prior allergic 
response to allopurinol who cannot be treated 
with other oral ULT agents.

The level of evidence supporting this recommendation was 
very low (69,70). The Voting Panel recognized that desensitiza-
tion protocols (69,70) are not commonly used, with the majority 
of currently practicing rheumatologists having limited experience 
in these protocols.

Febuxostat

Switching to an alternative oral ULT agent,  
if available and consistent with other recommen-
dations in this guideline, is conditionally recomm-
ended for patients taking febuxostat with a 
history of CVD or a new CVD- related event.

At the Voting Panel meeting, there was much discussion 
about the data, Patient Panel input, and interest to provide 
recommendations consistent with the FDA black box warning 
for febuxostat (71). The Voting Panel considered data from the 
CARES RCT (72) and 2 observational studies (73,74). In the 
FDA- mandated CARES trial of febuxostat versus allopurinol (72), 
there was no difference between the 2 arms in the primary com-
posite CVD end point. Febuxostat, however, was associated 
with a higher risk of CVD- related death and all- cause mortal-
ity (driven by CVD deaths) compared with allopurinol, but there 
was no association with the other 3 secondary CVD outcomes 
(nonfatal myocardial infarction, nonfatal stroke, or urgent revas-
cularization for unstable angina). Interpretation of these results 
is complicated by a high dropout rate with a majority of deaths 
occurring after ULT discontinuation (72). Moreover, the lack of an 
untreated control group means the absolute CVD risk related to 
febuxostat is unknown. A large observational study (recruitment 
not selected for CVD) did not show an increased risk of CVD 
or all- cause mortality associated with febuxostat initiation com-
pared with allopurinol using methods to address confounding by 
indication (73). Another study using a managed care database 
demonstrated lower risk of any major CVD event among febux-
ostat initiators than allopurinol initiators, though confounding by 
indication may not have been adequately addressed (74). The 

Patient Panel representative stated members would be willing 
to accept “some” incremental CVD risk as long as the treatment 
adequately controlled their gout. Thus, as for many such deci-
sions with conditional recommendations, providers and patients 
should engage in shared decision- making when considering 
febuxostat for patients at high risk for CVD.

Uricosurics

Checking urinary uric acid is conditionally rec-
ommend against for patients considered for or re-
ceiving uricosuric treatment.

Alkalinizing the urine is conditionally recom-
mended against for patients receiving uricosuric 
treatment.

A single observational study demonstrated that higher levels 
of 24- hour urinary uric acid and higher levels of undissociated uri-
nary uric acid were associated with urolithiasis (75). However, the 
Voting Panel indicated that the challenges with 24- hour urine col-
lection or nomogram- based testing, which can both be affected 
by diet, negate the utility of such testing in light of a very low level 
of evidence.

We found no evidence to support a recommendation of 
checking urinary uric acid level for patients receiving uricosuric 
treatment or for alkalinizing the urine. The Voting Panel supported 
standard best practice that patients with known renal calculi 
or moderate- to- severe CKD (stage >3) should not be treated with 
uricosurics. For patients who are treated with uricosurics, patients 
should receive counseling about adequate hydration, but they 
need not be prescribed alkalinizing agents given the lack of evi-
dence for efficacy.

As use of uricosurics remains infrequent, we did not for-
mally vote on indications for uricosuric medications. However, 
we concur with the 2012 ACR Guidelines for the Management 
of Gout that add- on therapy to partially responsive xanthine oxi-
dase inhibitor (XOI) treatment can result in improved SU control 
(24,25,76).

When to consider changing ULT strategy

Switching to a second XOI over adding a uri-
cosuric agent is conditionally recommended for 
patients taking their first XOI, who have per-
sistently high SU concentrations (>6 mg/dl) de-
spite maximum- tolerated or FDA- indicated XOI 
dose, and who have continued frequent gout 
flares (>2 flares/year) OR who have nonresolving 
subcutaneous tophi.

Several lesinurad studies demonstrated the benefit of add-
ing a uricosuric medication to XOI treatment (25,76). However, 
we found no studies directly addressing the choice in the above 
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PICO question, resulting in the conditional recommendation to 
switch to a second XOI after the first XOI failure (for recommenda-
tions for consideration of changing ULT strategy, see Table 5 and 
Supplementary Figure 2, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41247/abstract).

Switching to pegloticase over continuing cur-
rent ULT is strongly recommended for patients 
with gout for whom XOI treatment, uricosurics, 
and other interventions have failed to achieve 
the SU target, and who continue to have frequent 
gout flares (≥2 flares/year) OR who have nonre-
solving subcutaneous tophi.

Switching to pegloticase over continuing cur-
rent ULT is strongly recommended against for 
patients with gout for whom XOI treatment, uri-
cosurics, and other interventions have failed to 
achieve the SU target, but who have infrequent 
gout flares (<2 flares/year) AND no tophi.

In clinical trials, patients with 3 or more self- reported gout 
flares during the previous 18 months, ≥1 tophi, and gouty 
arthropathy, defined clinically or radiographically as joint damage 
due to gout, were randomly assigned to pegloticase treatment. 
Patients additionally had contraindication to treatment with 
allo purinol or history of treatment failure to normalize uric acid 
despite ≥3 months of treatment with the maximum medically 
appropriate allopurinol dose (determined by the treating physi-
cian). For these patients with frequent gout flares or nonresolv-
ing subcutaneous tophi, clinical trials demonstrated improved 
SU concentrations, low frequency of flares (77), reduction in 
tophi (21), and improved quality of life (22) among those receiv-
ing pegloticase. However, these outcomes come with high 
costs, twice- monthly infusions, and the potential for serious 
allergic reactions. For patients with infrequent gout flares and 
no tophi, we would expect a similar benefit in SU reduction. For 
patients with only infrequent flares, the magnitude of benefit 

would be substantially smaller than for patients with frequent 
flares, and there would be no benefit in reduction of tophi when 
no tophi are present. The harms and costs of administering 
pegloticase would likely be similar in patients with mild ver-
sus severe disease, resulting in limited benefit and appreciable 
harm along with very high costs, leading the panel to conclude 
that the costs and harms clearly outweigh the benefits. This 
conclusion, along with strong Patient Panel statements about 
not wanting to receive twice- monthly infusions to prevent 
infrequent gout flares, resulted in the strong recommendation 
against using pegloticase for patients with mild disease.

The above scenarios represent extremes of gout clinical 
severity resulting in strong “for” and “against” recommendations. 
The Voting Panel considered intermediary scenarios, but given the 
potential variability, the panel opted to simply defer to provider 
judgment balanced with patient preferences, regarding the optimal 
treatment strategy for individuals not described above. To clarify, 
as outlined above, there is a strong recommendation to follow a 
treat- to- target management strategy for all patients receiving ULT. 
However, the recommendation for treat- to- target strategy is not 
absolute and not meant to be pursued at “any cost.” Even strong 
recommendations require sound clinical judgment to balance the 
potential clinical benefits and harms (including costs) of medical 
decisions (78).

Gout flare management

Using colchicine, NSAIDs, or glucocorticoids (oral, 
intraarticular, or intramuscular) as appropriate first- 
line therapy for gout flares over IL- 1 inhibitors or 
adrenocorticotropic hormone (ACTH) is strongly rec-
ommended for patients experiencing a gout flare.

Given similar efficacy and a lower risk of ad-
verse effects, low- dose colchicine over high- dose 
colchicine is strongly recommended when colchi-
cine is the chosen agent.

Table 5. When to consider switching to a new urate- lowering therapy (ULT) strategy*

Recommendation
PICO 

question
Certainty of 

evidence
For patients with gout taking their first XOI monotherapy at maximum- tolerated or FDA- indicated dose who 

are not at SU target and/or have continued frequent gout flares or nonresolving subcutaneous tophi, we 
conditionally recommend switching the first XOI to an alternate XOI agent over adding a uricosuric agent.

24 Very low

For patients with gout where XOI, uricosurics, and other interventions have failed to achieve SU target and 
who have frequent gout flares or nonresolving subcutaneous tophi, we strongly recommend switching to 
pegloticase over continuing current ULT.†

27 Moderate

For patients with gout for whom XOI, uricosurics, and other interventions have failed to achieve serum urate 
target and who have infrequent gout flares (<2 flares/year) and no tophi, we strongly recommend against 
switching to pegloticase over continuing current ULT.‡

27 Moderate

* PICO = population, intervention, comparator, outcomes; XOI = xanthine oxidase inhibitor; FDA = Food and Drug Administration. 
† There is moderate certainty of evidence about the efficacy of the benefits, harms, and high certainty about the costs of pegloticase. For patients 
with high disease activity, the magnitude of potential benefits outweighs the harms and costs of the drug. 
‡ For patients with minimal disease activity, the smaller potential benefits do not outweigh the harms and costs of the drug. 
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Using topical ice as an adjuvant treatment 
over no adjuvant treatment is conditionally rec-
ommended for patients experiencing a gout flare.

Using an IL- 1 inhibitor over no therapy (beyond 
supportive/analgesic treatment) is conditional-
ly recommended for patients experiencing a gout 
flare for whom the above antiinflammatory thera-
pies are either ineffective, poorly tolerated, or con-
traindicated.

Treatment with glucocorticoids (intramus-
cular, intravenous, or intraarticular) over IL- 1 
inhibitors or ACTH is strongly recommended for 
patients who are unable to take oral medications.

The Voting Panel’s recommendation of colchicine, NSAIDs, 
or glucocorticoids as preferred first- line therapies was based 
on substantial trial data demonstrating efficacy, relative low cost 
(versus IL- 1 inhibitors and ACTH), and tolerability of these agents 
in flare management, particularly when administered early after 
symptom onset. Appropriate dosing and duration should be 
guided by the severity of the flare. For colchicine specifically, the 
FDA- approved dosing should be followed (1.2 mg immediately 
followed by 0.6 mg an hour later, with ongoing antiinflammatory 
therapy until the flare resolves). Based on similar efficacy between 
agents demonstrated in the NMA (79–88), the Voting Panel did 
not further prioritize between the first- line agents, noting that 
treatment selection should be driven by patient factors (e.g., 
comorbidity, access, past experience) as part of shared decision- 
making. Likewise, parenteral glucocorticoids were favored over 
alternative agents when oral dosing is not possible. In patients 
experiencing an inadequate response to an initial agent, the Voting 
Panel cited insufficient evidence to make specific recommenda-
tions regarding subsequent antiinflammatory agents to use. If a 
patient is unable to tolerate or has contraindications to any of the 

other  conventional alternatives, the Voting Panel conditionally rec-
ommended the use of IL- 1 inhibitors (84,88–90), recognizing con-
cerns over patient access due to cost. Noting limited supporting 
data (91), the Voting Panel recommended the use of topical ice as 
an adjuvant therapy for flares.

Underscoring the importance of optimal flare management, 
the Patient Panel emphasized its preference for early interven-
tion given the challenges of engaging a provider in timely man-
ner, including an at- home “medication- in- pocket” strategy for 
patients who are able to identify the early signs of flare onset. In 
the absence of “rapid” access to an effective oral medication, the 
Patient Panel also indicated its preference for an injectable therapy 
in appropriate circumstances to achieve pain relief as quickly as 
possible (for all recommendations for gout flare managment, see  
Table  6 and Supplementary Figure  4, available at http://online 
library.wiley.com/doi/10.1002/art.41247/abstract).

Management of lifestyle factors

Limiting alcohol intake is conditionally rec-
ommended for patients with gout, regardless of 
disease activity.

Limiting purine intake is conditionally recom-
mended for patients with gout, regardless of dis-
ease activity.

Limiting high- fructose corn syrup intake is 
conditionally recommended for patients with 
gout, regardless of disease activity.

Using a weight loss program (no specific 
 program endorsed) is conditionally recommended 
for those patients with gout who are overweight/
obese, regardless of disease activity.

Table 6. Gout flare management*

Recommendation
PICO 

question
Certainty of 

evidence
For patients experiencing a gout flare, we strongly recommend using oral colchicine, NSAIDs, or 

glucocorticoids (oral, intraarticular, or intramuscular) as appropriate first- line therapy for gout flares over 
IL- 1 inhibitors or ACTH (the choice of colchicine, NSAIDs, or glucocorticoids should be made based on 
patient factors and preferences).

When colchicine is the chosen agent, we strongly recommend low- dose colchicine over high- dose colchicine 
given its similar efficacy and fewer adverse effects.

32 High†

For patients experiencing a gout flare for whom other antiinflammatory therapies are poorly tolerated or 
contraindicated, we conditionally recommend using IL- 1 inhibition over no therapy (beyond supportive/
analgesic treatment).

33 Moderate

For patients who may receive NPO, we strongly recommend glucocorticoids (intramuscular, intravenous, or 
intraarticular) over IL- 1 inhibitors or ACTH.

32 High†

For patients experiencing a gout flare, we conditionally recommend using topical ice as an adjuvant treatment 
over no adjuvant treatment.

31 Low

* PICO = population, intervention, comparator, outcomes; NSAIDs = nonsteroidal antiinflammatory drugs; IL- 1 = interleukin- 1; ACTH = 
adrenocorticotropic hormone; NPO = nothing by mouth (nulla per os). 
† High quality of evidence from network meta- analyses supporting canakinumab, which has superior mean pain score reduction and mean day- 2 
joint tenderness reduction. However, the Voting Panel raised concern that the comparator was weak (triamcinolone 40 mg) and that cost issues 
significantly favor other agents. 
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Adding vitamin C supplementation is condi-
tionally recommended against for patients with 
gout, regardless of disease activity.

The Voting Panel discussed data demonstrating the impor-
tant genetic contributions to the development and severity of 
hyperuricemia and gout (92,93) and informally recommended 
that providers be mindful when soliciting information regarding 
the dietary habits of patients and ensure that discussions regard-
ing dietary recommendations are not misinterpreted as “patient- 
blaming,” as patients frequently feel stigmatized when discussing 
gout with their providers (94). Dietary modifications likely yield only 
small changes in SU concentration, but dietary factors may serve 
as triggers for flares, and patients frequently seek advice on die-
tary management (for recommendations for management of life-
style factors, see Table 7 and Supplementary Figure 5, available 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41247/abstract).

Alcohol. SU levels among patients who limited or
abstained from alcohol were 1.6 mg/dl lower compared 
with patients who did not do so (95,96). Results from a re-
cent diet and genetics meta- analysis that was noted above 
(92) demonstrated that the impact of diet or individual 
food items on SU concentration was small. As an exam-
ple, a unit of beer raised SU concentrations by 0.16 mg/dl.  
The effects of a healthy diet, Mediterranean diet, or Dietary Ap-
proaches to Stop Hypertension (DASH) diet were even smaller 
(92).

In a case- crossover study, consuming >1–2 alcoholic 
beverage servings in the prior 24 hours was associated with 
a 40% higher risk of gout flare than periods without alcohol 
consumption, with a dose- response relationship (97). A small 
cohort study demonstrated that despite receiving ULT, heavy 
drinkers (≥30 units of alcohol/week) were more likely to con-
tinue having gout flares compared with those who do did not 
drink heavily (95).

Low purine diet. From the same case- crossover study
noted above, there was a dose- response relationship between 
increasing purine intake and risk of gout flare (98). However, a 

small RCT (n = 29, with all participants receiving ULT with SU 
at target at the start of trial) using an educational intervention 
focused on low purine intake did not demonstrate lower SU 
concentrations  compared with usual diet, despite significant im-
provements in patient dietary knowledge (99).

High- fructose corn syrup. The ingestion of 1 gm of
fructose/kg of body weight increases SU concentration by 1–2 
mg/dl within 2 hours of ingestion (100). In the National Health 
and Nutrition Examination Survey, artificially sweetened carbonat-
ed beverage consumption was associated with higher SU levels 
(101). In the Nurses’ Health Study, greater consumption of high- 
fructose corn syrup was associated with higher risk of incident 
gout (102). However, there were no data focused on patients with 
existing gout.

Weight loss. The Voting Panel considered the impact of
weight loss and specific dietary programs (including the DASH 
diet [103]). Due to small sample sizes, studies of patients with-
out gout (or not defined), and risk of bias assessments, the cer-
tainty of the evidence was rated as very low for both SU and 
flares. Several studies and a systematic literature review (104) 
addressed weight loss approaches either directly (96,105) or 
indirectly (e.g., bariatric surgery [106,107], or dietary advice 
[108]). In a small cohort (n = 11) of obese patients, a mean 
weight loss of 5 kg resulted in a mean SU lowering of 1.1 mg/
dl (96). In a large cohort study, obesity was associated with a 
higher risk of incident gout, but not recurrent gout flares (105). 
However, changes in body mass index (BMI) over time were 
associated with the risk of recurrent gout flare. An increase in 
BMI of >5% was associated with 60% higher odds of recur-
rent flare, and a decrease in BMI of >5% was associated with 
40% lower odds of recurrent flare compared with those without 
weight change (–3.5% < BMI < 3.5%) (105). A small study of 12 
patients undergoing bariatric surgery (mean 34.3 kg weight loss 
over 12 months) demonstrated a mean SU reduction of 2.0 mg/
dl (106). Likewise, gout patients losing weight through bariatric 
surgery or diet experienced reduced flare frequency (108), al-
though  patients undergoing  bariatric surgery may actually have 

Table 7. Management of lifestyle factors*

Recommendation
PICO 

question
Certainty of 

evidence
For patients with gout, regardless of disease activity, we conditionally recommend limiting alcohol intake. 41 Low
For patients with gout, regardless of disease activity, we conditionally recommend limiting purine intake. 42 Low
For patients with gout, regardless of disease activity, we conditionally recommend limiting high- fructose 

corn syrup.
43 Very low

For overweight/obese patients with gout, regardless of disease activity, we conditionally recommend weight 
loss.

46 Very low

For patients with gout, regardless of disease activity, we conditionally recommend against adding vitamin C 
supplementation.

48 Low

* PICO = population, intervention, comparator, outcomes.
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a transient increase in flares risk during the first postoperative 
month (106).

Other dietary recommendations. The Voting Pan-
el reviewed the data for cherries/cherry extract and dairy protein. 
The certainty of evidence drawn mainly from observational stud-
ies was low or very low, precluding specific recommendations on 
these topics. The Voting Panel reached consensus that data on 
vitamin C were insufficient to support continued recommendation 
for its use in patients with gout. Two small RCTs (n = 29 and n = 
40) showed clinically insignificant changes in SU concentrations 
for patients with gout taking vitamin C (99,109).

Management of concurrent medications

Switching hydrochlorothiazide to an alternate 
antihypertensive when feasible is conditionally 
recommended for patients with gout, regardless 
of disease activity.

Choosing losartan preferentially as an antihy-
pertensive agent when feasible is conditionally 
recommended for patients with gout, regardless 
of disease activity.

Stopping low- dose aspirin (for patients taking 
this medication for appropriate indications) is 
conditionally recommended against for patients 
with gout, regardless of disease activity.

Adding or switching cholesterol- lowering 
agents to fenofibrate is conditionally recom-
mended against for patients with gout, regardless 
of disease activity.

Medications noted above are known to have effects on SU 
concentrations (110). The Voting Panel made recommendations 
specific to hydrochlorothiazide and losartan (111) in clinical sce-
narios where such changes are feasible. Switching, stopping, or 
adding a medication should only be considered when the poten-
tial SU concentration/gout benefits exceed the potential risks or 
harms of the medication change.

Recognizing that there are few practical alternatives to low- 
dose aspirin, the Voting Panel specifically recommended against 

its cessation as a means of SU reduction when a patient is taking 
it for an appropriate indication. Likewise, the Voting Panel spe-
cifically recommended against adding or switching cholesterol- 
lowering agents (e.g., statins, bile acid sequestrants, nicotinic acid 
agents, etc.) to fenofibrate despite its urate- lowering effects (112), 
as the risks, including side effects of the medication, were felt to 
outweigh potential benefits. Although likely to render only modest 
urate- lowering effects, switching from an angiotensin- converting 
enzyme inhibitor to losartan carries a risk that seems to be suf-
ficiently low in most patients to merit this change when feasible 
(for all recommendations for management of concurrent medica-
tions, see Table 8 and Supplementary Figure 5, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41247/abstract).

DISCUSSION

This guideline reinforces many of the prior 2012 ACR Guide-
lines for the Management of Gout recommendations with updated 
literature and GRADE methodology, including incorporation of 
patient preferences and consideration of costs. The Voting Panel 
endorsed 42 recommendations overall, including 16 strong rec-
ommendations focused on ULT management (indications [n = 3], 
initiation [n = 6], titration and treat- to- target approach [n = 2], 
approaches following ULT failure [n = 2]), and flare management 
(n = 3).

Data from more recent RCTs comparing treat- to- target pro-
tocols versus usual care (43,61) provide the basis for the strong 
recommendation to use a treat- to- target strategy with ULT that 
includes a plan to achieve and maintain an SU target of <6 mg/dl 
to optimize patient outcomes. Findings from the evidence report 
resonated with the Patient Panel who concurred that their own 
SU levels correlated with related symptoms and changes in tophi. 
Patients on this panel articulated that SU assessments reinforced 
the importance of treatment adherence.

These guidelines reinforce the strategy of starting with low- 
dose ULT and titrating up to achieve the SU target. This strat-
egy mitigates the risk of treatment- related adverse effects (e.g., 
hypersensitivity) as well as flare risk accompanying ULT initiation 
(39,41). Lacking data on optimal titration regimens, the Voting 
Panel indicated that titration should be individualized, based on 
available provider resources (e.g., staff for augmented delivery of 
care), patient preferences, the timing of ambulatory encounters, 

Table 8. Management of concurrent medications*

Recommendation
PICO 

question
Certainty of 

evidence
For patients with gout, regardless of disease activity, we conditionally recommend 

switching hydrochlorothiazide to an alternate antihypertensive when feasible. 
47 Very low

We conditionally recommend choosing losartan preferentially as an antihypertensive when feasible. 47 Very low
We conditionally recommend against stopping low- dose aspirin (in those who are taking this medication for 

appropriate indications).
47 Very low

We conditionally recommend against adding or switching to fenofibrate. 47 Very low

* PICO = population, intervention, comparator, outcomes. 
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and antiinflammatory treatments. As described above, ULT titra-
tion should occur over weeks to months, not years. The 2012 
ACR Guidelines for the Management of Gout recommended titra-
tion every 2–5 weeks (5). As noted in the ACR Clinical Quality Mea-
sures for Gout, SU concentrations should be checked after each 
dose titration (113). To limit the risk of ULT- related flares, these 
guidelines reinforce prior recommendations to use concurrent 
antiinflammatory prophylaxis for 3–6 months’ duration, a shorter 
duration than advocated for in prior recommendations, but one 
that should be extended in the setting of frequent ongoing flares.

Breaking from prior ACR and European League Against 
Rheumatism (EULAR) guidelines, this guideline does not specify 
SU thresholds beyond <6 mg/dl for patient subsets with more 
severe disease (e.g., those with tophi). This guideline is not 
intended to contradict or dispute prior recommendations. There 
is ample evidence that lower SU levels hasten the resolution of 
tophi (23,114) and are associated with less frequent gout flares 
(26,114), suggesting that lower SU thresholds may be preferable 
for patients with more burdensome gout. However, in contrast to 
a treatment strategy using an SU target of <6 mg/dl as studied in 
clinical trials (43), there are no trial data to support lower specific 
thresholds for such patients.

In contrast to the 2012 ACR Guidelines for the Manage-
ment of Gout (which did not consider treatment costs), this doc-
ument firmly places allopurinol as the preferred first- line ULT for 
all patients, including those with CKD, due to the respective cost 
of each medication and potential CVD safety concerns that have 
recently emerged with febuxostat (72).

Under GRADE methodology, recommendations in these 
guidelines are supported by higher quality studies than the 2012 
ACR Guidelines for the Management of Gout. This resulted in 
a more focused, less proscriptive document. Where certainty of 
data is less than moderate or high, conditional recommenda-
tions made herein are meant to highlight those decisions that 
would benefit from a shared patient- provider decision- making 
process. This would include areas such as diet, lifestyle, or con-
comitant medications that might affect SU levels, and for which 
the Patient Panel requested guidance. The Voting Panel aimed 
to provide guidance without implying any “patient- blaming” for 
the manifestations of gout given its strong genetic determinants.

Indications for ULT are expanded from the 2012 ACR Guide-
lines for the Management of Gout, but consistent with the 2016 
update of the EULAR gout recommendations (10), to include 
individuals with evidence of radiographic damage attributable to 
gout (using any modality, regardless of subcutaneous tophi or flare 
frequency). This strong recommendation recognizes the various 
ways in which gout may present, and that joint damage is reflective 
of an active biologic process. Also added were conditional recom-
mendations (which would warrant provider- patient shared medi-
cal decision- making discussion) for ULT use in patients with either 
infrequent flares (<2 flares/year) or a first flare with marked hyper-
uricemia (SU >9 mg/dl). Similar to the 2012 ACR Guidelines for the 

Management of Gout, the Voting Panel advocated a “medication- 
in- pocket” strategy for gout flare management, which the Patient 
Panel reinforced as a preferred approach.

This updated guideline effort also identifies several areas 
that inform a research agenda for gout management. While 
data support an active treat- to- target strategy, a question 
remains as to what may be the optimal SU threshold for 
patients with more severe disease, in addition to questions 
about threshold values in specific populations of gout patients. 
Gout has differential impact on patients by sex, race, or by 
presence of other comorbidities. This guideline is limited in 
commenting on specific groups of gout patients, as more 
studies of specific patient cohorts are needed in order to make 
differential recommendations. Additional studies are needed 
to determine the safety of prolonged and profound treatment- 
related hypouricemia (e.g., SU ≤3 mg/dl), an important knowl-
edge gap given that epidemiologic studies have suggested 
an inverse association of SU concentration with select neu-
rodegenerative disorders (115). While there are associations 
between SU and other comorbid conditions such as hyper-
tension, CVD, and CKD (116), the benefit (or risk) of ULT in the 
absence of gout has yet to be established (117).

Gout has been characterized as a “curable disease” (118). 
As data continue to emerge supporting best practices in manage-
ment, implementation of these recommendations will ideally lead 
to improved quality of care for patients with gout.
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B R I E F  R E P O R T

Insulin- Resistant Pathways Are Associated With Disease 
Activity in Rheumatoid Arthritis and Are Subject to Disease 
Modification Through Metabolic Reprogramming:  
A Potential Novel Therapeutic Approach
Lorna Gallagher,1 Sian Cregan,1 Monika Biniecka,2 Clare Cunningham,3 Douglas J. Veale,2 David J. Kane,1 
Ursula Fearon,3  and Ronan H. Mullan1

Objective. To investigate a role for insulin- resistant pathways in inflammation and therapeutic targeting for  disease 
modification in rheumatoid arthritis (RA).

Methods. RA disease activity and cardiovascular risk factors, including insulin  resistance and body mass index 
(BMI), were assessed in an Irish RA cohort. Glucose transporter 1 (GLUT- 1) and GLUT- 4 activity in RA and osteo-
arthritis (OA) synovial tissue was examined using immunohistochemistry. Spontaneous release of proinflammatory 
mediators from ex vivo RA synovial explants and primary synovial fibroblast (SF) cell culture supernatants was quan-
tified by enzyme- linked immunosorbent assay. Phosphorylated AMP- activated protein kinase (p- AMPK) and GLUT- 1 
protein expression was analyzed by Western blotting. Cellular glycolytic and oxidative phosphorylation was assessed 
using extracellular flux analysis.

Results. Insulin resistance was independently associated with both BMI (unstandardized coefficient B 0.113 
[95% confidence interval (95% CI) 0.059–0.167]; P < 0.001) (n = 61) and swollen joint count in 28 joints (SJC28) (B 
0.114 [95% CI 0.032–0.197]; P = 0.008) (n = 61). Increased GLUT- 1 expression in RA synovium (n = 26) versus OA 
synovium (n = 16) was demonstrated (P = 0.0003), with increased expression in the lining, sublining, and vascular 
regions. In contrast, decreased GLUT- 4 expression in the RA lining layer (n = 21) versus the OA lining layer (n = 8) 
was observed (P = 0.0358). Decreased GLUT- 1 protein expression was observed in parallel with increased p- AMPK 
protein expression in SFs in the presence of metformin (n = 4). Metformin increased glycolytic activity and decreased 
oxidative phosphorylation in RASFs (n = 7) (P < 0.05 for both). Metformin or aminoimidazole carboxamide ribonucle-
otide presence decreased spontaneous production of interleukin- 6 (IL- 6), IL- 8, and monocyte chemotactic protein 1 
in RA synovial explants and SFs (n = 5–7).

Conclusion. Insulin resistance is significantly associated with BMI and synovitis in RA, suggesting distinct inter-
play between glucose availability and inflammation in RA. Furthermore, the effect of metformin on proinflammatory 
mechanisms suggests a role for AMPK-modifying compounds in the treatment of RA.

INTRODUCTION

Rheumatoid arthritis (RA), which affects 1–2% of the aging 
population, is a progressive inflammatory arthropathy of synovial 
joints, characterized by pain, disability, and early mortality (1). RA is 

associated with premature susceptibility to age- related  conditions 
including infection, malignancy, sarcopenia, and premature car-
diovascular (CV) mortality, with a frequency approaching the levels 
seen in type 2 diabetes mellitus (DM) (1,2). Both type 2 DM and 
chronic inflammatory diseases including RA are characterized by 
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increased insulin resistance (IR), a phenomenon that is thought to 
be a contributor to adverse CV outcomes in RA through nontradi-
tional mechanisms (3).

Inflammatory immune cell activation in RA is powered by a 
metabolic switch from a low- energy- consumption resting state 
by oxidative phosphorylation to a highly metabolically active 
state with greatly increased glucose consumption via glyc-
olytic pathways (4). This diversion of glucose toward sites of 
inflammation may be exploited as a disease activity marker in 
RA using positron emission tomography, by which increased 
uptake of fluorodeoxyglucose is seen in actively inflamed joints 
(4). Glucose metabolism is also diverted toward inflammatory 
pathways through increased peripheral IR, an effect which is 
observed in RA and can be reversed through effective sup-
pression of inflammation using disease- modifying antirheumatic 
drugs (DMARDs) (3).

Metformin is an oral biguanide hypoglycemic agent that acts 
by decreasing hepatic glucose production through direct inhibi-
tion of the mitochondrial respiratory chain complex I, leading to 
the phosphorylated activation of the phylogenetically conserved 
serine/threonine kinase, AMP- activated protein kinase (AMPK) 
(5). In addition to its hypoglycemic and insulin- sensitizing effects, 
metformin has been shown to down- regulate mechanisms of 
atherosclerosis (6) and murine autoimmune arthritis through 
AMPK- mediated pathways (7,8). Recent evidence demonstrating 
efficacy of other oral hypoglycemic agents, including peroxisome 
proliferator–activated receptor γ agonists and dipeptidylpeptidase 
4 inhibitors, in reducing disease activity and incidence of RA fur-
ther suggests that the relationship between glucose handling and 
inflammation may be bidirectional, and that disease modification 
through direct manipulation of glucose metabolism has therapeu-
tic potential (9,10).

The results of the present study highlight a relationship 
between IR and disease activity in RA. Furthermore, we demon-
strated down- regulation of inflammatory responses in ex vivo RA 
synovial explant cultures and RASF cell cultures by metformin, as 
well as evidence to suggest that alteration in glucose pathways 
may ameliorate disease activity in RA.

PATIENTS AND METHODS

Information on synovial biopsy, SFs and synovial- like cell 
culture (11), immunohistochemistry, Western blotting, and extra-
cellular flux analysis using Seahorse technology is described in 
Supplementary Methods, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41190/ abstract.

Patient recruitment. RA and osteoarthritis (OA) patients 
were recruited from rheumatology outpatient departments at St. 
Vincent’s University Hospital and Tallaght University Hospital in 
Dublin. Following approval by the institutional ethics committees, 

all patients gave written informed consent prior to inclusion. All 
experiments were performed in accordance with these guidelines 
and regulations.

RA and metabolic disease characterization. Ninety- two 
patients fulfilling the American College of Rheumatology/European 
League Against Rheumatism 2010 criteria for the classification of 
RA (12) were evaluated for body mass index (BMI) and RA disease 
activity measures, and fasting blood samples were assessed for 
insulin and glucose concentration. Insulin sensitivity was deter-
mined using the homeostasis model assessment (HOMA) index. 
Statistical associations with insulin sensitivity were examined using 
HOMA- estimated insulin resistance (HOMA- IR) both as a continu-
ous variable and by defining IR as HOMA- IR >2.6.

Cytokine and chemokine measurement. Interleu-
kin- 6 (IL- 6), IL- 8, and monocyte chemotactic protein 1 (MCP- 1) 
were measured in synovial biopsy samples and RASF cell culture 
supernatants (n = 6) by specific enzyme- linked immunosorbent 
assay (ELISA) according to instructions from the manufacturer 
(R&D Systems).

Statistical analysis. SPSS software version 23 was used 
for the statistical analysis of data from the RA cohort. Prism 5 was 
used for all other statistical analyses. Wilcoxon’s signed rank test or 
Mann- Whitney U test was used for analysis of nonparametric data. 
Parametric data were analyzed by one- way analysis of variance.

RESULTS

Patient baseline demographic data and character-
istics. Baseline demographic data on and disease characteris-
tics of the cohort (n = 92) were collected (Supplementary Table 
1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41190/ abstract). 
The mean ± SD age was 59 ± 12.2 years, the cohort was pre-
dominantly female (66%), and 72% of patients tested positive for 
rheumatoid factor (RF). The mean ± SD values for swollen joint 
count in 28 joints (SJC28), tender joint count in 28 joints (TJC28), 
and Disease Activity Score in 28 joints (DAS28) (13) were 3.7 ± 
4.4, 3.6 ± 5.2, and 3.5 ± 1.5, respectively. The mean BMI was 
28 ± 7 kg/m2; however, 70% of the cohort had a BMI of >25 
kg/m2. IR (HOMA- IR >2.6) was present in 26% of patients, with 
type 2 DM present in 5%. Patients received a range of treatments, 
including DMARDs (80%), biologics (29%), and steroids (19%).

Independent association of HOMA- IR with BMI 
and RA disease activity. Univariate associations of HOMA- IR 
with BMI and RA disease activity are shown in Figures  1A–C. 
HOMA- IR was higher in obese patients with a BMI of >30 kg/m2  
(n = 27) (median 2.9 [interquartile range (IQR) 1.9–4.2]) compared 
to patients with a BMI of >25–30 kg/m2 (n = 31) (median 1.5 
[IQR 1.2–1.9]; P < 0.0001) and patients with a BMI of ≤25 kg/m2  

http://onlinelibrary.wiley.com/doi/10.1002/art.41190/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41190/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41190/abstract
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(n = 25) (median 1.2 [IQR 0.9–1.8]; P < 0.0001) (Figure 1A). HOMA- IR 
was higher in RA patients with high disease activity (DAS28 >5.1; 
n =12) (median 2.5 [IQR 1.4–3.9]) compared to patients whose 
disease was in clinical remission (DAS28 <2.6; n = 21) (median 
1.4 [IQR 0.9–2.5]; P = 0.0431) (Figure 1B), but not compared to 
patients with low disease activity (DAS28 2.6–<3.2) or moderate 
disease activity (DAS28 3.2–<5.1) (data not shown). Patients with 
IR (HOMA- IR >2.6) (n = 22) had significantly higher SJC28 scores 
(median 4 [IQR 1–9]) compared to patients with an HOMA- IR value 
of ≤2.6 (n = 62) (median 1 [IQR 0–4]; P = 0.0176) (Figure 1C).

Among all other covariates (TJC28, RF titer, erythrocyte sed-
imentation rate, C- reactive protein level, age, sex, disease dura-
tion, global health visual analog component of DAS28, type 2 DM, 
and glucocorticoid therapy) only type 2 DM was  associated with 
HOMA- IR using univariate analysis: (median 3.4 [IQR 2.7–4.8] in 
patients with type 2 DM [n = 4] versus 1.5 [IQR 1.1–2.4] in patients 

without type 2 DM [n = 82]; P = 0.008). When stepwise logistical 
regression analysis was applied to these covariates using HOMA- IR 
as the dependent variable, only BMI (unstandardized coefficient B 
0.113 [95% CI 0.059–0.167]; P < 0.001) (n = 61) and SJC28 (B 
0.114 [95% CI 0.032–0.197]; P = 0.008) (n = 61) retained their 
associations with HOMA- IR, with no multicollinearity shown by var-
iance inflation analysis (Table 1) . Statistically independent associa-
tions between IR and RA disease activity suggest a role for altered 
glucose handling in potentiating joint inflammation.

Differential expression of glucose transporters in 
RA. Glucose transporter 1 (GLUT- 1) and GLUT- 4 levels were 
assessed for insulin- independent versus insulin- dependent 
 glucose transport in RA and OA synovial tissue sections using 
immunohistology. GLUT- 1 was significantly increased in RA 
 versus OA biopsy samples (P = 0.0003) (Figures 1D and E), with 

Figure 1. Influence of disease activity and adiposity on insulin resistance (IR) in rheumatoid arthritis (RA) and immunohistochemistry analysis of 
glucose transporters in RA synovial tissue. A–C, Association of homeostasis model assessment–estimated IR (HOMA- IR) score with body mass 
index (BMI) (A) and Disease Activity Score in 28 joints (DAS28) (B), and association of IR with swollen joint count in 28 joints (SJC28) (C). Each 
symbol represents a single patient. Bars show the mean ± SEM. D, Tissue stained for glucose transporter 1 (GLUT- 1) and GLUT- 4 expression. 
E, Increased GLUT- 1 activity in RA tissue (n = 26) compared to osteoarthritis (OA) tissue (n = 16), with total GLUT- 1 expression score calculated 
across distinct tissue layers (maximum score 12). F, Increase in GLUT- 1 expression in each tissue layer. G, No significant difference in GLUT- 4 
expression between OA tissue (n = 21) and RA tissue (n = 8). H, Significant reduction in GLUT- 4 expression in the lining layer of RA tissue 
compared to OA tissue. Bars show the mean ± SEM. * = P < 0.05; P < 0.001; *** = P < 0.0001, by Mann- Whitney U test.
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 elevated GLUT- 1 in all distinctive layers of the synovium: lining 
layer (P = 0.0368), sublining layer (P < 0.0001), and vascular layer 
(P = 0.0002) (Figures 1D and F). In contrast, GLUT- 4 was signifi-
cantly lower in the lining layer of RA versus OA synovial sections 
(P = 0.0358) (Figure 1H), with no difference observed for sublin-
ing or vascular regions. The observed differential expression of 
GLUT- 1 and GLUT- 4 provides evidence that insulin- resistant path-
ways may be preferentially expressed in inflamed RA synovium, 
particularly in the lining layer region where the invasive SFs reside, 
suggesting that control of glucose transport to the cell through dif-
ferential expression of GLUT receptors may favor the perpetuation 
of inflammation.

Reciprocal modification of GLUT- 1 and AMPK by 
metformin. To examine the cellular dependence on glucose, 
we investigated the effect of metformin, which regulates energy- 
sensing pathways through phosphorylation of AMPK in SFs, 
based on the observed differential expression of the GLUT recep-
tors in the lining layer region of the synovium. Using SF cell line 
K4IM, cells were cultured in the presence of metformin (5 mM) 
for 24 hours. Expression of GLUT- 1 and p- AMPK was quantified 
by Western blot analysis. Metformin reduced GLUT- 1 expression 
(Figure 2A) and simultaneously increased AMPK phosphorylation 
(Figure 2B) compared to vehicle control.

Alteration of metabolic activity of RASFs by met-
formin. To further examine the effect of metformin on the 
metabolic activity of SFs, we next analyzed the 2 major energy 
pathways, oxidative phosphorylation (oxygen consumption rate 
[OCR]) and glycolysis (extracellular acidification rate [ECAR]), in real 
 time using the Seahorse XF Analyzer as previously described (4). 
Supplementary Figure 1 shows the average bioenergetic  profiles 
for OCR and ECAR before and after injections of  mitochondrial 
 inhibitors oligomycin, carbonyl cyanide p- trifluoromethoxyp
henylhydrazone, and antimycin A in metformin- treated cells  

(http://onlin e libr ary.wiley.com/doi/10.1002/art.41190/ abstract). 
Metfor min signifi cantly reduced OCR (P = 0.0014) and increased 
ECAR (P = 0.0345), which resulted in a significant decrease in 
the OCR:ECAR ratio (P = 0.0262), thus favoring a shift to glyco-
lysis (Supplementary Figure 1). In parallel, metformin significantly 
increased the maximal respiratory capacity (P = 0.0006) and 
spare respiratory capacity (P = 0.0003), and ATP- linked syn-
thesis was significantly decreased (P = 0.0001) (Supplementary 
Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41190/  
abstract).

Reduction of proinflammatory mediators from ex 
vivo RA synovial explants and primary RASFs through 
AMPK activation. Having demonstrated differential GLUT 
receptor expression in RA synovial tissue and that metformin 
induces a shift in the cellular bioenergetics of RASFs, we next 
examined whether the observed effects of metformin on RASF 
cellular bioenergetics were paralleled by a decrease in inflam-
matory mediators from the site of inflammation. Initially we used 
a well-established ex vivo RA explant model, sustaining the 
synovial architecture of the inflamed synovium and maintaining 
cell–cell contact, thus closely reflecting the in vivo RA joint microen-
vironment (14). Both metformin and aminoimidazole carboxamide 
ribonucleotide (AICAR) significantly decreased the spontaneous 
production of proinflammatory mediators IL- 6, IL- 8, and MCP- 1 
in synovial biopsy specimens (P < 0.05 for all) (Figures 2C–H). 
Furthermore, metformin significantly decreased IL- 6 production 
from RASFs pretreated with lipopolysaccharide (LPS; 10 ng/ml)  
(P  =  0.0156) or tumor necrosis factor (TNF; 10 ng/ml)  
(P  = 0.0313) (Figure  2I), with no effect on IL- 8 production 
 (Figure 2J). Metformin significantly decreased MCP- 1 production 
from LPS- stimulated RASFs (P = 0.0469) (Figure  2K). AICAR, 
an additional AMPK activator, significantly decreased IL- 6 pro-
duction from unstimulated RASFs or cells stimulated with LPS 
or TNF (P = 0.0313 for each condition) (Figure 2L). Additionally, 
AICAR significantly decreased IL- 8 production from RASFs stim-
ulated with either LPS or TNF (P = 0.0078 for each condition) 
(Figure  2M). No significant reduction in MCP- 1 was observed 
with AICAR (Figure 2N).

DISCUSSION

In this study, we investigated the potential links between 
altered glucose handling and disease activity in RA. Through the 
identification of clinical and tissue associations of IR with synovitis 
and the demonstration of antiinflammatory effects of drugs that 
alter glucose metabolism in ex vivo and in vitro models of RA, we 
suggest that future studies investigating a targeted immunomet-
abolic approach offer promise as a potential treatment strategy 
in RA.

IR is widely considered to be an epiphenomenon of, rather 
than causal in, the development chronic inflammatory disease 

Table 1. Prediction matrix from linear stepwise regression analysis 
of multivariate associations of SJC28 and BMI with HOMA- IR  
(n = 61)* 

SJC28 score‡

BMI†

20 kg/m2 30 kg/m2 40 kg/m2

0 0.79 1.91 3.04
5 1.36 2.49 3.61
10 1.93 3.06 4.18

* Model predictions for homeostasis model assessment–estimated 
insulin resistance (HOMA- IR) values based on body mass index (BMI) 
and swollen joint count in 28 joints (SJC28). Variables excluded from 
analysis: tender joint count in 28 joints, rheumatoid factor titer, 
erythrocyte sedimentation rate, C- reactive protein, age, sex, disease 
duration, global health visual analog scale score, type 2 diabetes 
mellitus, and steroid therapy. 
† Unstandardized coefficient B 0.113 (95% confidence interval 0.059–
0.167), SE 0.027 (P < 0.001). 
‡ Unstandardized coefficient B 0.114 (95% confidence interval 0.032–
0.197), SE 0.041 (P = 0.008). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41190/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41190/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41190/abstract
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states such as RA (15). Increased rates of IR have previously 
been identified as a risk factor for the development of CV dis-
eases in RA, an effect which may be reversed following suc-
cessful treatment with anti- TNF therapy (9). In the present study, 
in addition to an IR association with the CV risk factor obesity, 
we have shown significant associations with measures of RA 
disease activity (DAS28 and SJC28). Furthermore, we have 
demonstrated, for the first time to our knowledge, an indepen-
dent multivariate association between synovitis (as measured by 
SJC28) and IR, after correction for other potential confounding 
variables. This finding extends previous work by others showing 
univariate associations between IR and DAS28 in RA (16,17), 
and  further supports our hypothesis that inflammatory disease 

chronicity may be facilitated in part through altered pathways of 
glucose metabolism.

In order to further investigate whether associations between 
synovitis and IR are mirrored by differences in glucose trans-
port in RA synovial tissue, we compared the expression of the 
glucose transporters GLUT- 1 and GLUT- 4 in the synovial tissue 
of RA patients to that of OA noninflammatory controls. While 
GLUT- 1 is expressed ubiquitously and operates in a largely insulin- 
independent manner, GLUT- 4 is activated through translocation 
to cell membranes under the influence of insulin, resulting in a 
10–20- fold increase in insulin- sensitive glucose transport (18). 
GLUT- 1 has previously been shown to be up- regulated in inflam-
matory cells, including M1 macrophages, where a glycolytic shift 

Figure 2. Protein expression in whole- cell lysates from K4IM cell line and measurement of spontaneous release of interleukin- 6 (IL- 6), IL- 8, 
and monocyte chemotactic protein 1 (MCP- 1) from RA biopsy specimens. A and B, Representative Western blots and densitometry graphs 
demonstrating GLUT- 1 and phosphorylated AMP- activated protein kinase (p- AMPK) expression in K4IM synoviocytes in the presence of 
metformin (MET; 5 mM) (n = 3) or in the absence of MET (n = 4). C–E, Decreased spontaneous production of IL- 6, IL- 8, and MCP- 1 in RA 
biopsy samples (n = 6) in the presence of MET (6 mM). F–H, Decreased production of IL- 6, IL- 8, and MCP- 1 in RA biopsy samples (n = 6) in 
the presence of aminoimidazole carboxamide ribonucleotide (AICAR; 1 mM). I–M, IL- 6, IL- 8, and MCP- 1 production measured in RA synovial 
fibroblasts (SFs) in the presence of MET (5 mM) or AICAR (1 mM) with or without stimulation with lipopolysaccharide (LPS; 10 ng/ml) or tumor 
necrosis factor (TNF; 10 ng/ml). Spontaneous production of IL- 6 in RASFs was significantly decreased in the presence of MET with either LPS 
stimulation (n = 6) or TNF (n = 7) stimulation (I). IL- 8 was not affected by the presence of MET (n = 5) (J). MCP- 1 production was significantly 
decreased in the presence of MET with LPS stimulation (n = 7) (K). The spontaneous production of IL- 6 in RASFs was significantly decreased 
in the presence of AICAR with and without LPS or TNF stimulation (n = 6 for both) (L). IL- 8 was significantly decreased in the presence of 
AICAR with either LPS or TNF stimulation (n = 8 for both) (M). N, MCP- 1 was not affected by the presence of AICAR (n = 5). Bars show the 
mean ± SEM. Densitometry graphs were calculated using ImageJ software, and data were analyzed by parametric t- test. Data from enzyme- 
linked immunosorbent assays were analyzed by Wilcoxon’s signed rank test. * = P < 0.05; ** = P < 0.01. See Figure 1 for other definitions.
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in metabolism, occurring in concert with a several fold increase in 
glucose consumption, powers proinflammatory cellular responses 
(19). Furthermore, GLUT- 1 expression is reduced in synovium in 
RA TNF inhibitor responders but not in nonresponders (4), sug-
gesting that it plays a role in the inflammatory response. In con-
trast, GLUT- 4 activity in IR is down- regulated in stromal tissues 
following invasion by activated macrophages, an effect that ren-
ders surrounding tissue insulin resistant while increasing the avail-
ability of any remaining glucose to power proinflammatory cellular 
responses of the invading cells (19).

Our findings are consistent with those of previous studies, 
and we have demonstrated, for the first time, reciprocal expres-
sion of GLUT- 1 and GLUT- 4 in the lining layer of RA versus OA 
synovial tissue, as well as increased levels of GLUT- 1 through-
out all layers of RA synovium. These data provide direct evidence 
that insulin- resistant pathways are preferentially expressed within 
inflamed tissues in RA and suggest a potential mechanism by 
which the reprogramming of glucose handling through differen-
tial GLUT expression favors the perpetuation of inflammation. 
Furthermore, these findings provide a direct explanation of the 
independent association observed in this study between IR and 
clinical mea sures of synovitis in RA patients.

We also obtained evidence to suggest that the use of met-
formin may in part induce resolution of synovial inflammation in 
RA, an effect mediated through phosphorylation of AMPK. Under 
physiologic conditions, AMPK becomes phosphorylated in order 
to redress depleted cell energy stores of ATP, leading to pathways 
that both generate de novo ATP and inhibit energy- expensive 
pathways of ATP utilization, including inflammatory pathways (20). 
In this study, we confirmed that metformin treatment increased the 
phosphorylation of AMPK and reduced the expression of GLUT- 1 
from SFs. Moreover, we demonstrated that metformin is capable 
of altering the cellular metabolic activity, where a decrease in the 
OCR:ECAR ratio was observed, favoring a shift in metabolism to 
glycolysis. Our findings extend those of recent studies indicat-
ing that metformin promotes resolution of inflammation through 
altered cellular metabolic activity (21).

Finally, we examined whether the change in cellular bio-
energetics in response to metformin alters the proinflammatory 
environment. Using the RA explant model, we demonstrated that 
metformin and AICAR, which directly activates AMPK through 
allosteric binding to its γ subunit, significantly down- regulated 
the secretion of proinflammatory mediators IL- 6, IL- 8, and MCP- 
1. Similar reductions were observed in the expression of these
mediators in primary RASF experiments, suggesting that RASF 
invasive mechanisms are partially dependent on altered cellular 
metabolism. This is consistent with studies demonstrating that 
metabolic blockade significantly inhibits RASF invasion and migra-
tion capacity, secretion of proinflammatory mediators, and activa-
tion of the key transcriptional factors hypoxia- inducible factor 1α, 
phosphorylated signal transducer and activator of transcription 
3, and NF-κB (4). Furthermore, studies have shown a reliance of 

RASF on glutamine metabolism, with in vitro studies demonstrat-
ing inhibition of RASF proliferative and invasive functions under 
glutamine-deprived conditions (22). Finally, mechanistic target 
of rapamycin blockade of RASF invasion is partially mediated by 
regulation of cytoskeletal signaling pathways, which is critically 
involved in the ability of RASF to invade (23). The observed dif-
ferences observed in RA explants and RASF in response to met-
formin and AIACR reflect differences in examining a single cell 
type versus the whole tissue, where cell–cell interactions between 
different cell types are maintained.

This study provides further evidence that altered glucose 
metabolism is associated with RA disease activity and suggests 
that IR, in addition to its known systemic effects, may be a feature 
of chronic inflammation in synovial tissue. Disease modification in 
RA through the reprogramming of cellular pathways of glucose 
metabolism shows promise as a potential treatment strategy. Fur-
ther elucidation of these pathways, including a role for AMPK, will 
be a focus of future studies in this area.
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Peptidylarginine Deiminase Autoimmunity and the 
Development of Anti–Citrullinated Protein Antibody in 
Rheumatoid Arthritis: The Hapten–Carrier Model
Isabelle Auger,1 Nathalie Balandraud,2  Emmanuel Massy,2 Marie F. Hemon,1 Elisa Peen,1 Fanny Arnoux,1 
Charlotte Mariot,1 Marielle Martin,1 Pierre Lafforgue,3 Jean-Marc Busnel,4 and Jean Roudier2

Objective. The presence of autoantibodies to citrullinated proteins (ACPAs) often precedes the development of 
rheumatoid arthritis (RA). Citrullines are arginine residues that have been modified by peptidylarginine deiminases 
(PADs). PAD4 is the target of autoantibodies in RA. ACPAs could arise because PAD4 is recognized by T cells, which 
facilitate the production of autoantibodies to proteins bound by PAD4. We previously found evidence for this hapten–
carrier model in mice. This study was undertaken to investigate whether there is evidence for this model in humans.

Methods. We analyzed antibody response to PAD4 and T cell proliferation in response to PAD4 in 41 RA patients 
and 36 controls. We tested binding of 65 PAD4 peptides to 5 HLA–DR alleles (DRB1*04:01, *04:02, *04:04, *01:01, 
and *07:01) and selected 11 PAD4 peptides for proliferation studies using samples from 22 RA patients and 27 con-
trols. Peripheral blood lymphocytes from an additional 10 RA patients and 7 healthy controls were analyzed by flow 
cytometry for CD3, CD4, CD154, and tumor necrosis factor expression after PAD4 stimulation.

Results. Only patients with RA had both antibodies and T cell responses to PAD4. T cell response to peptide 8, a 
PAD4 peptide, was associated with RA (P = 0.02), anti-PAD4 antibodies (P = 0.057), and the shared epitope (P = 0.05).

Conclusion. ACPA immunity is associated with antibodies to PAD4 and T cell responses to PAD4 and PAD4 pep-
tides. These findings are consistent with a hapten–carrier model in which PAD4 is the carrier and citrullinated proteins 
are the haptens.

INTRODUCTION

The influence of HLA–DRB1 genes on the development of 
rheumatoid arthritis (RA) has been known since 1969, when it 
was observed that lymphocytes from RA patients do not stimu-
late each other in mixed lymphocyte cultures (1). Since that time, 
HLA–DRB1 genes and their products have been characterized, 
and their function, peptide presentation to CD4+ T cells, has been 
identified. HLA–DRB1 polymorphism has been described, and it 
has been shown that HLA–DRB1 alleles associated with RA share 
a similar motif, called the shared epitope, in the third hypervariable 
region of their DRβ1 chains (2).

Similarly, the definition of RA has continued to improve with 
regular revisions of classification criteria. The American College 

of Rheumatology (ACR)/European League Against Rheumatism 
(EULAR) 2010 criteria include the presence of RA- specific anti–
citrullinated protein antibodies (ACPAs) (3). ACPAs recognize 
citrulline residues on many different proteins (4–9). Citrulline is a 
modified form of arginine obtained after a posttranslational mod-
ification called deimination and carried by enzymes called pep-
tidylarginine deiminases (PADs) (4). ACPAs are present in >75% 
of patients with RA. They often precede the development of RA.

However, how shared epitope–positive HLA–DRB1 genes 
contribute to the development of RA is still unknown. It has been 
suggested that shared epitope–positive HLA–DRB1 alleles might 
bind citrullinated peptides to present them to T helper cells spe-
cific for citrullinated proteins (10). However, extensive HLA–DR 
peptide binding data from our previous study and others showed 
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no evidence of preferential binding of citrullinated peptides to 
shared epitope–positive HLA–DR alleles (11–13).

While screening human protein chips in order to identify new 
autoantibodies in RA, we found that PAD4, one of the 5 isoen-
zymes of PADs, was the target of autoantibodies in ACPA- positive 
and - negative RA (14,15). This implied the existence of T cells 
capable of facilitating the production of IgG anti- PAD4. PAD4 is an 
enzyme that binds and citrullinates multiple proteins. Thus, B cells 
specific for PAD4 might internalize PAD4 and any associated sub-
strate and present peptides of PAD4 and its substrates to T helper 
cells. In other words, PAD4, because it binds many proteins, could 
behave as a carrier and aid in the development of antibodies to 
the proteins it binds and citrullinates that behave as haptens. We 
demonstrated this point in normal mice: after immunization with 
PAD4 or PAD2, they developed IgG autoantibodies to citrullinated 
fibrinogen peptides (16).

In this study, we addressed the question of whether the same 
hapten–carrier mechanism triggers the production of ACPA in 
patients with RA. We looked for evidence of recognition of PAD4 
by antibodies and T cells in patients with RA, patients with psori-
atic arthritis (PsA), and healthy controls. Having both a proliferative 
response and an antibody response to PAD4 was characteristic 
of RA. We identified a peptide of PAD4, peptide 8, that triggered T 
cell proliferation in 40% of the patients with RA and whose recog-
nition was associated with antibodies to PAD4, shared epitope–
positive HLA–DR alleles, and RA.

PATIENTS AND METHODS

Patients. We tested 41 patients with RA and 25 patients 
with PsA from the rheumatology unit at Sainte Marguerite Hos-
pital (Marseille, France) and 11 healthy controls from the staff of 
the laboratory and the rheumatology unit. RA patients fulfilled 
the ACR/EULAR 2010 criteria and had ACPA titers higher than 3 
times the upper limit of normal (3). PsA patients fulfilled the Classi-
fication of Psoriatic Arthritis Study Group criteria (17). HLA–DRB1 
typing of all patients and controls was performed by polymerase 
chain reaction/sequence- specific oligonucleotide analysis (18). 
IgG anti–cyclic citrullinated peptide antibodies were detected 
using a second- generation enzyme- linked immunosorbent assay 
(ELISA) (Immunoscan RA Mark 2; Euro- Diagnostica). Rheumatoid 
factor (RF) was detected by ELISA using an Orgentec kit. The 
baseline characteristics of the subjects are presented in Supple-
mentary Tables 1 and 2, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41189/ 
abstract.

Proteins. Human PAD4 was produced in a baculovirus 
expression system (ProteoGenix) and purified. PAD4 activity and 
autocitrullination status were tested, and a T cell  proliferation 
assay was then performed. Human fibrinogen (Merck Millipore) 

was incubated in a buffer containing 1M Tris HCl (pH 7.4), 100 
mM CaCl2, and 50 mM dithiothreitol at a concentration of 1 
mg/ml with rabbit PAD2 protein (Sigma- Aldrich). Citrullination 
was performed for 2 hours at 37°C. Noncitrullinated fibrinogen 
was treated identically, except that water was added instead 
of PAD.

Synthetic peptides of human PAD4. Peptides were syn-
thesized using a solid- phase system (Neosystems) and purified 
(>70%). We synthesized 65 20- mer peptides, encompassing res-
idues 1–663 of wild- type PAD4 (residues S55, A82, and A112, on 
locus NM_012387) and overlapping on 10 amino acids. Residues 
S55, A82, and A112, which can be polymorphic, were detected 
in their native, unmutated forms on peptides 5–6, 8–9, and 11–12, 
respectively.

Detection of anti- PAD4 antibodies. Plates were coated 
with 0.5 μg of human PAD4 and blocked with 2% bovine serum 
albumin (BSA). Sera were diluted 1:100 and incubated on plates. 
After washing, peroxidase- conjugated anti- human IgG or IgM was 
added. Optical density (OD) was read at 405 nm. Background 
OD was obtained by adding each serum to a well without protein. 
Positive sera were defined as those with OD values higher than 
twice the background OD for IgG and higher than 3 times the 
background OD for IgM.

T cell proliferation assay. Mononuclear cells were isolated 
from 20 ml of heparinized blood with Ficoll- Histopaque (Sigma- 
Aldrich). Cells were cultured at a density of 106/ml in RPMI 1640 
with 10% self- serum in the presence of 1 μg/ml of human PAD4, 
human fibrinogen, or phytohemagglutinin or 5 μg/ml of PAD4 pep-
tide. After 6 days of culture at 37°C, the proliferative response to 
proteins was evaluated using a colorimetric bromodeoxyuridine kit 
(Roche Diagnostics) (19). Positive T cell responses were defined 
as OD values higher than twice the OD values for cells cultured 
without protein or peptide.

Purification of HLA–DRB1 molecules from lympho
blastoid cell lines. The HLA homozygous lymphoblastoid cell 
lines JESTHOM (HLA–DRB1*01:01), SAVC (HLA–DRB1*04:01), 
YAR (HLA–DRB1*04:02), PEYSSON (HLA–DRB1*04:04), and 
MOU (HLA–DRB1*07:01) were cultured in RPMI 1640 with 10% 
fetal calf serum. Cells (2 × 109) were lysed in 10 mM Tris (pH 8), 10 
mM NaCl, 10 mM MgCl2, 1% Triton X- 100, 0.05 mg/ml DNase, 
and protease inhibitors. These homozygous cell lines were cho-
sen because they express 3 shared epitope–positive alleles, HLA–
DRB1*01:01, *04:01, and *04:04, and 2 shared epitope–negative 
alleles not associated with RA, DRB1*04:02 and DRB1*07:01. 
Total protein extracts were immunoprecipitated by anti–HLA–DR 
LB3.1 antibody covalently coupled on CNBr–activated Sepha-
rose 4B (Sigma- Aldrich). After washing, HLA–DR molecules were 

http://onlinelibrary.wiley.com/doi/10.1002/art.41189/abstract
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eluted in phosphate buffered saline (pH 2) with 0.5% octyl gluco-
side, neutralized in 1M Tris, and quantified (11).

HLA–DR peptide binding assay. ELISA plates were 
coated with 10 μg of PAD4 peptide/well and blocked in 1% 
BSA. One microgram of purified HLA–DR molecule was added 
to each well. After washing, bound HLA–DR was detected with 
biotinylated anti–HLA–DR antibody B8122 (Immunotech), fol-
lowed by peroxidase- conjugated avidin. Peroxidase- conjugated 
anti- mouse IgG and peroxidase- conjugated avidin were supplied 
by Sigma- Aldrich. OD was read at 405 nm. The binding of each 
of the purified HLA–DR alleles was assayed on ELISA plates 
coated with PAD4 peptides (each in duplicate wells). As a con-
trol, 2 wells were coated with a classic positive binder, influenza 
hemagglutinin peptide (PKYVKQNTLKLAT). Positive binding was 
defined as an OD value equal to the OD for the hemagglutinin 
peptide (11).

Flow cytometric analysis. Whole blood samples were 
obtained from patients and healthy donors and processed within 
24 hours. Two hundred fifty–microliter aliquots of whole blood from 
each subject were then incubated for 5 hours at 37°C with or with-
out 2 μg of PAD4. The aliquot without PAD4 was not treated with 
any stimulating agent but underwent the same incubation protocol 
and was used as a negative control. After incubation, an adapted 
PerFix- nc kit protocol (Beckman Coulter) was implemented, with 

125 μl of fixation reagent initially added to the mixture and left to 
react for 5 minutes at room temperature. Lysis and permeabiliza-
tion reagent (1.5 ml) was then added, and the mixture obtained 
was incubated for 15 minutes at room temperature. After a quick 
centrifugation step (at 500g for 5 minutes), the supernatant was 
discarded by aspiration. Fixed and permeabilized leukocytes 
were then stained in the dark for 1 hour at room temperature with 
150 μl of previously reconstituted dry and ready- to- use DURA-
Clone staining reagents (PC5.5- conjugated anti- CD3, Alexa Fluor 
750–conjugated anti- CD4, Alexa Fluor 700–conjugated anti–
tumor necrosis factor [anti- TNF], and phycoerythrin- conjugated 
anti- CD154) (all from Beckman Coulter). Cells were subsequently 
washed with 3 ml of final reagent, concentrated by a quick cen-
trifugation step (at 500g for 5 minutes), and finally reconstituted in 
250 μl of final reagent. The whole sample was then analyzed on 
a Cytoflex flow cytometer (Beckman Coulter) with an acquisition 
threshold set on CD4- positive events.

Study approval. All experimental protocols were approved 
by the Comité de Protection des Personnes, Sud- Méditerranée II, 
Ministère de l’Enseignement Supérieur et de la Recherche. Sam-
ples were collected under collection number DC- 2008- 327. All 
participants gave written informed consent.

Statistical analysis. Comparisons between groups for T 
cell and antibody assays were performed using Fisher’s exact test.

Figure  1. Antibody responses to human peptidylarginine deiminase 4 (PAD4) in patients with anti–citrullinated protein antibody–positive 
rheumatoid arthritis (RA; n = 41), patients with psoriatic arthritis (PsA; n = 25), and healthy controls (n = 11). Subjects were tested for IgM anti- 
PAD4 and IgG anti- PAD4 by enzyme- linked immunosorbent assay. Each antibody assay was performed in duplicate. The OD ratio was the 
ratio of the OD for a well with serum and PAD4 protein to the OD for a well with serum but without PAD4 protein. Positivity was defined as an 
OD ratio of >3 for IgM and an OD ratio of >2 for IgG (dotted lines). Symbols represent individual subjects; red lines indicate the mean OD ratio.
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RESULTS

Association of anti- PAD4 antibodies with ACPA- 
positive RA but not PsA or healthy controls. IgG anti- PAD4 
antibodies were detected in 11 (27%) of 41 patients with RA ver-
sus 1 (4%) of 25 patients with PsA and 0 of 11 healthy controls 
(both P = 0.004 by Fisher’s exact test) (Figure 1). IgM antibodies 
to human PAD4 were detected in 14 (34%) of 41 patients with RA 
versus 3 (12%) of 25 patients with PsA and 0 of 11 healthy con-
trols (both P = 0.01 by Fisher’s exact test) (Figure 1).

Positive IgM anti- PAD4 responses in RA patients are most 
likely caused by recognition of IgM- RF bound to IgG anti- PAD4 
antibodies by the peroxidase- labeled anti- IgM antibody used in 
the ELISA. Indeed, 11 of the 14 patients with RA who tested pos-
itive for IgM anti- PAD4 also tested positive for IgM- RF. Thus, we 
pooled IgM and IgG anti- PAD4 antibodies and referred to them as 
“anti- PAD4 antibodies.” Anti- PAD4 antibodies were present in 21 
(51%) of 41 patients with RA versus 4 (16%) of 25 patients with 
PsA and 0 of 11 healthy controls (both P = 0.0002 by Fisher’s 
exact test) (data not shown).

T cell responses to human PAD4 in patients with 
RA, patients with PsA, and healthy controls. Peripheral 
blood leukocytes from 41 patients with ACPA- positive RA, 25 
patients with PsA, and 11 healthy controls were tested for T 
cell proliferation in response to human PAD4 and human native 
and citrullinated fibrinogen by bromodeoxyuridine incorporation 
 (Figure  2). Nineteen (46%) of 41 RA patients versus 8 (32%) 
of 25 PsA patients and 4 (36%) of 11 controls had a prolifer-
ative response to PAD4 (both P = 0.35 by Fisher’s exact test 

 [nonsignificant  difference]). A proliferative response to citrulli-
nated fibrinogen was observed in 1 patient with RA (2.4%) and 
none of the PsA patients or controls.

To confirm that the proliferative response observed in periph-
eral blood leukocytes cultured with PAD4 was due to T cells, 
we analyzed samples from an additional 10 RA patients and 7 
healthy controls by flow cytometry. In this analysis, CD4+ T cells 
showed increased expression of CD154, a T cell early activation 
marker, and increased production of TNF, in whole blood samples 
stimulated with PAD4 (Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41189/ abstract).

Association of the shared epitope with anti- PAD4  
antibodies but not with T cell proliferation in response 
to PAD4. We studied the HLA–DR shared epitope status 
in the 77 subjects (including patients with RA, patients with 
PsA, and healthy controls) tested for antibody and prolifera-
tive response to PAD4. Twenty- five had antibodies to PAD4, of 
whom 16 expressed shared epitope–positive HLA–DR alleles. 
Fifty- two were negative for anti- PAD4, of whom 20 expressed 
shared epitope–positive HLA–DR alleles (P = 0.051 by Fisher’s 
exact test) (Figure  3). Thirty- one subjects had a proliferative 
response to PAD4, of whom 15 expressed shared epitope- 
positive HLA–DR alleles, and 46 subjects had no proliferative 
response to PAD4, of whom 21 expressed shared epitope–
positive HLA–DR alleles (P = 0.8 by Fisher’s exact test) 
 (Figure  3). Thus, the HLA–DR shared epitope is associated 
with anti- PAD4 antibodies, but not with anti- PAD4 proliferative 
response.

Figure 2. Proliferation of T cells in response to human PAD4, native fibrinogen (FB), citrullinated fibrinogen (cit FB), and phytohemagglutinin 
(PHA) in patients with RA, patients with PsA, and healthy controls. Proliferative response was evaluated by bromodeoxyuridine incorporation 
(n = 4 replicates per protein). The OD ratio was the ratio of the OD for a well with cells and protein to the OD for a well with cells but without 
protein. Positivity was defined as an OD ratio of >2 (dotted lines). Symbols represent individual subjects; red lines show the mean OD ratio. See 
Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41189/abstract
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Binding of PAD4 peptides to 5 different HLA–DR 
alleles. To help us identify potential T cell epitopes on PAD4, 
we tested the binding of 65 20- mer peptides of PAD4, overlap-
ping on 10 amino acids, to 5 purified HLA- DR molecules (HLA- 
DRB1*04:01, *04:02, *01:01, *04:04, and *07:01). Each purified 
HLA- DRB1 molecule bound 2–9 of 65 PAD4 peptides (Figure 4).

T cell proliferation in response to PAD4 peptides in 
RA patients and controls. We studied proliferative responses 
to the 11 20- mer peptides of PAD4 that we had found to be good 
binders of HLA–DRB1*04:01, *04:04, *01:01, *04:02, or *07:01 
in 22 RA patients, 16 PsA patients, and 11 healthy controls 
 (Figure  5). Proliferative response to peptide 22 (VRVFQATRG-
KLSSKCSVVLG), a peptide found to bind HLA–DRB1*04:01 only, 
was observed in 2 (9%) of 22 RA patients versus 2 (12.5%) of 16 
PsA patients and none of the 11 controls (both P not significant, 
by Fisher’s exact test).

Proliferative response to peptide 8 (DPGVEVTLTMKAASG-
STGDQ), a peptide that bound all 5 HLA–DRB1 alleles tested, 
was associated with RA. A proliferative response to peptide 8 was 
observed in 9 (41%) of 22 RA patients versus 3 (19%) of 16 PsA 
patients and 0 of 11 controls (both P = 0.02 by Fisher’s exact test) 
(Figure 5). A proliferative response to peptide 8 was  associated 

with the shared epitope, which was present in 9 (75%) of 12 
responders versus 15 (40%) of 37 nonresponders (P = 0.05 by 
Fisher’s exact test) (Figure 6). Proliferative response to peptide 8 
was associated with anti- PAD4 antibodies (P = 0.057 for respond-
ers versus nonresponders, by Fisher’s exact test) (Figure 6).

DISCUSSION

How HLA–DRB1 molecules contribute to the development 
of RA is unknown, but since they are associated with ACPAs and 
RA, it is likely that they influence the production of ACPAs. Indeed, 
HLA–DRB1 molecules present peptides to T helper cells to allow 
IgG antibody production. The classic hypothesis that the shared 
epitope binds citrullinated peptide suggests that RA- associated 
HLA–DRB1 molecules preferentially bind citrullinated peptides 
because of a P4 pocket rendered basic by the shared epitope. T 
helper cells recognizing citrullinated peptides presented by shared 
epitope–positive HLA–DRB1 alleles would then deliver specific 
help to B cells specific for individual citrullinated peptides, allowing 
the production of IgG antibodies to many citrullinated antigens. 
Preferential binding of citrullinated peptides to shared epitope–
positive HLA–DRB1 alleles was first suggested by a binding study 
performed on one vimentin peptide in citrullinated or native form 

Figure 3. Antibody response to PAD4 and proliferation of T cells in response to PAD4 in patients with RA (n = 41), patients with PsA (n = 25), 
and healthy controls (n = 11). Subjects were tested for antibody response to PAD4 and proliferative response to PAD4 and classified into 
the following 4 groups: negative for PAD4 antibody (Ab−) and positive for T cell proliferation (Tc+), positive for both PAD4 antibody and T cell 
proliferation, negative for both PAD4 antibody and T cell proliferation, or positive for PAD4 antibody and negative for T cell proliferation. Values 
are the number of shared epitope (SE)–positive subjects/total number of subjects in the indicated group. See Figure 1 for other definitions.
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(10) and later by binding and structural studies performed with 
a few highly selected peptides (20,21). However, thorough HLA–
DRB1 binding studies involving hundreds of peptides of fibrino-
gen, vimentin, collagen, or Epstein- Barr nuclear antigen 1 in their 
native or citrullinated forms found no evidence of preferential 

 binding of citrullinated peptides to shared epitope–positive HLA–
DRB1 alleles (11–13).

We have developed an alternative to the “shared epitope 
binds citrullinated peptides” hypothesis. Indeed, the development 
of RA is accompanied, sometimes preceded, by the emergence of 

Figure 4. Binding of peptidylarginine deiminase 4 (PAD4) peptides to 5 different HLA–DR alleles. The binding of each purified HLA–DR allele 
was assayed on enzyme- linked immunosorbent assay plates coated with 65 PAD4 peptides (each in duplicate wells). Two control wells were 
coated with a positive binder, hemagglutinin peptide. Positive binding was defined as an OD value equal to that for hemagglutinin peptide. 
Open boxes indicate no binding, red boxes indicate binding to a shared epitope–positive allele, and blue boxes indicate binding to a shared 
epitope–negative allele.
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IgG antibodies to PAD4 (the citrullinating enzyme) (14,15,22–26).  
This suggests the existence of T helper cells specific for PAD4  
in patients with RA. Since PAD4 binds and citrullinates multiple 
proteins, any protein bound and being citrullinated by PAD4 may 

benefit from the help of a classic hapten–carrier mechanism. 
Indeed, B cells specific for citrullinated residues on proteins bound 
to PAD4 could internalize and process the PAD4–citrullinated pro-
tein complex and present PAD4 peptides to T helper cells, which 

Figure 5. Proliferation of T cells in response to PAD4 peptides in patients with RA, patients with PsA, and healthy controls. Proliferative 
response was evaluated by bromodeoxyuridine incorporation (n = 4 replicates per peptide). The OD ratio was the ratio of the OD for a well with 
cells and peptide to the OD for a well with cells but without peptide. Positivity was defined as an OD ratio of >2 (dotted lines). Symbols represent 
individual subjects; red lines show the mean OD ratio. See Figure 1 for definitions.

Figure 6. Antibody response to PAD4 and proliferation of T cells in response to peptide 8 in patients with RA (n = 22), patients with PsA 
(n = 16), and healthy controls (n = 11). Subjects were tested for antibody response to PAD4 and proliferative response to peptide 8 and classified 
into the following 4 groups: negative for PAD4 antibody (Ab−) and positive for T cell proliferation (Tc+), positive for both PAD4 antibody and T cell 
proliferation, negative for both PAD4 antibody and T cell proliferation, or positive for PAD4 antibody and negative for T cell proliferation. Values 
are the number of shared epitope (SE)–positive subjects/total number of subjects in the indicated group. See Figure 1 for other definitions.
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would lead to the production of IgG antibodies to multiple citrul-
linated proteins. To demonstrate this point, we previously immu-
nized normal nonautoimmune mice with human and/or murine 
PADs and found that 20% of the mice developed anti–citrullinated 
fibrinogen antibodies in the absence of any T cell response to cit-
rullinated fibrinogen (16).

In this study, we investigated antibody and proliferative 
responses to PAD4 in the peripheral blood of patients with 
RA, patients with PsA, and healthy controls. Anti- PAD4 anti-
bodies were present in 21 (51%) of 41 patients with RA versus 
4 (16%) of 25 patients with PsA and 0 of 11 healthy controls 
(both P = 0.0002 by Fisher’s exact test). T cell proliferation in 
response to PAD4 was common in patients with RA, patients 
with PsA, and healthy controls. However, when associated with 
anti- PAD4 antibodies it was characteristic of ACPA- positive RA 
(P = 0.0009 for RA versus PsA or healthy controls, by Fisher’s 
exact test).

To identity the PAD4 peptides recognized by the T cells that 
proliferate in response to PAD4, we performed proliferation stud-
ies using 11 PAD4 peptides predicted to bind shared epitope–
positive HLA–DRB1 alleles. Samples from 22 patients with RA, 
16 patients with PsA, and 11 healthy controls were included. We 
identified one peptide of PAD4, peptide 8, that was recognized 
by 9 of 22 RA patients, 3 of 16 PsA patients, and no healthy con-
trols and another peptide of PAD4, peptide 22, that was recog-
nized by 2 of 22 RA patients, 2 of 16 PsA patients, and no healthy 
controls. Proliferative response to peptide 8 was associated 
with RA (P = 0.02 by Fisher’s exact test), the HLA- DRB1 shared 
epitope (P = 0.05 by Fisher’s exact test), and antibodies to PAD4 
(P = 0.057 by Fisher’s exact test).

These data suggest a model of the development of ACPAs in 
which T cells specific for PAD4 help, as expected, B cells specific 
for PAD4, leading to the production of IgG antibodies to PAD4, 
and, at the same time, B cells specific for citrullinated antigens 
that have internalized and processed the PAD4–citrullinated anti-
gen complex and present PAD4 peptides. This PAD4 hapten–
carrier model is only tentative. Indeed, flow cytometric analysis 
confirmed the presence of CD4+CD154+ cells in RA patient 
peripheral blood leukocytes stimulated with PAD4. However, we 
did not directly demonstrate that these CD4+ T cells help B cells 
specific for PAD4 and citrullinated antigens. We found immune 
responses to PAD4 in 27 of 41 RA patients and observed that 
having both T cell and antibody response to PAD4 is charac-
teristic of RA patients. Still, we found no evidence of anti- PAD4 
immunity in 14 of 41 RA patients, a finding possibly caused by 
immunosuppressive drugs used to treat RA or by lack of sensitiv-
ity of our detection tests. Besides, PAD4 may not be the only tar-
get of T cells capable of providing help to ACPA- secreting B cells. 
In this respect, any protein capable of binding and citrullinating 
peptides can be as relevant as PAD4 for activating T cells that can 
facilitate the production of ACPAs by the same hapten–carrier 
mechanism. This includes, for instance, PAD2, a PAD4 isoform 

also expressed in the RA synovium, or bacterial PADs that are 
not homologous to eukaryotic PADs but still bind and citrullinate 
peptides.

Our results suggest that a hapten–carrier mechanism, in 
which one of the candidate carriers is PAD4 and the haptens are 
the multiple proteins citrullinated by PAD4, may be at work in the 
development of ACPAs in RA. Thus, PAD4 stands at the center of 
the immunologic conflict leading to RA. The gene encoding PAD4 
is associated with RA in Asians and in some European populations 
(27). Finally, if anti–citrullinated protein immunity develops under 
the influence of T helper cells specific for peptide(s) of PAD pro-
teins, as opposed to citrullinated peptide(s) of multiple proteins, it 
improves the prospects for the prevention of RA by PAD peptide 
tolerization in high- risk individuals identified by their HLA–DRB1 
genotypes (18).

ACKNOWLEDGMENT

We thank Leonor Nogueira (INSERM UMRs 1056) for provid-
ing citrullinated fibrinogen.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Roudier had full access to all of the data in the study 
and takes responsibility for the integrity of the data and the accuracy of 
the data analysis.
Study conception and design. Auger, Balandraud, Roudier.
Acquisition of data. Auger, Balandraud, Massy, Hemon, Peen, Arnoux, 
Mariot, Martin, Lafforgue, Busnel, Roudier.
Analysis and interpretation of data. Auger, Balandraud, Massy, Hemon, 
Roudier.

ROLE OF THE STUDY SPONSOR

Pfizer had no role in the study design or in the collection, analysis, or 
interpretation of the data, the writing of the manuscript, or the decision to 
submit the manuscript for publication. Publication of this article was not 
contingent upon approval by Pfizer.

ADDITIONAL DISCLOSURES

Author Busnel is an employee of Beckman Coulter Life Sciences.

REFERENCES
 1. Astorga GP, Williams RC Jr. Altered reactivity in mixed lymphocyte 

culture of lymphocytes from patients with rheumatoid arthritis. Arthri-
tis Rheum 1969;12:547–54.

 2. Gregersen PK, Silver J, Winchester RJ. The shared epitope hy-
pothesis: an approach to understanding the molecular  genetics 
of susceptibility to rheumatoid arthritis. Arthritis Rheum 1987;30: 
1205–13.

 3. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham CO 
III, et al. 2010 rheumatoid arthritis classification criteria: an American 
College of Rheumatology/European League Against Rheumatism 
collaborative initiative. Arthritis Rheum 2010;62:2569–81.

 4. Schellekens GA, de Jong BA, van den Hoogen FH, van de Putte 
LB, van Venrooij WJ. Citrulline is an essential constituent of antigenic 



ANTI- PAD IMMUNITY, ACPA, AND RA: THE HAPTEN–CARRIER MODEL |      911

determinants recognized by rheumatoid arthritis- specific autoanti-
bodies. J Clin Invest 1998;101:273–81.

 5. Van Venrooij WJ, Pruijn GJ. Citrullination: a small change for a pro-
tein with great consequences for rheumatoid arthritis. Arthritis Res
2000;2:249–51.

 6. Simon M, Girbal E, Sebbag M, Gomès-Daudrix V, Vincent C, Salama 
G, et al. The cytokeratin filament aggregating protein filaggrin is the
target of the so- called “antikeratin antibodies”, autoantibodies spe-
cific for rheumatoid arthritis. J Clin Invest 1993;92:1387–93.

 7. Girbal-Neuhauser E, Durieux JJ, Arnaud M, Dalbon P, Sebbag M,
Vincent C, et al. The epitopes targeted by the rheumatoid arthritis- 
associated antifilaggrin autoantibodies are posttranslationally gen-
erated on various sites of (pro)filaggrin by deimination of arginine
residues. J Immunol 1999;162:585–94.

 8. Vossenaar E, Després N, Lapointe E, van der Heiden A, Lora M,
Senshu T, et al. Rheumatoid arthritis specific anti- Sa antibodies tar-
get citrullinated vimentin. Arthritis Res Ther 2004;6:R142–50.

 9. Masson-Bessière C, Sebbag M, Girbal-Neuhauser E, Nogueira L,
Vincent C, Senshu T, et al. The major synovial target of the rheu-
matoid arthritis- specific antifilaggrin autoantibodies are deiminated
forms of the α-  and β- chains of fibrin. J Immunol 2001;166:4177–84.

 10. Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, Cairns E. Cut-
ting edge: the conversion of arginine to citrulline allows for a high- 
affinity peptide interaction with the rheumatoid arthritis- associated
HLA- DRB1*0401 MHC class II molecule. J Immunol 2003;171:538–
41.

 11. Auger I, Sebbag M, Vincent C, Balandraud N, Guis S, Nogueira L,
et al. Influence of HLA–DR genes on the production of rheumatoid
arthritis–specific autoantibodies to citrullinated fibrinogen. Arthritis
Rheum 2005;52:3424–32.

 12. Pratesi F, Petit-Teixeira E, Sidney J, Teixeira VH, Puxeddu I, Sette A,
et al. Effect of rheumatoid arthritis (RA) susceptibility genes on the
immune response to viral citrullinated peptides in RA. J Rheumatol
2012;39:1490–3.

 13. Sidney J, Becart S, Zhou M, Duffy K, Lindvall M, Moore EC, et al.
Citrullination only infrequently impacts peptide binding to HLA class
II MHC. PLoS One 2017;12:e0177140.

 14. Auger I, Balandraud N, Rak J, Lambert N, Martin M, Roudier J. New
autoantigens in rheumatoid arthritis (RA): screening 8268 protein
arrays with sera from patients with RA. Ann Rheum Dis 2009;68:
591–4.

 15. Auger I, Martin M, Balandraud N, Roudier J. Rheumatoid arthritis–
specific autoantibodies to peptidyl arginine deiminase type 4 inhibit
citrullination of fibrinogen. Arthritis Rheum 2010;62:126–31.

 16. Arnoux F, Mariot C, Peen E, Lambert N, Balandraud N, Roudier J,
et al. Peptidyl arginine deiminase immunization induces anticitrulli-
nated protein antibodies in mice with particular MHC types. Proc
Natl Acad Sci U S A 2017;114:E10169–77.

 17. Chandran V. Spondyloarthritis: CASPAR criteria in early psoriatic
 arthritis. Nat Rev Rheumatol 2012;8:503–4.

 18. Balandraud N, Picard C, Reviron D, Landais C, Toussirot E, Lambert
N, et al. HLA- DRB1 genotypes and the risk of developing anti citrul-
linated protein antibody (ACPA) positive rheumatoid arthritis. PLoS
One 2013;18:64108.

 19. Porstmann T, Ternynck T, Avrameas S. Quantitation of 5- bromo-  
2- deoxyuridine incorporation into DNA: an enzyme immunoassay for 
the assessment of the lymphoid cell proliferative response. J Immu-
nol Methods 1985;82:169–79.

 20. Scally SW, Petersen J, Law SC, Dudek NL, Nel HJ, Loh KL, et al.
A molecular basis for the association of the HLA- DRB1 locus, citrul-
lination, and rheumatoid arthritis. J Exp Med 2013;210:2569–82.

 21. Ting YT, Petersen J, Ramarathinam SH, Scally SW, Loh KL, Thomas
R, et al. The interplay between citrullination and HLA- DRB1 polymor-
phism in shaping peptide binding hierarchies in rheumatoid arthritis.
J Biol Chem 2018;293:3236–51.

 22. Takizawa Y, Sawada T, Suzuki A, Yamada R, Inoue T, Yamamoto K.
Peptidylarginine deiminase 4 (PADI4) identified as a conformation- 
dependent autoantigen in rheumatoid arthritis. Scand J Rheumatol
2005;34:212–5.

 23. Roth EB, Stenberg P, Book C, Sjöberg K. Antibodies against trans-
glutaminases, peptidylarginine deiminase and citrulline in rheumatoid 
arthritis—new pathways to epitope spreading. Clin Exp Rheumatol
2006;24:12–8.

 24. Halvorsen EH, Pollmann S, Gilboe IM, van der Heijde D, Landewé
R, Ødegård S, et al. Serum IgG antibodies to peptidylarginine deimi-
nase 4 in rheumatoid arthritis and associations with disease severity.
Ann Rheum Dis 2008;67:414–7.

 25. Zhao J, Zhao Y, He J, Jia R, Li Z. Prevalence and significance of
anti- peptidylarginine deiminase 4 antibodies in rheumatoid arthritis.
J Rheumatol 2008;35:969–74.

 26. Kolfenbach JR, Deane KD, Derber LA, O’Donnell CI, Gilliland WR,
Edison JD, et al. Autoimmunity to peptidyl arginine deiminase type
4 precedes clinical onset of rheumatoid arthritis. Arthritis Rheum
2010;62:2633–9.

 27. Suzuki A, Yamada R, Chang X, Tokuhiro S, Sawada T, Suzuki M,
et al. Functional haplotypes of PADI4, encoding citrullinating enzyme
peptidylarginine deiminase 4, are associated with rheumatoid arthri-
tis. Nat Genet 2003;34:395–402.



912  

Arthritis & Rheumatology
Vol. 72, No. 6, June 2020, pp 912–918
DOI 10.1002/art.41196
© 2019, American College of Rheumatology

B R I E F  R E P O R T

Generation of Distinct Patterns of Rheumatoid Arthritis 
Autoantigens by Peptidylarginine Deiminase Types 2 and 4 
During Perforin- Induced Cell Damage
Violeta Romero, Erika Darrah,  and Felipe Andrade

Objective. To address the independent roles of peptidylarginine deiminase type 2 (PAD2) and PAD4 in generating 
rheumatoid arthritis (RA) autoantigens by using a system that mimics intracellular citrullination in the RA joint.

Methods. PAD2-  or PAD4- expressing 293T cells and mock- transfected cells were used as targets in cytotoxic 
assays using lymphokine- activated killer cells, cytotoxic YT cell granule contents, or purified human perforin. Protein 
citrullination and autoantigen production were determined by immunoblotting using the anti–modified citrulline–Senshu 
method and RA sera (n = 30), respectively.

Results. RA sera recognized at least 3 categories of autoantigens in PAD- expressing target cells killed by the  
cytotoxic lymphocyte granule–induced death pathway. These included: 1) autoantigens targeted in their native form, 
2) citrullinated antigens, and 3) antigens cleaved by cytotoxic proteases (e.g., granzymes). Interestingly, although
target cells expressing PAD2 or PAD4 showed prominent hypercitrullination of a broad range of proteins during cyto-
toxic granule–induced cell damage, autoantibodies in RA sera targeted only a very limited number of antigens in hy-
percitrullinated cells. Furthermore, RA sera showed distinct reactivities to autoantigens generated by PAD2 or PAD4.

Conclusion. The cytotoxic granule–induced death pathway has the capacity to modify antigens by inducing 
hypercitrullination and antigen cleavage in target cells. Interestingly, among a large number of citrullinated proteins 
generated by PAD2 and PAD4 in cells, only a few are likely involved in the production of autoantibodies in RA.

INTRODUCTION

The finding that a significant number of patients with rheu-
matoid arthritis (RA) have anti–citrullinated protein antibodies 
(ACPAs) has fueled the notion that dysregulated citrullination is 
important for RA pathogenesis (1). This hypothesis has sparked 
interest in understanding the mechanisms that drive citrullination 
in RA, with the goal of identifying pathogenic pathways and new 
therapeutic targets in this disease. Citrullination is the enzymatic 
deimination of arginine residues to citrulline (1), mediated by 

the peptidylarginine deiminases (PADs). In particular, the find-
ing that PAD2 and PAD4 are detected in rheumatoid synovial 
tissue and fluid has suggested that these enzymes are respon-
sible for generating the prominent citrullination found in the RA 
joint (2). Moreover, it has focused interest on understanding 
the independent role of these PADs in the production of citrul-
linated antigens targeted in RA. Using recombinant enzymes, 
initial studies have suggested that PAD2 and PAD4 have dis-
tinct specificities and efficiencies in generating citrullinated 
RA autoantigen (3,4) and in generating citrullinated epitopes  
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targeted by RA autoantibodies (5). Nevertheless, further studies 
have suggested that despite these potential differences, both 
enzymes citrullinate similar substrates, leading to similar recog-
nition by RA autoantibodies (6).

The study of PADs in vitro, however, has potential disad-
vantages that may affect autoantigen citrullination. In contrast 
to citrullination in cells that is efficiently activated under physio-
logic calcium and redox conditions (3,7,8), in vitro citrullination 
in extracellular fluids (9,10), using purified components (3,4,6) 
or PADs released from cells (9,11), requires the addition of 
reducing agents (dithiothreitol or reduced glutathione) and/or 
supraphysiologic amounts of calcium (2–10 mM) (3,4,6,9,10), 
which do not coexist in vivo. Under these artificial conditions 
in which recombinant PADs are hyperactivated and the sub-
strates partially denatured by reducing agents, it is possible 
that the stringent conditions required for PAD specificity are 
affected. Similarly, proteins may be aberrantly citrullinated, 
potentially producing epitopes that may not exist in citrullinated 
proteins found in the RA joint.

Synovial fluid cells from patients with RA contain a unique pat-
tern of citrullination that includes proteins spanning the range of 
molecular weights, termed hypercitrullination (7). This process is 
reproduced during cell death induced by killer cells (via perforin) 
and the membrane- attack complex of complement, which are 
membranolytic pathways active in the RA joint and of importance 
in RA pathogenesis (7). To address the independent roles of PAD2 
and PAD4 in generating intracellular RA autoantigens, we devel-
oped a system that mimics hypercitrullination in the RA joint by 
using perforin- induced cell damage and target cells expressing 
PAD2 or PAD4.

PATIENTS AND METHODS

RA serum. Serum samples were obtained from 30 patients 
with ACPA- positive RA from a convenience cohort. All individuals 
provided informed consent as approved by the Johns Hopkins 
Institutional Review Board.

Cytotoxic assays and immunoblot analysis. 
Lymphokine- activated killer (LAK) cells were prepared as previously 
described (12). The isolation and characterization of YT cell granule 
contents has also been described previously (12). Target 293T cells 
were transiently transfected to express PAD2 or PAD4 using Lipo-
fectamine 2000 (Invitrogen), and mock- transfected cells were used 
as controls. Perforin titration and YT cell granule content killing assays 
were performed as previously described (7,12). Protein citrullination 
and autoantigen production were determined by immunoblotting 
using the anti–modified citrulline method described by Senshu et al 
(13) and RA sera, respectively. Detailed descriptions of the cytotoxic 
assays and immunoblot analysis are included in the Supplemen-
tary Methods, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41196/ abstract.

RESULTS

Generation of distinct patterns of cellular hyper-
citrullination by PAD2 and PAD4 in response to cytotoxic 
cell death. To define independent patterns of cellular hypercit-
rullination induced by PAD2 and PAD4 in response to cytotoxic 
damage, 293T cells, which are ordinarily PAD negative (7), were 
transfected to express equivalent amounts of PAD2 or PAD4 and 
used as targets in cytotoxic assays. Similar to previous studies 
using neutrophils that endogenously express PADs (7), 293T cells 
expressing PADs exhibited prominent hypercitrullination during 
cell death induced by LAK cells (Figure 1A). In contrast to primary 
cells, however, this approach offers the unique opportunity to 
express individual PADs and study their distinct cellular citrullina-
tion activity in response to effector pathways found in the RA joint. 
Indeed, different efficiencies and patterns of citrullination were 
observed depending on the PAD isoform activated in the target 
cells. Activation of PAD2 induced the most prominent citrullination, 
with strong preference for substrates above 31 kd (Figure 1A). In 
contrast, activation of PAD4 induced a less prominent but more 
widespread pattern of substrate citrullination, targeting molecules 
across a broader range of molecular weights (Figure 1A).

Since hypercitrullination induced in neutrophils killed by LAKs 
is independent of apoptosis and driven by perforin (7), killing 
assays were performed in the presence of cell- permeable inhibi-
tors of granzyme B (compound 6) or effector caspases (Z- DEVD- 
FMK), which efficiently prevent cytotoxic cell- mediated apoptosis 
(14,15). While the inhibitors blocked the apoptosis- induced cleav-
age of poly(ADP- ribose) polymerase 1 (Figure 1A), neither inhibitor 
affected PAD2-  or PAD4- mediated hypercitrullination induced by 
cytotoxic cells (Figure 1A). Similar results were obtained using puri-
fied granule contents from the cytotoxic cell line YT (15), which 
contain perforin and granzyme B, confirming that the induction of 
hypercitrullination in target cells is mediated through the cytotoxic 
lymphocyte granule pathway, but independent of granzyme B or 
caspases (Figure 1B).

Since cytotoxic cells kill target cells by apoptosis rather than 
lysis, sublytic concentrations of the pore- forming protein perforin 
(i.e., 5 to <30% induction of cell lysis) are thought to be physio-
logically relevant (16). Because sublytic concentrations of perforin 
vary by cell type and perforin preparation, we defined lysis con-
ditions by incubating PAD- expressing 293T cells with increasing 
amounts of purified perforin from sublytic (3–20% lysis) to lytic 
(50% lysis) concentrations (Figure 1C). Notably, even the lowest 
sublytic amount of perforin tested (equivalent to 3% lysis) was 
sufficient to initiate protein citrullination, a process that became 
more prominent with increasing perforin concentrations (generat-
ing 7–20% lysis). At lytic concentrations (i.e., 50% lysis), perforin 
induced massive citrullination. Physiologically relevant sublytic 
amounts of perforin are therefore sufficient to induce rapid and 
prominent activation of PAD2 and PAD4 in target cells. Moreover, 
these data support the use of PAD- expressing 293T cells as a 

http://onlinelibrary.wiley.com/doi/10.1002/art.41196/abstract
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viable system to dissect the individual roles of PAD isoforms in the 
generation of hypercitrullinated proteins caused by cytotoxic cell 
damage.

Autoantibodies in RA target a limited number of 
antigens in hypercitrullinated cells. During cellular hypercit-
rullination induced by membranolytic damage, several dozen pro-
teins are modified by the PAD enzymes (7,8). However, whether 
autoantibodies exist for each citrullinated molecule or whether 
only a few citrullinated antigens are targeted in RA is unclear. To 
define the spectrum of citrullinated antigens targeted by autoan-
tibodies in hypercitrullinated cells, we used immunoblotting to 
screen RA sera (n = 30) for antibodies to antigens present in 
lysates from PAD- expressing 293T cells exposed to cytotoxic 
granule contents. Unlike cytotoxic assays using LAK cells, this 
approach allowed for the study of cytotoxic lymphocyte granule–
induced hypercitrullination without the protein background from 
the killer cells. Surprisingly, despite the extensive hypercitrullina-
tion observed in these cells following treatment with granule con-
tents (Figure 1B), only a limited number of these proteins were 
recognized by RA patient autoantibodies (Figure 2).

Although the overall pattern of antigen recognition was unique 
in each individual, the autoantigens appeared to fall into 3 different 

categories, with some being targeted by multiple different RA sera 
(Figure 2). The first group of antigens included those whose immu-
noreactivity was not affected by target cell killing, possibly denoting 
autoantigens targeted in their native form (Figures 2A–C, I, and J).  
The second subset included antigens whose recognition was 
enhanced by PAD activation in killed cells, likely representing citrul-
linated autoantigens targeted by ACPAs (Figures 2B–F and H). In 
the third subset, autoantibody reactivity was more consistent with 
binding to antigens cleaved by proteases present in the cytotoxic 
granules (i.e., granzymes), which is marked by loss of a higher 
molecular weight band in unkilled cells and reciprocal recognition 
of smaller molecular weight bands in killed cells that correspond to 
cleavage fragments (Figure 2G–J). Thus, while the novel patterns 
of immunoreactivity might be primarily attributed to citrullination, it 
is likely that the complex patterns of antigens detected by RA sera 
result from the combination of citrullination and protein cleavage.

Generation of distinct patterns of citrullinated 
autoantigens by PAD2 and PAD4. To ensure that novel 
autoantigens were only generated as result of  hyperactivation 
of PADs, and not by proteolytic cleavage, RA sera were  further 
screened against lysates from PAD- expressing 293T cells 
exposed to increasing amounts of purified perforin. For this 

Figure 1. Induction of hypercitrullination by cytotoxic granule–mediated cell death and perforin in target cells expressing peptidylarginine 
deiminase type 2 (PAD2) or PAD4. A and B, PAD2- expressing 293T cells (lanes 2–5 in A and 1–4 in B) or PAD4- expressing 293T cells (lanes 
7–10 in A and 5–8 in B) were preincubated in the absence or presence of inhibitors of granzyme B (compound 6 [Comp- 6]) or effector caspases 
(Z- DEVD- FMK [DEVD]), followed by coincubation in the absence or presence of lymphokine- activated killer (LAK) cells (A) or YT cell granule 
contents (GC) (B). In A, LAK cells were incubated alone as controls (lanes 1 and 6). After the reactions were terminated, the samples were 
analyzed by immunoblotting using anti- PAD2 and anti- PAD4 antibodies (top panels) and anti–poly(ADP- ribose) polymerase 1 (anti– PARP-1) 
antibody (middle panels). Global citrullination was detected by anti–modified citrulline (AMC) immunoblotting (bottom panels). Solid and open 
arrows denote intact PARP-1 and its apoptotic fragment, respectively. C, PAD2-  or PAD4- expressing 293T cells were incubated in the 
presence of increasing amounts of human purified perforin. The lytic activity of each perforin concentration is indicated. After the reactions were 
terminated, the samples were electrophoresed and the proteins were visualized by immunoblotting using AMC, anti- PAD2 (left), or anti- PAD4 
(right) antibodies. The experiments were performed on at least 2 separate occasions, with similar results.
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 analysis, we selected the RA sera that recognized patterns com-
patible with protein citrullination, like those shown in Figures 2B–F. 
Similar to cells killed with cytotoxic granule contents (Figure 2), we 
observed recognition of a limited number of autoantigens by RA 
sera (Figures 3A–C and Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41196/ abstract) despite the presence of global 
hypercitrullination in the target cells (Figure 1C).

To gain further insights into the patterns of RA autoantigens 
generated by PAD2 and PAD4, individual antigens detected by 
RA sera (Figures 3A–C and Supplementary Figure 1) were clas-
sified according to their molecular weight and PAD specificity 
(Figure 3D). Three clear patterns of autoantigens were noted: 1) 
antigens that were only generated by PAD2, 2) antigens that were 
only generated by PAD4, and 3) antigens that were generated by 

both PAD2 and PAD4. In this regard, it is intriguing that some RA 
sera targeted only antigens generated by PAD2 (Figures 3A and  
Supplementary Figures 1A and B) or only antigens generated by 
PAD4 (Figure 3C). This specificity is not explained by differences in 
the activation of the PAD isoforms, because we also found sera that 
similarly detected antigens in both PAD2-  and PAD4- expressing 
cells (Figure 3B and Supplementary Figures 1C–F). Importantly, 
similar patterns of antigen recognition were not reproduced using 
mock- transfected cells exposed to perforin (Figures  3A–C and 
Supplementary Figure 1), which confirmed that the production of 
autoantigens was fully dependent on PAD activation.

In addition, we investigated PAD specificity against 2 impor-
tant citrullinated autoantigens in RA, α- enolase and histone H3 
(Figure 3E). With regard to PAD specificity, citrullination of α- enolase  
and histone H3 was specific for cells expressing PAD2 and those 

Figure 2. Cytotoxic granule–mediated target cell death induces novel patterns of rheumatoid arthritis (RA) autoantigens in cells expressing 
peptidylarginine deiminase type 2 (PAD2) and PAD4. PAD2-  or PAD4- expressing 293T cells were incubated in the presence or absence of 
cytotoxic granule contents (GC). After 3 hours at 37°C, the samples were electrophoresed and immunoblotted using human RA sera. Each 
panel shows the analysis of 1 individual RA serum sample. The autoantigens appeared to fall into 3 different categories, with some being 
targeted by multiple different RA sera. These categories included antigens that did not change upon the killing of target cells (solid lines) 
(A–C, I, and J), antigens present only in hypercitrullinated dying cells (arrowheads) (B–F and H), and antigens detected in control cells that 
disappeared following cell killing (solid arrows), with the generation of reciprocal antigen fragments of lower molecular weight (open arrows) 
(G–J). Representative results from the analysis of 30 individual RA sera are shown.

A C 

97

66

116

45

31

21

14

97

66

116

45

31

21

14

PAD2 PAD4

97

66

116

45

31

21

14

  -     +GC   -      +
PAD2 PAD4
  -     +GC   -      +

PAD2 PAD4
  -     +   -      +

PAD2 PAD4
  -     +   -      +

PAD2 PAD4
  -     +   -      +

PAD2 PAD4
  -     +   -      +

PAD2 PAD4
  -     +GC   -      +

G PAD2 PAD4
  -     +   -      +

PAD2 PAD4
  -     +   -      +

97

66

116

45

31

21

14

GC

97

66

116

45

31

21

14

GC

97

66

116

45

31

21

14

GC

97

66

116

45

31

21

14

GC

97

66

116

45

31

21

14

GC

97

66

116

45

31

21

14

GC

PAD2 PAD4
  -     +   -      +

97

66

116

45

31

21

14

GC

B

JIHF

ED

http://onlinelibrary.wiley.com/doi/10.1002/art.41196/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41196/abstract


ROMERO ET AL 916       |

expressing PAD4, respectively (Figure 3E). These data importantly 
contrast with the previous finding that purified α- enolase and his-
tone H3 were citrullinated in vitro by both PADs (6), underscoring 
fundamental differences between cellular and in vitro citrullination 
using purified proteins.

DISCUSSION

Citrullination is a normal process across multiple tissues in 
humans. In a recent study, citrullination was detected in >200 pro-
teins in different healthy human tissues, including proteins that are 
well- characterized targets of autoantibodies in RA (i.e., citrullinated 
fibrinogen α- chain, collagen, and vimentin) (17). Considering that 
citrullination is a physiologic process, it is unclear why this modifi-
cation becomes a target of an abnormal immune response in RA, 
and why antibodies to citrullinated proteins are associated with 
joint damage while sparing other organ systems highly enriched in 

citrullinated proteins, such as the nervous and digestive systems, 
among many others (17). In this study, we found that not all cit-
rullinated proteins generated by PADs are recognized by autoan-
tibodies in RA. Instead, RA sera target a very limited number of 
proteins across a broad spectrum of cellular antigens modified 
by PADs. This unique specificity of ACPAs may explain why these 
antibodies have no effector function on other tissues containing 
citrullinated proteins, and suggests that the specific targets of 
ACPAs are likely generated and enriched in target tissues in RA.

The data also support the idea that citrullination is not the only 
determinant of antigen recognition by RA antibodies. This must be 
the case since, otherwise, every citrullinated protein in hypercitrul-
linated cells would be similarly detected by RA sera. Using syn-
thetic citrullinated peptides, in vitro citrullinated purified proteins, 
and recombinant monoclonal ACPAs, a recent study suggested 
that antigen recognition by ACPAs is dependent on amino acid 
motifs containing citrulline residues rather than the more extended 

Figure  3. Generation of distinct patterns of citrullinated autoantigens by peptidylarginine deiminase type 2 (PAD2) and PAD4. PAD2- 
expressing 293T cells, PAD4- expressing 293T cells, and mock- transfected cells were incubated with increasing amounts of perforin (the 
lytic activity is indicated). After 3 hours at 37°C, the samples were electrophoresed and immunoblotted using human rheumatoid arthritis 
(RA) sera. A–C, Antigens generated by PAD2 only (A), by both PAD2 and PAD4 (B), and by PAD4 only (C) (arrows) during perforin- induced 
cellular hypercitrullination. Results are from 3 representative RA sera of the 12 individual RA sera tested. D, Antigens generated by PAD2 or 
PAD4 during perforin- induced hypercitrullination as shown in A–C and Supplementary Figure 1 (available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41196/ abstract), arranged according to their molecular weight and PAD specificity. The 
results summarize patterns of antigen recognition by 9 individual RA sera. PADs and vinculin were used as loading controls. E, Specificity of 
citrullination of α- enolase (ENO1) and histone H3 for PAD2- and PAD4- expressing cells. PAD2-  or PAD4- expressing 293T cells were incubated 
in the presence or absence of lytic amounts of perforin (50% lysis). After 3 hours at 37°C, native and citrullinated histone H3 were detected by 
immunoblotting, and α- enolase was purified by immunoprecipitation (IP). The purified immune complexes were divided in two and analyzed by 
immunoblotting. Anti–α- enolase antibodies (also used for IP) and mouse anti- rabbit IgG light chain were used to detect α- enolase. Citrullinated 
α- enolase was detected with anti–modified citrulline (AMC). PAD expression and global citrullination were visualized by immunoblotting using 
anti- PAD2, anti- PAD4, and AMC antibodies. The black vertical line indicates panels in which intervening lanes containing irrelevant data were 
spliced out.
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tertiary protein structure (18). If these motifs are only found in a 
limited number of citrullinated proteins, this model could explain, at 
the molecular level, how only a restricted set of antigens in hyper-
citrullinated cells is recognized by antibodies in RA. In this scenario, 
however, it may also be expected that ACPA recognition of unique 
motifs shared by a few citrullinated proteins should generate 
homogeneous patterns of antigen detection among patients with 
RA. Intriguingly, we found a broad diversity of antigen recognition 
by RA sera. Some sera detected multiple bands (Figures 3A and B 
and Supplementary Figures 1A, B, and F), while others were spe-
cific for a single antigen generated by PADs (Figure 3C and Supple-
mentary Figures 1C–E). These findings are difficult to explain by a 
single model in which common citrullinated motifs are targeted by 
ACPAs. Instead, the data suggest the existence of RA antibodies 
with restricted macromolecular specificity to antigens generated by 
PADs in cells.

Since PAD2 mainly has a cytoplasmic distribution, while 
PAD4 is predominantly nuclear (19), distinct patterns of citrullina-
tion generated in cells may be explained by substrate accessibil-
ity. Nevertheless, the finding that RA sera can clearly distinguish 
between cellular antigens generated by PAD2 and PAD4 raises 
interesting mechanistic questions about whether there are dis-
tinct roles for these enzymes in RA pathogenesis. Despite the 
observed robust hypercitrullination induced using lytic amounts 
of perforin in cells expressing these enzymes (Figure  1C), we 
identified RA sera that detected only antigens generated by either 
activation of PAD2 (Figure 3A and Supplementary Figures 1A and 
B) or activation of PAD4 (Figure 3C). These findings are not ade-
quately explained by current models of citrullination in RA, which 
focus on nonspecific citrullination of antigens by PADs and high 
cross- reactivity among ACPAs (6,18). Instead, these data sug-
gest that although citrullination is a common target of the immune 
response in RA, it is possible that different mechanisms may define 
the set of citrullinated antigens targeted by individual patients with 
this disease. Thus, depending on genetic and environmental fac-
tors, patients with RA may generate antibodies specifically tar-
geting one or more antigens generated by PAD2, PAD4, or both, 
likely from a predetermined group of potentially immunogenic cit-
rullinated proteins. This set of proteins may correspond to novel 
non- physiologic targets of PADs that only become citrullinated 
under pathologic conditions in RA target tissues (1,7,8).

Unexpectedly, the data also revealed that, similar to other 
systemic autoimmune diseases (15), there is a set of autoantigens 
in RA that are modified through cleavage by killer proteases from 
cytotoxic cells. Indeed, a recent study demonstrated that gran-
zyme B–mediated cleavage of PAD4 increased its recognition by 
CD4+ T cells from patients with RA (20). This finding reinforces the 
importance of posttranslational modifications in the lack of toler-
ance to autoantigens in RA and suggests that the cytotoxic lym-
phocyte granule pathway may generate autoantigens by different 
mechanisms, such as citrullination and proteolysis.

In summary, these data show that antibodies in RA target a 
limited number of proteins in cytotoxic granule–induced hyper-
citrullinated cells, with marked heterogeneity in antigen spec-
ificity among individual patients with RA. Moreover, although 
PAD2 and PAD4 both have the capacity to generate citrulli-
nated autoantigens, the immune response in some RA patients 
can distinguish between antigens generated by each enzyme. 
Interestingly, while these experiments were limited to intracel-
lular antigens, it is important to note that PADs ordinarily have 
limited activity in extracellular fluids (9,10), suggesting that sig-
nificant citrullination of released intracellular antigens is unlikely 
to occur extracellularly. Thus, hypercitrullinated proteins from 
dying cells are likely the major source of intracellular citrullinated 
antigens found in the RA joint. This study highlights potential 
discrepancies in the study of citrullinated autoantigens using in 
vitro versus cellular approaches and underscores the need for 
physiologic strategies to study the antigenic drivers of the ACPA 
response in RA.
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Requirement of Mucosa- Associated Lymphoid Tissue 
Lymphoma Translocation Protein 1 Protease Activity 
for Fcγ Receptor–Induced Arthritis, but Not Fcγ 
Receptor–Mediated Platelet Elimination, in Mice
Kea Martin,  Ratiba Touil, Grozdan Cvijetic, Laura Israel, Yeter Kolb, Sophie Sarret, Stéphanie Valeaux, 
Elena Degl’Innocenti, Thomas Le Meur, Nadja Caesar, Maureen Bardet, Christian Beerli, Hans-Guenter Zerwes,  
Jiri Kovarik, Karen Beltz, Achim Schlapbach, Jean Quancard, Catherine H. Régnier, Marc Bigaud, Tobias Junt, 
Grazyna Wieczorek, Isabelle Isnardi, Amanda Littlewood-Evans, Frédéric Bornancin, and Thomas Calzascia

Objective. Fcγ receptors (FcγR) play important roles in both protective and pathogenic immune responses. 
The assembly of the CBM signalosome encompassing caspase recruitment domain–containing protein 9, B cell 
CLL/lymphoma 10, and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT-1) is required for 
optimal FcγR-induced canonical NF-κB activation and proinflammatory cytokine release. This study was undertaken 
to clarify the relevance of MALT- 1 protease activity in FcγR- driven events and evaluate the therapeutic potential of 
selective MALT- 1 protease inhibitors in FcγR- mediated diseases.

Methods. Using genetic and pharmacologic disruption of MALT- 1 scaffolding and enzymatic activity, we assessed 
the relevance of MALT- 1 function in murine and human primary myeloid cells upon stimulation with immune complexes 
(ICs) and in murine models of autoantibody- driven arthritis and immune thrombocytopenic purpura (ITP).

Results. MALT- 1 protease function is essential for optimal FcγR- induced production of proinflammatory cytokines 
by various murine and human myeloid cells stimulated with ICs. In contrast, MALT- 1 protease inhibition did not affect 
the Syk- dependent, FcγR- mediated production of reactive oxygen species or leukotriene B4. Notably, pharmacologic 
MALT- 1 protease inhibition in vivo reduced joint inflammation in the murine K/BxN serum–induced arthritis model 
(mean area under the curve for paw swelling of 45.42% versus 100% in control mice; P = 0.0007) but did not affect 
platelet depletion in a passive model of ITP.

Conclusion. Our findings indicate a specific contribution of MALT- 1 protease activity to FcγR- mediated events and 
suggest that MALT- 1 protease inhibitors have therapeutic potential in a subset of FcγR- driven inflammatory disorders.

INTRODUCTION

Autoantibodies are important mediators of autoimmune and 
inflammatory diseases, such as rheumatoid arthritis (RA), lupus, 
and immune thrombocytopenic purpura (ITP) (1). Circulating 
immune complexes (ICs) or antibody- coated cells activate immune 
cells via Fcγ receptors (FcγR), leading to the release of proinflam-
matory mediators or the elimination of target cells. Therefore,  

modulating FcγR- mediated signaling events represents an 
attractive therapeutic strategy for multiple diseases (2). Signaling 
downstream of activating FcγR is mediated by immunoreceptor 
tyro sine–based activation motif (ITAM) domains present in FcγRIIA 
or in the common FcR γ- chain. Phosphorylation of ITAM domains 
by Src family kinases generates docking sites for the tyrosine 
kinase Syk, which in turn activates a signaling cascade leading to 
cellular activation and production of reactive oxygen species (ROS), 
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leukotrienes (LTs), and proinflammatory cytokines (3). The first Syk 
inhibitor, fostamatinib, was recently approved for the treatment of 
ITP, highlighting the therapeutic relevance of this pathway (4).

Despite broad evidence of the role of mucosa- associated 
lymphoid tissue lymphoma translocation protein 1 (MALT- 1) in sig-
naling downstream of multiple ITAM- containing receptors (5), its 
role in FcγR signaling remains ill defined (6–9). Triggering of ITAM- 
containing receptors leads to protein kinase C (PKC)– dependent 
assembly of CBM signalosomes encompassing a caspase recruit-
ment domain–containing protein (CARD-9, CARD-10, CARD-11, 
or CARD-14), B cell CLL/lymphoma 10 (BCL-10) and MALT-1, 
which subsequently mediate canonical NF- κB activation via activa-
tion of the IKK complex (5). In addition to a scaffolding role, MALT- 1 
has a proteolytic enzymatic function that modulates the intensity 
and persistence of CBM- driven signaling events via the cleavage 
of numerous substrates (5,10). As a result, MALT- 1 protease inhib-
itors are being actively evaluated as potential new therapies (5,10).

Using myeloid lineage cells from MALT- 1–knockout (Malt1KO) 
and MALT- 1 protease–deficient (Malt1PD) mice, it was proposed that 
protease activity is required for FcγR- induced cytokine release (8,9). 
Moreover, platelet elimination in vivo was shown to be impaired 
in Malt1PD animals in a passive mouse model of ITP (9). However, 
given that Malt1PD animals develop a progressive T and B cell–
related multiorgan inflammatory disease driven by a reduction in 
Treg cell numbers and characterized by drastically elevated serum 
IgG1 and IgE levels (11–14), the outcomes of in vivo experiments 
using FcR- dependent models in these mice should be interpreted 
with caution.

To clarify the relevance of MALT- 1 protease in FcγR- mediated 
events and in IC- mediated diseases such as RA and ITP, we 
used novel MALT- 1 protease inhibitors in addition to Malt1KO 
and Malt1PD mice. Using human and murine myeloid cells, we 
demonstrated that MALT- 1 protease function is critical for the 
optimal production of FcγR- driven proinflammatory cytokines and 
chemokines, but not for LTB4 and ROS production. Pharmaco-
logic inhibition of MALT- 1 protease in vivo was partially protec-
tive in a mouse model of autoantibody- driven arthritis. However, 
in contrast to previous studies (9), genetic or pharmacologic 
abrogation of MALT- 1 protease did not affect the elimination of 
IgG- coated platelets in an ITP model. Therefore, we propose that 
MALT- 1 protease inhibition may have therapeutic potential in dis-
eases associated with FcγR- driven proinflammatory cytokines, 
such as RA, but not in diseases driven by other FcγR- mediated 
biologic events, such as platelet elimination in ITP.

MATERIALS AND METHODS

Human samples. Buffy coat cells were obtained from 
healthy volunteers through the Interregionale Blutspende SRK. 
Fresh human blood was obtained from healthy volunteers through 
Santemed Switzerland (Novartis). Informed consent was obtained 
from all participants.

Synthesis and characterization of MLT- 748, MLT- 695, 
and Cpd11. Synthesis of Cpd11 and MLT- 748 was performed 
as previously described (15,16). Synthesis of MLT- 695 was per-
formed as described in the Supplementary Methods, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41204/ abstract. The MLT- 695 compound 
was characterized as follows: by 1H–nuclear magnetic resonance 
(1H- NMR) (on a 400- MHz spectrometer using DMSO- d6 as a sol-
vent) (major rotamer), chemical shift (δ) 8.54 ppm (singlet [s], 1H), 
7.80 ppm (s, 1H), 7.19 ppm (doublet [d]; J = 4.3 Hz, 2H), 6.94 
ppm (s, 1H), 6.92 ppm (d; J = 4.3 Hz, 2H), 6.43 ppm (quartet [q]; 
J = 9.1 Hz, 1H), 5.29 ppm (q; J = 6.7 Hz, 1H), 3.06–3.29 ppm 
(multiplet [m]; 5H), 3.17 ppm (s, 3H), 2.91 ppm (s, 3H), 1.93–2.16 
ppm (m, 4H), and 1.60 ppm (d; J = 6.7 Hz, 3H); by 13C- NMR (on a 
101- MHz spectrometer, using DMSO-d6 as a solvent), δ 174.58 
ppm, 151.36 ppm, 146.85 ppm, 146.32 ppm, 144.11 ppm, 
140.95 ppm, 129.52 ppm, 125.20 ppm (q), 123.65 ppm, 120.65 
ppm, 114.80 ppm, 95.47 ppm, 72.06 ppm, 57.05 ppm, 55.14 
ppm (q), 49.54 ppm, 35.58 ppm, 30.83 ppm, 26.98 ppm, and 
17.28 ppm; and by high- resolution mass spectrometry: [M+H]+ 
C24H28ClF3N5O4S calculated mass 574.1510 daltons; meas-
ured mass 574.1498 daltons.

Generation of human granulocytes and imma-
ture monocyte- derived dendritic cells (DCs). Granulocytes 
were isolated from heparinized peripheral blood as previously 
described (17). Briefly, red blood cells were excluded by incu-
bation with 1% dextran (Sigma), and granulocytes were isolated 
from the pellet after density- gradient centrifugation using His-
topaque 1077 (Sigma). Immature monocyte- derived DCs were 
generated from peripheral blood mononuclear cells isolated from 
buffy coat cells as previously described (18). Enriched mono-
cytes (EasySep Human Monocyte Enrichment kit; StemCell 
Technologies) were cultured in complete RPMI 1640 (Gibco) 
supplemented with 100 ng/ml granulocyte–macrophage colony- 
stimulating factor (Novartis) and 80 ng/ml interleukin- 4 (IL- 4; 
Novartis) for 7 days.

Mice. Malt1KO and Malt1PD mice on a C57BL/6 genetic back-
ground have been described previously (11). For experiments 
comparing Malt1PD or Malt1KO animals to wild- type (WT) mice, WT 
littermate mice were used as a control. For experiments involving the 
use of MLT- 695, C57BL/6J animals were purchased from Charles 
River and BALB/cByJrj mice were purchased from Janvier Labora-
tories. All animal experiments were performed in accordance with 
Swiss federal laws, and all experimental procedures were reviewed 
and approved by the Basel- Stadt Cantonal Veterinary Office.

Isolation of murine neutrophils and generation of 
bone marrow–derived DCs (BMDCs). Mouse BM cells were 
obtained by flushing femurs and tibiae with RPMI 1640 (Gibco). 
Neutrophils were enriched from BM cells using an EasySep mouse 

http://onlinelibrary.wiley.com/doi/10.1002/art.41204/abstract
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neutrophil enrichment kit (StemCell Technologies). BMDCs were 
generated as previously described (18).

Preparation of ICs and IC stimulation of DCs and 
neutrophils. Cells were plated at 1 × 105 or 1 × 106 cells/well 
in a 96- well plate, pretreated for 1 hour with 1 μM MLT- 748, MLT- 
695, Cpd11, or DMSO, and then stimulated with ICs prepared 
the previous day by mixing 120 μg/ml ovalbumin (OVA; Enzo) with 
800 μg/ml anti- OVA polyclonal rabbit IgG (C6534; Sigma). This 
resulted in an IC concentration of 120 μg/ml, and ICs were used 
at a final concentration of 8 μg/ml.

Measurement of cytokines, LTB4, and ROS. Mouse paws 
were snap- frozen in liquid nitrogen and subsequently lysed and 
homogenized in cell lysis buffer (Cell Signaling Technology) with pro-
tease inhibitor cocktail (Complete Mini Tablet; Roche) using a Pre-
cellys 24 tissue homogenizer. Protein concentration in homogenates 
was assessed using a BCA kit (Thermo Scientific) and normalized. 
Cytokine concentrations in paw homogenates, mouse serum sam-
ples, and human and mouse cell culture supernatants were assessed 
using V- Plex kits (Meso Scale Discovery). LTB4 concentration was 
determined by enzyme- linked immunosorbent assay (ELISA; Cay-
man Chemical). ROS were assessed by flow cytometry using the 
dye dihydrorhodamine 123 (DHR- 123; Sigma). Cells (1 × 105) were 
pretreated with MLT- 748 and Cpd11 (both 1 μM) for 1 hour, followed 
by a 30- minute incubation at 37°C with OVA/anti- OVA ICs (8 μg/ml) 
or medium containing DHR- 123. After incubation, samples were 
placed on ice and rapidly acquired on a BD LSRFortessa.

Preparation of MLT- 695–loaded food pellets. The formu-
lation of drugs in food was achieved using a custom- built machine 
to re- form powdered mouse food containing MLT- 695 into pellets. 
Using a commercial kitchen mixer, dry powdered food (400 gm) for 
rodents (Provimi Kliba) was mixed well with MLT- 695 powder at a 
final concentration of 0.1 or 0.3 gm/kg of food and gradual addition 
of 200 ml sterile water. The MLT- 695 food mixture (or control empty 
food) was loaded into a custom- built extruder, compressed, broken 
up into 2–4- cm pellets, and dried at 35°C for 24 hours in an airflow 
cabinet. Pellets were used within 3 weeks after preparation.

MLT-695 invivodoserange-findingstudies. C57BL/ 
6J mice were fed for 4 days with empty food pellets containing 
no MLT- 695 in order to acclimatize mice. Pellets were then sub-
stituted with MLT- 695–loaded food pellets at 0.1 or 0.3 gm com-
pound/kg food. Blood samples were collected on days 3, 10, and 
12 two hours before dark and on days 4 and 13 one hour after 
dark. Body weight was recorded on each of these days.

K/BxN serum transfer–induced arthritis. Arthritis 
was induced on day 0 in WT, Malt1KO, and Malt1PD mice by 
intravenous injection of 150 μl pooled serum obtained from 
arthritic K/BxN mice. The severity of paw swelling was scored 

as previously described (19), and similarly, the area under the 
curve was evaluated as previously described (20). For experi-
ments involving MLT- 695 treatment, mice were allowed to accli-
matize to empty food pellets. Two days prior to K/BxN serum 
administration, animals were either maintained on empty food 
pellets (control group) or switched to MLT- 695–loaded food pel-
lets, which were provided ad libitum until the termination of the 
experiment.

Histologic and immunohistochemical analysis. Mouse 
hind paws were fixed in 10% buffered formalin for 48 hours and 
decalcified over 6 days in Immunocal (catalog no. 1440; Decal 
Chemical) before paraffin embedding. Sections measuring 3 μm 
thick were stained with hematoxylin and eosin (H&E) and Safranin 
O. Histopathologic changes were scored in a blinded manner on a 
scale of 0 (normal) to 3 (severe changes). The following parameters 
were assessed: inflammatory cell infiltrates, joint damage, and pro-
teoglycan loss (21).

Immunohistochemical staining with Ly- 6B2 for neutrophils 
and granulocytes and with F4/80 for macrophages was per-
formed on a Ventana Discovery XT stainer (Roche Diagnostics) 
using rat anti–Ly- 6B2 monoclonal antibody (clone 7/4; AbD Sero-
tec) and rat anti- F4/80 (clone Cl:A3- 1; AbD Serotec), followed by 
goat anti- rat IgG (Jackson ImmunoResearch) and detection on a 
DapMap system (Roche Diagnostics).

Passive ITP model and platelet enumeration. Pas-
sive ITP was induced in Malt1KO, Malt1PD, and WT mouse litter-
mates (all C57BL/6) by intraperitoneal injection of 4 μg of a rat 
IgG1 anti- mouse CD41 monoclonal antibody (clone MWReg30) 
in 200 μl of phosphate buffered saline. Some animals received 2 
gm/kg body weight intravenous immunoglobulin (IVIG; Privigen 
huIgG) (Swissmedic no. 58314) (CSL Behring) intraperitoneally 2 
hours prior to injection of anti- CD41 antibody. For experiments 
involving MLT- 695 treatment, WT BALB/cByJrj mice were injected 
intraperitoneally with 2 μg of the anti- CD41 antibody. IVIG (2 gm/
kg) and oral MLT- 695 (20 mg/kg) were administered 2 hours prior 
to the anti- CD41 antibody. Four hours after the injection of anti- 
mouse CD41 antibody, animals were killed and 450 μl of blood 
was collected in tubes containing Na- citrate (3.2% solution). Cir-
culating platelets were quantified by flow cytometry using counting 
beads. Platelets were identified using a phycoerythrin–labeled anti-
body specific for CD61 (clone 2C9.G2), and eFluor 660–labeled 
F(ab′)2 goat anti- rat IgG was used to verify the effective injection of 
anti- CD41 antibody for in vivo depletion of platelets.

Dinitrophenyl (DNP)–keyhole limpet hemocyanin 
(KLH) immunization. After acclimatization to empty food, 
C57BL/6 animals were fed MLT- 695–loaded food pellets at dif-
ferent concentrations on day −2. Animals were immunized intra-
peritoneally with DNP- KLH (50 μg/mouse; produced in- house) 
in Alu- Gel- S (Serva) on day 0, and serum anti- DNP IgG and 
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 anti- DNP IgM levels were measured on day 8 after immunization 
by ELISA as previously described (11).

Statistical analysis. Except where indicated otherwise, 
values are reported as the mean ± SEM. Statistical significance 
between groups was calculated using Student’s unpaired 2- tailed 
t- test, ordinary one- way analysis of variance (ANOVA), or two- way 
ANOVA using GraphPad Prism (version 8).

RESULTS

Requirement of MALT- 1 protease for optimal 
FcγR-inducedcytokineproductioninmurinemyeloid
cells. To dissect the relevance of MALT- 1 scaffolding versus 
protease functions in FcγR- induced cytokine release, we 
established a functional in vitro assay using primary neutro-
phils isolated from the BM of WT, Malt1KO, and Malt1PD mice. 

Figure  1. Requirement of mucosa- associated lymphoid tissue lymphoma translocation protein 1 (MALT- 1) protease activity for optimal 
proinflammatory cytokine release from Fcγ receptor (FcγR)–stimulated mouse myeloid cells. A and B, Cytokine levels in wild- type (WT), MALT- 1–
knockout (Malt1KO), and MALT- 1 protease–deficient (Malt1PD) mouse bone marrow (BM) neutrophil cultures stimulated with soluble immune 
complexes (ICs) for 4 hours (A) and bone marrow–derived dendritic cell (BMDC) cultures stimulated with soluble ICs for 24 hours (B). C and D, 
Cytokine levels in WT mouse BM neutrophil cultures stimulated with ICs for 4 hours (C) and BMDC cultures stimulated with ICs for 24 hours 
(D) after pretreatment with DMSO, the Syk inhibitor Cpd11, or the MALT- 1 protease inhibitor MLT- 748 for 1 hour. Bars show the mean ± SEM 
and are representative of at least 2 independent experiments. Dotted lines represent the cytokine level in unstimulated WT mouse cells. * = P < 
0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by ordinary one- way analysis of variance. TNF = tumor necrosis factor; IL- 6 = interleukin 
6; KC/GRO = keratinocyte chemoattractant/growth- related oncogene.
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Neutrophils were stimulated with soluble OVA/anti- OVA 
ICs. Consistent with previous findings (8), compared to 
WT mouse neutrophils, Malt1KO mouse neutrophils displayed 
a significantly reduced production of multiple proinflamma-
tory cytokines, including tumor necrosis factor (TNF) and IL- 6  
(Figure 1A). This finding was recapitulated in the Malt1PD mouse 
neutrophils (Figure 1A), indicating that the enzymatic activity 
of MALT- 1 is the critical mediator of FcγR- induced cytokine 
production. We extended our analyses to other myeloid cell 
types and demonstrated that Malt1PD and Malt1KO BMDCs 
also displayed reduced cytokine release upon IC stimulation 
(Figure 1B).

Canonical NF- κB activation downstream of ITAM- 
containing receptors in myeloid cells involves a multistep sig-

naling cascade that requires the kinase Syk, leading to the 
formation of the CARD-9–containing CBM signalosome and 
subsequent activation of the IKK complex (5). Using a previ-
ously reported low molecular weight inhibitor of Syk (Cpd11) 
(16), we efficiently abrogated IC- driven cytokine release in 
both WT murine neutrophils (Figure  1C) and BMDCs (Fig-
ure  1D), substantiating the requirement of Syk enzymatic 
activity for FcγR- induced proinflammatory cytokine release 
by murine myeloid cells. To extend the findings obtained with 
Malt1PD mouse cells, we next evaluated the impact of a novel 
MALT- 1 protease inhibitor (MLT- 748) (15) displaying simi-
lar potency and selectivity to the recently described inhibitor 
MLT- 827 (Supplementary Figure 1A, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/

Figure 2. Requirement of MALT- 1 protease function for optimal FcγR- driven proinflammatory cytokine release, but not leukotriene B4 (LTB4) 
or reactive oxygen species (ROS) production, in human myeloid cells. A and B, Cytokine levels in human granulocyte cultures stimulated 
with soluble ICs for 4 hours (A) and immature monocyte- derived dendritic cell (DC) cultures stimulated with soluble ICs for 24 hours (B) after 
pretreatment with DMSO, the Syk inhibitor Cpd11, or the MALT- 1 protease inhibitor MLT- 748 for 1 hour. C, Production of ROS and LTB4 by 
human granulocytes pretreated with DMSO, Cpd11, or MLT- 748 for 1 hour prior to stimulation with ICs. ROS production was assessed after 
1 hour of stimulation with ICs, and LTB4 release was measured after 30 minutes of stimulation with ICs. D, Production of ROS by immature 
monocyte- derived DCs pretreated with Cpd11 or MLT- 748 and stimulated with soluble ICs for 30 minutes, assessed by flow cytometry. Bars 
show the mean ± SEM and are representative of at least 3 independent experiments. Dotted lines in A represent the basal cytokine level in 
unstimulated cells. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by ordinary one- way analysis of variance. See Figure 1 for 
other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41204/abstract
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doi/10.1002/art.41204/ abstract) (22,23). Consistent with the 
observations obtained using Malt1PD mouse cells, treatment 
with 1 μM MLT- 748 efficiently inhibited IC- driven TNF, IL- 6, and 
keratinocyte chemoattractant/growth- related oncogene pro-
duction in WT mouse neutrophils (Figure 1C) and BMDCs (Fig-
ure 1D). Overall, using genetic approaches and pharmacologic 
inhibitors, our results strengthen and extend previous findings 
(8,9) to demonstrate that the protease activity of MALT- 1 is 
critical for the optimal production of FcγR- triggered cytokines.

Dependence of FcγR-driven cytokine release, but
not ROS or LTB4 production, on MALT- 1 protease activity 
in human myeloid cells. Next, we evaluated whether these 
findings translated to human myeloid cells. IC- based FcγR stim-
ulation of primary human granulocytes or immature monocyte- 
derived DCs efficiently elicited multiple cytokines (Figures 2A and 
B). Consistent with the mouse data, Syk inhibition by Cpd11 
abrogated the production of all cytokines measured. Inhibition 
of the MALT- 1 protease by MLT- 748 efficiently suppressed TNF 
and IL- 6 in both granulocytes and immature monocyte- derived 
DCs (Figures 2A and B) and partially affected IL- 8 and IL- 1β pro-
duction. Of note, MLT- 748 inhibited IC- driven cytokine release 
with a similar potency to that reported in other MALT- 1 protease–
dependent assays (Supplementary Figures 1A and B). In addition, 
FcγR- mediated TNF and IL- 6 production by granulocytes and 
immature monocyte- derived DCs relied on CBM- driven canonical 
NF- κB activation, as pharmacologic inhibition of IKKβ and MLT- 
748 suppressed cytokine release with similar potency (data not 
shown). This finding is consistent with what has been reported for 
other CARD- 9–dependent innate receptors (24,25).

Triggering of FcγR by ICs also leads to rapid cellular acti-
vation and release of ROS and LTs such as LTB4 (3). IC- induced 
activation of human neutrophils resulted in the significant release 
of LTB4 and ROS, which was efficiently blocked by Syk inhibition 
(Figure 2C). In contrast, inhibition of the MALT- 1 protease by MLT- 
748 had no or only limited influence on LTB4 and ROS release (Fig-
ure 2C). We confirmed similar effects on the production of ROS 
by immature monocyte- derived DCs (Figure 2D). Taken together, 
these data demonstrate that MALT- 1 protease is required for the 
optimal induction of several FcγR- mediated proinflammatory 
cytokines in human myeloid cells but is dispensable for other 
effector functions, such as ROS and LTB4 release.

Amelioration of autoantibody- induced arthritis by 
MALT- 1 protease inhibition in mice. Based on our in vitro 
results, we next wanted to study the relevance of MALT- 1 in an 
in vivo model of autoantibody- driven disease, in which inflam-
mation is strongly dependent on FcγR. Genetic deficiency of 
CARD- 9 and specific FcγR has been reported to suppress K/
BxN autoantibody–induced arthritis (8,26). To assess the rele-
vance of MALT- 1 scaffolding and protease function, we evalu-
ated the induction of K/BxN serum–induced arthritis in Malt1KO, 

Malt1PD, and WT mouse littermate controls (Figures 3A and B). 
Consistent with the data reported for CARD- 9–deficient animals 
and the relevance of MALT- 1 in FcγR- induced inflammation, 
Malt1KO mice displayed significantly reduced paw swelling com-
pared to WT mice (Figures 3A and B). Histologic analysis of the 
joints 11 days after serum transfer revealed reduced joint dam-
age and proteoglycan loss, as well as diminished macrophage 
and neutrophil infiltration in Malt1KO animals (Figure 3C and Sup-
plementary Figure 2, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41204/ 
abstract). Consistent with these findings and our in vitro data, we 
observed lower levels of proinflammatory cytokines in the paw 
homogenates and serum of Malt1KO mice compared to WT mice 
(Figures 3D and E).

In contrast, Malt1PD mice were not protected in the K/BxN 
arthritis model and displayed variable results for paw swelling in 
independent experiments (Figures 3A and B). We assessed the 
degree of swelling (area under the curve) relative to WT mice 
across different experiments (Figure 3B) and found a significant 
improvement in disease score in Malt1KO mice, while Malt1PD ani-
mals displayed a similar degree of disease as WT mice. The lack 
of protection and variable swelling observed in Malt1PD mice may 
indicate a limited relevance of the MALT- 1 protease function to 
FcγR- dependent effects in vivo. Alternatively, it may be a reflection 
of the multiple immunologic alterations occurring in these animals 
(11). Indeed, Malt1PD mice have hypergammaglobulinemia (IgG1 
and IgE) (11), which may alter the threshold of FcγR signaling in 
vivo, in spite of the reduced cytokine production observed in our 
in vitro system. Moreover, additional changes associated with the 
underlying inflammatory pathology occurring in Malt1PD mice may 
contribute to the lack of protection in this model.

To evaluate the relevance of the MALT- 1 protease func-
tion independent of the effects of Malt1PD mouse pathology, we 
tested the impact of a novel MALT- 1 protease inhibitor, MLT- 695, 
in WT mice injected with K/BxN serum. Compared to MLT- 748, 
MLT- 695 displays equal selectivity and similar in vitro potency 
(Supplementary Figures 1A and B), but improved solubility and 
permeability, which results in an overall more favorable phar-
macokinetic profile for in vivo applications. For continuous in 
vivo administration, we used food pellets loaded with MLT- 695. 
This approach led to continuously high drug exposure through-
out the day and night (Supplementary Figures 1C and D). To 
demonstrate that this dosing regimen efficiently blocked MALT- 1 
protease function in vivo, we immunized mice with DNP- KLH 
and confirmed the inhibition of DNP- specific IgG and IgM in the 
serum of MLT- 695–treated animals (Supplementary Figures 1E 
and F), consistent with the defective antibody response to DNP- 
KLH reported in Malt1PD mice (11,14). In contrast to the obser-
vations in Malt1PD animals, pharmacologic inhibition of MALT- 1 
protease using MLT- 695 in WT mice resulted in partial protec-
tion against K/BxN serum–induced arthritis (Figures 4A and B), 
improvement in histopathologic parameters (Figures 4C and D), 

http://onlinelibrary.wiley.com/doi/10.1002/art.41204/abstract
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Figure 3. Malt1KO but not Malt1PD animals are protected in the K/BxN serum-induced arthritis model. Mice were injected intravenously with  
K/BxN serum to induce arthritis. A, Progression of inflammation, assessed by disease score. Values are the mean ± SEM (n = 6 mice per group). 
* = P < 0.05; ** = P < 0.01, by two- way analysis of variance (ANOVA). B, Area under the curve (AUC) of paw swelling curves over time. Symbols
represent individual mice (n = 12–18 per genotype); horizontal lines show the mean (set at 100% for WT mice). Data were pooled from 2–3 
experiments. P value was determined by one- way ANOVA with Dunn’s multiple comparison test. C, Histologic analysis of representative mouse 
ankle joint sections obtained on day 11 after K/BxN serum injection. Sections were stained with hematoxylin and eosin (H&E) for assessment 
of cellular infiltrates and with Safranin O for the detection of proteoglycan loss. Immunohistochemical analysis was performed using anti- F4/80 
and anti- Ly- 6B2 antibodies to detect macrophages and neutrophils, respectively. Values in the boxed areas are the histology score. (Mean ± 
SEM histology scores are shown in Supplementary Figure 2, available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41204/ abstract.) Data are representative of at least 3 independent experiments. D, Cytokine levels in paw homogenates, 
harvested from mice 11 days after administration of K/BxN serum and normalized to total protein content. E, Serum cytokine concentration 
on day 11 after injection of K/BxN serum. In D and E, bars show the mean ± SEM. Results are representative of at least 2 independent 
experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by ordinary one- way ANOVA. MCP- 1 = monocyte chemotactic 
protein 1 (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41204/abstract
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Figure 4. Pharmacologic MALT- 1 protease inhibition partially protects against K/BxN serum- induced arthritis. Mice were injected intravenously 
with K/BxN serum to induce arthritis. A, Progression of inflammation, assessed by disease score. Values are the mean ± SEM (n = 6–7 mice per 
group). ** = P < 0.01; *** = P < 0.001; **** = P < 0.001, by two- way analysis of variance. B, Area under the curve (AUC) of paw swelling curves 
over time. Symbols represent individual mice (n = 13 for vehicle and n = 12 for MLT- 695); horizontal lines show the mean (set at 100% for vehicle- 
treated mice). The mean AUC of paw swelling in MLT-695–treated animals was 45.42% of the mean AUC in vehicle-treated animals. Data were 
pooled from 2 experiments. P value was determined by Student’s unpaired t- test. C, Histologic analysis of representative mouse ankle joint 
sections obtained on day 6 after K/BxN serum injection. Sections were stained with hematoxylin and eosin (H&E) for assessment of cellular 
infiltrates and with Safranin O for the detection of proteoglycan loss. Immunohistochemical analysis was performed using anti- F4/80 and anti–
Ly- 6B2 antibodies to detect macrophages and neutrophils, respectively. Values in the boxed areas are the histology score. D, Histology scores 
for the experiment shown in A. E, Cytokine levels in paw homogenates, harvested from mice 6 days after administration of K/BxN serum and 
normalized to total protein content. F, Serum cytokine concentration on day 6 after administration of K/BxN serum. In D–F, bars show the mean 
± SEM. Results are representative of at least 2 independent experiments. * = P < 0.05; ** = P < 0.01, by Student’s unpaired t- test. MCP- 1 =  
monocyte chemotactic protein 1 (see Figure 1 for other definitions).
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and partial reduction in some paw and serum cytokine levels 
(Figures 4E and F).

In summary, our data demonstrate that pharmacologic inhi-
bition of MALT- 1 protease ameliorates autoantibody- mediated, 
cytokine- dependent FcγR- driven joint inflammation in vivo. 
Of note, findings in Malt1PD mice were not predictive of those 
obtained with pharmacologic MALT- 1 protease inhibition. Pro-
gressive disease in Malt1PD animals likely masked the effect of 
MALT- 1  protease inhibition on arthritis development.

Elimination of IgG- coated platelets in a passive 
ITPmodel independently ofMALT-1 scaffolding or pro-
tease activity. We next evaluated MLT- 695 in a passive ITP model 
in BALB/c mice in which rapid onset of thrombocytopenia is 
induced by administration of an anti- CD41 antibody. In this model, 
disease was caused by FcγR- mediated phagocytosis of platelets. 
Consistent with the relevance of FcγR in this model, FcγR blockade 
via the systemic administration of IVIG efficiently prevented plate-
let depletion (Figure 5A). In contrast, treatment with 20 mg/kg of 
MLT- 695 via oral gavage 2 hours prior to the administration of the 
antiplatelet antibody did not affect platelet elimination (Figure 5A). 
The lack of protection in this model could not be explained by lim-
ited exposure to the compound in vivo, since MLT- 695 blood levels 
achieved by oral gavage were in the same range as, or higher than, 
those observed in the K/BxN arthritis model (data not shown).

To extend these findings, we examined the ITP model in 
Malt1KO and Malt1PDmice on a C57BL/6 background. While IVIG 
pretreatment efficiently prevented platelet elimination, anti- CD41 
antibody–mediated platelet depletion occurred normally in 

both Malt1PD and Malt1KO mice (Figure 5B), confirming the data 
obtained with the MALT- 1 protease inhibitor in BALB/c mice. This 
finding indicates that abrogation of MALT- 1 scaffolding or protease 
activities has no impact on FcγR- mediated platelet depletion in 
vivo. Taken together with our in vitro data and the results from the 
KBxN model of arthritis, these data suggest that MALT- 1 protease 
function plays a role in a subset of FcγR- mediated diseases, since 
it is important for cytokine release downstream of FcγR, but not 
for other cellular effector functions.

DISCUSSION

Inhibition or disruption of MALT- 1 protease has been reported 
to influence signaling events downstream of multiple immune 
receptors (5,22,27). Despite this finding, the contribution of 
MALT- 1 protease to FcγR- mediated events has so far not been 
studied in detail. The data presented here consistently demon-
strate that the protease function of MALT- 1 is critically required 
for the optimal production of canonical NF- κB–induced proin-
flammatory cytokines upon activation of FcγR in both murine and 
human myeloid cells. In contrast, the abrogation of the function 
of MALT- 1 did not influence other FcγR- mediated cellular effector 
functions, such as release of ROS and LT (8,9). Similarly, in mast 
cells activated through the IgE receptor FcεR, proinflammatory 
cytokine release is dependent on MALT- 1 and BCL-10, while 
degranulation and LT synthesis occur via independent pathways 
(28). In sharp contrast to the selective impact of MALT- 1 protease 
on FcγR- mediated cytokine production, Syk inhibition affected 
all FcγR- mediated effector functions tested (3).  Consistently, 

Figure 5. Genetic ablation or pharmacologic inhibition of MALT- 1 does not prevent the depletion of IgG- coated platelets in a murine model of 
immune thrombocytopenic purpura. A, Platelet count in wild- type (WT) BALB/c animals treated with phosphate buffered saline (PBS) as vehicle 
or with intravenous immunoglobulin (IVIG), vehicle, or MLT- 695 followed by anti- CD41 antibody. IVIG was injected intraperitoneally (IP; 2 gm/kg), 
and MLT- 695 was administered orally (20 mg/kg), 2 hours prior to anti- CD41 antibody. Anti- CD41 antibody (2 μg IP) was administered 4 hours 
before blood was harvested for platelet count analysis. B, Platelet count in WT, Malt1KO, and Malt1PD (C57BL/6) animals treated with PBS or with 
IVIG and/or anti- CD41 antibody. IVIG was injected (2 gm/kg IP) 2 hours prior to injection of the anti- CD41 antibody. Anti- CD41 antibody (4 μg IP) 
was administered 4 hours before blood was harvested for platelet count analysis. Symbols represent individual mice; horizontal lines show the 
mean. Data are representative of at least 2 independent experiments. *** = P < 0.001; **** = P < 0.0001, by ordinary one- way analysis of variance.



MARTIN ET AL 928       |

Syk inhibition reduced disease development in the K/BxN and 
ITP mouse models (29,30). Therefore, our data help position 
MALT- 1 protease inhibitors as potential treatments of inflamma-
tory diseases in which autoantibodies lead to cytokine production.

Consistent with the critical role of MALT- 1 protease for opti-
mal production of FcγR- induced proinflammatory cytokines, we 
demonstrated that deficiency and pharmacologic inhibition of the 
MALT-1 protease can ameliorate joint inflammation and recruit-
ment of inflammatory cells in an in vivo model of autoantibody- 
driven arthritis. In contrast, Malt1PD animals did not show reduced 
disease progression. This is a likely consequence of the complex 
inflammatory pathology occurring in these mice consequent to a 
reduced and impaired Treg cell compartment (11–14,31–34). Of 
note, Malt1PD mice display a progressive elevation in serum IgG1 
and IgE levels (11), which may alter the threshold of FcγR signa-
ling in vivo, and display signs of chronic mast cell degranulation 
(Calzascia T: unpublished observation), which may directly influ-
ence the mast cell–dependent joint inflammation process once it 
is initiated by the autoantibodies in the K/BxN serum (35). Using 
a novel MALT- 1 protease inhibitor (MLT- 695) in vivo, we evalu-
ated the role of MALT- 1 protease function in the development of 
autoantibody- induced arthritis in the absence of the established 
immune alterations occurring in Malt1PD animals. Importantly, the 
inconsistency between the data generated in WT mice treated 
with the MALT- 1 protease inhibitor and the results obtained in 
Malt1PD mice highlights how the use of genetically modified ani-
mals may at times mislead drug discovery and how critical it is to 
generate appropriate pharmacologic inhibitors.

Consistent with the results presented here, previous work 
highlighted the importance of the CBM signalosome in the 
autoantibody- dependent K/BxN arthritis model. CARD- 9 defi-
ciency abrogated the capacity of macrophages and DCs to 
produce proinflammatory cytokines upon stimulation of multi-
ple FcγR (24,25,36,37), and the selective deletion of CARD- 9 in 
neutrophils was protective in the K/BxN arthritis model (8). In the  
T cell–dependent collagen- induced arthritis model, MALT- 1 dele-
tion in T cells affected only disease onset and not the course of 
the disease (38). This finding suggests that the role of MALT- 1 
in early arthritis, during the formation of autoantibodies, is most 
prominent in the adaptive immune system, while MALT- 1 and the 
CBM complex are most important in the myeloid compartment 
in established disease, once the autoantibodies are formed (38). 
Given the multiple biologic pathways and cell types that contrib-
ute to arthritis, MALT- 1 protease represents an attractive thera-
peutic target. However, the severe immune alterations and Treg 
cell impairment observed in mice affected by systemic or T cell 
subset–specific MALT- 1 protease deficiency also raised poten-
tial safety concerns associated with chronic MALT- 1 inhibition 
(11–14,31–34). Since the potency and selectivity of currently used 
MALT- 1 protease inhibitors such as mepazine and Mi- 2 are limited 
(39–41), MLT- 695 may provide a novel pharmacologic tool to help 
evaluate the contribution of the enzymatic function of MALT- 1 to 

different biologic processes in vivo, as well as the potential safety 
liabilities associated with chronic MALT- 1 inhibition.

Genetic or pharmacologic abrogation of MALT- 1 activ-
ity was ineffective at preventing antibody- dependent platelet 
depletion in a passive ITP model. While multiple mechanisms 
contribute to platelet destruction in ITP (42), thrombocytope-
nia induction in passive ITP murine models was shown to rely 
on platelet elimination by phagocytic cells (43). Our findings in 
the ITP model are consistent with multiple reports suggesting 
that genetic abrogation of PKCδ, or CBM components, does 
not prevent phagocytosis mediated by FcγR- mediated or other 
CARD- 9– and MALT- 1–dependent ITAM- containing recep-
tors (6,7,24,44,45). In contrast to our findings, a single study 
suggested that BCL- 10 silencing impacts the phagocytosis 
of IgG- coated red blood cells (6), and one other study using 
a novel Malt1PD mouse line recently proposed that MALT- 1 
protease function is essential for platelet elimination in a pas-
sive mouse model of ITP (9). A potential explanation for the 
discrepancy may lie in the novel BALB/c Malt1PD mouse line 
generated by Nakamura et al (9) which, in contrast to the more 
established C57BL/6 Malt1PD mouse lines (11–14), has not yet 
been thoroughly characterized with respect to extensive and 
progressive immune alterations. Based on published data and 
our own observations, the severity of the spontaneous pathol-
ogy affecting Malt1PD mouse lines varies significantly depend-
ing on genetic background and housing conditions. Of note, 
homozygous Malt1PD mice on a BALB/c background displayed 
a severe purulent eye inflammation before 7 weeks of age, 
which led us to stop all further activities using that genetic back-
ground (Calzascia T: unpublished observation).

In conclusion, our findings offer critical insights into the rel-
evance of MALT- 1 function in FcγR- mediated events. MALT- 1 
protease function exclusively governs FcγR- mediated cytokine 
production, while other FcγR effector functions are MALT- 1 
independent. A novel MALT- 1 antagonist, MLT- 695, rather than 
Malt1PD mice, was essential to obtain this knowledge, and to 
position MALT- 1 antagonists as potential treatments in indications 
such as RA, where FcγR activation leads to cytokine production. 
While drug discovery always relies on functional knowledge of 
the molecular target, our study shows that the reverse can be 
true as well. Novel compounds can advance target biology and, 
ultimately, translational research toward clinical application.
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Role of Chondrocytes in the Development of Rheumatoid 
Arthritis Via Transmembrane Protein 147– Mediated  
NF-κBActivation
Mitsutoshi Ota,1 Yuki Tanaka,2 Ikuma Nakagawa,2 Jing-Jing Jiang,3 Yasunobu Arima,2 Daisuke Kamimura,2 
Tomohiro Onodera,4 Norimasa Iwasaki,4 and Masaaki Murakami2

Objective. We have previously reported that the coactivation of NF- κB and STAT3 in nonimmune cells, including 
synovial fibroblasts, enhances the expression of NF- κB target genes and plays a role in chronic inflammation and 
rheumatoid arthritis (RA). This study was undertaken to examine the role of NF- κB activation in chondrocytes and 
better understand the pathogenesis of RA. Furthermore, transmembrane protein 147 (TMEM147) was investigated as 
a representative NF- κB activator in chondrocytes.

Methods. Clinical samples from RA patients were analyzed by immunohistochemistry. Specimens obtained from 
patients with polydactyly were used as control samples. The functional contribution of chondrocytes and TMEM147 
to arthritis was examined in several murine models of RA. In vitro experiments (quantitative polymerase chain reac-
tion, RNA interference, immunoprecipitation, and confocal microscopy) were performed to investigate the mecha-
nism of action of TMEM147 in chondrocytes.

Results. Samples obtained from RA patients and mouse models of RA showed coactivation of NF- κB and STAT3 
in chondrocytes (P < 0.001). This coactivation induced a synergistic expression of NF- κB targets in vitro (P < 0.01). 
Chondrocyte- specific deletion of STAT3 significantly suppressed the development of cytokine- induced RA (P < 0.01). 
TMEM147 was highly expressed in chondrocytes from RA patient samples and the mouse models of RA. Gene silencing 
of TMEM147 or anti- TMEM147 antibody treatment inhibited the cytokine- mediated activation of NF- κB in vitro (P < 0.01)  
and suppressed cytokine- induced RA in vivo (P < 0.01). Mechanistically, TMEM147 molecules acted as scaffold 
proteins for the NF- κB complex, which included breakpoint cluster region and casein kinase 2, and enhanced NF-κB 
activity.

Conclusion. These results suggest that chondrocytes play a role in the development of RA via TMEM147- 
mediated NF- κB activation and indicate a novel therapeutic strategy for RA.

INTRODUCTION

Cartilage is an essential component of the synovial joints and 
is composed of chondrocytes. It shows extremely high durability in 
healthy conditions, but also has poor natural healing ability. There-
fore, once cartilage is damaged, it gradually deteriorates, ultimately 
leading to joint dysfunction (1). Rheumatoid arthritis (RA) is a chronic 

inflammatory disease that causes joint destruction (2). In RA, car-
tilage is considered a target tissue for synovial inflammation (3). 
Indeed, during RA development, cytokines expressed by immune 
cells and fibroblast- like synoviocytes damage the cartilage tissue by 
promoting the production of matrix metalloproteinases (MMPs) and 
aggrecanases (ADAMTS family) in chondrocytes (4,5). Chondro-
cytes secrete MMPs and ADAMTS family enzymes after stimulation 
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with CXCL6 and fibroblast growth factor 2, leading to dysfunction 
(3,6,7). Alternatively, it has been reported that heterozygous knock-
out of NF- κB p65 in an osteoarthritis (OA) model impedes the devel-
opment of cartilage destruction via catabolic inhibition (8), and that 
ADAMTS- 5 deficiency in chondrocytes in an antigen- induced arthri-
tis model also inhibits cartilage destruction (9). At the same time, the 
homozygous knockout of NF- κB p65 in chondrocytes advances the 
development of OA via chondrocyte apoptosis (6). As a result, the 
role of the NF-κB pathway in chondrocytes during RA development 
remains a subject of controversy.

Although inflammation is an important biological defense, 
chronic inflammation is known to cause metabolic, neurodegen-
erative, and autoimmune diseases as well as RA (10–12). As a 
key molecular mechanism in chronic inflammation, we have pre-
viously reported on the topic of the interleukin- 6 (IL- 6) amplifier 
(13,14). The IL-6 amplifier is the hyper NF-κB activation machinery 
in nonimmune cells (including synovial fibroblasts) induced by the 
simultaneous activation of NF-κB and STAT3. It induces a mas-
sive and sustained production of NF-κB target genes, including 
IL- 6, chemokines, and growth factors, which is critical for the 
development of inflammation in various disease models including 
RA (13,14). Furthermore, we have shown that the coactivation 
of  NF-κB and STAT3, which is evidence of the activation of the 
IL-6 amplifier, is observed in clinical specimens from patients with 
inflammatory diseases (15,16). Additionally, the expression of tar-
get molecules by the IL-6 amplifier is higher in the serum of patients 
with RA or multiple sclerosis (12,17). These findings suggest the 
possibility of a new therapeutic strategy based on the amplifier.

Accordingly, we conducted a short hairpin RNA (shRNA)–
based genome- wide screening in which we identified more than 
1,000 genes involved in the activation of the IL-6 amplifier (12). In 
particular, we reported that the breakpoint cluster region (BCR), 
which is known to form the oncogenic fusion protein BCR- Abl 
(18), interacts with the α subunit of casein kinase 2 (CK- 2α), lead-
ing to the phosphorylation of the BCR at tyrosine 177 and of NF- 
κB p65 at serine 529 to transcriptionally activate NF-κB p65 in the 
nucleus following tumor necrosis factor (TNF) stimulation. Thus, 
the formation of the BCR–CK- 2α–NF-κB p65 complex in the cyto-
plasmic region plays a role in the nuclear function of  NF-κB (19).

In the present study, we focused on transmembrane protein 
147 (TMEM147) as a positive regulator of NF-κB because of its 
high expression in chondrocytes in the areas of inflammation. 
TMEM147 is a 7- transmembrane protein whose functions are not 
well known (20). In this study, we demonstrated the importance 
of chondrocytes in the amplification of inflammatory responses 
during RA development based on the following 6 observations: 
1) chondrocytes and a chondroprogenitor cell line (ATDC5) syn-
ergistically expressed NF-κB targets after stimulation with IL-6 
and TNF or with IL-6 and IL-17, 2) chondrocytes in RA patients 
and mouse models of RA showed the simultaneous activation of 
NF-κB and STAT3, 3) chondrocytes with STAT3 deficiency sup-
pressed disease development in the RA model, 4) deficiency or 

blockade of TMEM147 molecules suppressed the expression of 
NF-κB targets in vitro and in vivo, 5) TMEM147 acted as a scaffold 
protein for the BCR/CK- 2α–mediated NF-κB activation pathway, 
and 6) anti- TMEM147 antibody injections in the joints suppressed 
disease development in a mouse model of RA. Our findings 
reveal a novel role for chondrocytes in the development of RA via 
TMEM147- dependent NF-κB activation.

MATERIALS AND METHODS

Mouse strains. C57BL/6 mice were purchased from Japan 
SLC. The F759 gp130F759/F759–knockin mouse line has been previ-
ously established (21). Col2a1- Cre mice (B6.SJL- Tg [Col2a1- Cre] 
1Bhr/J) were obtained from The Jackson Laboratory and crossed 
with STAT3flox/flox mice that were provided by Shizuo Akira (Osaka 
University, Osaka, Japan) (22). All animal experiments performed 
in this study were approved by the Institute for Genetic Medicine 
at Hokkaido University, and were carried out according to the 
guidelines of the Institutional Animal Care and Use Committee of 
Hokkaido University. All mice were housed and maintained under 
specific pathogen–free conditions.

Mouse models of spontaneous RA, cytokine- induced 
RA, and spontaneous OA. Two models of RA were exam-
ined in F759 mice, one involving spontaneous RA and the other 
involving cytokine- induced RA. Twelve- month- old F759 mice 
(21,23) were euthanized, and their entire ankle joints were dis-
sected for examination. In cytokine- induced RA models, 100 ng 
of human IL- 6 (Toray Industries), 100 ng of mouse IL- 17A (R&D 
Systems), or saline was injected into the ankle joints of F759 mice, 
as described previously (24). In some experiments, lentivirus par-
ticles carrying shRNA specific for TMEM147 (Sigma- Aldrich) or 
a scrambled sequence (Sigma- Aldrich) were injected into the 
ankle joints of mice (12,17,19,24–27). Anti–TMEM147 antibodies 
(Sigma- Aldrich) were injected into the ankle joints of mice at a dos-
age of 2 μg per day. The same dosage of rabbit IgG (Santa Cruz 
Biotechnology) was used as a control. Clinical signs of arthritis 
were evaluated as previously described (24). The severity of arthri-
tis was determined based on the restricted mobility of the mouse 
ankle joints, graded on a scale of 0–3, where 0 = no change, 1 = 
mild change, 2 = medium change, and 3 = severe change. Aver-
ages for a single point in 1 ankle joint from each mouse were used. 
Thereafter, the mice in these RA models were euthanized, and 
their entire ankle joints were dissected for examination.

In the age-associated spontaneous OA models, 24- month 
old C57BL/6 mice (28) were euthanized, and their entire ankle 
joints were dissected for examination.

Collagen- induced arthritis (CIA) model in C57BL/6 
mice. CIA was induced in C57BL/6 mice in accordance with a 
previously described protocol (29). Mice were injected intrader-
mally at the base of the tail with 200 μg of chicken type II collagen 
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(CII) emulsified in Freund’s complete adjuvant. Three weeks after 
initial immunization, mice were injected intradermally at the base 
of the tail with a booster injection of 200 μg of chicken CII emulsi-
fied in Freund’s incomplete adjuvant. Arthritis severity was scored 
as follows: 0 = no change, 1 = small degree of arthritis, 2 = light 
swelling, 3 = medium swelling, and 4 = severe swelling and non–
weight bearing (30). The arthritis score was the sum of the scores 
of both ankle joints examined. The mice were euthanized, and 
their entire ankle joints were dissected for examination.

Clinical specimens. RA patients (n = 6) and OA patients  
(n = 5) undergoing total knee arthroplasty (TKA) at Hokkaido  
University Hospital were recruited for the study. Patients with poly-
dactyly (n = 5) undergoing reconstructive surgery at Hokkaido 
 University Hospital comprised the control group. All patients pro-
vided written informed consent (Supplementary Table 1, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41182/ abstract). All RA patients fulfilled 
the 2010  American  College of Rheumatology classification criteria 
(31), and all OA patients had grade 3 or 4 OA according to the 
 Kellgren/Lawrence scale of radiographic OA severity (32).  Sample 
collection, processing, storage, and subsequent experimental 
procedures were carried out in compliance with Human Tissue 
Authority guidelines under the Human Tissue Act of 2004. The 
study protocol was approved by the Human Ethics Committee of 
Hokkaido University Hospital and was conducted in accordance 
with the Declaration of Helsinki. All patient identifiers were removed 
from the data.

Cells and stimulation conditions. A chondroprogenitor 
cell line, ATDC5, was obtained from RIKEN Cell Bank. Primary murine 
chondrocytes were prepared from newborn mice, as described 
previously (33). Primary human chondrocytes were sourced from 
nonpathologic articular cartilage (Cell Applications). Cells were 
plated in 96- well flat- bottomed plates or 100-mm dishes. After 2 
hours of serum starvation, cells were stimulated with 100 ng/ml  
of human IL- 6 plus soluble human IL-6 receptor α(IL-6Rα; Toray 
Industries). Some cells were stimulated with 50 ng/ml of mouse 
or human IL-17A (R&D Systems), either alone or in combination 
with IL-6 and IL-6Rα, and some cells were stimulated with 50 ng/
ml of mouse or human TNF (PeproTech), either alone or in com-
bination with IL-6 and IL-6Rα. Twenty ng/ml of anti- TMEM147 
antibody (Sigma- Aldrich) was added to some experiments. Mouse 
cells are responsive to human IL- 6, which allowed us to measure 
mouse IL- 6 in the culture supernatant after stimulation with human 
IL- 6 and mouse IL- 17A using mouse- specific IL- 6 enzyme- linked 
immunosorbent assay (ELISA) (eBioscience and BD Biosciences).

TMEM147 shRNA knockdown cells. ATDC5 cells were 
cultured on day 0 in a 96- well flat- bottomed plate (1 × 103 cells/
well) in 100 μl of Dulbecco’s modified Eagle’s medium (DMEM)–
Ham’s F- 12 at a 1:1 ratio with 2 mm l- glutamine containing 5% 

fetal bovine serum (FBS). The medium was replaced on day 1 with 
DMEM–Ham’s F- 12 (1:1 ratio) containing lentivirus carrying 1 μl of 
candidate- specific shRNA (TMEM147 shRNA [TRCN0000174842] 
and non target shRNA [SHC002]; Sigma- Aldrich), 5% FBS, and 
8 μl/ml of Polybrene. Two hundred microliters of DMEM–Ham’s 
F- 12 (1:1 ratio) containing 5% FBS and 5 μg/ml puromycin was 
added to each well on day 2. Cells that survived drug selection with 
puromycin were designated as TMEM147-knockdown cells and 
the knockdown efficiency was verified by quantitative polymerase 
chain reaction (qPCR) and Western blotting.

Human small interfering RNAs (siRNAs). On day 0, pri-
mary human chondrocytes were cultured in a 96- well flat- bottomed 
plate (7 × 103 cells/well) in 100 μl of human chondrocyte medium 
(Cell Applications). On day 1, a mixed solution of Opti- MEM (18 μl/
well; ThermoFisher Scientific), 5 μm of siRNAs, and Lipofectamine 
RNAiMAX (0.28 μl/well; ThermoFisher Scientific) was added into the 
culture medium. The medium was replaced on day 2 with human 
chondrocyte media (Cell Applications). The knockdown efficiency 
was verified by qPCR, and the sequences for the sense oligonucle-
otides of the most effective knockdown constructs were as follows: 
human siTMEM147 (s20403; ThermoFisher Scientific) and human 
non target  (SIC- 001; Sigma- Aldrich).

Plasmids. The Flag- tagged murine TMEM147 expression 
vector was constructed according to the following methods. 
TMEM147- encoding complementary DNA (cDNA) was synthe-
sized from the total cellular RNA of ATDC5 cells using KOD FX 
(Toyobo) for real- time PCR with a primer pair. The cDNA was 
electrophoresed on 2.5% agarose gel and extracted. The cDNA 
and pCMV- Tag2B were treated with restriction enzymes (Bam 
HI, Sal I in high buffer; Takara) at 37°C for 2.5 hours and ligated 
with a ligation high buffer (version 2; Toyobo) at 16°C for 2 hours. 
The prepared vector was transfected into competent cells (Ecos 
DH5α; Nippon Gene) and cultured in a 100-mm LB agar plate 
containing kanamycin (20 μg/ml) overnight at 37°C. The colonies 
generated by drug selection with kanamycin were picked up and 
cultured in 100 ml of LB medium containing kanamycin (20 μg/ml) 
overnight at 37°C in an incubator shaker (Eyla). A GenElute HP 
Plasmid Midiprep Kit (Sigma- Aldrich) was used to extract plasmid 
DNA from the culture medium. The presence of the intended frag-
ment without any unexpected mutations was confirmed by DNA 
sequencing with a BigDye Terminator kit, version 3.1 (Applied Bio-
systems). All primers are listed in Supplementary Table 2, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41182/ abstract.

Antibodies. The following antibodies were used for West ern 
blotting, immunoprecipitation, qPCR, ELISA, confocal micros copy, 
immunohistochemistry, flow cytometry, or joint injection: anti- 
TMEM147 (sc- 138814; Santa Cruz Biotechnology), anti- TMEM147 
(generated by immunizing rabbit with peptides containing amino 
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acids 121–136 VGARGIEFDWKYIQMSC; Sigma- Aldrich), anti–NF- 
κB p65 (sc- 372; Santa Cruz Biotechnology), anti–phospho- p65 
S536 (product no. 3033; Cell Signaling Technology), anti–phos-
pho NF-κB p65 S529 (ab47395; Abcam), anti–phospho NF-κB 
p65 S276 (SAB4504488; Sigma- Aldrich), anti–phospho- STAT3 
(product no. 9145; Cell Signaling Technology), anti- IκBκ (product 
no. 4814; Cell Signaling Technology), anti- phospho- IκBκ (product 
no. 9246; Cell Signaling Technology), anti- BCR (product no. 3902; 
Cell Signaling Technology), anti–phospho- BCR Y177 (product no. 
3901; Cell Signaling Technology), anti- CK2α (product no. 2656; 
Cell Signaling Technology), anti- phospho- CK2α (SAB4300628; 
Sigma- Aldrich), anti–α- tubulin (T5168; Sigma- Aldrich), anti- Flag 
M2 (F1804; Sigma- Aldrich), rabbit IgG (product no. 3900; Cell 
Signaling Technology), anti- rabbit IgG (sc- 2004; Santa Cruz Bio-
technology), anti- mouse IgG (sc- 2314; Santa Cruz Biotechnol-
ogy), anti- goat IgG (sc- 3851; Santa Cruz Biotechnology), Alexa 
Fluor 488–conjugated goat anti- rabbit IgG (heavy and light chains) 
(A11055; Life Technologies), and Hoechst 33342 trihydrochloride 
trihydrate (H3570; Life Technologies).

Real- time qPCR. Total RNA was isolated from the cells using 
a SuperPrep Cell Lysis Kit for qPCR (Toyobo) and was isolated 
from the tissue using Isospin Cell & Tissue RNA (Nippon Gene). 
Complementary DNAs were made using Moloney murine leu-
kemia reverse transcriptase (Promega). Messenger RNA (mRNA) 
levels were quantified by qPCR using an ABI Prism 7300 Fast 
Real- Time PCR system (Applied Biosystems) and SYBR Green 
FAST qPCR Master Mix (Kapa Biosystems). The conditions for 
real- time PCRs were 40 cycles at 94°C for 15 seconds followed 
by 40 cycles at 60°C for 60 seconds. The relative mRNA expres-
sion levels were normalized to the levels of HPRT or GAPDH 
mRNA expression. All primers are listed in Supplementary Table 2  
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41182/ abstract).

ELISA and MTT assay. Cells were plated in 96- well flat- 
bottomed plates and cultured overnight on day 0. On day 1, cell 
stimulation was conducted for 24 hours under the conditions 
described above. The culture supernatant was collected, and 
mouse IL- 6 concentrations were determined using ELISA kits spe-
cific for mouse IL- 6 (BD Biosciences). One hundred microliters of 
MTT- containing DMEM (500 μg/ml) was added to the cells after 
ELISA, and the color reaction was carried out by culturing at 37°C 
for 2 hours. After removal of the culture supernatant, the formazan 
produced was dissolved in 100 μl of DMSO. Absorbance was 
measured with a Model 680 microplate reader (Bio- Rad).

Western blotting. Mock (non target control cells),  TMEM147- 
knockdown cells, and cells which were forced to express 
TMEM147 were lysed with HBST (0.5) lysis buffer (0.5% Triton 
X- 100, 150 mm of NaCl, 10 mm of HEPES [pH 7.4]) containing 
1/100 volume of protease inhibitor mixture, phosphatase inhibitor 
mixture 2, and phosphatase inhibitor mixture 3  (Sigma- Aldrich). 

The protein lysates were heated only to 60°C to avoid the 
 aggregation of TMEM147. Twenty micrograms of total protein 
was run on 5–20% sodium dodecyl sulfate–polyacrylamide gel 
 electrophoresis (SDS- PAGE) (Wako). After transfer to a polyvi-
nylidene fluoride membrane (Pall), immunoblotting was performed 
according to the manufacturer’s protocol.

Immunoprecipitation. The protein lysates, which were 
adjusted to 1 mg/ml for immunoprecipitation, were assessed pre- 
clear with 30 μl of protein G Sepharose to remove nonspecific 
binding proteins (17- 0618- 02; GE Healthcare) and incubated for 
1 hour at 4°C with gentle agitation. The supernatant was mixed 
with 30 μl of anti- Flag beads (A2220; Sigma- Aldrich), followed by 
rotation for 2 hours at 4°C. For the detection of p65 S529 phos-
phorylation, the supernatant was mixed with 2 μg of anti- p65 anti-
body, which was immobilized on protein G Sepharose, followed 
by rotation for 2 hours at 4°C. The immunoprecipitates were 
eluted with 3X Flag peptide (F4799; Sigma- Aldrich) or 2X SDS- 
PAGE loading buffer, separated by SDS- PAGE, and transferred to 
a polyvinylidene difluoride membrane followed by Western blotting 
with the antibodies, as previously described (27).

Luciferase assay. The vector pGL4.32[luc2P/NF-κB–RE/
Hygro] or IL- 6–RE cloned into pGL4.20[luc2P/Puro] vector and 
pRL- TK vector (Promega), and pCMV- Tag2B vector containing 
cDNA for TMEM147 were transiently cotransfected into HEK293T 
cells by using polyethyleneimine. Cells cultured in 96- well flat- 
bottomed plates were harvested after a 24- hour transfection and 
stimulated with 50 ng/ml of TNF (PeproTech) for 6 hours. Lucif-
erase activities of total cell lysates were measured using a Dual- 
Luciferase Reporter Assay system (Promega) and GloMax Multi 
Detection System (Promega).

Confocal laser scanning microscopy. Mock (nontarget 
control) and TMEM147-knockdown cells were stimulated with TNF 
for 0, 15, and 30 minutes on μ- Slides (Ibidi). The stimulated cells 
were fixed and permeabilized with a Cytofix/Cytoperm kit (BD Bio-
sciences) and incubated with rabbit anti- p65 (1 μg/ml) for 1 hour at 
4°C. After washing, the cells were incubated with anti- rabbit Alexa 
Fluor 488–conjugated secondary antibody (10 μg/ml) and Hoechst 
33342 nuclear stain (1 μg/ml) for 1 hour at 4°C. Cells were then 
observed by confocal microscopy (LSM5 Pascal system, Zeiss).

Cell surface flow cytometry. The expression of TMEM147 
on the surface of ATDC5 cells was detected using generated anti- 
TMEM147 antibody (1 μg/ml). The secondary detection antibody 
used was anti- rabbit Alexa Fluor 488–conjugated antibody (10 μg/
ml). Control IgG was used at the same concentrations. Nonspecific 
binding was blocked with Fc block (10–20 μg/ml; BD Biosciences) 
before antibody staining. For all flow cytometry experiments, cells 
were stained for 30 minutes at 4°C in the dark and washed 3 times 
with flow cytometry buffer (phosphate buffered saline + 1% FBS). 
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Figure 1. Enhanced activation of the interleukin-6 (IL-6) amplifier in mouse chondrocytes associated with rheumatoid arthritis (RA) development 
in mice. A and B, IL-6 mRNA (A) and protein (B) levels were determined in mouse primary chondrocytes that were left unstimulated or stimulated 
with human IL- 6 plus soluble human IL-6 receptor α (IL-Rα), mouse or human IL-17A alone, mouse or human IL-17A plus IL-6 and IL-6Rα, 
tumor necrosis factor (TNF) alone, or TNF plus IL-6 and IL-6Rα. An enzyme- linked immunosorbent assay specific for mouse IL- 6, and not cross- 
reactive with human IL- 6, was used. Dot plots in B (right axis) show cell growth measured by MTT assay. C–E, In mice with spontaneous RA and 
control mice (n = 5 per group), ankle joints were assessed for cartilage deterioration using Safranin O (Saf- O) staining and immunohistochemical 
analyses of NF- κB p65 and STAT3 phosphorylation (C), with quantification of the results as the percentage of positively stained cartilage 
area (D and E). At least 200 cells were counted in each mouse. In vitro experiments were performed at least 3 times. In C, bottom panels 
show a higher-magnification view of the boxed areas in the top panels. Bars = 100 μm. F, Clinical arthritis scores were assessed in Col2Cre+  
STAT3flox/flox F759 mice and F759 mice with cytokine- induced RA induced by injections of IL- 6 and IL- 17A on days 0–2 (n = 4–8 mice per group). 
Values are the mean ± SD in A, B, D, and E and mean ± SEM in F. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
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Samples were analyzed using CyAn ADP (Beckman Coulter). Data 
were analyzed with FlowJo software (BD Biosciences).

Statistical analysis. Student’s 2- tailed t- tests were used 
for the analysis of differences between 2 groups. One- way analy-
sis of variance with Dunnett’s post hoc test was used for multiple 
comparisons. Wilcoxon’s rank sum test was used for the analysis 
of clinical scores in the mouse model of arthritis. P values less than 
0.05 were considered significant.

RESULTS

Enhanced NF-κB activation in chondrocytes in the 
pathogenesis of RA mouse models. We first investigated 
whether the IL-6 amplifier is activated in the chondrocytes of syn-
ovial joints. Activation was indicated by the enhanced expression 
of NF-κB targets such as IL- 6 (12,13,15–17,19,24–27,34,35). 
Murine primary chondrocytes were prepared (33) and stimulated 
with IL- 6, IL- 17A, and/or TNF. IL- 6 mRNA and protein levels 
were significantly increased in murine chondrocytes after stim-
ulation with IL-6 plus IL-17 or IL-6 plus TNF  (Figures 1A and B). 
The expression of MMP13 and ADAMTS- 5 also increased after 
cytokine stimulation in chondrocytes (Supplementary Figure 1, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41182/ abstract). The mouse chon-
droprogenitor cell line ATDC5 also exhibited synergistic production 
of IL- 6 following cytokine treatment  (Supplementary Figure 2, avail-
able on the Arthritis & Rheumatology web site at http://onlin e libr ary.
wiley.com/doi/10.1002/art.41182/ abstract).

We then investigated whether the activation of NF-κB and 
STAT3 can be observed in inflamed joints. We used 12- month- old 
F759-knockin mice in our RA model because they spontaneously 
develop RA- like disease with age due to exaggerated IL- 6 sig-
naling caused by the lack of a suppressor of cytokine signaling 
3–binding site on the IL- 6 receptor gp130 (21,23). In older F759 
mice, cartilage tissue denaturation was observed with Safranin O 
staining, and the activation of NF-κB and STAT3 was confirmed 
in the chondrocytes (Figures 1C–E). Consistent with this observa-
tion, bone destruction was clearly observed by using computed 
tomography analysis (Supplementary Figures 3A and H, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41182/ abstract), and the knee joints 
were similarly affected (Supplementary Figures 4A–C). F759 mice 
with chondrocyte- specific deletion of STAT3 were generated using 
Col2a1 promoter–driven Cre mice, which prevents the coactiva-
tion of NF-κB and STAT3 in chondrocytes. Because RA- like dis-
ease in F759 mice is dependent on the age- dependent increase 
of IL- 6 and IL- 17 from Th17 cells (34), direct articular injections 
of IL- 6 and IL- 17 accelerated the induction of arthritis to within 2 
weeks (12,13,17,19,24–27). This cytokine- induced RA was sig-
nificantly suppressed in Col2a1–STAT3fl/fl F759 mice (Figure 1F). 
Synovial hyperplasia, cartilage degeneration, and the activation of 

NF-κB and STAT3 were suppressed in Col2a1–STAT3fl/fl F759 mice 
according to histologic analysis (Supplementary Figures 5A–C,  
available on the Arthritis & Rheumatology web site at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41182/ abstract).

In the cytokine- induced RA model, bone erosion was not 
detected in 8- week- old mice, most likely because of their young 
age (Supplementary Figures 3D and E, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41182/ abstract). Bone destruction was 
reduced in 12- month- old Col2a1- STAT3fl/fl F759 mice (Supple-
mentary Figures 3H and I). Thus, enhanced NF-κB activation in 
chondrocytes has a crucial pathogenic role in the development of 
arthritis in RA models.

Figure 2. Enhanced activation of the IL-6 amplifier in chondrocytes 
associated with RA development in human patients. A, IL- 6 mRNA 
expression was measured in human primary chondrocytes that 
were left unstimulated or stimulated with IL- 6 plus soluble IL-6Rα, 
IL-17 alone, IL-17 plus IL-6 and IL-6Rα, TNF alone, or TNF plus IL-6 
and IL-6Rα. B and C, Knee joints of RA patients and patients with 
polydactyly (control) (n = 5–6 per group) were assessed for cartilage 
deterioration using Safranin O staining (B) and immunohistochemical 
analyses of NF-κB p65 and STAT3 phosphorylation, with 
quantification of the results as the percentage of positive cells (B 
and C). At least 200 cells were counted in each patient. In vitro 
experiments were performed at least 3 times. In B, bottom panels 
show a higher-magnification view of the boxed areas in the top 
panels. Bars = 100 μm. Values in A and C are the mean ± SD.  
* = P < 0.05; *** = P < 0.001. See Figure 1 for definitions.
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Figure 3. Role of transmembrane protein 147 (TMEM147) in the NF- κB signaling pathway. A and B, Specimens from the ankle joints of mice 
with spontaneous RA (A) and patients with RA (B) were assessed for TMEM147 by Safranin O staining and immunohistochemical analyses using 
an anti- TMEM147 antibody or control IgG (n = 5–6 samples per group). Bars = 100 μm. In B, bottom panels show a higher-magnification view 
of the boxed areas in the top panels. C and D, TMEM147 mRNA (C) and protein levels (on immunoblots [IB]) (D) were determined in TMEM147- 
 deficient ATDC5 cells established using a lentivirus encoding short hairpin RNA (shRNA) specific for TMEM147, and in mock- transfected control cells. 
E and F, Levels of IL- 6 mRNA (E) and protein (F) were measured in mock- transfected controls and TMEM147 shRNA–transfected ATDC5 cells that 
were left unstimulated or stimulated with human IL- 6 plus soluble IL- 6Rα and IL- 17A. An enzyme- linked immunosorbent assay specific for mouse 
IL- 6, and not cross- reactive with human IL- 6, was used. Dot plots in F (right axis) show cell growth measured by MTT assay. G and H, Reporter 
activities of the NF- κB (G) and IL- 6 (H) promoters were measured in mock- transfected controls or TMEM147- overexpressing HEK293T cells that 
were left unstimulated or stimulated with TNF. I, Levels of mRNA for CCL20, CXCL1, and STAT3 were measured in mock- transfected controls and in 
TMEM147- deficient ATDC5 cells that had been stimulated with human IL- 6 plus soluble IL- 6Rα and IL- 17A. J, Knockdown efficiency of a TMEM147- 
specific small interfering RNA (siRNA) was evaluated by assessing TMEM147 mRNA levels in human primary chondrocytes that were left unstimulated 
or stimulated with human IL- 6 plus soluble IL- 6Rα and TNF and transfected with a TMEM147- specific siRNA. A human nontargeted siRNA (si- Control) 
was used for comparison. K, IL- 6 mRNA levels were measured in control siRNA– or TMEM147 siRNA–transfected human primary chondrocytes that 
were left unstimulated or stimulated with human IL- 6 plus soluble IL- 6Rα and TNF. L, Levels of mRNA for CCL2, CXCL1, and STAT3 were measured 
in control siRNA– or TMEM147 siRNA–transfected human primary chondrocytes that had been stimulated with human IL- 6 plus soluble IL- 6Rα and 
TNF. M, Clinical arthritis scores were determined in mice with cytokine- induced RA (n = 4–8 mice per group) that had received ankle injections of 
lentivirus carrying a nontargeted control shRNA sequence (Mock), shRNA specific to TMEM147 (sh TMEM147), or NF- κB p65 (sh p65, a positive 
control) prior to IL- 6 and IL- 17A stimulation. In vitro experiments were performed at least 3 times. Values are the mean ± SD in C and E–L and the  
mean ± SEM in M. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant (see Figure 1 for other definitions).
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Enhanced activation of NF-κB in chondrocytes from 
RA patients. We also investigated whether activation of the IL-6 
amplifier occurs in RA patients. The expression of IL- 6 mRNA was 
significantly increased in human primary chondrocytes stimulated 
with IL- 6 plus IL- 17A or TNF (Figure 2A). The joint cartilage in RA 
patients was remarkably denatured, as demonstrated by Safranin 
O staining, and the activation of  NF-κB and STAT3 was signifi-
cantly enhanced in RA chondrocytes compared to control chon-
drocytes  (Figures 2B and C).

TMEM147 and NF-κB activation in chondrocytes. 
TMEM147, a candidate gene marker of IL-6 amplifier activation 
(12), was clearly increased in chondrocytes in the ankle joints of 
F759 mice as well as in RA patients (Figures 3A and B). Similar 
results were observed in the knee joints of mice in an RA model 
and Col2a1- STAT3fl/fl F759 mice (Supplementary Figures 4D  
and 5D, http://onlin elibr ary.wiley.com/doi/10.1002/art.41182/ 
abstract). ATDC5 cells with TMEM147 knockdown showed less 

IL- 6 expression than mock-transfected cells after stimulation with 
IL- 6 plus  IL- 17  (Figures   3C–F), while the forced expression of 
TMEM147 increased the reporter activity of NF-κB and IL- 6 pro-
moters  (Figures 3G and H) and enhanced IL- 6 expression (Sup-
plementary Figure 6, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41182/ 
abstract). TMEM147-knockdown suppressed the expression of 
other NF-κB target genes, including CCL20 and CXCL1, but not 
a STAT3 target—STAT3 itself (36) (Figure  3I)—suggesting that 
TMEM147 controls the NF-κB pathway. Importantly, TMEM147 
played a role in NF-κB activation in human primary chondro-
cytes (Figures 3J–L). Moreover, the clinical scores for mice with 
cytokine- induced RA were significantly suppressed by TMEM147 
knockdown in the ankle joints (Figure 3M).

Synovial hyperplasia and cartilage degeneration were sup-
pressed in TMEM147-knockdown mice (Supplementary Figure 7,  
available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41182/ abstract). Bone  

Figure 4. Binding of transmembrane protein 147 (TMEM147) to the breakpoint cluster region (BCR) and NF-κB p65. A and B, Phosphorylation 
of NF-κB p65 at S536 and IκBα was assessed by immunoblotting (IB) (A) and nuclear translocation of NF- κB p65 was examined by confocal 
microscopy (B) in mock-transfected control cells or TMEM147 short hairpin (shRNA)–transfected ATDC5 cells that were left unstiumlated or 
stimulated with TNF at the indicated time points. At least 200 cells were counted in each group. In B, the left panels show confocal microscopy 
images and the right panels show quantification of cellular localization. Bars = 20 μm. C and D, Phosphorylation of the BCR at Y177 and 
CK2α at Y360 was assessed by Western blotting in mock-transfected control cells or TMEM147 shRNA–transfected ATDC5 cells that were 
left unstimulated or stimulated with TNF at the indicated time points. E, Phosphorylation of NF- κB p65 at S529 was assessed in mock-
transfected control cells or TMEM147 shRNA–transfected ATDC5 cells that were left unstimulated or stimulated with TNF for 5 minutes and then 
immunoprecipitated (IP) with anti–NF-κB p65. F, Overexpression of TMEM147 was detected by immunoblotting of HEK293T cells. Following 
IP with anti- Flag beads, expression of endogenous NF- κB p65, BCR, CK2α, and TMEM147 was assessed in immunoblots of HEK293T cells. 
G, BCR and NF- κB p65 were detected by immunoblotting of mock- transfected control cells or TMEM147 shRNA–transfected ATDC5 cells 
that had been stimulated with TNF for 5 minutes and then immunoprecipitated with specific antibodies. Representative results from at least 3 
experiments are shown. See Figure 1 for other definitions.
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destruction was not observed, possibly due to the short obser-
vation period for the cytokine- induced RA model (Supplementary 
Figures 3F and G). These results suggest that TMEM147 is a  
positive regulator of NF-κB activation in chondrocytes in vitro and 
in vivo.

TMEM147 as a scaffold protein for the BCR- CK2α 
complex. We next investigated which steps of the NF-κB 
 signaling pathway are positively regulated by TMEM147 mol-
ecules. The phosphorylation of NF-κB p65 at S536 as well as 
the phosphorylation and degradation of IκBα were not affected 

Figure 5. Suppression of the development of RA- like disease by an anti–transmembrane protein 147 (anti- TMEM147) antibody. A–C, Levels 
of mRNA for IL- 6 (A) and CXCL1 (B) and protein levels of IL- 6 (C) were measured in ATDC5 cells that had been stimulated with human IL- 6 plus 
soluble IL- 6Rα and IL- 17A in the presence or absence of anti- TMEM147 antibody. An enzyme- linked immunosorbent assay specific for murine 
IL- 6, and not cross- reactive with human IL- 6, was used. Dot plots in C (right axis) show cell growth measured by MTT assay. D, Clinical arthritis 
scores were determined in mice with cytokine- induced RA that were injected in the ankle joints with IL-6 and IL-17A alone or with IL-6 and IL-
17A plus anti- TMEM147 antibody (n = 5 per group). E and F, The ankle joints of mice with cytokine- induced RA were stained with hematoxylin 
and eosin (HE) and Safranin O to assess cartilage deterioration (E), with results quantified as the percentage of cartilage area with positive 
Safranin O staining (F). Bars = 100 μm. G, Levels of IL- 6 mRNA were assessed in the ankle joints of the same mice as in D. In vitro and ex vivo 
experiments were performed at least 3 times. Values are the mean ± SD in A–C, F, and G and the mean ± SEM in D. * = P < 0.05; ** = P < 0.01;  
*** = P < 0.001. See Figure 1 for other definitions.
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in TMEM147-knockdown cells after TNF stimulation (Figure 4A). 
Consistently, there was no significant change in the nuclear trans-
location of NF-κB p65 between mock and TMEM147-knockdown 
cells  (Figure  4B). However, phosphorylation in the BCR- CK2α- 
 NF–κB p65 pathway, including BCR at Y177, CK2α at Y360,  
and  NF-κB p65 at S529, were diminished in TMEM147- 
knockdown cells  (Figures 4C–E). Furthermore, TMEM147 mole-
cules were associated with endogenous BCR and NF-κB p65, 
but not CK2α (Figure  4F), and the association of BCR with 
NF-κB p65 was compromised in TMEM147-knockdown cells  
(Figure  4G). These results suggest that TMEM147 acts as a 
scaffold protein to bind BCR with NF-κB p65 and is required for 
the downstream phosphorylation events mediated by the BCR- 
CK2α–NF-κB p65 pathway (19).

Antibody against TMEM147 and the suppression of 
RA development. We then established an antibody against an 
extracellular domain of TMEM147 molecules (Supplementary Figure 
8A, available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41182/ abstract). Anti- TMEM147 
antibody suppressed the activation induced by IL- 6 and IL- 17A 
stimulation in ATDC5 cells (Figures 5A–C). Notably, injections of anti- 
TMEM147 antibody into the mouse ankle joint suppressed cytokine- 
induced RA (Figure 5D). Furthermore, injections of anti- TMEM147 
antibody suppressed synovial hyperplasia, cartilage degeneration, 
and the activation of NF-κB and STAT3 as well as IL- 6 mRNA 
expression in the mouse ankle joints (Figures 5E–G and Supple-
mentary Figures 8B and C). Similar results were also obtained in a 
CIA model (Supplementary Figure 9, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41182/ abstract). Bone destruction was not clearly 
observed in either model, possibly due to the short observation 
period (Supplementary Figures 3B, C, J, and K). Overall, these data 

strongly suggest that blockade of TMEM147- mediated signaling by 
an antibody has therapeutic value in RA models.

DISCUSSION

During RA development, nonimmune cells (including chon-
drocytes and fibroblasts) along with immune cells (lymphocytes, 
monocytes, and neutrophils, among others) in the affected joints 
are both involved in the pathogenesis of the disease. Chondro-
cytes express MMPs and ADAMTS family enzymes in the joints of 
RA patients, followed by the degradation of cartilage (4,5,37). How-
ever, clinical trials on MMP inhibitors have failed to  demonstrate the 
effectiveness of this therapeutic strategy (37,38). In addition, many 
biologic agents, including antibody drugs, have been used for RA 
therapy, but a cure remains elusive (2). These facts suggest that 
further investigation of this pathologic mechanism is needed.

We found an enhanced production of cartilage- degrading 
enzymes including MMP13 and ADAMTS5 in chondrocytes 
 (Supplementary Figure 1, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41182/ 
abstract). Importantly, the conditional deletion of STAT3 in chon-
drocytes that abrogates the coactivation of NF-κB and STAT3 
signi ficantly suppressed clinical symptoms in RA models in vivo 
(Figure 1F, Supplementary Figures 3D, E, H, and I, and Supplemen-
tary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41182/ 
abstract). These results indicate that chondrocytes contribute to the 
development of inflammation in RA, most likely by expressing sol-
uble factors, which may affect both immune cells and nonimmune 
cells. We also demonstrated that TMEM147 mole cules in chon-
drocytes are critical for RA development through NF-κB activation, 
suggesting a new candidate therapeutic target for RA. Notably, 
we found the activation of NF-κB and STAT3 and the enhanced 

Figure 6. Diagram depicting activation of the interleukin-6 (IL-6) amplifier in human rheumatoid arthritis (RA) chondrocytes. Activation of NF- 
κB p65 and STAT3 (the IL-6 amplifier) in chondrocytes from RA patients contributes to the collapse of articular homeostasis. Transmembrane 
protein 147 (TMEM147) acts as a scaffold protein for binding NF- κB p65 with the breakpoint cluster region (BCR), which facilitates the 
phosphorylation of NF- κB p65 at S529 and the BCR at Y177 to activate the NF- κB signaling pathway. Target genes of the IL-6 amplifier, such 
as cytokines, chemokines, growth factors, and members of the matrix metalloproteinase (MMP) and ADAMTS families, contribute to arthritis 
development. TNF- αR = tumor necrosis factor receptor.
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expression of TMEM147 molecules in OA murine models and OA 
patients (Supplementary Figures 10–12, http://onlin e libr ary.wiley.
com/doi/10.1002/art.41182/ abstract).  Therefore, it is reasonable 
that the same TMEM147 pathway may play a role in the develop-
ment of inflammation in both RA and OA. In addition, other inflam-
matory joint diseases, such as psoriatic arthritis or gouty arthritis, 
may develop through similar mechanisms.

We have reported that many regulatory and target mole-
cules of the IL-6 amplifier could be new markers and  therapeutic 
targets of RA (12,17). In this study, we defined TMEM147 as 
a novel key molecule for the IL-6 amplifier in chondrocytes. It 
has been reported that TMEM147 functions as a binding part-
ner with membrane proteins. Rosemond and colleagues have 
reported that TMEM147 binds to M3 muscarinic acetylcho-
line receptor and acts as a negative regulator of the receptor 
function on H508 human colon cancer cells (39). Dettmer et al 
have suggested that TMEM147 molecules are associated with 
the Nicalin- Nomo complex on HEK293T cells (20). In addition, 
TMEM147 localizes on the cell surface and is a binding part-
ner of Haemonchus controtus galectin on goat peripheral blood 
mononuclear cells (40), and the membrane- based split- ubiquitin 
yeast 2- hybrid system identified CLN8 and glucagon- like pep-
tide 1 receptor as binding partners of TMEM147 (41,42). How-
ever, it is not known whether TMEM147 is directly involved in the 
NF-κB pathway. There are many phosphorylation sites in NF-κB 
molecules (43). For example, the phosphorylation of p65 S276 
is important for DNA binding (44), the phosphorylation of p65 
S536 promotes binding with transcription factor IIF (45), and the 
phosphorylation of p65 S468 is important for p65 transactivation 
activity (46). We found that the BCR- CK2α complex, together 
with TMEM147, phosphory lates p65 S529, thereby establishing 
a binding site for acetyltransferase p300 at the promoter region 
of NF-κB target genes, which induces NF-κB- specific transcrip-
tion by acetylating NF-κB p65 at K310 and histone H3 at K27 
(19). Thus, we have shown a new role for TMEM147 as a scaf-
fold protein in NF-κB signaling (Figure 6).

We also found that an antibody directed at an extracel-
lular domain of TMEM147 as well as TMEM147 deficiency by 
shRNA lentivirus suppressed IL- 6 production in vitro as well 
as RA- like disease development in vivo (Figures  3 and 5 and 
 Supplementary Figures 7–9, available at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41182/ abstract). These results suggest that 
TMEM147- mediated NF-κB activation could be a therapeutic tar-
get of RA. We hypothesize that antibody binding to the extracel-
lular region of TMEM147 may prevent efficient formation of the 
BCR- CK2α–NF-κB p65 complex intracellularly by sequestering 
TMEM147 from the cytokine receptor signaling components in 
chondrocytes, although we do not exclude the possibility that 
TMEM147 suppression in other cell types (including fibroblasts by 
the same antibody treatment) might also contribute to the in vivo 
effects observed in this study. The precise mechanism of action 
requires further investigation.

In summary, our results highlight the significant contri bution 
of chondrocytes to the development of RA via TMEM147- 
mediated activation of the IL-6 amplifier. This newly observed 
 function of TMEM147 may offer a novel therapeutic strategy for 
NF-κB–mediated inflammation in degenerative joint diseases 
such as RA.
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Blockade of Discoidin Domain Receptor 2 as a Strategy 
for Reducing Inflammation and Joint Destruction in 
Rheumatoid Arthritis Via Altered Interleukin- 15 and Dkk- 1 
Signaling in Fibroblast- Like Synoviocytes
Nan Mu,1  Jin-Tao Gu,1 Tong-Lie Huang,1 Nan-Nan Liu,1 Hui Chen,1 Xin Bu,1 Zhao-Hui Zheng,2 Bo Jia,1 Jun Liu,1 
Bao-Long Wang,1 Ying-Mei Wang,2 Zhen-Feng Zhu,3 Yong Zhang,3 Ying-Qi Zhang,1 Xiao-Chang Xue,1 Meng Li,1 
and Wei Zhang1

Objective. This study was undertaken to uncover the pathophysiologic role of discoidin domain receptor 2 (DDR- 2), 
a putative fibrillar collagen receptor, in inflammation promotion and joint destruction in rheumatoid arthritis (RA).

Methods. In synovial tissue from patients with RA and from mice with collagen antibody–induced arthritis 
(CAIA) (using Ddr2−/− and DBA/1 mice), gene and protein expression levels of DDR- 2, interleukin- 15 (IL- 15), and 
Dkk- 1 were measured by quantitative reverse transcription–polymerase chain reaction, Western blotting, and 
immunohistochemistry. Gene knockdown of DDR2 in human RA fibroblast- like synoviocytes (FLS) was conducted 
via small interfering RNA. Interaction between the long noncoding RNA H19 and microRNA 103a (miR- 103a) was 
assessed in RA FLS using RNA pulldown assays. Cellular localization of H19 was examined using fluorescence in situ 
hybridization assays. Chromatin immunoprecipitation and dual luciferase reporter assays were applied to verify H19 
transcriptional and posttranscriptional regulation by miR- 103a.

Results. DDR2 messenger RNA (mRNA) expression was significantly associated with the levels of IL- 15 and 
 Dkk- 1 mRNA in the synovial tissue of RA patients (r2 = 0.2022–0.3293, all P < 0.05; n = 33) and with the serum levels 
of IL- 15 and Dkk- 1 in mice with CAIA (P < 0.05). In human RA FLS, activated DDR- 2 induced the expression of H19 
through c- Myc. Moreover, H19 directly interacted with and promoted the degradation of miR- 103a.

Conclusion. These results indicate a novel role for activated DDR- 2 in RA FLS, showing that DDR- 2 is responsible 
for regulating the expression of IL- 15 and Dkk- 1 in RA FLS and is involved in the promotion of inflammation and 
joint destruction during pathophysiologic development of RA. Moreover, DDR- 2 inhibition, acting through the 
 H19–miR- 103a axis, leads to reductions in the inflammatory reaction and severity of joint destruction in mice with 
CAIA, suggesting that inhibition of DDR- 2 may be a potential therapeutic strategy for RA.

INTRODUCTION

Fibroblast- like synoviocytes (FLS) populate the intimal  lining 
of the synovium and play pivotal roles in the pathogenesis of 
rheumatoid arthritis (RA) through the formation of pannus, sus-
tained activation of the aggressive phenotype, and participation 
of the proinflammatory cytokine network (1–4). However, the 

 biologic markers and molecular regulation networks that define 
the distinct pathophysiologic contributions of FLS have not been 
systematically clarified.

Receptor tyrosine kinases (RTKs), which are typically acti-
vated by various cytokines or polypeptide growth factors—with 
one exception, the discoidin domain receptor (DDR) family—have 
been widely suggested to be important therapeutic targets in 
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cancer (5). Discoidin domain receptor 2 (DDR- 2) is a membrane- 
localized DDR and functions as a receptor for fibrillar collagen 
(6,7). Unlike other RTKs, DDRs are unique in that their activation/
inactivation kinetics are slow and they exhibit persistent phosphor-
ylation kinetics upon collagen binding (8).

DDR- 2 is mainly expressed in fibroblasts of mesenchymal ori-
gin and activated by fibrillar collagen (7,9). Accumulating studies 
have revealed that DDR- 2 is a key molecule in tumor progression, 
osteoarthritis (OA) development and progression, and bone forma-
tion (10–13). In previous studies, we surveyed the expression and 
partial function of DDR- 2 in FLS from patients with RA, and found 
that DDR- 2 was expressed at high levels in the RA synovium and 
promoted the production of cartilage- degrading matrix metallopro-
teases (MMPs), including MMP- 1, MMP- 2, MMP- 9, and MMP- 13 
 (14–19). Although the overall role of DDR- 2 in the pathophysiologic 
contribution of RA FLS remains incompletely elucidated, activa-
tion of DDR- 2 apparently enhances secretion of MMPs by RA FLS 
and the invasion of the synovium by RA FLS (18,19). To reveal 
the DDR- 2–associated molecular networks in FLS, we previously 
stimulated RA FLS with type II collagen to activate DDR- 2, and 
analyzed the gene expression profiles using an Agilent Human 
A1 array (19). Expression of messenger RNA (mRNA) for interleu-
kin- 15 (IL- 15) and Dkk- 1 was shown to be induced by activation 
of DDR- 2 (19), which suggests that DDR- 2 may contribute greatly 
to the abnormal phenotype of RA FLS.

In the present study, we found that DDR- 2 promotes IL- 15 and 
Dkk- 1 production in RA FLS via a long noncoding RNA (lncRNA)–
mediated mechanism. Based on these novel findings, we propose 
that activated DDR- 2 in RA FLS plays a role in inflammation pro-
motion and joint destruction during the pathophysiologic develop-
ment of RA. In addition, our findings shed light on DDR- 2 inhibition 
as a potential therapeutic strategy for RA treatment.

MATERIALS AND METHODS

Tissue samples and culture of primary human RA FLS. 
Synovial tissue specimens were obtained from patients with RA 
during arthroplasty or synovectomy, in the Departments of Clinical 
Immunology and Orthopedics at Xijing Hospital or Tangdu Hospital 
in China. All patients with RA fulfilled the American College of Rheu-
matology 1987 revised classification criteria for RA (20) and had 
been diagnosed as having RA for more than 3 years. In addition, 
synovial tissue was obtained from patients with  osteoarthritis (OA).

All procedures involving human tissue specimens were per-
formed with approval from the Ethics Committee of the Fourth 
Military Medical University, and all patients provided written 
informed consent prior to study participation. The patients’ clinical 

 characteristics are summarized in Table 1.
RA FLS were isolated from the synovial tissue by collagenase 

digestion, as previously described (21). Liberated cells were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with 

10% fetal bovine serum, 50 units/ml penicillin/streptomycin, and 
2 mM l- glutamine. All reagents were purchased from Thermo 
Fisher Scientific.

Mice and induction of arthritis. Heterozygous slie  
mutant mice carrying a deletion mutation spanning exons 
1–17 of Ddr2 (18,22) were provided by The Jackson Labora-
tory. These mice were intercrossed to produce homozygotes. 
DBA/1 mice were purchased from HFKBIO. Mice were raised 
within a dedicated specific pathogen–free facility at the Laboratory 
Animal Center of the Fourth Military Medical University, and all ani-
mal studies were performed in accordance with the protocols and 
guidelines of the Institutional Animal Care and Use Committee.

To generate collagen antibody–induced arthritis (CAIA), male 
8- week- old Ddr2−/− mice were injected intravenously (IV) with 
5 mg of 5- clone monoclonal antibody cocktail (Chondrex) on 
day 0, and 50 μg of lipopolysaccharide (LPS) (Chondrex) was 
then injected intraperitoneally (IP) on day 3. Male 8- week- old 
DBA/1 mice were injected IV with 2 mg of 5- clone monoclonal 
antibody cocktail (Chondrex) on day 0, and 25 μg LPS (Chon-
drex) was then injected IP on day 3. Mice were monitored for 
signs of arthritis every 1–2 days for 21 days.

Adenovirus was used and prepared as previously described 
(18,23). In brief, a recombinant adenovirus expressing full- length 
DDR- 2 (Ad- DDR2) or empty vector (Ad- Vector) control was pack-
aged and purified at Guangzhou FulenGen Co., Ltd.. To recon-
stitute DDR- 2 expression, the Ad- DDR2 (1 × 108 plaque- forming 
units) or Ad- Vector control was administered by intraarticular 
injection into each ankle joint of Ddr2−/− mice on day 0, day 4, day 
8, day 12, and day 16 after arthritis induction.

Table  1. Clinical characteristics of the patients with rheumatoid 
arthritis (RA) and patients with osteoarthritis (OA)*

RA patients 
(n = 33)

OA patients 
(n = 15)

Demographic characteristics
Male, no. 10 7
Female, no. 23 8
Age, years 54.6 ± 8.8 77.3 ± 4.4

Clinical characteristics
Disease duration, years 7.3 ± 5.5 8.5 ± 2.50
CRP, mg/liter 19.7 ± 9.9 NA
ESR, mm/hour 38.9 ± 16.4 NA
ACPA+, no./total (%) 24/33 (73) NA
RF+, no./total (%) 25/33 (76) NA

Treatment, no./total (%)
DMARDs 24/33 (72) NA
NSAIDs 8/33 (24) NA
Biologic agents 7/33 (21) NA
Steroids 15/33 (45) NA

* Except where indicated otherwise, values are the mean ± SD. CRP =  
C- reactive protein; NA = not applicable; ESR = erythrocyte sedime n-  
tation rate; ACPA = anti–citrullinated protein antibody; RF = rheu-
matoid factor; DMARDs = disease- modifying antirheumatic drugs;  
NSAIDs = nonsteroidal antiinflammatory drugs. 
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To inhibit DDR- 2 activity, DBA/1 mice, beginning on day 
0, were treated IV with either saline or 10 mg/kg of a selective 
small molecule inhibitor of DDR- 2, WRG- 28, in saline–dimethyl 
sulfoxide (DMSO), which was administered daily for 21 days (24).

For assessment of the severity of arthritis in mice, a blinded 
approach was adopted to score each limb every third day, using 
a previously described scoring system (25) on a scale of 0–4, 
where 0 = normal, 1 = mild redness and/or swelling in one joint, 
2 = moderate redness and/or swelling in more than one joint, 
3 = moderate- to- severe redness and/or swelling in the entire paw, 
and 4 = maximal inflammation (maximal swelling and ankylosis). 
Each limb was assessed, and the maximum score was obtained 
by summing the scores from the 4 limbs, yielding a maximum 
score of 16 for each mouse. Paw swelling and the thickness of the 
wrists and ankles were measured by micrometer callipers.

Histologic assessment of mouse synovial tissue. Mice 
were killed on day 21 after arthritis induction. Ankle joints were col-
lected and fixed in 4% paraformaldehyde, and then decalcified in 
EDTA decalcifying solution, embedded in paraffin, and sectioned 
(in 5- μm sections). Serial sections were stained with hematoxylin 
and eosin (H&E) and analyzed by immunohistochemistry. Stain-
ing of the tissue with tartrate- resistant acid phosphatase (Sigma) 
was used for analysis of osteoclast formation, in accordance with 
the manufacturer’s instructions.

Immunohistochemistry. The  immunohistochemical stain-
ing approach and scoring systems used have been described 
 previously (26). In brief, paraffin- embedded synovial tissue speci-
mens from RA patients and mice with CAIA were cut on a microtome 
into 5- μm sections. Antibodies against DDR- 2 (1:100, ab203219; 
Abcam), Dkk- 1 (1:100, ab61034; Abcam), and IL- 15 (1:100, PA5- 
34511; Thermo Fisher) were used for immunostaining. The density 
of DDR- 2, IL- 15, and Dkk- 1 immunostaining in each specimen 
was scored according to the number of positively stained cells in 
10 high- power fields (at 200× magnification), assessed on a scale 
of 1–4, as follows: 1 = 0–25%, 2 = 25–50%, 3 = 50–75%, and 
4 = 75–100% positively stained cells per 10 high- power fields. 
The intensity of DDR- 2, IL- 15, and Dkk- 1 immunostaining was 
scored on a scale of 0–3, where 0 = no immunoreactivity, 1 = weak 
immunoreactivity, 2 = moderate immunoreactivity, and 3 = strong 
immunoreactivity. The density scores were multiplied by the cor-
responding immunostaining intensity scores to obtain the DDR- 
2, IL- 15, and Dkk- 1 histologic scores. To avoid possible technical 
errors, cell counting was performed twice.

Cytokine measurements. Cytokine levels of IL- 15 and 
Dkk- 1 were measured by enzyme- linked immunosorbent assay 
in the serum of mice with CAIA. Further information is available 
in the Supplementary Materials and Methods (on the  Arthritis & 
 Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41205/ abstract).

Micro–computed tomography (micro- CT). The ankle 
joints and paws of mice with CAIA were analyzed for bone 
defects by micro- CT. Further information is available in the Sup-
plementary Materials and Methods (http://onlin elibr ary.wiley.com/
doi/10.1002/art.41205/ abstract).

Quantitative reverse transcription–polymerase chain  
reaction (qRT- PCR), immunoblotting, and immunopre-
cipitation. Relative gene and protein expression levels of DDR- 
2, IL- 15, Dkk- 1, H19, c- Myc, and micro- RNA 103a (miR- 103a) in 
the synovial tissue from patients with RA and mice with CAIA were 
determined by qRT- PCR, Western blotting, and immunohisto-
chemical analyses. The sequences of the primers used are listed 
in Supplementary Table 1, and all procedures are described in 
detail in the Supplementary Materials and Methods (http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41205/ abstract).

Chromatin immunoprecipitation (ChIP) assay. ChIP 
assays were applied in HEK 293T cells to verify the binding of c- Myc 
to the H19 promoter. The sequences and primers used are listed 
in Supplementary Tables 1 and 2, and further information on the 
ChIP assay is available in the Supplementary Materials and Meth-
ods (http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ abstract).

Lentiviral packaging. Constitutive activation of DDR- 2 was 
achieved with lentiviral components in dual luciferase assays. Further 
information is available in the Supplementary Materials and Methods 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ abstract).

Analysis of lncRNA by microarray. Expression of lnc-
RNAs was assessed in RA FLS using a microarray. Further 
details are provided in the Supplementary Materials and Methods  
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ abstract).

Fluorescence in situ hybridization (FISH) assay of 
H19. Cellular localization of H19 in RA FLS was examined using 
a FISH assay. Further information is available in the Supple-
mentary Materials and Methods (http://onlin elibr ary.wiley.com/
doi/10.1002/art.41205/ abstract).

In vitro transcription of H19 and RNA pulldown assay 
with biotinylated H19. A biotin- labeled RNA pulldown assay 
was performed on human synovial cell lysates. RNA complexes 
from the assay were assessed for the expression of H19 by qRT- 
PCR. Further information is available in the Supplementary Materials  
and Methods (http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/  
abstract).

RNA pulldown assay with biotinylated miRNA. RNA 
pulldown assays with biotinylated miRNAs were performed on 
RA FLS. H19 was detected by qRT-PCR in RNA complexes.  
Further information is available in the Supplementary Materials  
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Figure 1. Discoidin domain receptor 2 (DDR- 2) is positively correlated with the levels of interleukin- 15 (IL- 15) and Dkk- 1 in synovial tissue 
from rheumatoid arthritis (RA) patients and induces the expression of IL- 15 and Dkk- 1 in mice with collagen antibody–induced arthritis (CAIA). 
A, Expression of DDR2, IL15, and DKK1 mRNA in synovial tissue from RA patients (n = 33) compared with osteoarthritis (OA) patients (n = 
15). B, Correlation between DDR2 mRNA and IL15 and DKK1 mRNA expression in synovial tissue from RA patients (Pearson’s r2 = 0.2942,  
P < 0.01 and r2 = 0.3293, P < 0.01, respectively). C, Representative images of immunohistochemical (IHC) staining for DDR- 2, IL- 15, and Dkk- 1 
in synovial tissue from 3 RA patients. D, Correlation between the IHC staining intensity score for DDR- 2 and IHC staining intensity scores for 
IL- 15 and Dkk- 1 in synovial tissue from RA patients (Pearson’s r2 = 0.2022, P < 0.01 and r2 = 0.2265, P < 0.01, respectively). E, Representative 
images of IHC staining for IL- 15, Dkk- 1, and DDR- 2 in ankle joint sections from mice with CAIA, comparing wild- type (WT) mice with Ddr2−/− 
mice injected with recombinant adenovirus expressing full- length DDR- 2 (Ad- DDR2) or empty vector (Ad- Vector). F, Western blotting (WB) 
for detection of DDR- 2 and immunoprecipitation (IP) of phosphorylated tyrosine in cell lysates from the paws of mice with CAIA (1 mouse per 
group). G, Enzyme- linked immunosorbent assay for detection of IL- 15 and Dkk- 1 in the serum of mice with CAIA (6 mice per group). In A and 
G, symbols show individual samples; horizontal lines and bars show the mean ± SD. * = P < 0.05; ** = P < 0.01.
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and Methods (http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ 
 abstract).

Synthesis and chemical features of WRG- 28. The syn-
thesis and chemical features of WRG- 28, a selective small molecule 
inhibitor of DDR- 2, are described in more detail in the Supple-
mentary Materials and Methods (at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41205/ abstract).

Statistical analysis. Data are presented as the mean ± SD. 
Statistical analysis was performed using SPSS version 19.0 and 
GraphPad Prism version 7.0. Two groups with normally distrib-
uted data were compared using a 2- sided Student’s unpaired 
t- test. Comparisons between multiple groups were analyzed by 
one- way analysis of variance. Pearson’s correlation analysis was 
used to assess correlations between DDR- 2 expression and the 
expression of IL- 15 and Dkk- 1. Correlations between the patients’ 
clinical characteristics and DDR- 2 expression were assessed 
using chi- square tests. P values less than 0.05 were considered 
statistically significant.

RESULTS

Association of DDR- 2 expression with expression of 
IL- 15 and Dkk- 1 in synovial tissue both from RA patients 
and from mice with CAIA. To evaluate the relationship between 
DDR- 2 expression and the expression of IL- 15 and Dkk- 1 in syno-
vial tissue, we measured the mRNA and protein levels of DDR- 2, 
IL- 15, and Dkk- 1 in synovial tissue from 33 patients with RA and 
15 patients with OA (Figures 1A and C). Pearson’s correlation tests 
analyzing potential correlations between DDR- 2 and IL- 15/Dkk- 1 
expression indicated that both the DDR2 mRNA expression level 
and the DDR- 2 immunohistochemical score were positively cor-
related with the mRNA levels and immunohistochemical scores 
of IL- 15 (r2 = 0.2942 and r2 = 0.2022, respectively) and Dkk- 1 
(r2 = 0.3293 and r2 = 0.2265, respectively) (Figures 1B and D).

We also performed immunofluorescence analyses of syno-
vial tissue from RA patients to detect DDR- 2 and IL- 15/Dkk- 1 
costaining, and found that there was a relationship of coexpres-
sion between DDR- 2 and IL- 15/Dkk- 1 in the RA synovial tissue 
(see Supplementary Figure 1, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41205/ abstract). The clinical characteristics of the patients are 
shown in Table 1.

To verify these findings, we used Ddr2−/− mice (heterozy-
gous slie mutant mice carrying a deletion mutation spanning 
Ddr2 exons 1–17) (18,22) to establish CAIA, and performed 
intraarticular injection of Ad- DDR2 into the ankle joints to recon-
stitute DDR- 2 expression in vivo. Ddr2−/− mice injected with the 
Ad- Vector control exhibited a mild arthritis, as indicated by a low 
arthritis severity score, after collagen antibody treatment. How-
ever, Ddr2−/− mice in which DDR- 2 expression was restored with 

Ad- DDR2  exhibited a notable increase in the arthritis severity 
score, similar to that observed in wild- type (WT) mice, after col-
lagen antibody treatment (Figure 1E). Differences in the arthritis 
scores and in the hind paw thickness between the 3 groups 
of mice are shown in  Supplementary Figures 2A and B (available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41205/ abstract).

Mice were killed on day 21 after immunization, and the ankle 
joints were collected for histologic staining. Compared with control 
Ddr2−/− mice, which showed only slight pathologic changes, mice 
with reconstituted DDR- 2 expression showed an increased sever-
ity of inflammatory cell infiltration and greater destruction of carti-
lage and bone, as observed by H&E staining (see Supplementary 
Figure 2C [http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ 
abstract]). In addition, after reconstitution of DDR- 2 with Ad- 
DDR2, the mRNA and protein expression levels of both IL- 15 
and Dkk- 1 in the mouse ankle joints were restored. Furthermore, 
the reconstituted DDR- 2 became phosphorylated, and increased 
 levels of IL- 15 and Dkk- 1 were detected in the serum of mice 
with CAIA (Figures 1E, F, and G, and Supplementary Figure 2D  
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ abstract]). 
Taken together, these data indicate that DDR- 2 expression is 
 essential for the production of IL- 15 and Dkk- 1 in synovial tissue 
from patients with RA and mice with CAIA.

Induction of the expression of lncRNA H19 by 
activated DDR- 2 in RA FLS through c- Myc. To uncover 
the molecular mechanism by which DDR- 2 induces IL- 15 and 
Dkk- 1 production, we used constitutively active DDR- 2 (FcDDR2) 
(27,28) to activate DDR- 2. A lncRNA microarray (Human lncRNA 
Array version 4.0; CapitalBio Cooperation) was then used to ana-
lyze the expression profiles of associated lncRNAs. Total RNA was 
isolated from RA FLS that had been transfected with FcDDR2 or 
a lentiviral vector (n = 3 patients per group) for 48 hours, and the 
transfected cells were then subjected to lncRNA microarray anal-
ysis. A total of 21 differentially expressed lncRNAs (defined as 
those showing a >2.0- fold change in expression) were identified 
(Figure 2A). Among these lncRNAs, the lncRNA H19 was one of 
the most highly up- regulated (arrows in Figure 2A).

To confirm this finding, we obtained RA FLS from 3 patients 
with RA and synovial tissue from 33 patients with RA and 15 
patients with OA, and assessed H19 levels by qRT- PCR. As 
expected, H19 expression was up- regulated by ~3–4- fold in RA 
FLS after the activation of DDR- 2, and by ~3–5- fold in the synovial 
tissue from RA patients (Figures 2B and C).

To confirm the effect of DDR- 2 on H19 induction, we stimu-
lated RA FLS with type II collagen, a ligand of DDR- 2. H19 expres-
sion was greatly up- regulated, in a time- independent manner, with 
type II collagen stimulation (Figure 2D). Moreover, consistent with 
these data, enforced ectopic expression and activation of DDR- 2 
using transfection of RA FLS with FcDDR2 markedly enhanced 
the production of H19. Unsurprisingly, small  interfering RNA 
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Figure  2. Activated DDR- 2 induces expression of long noncoding RNA (lncRNA) H19 in RA fibroblast- like synoviocytes (FLS) through  
c- Myc. A, Heatmap showing lncRNA expression profiles identified by microarray in RA FLS after transfection with constitutively active DDR- 2 (FcDDR2) 
or a lentiviral vector. Arrows indicate detection of H19 by different probes. B, Expression of H19 detected by quantitative reverse transcription–
polymerase chain reaction in RA FLS transfected with FcDDR2 or a lentiviral vector for 48 hours. Values are relative to the empty vector control (n = 
3 samples per group). C, Expression of H19 in synovial tissue from RA patients (n = 33) and OA patients (n = 15). Symbols show individual patients; 
horizontal lines indicate the mean. D, Expression of H19 in RA FLS treated with type II collagen (8 μg/cm2) for up to 24 hours (left), and expression of 
H19 in RA FLS left untreated (Control) or treated with type II collagen alone or together with small interfering RNA (siRNA) targeting DDR2 (si- DDR2) or 
a nontargeted control siRNA (si- NC) (each 100 nM) (right). E, Expression of H19 in RA FLS evaluated at 24 hours after infection with FcDDR2 alone, 
FcDDR2 together with si- DDR2, si- DDR2 alone, or si- NC alone. Untreated cells were used as the control. F, Expression of c- Myc assessed by Western 
blotting (left) and quantified as the relative intensity of expression (right) in RA FLS, which were left untreated (Control), infected with FcDDR2 or the 
lentiviral vector alone, infected with FcDDR2 followed by the inhibitor SB203582 (10 μM), or treated with type II collagen. G, Luciferase activity in HEK 
293T cells at 24 hours after transfection with a pGL- H19 luciferase reporter vector constructed with the promoter region of H19 containing either wild- 
type or mutant (M) c- Myc binding sites, administered alone or together with pCMV- c- Myc (2 μg) or siRNA targeting cMyc (si- cMyc) (100 nM). An si- NC 
siRNA and lentiviral vector were used as controls. H, Chromatin immunoprecipitation (ChIP) assays (left) and quantification of the ChIP results (right) to 
confirm direct binding of c- Myc to the H19 promoter in HEK 293T cells, which were left untreated (Control) or transfected with pCMV- c- Myc or si- cMyc. 
Data in B, D, E, F, G, and H are the mean ± SD. * = P < 0.05; ** = P < 0.01. NS = not significant (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.41205/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract
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(siRNA) targeting DDR2 (si- DDR2) potently blocked the induc-
tion of H19 by type II collagen and FcDDR2 lentivirus; the H19 
level was maintained at basal levels after si- DDR2 transfection 
 (Figures 2D and E). These data indicate that activated DDR- 2 pro-
motes H19 induction in RA FLS.

Although aberrant overexpression of H19 in RA synovial tissue 
has been reported (29), the functions and regulatory mechanisms 
of H19 in RA are unclear. We used bioinformatics approaches to 
uncover the mechanism underlying H19 transcriptional regulation. 
The H19 promoter contains 2 c- Myc binding sites (see Supple-
mentary Figure 3A, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ 
abstract), and c- Myc is thought to be regulated by p38/MAPK 
downstream of DDR- 2 activation (30). Hence, we measured the 
level of c- Myc using Western blotting and qRT- PCR in RA FLS 
after treatment with type II collagen or FcDDR2 lentivirus, without 
or with the p38/MAPK inhibitor SB203582. Activation of DDR- 2 
induced increased expression of c- Myc in RA FLS, and this 
was inhibited by SB203582 (see Figure 2F and Supplementary 
 Figure 3B [http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ 
abstract]).

A dual luciferase reporter assay was then performed. Results 
of this assay showed that c- Myc induced significant, repro ducible 
H19 promoter–driven luciferase reporter activity in HEK 293T cells 
(Figure 2G). Furthermore, c- Myc binding site 2 in the H19 pro-
moter partly shielded these regulatory effects (Figure 2G), indicat-
ing that both of the binding sites of c- Myc are functional sites for 
H19 transcriptional regulation.

To further explore the binding of c- Myc to the H19 promoter, 
a ChIP assay was performed. The results showed that c- Myc 
could directly bind the promoter of H19 and enhance its expres-
sion in HEK 293T cells and RA FLS (Figure 2H and Supplementary 
Figure 3C [http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ 
abstract]). Taken together, these findings establish that c- Myc is 
a mediator between DDR- 2 and H19, and that DDR- 2 activation 
increases H19 transcription through c- Myc, which directly inter-
acts with the H19 promoter.

Direct interaction of H19 with miR- 103a, and pro-
motion of the degradation of miR- 103a by H19. Because 
the functions and regulatory mechanisms of H19 in RA are unclear, 
we performed a FISH assay of H19 in RA FLS, to clarify the intra-
cellular localization of H19. As shown in Figure 3A, H19 was found 
to be widely distributed in RA FLS, in contrast to the distribution 
of 18S RNA (used as a control probe), which was located mainly 
in the cytoplasm.

We then analyzed the sequence of H19 and its potential 
RNA binding sites. Based on our current findings and our previ-
ous observations of aberrant expression of miRNAs in patients 
with RA (21), we found that H19 has potential miR- 103a binding 
ability (Figure 3B). In our previous study, miR- 103a was down- 
regulated in RA FLS (21). However, its function in RA is unknown. 

To  investigate the interaction between H19 and miR103a, we 
constructed serial luciferase reporter vectors based on the 
psiCHECK2 vector; these vectors contained either 4 copies  
of the miR- 103a binding sites in the 3′- untranslated region  
(3′- UTR) of the Renilla luciferase (Rluc) gene (4 × psi- miR- 103a) 
or 2  copies of the miR- 103a binding sites in the 3′- UTR of the 
Rluc gene (2 × psi- miR- 103a) (31). A  miR- 103a mimic and miR- 
103a inhibitor served as positive controls. As expected, cotrans-
fection of pcDNA- H19 inhibited Rluc expression in HEK 293T 
cells (Figure 3C).

To confirm the interaction between miR- 103a and H19, a full- 
length H19 sequence and a mutant H19 sequence (in which the 
predicted miR- 103a interaction sites were mutated) were cloned 
separately into the pGL3 basic vector, and the resulting plasmids 
were designated pGL- H19WT and pGL- H19MUT, respectively. 
These recombinant vectors were then cotransfected together with 
a miR- 103a mimic (50 nM) or a miR- 21 mimic with no binding sites 
on H19 (50 nM) into HEK 293T cells. As shown in Figure 3D, miR- 
103a appeared to decrease the luciferase activity of pGL- H19WT, 
but not that of pGL- H19MUT. However, neither pGL- H19WT nor 
pGL- H19MUT were affected by the miR- 21 mimic.

We then used a biotin- labeled RNA pulldown assay to 
investigate the direct interaction between miR- 103a and H19. 
Biotinylated H19 (Bio- H19) and mutant Bio- H19 (Bio- H19MUT; 
containing mutated miR- 103a binding sites) were prepared and 
purified by in vitro transcription. This assay showed that miR- 103a 
coprecipitated with Bio- H19, but not with the biotinylated control 
or with Bio- H19MUT (Figure 3E).

We also used a reverse pulldown assay to determine whether 
biotinylated miR- 103a (Bio- 103a) can pull down H19. This assay 
showed that H19 was pulled down by Bio- 103a, but not by the 
Bio- 103aMUT or Bio- miR- 21 (Figure 3F).

Argonaute 2 (Ago2) is a key molecule of miRNA RNPs 
(miRNPs), which represent the core component of the RNA- 
induced silencing complex (32,33). To evaluate whether H19 is 
associated with miRNPs, coimmunoprecipitation experiments 
using antibodies against Ago2 were carried out with extracts 
of RA FLS or HEK 293T cells. H19 was enriched in Ago2- 
containing miRNPs, relative to control IgG immunoprecipitates 
(Figure  3G). Reverse immunoprecipitation and immunoblotting 
were performed to confirm the specificity of the Ago2 antibody 
and its interaction with H19 in RA FLS (Figure 3H).

Regulation of the expression of IL- 15 and Dkk- 1 by 
DDR- 2 in RA FLS through the H19–miR- 103a axis. As was 
shown in Figures 3A–H, H19 directly interacts with miR- 103a in 
RA FLS, and Ago2 participates in the interaction, indicating that 
H19 is responsible for miR- 103a down- regulation in RA FLS. Con-
sidering that DDR- 2 activation induces the expression of H19, 
we used siRNA targeting of H19 (si- H19) to evaluate the impact 
of the FcDDR2 lentivirus on the H19–miR- 103a axis in RA FLS. 
Expression of miR- 103a was restored with siH19 in RA FLS, in 

http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract


MU ET AL 950       |

contrast to that in cells infected with the FcDDR2 lentivirus alone, 
indicating that levels of miR- 103a in RA FLS can be affected 
by DDR- 2 activation, and that this regulation is H19- dependent  

(Figure 4A and Supplementary Figures 4A and B, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41205/ abstract).

Figure  3. H19 directly interacts with and promotes the degradation of microRNA- 103a (miR- 103a). A, Fluorescence in situ hybridization 
assays of H19 expression in RA fibroblast- like synoviocytes (FLS) (n = 3), relative to the values for 18S RNA. B, Bioinformatics prediction of the 
miR- 103a binding site on H19. C, Luciferase activity measured in HEK 293T cells at 24 hours after transfection with the indicated miR- 103a 
constructs, in medium alone or together with pcDNA- H19 (2 μg), small interfering RNA targeting H19 (si- H19) (50 nM), or a miR- 103a mimic or 
miR- 103a inhibitor (each 50 nM). D, Luciferase activity measured in HEK 293T cells at 24 hours after transfection with a miR- 21 mimic or miR- 
103a mimic (each 50 nM) together with pGL3 Basic, pGL- H19 WT, or pGL- H19 mutant (MUT) (each 2 μg). E, Levels of miR- 103a and miR- 21 
analyzed by quantitative reverse transcription–polymerase chain reaction (qRT- PCR) after pulldown (P) assays of RA FLS mixed with biotinylated 
H19 (Bio- H19) or Bio- H19 MUT or a biotinylated control (Bio- Con). F, Enrichment of H19 analyzed by qRT- PCR after pulldown assays of RA FLS 
transfected with biotinylated miR- 103a (Bio- 103a), Bio- 103a binding site mutant (mut), or biotinylated miR- 21 (Bio- miR- 21). Values are the fold 
enrichment relative to the nontargeted biotinylated control (NC). G, Enrichment of H19 analyzed by qRT- PCR in extracts of HEK 293T cells or 
RA FLS after co immunoprecipitation with mouse antibodies against Argonaute 2 (Ago2). IgG was used as an isotype control. H, Confirmation of 
H19 expression in the co immunoprecipitation experiments, using Western blotting (WB) with anti- Ago2 in RA FLS and HEK 293T cells mixed with 
Bio- H19 or Bio- Con. Data in C, D, F, and G are the mean ± SD. ** = P < 0.01. I = input; NS = not significant (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.41205/abstract.
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Of note, miRNAs function mainly as negative regulators of 
target genes by binding to the 3′- UTR of these genes and accel-
erating mRNA degradation or blocking protein expression. To 
investigate the pathologic role of miR- 103a in RA FLS, a miRNA 
target detection approach was used to predict the candidate 
target genes of miR- 103a. Interestingly, IL15 and DKK1, which 

could be induced by DDR- 2 activation in our previous screening 
(19), were predicted to be candidate target genes of miR- 103a in 
the miRNA target gene prediction analyses. To determine whether 
IL15 and DKK1 are indeed target genes of miR- 103a in RA FLS, 
we constructed dual luciferase reporter vectors containing the 
predicted seed sequences in the 3′- UTR of IL15 and DKK1, as 

Figure 4. DDR- 2 regulates the expression of IL- 15 and Dkk- 1 in RA fibroblast- like synoviocytes (FLS) through the H19–microRNA- 103a 
(miR- 103a) axis. A, Levels of miR- 103a measured by quantitative reverse transcription–polymerase chain reaction (qRT- PCR) in RA FLS  
(n = 3), left untreated (Control) or infected with constitutively active DDR- 2 (FcDDR2) or a lentiviral vector for 48 hours, followed by transfection 
with small interfering RNA (siRNA) targeting DDR2 (si- DDR2) or a nontargeted control siRNA (si- NC) (each 50 nM) for 24 hours. B, Luciferase 
activity determined in HEK 293T cells by dual luciferase reporter assays utilizing psiCHECK2 vectors and corresponding mutant vectors, 
including those for IL- 15 (IL- 15/mIL- 15) and Dkk- 1 (DKK1/mDKK1), and miR- 103a vectors (rcmiR- 103a/mrcmiR- 103a) as the positive control, 
either in medium alone or in the presence of the miR- 103a mimic or inhibitor. Data were normalized to the values for firefly luciferase activity, 
and the constructed vector was normalized to an empty psiCHECK- 2 vector. C, Levels of IL- 15 and Dkk- 1 as measured by enzyme- linked 
immunosorbent assay in culture supernatants of RA FLS, left untreated (Control) or treated with type II collagen, FcDDR2, miR- 103a mimic, or 
miR- 103a inhibitor for 24 hours, with scrambled mimic or inhibitor as controls. D, E, and F, Detection of IL- 15 and Dkk- 1 by Western blotting 
(left), with quantification of the relative intensity of expression (right), in cell lysates from 3 patients with RA. RA FLS were left untreated (Control) 
or infected with FcDDR2 or lentiviral vector for 48 hours. FcDDR2 was cotransfected for 24 hours with si- H19 or si- NC in D, with the miR- 
103a mimic or scrambled miRNA (each 50 nM) in E, or with the miR- 103a mimic, miR- 103a inhibitor, or scrambled miRNA (each 50 nM) in F. 
Data are the mean ± SD. * = P < 0.05; ** = P < 0.01 versus plasmid alone in B or versus the within- group control in C–F. NS = not significant.  
(see Figure 1 for other definitions).
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well as corresponding mutant vectors, as previously described 
(21). These reporter vectors were cotransfected into HEK 293T 
cells either alone or in the presence of a miR- 103a mimic or inhib-
itor, and luciferase activity was analyzed 24 hours later. As shown 

in Figure 4B, cotransfection of the miR- 103a mimic significantly 
repressed the luciferase activity of vectors containing the 3′- UTR 
of IL15 and DKK1 compared with that in the vector- only group. In 
contrast, cotransfection with the miR- 103a inhibitor up- regulated 

Figure 5. Inhibition of DDR- 2 decreases both the inflammatory reaction and joint destruction in mice with collagen antibody–induced arthritis 
(CAIA). A, Representative images of the ankles (top) and results of hematoxylin and eosin (HE) staining, immunohistochemical (IHC) staining 
for interleukin- 15 (IL- 15) and Dkk- 1, and tartrate- resistant acid phosphatase (TRAP) staining (bottom) of the ankle joint sections from mice 
with CAIA treated with the DDR- 2 inhibitor WRG- 28 or saline, compared with normal controls. B, Clinical arthritis scores evaluated every 2 
days for 21 days. C, Levels of IL- 15 and Dkk- 1 in the serum of mice, as measured by enzyme- linked immunosorbent assay (n = 6 per group).  
D, Representative micro–computed tomography (micro- CT) images of the ankle joints of mice. Arrows indicate micro- CT–detected features of 
bone damage. E, Bone mineral density (BMD) evaluated in a 6- mm–deep, 3- mm–high, and 3- mm–wide region of interest in the ankle joints of 
mice (n = 6 per group). The BMD in the defect site was calculated using Inveon Research Workplace software. Symbols show individual mice; 
horizontal lines and bars show the mean ± SD. * = P < 0.05; ** = P < 0.01. NS = not significant. Color figure can be viewed in the online issue, 
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41205/abstract.
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luciferase activity. Furthermore, all effects of the miR- 103a mimic 
and inhibitor were abolished in the presence of the mutant vector. 
These data indicate that miR- 103a directly targets the 3′- UTRs of 
IL15 and DKK1.

We then further determined the role of miR- 103a in the pro-
duction of IL- 15 and Dkk- 1 in RA FLS. For these studies, RA FLS 
were treated with the various reagents, and the protein levels in 
the RA FLS and culture supernatants were measured. Stimulation 
with type II collagen or infection with FcDDR2 lentivirus dramati-
cally up- regulated the production of IL- 15 and Dkk- 1 in RA FLS 
 (Figures 4C, D, and E, and Supplementary Figure 4C [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41205/ abstract]). However, when  
si- H19 or the miR- 103a mimic were used in combination with the 
FcDDR2 lentivirus, the enforced expression of miR- 103a almost 
completely reversed this effect (Figures 4C, D, and E).

Finally, a Western blot assay was used to detect the pro-
duction of IL- 15 and Dkk- 1 proteins after transfection of the miR- 
103a mimic or inhibitor, and the expected results were obtained 
(Figure 4F). Collectively, these findings indicate that DDR- 2 reg-
ulates the expression of IL- 15 and Dkk- 1 in RA FLS through the 
H19–miR- 103a axis.

Inhibitory role of DDR- 2 in decreasing both the 
inflammatory reaction and severity of joint destruction 
in mice with CAIA. Several compounds have been identified as 
DDR inhibitors, but most exhibit poor specificity between DDR- 1 
and DDR- 2 (34–36). Recently, WRG- 28, a selective small mol-
ecule inhibitor of DDR- 2 that inhibits receptor–ligand activation 
through allosteric modulation of DDR- 2, was identified and char-
acterized (24). In accordance with those recent observations (24), 
we synthesized WRG- 28 and identified its chemical features (see 
Supplementary Figures 5 and 6, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41205/ abstract). To evaluate the role of DDR- 2 in joint erosion 
and inflammatory reactions, CAIA was induced in DBA/1 mice, 
and starting on day 0, the mice were administered IV either saline 
or 10 mg/kg WRG- 28 in saline–DMSO daily for 21 days, to inhibit 
DDR- 2 activity in vivo. The onset of arthritis was monitored every 
2 days after the second immunization.

As shown in Figures 5A and B, WRG- 28 treatment signif-
icantly ameliorated arthritis in the mice, and the clinical arthri-
tis scores were dramatically reduced compared with that in 
saline- treated mice, although the course of arthritis was similar. 
 Consistent with this finding, the hind- paw thickness of the mice in 
the WRG- 28 treatment group was also reduced (see Supplemen-
tary Figure 7A, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41205/ abstract).

Histologic staining revealed lower levels of inflammatory 
cell infiltration and destruction of cartilage and bone, along with 
decreased production of IL- 15 and Dkk- 1, in the ankle joints  
(Figure 5A) as well as serum of mice (Figure 5C) after WRG- 28 
treatment. The expression of H19 was decreased in the ankle 

joints after WRG- 28 treatment, while miR- 103a was induced by 
WRG- 28 treatment (see Supplementary Figure 7B [http://online 
library.wiley.com/doi/10.1002/art.41205/abstract]). In addition, 
the proportion of osteoclasts decreased with WRG- 28 treatment  
(Figure 5A). These histologic data suggest that WRG- 28 decreases 
the impact of DDR- 2 on the inflammatory reaction and joint 
destruction in this murine arthritis model.

In further analyses of the histologic features of mice with 
CAIA, we used a micro- CT system. Results of micro- CT imaging 
of the paws and ankle joints showed that WRG- 28 treatment sig-
nificantly alleviated bone destruction, reduced the extent of joint 
space enlargement, and decreased the severity of bone loss, all of 
which are characteristic manifestations of murine CAIA  (Figure 5D). 
In addition, bone mineral density was reduced by WRG- 28 treat-
ment (Figure 5E), which further verified the effectiveness of this 
strategy of DDR- 2 inhibition in mice with CAIA.

DISCUSSION

RA is a systemic chronic inflammatory disease that is char-
acterized by joint inflammation and loss of function. The changes 
that occur in the synovial lining layer constitute key features of 
RA, including exaggerated inflammation, proliferation, and inva-
sion (37). Both synovial tissue macrophages and FLS in the lin-
ing extensively participate in chronically activated inflammation 
through production of cytokines. These cytokines act on FLS 
and immune cells, helping to drive RA chronicity. FLS in the inti-
mal lining display features of transformed cells and present an 
aggressive phenotype in RA, which is responsible for the forma-
tion of pannus and cartilage damage. There is a complex inter-
action between FLS and immune cells of the innate and adaptive 
immune  systems (1,4,38).

DDR- 2 is an RTK that can be activated by fibrillar colla-
gen, and its function is mainly associated with collagen–cell 
interactions (39,40). Alterations to DDR- 2 have been reported 
across broad cancer types, being mainly related to the aggres-
sive phenotype of this RTK (41). DDR- 2 is a critical regulator of 
collagen- related functions and is responsible for remodeling of 
the extracellular matrix, differentiation and migration of fibroblasts, 
as well as formation and proliferation of neovessels (23,42–44). 
Our colleagues reported that DDR- 2 is predominantly expressed 
in RA synovial tissue and RA FLS, and contributes to cartilage 
and bone destruction in RA and OA through the regulation of 
MMP production (11,14,45). We previously proposed a “Collagen   
II–DDR2–MMPs–Collagen II” vicious feedback loop underlying the 
cartilage destruction in RA (18,19). However, whether and how 
DDR- 2 regulates inflammatory reactions and bone destruction in 
RA is still far from fully elucidated.

IL- 15 is a multifunctional proinflammatory cytokine that 
appears to help regulate osteoclast differentiation in RA (46,47), 
and IL- 15 also plays an essential role in facilitating recruitment and 
activation of immune cells and inducing production of proinflam-
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matory cytokines such as tumor necrosis factor, IL- 6, and IL- 1β 
(48,49). In particular, RA FLS constitutively express IL- 15, which 
induces T cell activation and cytokine secretion (50). However, the 
detailed mechanisms of aberrant expression of IL- 15 in RA FLS 
are still unclear.

Dkk- 1 is known as a Wnt signaling pathway inhibitor, and 
acts as a master regulator of joint remodeling (51). The serum 
levels of Dkk- 1 were found to be positively correlated with bone 
erosion and inflammation in patients with RA (52), and Dkk- 1 also 
enhances the migration of FLS (53). Notably, Dkk- 1 expressed 
by synovial fibroblasts is involved in the pathogenesis of early 
RA, through both the induction of an inflammatory response and 
the enhancement of joint destruction (54). Thus, targeting  IL- 15/
Dkk- 1 might provide a protective effect against the aberrant 
immune response and bone erosion observed in patients with RA.

In the present study, we revealed that IL- 15 and Dkk- 1 
were potently induced by DDR- 2 activation, which suggests that 
DDR- 2 may contribute greatly to the abnormal phenotype of RA 
FLS. Based on the data from this study, we arrived at the fol-
lowing hypotheses regarding the role of DDR- 2 in RA FLS. Type 
II collagen binds to and triggers the activation of DDR- 2 in RA 
FLS. Activated DDR- 2 then induces H19 expression through the 
canonical p38/MAPK/c- Myc signaling pathway. The enhanced 
levels of H19 in the cytoplasm of RA FLS can accelerate the deg-
radation of miR- 103a by the miRNA sponge effect, ultimately pro-
moting miR- 103a–targeted production of IL- 15 and Dkk- 1.

Considering that the type II collagen–DDR- 2 interaction 
triggers various downstream signaling pathways via dozens of 
terminal effector molecules (such as IL- 15 and Dkk- 1), thereby 
contributing to the infiltration of inflammatory cells and destruction 
of cartilage and bone seen in RA, blockade of the type II collagen–
DDR- 2 interaction would thus appear to be a promising approach 
to the treatment of RA. Fortunately, DDR- 2 can be blocked by 
several US Food and Drug Administration–approved RTK inhib-
itors, and dasatinib was proven as the most potent one (55). A 
recent study demonstrated that inhibition of DDR- 2 by dasatinib 
attenuated the severity of inflammation and bone destruction 
in mice with collagen- induced arthritis and decreased the migra-
tion and proliferation of RA FLS (56). However, dasatinib may be 
less effective as a DDR- 2 inhibitor because of its low specificity 
and high affinity, with its multitargeted design (in tight combination 
with other targets such as Src and Abl kinase), thereby lacking 
specificity for DDR- 2 (57). Recently, a new kind of small  molecule 
regulator that targets the extracellular domain of an RTK have 
been described (58). WRG- 28 is a newly identified potent and 
selective allosteric inhibitor of DDR- 2, which acts via the extracel-
lular domain of DDR- 2 and potentially disrupts receptor clustering 
without affecting DDR- 1 (a homologous family member of DDR- 2) 
and α1β1 integrin (an unrelated collagen receptor) (24). To further 
verify our in vitro data, we adapted the synthetic route of WRG- 
28 and evaluated its therapeutic effects in mice with CAIA. We 
found that WRG- 28 greatly decreased the impact of DDR- 2 on 

the inflammatory reaction and joint destruction in mice with CAIA, 
via the DDR- 2–mediated IL- 15 and Dkk- 1 signaling axis.

In summary, our findings provide the first evidence that DDR- 2 
is responsible for the production of IL- 15 and Dkk- 1 in RA syno-
vial tissue and is involved in the inflammatory reaction and joint 
destruction in RA. Inhibition of DDR- 2 with a selective small mole-
cule inhibitor appears to alleviate arthritis in mice with CAIA. These 
findings indicate that DDR- 2, and potentially other members of the 
associated pathways, could be leveraged as candidate targets for 
novel RA therapies.
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Using Cumulative Load to Explain How Body Mass Index 
and Daily Walking Relate to Worsening Knee Cartilage 
Damage Over Two Years: The MOST Study
Dana Voinier,1  Tuhina Neogi,2 Joshua J. Stefanik,3 Ali Guermazi,2 Frank W. Roemer,2  Louise M. Thoma,1
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Objective. Knee cartilage damage is often linked to mechanical overloading. However, cartilage requires  mechanical 
load to remain healthy, suggesting that underloading may be detrimental. This study was undertaken to examine knee 
overloading and underloading by defining cumulative load as the joint effects of body mass index (BMI) and daily 
walking, and examine the relationship between cumulative load and worsening cartilage damage over 2 years.

Methods. We used data from the Multicenter Osteoarthritis Study. Steps/day, measured by accelerometry, and 
BMI were calculated at the 60- month visit. Cartilage damage on magnetic resonance imaging was semiquantitatively 
scored using the Whole- Organ Magnetic Resonance Imaging Score (WORMS) at the 60- month and 84- month visits; 
worsening damage was defined as increased WORMS between visits. Risk ratios (RRs) and 95% confidence intervals 
(95% CIs) were calculated using binomial regression, with adjustment for potential confounders.

Results. Our study included 964 participants, 62% of whom were female, with a mean ± SD age of 66.9 ± 7.5 
years. Participants had a mean ± SD BMI of 29.7 ± 4.8 kg/m2 and walked a mean ± SD of 7,153 ± 2,591 steps/day. 
Participants who walked a moderate number of steps/day (6,000–7,900) or a high number of steps/day (>7,900) 
and had a high BMI (>31 kg/m2) had a greater risk of worsening medial tibiofemoral (TF) damage (RR 2.83 [95% CI 
1.46–5.48] and RR 2.61 [95% CI 1.50–4.54], respectively) compared with those who walked similar steps/day and 
had a low BMI (18–27 kg/m2). Participants with a low number of steps/day (<6,000) and a low BMI had a greater risk 
of worsening medial TF and lateral patellofemoral (PF) damage (RR 2.03 [95% CI 1.06–3.92] and RR 2.28 [95% CI 
1.06–4.85], respectively) compared with those who walked a high number of steps/day and had a low BMI. Effect 
estimates for other compartments of the knee did not reach statistical significance.

Conclusion. This study provides preliminary evidence that both overloading and underloading may be detrimen-
tal to medial TF cartilage, and underloading may be detrimental to lateral PF cartilage.

INTRODUCTION

Knee osteoarthritis (OA) is a chronic, debilitating disease 
that affects between 15 and 45 million Americans (1,2). A key 
risk factor of knee OA is obesity (3). Mechanistically, obesity 

places excessive loads on knee cartilage that lead to cartilage 
damage (4–6), the hallmark feature of knee OA. Obesity- related 
cartilage damage is common in both the medial tibiofemoral (TF) 
joint (7,8) and patellofemoral (PF) joint (9,10). Given the strong 
link between obesity and cartilage damage (11), knee OA has 
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historically been considered a disease of mechanical overload-
ing (12).

Conversely, knee cartilage requires a minimum amount of 
mechanical load to remain healthy. Mechanical load stimulates 
chondrocyte activity, promoting the synthesis of structural mac-
romolecules and nutrient exchange with synovial fluid (13). These 
normal cellular processes are detrimentally affected when the 
knee, a weight- bearing joint, is underloaded. Underloading at its 
most extreme (i.e., the complete absence of weight- bearing load) 
causes cartilage atrophy (14,15) and thinning (16). It is unknown 
whether such changes are transient, but it is plausible that they 
may lead to irreversible cartilage damage.

Underloading may occur due to low levels of physical activity, 
which is highly common in people with knee OA or those at risk of 
knee OA (17–19). There is mixed evidence regarding the relation-
ship between physical activity and knee cartilage damage (20,21), 
with most studies focused on consequences of high- volume 
physical activity or moderate- to- high–intensity physical activity 
(22–24). Little is known about the consequences of low levels of 
physical activity on knee cartilage health, but we hypothesize that 
low levels of activity increase the risk of knee cartilage damage 
through underloading.

Because obesity is linked to cartilage overloading and low 
physical activity is linked to cartilage underloading, the magnitude 
of knee joint load as well as the number of loading cycles can 
provide a valid and reliable estimate of knee joint load accumu-
lated over time (25,26). A previous study showed that an estimate 
of cumulative load, incorporating both knee adduction moment 
(KAM) and steps/day, better predicted worsening medial TF car-
tilage damage than KAM alone (7). Since laboratory- based mea-
sures of gait such as KAM are not feasible for large- scale studies 
and do not account for daily physical activity, we developed 
another estimate of cumulative load that incorporated body mass 

index (BMI) and steps/day. We then examined how our estimate 
of cumulative load related to worsening cartilage damage.

Therefore, the purpose of this study was to examine the 
association between BMI combined with steps/day and worsen-
ing cartilage damage over 2 years. We hypothesize that higher 
BMI increases the risk of worsening cartilage damage through 
overloading, and fewer number of steps/day increases the risk 
of worsening cartilage damage through underloading. The nov-
elty of this study lies in the use of a cumulative load approach to 
include 2 feasibly assessed measures (i.e., BMI and steps/day) 
that uniquely contribute to joint loading, which may improve our 
understanding of how knee joint load relates to cartilage damage.

PATIENTS AND METHODS

The MOST study. Data for these analyses are from the 
Multicenter Osteoarthritis (MOST) Study, an ongoing prospec-
tive, longitudinal National Institutes of Health/National Institute 
on Aging– funded cohort study that included 3,026 community- 
dwelling, ambulatory men and women age 50–79 years with knee 
OA or at high risk of developing knee OA at their baseline study 
visit (27). Inclusion and exclusion criteria for the MOST study have 
been described elsewhere (28). Enrollment and clinical measure-
ments were collected at study sites in Birmingham, Alabama and 
Iowa City, Iowa (28). Data collection was approved by the institu-
tional review boards at both study sites. Because the 60- month 
visit is the earliest visit using accelerometry to measure physical 
activity, we refer to the 60- month visit as our study baseline.

Additional study inclusion/exclusion criteria. We 
included participants from the MOST study if knee magnetic 
 resonance imaging (MRI) was performed at the 60- month visit 
and the 84- month visit. Participants from the MOST study were 

Figure 1. Flow chart depicting sample size reduction. MOST = Multicenter Osteoarthritis Study; MR = magnetic resonance; PA = physical 
activity; TFJ = tibiofemoral joint; PFJ = patellofemoral joint; WORMS = Whole- Organ Magnetic Resonance Imaging Score.
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excluded if they had 1) invalid or missing physical activity data at 
baseline, 2) missing BMI values at baseline, or 3) missing covariate 
data (i.e., previous knee injury or surgery) at baseline (Figure 1).

Exposure (physical activity at baseline). Physical activ-
ity was objectively measured at baseline using the StepWatch 3 
Activity Monitor (Orthocare Innovations LLC), an ankle- worn step 
monitor that demonstrates high validity and high reliability for esti-
mating physical activity in older adults (29). Study participants 
were asked to wear the monitor for 7 days during waking hours. 
Participants were considered to have valid physical activity data if 
they had ≥4 valid wear days, with a valid wear day defined as ≥10 
hours of wear during the day (19). Average number of steps/day 
were calculated using valid wear days for each participant.

Exposure (BMI at baseline). BMI was calculated using 
weight and height measured at baseline. Weight was measured in 
kilograms (to the nearest 0.1 kg) using a standard balance beam 
scale. Standing height was measured twice in millimeters using 
a wall- mounted Harpenden stadiometer, and then average height 
(in millimeters) was calculated. BMI (kg/m2) was then calculated 
using the following formula: weight (kg) / [(average height (mm) × 
1,000)2].

Outcome measure (worsening knee cartilage dam-
age from baseline to 2 years). All participants had knee 
MRIs at the 60- month visit and 84- month visit (the baseline and 
2- year follow- up time point for the current study, respectively) 
using a 1.0- Tesla extremity MRI system (OrthOne; ONI Medical 
Systems). A subset of participants had a knee MRI read longitu-
dinally, reflecting a random sample. MR images were scored by 
2 musculoskeletal radiologists (AG and FWR) using the Whole- 
Organ MRI Score (WORMS) (30).

Cartilage morphology was assessed in 14 knee subre-
gions, wherein each subregion was given a cartilage morphol-
ogy WORMS on an 8- point scale (30). The tibiofemoral (TF) 
joint consisted of 10 subregions, which were grouped into the 
medial TF joint compartment (5 subregions, the medial cen-
tral femur, medial posterior femur, medial anterior tibia, medial 
central tibia, and medial posterior tibia) and the lateral TF joint 
compartment (5 subregions, the lateral central femur, lateral 
posterior femur, lateral anterior tibia, lateral central tibia, and 

lateral posterior tibia). The patellofemoral (PF) joint consisted 
of 4 subregions, which were grouped into the medial PF joint 
 compartment (2 subregions, the medial anterior femur and 
medial patella) and the lateral PF joint compartment (2 sub-
regions, the lateral anterior femur and lateral patella). If ≥1 
subregion within a compartment had a maximum cartilage 
morphology WORMS at baseline (i.e., grade 6) or had missing 
cartilage morphology WORMS at either time point, the com-
partment was excluded from the analysis.

The primary outcome measure (worsening cartilage damage) 
was defined as the increase in cartilage morphology WORMS in 
any subregion within a compartment from baseline to 2 years. 
This included within- grade changes for definite visually detectable 
progression that does not fulfill the criteria of a full grade change 
(31). Interrater agreement for change/no change in cartilage mor-
phology WORMS over a similar time frame (30 months) ranged 
from 0.81 to 1.00 (31).

Potential confounders (age, sex, previous knee injury, 
and previous knee surgery). We adjusted our analyses for the 
following potential confounders: baseline age, given its association 
with physical activity (18,32) and worsening cartilage defects (33); 
sex, given its association with physical activity (32) and worsening 
knee cartilage defects (33); history of injury to the knee that under-
went MRI that limited walking for at least 2 days (yes/no), given its 
association with incident knee OA (34); and history of surgery to 
the knee that underwent MRI (yes/no), given its association with 
incident knee OA (35).

Statistical analysis. We identified tertiles of BMI for the 
study sample using baseline BMI. The tertiles were defined as 
low BMI (18.2–27.2 kg/m2), moderate BMI (>27.2–31.6 kg/m2), 
and high BMI (>31.6–50.6 kg/m2). We also identified tertiles using 
baseline number of steps/day defined as low steps (1,277–6,004 
steps/day), moderate steps (>6,004–7,894 steps/day), or high 
steps (>7,894–19,450 steps/day). Nine groups were created by 
combining the 2 sets of tertiles (Table 1). The characteristics of 
these groups can be found in Supplementary Table 1 (available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.

com/doi/10.1002/art.41181/ abstract).
To examine the effect of BMI as a mechanism of mechanical 

overloading, we compared groups of BMI (low, moderate, high) 

Table 1. Nine groups (combination of 2 sets of tertiles) stratified by baseline BMI and baseline steps/day*

Low steps/day 
(1,277–6,004 steps/day)

Moderate steps/day 
(>6,004–7,894 steps/day)

High steps/day 
(>7,894–19,450 steps/day)

Total in each 
BMI group

Low BMI (18.2–27.2 kg/m2) 66 104 151 321
Moderate BMI (>27.2–31.6 kg/m2) 106 116 100 322
High BMI (>31.6–50.6 kg/m2) 149 102 70 321
Total in each steps/day group 321 322 321

* Values are the number of participants (total n = 964). BMI = body mass index.

http://onlinelibrary.wiley.com/doi/10.1002/art.41181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41181/abstract
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within each stratum of steps/day. Binomial regression and robust 
standard error estimation were used to determine risk ratios (RRs) 
and 95% confidence intervals (95% CIs) for worsening cartilage 
damage in the moderate BMI group and high BMI group com-
pared with the low BMI (referent) group.

To examine the effect of steps/day as a mechanism of 
mechanical underloading, we compared groups of steps/day (low, 
moderate, high) within each stratum of BMI. Binomial regression 
and robust standard errors were again used to determine RRs 
and 95% CIs for worsening cartilage damage in the low steps/
day group and moderate steps/day group compared with the high 
steps/day (referent) group.

Sensitivity analysis. Using the same approach as 
described above and adjusting for the same potential confound-
ers, we examined potential overloading by comparing the high-
est loading group (high BMI and high steps/day; n = 70) with the 
moderate loading group (moderate BMI and moderate steps/day; 
n = 116). We also examined potential underloading by comparing 

the lowest loading group (low BMI and low steps/day; n = 66) with 
the moderate loading group.

RESULTS

Study sample. We included 964 MOST study participants 
in our analysis (Figure 1). This sample consisted of older adults 
(mean ± SD age of 66.9 ± 7.5 years) who were mostly female 
(62%) and who had a mean ± SD BMI of 29.7 ± 4.8 kg/m2. These 
older adults engaged in moderate daily walking (mean ± SD of 
7,153 ± 2,591 steps/day), which is consistent with previous anal-
yses in the MOST cohort (23) and is slightly higher than observed 
for adults age 60–69 years in the general population (mean 3,302–
6,127 steps/day) (36). Some participants had a history of knee 
injury (26%) or knee surgery (9%), and some participants reported 
at least mild knee pain in the past 30 days (43%). Characteristics 

of the study sample can be found in Table 2.

Worsening cartilage damage. Worsening cartilage dam-
age over 2 years was most common in the medial TF joint (192 
[21%] of 905 participants); of the medial TF joint compartments with 
worsening damage, 30% (in 58 of 192 participants) were based 
on within- grade changes. Worsening cartilage damage was least 
common in the medial PF joint (116 [13%] of 881 participants), with 
45% (in 52 of 116 participants) based on within- grade changes. 
For participants with worsening damage in the lateral TF joint and 
lateral PF joint compartments, 19% (30 of 157 participants) and 
39% (46 of 117 participants), respectively, were based on within- 
grade changes. In all compartments, the majority of within- grade 
changes occurred within a WORMS of 3  (59–75%), although 
some occurred within a WORMS of 2 (4–26%) or a WORMS of 5 
(3–35%) depending on the compartment. In the medial TF and lat-
eral PF joint compartments, participants with worsening cartilage 
damage had a higher BMI and lower steps/day than those without 

worsening cartilage damage (Table 3).

Table 2. Characteristics of the study sample (n = 964)*
Age, mean ± SD years 66.9 ± 7.5
Female 594 (62) 
History of previous knee injury (yes) 253 (26)
History of previous knee surgery (yes) 90 (9)
Body mass index, mean ± SD kg/m2 29.7 ± 4.8
No. of steps/day, mean ± SD 7,153 ± 2,591
Presence of radiographic OA (yes) 364 (38)
Presence of knee pain in past 30 days 

None (0–9 on a 100- mm VAS) 554 (57)
Mild (10–39 on a 100- mm VAS) 328 (34)
Moderate–severe (>40 on a 100- mm VAS) 82 (9)

Frontal knee alignment (defined by 
hip- knee- ankle angle)

Normal (178° < hip- knee- ankle angle < 182°) 415 (43)
Varus (hip- knee- ankle angle <178°) 424 (44)
Valgus (hip- knee- ankle angle >182°) 125 (13)

* Except where indicated otherwise, values are the number (%). OA = 
osteoarthritis; VAS = visual analog scale. 

Table  3. Characteristics of participants without worsening cartilage damage versus participants with worsening 
cartilage damage*

BMI, 
mean ± SD

Steps/day, 
mean ± SD

BMI tertile, 
% low/moderate/high

Steps/day tertile, 
% low/moderate/high

Medial TF joints (n = 905)
No worsening (79%) 29.4 ± 4.7 7,254 ± 2,562 36/34/30 32/34/34
Worsening (21%) 30.7 ± 4.9 6,820 ± 2,665 26/31/43 39/30/31

Lateral TF joints (n = 954)
No worsening (84%) 29.7 ± 4.8 7,188 ± 2,641 33/33/34 33/33/34
Worsening (16%) 29.5 ± 4.8 6,987 ± 2,333 34/35/31 37/33/30

Medial PF joints (n = 881)
No worsening (87%) 29.7 ± 4.8 7,150 ± 2,609 33/34/33 34/33/33
Worsening (13%) 29.3 ± 4.4 7,180 ± 2,472 34/32/34 29/37/34

Lateral PF joints (n = 851)
No worsening (86%) 29.6 ± 4.8 7,207 ± 2593 34/34/32 33/33/34
Worsening (14%) 30.0 ± 4.7 6,804 ± 2,563 32/28/40 34/39/27

* BMI = body mass index; TF = tibiofemoral; PF = patellofemoral.
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Effect of BMI (hypothesized overloading with high 
BMI). Among participants who had high steps/day (>7,900–
19,500 steps/day), those with a high BMI had a greater risk of 
worsening medial TF joint damage (RR 2.61 [95% CI 1.50–4.54]) 
compared with those with a low BMI (referent group). Similarly, 
among participants who had moderate steps/day (>6,000–
7,900 steps/day), those with a high BMI had a greater risk of 
worsening medial TF joint damage (RR 2.83 [95% CI 1.46–5.48]) 
compared with those with a low BMI (referent group). Among 
participants who had low steps/day, there was no increased risk 
for worsening cartilage damage in those with a moderate BMI or 
a high BMI compared with those with a low BMI (referent group). 
In the lateral TF joint compartment and the medial PF joint com-
partment, BMI was not associated with greater risk of worsening 
cartilage damage in any of the steps/day strata (Figure 2).

Effect of steps/day (hypothesized underloading with 
low steps/day). Among participants with low BMI (18.2–27.2 
kg/m2), those who had low steps/day had a greater risk of wors-
ening medial TF joint damage (RR 2.03 [95% CI 1.06–3.92]) com-
pared with participants who had high steps/day (referent group). 
Similarly, among participants with low BMI, those who had low 
steps/day had a greater risk of worsening lateral PF joint damage 
(RR 2.28 [95% CI 1.06–4.85]) compared with those who had high 
steps/day (referent group). No associations were noted for num-
ber of steps/day among the moderate BMI and high BMI strata for 
the medial TF joint compartment or lateral PF joint compartment. 
Further, number of steps/day were not associated with greater 
risk of worsening cartilage damage in any of the BMI strata in the 
lateral TF joint compartment and medial PF joint compartment 
(Figure 3).

Results of the sensitivity analysis. For the medial TF 
joint compartment, participants in the highest loading group (high 
BMI and high steps/day) had greater risk of worsening cartilage 
damage (RR 1.84 [95% CI 1.09–3.11]) compared with the moder-
ate loading (referent) group (moderate BMI and moderate steps/
day). Participants in the lowest loading group (low BMI and low 
steps/day) also had a greater risk of worsening cartilage damage 
(RR 1.31 [95% 0.73–2.38]) compared with the moderate loading 
(referent) group, although this did not reach statistical significance.

For the lateral PF joint compartment, participants in the high-
est loading group did not have a greater risk of worsening cartilage 
damage (RR 1.41 [95% 0.60–3.33]) compared with the mod-
erate loading (referent) group. Participants in the lowest loading 
group had a greater risk of worsening cartilage damage (RR 2.17  
[95% CI 0.97–4.61]) compared with the moderate loading (refer-
ent) group, although this also did not reach statistical significance.

For the lateral TF joint compartment and medial PF joint com-
partment, participants in the highest and lowest loading groups 

Figure  2. Hypothesized risk of worsening cartilage damage 
related to overloading (higher body mass index [BMI]) in the 
steps/day strata. Values are the adjusted risk ratio and 95% 
confidence interval. Analyses were adjusted for age, sex, and 
previous knee injury/surgery. Asterisks indicate a significant 
association. REF = referent; TFJ = tibiofemoral joint; PFJ = 
patellofemoral joint.
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did not have any greater risk of worsening cartilage damage com-
pared with the moderate loading (referent) group.

DISCUSSION

We found that knee overloading is related to worsening 
cartilage damage over 2 years. Among participants who walked 
>6,000–19,000 steps/day, those with a high BMI (>31 kg/m2) 
had a greater risk of worsening cartilage damage in the medial TF 
joint compared with those with a low BMI (18–27 kg/m2). We also 
found preliminary evidence that knee underloading is related to 
worsening cartilage damage over 2 years. Specifically, we found 
that among participants with a low BMI (18–27 kg/m2), those with 
low levels of daily walking (<6,000 steps/day) had a greater risk of 
worsening cartilage damage in the medial TF joint and lateral PF 
joint compared with participants with high levels of daily walking 
(>7,900–19,000 steps/day). Thus, it seems that the combination 
of BMI and number of steps/day had the most detrimental effect 
with regards to both overloading (high BMI and high steps/day) 
and underloading (low BMI and low steps/day). It should be noted 
that 50% of the participants who we classified as having a low 
BMI (18–27 kg/m2) had a BMI of ≥25 kg/m2, which is classified as 
overweight according to the World Health Organization. Our sen-
sitivity analysis yielded similar findings, although many effect esti-
mates did not reach statistical significance. This can be attributed 
to the substantially reduced sample size for our sensitivity analysis 
(n = 252) compared with that of our primary analyses (n = 964).

Our findings underscore the usefulness of cumulative load 
in that it incorporates objectively measured physical activity  
(i.e., number of steps/day) and other mechanical factors to  provide 
insight into the relationship between mechanical load and knee 
cartilage health. Our findings are consistent with those of previ-
ous studies that estimated cumulative load (i.e., number of steps/
day and KAM, and number of steps/day and body weight) (7,37), 
and related it to cartilage damage over time. Studies  relating only 
number of steps/day to cartilage damage have had mixed results 
(20,21,24), while those relating cumulative load to cartilage dam-
age have yielded more consistent results.

Our findings support a theoretical ‘U- shaped’ relationship 
between loading and cartilage damage in the medial TF joint com-
partment, where both overloading and underloading increased the 
risk of worsening knee cartilage damage (Supplementary Table 2, 
available on the Arthritis & Rheumatology web site at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41181/ abstract). The medial 
TF joint is designed to withstand higher loads than the lateral TF 
joint while walking (38), but these loads are further increased in 
individuals who are obese (45% of our sample) (39), have varus 
frontal knee alignment (44% of our sample) (40), or have radio-
graphic knee OA (38% of our sample) (41). Excessive medial TF 
joint loads can be compounded by walking several thousand 

Figure  3. Hypothesized risk of worsening cartilage damage 
related to underloading (fewer steps/day) in the body mass 
index (BMI) strata. Values are the adjusted risk ratio and 95% 
confidence interval. Analyses were adjusted for age, sex, and 
previous knee injury/surgery. Asterisks indicate a significant 
association. REF = referent; TFJ = tibiofemoral joint; PFJ = 
patellofemoral joint.

http://onlinelibrary.wiley.com/doi/10.1002/art.41181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41181/abstract
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steps/day; thus, it was unsurprising to find that individuals who 
had a high BMI and were in the highest tertile of steps/day had 
evidence of worsening cartilage damage in the medial TF joint.

Interestingly, our findings identified potential medial TF joint 
underloading. Individuals with a history of knee injury and prev-
alent knee OA (12% of our sample) demonstrate lower medial 
TF joint contact forces during gait (42); similarly, reduced medial 
TF joint loads may occur in individuals with valgus frontal knee 
alignment (13% of our sample). These characteristics were fairly 
uncommon in our study sample, so it is more likely that worsening 
cartilage damage related to underloading of the medial TF joint is 
due to an inadequate number of steps/day and low BMI rather 
than altered joint kinetics or knee malalignment.

Evidence of an association between worsening cartilage 
damage in the lateral TF joint and overloading was not found. This 
was expected, given that the lateral TF joint experiences higher 
loads and subsequent cartilage damage in individuals with val-
gus frontal knee alignment (13% of our sample) (38), which was 
relatively uncommon. However, we expected to find evidence of 
lateral TF joint underloading for the same reasons as medial TF 
joint underloading (i.e., low steps/day and low BMI); the reason for 
the absence of this finding remains unclear.

We also did not find evidence of worsening cartilage dam-
age in the medial PF joint or lateral PF joint related to over-
loading, for which our explanation is two- fold. First, a study by 
Gross et al (43) using data from 3 large cohort studies (including 
MOST) showed that PF joint cartilage damage was less likely 
to be associated with certain load- related biomechanical factors 
than was previously assumed. More specifically, Gross and col-
leagues found that medial PF joint cartilage damage was not 
associated with knee alignment, and lateral PF joint cartilage 
damage was not explained by increased lateral PF joint loading 
(43). Second, our exposure variable, number of steps/day, cap-
tures an activity that primarily loads the TF joint; thus, we have 
likely underestimated the frequency of PF joint loading. Because 
neither biomechanical factors nor number of steps/day can ade-
quately explain PF joint overloading, it is unsurprising that we did 
not find evidence of worsening cartilage damage in the medial or 
lateral PF joint related to overloading.

Finally, we did find evidence of worsening cartilage damage 
in the lateral PF joint, but not in the medial PF joint, that may be 
related to underloading. This may be explained by the high prev-
alence of varus frontal knee alignment (44% of our sample). Varus 
alignment is associated with external femoral rotation, relative inter-
nal tibial rotation, and reduced contact pressures in the lateral PF 
joint (44). Decreased lateral PF joint loading, compounded by low 
steps/day and low BMI, can explain our findings of underloading in 
the lateral PF joint and not in the medial PF joint. Further, increased 
dynamic knee stiffness in individuals with radiographic OA (38% of 
our sample) may indicate guarding and offloading of that knee, and 
has been linked to a greater risk of worsening cartilage damage in 
the lateral PF joint, but not in the medial PF joint (45).

The present study has several strengths. First, we used lon-
gitudinal data from a large cohort study (MOST) with a rigorous, 
standardized collection of clinical data and MRIs. The MOST 
study provides a rich dataset for epidemiologic studies in knee 
OA research. Second, we included the medial and lateral PF joint 
compartments in our study, whereas previous studies of cumu-
lative load have included the TF joint only. In a population- based 
cohort (the Framingham Osteoarthritis Study), the PF joint had a 
greater prevalence of isolated cartilage damage on MRI than the 
TF joint (46). The PF joint has historically been overlooked as a 
site for OA- related cartilage damage, but our study showed the 
lateral PF joint to be a site of potential underloading. Third, we 
used an objective measure of physical activity (number of steps/
day measured using accelerometry), which is less sensitive to sex 
and age differences compared with self- reported measures of 
physical activity (47).

Our findings should be interpreted in light of several limita-
tions. The first limitation, as mentioned above, is that we are un -
able to capture specific activities that load the PF joint, such as 
stair climbing or repeated squatting/bending (48). The StepWatch 
3 Activity Monitor accurately measures walking (steps/day), but no 
other specific physical activities. Hence, we are unable to examine 
the relationship between other physical activities and worsening 
PF and TF cartilage damage. However, a previous study showed 
that the MOST participants do not frequently engage in activities 
other than walking (49). Further, given the link between altered gait 
mechanics and PF cartilage damage (45), objective measures of 
number of steps/day only, without other activities, may still be of 
interest for future studies.

A second limitation is that our 2- year length of follow- up may 
be inadequate to capture worsening cartilage damage. However, 
worsening cartilage damage was present in 12–23% of partici-
pants depending on joint compartment, which is consistent with 
other studies that had a 2- year follow- up period (7,45,50).

A third limitation is that we did not have measures of systemic 
inflammation, which may confound the relationship between 
obesity and worsening cartilage damage. While obesity clearly 
increases joint loading to the detriment of cartilage health (5,9), 
obesity also creates systemic inflammation that may contribute 
to cartilage damage; thus, the mechanism of the BMI association 
cannot be further specified.

A final limitation is that our analyses were not adjusted for 
frontal knee alignment, which may have influenced our find-
ings in the medial joint versus the lateral joint compartments. 
Because knee alignment can change due to worsening car-
tilage damage, we could only adjust for knee alignment as a 
time- varying covariate. Unfortunately, we did not have data 
on changes in knee alignment over the course of the study, 
and therefore could not include it as a time- varying covariate. 
Future studies will examine the effects of frontal knee alignment 
on cartilage damage in the context of knee overloading and/or 
underloading.
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To conclude, we have found preliminary evidence that knee 
joint underloading, in addition to overloading, may be associated 
with worsening cartilage damage in certain compartments of the 
knee, particularly the medial TF joint and lateral PF joint. Identifying 
the consequences of knee underloading (i.e., through low levels 
of physical activity) may provide additional justification for the use 
of physical activity interventions, and guide what types of inter-
ventions should be prioritized in those with or at risk of knee OA.
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Associations Between Radiographic and 
Ultrasound- Detected Features in Hand Osteoarthritis 
and Local Pressure Pain Thresholds
Pernille Steen Pettersen,1  Tuhina Neogi,2  Karin Magnusson,3  Hilde Berner Hammer,4  Till Uhlig,1

Tore K. Kvien,1  and Ida K. Haugen1

Objective. Pain sensitization contributes to the complex osteoarthritis (OA) pain experience. The relationship 
between imaging features of hand OA and clinically assessed pain sensitization is largely unexplored. This study was 
undertaken to examine the association of structural and inflammatory features of hand OA with local pressure pain 
thresholds (PPTs) in the Nor- Hand study.

Methods. The cross- sectional relationship of severity of structural radiographic features of hand OA (measured 
according to the Kellgren/Lawrence scale [grade 0–4] and the absence or presence of erosive joint disease) as well 
as ultrasound- detected hand joint inflammation (assessed by gray- scale synovitis [grade 0–3] and the absence or 
presence of power Doppler activity) to the PPTs of 2 finger joints was examined by multilevel regression analyses 
adjusted for age, sex, and body mass index, using beta values with 95% confidence intervals (95% CIs).

Results. A total of 570 joints in 285 participants included in the Nor- Hand study were assessed. Greater structural 
and inflammatory severity was associated with lower PPTs, with adjusted beta values of −0.5 (95% CI −0.6, −0.4) per 
Kellgren/Lawrence grade increase, −1.4 (95% CI −1.8, −0.9) for erosive versus non- erosive joints, −0.7 (95% CI −0.9, 
−0.6) per gray- scale synovitis grade increase, and −1.5 (95% CI −1.8, −1.1) for joints with power Doppler activity on 
ultrasound versus those without.

Conclusion. Greater severity of structural pathologic features and hand joint inflammation was associated with 
lower PPTs in the finger joints of patients with hand OA, indicating pain sensitization. Our results indicate that pain 
sensitization might be driven by structural and inflammatory pathology in hand OA.

INTRODUCTION

Pain is the main symptom experienced by patients with hand 
osteoarthritis (OA) and represents a major health care challenge 
(1). About 14% of women and 7% of men between the ages of 
40 and 84 years are estimated to have symptomatic hand OA (2). 
Although OA is one of the most prevalent chronic pain conditions 
worldwide, treatment options remain focused on symptom relief, 

and both traditional analgesics and nonpharmacologic strategies 
have limited effect on pain or problematic side effects. The lack 
of effective analgesics may be due to our poor understanding 
of the determinants of OA- related pain. Increased knowledge of 
the mechanisms causing OA pain is therefore needed to develop 
new and better strategies for pain management and prevention.

A peripheral nociceptive input is traditionally believed to cause 
OA pain, and both structural and inflammatory changes in finger 
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joints are associated with pain (3–5). However, by which mecha-
nisms joint pathologies mediate pain is unclear.  Alterations in the 
peripheral and central sensory nervous system, called peripheral 
and central sensitization, allow pain signaling to be facilitated and 
cause an increased pain experience. These mechanisms may 
be induced by injury from, for example, mechanical pressure or 
inflammatory cytokines, and have been proposed as an explana-
tion as to why OA pain becomes chronic and persistent for a sub-
group of patients. Clinically assessed signs of pain sensitization, 
using quantitative sensory testing methods, have been found to be 
related to the presence and severity of pain in knee and hand OA 
(6,7). Pain sensitization is acknowledged as a clinically important 
treatment target. Yet, whether there are certain pathologic features 
that cause sensitization, and whether these are potential targets 
for the prevention or treatment of OA pain, is largely unknown.

OA- related tissue damage and inflammation has been asso-
ciated with peripheral sensitization to mechanical stimuli in animal 
studies (8). The excitation threshold for local nociceptors and the 
transmission of pain signals is lowered and causes increased sen-
sitivity to painful stimuli (hyperalgesia) and painful sensation from 
normally nonpainful stimuli (allodynia), consequently aggravating 
OA pain. Pain sensitization is difficult to investigate in humans 
because of the complexity of the many factors that influence 
pain perception. Sensory testing of the mechanical pressure pain 
threshold (PPT) on skin in close proximity to an affected joint is 
considered to reflect mechanisms of peripheral and/or central 
sensitization (9). Magnetic resonance imaging (MRI)–detected 
inflammation in knee OA, but not severity of radiograhic features, 
is associated with the development and worsening of local pres-
sure pain sensitivity in the knee (10). In contrast, a study on hand 
OA found that greater structural damage was associated with 
greater local sensitivity to mechanical pressure pain stimuli (11). 
However, the study sample was small (n = 13), and no data on 
inflammation were reported. Inflammation in hand OA is an impor-
tant symptom and might precede damage of cartilage and bone 
as an inducer of sensitization.

More knowledge about the mechanisms by which pain sen-
sitization occurs in OA is needed, especially for hand OA wherein 
the role of inflammation in the pathogenesis of pain sensitization 
is unknown. Hence, this study was undertaken to explore the 
cross- sectional association of structural radiographic features and 
ultrasound- detected inflammatory features with local PPTs in the 
finger joints of patients with hand OA in a large study from Norway 
and, additionally, to examine whether the observed associations 
were different between joints with pain and those without.

PATIENTS AND METHODS

Study design and population. We used baseline data 
from the Nor- Hand study, which included 300 individuals with hand 
OA. Detailed inclusion and exclusion criteria have been previously 
published (12). Participants received oral and written information 

and provided their written informed consent to  participate. The 
Norwegian Regional Committee for Medical and Health Research 
Ethics approved the study (reference no. 2014/2057).

Pressure pain threshold of painful and nonpainful 
finger joints. We tested PPTs in each participant at the follow-
ing sites in the hand: 2 joints among the distal interphalangeal 
(DIP) joints 2–5 and proximal interphalangeal (PIP) joints 1–5, the 
joint a patient reported to be “the most painful in daily life,” and a 
nonpainful joint. If none of the joints were reported to be painful, 
the joint with the most severe clinical OA (swelling and/or bony 
enlargements) was chosen for assessment. If none of the joints 
were pain free, the joint with the least pain and either no OA or 
the least clinically severe OA was chosen. A handheld algometer 
(FPIX 25; 1 cm2 flat rubber probe) was applied in a perpendic-
ular  direction on the dorsal aspect of the joint with increasing 
pressure (0.5 kg/second). The participants were instructed to 
say “stop” when the pressure first changed to slight pain. The 
average value (kg/cm2) from 3 tests on each joint was recorded 

Table 1. Demographic and clinical characteristics of the 285 study 
participants at the person level and joint level*
Demographic variables

Age, median (IQR) years 61 (57–66)
Female sex 251 (88)
Fulfillment of ACR hand OA criteria 268 (94)
Body mass index, mean ± SD kg/m2 26 ± 5
Symptom duration, median (IQR) years 6 (3–13)
Numeric rating scale of hand pain in the last 24 hours, 

mean ± SD (0–10)
3.8 ± 2.3

Regular use of analgesics
Acetaminophen 11 (4)
Oral or topical nonsteroidal antiinflammatory drugs 35 (12)
Opioids or opioid- like drugs 5 (2)
Antiepileptics, TCAs, and/or SNRIs 15 (5)

Kellgren/Lawrence sum score, median (IQR) (0–128)† 28 (16–43)
Erosive OA‡ 101 (35)
Ultrasound gray-scale synovitis sum score, median 

(IQR) (0–90)†
3 (1–7)

Number of joints with power Doppler activity grades 
1–3 on ultrasound, median (IQR) (0–30)†

1 (0–3)

Finger joints assessed (n = 570)§
Joints with Kellgren/Lawrence grade ≥2 290 (51)
Joints with erosive joint disease 63 (11)
Joints with gray-scale synovitis grades 1–3 on 

ultrasound
147 (26)

Joints with power Doppler activity grades 1–3 OA on 
ultrasound

98 (17)

* Except where indicated otherwise, values are the number (%).  
IQR = interquartile range; ACR = American College of Rheumatology; 
OA = osteoarthritis; TCAs = tricyclic antidepressants; SNRIs = 
serotonin and norepine phrine reuptake inhibitors. 
† Includes the bilateral distal and proximal interphalangeal, meta-
carpophalangeal, first carpometacarpal, and scaphotrapeziotrap-
ezoidal joints. 
‡ Defined as a participant having disease activity in the Verbuggen/
Veys erosive or remodeling phases present in at least 1 interphalan-
geal joint. 
§ Two joints (the joint reported to be most painful by a participant 
as well as a nonpainful joint among distal interphalangeal joints 
2–5 and proximal interphalangeal joints 1–5) were assessed in each 
participant. 
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(12). In a  subset of 9 participants, test–retest reliability of PPT 
was found to be moderate to good (intraclass correlation coef-
ficient 0.52–0.61).

Hand radiographs. Radiographs of the bilateral pos-
teroanterior hand joints were obtained for all participants. One 
experienced reader (IKH) scored all hand joints for OA severity 
on a 0–4 scale using a modified Kellgren/Lawrence (K/L) scale 
(2) and scored the DIP/PIP joints using the Verbruggen/Veys (V/V) 
anatomical phase scoring system (13). Joints in the erosive or 
remodeling phases were defined as erosive (14). DIP/PIP joints on 
20 radiographs were reassessed for intrareader reliability, which 
was excellent (κ with linear weighting = 0.92 for K/L grades 0–4; 
κ = 0.98 for the absence/presence of erosions in a yes/no format).

Ultrasound. On the same day as PPT testing, a trained medi-
cal student (Nicolai Ravn Aarskog, Diakonhjemmet Hospital, Oslo, 
Norway) performed the ultrasound examinations using a Logic S8 
ultrasound machine with a linear 6–15 MHz probe and a preset for 
optimal imaging of gray-scale synovitis and power Doppler (PD) 
activity (pulse repetition frequency 0.6 kHz, frequency 7.7 MHz) 
(General Electric). Initial scorings were done in consensus with an 
experienced ultrasonographer (Alexander Mathiessen, MD, PhD, 
Diakonhjemmet Hospital, Oslo, Norway).

The hand examination was performed with the participant’s 
hands resting in a flat position. All hand joints were scanned dor-
sally with longitudinal projection from the radial to the ulnar side of 
each joint. An additional transverse scan was performed when the 

presence of pathologic features of OA was uncertain. Gray- scale 
synovitis and PD activity were scored on 0–3 scales (15). Due 
to the low frequency of grade 2–3 PD activity, we dichotomized 
this variable (grade 0 versus grades 1–3). Interreader reliability of 
the assessments of the DIP/PIP joints in 10 participants between 
the medical student (Nicolai Ravn Aarskog) and the ultrasonog-
rapher (Alexander Mathiessen) was good, determined by preva-
lence and bias–adjusted kappa values for categorical variables 
with linear weighting (κ = 0.80 for gray-scale synovitis grades 0–3 
and κ = 0.79 for the absence/presence of PD activity).

Statistical analysis. Our study sample includes the as-
sessment of 2 joints per participant. The PPTs of 2 joints in 1 
person are likely to correlate. To account for this within- person 
effect, mixed model regression analyses were performed. The 
association between each structural and inflammatory imaging 
feature (independent variables) and PPT (dependent variable) was 
examined with adjustment for age, sex, and body mass index, 
using beta values with 95% confidence intervals (95% CIs). To 
explore whether inflammation is a confounder in the associations 
between radiographic OA and PPTs and whether radiographic 
severity is a confounder in the associations between inflammatory 
features and PPTs, we repeated the analyses, with adjustment for 
gray-scale synovitis and K/L grade, respectively. We also explored 
whether additional adjustment for nonsteroidal antiinflammatory 
drugs (NSAIDs) altered the associations between inflammation 
and PPT. Finally, to explore how pain influences these associa-
tions, we performed separate analyses for the  painful joints and 

Table 2. Associations between OA characteristics (structural radiographic features and ultrasound- detected inflammation) and 
PPTs in the same finger joints among 570 total joints assessed*

No. (%)

PPT, 
mean ± SD 

kg/cm2
Adjusted β 

(95% CI)

Adjustment for 
Kellgren/Lawrence OA 

grade or synovitis grade, 
β (95% CI)†

Kellgren/Lawrence 
Grade 0 187 (33) 4.9 ± 2.1 Referent Referent
Grade 1 93 (16) 4.7 ± 2.0 −0.3 (−0.6, 0.1) −0.1 (−0.5, 0.2)
Grade 2 137 (24) 4.7 ± 2.1 −0.5 (−0.9, −0.2) −0.4 (−0.7, 0.0)
Grade 3 79 (14) 3.5 ± 1.6 −1.6 (−2.0, −1.1) −1.2 (−1.7, −0.7)
Grade 4 74 (13) 2.9 ± 1.3 −2.0 (−2.4, −1.6) −1.4 (−1.9, −0.9)

Erosive OA disease
No 507 (89) 4.6 ± 2.1 Referent Referent
Yes 63 (11) 2.9 ± 1.2 −1.4 (−1.8, −0.9) −0.7 (−1.1, −0.2)

Gray-scale synovitis on ultrasound
Grade 0 423 (74) 4.7 ± 2.1 Referent Referent
Grade 1 72 (13) 3.9 ± 1.9 −0.9 (−1.3, −0.5) −0.3 (−0.7, 0.1)
Grade 2 48 (8) 3.3 ± 1.2 −1.4 (−1.9, −1.0) −0.9 (−1.4, −0.4)
Grade 3 27 (5) 2.5 ± 1.5 −2.0 (−2.6, −1.4) −1.2 (−1.8, −0.6)

Power Doppler activity grades 1–3 on 
ultrasound

No 472 (82) 4.7 ± 2.1 Referent Referent
Yes 98 (17) 3.1 ± 1.4 −1.5 (−1.8, −1.1) −0.9 (−1.2, −0.5)

* Mixed- effects multilevel regression analysis of 2 joints (units) per person (cluster). All analyses were adjusted for age, sex, and 
body mass index. PPT = pressure pain threshold; 95% CI = 95% confidence interval. 
† Analyses of Kellgren/Lawrence grade of radiographic osteoarthritis (OA) severity and erosive OA were adjusted for gray-scale 
synovitis. Analyses of gray-scale synovitis and power Doppler activity were adjusted for Kellgren/Lawrence OA grade. 
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the nonpainful joints. Analyses were performed using Stata soft-
ware version 15.

RESULTS

Quantitative sensory testing data were missing for 15 of 
the 300 individuals in the cohort due to equipment error (n = 9), 
incomplete examination (n = 1), and incomplete information on 
assessed joints (n = 5). Hence, 570 joints from 285 participants 

were examined in analyses (Table 1).

Radiographic OA features and PPT. As a continuous 
variable, a higher grade on the K/L scale was statistically signifi-
cantly associated with lower PPT values (β = −0.5 [95% CI −0.6, 
−0.4]). Joints with possible, definite, or severe OA observed on 
radiographs (K/L grades 2, 3, or 4, respectively), but not joints 
with doubtful radiographic OA (K/L grade 1), had significantly 
lower PPTs than joints with no radiographic OA (K/L grade 0) 
(Table  2). Similarly, the PPT values were significantly lower in 
erosive versus non- erosive joints (Table  2). Additional adjust-
ment for gray- scale ultrasound synovitis led to small reductions 
in the strength of the estimates, but the associations observed 
between OA severity on radiographs and PPT remained statisti-

cally significant (Table 2).

Ultrasound- detected inflammation and PPT. Greater 
severity of gray-scale synovitis (indicated by higher synovitis 
grades) was associated with lower PPT values (β = −0.7 [95% CI 
−0.9, −0.6]). Joints assessed as having synovitis grade 1, 2, and 3 
had statistically significantly lower PPTs than joints without synovi-
tis (gray-scale synovitis grade 0), even after additional adjustment 
for K/L grade (Table 2). Similar associations were found for PD 
activity (Table 2). Additional adjustment for regular use of NSAIDs 
did not alter the results (data not shown).

Sensitivity analyses. In separate analyses of the painful 
finger joints (n = 285), the strength of the associations remained 

similar to the main analyses (Table 3).
In the nonpainful joints (n = 285), similar trends were 

observed between lower PPTs and increasing K/L grade as a 
continuous variable (adjusted β = −0.3 [95% CI −0.5, −0.1]), pres-
ence of erosions (adjusted β = −1.2 [95% CI −2.6, 0.2]), increas-
ing gray-scale synovitis grade as a continuous variable (adjusted 
β = −0.6 [95% CI −1.3, 0.0]), and presence of PD activity grades 
1–3 (adjusted β = −1.0 [95% CI −2.1, 0.2]). Pathologic features 
were less frequently present in these nonpainful joints (Table 3), 
and fewer associations reached statistical significance.

DISCUSSION

In our study, both structural and inflammatory hand OA fea-
tures, independent of each other, were associated with lower PPT 

at finger joints and may represent possible drivers of pain sensiti-
zation. We also demonstrated that the relationship between more 
severe joint disease and greater local pain sensitivity was similar in 
joints with pain and those without.

Previous hand OA studies have shown that structural fea-
tures and inflammatory severity observed on radiographs, MRI, 
and ultrasound are strongly associated with joint tenderness on 
palpation (3–5). Our results are the first to support these findings 
with a semiobjective quantitative measure of pain sensitization. 
While the Doyle Index evaluates the presence of pain elicited by 
pressure or passive joint movement on a 0–3 scale (16), PPT 
determines the exact threshold at which increasing pressure first 
feels slightly painful. PPT testing, a recognized measure of pain 
sensitivity in pain research, is more standardized and nuanced 
with a scale value and could be more sensitive to change than 
joint tenderness, though we acknowledge that the potential 
added clinical value of PPT needs further exploration.

Our results are consistent with a small study of 13 patients 
with hand OA, in whom significant correlations between K/L grade 
and PPT at the same IP joint were found (11). Other studies have 
explored the associations between knee OA pathology and local 
pain sensitivity. MRI- detected synovitis was associated with lower 
PPT at the patella and predicted a significant reduction in PPT after 
2 years (10). In contrast to the strong association we observed 
between radiographic features of OA and PPT values, several stud-
ies on knee OA have not been able to demonstrate such an associ-
ation between radiographic knee OA and PPT after adjustment for 
potential confounders and pain severity (10). While the differences 
in our results between the painful and nonpainful joints should be 
interpreted with caution due to potential issues of precision, the 
stronger associations observed with painful joints may indicate an 
important role for pain symptoms themselves beyond radiographic 
abnormalities, similar to prior findings observed at the knee.

By using the PPT testing method, we demonstrated for 
the first time that even in joints without self- reported pain, radio-
graphic structural severity and ultrasound- detected inflammatory 
severity were associated with local pain sensitivity. These new and 
important findings may indicate that pain sensitization is an early 
feature in the pathogenesis of pain. Future longitudinal studies are 
needed to explore whether a low PPT in pain- free joints predicts 
the development of self- reported pain.

A limitation of our study is its cross- sectional design. How-
ever, the observed dose- dependent associations and the unlike-
liness that pain sensitivity causes joint disease supports a true 
relationship. Further, the study population assessed in this study 
has a wide range of disease severity, which makes it possible 
to present dose- response data that otherwise could have been 
difficult to uncover. This study was confined to explore primar-
ily peripheral sensitization via joint level associations. Local PPT 
was only tested in 2 finger joints per participant, which was a 
pragmatic choice. DIP/PIP joints are the joints with the highest 
prevalence of OA, and we considered the selection of the most 
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symptomatic joint and an asymptomatic joint to be sufficient to 
represent the local mechanisms we examined. Still, it is important 
to acknowledge that a PPT assessed adjacent to a site of patho-
logic changes in an individual could also be considered a compo-
nent of the individual’s overall central pain sensitization. Although 
the results of our study imply that preventing structural changes 
and treating inflammation might have clinical consequences, the 
relationship between structural changes/inflammation and central 
sensitization is still unknown. A study investigating the relationship 

between OA joint pathologic changes in the hand and PPTs at 
distant sites with no evident disease, or utilizing other quantitative 
sensory testing modalities of central sensitization (e.g., temporal 
summation), might help in making a clear distinction between 
peripheral sensitization and central sensitization.

Our results have potential implications for future research and 
therapeutic approaches. Pain sensitization is a potential treatment 
target both indirectly and directly. Indirectly, disease- modifying drugs 
that target structural and inflammatory  disease activity could alter 

Table  3. Association between PPT values and severity levels of structural radiographic features/inflammatory 
characteristics of OA in 285 painful finger joints and 285 nonpainful finger joints*

No. of 
patients

PPT, 
mean ± SD 

kg/cm2
Adjusted β 

(95% CI)

Adjustment for 
Kellgren/Lawrence OA 

grade or synovitis grade, 
β (95% CI)†

Painful finger joints
Kellgren/Lawrence 

Grade 0 63 4.5 ± 1.9 Referent Referent
Grade 1 41 4.3 ± 1.8 −0.3 (−1.1, 0.4) −0.3 (−1.0, 0.4)
Grade 2 62 4.6 ± 2.2 0.0 (−0.7, 0.7) 0.0 (−0.7, 0.7)
Grade 3 55 3.2 ± 1.6 −1.4 (−2.1, −0.7) −1.2 (−1.9, −0.5)
Grade 4 64 2.8 ± 1.2 −1.9 (−2.5, −1.2) −1.6 (−0.4, −0.9)
Continuous scales (grades 0–4) −0.5 (−0.6, −0.3) −0.4 (−0.6, −0.2)

Erosive OA disease
No 231 4.1 ± 2.0 Referent Referent
Yes 54 2.8 ± 1.2 −1.3 (−1.9, −0.7) −1.0 (−0.6, −0.2)

Gray-scale synovitis on ultrasound
Grade 0 159 4.3 ± 2.0 Referent Referent
Grade 1 57 3.8 ± 2.0 −0.5 (−1.1, 0.1) 0.0 (−0.5, 0.6)
Grade 2 43 3.3 ± 1.2 −1.0 (−1.6, −0.3) −0.3 (−0.9, 0.4)
Grade 3 26 2.5 ± 1.5 −1.8 (−2.6, −1.0) −1.1 (−1.9, −0.3)
Continuous scales (grades 0–3) −0.6 (−0.8, −0.3) −0.3 (−0.5, −0.0)

Power Doppler activity grades 1–3 
on ultrasound

No 201 4.2 ± 2.0 Referent Referent
Yes 84 3.0 ± 1.3 −1.3 (−1.8, −0.8) −0.8 (−1.3, −0.3)

Nonpainful finger joints
Kellgren/Lawrence 

Grade 0 124 5.1 ± 2.3 Referent Referent
Grade 1 52 5.0 ± 2.1 −0.1 (−0.7, 0.6) −0.0 (−0.7, 0.6)
Grade 2 75 4.8 ± 2.0 −0.3 (−0.9, 0.4) −1.2 (−0.8, 0.4)
Grade 3 24 4.2 ± 1.6 −1.0 (−1.9, −0.1) −0.9 (−1.9, 0.0)
Grade 4 10 3.6 ± 1.3 −1.4 (−2.7, −0.0) −1.3 (−2.8, 0.1)
Continuous scales (grades 0–4) −0.3 (−0.5, −0.1) −0.2 (−0.5, −0.0)

Erosive OA disease
No 271 5.0 ± 2.1 Referent Referent
Yes 9 3.6 ± 1.4 −1.2 (−2.6, 0.2) −1.1 (−2.5, 0.3)

Gray-scale synovitis on ultrasound
Grade 0 264 5.0 ± 2.1 Referent Referent
Grade 1 15 4.3 ± 1.4 −0.7 (−1.8, 0.4) −0.1 (−1.3, 1.1)
Grade 2 5 3.4 ± 1.2 −1.4 (−3.3, 0.4) −1.3 (−3.2, 0.6)
Grade 3 1 3.7 ± 0 −1.1 (−5.2, 2.9) −1.1 (−5.2, 3.0)
Continuous scales (grades 0–3) −0.6 (−1.3, −0.0) −0.4 (−1.1, 0.2)

Power Doppler activity grades 1–3 
on ultrasound

No 271 5.0 ± 2.1 Referent Referent
Yes 14 3.9 ± 1.4 −1.0 (−2.1, 0.2) −0.5 (−1.7, 0.7)

* Data were examined by linear regression analysis. All analyses were adjusted for age, sex, and body mass index. See 
Table 2 for definitions. 
† Analyses of Kellgren/Lawrence grade of radiogrpahic OA severity and erosive OA were adjusted for gray-scale synovitis. 
Analyses of gray-scale synovitis and power Doppler activity were adjusted for Kellgren/Lawrence OA grade. 
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pain sensitization and consequently pain. Directly,  mechanisms 
by which pain sensitization occurs are potential treatment targets 
themselves. Studies performed in recent years have revealed sev-
eral promising targets that are mediators of pain sensitization (e.g., 
nerve growth factor, tropomyosin- related kinase receptor A, and 
ion channels [1]). So far, only one clinical trial of disease or symp-
tom–modifying drugs in hand OA has included characterization 
of pain sensitization (17). Future clinical trials could benefit from 
including quantitative sensory testing of pain sensitization as a 
predictor of treatment efficacy, as a stratification tool to evaluate 
subgroup effects, or as an inclusion criterion to select the right 
pain phenotype for the intervention in question.

In summary, this is the first study to demonstrate an indepen-
dent association of structural and inflammatory hand OA features 
with lower local PPTs, indicating pain sensitization. The associ-
ations were similar in joints with pain and those without. These 
results complement preclinical evidence that pain sensitization, 
especially peripheral, might be driven by structural and inflamma-
tory features. Future research should investigate the role of pain 
sensitization as a potential target for hand OA pain  management 
or prevention.
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Role of Low- Density Lipoprotein in Early Vascular Aging 
Associated With Systemic Lupus Erythematosus
Hua-Chen Chan,1  Hsiu-Chuan Chan,2 Chan-Jung Liang,3 Hsiang-Chun Lee,4 Hung Su,5 An-Sheng Lee,6

Jentaie Shiea,5 Wen-Chan Tsai,7 Tsan-Teng Ou,7 Cheng-Chin Wu,7 Chih-Sheng Chu,4 Richard A. Dixon,8  
Liang-Yin Ke,4  Jeng-Hsien Yen,9 and Chu-Huang Chen10

Objective. Patients with systemic lupus erythematosus (SLE) often have atherosclerotic complications at a 
young age but normal low- density lipoprotein (LDL) levels. This study was undertaken to investigate the role of LDL 
composition in promoting early vascular aging in SLE patients.

Methods. Plasma LDL from 45 SLE patients (SLE- LDL) and from 37 normal healthy controls (N- LDL) was 
chromatographically divided into 5 subfractions (L1–L5), and the subfraction composition was analyzed. Correlations 
between subfraction levels and signs of early vascular aging were assessed. Mechanisms of lipid- mediated endothelial 
dysfunction were explored using in vitro assays and experiments in apoE−/− mice.

Results. The L5 percentage was increased 3.4 times in the plasma of SLE patients compared with normal controls. 
This increased percentage of SLE- L5 was positively correlated with the mean blood pressure (r = 0.27, P = 0.04), 
carotid intima- media thickness (IMT) (right carotid IMT, r = 0.4, P = 0.004; left carotid IMT, r = 0.36, P = 0.01), pulse 
wave velocity (r = 0.29, P = 0.04), and blood levels of CD16+ monocytes (r = 0.35, P = 0.004) and CX3CL1 cytokines (r = 
0.43, P < 0.001) in SLE patients. Matrix- assisted laser desorption ionization–time- of- flight mass spectrometry analysis 
revealed that plasma levels of lysophosphatidylcholine (LPC) and platelet- activating factor (PAF) were increased in 
SLE- LDL and in the SLE- L5 plasma subfraction. Injecting SLE- LDL, SLE- L5, or LPC into young, male apoE−/− mice 
caused increases in plasma CX3CL1 levels, aortic fatty- streak areas, aortic vascular aging, and macrophage infiltration 
into the aortic wall, whereas injection of N- LDL or SLE- L1 had negligible effects (n = 3–8 mice per group). In vitro, 
SLE- L5 lipid extracts induced increases in CX3CR1 and CD16 expression in human monocytes; synthetic PAF and 
LPC had similar effects. Furthermore, lipid extracts of SLE- LDL and SLE- L5 induced the expression of CX3CL1 and 
enhanced monocyte–endothelial cell adhesion in assays with bovine aortic endothelial cells.

Conclusion. An increase in plasma L5 levels, not total LDL concentration, may promote early vascular aging in 
SLE patients, leading to premature atherosclerosis.

INTRODUCTION

Patients with systemic lupus erythematosus (SLE) often have 
severe atherosclerotic complications that are rarely found in young 

women and that cannot be fully explained by traditional cardio-
vascular risk factors (1–3). Paradoxically, plasma concentrations of 
low- density lipoprotein (LDL) are not elevated in most SLE patients 
(1,4). Recent studies have revealed that SLE patients often show 
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signs of vascular aging, such as increases in carotid intima- media 
thickness (IMT) and arterial pulse wave velocity (PWV), at an early 
age (5). Early vascular aging (EVA) can have deleterious effects 
both on SLE patients and on young patients with essential hyper-
tension (6). Unlike in patients with type 2 diabetes mellitus, the 
increased carotid IMT seen in SLE patients is not associated with 
an elevated apolipoprotein B (Apo B):Apo A- I ratio (7). Thus, iden-
tifying the plasma factors that initiate vascular aging may be impor-
tant for developing new targeted approaches to SLE treatment.

Human plasma LDL can be separated into 5 increasingly 
electronegative subfractions (L1–L5), which have increasing levels 
of non–Apo B apolipoproteins (8,9). Electronegative LDL, L5 in par-
ticular, has been shown to be atherogenic, independent of plasma 
LDL cholesterol or Apo B concentrations (10,11). Instead of being 
recognized by the normal LDL receptor, L5 is internalized through 
the lectin- like oxidized LDL receptor (LOX- 1) and the platelet- 
activating factor (PAF) receptor, leading to vascular endothelial cell 
apoptosis (8,12). The percentage of L5 is increased in patients 
with acute cardiovascular disease, especially those with myocar-
dial infarction or ischemic stroke (13–15), and this has been shown 
to induce mitochondrial dysfunction and vascular endothelial cell 
senescence (16). However, whether plasma L5 levels are elevated 
in chronic autoimmune conditions such as SLE, and its role in 
SLE- associated vascular changes, are unknown.

The presence of activated endothelial cells in SLE patients 
leads to overexpression of CX3CL1 (17). CX3CL1 is an adhe-
sion molecule that promotes monocyte adhesion and migration 
by interacting with its receptor, CX3CR1 (18,19). In addition, 
proinflammatory CD14+CD16+ monocytes express CX3CR1 at 
intermediate- to- high levels, facilitating the recruitment of these cells 
by activated endothelial cells via CX3CL1–CX3CR1 interactions; 
this scenario contributes to the endothelial dysfunction that leads 
to vascular aging (20,21). Thus, increases in CX3CL1–CX3CR1 
interactions may play a role in the EVA seen in SLE patients.

The objective of our study was to explain the paradoxical 
findings of EVA and normolipidemia in patients with SLE. We 
examined the composition of LDL from SLE patients, looked for 
correlations between those properties and signs of EVA in SLE 
patients, and confirmed the mechanism underlying lipid- mediated 
endothelial dysfunction.

MATERIALS AND METHODS

A detailed explanation of the methods used is provided in 
the Supplementary Materials and Methods (available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41213/ abstract).

Study participants. This study was approved by the insti-
tutional review board of Kaohsiung Medical University Hospital 
(KMUH) in Taiwan. All participants gave written consent, in accor-
dance with the principles of the Declaration of Helsinki. Between 

November 2013 and November 2014, we enrolled 45 patients 
who had been diagnosed as having SLE according to the Amer-
ican College of Rheumatology 1997 revised classification criteria 
(22); all patients were seen by rheumatologists at KMUH. Clini-
cal and medication histories were recorded for each SLE patient. 
The normal control group comprised 37 age-  and sex- matched 
healthy subjects who did not have hypercholesterolemia, hyper-
tension, diabetes, or a history of other cardiovascular diseases. For 
all study participants, lipid parameter and biochemical measure-
ments were performed at the Department of Laboratory Medicine 
at KMUH (accredited by the College of American Pathologists) 
according to standard procedures. Plasma CX3CL1 levels were 
analyzed with a human enzyme- linked immunosorbent assay 
(ELISA) kit (Cloud- Clone).

Carotid IMT and PWV measurements. Carotid IMT 
was measured using high- resolution B- mode ultrasound to image 
the right and left common carotid arteries (5), with use of a single 
ultrasound machine (GE Vivid E9 with a 9LD linear transducer at 
10 MHz and 42 fps). Carotid IMT was measured between the 
lumen intima and media–adventitia interfaces of the far wall of the 
common carotid artery (the 1- cm segment proximal to the bifur-
cation). These measurements were carried out by a single reader 
(H-CL), using an automated edge- detection system.

To assess arterial stiffness, we measured brachial- ankle PWV 
using a Colin VP1000 vascular profiling device (Omron Healthcare) 
(5).

LDL electronegativity, LDL subfractionation, and 
lipid extraction. LDL from the plasma of SLE patients (SLE- 
LDL) and from the plasma of normal controls (N- LDL) was iso-
lated using sequential ultracentrifugation. Agarose gel (0.75%) 
electrophoresis was used to determine the electronegativity of the 
total LDL (23). Relative mobility was quantified by dividing the dis-
tance that the sample band migrated by the distance that the dye 
front migrated. The LDL was further divided into 5 subfractions 
(L1–L5) using an ÄKTA fast protein liquid chromatography sys-
tem (GE Healthcare Life Sciences) with UnoQ12 anion- exchange 
columns (Bio- Rad) and a salt gradient for elution. The LDL sub-
fractions were concentrated using Centriprep filters (YM- 30; EMD 
Millipore) and sterilized by passing them through a 0.22- μm filter.

Mouse model. Design. All animal experiments con-
formed to the NIH guidelines and were approved by the Insti-
tutional Animal Care and Use Committee of Kaohsiung Medical 
University. We used apoE−/− mice (purchased from BioLASCO 
Taiwan Co., Ltd., Taipei, Taiwan). Eight- week- old male mice 
received tail- vein injections of human LDL (either N- LDL, SLE- 
LDL, SLE- L1, or SLE- L5 at 2 mg/kg), lysophosphatidylcholine 
(LPC) (16:0) (at 200 μM), or saline (at 200 μM) 3 times per 
week for 8 weeks (n = 8 mice per group). The plasma levels 
of CX3CL1 were analyzed with a mouse ELISA (Cloud- Clone), 

http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
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and mouse aortas and hearts were extracted for histologic 
analysis.

Histologic analysis. Aortic samples from mice were em-
bedded in a paraffin block and cut into 5- μm–thick cross- 
sections. Aortic sections were deparaffinized and stained 
with hematoxylin and eosin. To determine whether cells were 
becoming senescent, we stained the aortas for the oxidative 
stress marker 8- hydroxydeoxyguanosine (8- OHdG) and the 
senescence- related marker p53.

For immunohistochemical analyses, we used primary anti-
bodies against p53 (GeneTex), 8- OHdG (EMD Millipore), CD31 
(Abcam), CX3CL1 (GeneTex), and F4/80 (Invitrogen). Aortic sec-
tions were stained with horseradish peroxidase–labeled second-
ary antibody and visualized with 3,3′- diaminobenzidine (Leica). 
Aortic collagen content was detected by staining with a modified 
Masson’s trichrome kit (ScyTek Laboratories). Elastic fibers/elastin 
in the aortic tissue was stained using an elastic stain kit (Abcam).

Senescence- associated β- galactosidase (SA- β- gal) stain-
ing of mouse descending aortic tissue was performed using an 
SA- β- gal staining kit (Cell Signaling Technology) according to 
the manufacturer’s instructions. The senescent cells in aortic tis-
sue were indicated by blue staining, as seen under a microscope. 
To visual ize atherosclerotic lesions, we fixed the aortic arches in 
4% paraformaldehyde and stained the tissue with oil red O solu-
tion (Millipore Sigma) for 1 hour.

Heart samples were embedded in tissue- freezing medium 
(OCT compound). Using a cryostat, we sectioned the entire aortic 
root into consecutive 10- μm–thick sections for oil red O staining. 
The distal end of the aortic sinus was recognized by the disappear-
ance of the 3 cusps. Every sixth section was fixed with 4% formal-
dehyde and stained with 0.5% filtered oil red O solution (Millipore 
Sigma). Sections were then rinsed with 60% isopropanol (Millipore 
Sigma), followed by a final rinse with distilled water. Images were 
captured using an EVOS FL Auto Cell Imaging System (Invitrogen) 
and analyzed using ImageJ (NIH).

Matrix- assisted laser desorption/ionization time- 
of-flight (MALDI-TOF)mass spectrometry (MS) analysis
of LDL. Lipids were extracted from 6 sample types: SLE- LDL, 
N- LDL, LDL subfraction L1 from the plasma of SLE patients (SLE- 
L1) and normal controls (N- L1), and LDL subfraction L5 from the 
plasma of SLE patients (SLE- L5) and normal controls (N- L5). The 
extracted lipid samples and the lipid standards 1- (1Z- hexadece
nyl)- sn- glycero- 3- phosphocholine for LPC (16:0) (Avanti Polar  
Lipids) and 1- O- hexadecyl- 2- acetyl- sn- glycero- 3- phosphocholine  
for PAF (16:0) (Sigma- Aldrich) were deposited on a MALDI tar-
get plate. The matrix solution was 20 mg of 2,5- dihydroxybenzoic 
acid containing 70% acetonitrile. MALDI- TOF MS was performed 
on a Bruker Microflex TOF mass spectrometer (Bruker Dalton-
ics). All spectra were obtained in positive reflector ion mode and 
at an extraction voltage of 19 kV. The laser power was adjusted 
to a value slightly above the desorption/ionization threshold, 

and each mass spectrum was obtained by averaging 300 laser 
shots scanned across the sample surface. The spectra and the 
detected peak signal- to- noise ratios were processed using Flex-
Analysis 3.3 (Bruker Daltonics). The mass calibration was done 
externally on the target using Leu- enkephalin (mass/charge ratio 
[m/z] 556), bradykinin (1–7) (m/z 757), angiotensin II (m/z 1,046), 
and angiotensin I (m/z 1,296).

Immunofluorescence staining. Isolated monocytes 
were cytospun onto a slide and stained with primary antibodies 
against CX3CR1 (GeneTex) for 1 hour at room temperature. Alexa 
Fluor 488–conjugated anti- rabbit antibody was used as a second-
ary antibody for visualization, and the nuclei were counterstained 
with DAPI (Invitrogen). We also performed in vitro experiments in 
which monocytes from normal control subjects were exposed to 
lipid extracts of SLE- L1 or SLE- L5 (each 25 μg/ml) for 72 hours. 
The treated monocytes were cytospun onto a slide and stained 
with antibodies against CX3CR1. Fluorescence images were cap-
tured with an EVOS FL Auto Cell Imaging System.

Western blot analysis. Bovine aortic endothelial cells 
were exposed to phosphate buffered saline (PBS) or lipid extracts 
of human LDL (SLE- LDL or N- LDL [each 100 μg/ml] or SLE- L1 or 
SLE- L5 [each 25 μg/ml]) for 24 hours. Monocytes were isolated 
from normal control subjects, exposed to LPC or PAF (each 10 
μM) for 72 hours, and lysed in a radioimmunoprecipitation assay 
extraction buffer (Sigma- Aldrich). Cell lysates were separated by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred to a polyvinylidene difluoride membrane. Membranes 
were probed with primary antibodies against CX3CL1 (GeneTex) 
and β- actin (Sigma- Aldrich). Signals were visualized and recorded 
with a G:Box iChemi XT image analyzer (Syngene).

Statistical analysis. All data are presented as the rela-
tive frequency for discrete responses, and as the mean ± SD for 
continuous responses. Student’s t- test, chi- square test, Mann- 
Whitney U test, one- way analysis of variance with Bonferroni’s 
post hoc test, and Kruskal- Wallis test of variance with Dunn’s post 
hoc test were used to assess the differences between groups. 
Pearson’s correlation coefficients were used to assess correla-
tions of LDL and LDL subfractions with clinical variables. P values 
less than 0.05 were considered statistically significant. SPSS ver-
sion 19.0 was used for all statistical analyses.

RESULTS

Clinical signs of EVA in SLE patients. At recruitment, 
SLE patients had moderate disease activity (mean ± SD SLE 
Disease Activity Index 9.9 ± 7.3) (24). All patients had been pre-
scribed conventional medicines, including prednisolone and 
hydroxychloroquine, but none had been taking statins or other 
lipid- lowering medicines. Compared with normal controls, SLE 
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patients showed clinical signs of arterial stiffness and EVA, includ-
ing increased systolic blood pressure (SBP) and diastolic blood 
pressure (DBP) as well as elevated mean blood pressure (MBP) 

(defined as DBP + 1/3 [SBP − DBP]) (25). Nevertheless, SLE 
patients had lower plasma LDL concentrations than controls (see 
Supplementary Table 1, available on the Arthritis & Rheumatology 

Figure 1. Induction of morphologic changes in the aortas of apoE−/− mice by low- density lipoprotein (LDL) from the plasma of systemic 
lupus erythematosus (SLE) patients, suggesting compliance compensation and vascular aging. A, Representative images (left) and scoring 
(right) of senescence- associated β- galactosidase (SA- β- gal) staining of the luminal endothelial surface of thoracic aortas from 8- week- old 
apoE−/− mice injected with saline, LDL from the plasma of normal control subjects (N- LDL), or SLE- LDL (2 mg/kg 3 times per week for 8 weeks;  
n = 5 per group) are shown. B, Representative images of hematoxylin and eosin (H&E) staining of mouse aortas (left) and quantification of the 
aortic intima- media thickness (n = 8 per group) (right) are shown. C, Representative images of Masson’s trichrome staining of mouse aortas 
(left) and quantification of the collagen area (n = 8 per group) (right) are shown. D, Representative images of immunohistochemical staining for 
8- hydroxydeoxyguanosine (8- OHdG) in mouse aortas (left) and quantification of the 8- OHdG–positive areas (n = 8 per group) (right) are shown. 
E, Representative images of immunohistochemical staining for both p53 and endothelial cell marker CD31 (left) and quantification of the p53- 
positive areas (n = 7 per group) (right) are shown. Results are the mean ± SD. * = P < 0.05 by Mann- Whitney U test.
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web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41213/ 
abstract).

Effects of SLE-LDL on prosenescent properties in 
apoE−/− mice. To examine whether LDL plays a role in the 
prosenescent properties observed clinically in SLE patients, we 
administered injections of SLE- LDL, N- LDL, or saline into the tail 
vein of young, male apoE−/− mice. Thoracic aortic tissue from the 
SLE- LDL–injected mice showed intense blue deposits after SA- 
β- gal staining (indicative of the presence of senescent cells in 
the aortic tissue), whereas tissue from mice treated with N- LDL 
showed staining comparable to that in saline- treated control mice 
(Figure 1A). In addition, injection of SLE- LDL induced an increase 
in aortic IMT, whereas N- LDL had a negligible effect (Figure 1B).

Masson’s trichrome staining of the aortic tissue revealed that 
exposure to SLE- LDL, but not N- LDL, resulted in a 2- fold increase 
in aortic collagen content (Figure 1C). These findings provide ana-
tomic evidence of arterial stiffness in mice injected with SLE- LDL. 

Moreover, SLE- LDL increased the expression of the oxidative 
stress marker 8- OHdG in the aortic wall (Figure 1D) and the cell 
senescence marker p53 in CD31+ endothelium (Figure 1E).

Electronegativity of SLE- LDL and its correlation with 
EVA. When plasma samples from SLE patients and normal con-
trols were analyzed by agarose gel electrophoresis, the results 
revealed that SLE- LDL migrated to the anode faster than N- LDL, 
indicating that it was more electronegative (Figure 2A). The SLE- 
LDL and N- LDL samples were then separated into 5 subfractions 
according to their electronegativity intensity. We found that the 
SLE- LDL samples had significantly higher percentages of the L5 
plasma subfraction (Figure 2B).

Further calculations showed that SLE patients had a lower 
L1 plasma concentration but higher L3–L5 plasma concentrations 
(defined as the subfraction percentage multiplied by the LDL con-
centration [in mg/dl]) when compared with normal controls (see 
Supplementary Figure 1, available on the Arthritis & Rheumatology 

Figure 2. Electronegativity of SLE- LDL (A), distribution of the LDL subfractions L1–L5 in plasma from SLE patients and normal controls 
(B), and correlations between the percentage of LDL subfraction L5 (L5%) and the mean blood pressure (MBP) (C), systolic blood pressure 
(SBP) (D), diastolic blood pressure (DBP) (E), high- density lipoprotein (HDL) (F), age (G), and body mass index (BMI) (H) in SLE patients (n = 
45) and normal controls (n = 37). A, Representative images of agarose electrophoresis gels with LDL lipid extracts from normal controls (N- 
LDL; 3 examples from 37 subjects) or SLE patients (SLE- LDL; 3 examples from 45 patients) are shown. B, Representative chromatograms 
of subfractions L1–L5 in LDL from normal subjects and SLE patients are shown. In C–H, data were analyzed with Pearson’s correlation 
coefficients. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
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web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41213/ 
abstract).

In a risk factor analysis, the L5 percentage correlated posi-
tively with the MBP, but not with the SBP or DBP, in SLE patients 
and normal healthy controls (Figures  2C–E). However, the L5 
percentage correlated negatively with the concentration of high- 
density lipoprotein (HDL) (Figure  2F), which was lower in SLE 
patients than in controls (mean ± SD 48.9 ± 17.5 mg/dl versus 
58.0 ± 16.0 mg/dl) (see Supplementary Table 1 [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41213/ abstract]). The L5 percent-
age was not correlated with age (Figure 2G) or body mass index 
(Figure 2H).

Arterial stiffness is an important marker for EVA. We evalu-
ated signs of EVA and subclinical atherosclerosis in the study sub-
jects by measuring carotid IMT and PWV. Compared with normal 
controls, the mean carotid IMT and PWV were increased in SLE 
patients (Figures 3A, C, and D). Carotid plaques were detected in 
some SLE patients (3 [11.5%] of 26 patients) (Figure 3B) but not in 
any of the normal controls.

The increased carotid IMT in both the right and the left carotid 
arteries and the increased PWV in the left carotid artery of SLE 
patients correlated positively with the increase in L5 percentage 

(Figures 3E and F). Furthermore, the increased carotid IMT in both 
the right and the left carotid arteries was positively correlated with 
plasma levels of CX3CL1 and CD16+ monocytes in patients with 
SLE (Supplementary Table 2, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41213/ abstract).

Enrichment of SLE- LDL and SLE- L5 lipids with LPCs 
andPAFs. We previously showed that the cytotoxic factors of L5 
reside in its lipid components (26). To further examine the chem-
ical properties of SLE- LDL and N- LDL, we extracted total lipids 
from the respective LDL samples and subjected them to MALDI- 
TOF MS analysis. Compared with N- LDL lipid extracts, SLE- LDL 
lipid extracts showed a shift of spectra from the m/z peaks 577, 
606, 643, 662, 677, 688, 725, and 786 toward m/z 496, 518, 
524, and 546 (Supplementary Figures 2A and B, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41213/ abstract). In an analysis to further exam-
ine the chemical properties of the LDL subfractions, the SLE- L5 
subfraction showed a shift of spectra toward the m/z peaks 496, 
518, 524, and 546, as compared with the composition of SLE- L1 
(Figures 4A–C).

Figure 3. Relationship of the percentage of LDL subfraction L5 (L5%) in the plasma to carotid intima- media thickness (CIMT) and pulse wave 
velocity (PWV) in SLE patients (n = 26) compared with normal controls (n = 25). A, CIMT was measured in the far wall of the common carotid 
artery using an edge- tracking computer- assisted module. Representative images of CIMT in a normal control and SLE patient are shown. 
B, A representative image of a calcified plaque (arrow) in the carotid artery of an SLE patient is shown. C–F, CIMT in the right (RT) and left 
(LT) common carotid arteries and right and left brachial- ankle PWV (C and D) were measured in normal controls and SLE patients and then 
assessed for correlations with the L5% subfraction of LDL cholesterol (LDL- C) in the plasma, using Pearson’s correlation coefficients (E and 
F). Results in C and D are the mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t- test. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract


CHAN ET AL 978       |

On the basis of molecular weight estimation, we used LPC 
(16:0) and PAF (16:0) as lipid standards to determine the identi-
ties of m/z 496, 518, 524, and 546, which, as mentioned above, 
were all elevated in SLE- LDL. When LPC (16:0) was mixed with 
MALDI matrix or with MALDI matrix containing saturated NaCl 
(Supplementary Figures 3A and B, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41213/ abstract), the MALDI spectra showed that m/z 496 
and m/z 518 were identical lipids with different cations: [LPC  
(16:0) + H]+ and [LPC (16:0) + Na]+, respectively. Likewise, when 
PAF (16:0) was mixed with MALDI matrix or with MALDI matrix 
containing saturated NaCl (Supplementary Figures 4A and B, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41213/ abstract), m/z 524 and  
m/z 546 were found to be identical lipids with different cations: 
[PAF (16:0) + H]+ and [PAF (16:0) + Na]+, respectively.

SLE- LDL lipid extracts were analyzed in the absence or pres-
ence of NaCl (Supplementary Figures 5A and B, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41213/ abstract). Because [LPC (18:0) + H]+ and 
[PAF (16:0) + H]+ have identical molecular weights, LPC (16:0), 
LPC (18:0), and PAF (16:0) standards were used to further decode 
the MALDI- TOF MS signals by tandem MS. We found that the 
MS spectrum of the SLE-L5 lipid extract was identical to the [LPC 
(16:0) + H]+, with peaks for m/z 496, 478, and 460 on the right, 
peaks for m/z 184 and 104 on the left, and minor peaks for m/z 
347, 313, and 258 in the center. The [PAF (16:0) + H]+ standard 
and the SLE- L5 lipid extract also exhibited similar MALDI- TOF MS 
spectra, with m/z 524 and m/z 487 on the right and m/z 183 on 
the left (Supplementary Figures 6A and B, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41213/ abstract).

Figure 4. Lipid components of plasma LDL subfraction L5 compared with plasma LDL subfraction L1 in SLE patients and normal controls, 
as revealed by matrix- assisted laser desorption/ionization time- of- flight mass spectrometry. A, Representative spectrometry patterns of SLE- L1 
and SLE- L5 show that the mass/charge (m/z) peaks 496, 518, 524, and 546 were greater in intensity in SLE- 5 than in SLE- L1. B, The levels 
of m/z 496 and m/z 518 in L1- LDL and L5- LDL plasma subfractions were compared between normal controls and SLE patients (n = 19 for 
both L1 and L5 in each group). C, The levels of m/z 524 and m/z 546 in L1- LDL and L5- LDL plasma subfractions were compared between 
normal controls and SLE patients (n = 19 for both L1 and L5 in each group). The lipids were associated with different cations with either 
lysophosphatidylcholine (LPC) or platelet- activating factor (PAF). * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by one- way analysis of variance 
with Bonferroni’s post hoc test. a.u. = arbitrary units (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.41213/abstract.
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Induction by SLE- L5 of CD16+ expression in human  
monocytes and of monocyte adhesion to endothelial cells  
through CX3CL1–CX3CR1 interactions. Compared with nor-
mal controls, SLE patients showed a significant increase in both 

the percentage and the number of CD16+ monocytes and a 
decrease in the percentage of CD16− monocytes (Supplemen-
tary Figures 7A and B, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41213/ 

Figure 5. Correlations of the percentage of LDL subfraction L5 (L5%) with plasma CX3CL1 levels in SLE patients and normal controls, and 
induction of CX3CR1 expression in human monocytes and CX3CL1 expression in bovine aortic endothelial cells by the L5 subfraction from 
the plasma of SLE patients (SLE- L5). A, Plasma concentrations of CX3CL1 were determined in normal controls (n = 32) and SLE patients  
(n = 33) (left), and the relationship between CX3CL1 levels and the L5% in the plasma was assessed by Pearson’s correlation analysis (right). 
Symbols represent individual subjects; horizontal lines indicate the mean. B, Top, Representative images of monocytes from 2 SLE patients 
(P1 and P2) and 1 normal control show the expression of CX3CR1 on monocytes. Bottom, Representative images of monocytes from healthy 
human subjects show the effects of lipid extracts of SLE- L1 or SLE- L5 on CX3CR1 expression, compared with phosphate buffered saline (PBS) 
control. C, Effects of lysophosphatidylcholine (LPC) (16:0) and platelet- activating factor (PAF) (16:0) on CX3CR1 expression in healthy human 
monocytes were assessed by Western blotting (top) and quantification of expression (relative to β- actin) (bottom) (n = 3 samples per group). 
D and E, Expression of CX3CL1 in bovine aortic endothelial cells was assessed by Western blotting (top) and quantification of expression 
(bottom). Bovine aortic endothelial cells were exposed to PBS control or to lipid extracts from the plasma of normal controls (N- LDL; 10 LDL 
samples from 37 subjects) or the plasma of SLE patients (SLE- LDL; 10 LDL samples from 45 patients) (D) or exposed to SLE- L1 or SLE- L5 
lipid extracts or SLE- L5 lipid extracts plus the PAF receptor antagonist WEB 2086 (E). Results in D and E are the mean ± SD ratio of the treated 
group to the controls (n = 5 per group). * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t- test or Mann- Whitney U test. See Figure 1 
for other definitions.
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abstract). When analyzed statistically, the percentage of the L5 
subfraction in the plasma correlated positively with the percentage 
and number of CD16+ monocytes in SLE patients and normal 
controls (Supplementary Figures 7A and B).

In vitro experiments were performed to assess the effects of 
the SLE- LDL subfraction lipids and the PAF and LPC lipid standards 
on healthy human monocytes. Flow cytometric analysis showed 
that SLE- L5 lipids, but not SLE- L1 lipids, induced an increase in 
the percentage of CD16+ monocytes, as compared with the levels 
in PBS- treated cells (Supplementary Figure 7C [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41213/ abstract]). Further flow cytomet-
ric analysis showed that the percentage of CD16+ monocytes was 
also higher after exposure to 10 μM of PAF (16:0) or LPC (16:0) 
than after exposure to PBS (Supplementary Figure 7D [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41213/ abstract]).

For a flow- chamber adhesion assay, bovine aortic endothelial 
cells were grown in the bottom of chamber slides and treated 
with lipid extracts of SLE- L5 or SLE- L1 or with PBS at 37°C for 
24 hours. In addition, human monocytes collected from normal 
healthy controls were incubated with LPC (16:0) at 37°C for 72 
hours. Bovine aortic endothelial cells treated with SLE- L5 lipids, 
but not those treated with SLE- L1 lipids, showed enhanced mono-
cyte attachment as compared with that in PBS- treated endothe-
lial cells. This effect of SLE- L5 lipids was partially attenuated with 
the PAF receptor antagonist WEB 2086 (Supplementary Figure 8, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41213/ abstract).

Because CX3CL1–CX3CR1 interactions are important for  
monocyte–endothelial cell adhesion, we compared the plasma 
levels of CX3CL1 protein and CX3CR1- expressing CD16+ mono-
cytes in SLE patients and normal controls. Plasma levels of 
CX3CL1 were higher in SLE patients than in normal controls, 
and this was positively correlated with the L5 percentage in both 
populations (Figure  5A). Immunofluorescence staining showed 
that monocytes from SLE patients highly expressed CX3CR1, 
but expression was negligible in monocytes from normal controls 
(Figure 5B, top panel).

To examine the effect of the L5 subfraction on CX3CR1 
expression, we treated monocytes from healthy individuals with 
PBS or with total lipid extracts of SLE- L1 or SLE- L5 for 3 days. As 
compared with PBS- treated cells, those treated with SLE- L5 lipid 
extracts showed an increase in CX3CR1 expression, whereas 
SLE- L1 had no effect (Figure 5B, bottom panel).

Because LPC (16:0) and PAF (16:0) were dominant in the 
SLE- L5 lipids, we tested the effects of these lipid standards 
on monocytes from healthy individuals. Monocytes exposed to 
PAF or LPC for 3 days showed increased CX3CR1 expression, as 
compared with PBS- treated monocytes (Figure 5C).

Induction of CX3CL1 expression on endothelial cells 
by SLE-LDL. To examine the effects of SLE- LDL on CX3CL1 
expression in endothelial cells, we performed in vitro experiments 

with bovine aortic endothelial cells. The endothelial cells exposed 
to SLE- LDL lipid extracts, but not those exposed to N- LDL lipid 
extracts, showed significantly increased CX3CL1 expression, as 
compared with endothelial cells exposed to PBS (Figure 5D). Fur-
thermore, the lipids of SLE- L5, but not those of SLE- L1, increased 
expression of CX3CL1 on endothelial cells after 24 hours of 
exposure, as compared with that in PBS- treated cells. The PAF 
antagonist WEB 2086 significantly attenuated the up- regulation of 
CX3CL1 induced by the SLE- L5 lipids (Figure 5E).

Induction of early atherosclerotic changes by LPC 
in young apoE−/− mice. We observed that LPC expression 
was increased in SLE- LDL. To study the mechanism by which 
SLE- LDL induces the development of early- onset atherosclero-
sis, we injected N- LDL or SLE- LDL (each 2 mg/kg), LPC (16:0) 
(200 μM), or saline into 8- week- old apoE−/− mice 3 times per 
week for 8 weeks. The mean body weights for the 4 groups 
were not significantly different at baseline or at the end of the 
8- week study (data not shown). Compared with the saline- 
treated group, SLE- LDL, but not N- LDL, induced a significant 
increase in the plasma CX3CL1 level in the mice; LPC exerted 
a similar effect to that of SLE- LDL (Figure 6A).

Furthermore, SLE- LDL and LPC induced a significant increase 
in fatty- streak areas in the aortic arch of the mice, as shown with oil 
red O staining, whereas N- LDL had a negligible effect  (Figure 6B). 
Examination of the fatty- streak lesions revealed that SLE- LDL and 
LPC induced CX3CL1 expression and  macrophage infiltration in 
the aortic wall (as shown by F4/80 staining; see Supplementary 
Figure 9, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41213/abstract). In 
addition, SLE- L5, but not SLE- L1, induced significant atheroscle-
rotic lesion formation in the aortic arch of the mice (Figure 6C). 
Furthermore, SLE- L5 induced collagen deposition and elastic 
fragmentation in the aortas of mice (Figure 6D).

DISCUSSION

In this study, SLE patients had moderate disease activity 
with unequivocal signs of EVA and preclinical atherosclerosis, as 
evidenced by increased carotid IMT and increased brachial- ankle 
PWV, as well as the presence of carotid artery plaques. However, 
SLE patients had lower plasma LDL concentrations than normal 
controls. SLE- LDL, which contained a significantly higher per-
centage of the highly electronegative L5 subfraction, was more 
electronegative than N- LDL. The signs of EVA in the SLE patients 
correlated with the L5 percentage. The lipid components of SLE- 
LDL and SLE- L5 were rich in PAF and LPC and induced a variety 
of inflammatory changes in vascular cells both in vivo and in vitro. 
In apoE−/− mice, repeated injections of SLE- LDL led to increases in 
IMT, collagen deposition, fatty- streak areas in the aortic wall, and 
cell senescence in the aortic endothelium. This combined clinical 
and experimental evidence strongly suggests that electronegative 
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LDL plays a causative role in the EVA and subsequent atheroscle-
rosis development seen in SLE patients.

In previous studies, we showed that individuals with an L5 
percentage of >1.6% or L5 concentrations of >1.7 mg/dl have 
an increased risk of cardiovascular disease (odds ratio [OR] 
4.768, 95% confidence interval [95% CI] 2.05–11.048 and OR 
7.500, 95% CI 3.099–18.151, respectively) (27). We have also 
shown that L5 isolated from patients with cardiovascular disease 
and acute myocardial infarction is atherogenic and can induce 

endothelial cell dysfunction and the expression of adhesion mol-
ecules, which attract monocytes and platelets (13,28). These 
findings indicate that L5 plays a role in vascular inflammation and 
aging (8,13,15,28–30). In the current study, the results of chro-
matography analysis of the LDL subfractions from SLE patients 
showed an early shift to greater electronegativity; the L5 percent-
age increased from 0.7% in the healthy controls to 2.4% in the 
SLE patients. Although the LDL level in the SLE patients was 
within the normal range, the mean ± SD concentration of L5 was 

Figure  6. Induction of endothelial dysfunction and the formation of atherosclerotic lesions by SLE- LDL in apoE−/− mice. Eight- week- old 
male apoE−/− mice were injected with saline, N- LDL, SLE- LDL, or lysophosphatidylcholine (LPC) for 8 weeks. A, Plasma levels of CX3CL1 
were measured by enzyme- linked immunosorbent assay in each treatment group (n = 6–7 samples per group, analyzed in duplicate). B, 
Representative images of oil red O staining of aortic tissue (left) and quantification of the area of atherosclerotic lesions (right) are shown for each 
treatment group (n = 5 mice per group). Results in A and B are the mean ± SD. C, Left, Eight- week- old male apoE−/− mice were injected with 
saline, SLE- L1, and SLE- L5 for 8 weeks followed by oil red O, elastic, and Masson’s tricrome staining of the aortic tissue. Right, Representative 
images show oil red O staining of the aortic arches of 3 mice after injection of SLE- L1 or SLE- L5. D, Representative images show Masson’s 
trichrome staining (top) and elastic staining (bottom) of the aortas of 3 mice after injection of SLE- L1 or SLE- L5. * = P < 0.05; ** = P < 0.01 by 
nonparametric Kruskal- Wallis test followed by Mann- Whitney U test with Bonferroni’s correction. See Figure 1 for other definitions.
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2.4 ± 1.3 mg/dl, far exceeding the plasma L5 level in the healthy 
controls (0.8 ± 0.4 mg/dl). Furthermore, we found that blood 
pressure parameters (SBP, DBP, and MBP), carotid IMT, and PWV 
were increased in SLE patients, and that most of these increases 
were positively associated with an increase in the L5 percentage.

Our MALDI- TOF MS analysis revealed a shift from phosphati-
dylcholines (m/z 577 or higher) in the N- LDL lipid extracts to LPCs 
and PAFs (m/z 546 or lower) in the SLE- LDL lipid extracts. Both 
PAFs and LPCs are vascular pathogenic phospholipids (31,32). 
Like the SLE- L5 lipid extracts, LPC and PAF increased monocyte 
differentiation and endothelial cell activation. These effects of SLE- 
L5 were partially attenuated by blocking the PAF receptor, thus 
confirming the role of phospholipids in L5 bioactivity. In the current 
study, we found that HDL levels in SLE patients were lower than 
those in normal control subjects (mean ± SD 48.9 ± 17.5 mg/dl 
versus 58.0 ± 16.0 mg/dl, respectively). Kaplan and colleagues 
indicated that endogenous oxidation of HDL, as seen in patients 
with SLE, renders HDL less effective in suppressing Toll- like recep-
tor–mediated inflammation (33). Although different in chemical 
composition, SLE- HDL and L5- LDL may function synergistically 
by signaling through LOX- 1 (12,33,34). Therefore, in combination, 
L5- LDL and oxidized HDL may exert adverse effects on the car-
diovascular system that are not explained by the Framingham risk 
score.

CX3CL1 is a unique chemokine that functions not only as 
a chemoattractant (when cleaved by ADAM17), but also as an 
adhesion molecule that is expressed on cytokine- stimulated 
endothelial cells (35). In this study, plasma CX3CL1 levels were 
elevated in SLE patients and in apoE−/− mice injected with SLE- 
LDL. The role of SLE- LDL in this CX3CL1 increase was sup-
ported by our in vitro experiments showing that the lipid extracts 
of SLE- LDL and SLE- L5 induced arterial endothelial cell activa-
tion and endothelial cell expression of CX3CL1. The receptor for 
CX3CL1 is CX3CR1, which is expressed on CD16+ monocytes 
(36). CX3CL1 expression was up- regulated in atherosclerotic 
lesions in apoE−/− mice, but when CX3CR1−/− mice were crossed 
with an apoE−/− background, the formation of atherosclerotic 
lesions was decreased and macrophage accumulation was 
reduced (20,37).

Herein, we found that exposing CD16− monocytes to SLE- 
L5 lipid extracts induced the expression of CD16 and CX3CR1. 
In addition, SLE patients had an increased level of CD16+ mono-
cytes in the circulation, and the plasma levels of both CX3CL1 
protein and CD16+ monocytes were positively associated with 
the L5 percentage and carotid IMT in these patients. Impor-
tantly, our flow- chamber adhesion assay showed that exposing 
endothelial cells to SLE- L5 lipid extracts enhanced attachment 
of CX3CR1+ monocytes. Our findings suggest that L5 contrib-
utes to the development of atherosclerotic lesions through the 
interaction between endothelial cells and monocytes, resulting 
in macrophage infiltration. In accordance with these findings, 
immunostaining of aortic root sections from apoE−/− mice showed 

that SLE- LDL injections induced increases in CX3CL1 expression 
and macrophage infiltration.

As stated above, we showed that the proportions and num-
bers of CD14+CD16+ monocytes were increased in patients 
with SLE. Similar proportions and numbers of this cell type have 
previously been reported in SLE patients and healthy individuals 
(38). In contrast, the results of a recent study suggested that the 
number of CD16+ monocytes is reduced and that these cells are 
nonfunctional in SLE patients (39). However, in that study, patients 
with active SLE were treated with a high dose of prednisolone 
(1 mg/kg of body weight/day), which may explain the paradoxical 
low CD14+CD16+ monocyte levels in these patients, as com-
pared with the levels seen in the patients with inactive SLE, who 
received a low- dose (<7.5 mg/day) treatment. In another study, 
healthy individuals were treated with a high dose of prednisolone 
(500 mg/day) for 3 days; by day 5, they showed a 95% decrease 
in CD14+CD16+ monocytes (40). These results suggest that the 
proportion and number of CD16+ monocytes can vary according 
to disease state and can be altered by medications, but the mech-
anism is unclear. In our study, all SLE patients were treated with 
low- dose prednisolone (5 mg/day). Although high doses of 
glucocorticoids can contribute to a reduction in the number of 
CD14+CD16+ monocytes, patients taking high doses of pred-
nisolone still appear to be at high risk for cardiovascular disease 
(41).

Arterial stiffness occurs when excessive collagen deposition 
is accompanied by loss of elastin (42). This leads to increased IMT 
and compensated arterial compliance, which clinically manifests 
as an increase in arterial PWV (43). We showed that injections of 
SLE- LDL, but not N- LDL, induced increases in carotid IMT and 
collagen deposition in young (8- week- old) apoE−/− mice. These 
findings provide a morphologic explanation for the arterial stiffness 
observed in the SLE patients. The negligible effects of human 
N- LDL not only supported the idea that SLE- LDL has unique 
pathogenic effects, but also confirmed that there was not a xeno-
graphic reaction in our mouse model (43). The mice injected with 
SLE- LDL also showed increases in aortic expression of 8- OHdG 
and p53. The increased p53 expression in the CD31+ cells lining 
the aortic lumen was a clear sign of endothelial cell senescence, 
whereas the increased 8- OHdG expression could suggest diffuse 
oxidative damage in the nuclei and/or mitochondria (44,45). These 
findings provide further anatomic evidence suggesting that the 
clinical signs of EVA found in SLE patients are due to the compo-
sition of the LDL in these patients.

Although SLE patients usually have normal plasma LDL con-
centrations, the percentage of L5- LDL (the most electronegative 
subfraction) in these patients is increased, leading to morphologic 
arterial changes that underlie the clinical manifestation of EVA. 
Compared with N- LDL, SLE- LDL (specifically, the L5 subfraction) 
was found to be richer in LPC and PAF. Both SLE- LDL and SLE- 
L5 were able to induce CX3CL1–CX3CR1 interactions between 
endothelial cells and CD16+ monocytes, thereby promoting 
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 atherosclerosis. Our findings suggest that the L5 level, not the 
total LDL concentration, should be a therapeutic target for pre-
venting EVA and atherosclerosis in patients with SLE.
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Association of the Polymorphism rs13259960 in SLEAR With 
Predisposition to Systemic Lupus Erythematosus
Zhen Fan,1 Xiaowei Chen,1 Lu Liu,2 Caihong Zhu,3 Jinhua Xu,4 Xianyong Yin,2 Yujun Sheng,2 Zhengwei Zhu,2 Leilei Wen,2 
Xianbo Zuo,3 Xiaodong Zheng,3 Yaohua Zhang,4 Jingkai Xu,3 He Huang,3 Fusheng Zhou,3 Liangdan Sun,3 Jianjun Luo,1 
Dongdong Zhang,1 Xiaomin Chen,1 Ya Cui,1 Yajing Hao,1 Yong Cui,5 Xuejun Zhang,4 and Runsheng Chen6

Objective. Genome- wide association studies have identified many susceptibility loci for systemic lupus 
erythematosus (SLE). However, most of these loci are located in noncoding regions of the genome. Long noncoding 
RNAs (lncRNAs) are pervasively expressed and have been reported to be involved in various diseases. This study 
aimed to explore the genetic significance of lncRNAs in SLE.

Methods. A genome- wide survey of SLE risk variants in lncRNA gene loci was performed in Han Chinese subjects 
(4,556 with SLE and 9,451 healthy controls). The functional relevance of an SLE risk variant in one of the lncRNA genes 
was explored using biochemical and molecular cell biology analyses. In vitro loss- of- function and gain- of- function 
strategies were used to clarify the functional and phenotypic relevance of this SLE susceptibility lncRNA. Moreover, 
correlation of this lncRNA with the degree of apoptosis in the peripheral blood of SLE patients was evaluated.

Results. A novel SLE susceptibility locus in a lncRNA gene, designated SLEAR (for SLE- associated RNA), 
was identified at the single- nucleotide polymorphism rs13259960 (odds ratio 1.35, Pcombined = 1.03 × 10−11). 
The A>G variation at rs13259960, located in an intronic enhancer, was found to impair STAT1 recruitment 
to the enhancer that loops to the SLEAR promoter, resulting in decreased SLEAR production in peripheral 
blood mononuclear cells from patients with SLE (3 with the G/G genotype, 22 with A/G, and 103 with A/A at 
rs13259960; P = 0.0241). Moreover, SLEAR interacted with the RNA binding proteins interleukin enhancer 
binding factor 2, heterogeneous nuclear RNP F, and TATA- binding protein–associated factor 15, to form a 
complex for transcriptional activation of the downstream antiapoptotic genes. In addition, SLEAR regulated 
apoptosis of Jurkat cells in vitro, and its expression level was correlated with the degree of cell death in the 
peripheral blood of patients with SLE (r = 0.824, P = 2.15 × 10−8; n = 30).

Conclusion. These findings suggest a mechanism by which the risk variant at rs13259960 modulates SLEAR 
expression and confers a predisposition to SLE. Taken together, these results may give insights into the etiology of SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease that is characterized by autoantibody production 

and a variety of clinical manifestations (1). Although the exact eti-
ology of this disease is not well characterized, it is believed to be 
triggered by a complex combination of genetic, environmental, and 
hormonal factors. A strong familial aggregation of SLE has been 
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observed (2). Genetic factors are important for the predisposition 
to SLE. Since 2008, genome- wide association studies (GWAS) of 
SLE in various ethnic populations have identified many susceptibil-
ity genes/loci, such as ITGAM, PXK (3), and TNFSF4 (4).

Long noncoding RNAs (lncRNAs) are transcripts longer than 
200 nucleotides that are without protein- coding potential. These 
lncRNAs are implicated in many biologic processes, such as 
cell proliferation, apoptosis, and development, and the immune 
response (5,6). Many lncRNAs have emerged as critical regulators 
of gene expression in either cis-acting form (in close proximity to 
the transcribed lncRNA) or trans- acting form (at a distance from 
the transcription site) (7,8). In addition, lncRNAs are involved in 
various diseases, including cancers (9), neurodegeneration (10), 
and cardiovascular diseases (11). Recent studies have revealed 
that lncRNAs also play certain roles in autoimmune diseases (12), 
including SLE (13,14).

Over the last decade, GWAS have identified a large num-
ber of genetic variants associated with human diseases and 
traits, but most of these variants are located in noncoding regions 
(15). Emerging evidence has indicated critical roles for variants in 
lncRNA genes in cancers (16). However, presently, little is known 
about the genetic significance of lncRNAs in SLE.

Based on our previous GWAS focused on susceptibility loci 
in SLE patients (17), we sought to identify SLE susceptibility var-
iants in lncRNA genes in a cohort of Han Chinese subjects. A 
significantly associated single- nucleotide polymorphism (SNP), 
rs13259960, in a lncRNA gene was identified, and this was val-
idated in replication studies. We also characterized the connec-
tions between rs13259960 and the lncRNA, which we designated 
SLEAR (for SLE–associated RNA), as well as the functional role of 
SLEAR in vitro and its relevance to cell apoptosis in the peripheral 
blood of SLE patients.

PATIENTS AND METHODS

Human subjects. The current discovery and replication 
studies—to our knowledge the first study on SLE susceptibility 
variants in lncRNA genes in Han Chinese—included 4,556 SLE 
patients and 9,451 healthy controls from multiple hospitals in 
China. Of these, 1,047 patients with SLE and 1,205 healthy 
controls were included in the discovery stage. The samples for 
the replication study were obtained from 3,509 patients with 
SLE and 8,246 healthy controls. The gene expression study 
involved 130 patients with SLE and 119 healthy controls from 
the First Affiliated Hospital at Anhui Medical University in China. 
All affected individuals were diagnosed as having SLE by at 
least 2 experienced physicians, using the American College 
of Rheumatology revised criteria for the classification of SLE 
(18). The healthy controls were identified as subjects who did 
not have a diagnosis of SLE and who had no family history of 
autoimmune diseases. Clinical and demographic information 
on each subject was collected by at least 2 physician special-

ists, using a structured questionnaire, after each subject had 
provided  written informed consent to participate.

The study was approved by the ethics committee of Anhui 
Medical University and was conducted in accordance with the 
principles of the Declaration of Helsinki. The population charac-
teristics and study methods are described in the Supplementary 
Materials and Methods (available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ 
abstract).

Chromosome conformation capture (3C). The 3C  
method was performed as previously described (19), with 
a few modifications. Jurkat cells were crosslinked with 2% 
 formaldehyde and digested with Hind III (New England Biolabs). 
After ligation and DNA purification, we checked the interaction 
frequencies of the fragment covering the SNP and the SLEAR 
promoter. Human BAC clone RP11- 287H4 (purchased from 
Thermo Fisher) was used as a control template. The primer 
sequences used for the 3C method are listed in Supplementary 
Table 12 (available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract).

Cell apoptosis assay. In cultured cells or human SLE 
peripheral blood mononuclear cells (PBMCs), apoptotic cells were 
detected by flow cytometry (BD FACSCalibur) using an annexin 
V/phycoerythrin/7–aminoactinomycin D (7- AAD)–conjugated cell 
apoptosis detection kit (Yeasen) in accordance with the manufac-
turer’s instructions. Protein levels of cleaved poly(ADP- ribose) pol-
ymerase (PARP) in Jurkat cells were assayed by Western blotting 
with a PARP antibody (Proteintech).

Cell proliferation assay. Cell proliferation was monitored 
using both an MTS assay and a 5-Ethinyl-2’-desoxyuridin (EdU) 
incorporation assay. The MTS assay was performed using a 
CellTiter 96 Aqueous One Solution Cell Proliferation assay (Pro-
mega). The transduced cells were plated in 96- well plates, and the 
absorbance at 490 nm was measured every 24 hours. The EdU 
incorporation assay was carried out using a Click- iT EdU Alexa 
Fluor 647 Flow Cytometry Assay kit (Thermo Fisher) in accord-
ance with the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP), ChIP– 
quantitative polymerase chain reaction (qPCR), and allele- 
specificChIP–qPCRanalyses. ChIP assays were  performed 
using an EZ- ChIP kit (Millipore) following the manufacturer’s 
instructions. In brief, Jurkat cells were crosslinked with 1% for-
maldehyde, lysed in sodium dodecyl sulfate (SDS) lysis buffer, 
and sonicated. The chromatin lysate was cleared by centrifuga-
tion, and 10% of the supernatant was set aside as input DNA. 
The remaining lysate was divided equally between tubes with 
antibodies, which were rotated at 4°C overnight. The antibod-
ies used for the ChIP assays were antibodies against H3K4me1 
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(1:50 dilution, 5326S; Cell  Signaling Technology), H3K27ac (1:100 
dilution, 8173S; Cell Signaling Technology), p53 (5 μg, 10442- 1- 
AP; Proteintech), and STAT1 (5 μg, 10144- 2- AP; Proteintech). 
DNA–protein complexes were retrieved with Dynabeads Protein 
A/G magnetic beads (Thermo Fisher). DNA was eluted, reverse 
crosslinked, and purified using a MinElute PCR purification kit 
(Qiagen) before being subjected to qPCR. The allele- specific 
ChIP–qPCR was based on mismatch amplification mutation 
assays. Primers were designed to distinguish the 2 alleles. All 
primers used in this study are listed in Supplementary Table 12 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract).

RNA pull down assay and mass spectrometry (MS) 
analysis. Full- length biotinylated RNA was denatured at 90°C 
for 2 minutes and then put on ice for 2 minutes. Thereafter, an 
equal volume of 2× RNA structure buffer (10 mM Tris, pH 7, 0.1M 
KCl, 10 mM MgCl2) was added, and the atmosphere was shifted 
to room temperature for 20 minutes to form proper secondary 
structures. Folded RNA was then added to nuclear extracts from 
Jurkat cells and incubated at 4°C for 3 hours. RNA–protein com-
plexes were recovered with a Dynabeads MyOne Streptavidin 
C1 kit (Thermo Fisher), resolved with NuPAGE 4–12% Bis–Tris 
gel (Thermo Fisher), and silver stained with the SilverQuest Silver 
Staining kit (Thermo Fisher). Bands specifically pulled down by 
biotinylated SLEAR were excised from the gel, digested, and ana-
lyzed by MS, as described previously (20).

RNA immunoprecipitation assay. RNA immunoprecip-
itation assays were performed as described previously (21,22). 
Nuclear extracts from Jurkat cells were incubated with antibod-
ies against ewing sarcoma (EWS) (5 μg; Bethyl Laboratories), 
fused in Sarcoma (FUS) (5 μg; Bethyl Laboratories), TATA- binding 
protein–associated factor 15 (TAF15) (5 μg; Novus Biologicals), 
heterogeneous nuclear RNP F (hnRNP F) (5 μg; Novus Biologi-
cals), or interleukin enhancer binding factor 2 (ILF2) (5 μg; Novus 
Biologicals) at 4°C overnight, and RNA–protein complexes were 
retrieved with Dynabeads Protein A/G magnetic beads (Thermo 
Fisher). RNA was extracted from the complexes with TRIzol rea-
gent (Thermo Fisher) and analyzed by quantitative reverse tran-
scription–PCR (qRT- PCR).

ChIRP- seq analysis. A chromatin isolation by RNA puri-
fication (ChIRP) assay was carried out as described previously 
(23). In brief, a total of 20 3′- biotin–labeled antisense oligos were 
designed and synthesized (10 odd and 10 even; Invitrogen). LacZ 
probes were used as negative controls. Cells were crosslinked 
with 1% glutaraldehyde, lysed in ChIRP lysis buffer (50 mM Tris, 
pH 7, 10 mM EDTA, 1% SDS, phenylmethylsulfonyl fluoride, pro-
tease inhibitor cocktail, and RNasin). The lysate was sonicated and 
hybridized with the probes for 4 hours at 37°C. RNA– chromatin 
complexes were recovered with Dynabeads C1 (Thermo Fisher), 
and bead- associated RNA and DNA were purified. RNA was 

 analyzed by qRT- PCR, and the DNA was subjected to library 
preparation using a Kapa Hyper Prep kit (Kapa Biosystems). The 
ChIRP libraries were sequenced on a HiSeq 2500 instrument 
(PE101; Illumina).

Data availability. All sequencing data that support the 
findings of this study have been deposited in the National Center 
for Biotechnology Information Gene Expression Omnibus data-
base under accession number GSE104480. All other relevant 
data are available from the corresponding author upon request.

RESULTS

Genome- wide survey of SLE susceptibility  variants in 
lncRNA gene loci in Han Chinese. To identify  susceptibility var-
iants in lncRNA genes, we first selected SNPs from our previously 
reported SLE GWAS in Han Chinese subjects (17)  (Figure  1A). 
We next gathered lncRNAs from the GENCODE, Human lincRNA 
Catalog, and H- InvDB databases (see  Supplementary Table 1,  
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41200/ abstract). Seventy SNPs 
located in lncRNA genes were subjected to replication studies 
(in samples from 3,509 SLE patients and 8,246 healthy con-
trols) (see Supplementary Table 2 [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41200/ abstract]).

SNP rs13259960 was found to be associated with disease 
susceptibility in the replication study (P = 4.03 × 10−10). More-
over, this association with SLE was also significant in the com-
bined GWAS and replication samples (Pcombined = 1.03 × 10−11) 
(see Supplementary Tables 3 and 4 [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41200/ abstract]).

Imputation analysis in the region that was centered on 
rs13259960 revealed 2 SNPs in complete linkage disequi-
librium (LD) (r2 = 1.00) and 1 SNP in strong LD (r2 = 0.95) with 
rs13259960 (see Supplementary Table 5 [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41200/ abstract]). Based on the DNase I 
hypersensitivity clusters and transcription factor binding sites 
identified in the ENCODE database (as shown in Supplementary 
Figure 1A [http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ 
abstract]), it could be postulated that rs13259960 is involved in 
transcriptional regulation. SNP rs13259960 is located in the intron 
of an uncharacterized lncRNA gene, FLJ42969, within chromo-
some region 8q22.3 at a distance of ~100 kb from the closest 
YWHAZ gene (Figure 1B).

Characterization of the lncRNA SLEAR. SLEAR was 
determined to be a ~2,000- nucleotide–long transcript with a pol-
yadenylated tail (Figure  1C, and Supplementary Figures 1A–D 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract]). 
Levels of SLEAR RNA were much higher than those of HOTAIR, 
and lower than those of MALAT1, both in Jurkat cells and in 
PBMCs from SLE patients (see Supplementary Figures 1E and F 
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[http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract]). 
Using the Coding- Potential Assessment Tool, we predicted that 
SLEAR is a noncoding transcript (see Supplementary Figure 1G 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract]).

We next examined SLEAR expression in the peripheral blood of 
SLE patients (n = 130) and healthy controls (n = 119) (characteristics 
of the subjects are listed in Supplementary Table 6, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41200/ abstract). Compared to control PBMCs, the 
ΔCt value (a measure of relative expression) of SLEAR was signif-
icantly higher in PBMCs from SLE patients (P = 5.65 × 10−6) (Fig-
ure 1D), which indicated that the SLEAR RNA level was significantly 
lower in SLE patients compared to controls. Public RNA- seq data 
(accession no. GSE53419) also confirmed this expression pattern 
of SLEAR in SLE patients (see Supplementary Figure 1H [http://
onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract]).

To further probe the function of SLEAR, we analyzed its 
subcellular localization in Jurkat cells. The majority of SLEAR 

(~98%) was located in the nuclei of Jurkat cells, of which ~40% 
was associated with chromatins (Figure 1E). This uneven relative 
abundance of SLEAR strongly suggests that it has functional roles 
in the nucleus.

Impairment of SLEAR enhancer activity by rs13259 
960[G]. We further studied connections between rs13259960 and 
SLEAR by, first, assessing the impact of the rs13259960[G] risk allele 
on SLEAR expression in PBMCs from SLE patients. Because of the 
unmatched sample sizes between those with the A/G genotype 
(n = 22), those with the G/G genotype (n = 3), and those with the A/A 
genotype (n = 103), we did a permutation test to exclude the possi-
bility of sample selection bias. The results confirmed that SLEAR was 
significantly up- regulated (P = 0.0241) in PBMCs from SLE patients 
with the A/A genotype compared to PBMCs from those with either 
the A/G or G/G genotype (Figure 2A).

We then sought to determine how the risk allele impaired 
SLEAR expression. The rs13259960 polymorphism is located in 

Figure 1. Genome- wide association study (GWAS) of systemic lupus erythematosus (SLE) susceptibility variants in long noncoding RNA 
(lncRNA) gene loci in the peripheral blood of Han Chinese subjects. A, Protocol for the discovery and replication GWAS identifying SLE 
susceptibility variants in lncRNA gene loci in Han Chinese. B, Schematic drawing of the single- nucleotide polymorphism (SNP) rs13259960 
and its host gene. The rs13259960 polymorphism is located in the second intron of an uncharacterized lncRNA gene, FLJ42969, in the 8q22.3 
region. C, Northern blotting of the ~2,000- nucleotide (nt 2K)–long SLEAR transcript in 3 cell lines. A 28S ribosomal RNA was used as the 
loading control. D, Relative expression of SLEAR RNA determined by quantitative reverse transcription–polymerase chain reaction in peripheral 
blood mononuclear cells from SLE patients (n = 130) and healthy controls (n = 119). Results are expressed as the ΔCt value of SLEAR relative to 
GAPDH. Results are shown as box plots, where the lines inside the boxes represent the median, boxes represent the 25th and 75th percentiles, 
and whiskers represent the 5th and 95th percentiles. Symbols represent individual samples. The P value was calculated by Student’s 2- tailed 
t-test. E, Subcellular localization of SLEAR, compared to HOTAIR, U1, GAPDH, and ACTB, in Jurkat cells. Yellow represents the nuclear 
insoluble chromatin (CH) fraction, blue represents the nuclear soluble extracts (NE), and pink represents the cytoplasmic extracts (CE). MAF = 
minor allele frequency; HWE = Hardy- Weinberg equilibrium; OR = odds ratio.
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an open chromatin region with H3K4me1 and H3K27ac modi-
fications, wherein it might act as a putative enhancer (see Sup-
plementary Figures 1A and 2A [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41200/ abstract]). Constructs carrying the SNP 
showed more enhancer activity than those with the empty vec-
tor. Luciferase activity generated by the rs13259960[A] construct 
was significantly higher (P < 0.01) than that generated by the 
rs13259960[G] construct (Figure 2B).

A regulatory interaction between rs13259960 and SLEAR 
was detected in a previous study using Pol II chromatin inter-
action analysis with paired- end tag sequencing (ChIA- PET) in 
MCF7 cells (24) (see Supplementary Figure 2B [http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41200/ abstract]). Our study 
using the 3C method further validated the regulatory interaction 
between the SNP- containing enhancer and SLEAR promoter 
(Figure  2C, and Supplementary Figure 2C [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41200/ abstract]).

We also noted that the rs13259960 SNP and the SLEAR 
promoter are colocated within the same putative topologically 
associating domain (TAD) in H1 cells (25). CTCF peaks located 
near the boundaries of SLEAR promoter–rs13259960 interac-
tion–containing TADs are observed across various human tissues 
(see Supplementary Figure 3, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41200/ abstract). These results indicate that rs13259960 reg-
ulates SLEAR transcription through modulation of the enhancer 
activity within a conserved TAD.

YWHAZ and ZNF706 are also located in the TAD. However, 
an association between ZNF706 and SLE has not been reported. 
We also found contact between rs13259960 and the YWHAZ 
promoter, based on data from the ChIA- PET analysis. We there-
fore examined whether the rs13259960[G] allele affects YWHAZ 
expression. Differences in the levels of YWHAZ between samples 
with the A/A genotype and those with either the A/G or the G/G 
genotype were not significant (see Supplementary Figure 2D 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract]).

Motif analysis showed that rs13259960 overlapped with 
the STAT1 binding motif. Sanger sequencing of ChIP–PCR and 
allele- specific ChIP–qPCR amplicons in Jurkat cells (A/G ge no-
type in rs13259960) showed the preference of STAT1 for the 
rs13259960[A] allele (Figures 2D and E). SLEAR levels were also 
significantly decreased after STAT1 silencing (Figure 2F, and Sup-
plementary Figure 2E [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41200/ abstract]). Taken together, these data indicate that var-
iation at rs13259960 modulates STAT1 binding as a mechanism 
by which SLEAR transcription is regulated.

Regulation of apoptosis by SLEAR. To investigate the 
function of SLEAR, we depleted SLEAR expression in Jurkat 
cells and subjected the RNA to RNA- seq analysis (Figures  3A 
and D). Results of gene ontology enrichment analysis suggested 
that genes that were differentially expressed after SLEAR deple-
tion (referred to as DE genes) were enriched in functions of 

Figure  2. Functional links between rs13259960 and SLEAR. A, 
Permutation test of SLEAR abundance in peripheral blood mononuclear 
cells from systemic lupus erythematosus (SLE) patients with the G/G  
(n = 3), A/G (n = 22), or A/A (n = 103) genotype at rs13259960. Arrow 
indicates the average expression level in 25 SLE patients with either 
the G/G or A/G genotype. The P value was calculated by permutation 
test. B, Relative luciferase activity of the transfected 650- bp fragments 
of the SLEAR intron in samples with the G/G or A/A genotype of 
rs13259960. C, Chromosome conformation capture (3C) experiment 
showing the existence of a chromatin loop between rs13259960 and 
the SLEAR promoter in Jurkat cells. Upper panel, Physical map of the 
region spanning the SLEAR promoter (restriction site 1) at one end and 
the single- nucleotide polymorphism (SNP) at the other, interrogated by 
3C. Boxes represent the exon. Black vertical bars represent Hind III 
sites. Primers were designed accordingly. Lower panel, Results of the 
3C quantitative polymerase chain reaction (qPCR) analysis of Jurkat 
cells. D and E, Preferential binding of STAT1 to the nonrisk A allele of 
rs13259960, as determined by chromatin immunoprecipitation (ChIP)–
PCR followed by Sanger sequencing (D) and allele- specific ChIP–qPCR 
(E). F, Decrease in relative SLEAR expression after STAT1 knockdown 
with small interfering RNA (siRNA) in Jurkat cells. Results in B, E, and F 
are the mean ± SEM of 3 independent biologic replicates. ** = P < 0.01; 
*** = P < 0.001 by Student’s 2- tailed t- test. sictr = control siRNA. Color 
figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract.
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 transcription, chromosome organization, and apoptosis, among 
others (Figure  3B). Furthermore, gene set enrichment analysis 
showed that the DE genes were significantly enriched (P = 0.0117) 
in functions concerning apoptosis regulation (Figure 3C).

Down- regulation of several apoptosis- related DE genes, 
such as BCL2 and XIAP, after SLEAR knockdown were vali-
dated by qRT- PCR (Figure  3D, and Supplementary Figure 4A, 
 available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41200/ abstract). Since BIRC2 
(a gene closely related to apoptosis [26]) was found to be sig-
nificantly decreased in one of the RNA- seq data sets, we also 
validated its expression in Jurkat cells (Figure 3D). Protein levels of 
BCL2, BIRC2, and XIAP were all decreased after SLEAR knock-
down (Figures 3E and F). Several SLE- related DE genes, such as 

CD46 (27), CD14 (28), and TNFSF4 (29), were also validated as 
being genes that were down- regulated with SLEAR knockdown 
(see Supplementary Figure 4B [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41200/ abstract]).

We next performed SLEAR silencing by RNA interference with 
short hairpin RNAs (shRNAs) in Jurkat cells, and then measured 
the proportion of apoptotic cells using annexin V/7- AAD stain-
ing, followed by detection with fluorescence- activated cell sorting 
(FACS). We observed a significant increase in the apoptotic cell 
numbers in SLEAR- depleted cells relative to control shRNA–trans-
fected cells (Figure 3G). We also observed increased PARP cleav-
age after SLEAR knockdown with shRNAs (see Supplementary 
Figure 4C [http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ 
abstract]).

Figure 3. Regulation of apoptosis by SLEAR. A, Hierarchical clustering of differentially expressed genes following SLEAR depletion with short 
hairpin RNA (shRNA) in Jurkat cells. B, Enriched gene ontology (GO) terms for genes differentially expressed after SLEAR depletion, involving 
functions of transcription (upper left), chromosome organization (right), and apoptosis (lower left). C, Gene set enrichment analysis of apoptosis 
gene signatures in cells subjected to SLEAR knockdown compared to control shRNA (shctr)–transfected cells. D, Validation of gene signatures 
by quantitative reverse transcription–polymerase chain reaction, involving some of the key genes implicated in apoptosis upon SLEAR down- 
regulation. E and F, Western blotting for expression of BCL2, BIRC2, and XIAP in Jurkat cells after SLEAR depletion (E), with quantification of 
the results (F). GAPDH was used as a loading control. Values in F are the percentage relative to control shRNA–transfected cells (set at 100%). 
G, Percentage of annexin V–positive (AV+; apoptotic) cells after SLEAR knockdown, as determined by fluorescence- activated cell sorting 
(FACS). H, MTS assay showing the time course of changes in distributions of viable cells after SLEAR knockdown. I and J, Cell count of EdU- 
labeled cells by flow cytometry (I) and percentage of EdU- labeled cells determined by FACS (J) in Jurkat cells after SLEAR knockdown. K, 
Representative histograms showing isolation of CD3+ T cells from the peripheral blood of 2 patients with systemic lupus erythematosus (SLE). 
L, Correlation between SLEAR expression and percentage of AV+ CD3+ T cells from SLE patients (n = 30). M, Percentage of AV+ CD3+ T 
cells from SLE patients with the G/G, A/G, or A/A genotype at rs13259960. Results are shown as box plots, where the lines inside the boxes 
represent the median, boxes represent the 25th and 75th percentiles, and whiskers represent the 5th and 95th percentiles. Symbols represent 
individual samples. Results in D, F, G, H, and J are the mean ± SEM of 3 independent biologic replicates. * = P < 0.05; ** = P < 0.01; *** =  
P < 0.001 by Student’s 2- tailed t- test. NES = normalized enrichment score. Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract


rs13259960 IN SLEAR PREDISPOSING TO SLE |      991

The number of apoptotic cells was significantly decreased 
after SLEAR overexpression (see Supplementary Figures 4D  
and E [http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract]).  
Furthermore, the number of apoptotic cells showed similar 
changes after SLEAR silencing in MDA- 231 cells (see Supple-
mentary Figure 4F [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41200/ abstract]).

Alteration of apoptosis is likely to affect cell  proliferation. Cells 
treated with SLEAR shRNAs showed a significant decrease in 
viability compared to control shRNA–transfected cells (P < 0.01) 
 (Figure  3H). Furthermore, in EdU incorporation assays, SLEAR- 
depleted cells showed a significant reduction in EdU  incorporation 
relative to control shRNA–transfected cells (P < 0.001), as deter-
mined by FACS analysis (Figures 3I and J). We noted  enhancements 
in cell viability and EdU incorporation when SLEAR levels were 
elevated (see Supplementary Figures 4G and H [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41200/ abstract]). No signifi-
cant changes in the percentage of cells in any of the main cell- cycle 
phases (G1, G2, or S) were observed after SLEAR knockdown 
(see Supplementary Figure 4I [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41200/ abstract]). Taken together, these results 
suggest a physiologic role for SLEAR in cell proliferation and apo-
ptosis regulation, but not in cell- cycle regulation.

To study whether SLEAR expression correlates with the 
degree of apoptosis in vivo, we collected peripheral blood sam-
ples from SLE patients with the A/A, A/G, or G/G genotype. We 
then isolated CD3+ T cells from the blood (Figure 3K), checked 
SLEAR levels, and calculated the proportion of annexin V–positive 
(AV+) cells. The proportion of AV+ cells was positively correlated 
with the ΔCt value of SLEAR, which meant that the number of 
apo ptotic cells was negatively correlated with the relative expres-
sion of SLEAR in CD3+ T cells (Figure 3L).

We also assessed the impact of the rs13259960[G] allele on 
apoptosis in CD3+ T cells. The proportion of AV+ cells was signif-
icantly decreased (P = 5.11 × 10−5) in samples from patients with 
the A/A genotype (n = 18) relative to those with either the A/G or 
G/G genotype (n = 12) (Figure 3M). Taken together, our results 
suggest that SLEAR expression is correlated with the degree of 
apoptosis in SLE patients.

Interaction of SLEAR with ILF2, hnRNP F, and TAF15. 
We next investigated the molecular mechanisms by which SLEAR 
regulates apoptosis. Many lncRNAs regulate gene expression 
through interactions with transcription factors or chromatin- 
modifying complexes (30). The apparent nuclear localization of 
SLEAR (Figure 1E) suggests that this lncRNA might function in 
a similar way. We therefore performed RNA pull- down assays 
by incubating nuclear extracts from Jurkat cells with in vitro– 
transcribed biotinylated SLEAR in the sense or antisense (neg-
ative control) direction. We collected RNA–protein complexes 
and resolved them by SDS–polyacrylamide gel electrophoresis. 
The gel was stained with silver, and 4 bands enriched for SLEAR 

were cut out and subjected to MS (Figure 4A, and Supplemen-
tary Table 7, available on the Arthritis & Rheumatology web site at  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract). 
Western blotting identified 5 protein candidates specifically pulled 
down with biotinylated SLEAR in all biologic experiments (con-
ducted in triplicate): EWS, FUS, TAF15, hnRNP F, and ILF2 (Fig-
ure  4B). RNA immunoprecipitation assays of the RNA binding 
proteins TAF15, hnRNP F, and ILF2 showed significant enrich-
ment of SLEAR RNA, but not of β- actin or GAPDH, as compared 
to IgG isotype controls (Figure 4C). These results thus confirm that 
SLEAR binds to these 3 proteins.

To examine whether ILF2, hnRNP F, and TAF15 interact with 
SLEAR independently or as a multiprotein complex, we immu-
noprecipitated each protein from Jurkat cell lysates treated with 
either an RNase inhibitor or with a mixture of 2 RNases, and 
then subjected the immunoprecipitates to Western blotting. We 
found that ILF2, hnRNP F, and TAF15 coimmunoprecipitated from 
lysates treated with the RNase inhibitor. With the exception of the 
interaction between hnRNP F and TAF15, all other interactions 
were impaired by RNase treatment (Figures 4D–F). These results 
suggest that ILF2, hnRNP F, and TAF15 exist as a multiprotein 
complex with SLEAR RNA in vivo.

Since hnRNP F specifically recognizes G- quadruplex (G4) 
structures in RNA (31), we used QGRS Mapper to predict the 
G4 structures present in the nucleotide sequence of SLEAR 
(32). This analysis showed that the predicted G4s were mainly 
located in exon 1, especially in a 450- nucleotide region at the 
5′ end of SLEAR (see Supplementary Figure 5A, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41200/ abstract). We therefore used 
RNA pull- down assays to test whether this 450- nucleotide 
sequence might mediate the interaction with ILF2, hnRNP F, and 
TAF15. We incubated Jurkat cell nuclear lysates with 4 bioti-
nylated versions of SLEAR: the full- length RNA (FL- SLEAR), a 
fragment containing exon 1 sequence (SLEAR- Ex1), the G4- 
rich 450- nucleotide region (SLEAR- 450), or SLEAR lacking the 
450- nucleotide region (SLEAR- 450- mut). We observed that 
SLEAR- 450 bound ILF2, hnRNP F, and TAF15 with an affinity 
comparable to that of FL- SLEAR, whereas pull- down by the 
fragment SLEAR- 450- mut was markedly less efficient for bind-
ing ILF2, hnRNP F, and TAF15 (Figure 4G). Thus, we may con-
clude that the 450- nucleotide SLEAR sequence is important for 
interactions with ILF2, hnRNP F, and TAF15.

We next investigated whether the amount of SLEAR in the 
Jurkat cells affects the levels of these 3 proteins. After SLEAR 
knockdown, protein levels of both ILF2 and hnRNP F were 
reduced relative to that in control shRNA–transfected cells (Fig-
ures 4H and I). Previous studies have demonstrated that depletion 
of ILF2 could reduce the translation of XIAP and cIAP1 (BIRC2) 
(33,34). Protein levels of BIRC2 and XIAP were indeed decreased 
after ILF2 knockdown (Figures 4J and K). Both the messenger 
RNA and protein levels of XIAP and cIAP1 were reduced after 
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SLEAR depletion, and these effects were presumably mediated 
by the reduction in ILF2 levels.

We then examined whether these proteins affect apopto-
sis in Jurkat cells. The levels of apoptotic cells were raised when 
ILF2 was depleted (Figures 4L and M) but were not changed after 
hnRNP F or TAF15 depletion (see Supplementary Figures 5B and 
C [http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract]). 

SLEAR overexpression was sufficient to rescue the defective 
apoptosis in cultures of ILF2- knockdown cells  (Figures 4N and O).

SLEAR genome- wide occupancy sites revealed by 
ChIRP- seq. In view of the association of SLEAR with chromatins 
(Figure 1E) and its putative function in transcription and chromo-
some organization (Figure 3B), we performed ChIRP- seq to further 

Figure 4. Physical interaction of SLEAR with interleukin enhancer binding factor 2 (ILF2), heterogeneous nuclear RNP F (hnRNP F), and TATA- 
binding protein–associated factor 15 (TAF15). A, RNA pull- down assay of SLEAR- associated proteins in nuclear extracts from Jurkat cells. 
B, Western blotting of SLEAR- associated proteins in Jurkat cells, using antibodies against EWS, FUS, TAF15, hnRNP F, and ILF2. GAPDH 
was used as an input control. C, RNA immunoprecipitation assay of putative SLEAR binding proteins. The percentage of input was assessed 
in comparison to the values for GAPDH and ACTB. IgG isotype was used as an input control. D–F, Coimmunoprecipitation (IP) of SLEAR- 
associated proteins in Jurkat cell lysates, using antibodies against ILF2 (D), hnRNP F (E), and TAF15 (F), after treatment with an RNAse inhibitor 
or with RNases. G, RNA pull- down assays of SLEAR- associated proteins using the full- length RNA (FL- SLEAR), a fragment containing exon 
1 sequence (SLEAR- Ex1), the G4- rich 450- nucleotide region (SLEAR- 450), or SLEAR lacking the 450- nucleotide region (SLEAR- 450- mut), or 
using antisense SLEAR (AS-SLEAR) or a control devoid of RNA (-RNA). H and I, Western blotting of ILF2, hnRNP F, and TAF15 (with GAPDH 
as a control) after SLEAR depletion with short hairpin RNAs (shRNAs) (H), with quantification of the results (I). Values in I are relative to those 
in control shRNA (shctr)–transfected cells (set at 100%). J and K, Western blotting for protein expression of BIRC2, XIAP, and ILF2 (J) and 
densitometric analysis of the protein levels (K) in ILF2- knockdown (ILF2- KD) cells relative to control cells. In K, control values are set at 100%. 
L and M, Flow cytometry analysis of the percentage of annexin V–positive (AV+; apoptotic) cells among 7–aminoactinomycin D (7- AAD)–
stained cells after ILF2 knockdown (L), with quantification by fluorescence- activated cell sorting (M). N and O, Flow cytometry analysis of the 
percentage of AV+ (apoptotic) ILF2- knockdown cells overexpressing SLEAR (M), with quantification of the results (O). An empty vector (EV) was 
used as the control. A long noncoding RNA of similar length as that of SLEAR was used as a negative control (Lnc- MUF). Results in C, I, K, M, 
and O are the mean ± SEM of 3 independent biologic replicates. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s 2- tailed t- test. NS = 
not significant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41200/abstract.
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elucidate the detailed functional role of SLEAR. Analyses of RNA by 
qRT- PCR after ChIRP- seq analysis showed significant enrichment 
of SLEAR (P < 0.001) detected with the odd or even probes, as 
compared to that with the lacZ control (Figure 5A).

Sequencing of the “ChIRPed” DNA identified 487 SLEAR 
binding sites (based on concordant results from 3 indepen dent 
biologic replicates) that were absent in experiments with the 
LacZ control. Approximately 4% of the SLEAR binding sites were 
localized to 3′/5′–untranslated region elements, representing a 
2.1- fold to 5.5- fold enrichment over the genome background (Fig-
ures 5B and C). SLEAR binding sites were significantly enriched 

in enhancers (Figure 5D, and Supplementary Table 8, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41200/ abstract) and dispersed on all of the 
chromosomes except chromosome Y (Figure 5E). In addition, we 
found 46 ChIRP- seq SLEAR peaks in the extended regions (5 kb 
upstream or downstream) of the DE genes upon SLEAR silenc-
ing, of which 42 peaks were located in the DE- gene promoters 
identified by RNA- seq. There were 21 genes involved in apoptosis 
and 2 genes related to chromatin organization (see Supplemen-
tary Table 9, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract).

Figure 5. Genomic binding sites of SLEAR revealed with chromatin isolation by RNA purification sequencing (ChIRP- seq). A, Enrichment 
of SLEAR in Jurkat cells, detected using 20 3′- biotin–labeled antisense oligos (10 odd and 10 even probes), with LacZ probes used as a 
negative control. GAPDH was undetectable. B, Distribution of SLEAR binding sites across the indicated intergenic or intragenic regions. C, 
Enrichment of SLEAR binding sites (versus the genomic background) among the transcript features. D, Enrichment for SLEAR binding sites in 
enhancers. Enrichment for SLEAR binding, compared to that with the LacZ negative control, was assessed for significance by Fisher’s exact 
test with correction for multiple testing. Data are from the Roadmap Epigenomics Project (see Supplementary Table 8, available on the Arthritis 
& Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41200/ abstract). E, Circos diagram showing genomic distribution 
of significant SLEAR binding peaks from ChIRP- seq analysis of Jurkat cells. From outside and inward, the bars represent the −log10(P value) 
(red), fold enrichment (purple), and −log10(q value) (blue) of SLEAR binding peaks. F, SLEAR occupancy at the genes GAS6 and MUC3A. The 
additional overlaid tracks are the p53 binding sites. G, ChIP–quantitative polymerase chain reaction showing p53 binding to 4 SLEAR binding 
peaks after SLEAR knockdown with short hairpin RNAs (shRNAs) in Jurkat cells. Results in A and G show the mean ± SEM of 3 independent 
biologic replicates. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t- test. UTR5 = 5′–untranslated region; CDS = coding sequence; 
shctr = control short hairpin RNA. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41200/abstract.
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We next investigated whether SLEAR accesses the genome 
through specific sequences. Motif analysis of the SLEAR bind-
ing sites identified several core motifs, suggesting that SLEAR 
genomic occupancy may involve a specific DNA motif. To further 
characterize the motifs, we quantified their similarity to known 
ones and identified a significantly enriched motif corresponding 
to p53 (Supplementary Table 10, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41200/ abstract), which was found to be involved in immune 
regulation and autoimmunity (35,36).

We then analyzed published p53 ChIP- seq data (37) and 
found 24 binding sites overlapping between p53 and SLEAR 
(Supplementary Table 11, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41200/ abstract). Four binding sites that had high enrich-
ment scores and were associated with apoptosis, located in 
or close to the genes GAS6, MUC3A, PHLDA3, and PLK3 
(Figure 5F, and Supplementary Figures 6A and B, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41200/ abstract), were selected. 
Binding of p53 on these sites was abolished after SLEAR 
knockdown (Figure  5G). Moreover, GAS6 and MUC3A were 
down- regulated while PHLDA3 was up- regulated after SLEAR 
depletion (Supplementary Figure 6C [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41200/ abstract]). These results suggest 
that SLEAR is directly involved in p53 binding to some of its 
target genes.

DISCUSSION

In this study, we identified a significant SLE risk locus in the 
intron of SLEAR at 8q22. SLEAR was found to be expressed 
at significantly lower levels in SLE patients compared to healthy 
controls in the present study, as has also been indicated in 
publicly reported data. The current investigation suggests that 
reduced SLEAR activity implies an increased risk of SLE. We 
demonstrated that SLEAR can interact with ILF2, hnRNP F, and 
TAF15 to form a complex for transcription activation of down-
stream antiapoptotic genes. We found that the rs13259960 pol-
ymorphic site is located in an intronic enhancer that could recruit 
STAT1 to the promoter of SLEAR and facilitate SLEAR transcrip-
tion. STAT proteins have been demonstrated to be associated 
with active enhancers in T cells (38), a finding that further sup-
ports this conclusion. The rs13259960 A>G SNP was shown to 
impair STAT1 recruitment, resulting in decreased SLEAR levels as 
compared to that in the presence of the A allele of rs13259960. 
Aberrant expression of SLEAR might result in abrogation of 
the RNA–protein complex, with a corresponding attenuation of 
antiapoptotic gene transcription. Thus, the rs13259960[G] allele 
alters the enhancer activity, resulting in decreased SLEAR levels 
and an increased number of apoptotic events that may confer 
predisposition to SLE.

In 1994, Emlen and colleagues found that in vitro apoptosis of 
lymphocytes was accelerated in SLE patients (39). An increased 
frequency of apoptotic events in SLE would raise the chance of 
leakage of intracellular antigens that may either trigger an autoim-
mune response or participate in the formation of immune com-
plexes (40). Alternatively, increased apoptosis creates a danger 
signal, and this signal activates the innate and adaptive immune 
responses, which can lead to hyperreactivity to self antigens. In 
this context, our detailed investigation of the SLEAR target genes 
suggests that regulation of apoptosis is a main function of this 
lncRNA. Reducing SLEAR levels in cells increased their apoptosis 
rate and decreased their proliferation. In addition, we found that 
SLEAR expression negatively correlated with the degree of apo-
ptosis in SLE patients.

We found that SLEAR is enriched in the nuclei and inter-
acts with 3 proteins, ILF2, hnRNP F, and TAF15. ILF2 and 
hnRNP F have both been shown to be target antigens of 
autoantibodies in SLE patients (41,42). ILF2 was initially found 
to form a complex with ILF3, which activates the expression 
of interleukin genes such as IL2 (43,44) and IL13 (45). Recent 
evidence has revealed that ILF2 can regulate the cell cycle 
(46), cell proliferation (47), and apoptosis (48). Our results also 
validated the role of ILF2 in apoptosis. Importantly, ectopically 
expressed SLEAR could restore apoptosis in ILF2- depleted 
cells. Using ChIRP- seq, we showed that SLEAR could bind 
the genome through specific DNA sequences, similar to those 
bound by p53. SLEAR might thus facilitate binding of p53 to 
some of its targets, such as GAS6, MUC3A, PHLDA3, and 
PLK3. Under normal conditions, SLEAR might balance the 
transcription of some of the anti-  and proapoptotic p53 target 
genes. However, the presence of the risk allele rs13259960[G], 
which results in down- regulation of SLEAR, might compro-
mise this balance, leading to disrupted cell homeostasis. Col-
lectively, these observations indicate that the A>G variation 
at rs13259960 impairs SLEAR transcription, which diminishes 
the effect of this lncRNA in cell death regulation. Our findings 
are in accordance with the results from genetic association 
studies showing that rs13259960[G] is an SLE risk allele, and 
individuals carrying the rs13259960[G] allele may have atten-
uated SLEAR activity, and thus might be at high risk of devel-
oping SLE.

Our study has several limitations to consider. The rs13259960 
polymorphism was found to be associated with SLE based on the 
independent sample replication study and application of a strin-
gent P value threshold. This stringency may have led to underes-
timation of the actual number of SLE susceptibility loci, warranting 
further analysis. We also show that rs13259960 is in an enhancer 
element, and this enhancer might regulate transcription of other 
genes, in addition to the SLEAR locus. Therefore, further study of 
this possibility is needed. In addition, the possible effects of this 
variant as it relates to variation in the predisposition to SLE need 
to be further explored in in vivo experiments.
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Transcriptional regulation of SLEAR expression is a com-
plicated process. The results of the present study demonstrate 
the potential role of rs13259960 in this process, but we cannot 
rule out the possibility that other SNPs might also be involved in 
SLEAR regulation, which should be further explored. Our data 
demonstrate that SLEAR regulates the expression of target genes 
involved in cell apoptosis by interacting with proteins and/or chro-
matins. The molecular mechanism by which SLEAR modulates 
the activities of these anti-  and proapoptotic genes warrants fur-
ther study.

Taken together, we have carried out a GWAS and a func-
tional study, and identified a lncRNA, SLEAR, as an anti- SLE 
factor acting through regulation of apoptosis. The A>G variation 
at rs13259960 weakens this role of SLEAR and predisposes 
individuals to SLE. These findings give us new insights into the 
important roles of lncRNAs in maintaining cellular homeostasis, 
with the implication that dysregulation of lncRNAs may contrib-
ute to the development and progression of autoimmune dis-
eases such as SLE.
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DNA Vaccination With Hsp70 Protects Against Systemic 
Lupus Erythematosus in (NZB × NZW)F1 Mice
Aijing Liu,1 Concetta Ferretti,1 Fu-Dong Shi,2 Irun R. Cohen,3 Francisco J. Quintana,4 and Antonio La Cava1

Objective. To address whether a targeted modulation of the abnormal expression of Hsp70 and autoantibodies 
against this molecule in systemic lupus erythematosus can influence disease.

Methods. Lupus- prone (NZB × NZW)F1 mice that had been DNA- vaccinated with plasmids encoding Hsp70 
and controls were monitored for lupus disease parameters including anti–double stranded DNA (anti- dsDNA) 
autoantibodies and cytokines using enzyme- linked immunosorbent assay, and for kidney function and pathology. 
The phenotypic and numerical changes in relevant immune cells were evaluated by flow cytometry, and cell function 
was assessed.

Results. Mice that had been DNA- vaccinated with Hsp70 displayed marked suppression of anti- dsDNA antibody 
production, reduced renal disease, and antiinflammatory responses that are associated with a significantly extended 
survival, compared to controls. These protective effects in Hsp70- vaccinated mice were associated with an induction 
of tolerogenic immune responses and an expansion of functional Treg cells.

Conclusion. DNA vaccination with Hsp70 suppresses murine lupus by inducing tolerogenic immune responses 
and antiinflammatory immune responses associated with reduced disease manifestations and increased mouse 
survival.

INTRODUCTION

Heat- shock proteins (HSPs) are ubiquitous, highly con-
served molecular chaperones that are mostly expressed in sub-
cellular organelles, where they assist the correct folding of newly 
synthesized proteins, in addition to contributing to their assembly 
and translocation to appropriate cellular compartments.

Under physiologic conditions, HSPs help to limit inflamma-
tion and favor the resolution of immune responses (e.g., after 
infection), while under stressing conditions, HSPs can control 
ubiquitination and degradation of proteins (and therefore protein 
stability) (1). Although HSPs are expressed intracellularly, under 
certain circumstances (e.g., after cell necrosis or the engulfment 
of apoptotic cells), HSPs can be exposed on the cell surface and 
become immunogenic for the generation of anti- HSP autoanti-
bodies (2). Interestingly, certain HSPs are strong targets of auto-
immune responses, as in adjuvant arthritis, rheumatoid arthritis 

(RA), type 1 diabetes mellitus (DM), multiple sclerosis, and sys-
temic lupus erythematosus (SLE) (3).

In SLE, an association has been described between abnor-
mally elevated Hsp70 and the production of anti- Hsp70 anti-
bodies, particularly in patients with active disease (4). Increased 
levels of Hsp70 have also been observed in skin lesions in SLE 
patients (5), and the aberrant expression of Hsp70 has been 
linked to glomerular disease and lupus nephritis (6). However, it 
is still not clear whether these findings in SLE are secondary to 
the generalized inflammation or to the expression of this HSP in 
the disease.

Immune responses can be modulated in different ways. 
One effective approach is the use of vaccination with plasmid 
DNA, where the intramuscular injection of “naked” DNA (i.e., 
plasmids that encode specific antigens) results in local protein 
expression of the encoded transgene, usually persisting longer 
than 6 weeks (7). DNA vaccines are considered safe because 
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the injected DNA does not integrate into the host genome, 
and because the vaccines have limited immunogenicity and 
are well-tolerated (7). Owing to their propensity for persistent 
low- level antigen expression delivered without immune stimu-
lation, DNA vaccines have been tested as tools of modulation 
of autoimmune responses. In the case of plasmid DNA encod-
ing HSPs as autoantigens, protective immune responses have 
been induced in vivo in animal models of autoimmune disease 
(1,3). However, it remains unknown whether this may be the 
case for SLE.

Here we report that lupus- prone (NZB × NZW)F1 (NZB/
NZW) mice vaccinated with DNA constructs encoding Hsp70 
(but not Hsp60) developed tolerogenic immune responses 
and reduced proinflammatory responses that were associated 
with reduced autoantibody production, limited renal disease, 
and significantly extended survival. These findings suggest 
the possibility of therapeutic targeting of Hsp70 for the reduc-
tion of inflammation and the induction of tolerogenic immune 
responses in SLE.

MATERIALS AND METHODS

HSP- encoding constructs. Full- length complementary 
DNAs (cDNAs) of Hsp70 or Hsp60 genes were cloned indi-
vidually into a pcDNA3 vector (Invitrogen) under the control of 
a cytomegalovirus promoter, as illustrated in Supplementary  
Figure  1, on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41202/ abstract. Briefly, 
cDNA for Hsp70 or Hsp60 in pGEM was amplified using oli-
gonucleotides containing restriction sites for Bam HI or Hind III. 
The amplicon and pcDNA3 vectors were purified and digested 
with Bam HI/Hind III. The digested polymerase chain reaction 
(PCR) product encoding for the respective HSP (Hsp70 or 
Hsp60) and linearized pcDNA3 vector was ligated using T4 DNA 
ligase according to standard protocols. The ligated plasmids 
were used to transform Escherichia coli and later sequenced to 
confirm correct insertion of the cDNAs. A TNT Quick Coupled 
Transcription/Translation System (Promega) was used to assess 
translation of the HSP. After incubation with 35S- methionine 
(Amersham), 35S- labeled products were analyzed by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS- PAGE) 
and autoradiography (Supplementary Figure 1C, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41202/ abstract).

For immunization, the DNA constructs named pHsp70 and 
pHsp60 (when encoding Hsp70 and Hsp60, respectively) were 
prepared in large scale using an EndoFree Plasmid Mega Kit 
(Qiagen). After DNA precipitation with ethanol and resuspension 
in sterile phosphate buffered saline (PBS), endotoxin levels were 
checked by Limulus amebocyte lysate assay and were always 
found to be acceptable for in vivo use (<0.02 endotoxin units/μg 
DNA). Construct quality and purity were reassessed before use by 
enzymatic digestion in order to reconfirm vector map sites.

Detection of Hsp70- specific antibodies. Blood samples 
were collected at the beginning of and 12 days after the end of the 
DNA vaccination regimen. Hsp70- specific antibodies were meas-
ured by enzyme- linked immunosorbent assay (ELISA) using Maxi-
sorp flat- bottom microtiter plates (Nunc) that were precoated 
overnight with 0.5 μg/well of Hsp70 or ovalbumin (OVA; as a con-
trol) in carbonate buffer at 4°C. Nonspecific binding was blocked by 
incubation with 1% bovine serum albumin (BSA) for 2 hours at 37°C. 
Serum samples diluted 1:100 were added and incubated for 3 hours 
at 37°C. Bound IgG were detected using alkaline phosphatase– 
conjugated antibodies (Jackson ImmunoResearch) followed by 
addition of substrate for alkaline phosphatase (Sigma- Aldrich).

Mice. NZB/NZW mice were purchased from The Jackson 
Laboratory and maintained at the University of California, Los 
Angeles under pathogen- free conditions. Only female mice were 
included, and were treated according to the National Institutes of 
Health guidelines for the use of experimental animals, following 
protocols approved by the institutional Animal Research Com-
mittee. Mice were randomized into 2 groups according to HSP 
(pHsp70 and pHsp60) and 2 control groups (empty pcDNA3 
plasmid or vehicle) (n = 12 mice per group). According to the 
protocol shown in Supplementary Figure 1 (http://onlin elibr ary.
wiley.com/doi/10.1002/art.41202/ abstract), at 8 weeks of age 
and 5 days after injection in the right tibialis anterior muscle with 
50 μl cardiotoxin (10 mM), mice were injected in the same area 
with pHsp70, pHsp60, pcDNA3 vector (each with 100 μl at 1 μg/
μl), or 100 μl vehicle (PBS). The following week, mice received a 
second injection of the same amount of plasmid in the left tibialis 
anterior muscle, 5 days after injection with cardiotoxin. Mice were 
fed ad libitum, housed in a 12- hour light/dark cycle, and moni-
tored daily by a technician and weekly by a veterinarian.

ELISA. Concentrations of interferon- γ (IFNγ), interleukin- 4 
(IL- 4), IL- 10, and IL- 17 were measured using Quantikine ELISA 
kits (R&D Systems). ELISA was also used to quantify anti–double- 
stranded DNA (anti- dsDNA) antibodies (Alpha Diagnostic), including 
the IgG subclasses IgG1, IgG2a, IgG2b, and IgG3 (Ready- Set- Go 
kits) according to instructions from the manufacturer (eBioscience). 
All measurements were performed in a blinded manner.

Measurement of kidney function. Proteinuria was mon-
itored with Albustix reagent strips (Bayer) for urinalysis. Concen-
trations of ≥100 mg/dl at 2 different measurements 1 day apart 
were considered as proteinuria. Serum blood urea nitrogen (BUN), 
creatinine, and complement C3 and C4 were measured using 
ELISA kits (MyBioSource).

Histology. Kidneys from 30- week- old experimental mice 
were embedded in OCT compound, snap- frozen, and stored at 
−80°C. For staining, 4- μm sections were put in cold acetone for 
5 minutes and were washed and blocked with 2% BSA for 1 hour, 
before indirect immunofluorescence studies using fluorescein 
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isothiocyanate– conjugated rabbit anti- mouse IgG (ThermoFisher 
Scientific). Sections were counterstained with hematoxylin and 
eosin for kidney disease assessment scores that were evaluated 
in a blinded manner, using a scale of 0–3, where 0 denotes no 
lesions, 1 denotes lesions in <30% of glomeruli, 2 denotes lesions 
in 30–60% of glomeruli, and 3 denotes lesions in >60% of glomer-
uli. The glomerular activity score included glomerular proliferation, 
karyorrhexis, fibrinoid necrosis, inflammatory cells, cellular cres-
cents, and hyaline deposits (8). The tubulointerstitial activity score 
included interstitial inflammation, tubular cell necrosis and/or flat-
tening, and epithelial cells or macrophages in the tubular lumen. 
Raw scores were averaged to obtain a mean score for each fea-
ture, and mean scores were summed to obtain an average score 
from which a composite score was derived (9).

Flow cytometry. Phenotypic cell analyses were per-
formed by costaining peripheral blood mononuclear cells from 
experimental mice, at different time points, with fluorochrome- 

labeled mono clonal antibodies (mAb) to CD3, CD4, CD25, and 
FoxP3 (the latter using a Cytofix/Cytoperm kit; eBioscience), 
according to standard protocols. Popliteal lymph node cells 
(draining from hind leg muscles) from mice vaccinated with DNA 
constructs were costained for CD11 and major histocompatibil-
ity complex (MHC) class II, CD40, CD80, and CD86 molecules, 
using fluorochrome- labeled mAb. All mAb were from eBiosci-
ence. Cells were acquired on a FACSCalibur flow cytometer 
using CellQuest software (BD Biosciences) and analyzed using 
FlowJo software.

Suppression assay. CD4+ Treg cells were sorted from 
splenocytes once mice were euthanized, using a CD4+CD25+ 
Regulatory T Cell Isolation kit (Miltenyi Biotec) on an AutoMACS 
separator and cocultured in triplicate for 3 days with scalar ratios 
of AutoMACS- sorted T responder cells and 0.1 anti-CD3/CD28 
Dynabead/cell (ThermoFisher Scientific). In selected experiments, 
Corning Transwell inserts with 0.4- mm pores separated the 

Figure 1. DNA vaccination with Hsp70 prolongs survival and delays manifestations of systemic lupus erythematosus (SLE) in (NZB × NZW)
F1 (NZB/NZW) mice. Eight- week- old mice received pHsp70, pHsp60, empty pcDNA3, or vehicle (phosphate buffered saline [PBS]) only (n = 
12 mice per group), according to the protocol described in Materials and Methods. A, Survival was longer in mice treated with pHsp70 versus 
all other groups (P < 0.0001 by analysis of variance [ANOVA]). B, Anti–double- stranded DNA (anti- dsDNA) autoantibodies (Ab) in sera were 
measured by enzyme- linked immunosorbent assay at the time points indicated on the x-axis. * = P < 0.05; ** = P < 0.005. C, Kidneys from the 
different groups of DNA- immunized mice were explanted 22 weeks after start of treatment for histologic analysis. Indirect immunofluorescence 
indicated high IgG precipitation in renal glomeruli from control mice treated with saline or empty vector (pcDNA3) or with pHsp60, but not with 
pHsp70. Original magnification × 10. D, Glomerular activity score (GAS) and tubulointerstitial activity score (TIAS) were determined in a blinded 
manner using 6 fields from 6 mice per group. * = P < 0.05 versus all other groups, by ANOVA. E, Proteinuria in DNA- immunized mice was 
measured with Albustix. Development of proteinuria occurred later in mice treated with pHsp70 versus all other groups (P < 0.0001 by ANOVA).
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 cocultured Treg cells and T responder cells. Proliferation was meas-
ured as the uptake of 3H- thymidine (1 μCi/well) on a Tomtec Har-
vester 96 in the last 12 hours of culture.

Statistical analysis. Differences between groups were 
evaluated by Student’s t-test or one- way analysis of variance 
using GraphPad Prism 4 software. P values less than 0.05 were 
considered significant.

RESULTS

Phosphorylated Hsp70 is expressible and immuno-
genic after DNA immunization. After incubation in vitro with 
35S- methionine, SDS- PAGE followed by autoradiography showed 
35S- labeled 70- kd protein from the pHsp70 construct but no pro-
tein for control pcDNA3 (Supplementary Figure 1C, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41202/ abstract), demonstrating 
transcription/translation of Hsp70 from pHsp70.

Prolonged survival of lupus- prone NZB/NZW mice 
after DNA vaccination with Hsp70. DNA constructs encod-
ing Hsp70 or Hsp60 (pHsp70 and pHsp60, respectively) were 
used for vaccination of lupus- prone NZB/NZW mice according to 
the protocol described in Materials and Methods. Control groups 
included mice that received empty construct (pcDNA3) or vehicle 
(PBS). Vaccination with pHsp70 induced antibodies to Hsp70 but 
not to OVA (Supplementary Figure 1D, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41202/ abstract), indicating that pHsp70 
induced antigen- specific immune responses in vivo. Importantly, 
the monitoring of DNA- vaccinated NZB/NZW mice showed that 
those vaccinated with pHsp70 had an extended survival com-
pared to all other groups (Figure 1A). There were no significant 
differences between mice vaccinated with Hsp60 and controls 
(Figure 1A).

Delayed lupus disease manifestations in NZB/NZW  
mice after DNA vaccination with Hsp70. To correlate 
these findings with lupus disease manifestations, we compared 
the production of anti- dsDNA autoantibodies, which spontane-
ously occurs in aging NZB/NZW mice (10), between controls 
and mice vaccinated with DNA encoding Hsp70 or Hsp60. NZB/
NZW mice that received pHsp70 displayed reduced anti- dsDNA 
production, which was not seen in any of the other groups of mice  
(Figure 1B).

Anti- dsDNA IgG antibodies can differ from each other in anti-
gen recognition specificity and in the ability to fix complement after 
the formation of immune complexes (11). In lupus mouse mod-
els, IgG2a and IgG2b showed robust complement activity and 
binding affinity for triggering Fc receptor types III and IV, with the 
IgG2a subclass considered to be highly pathogenic (11). Inter-
estingly, the reduced production of anti- dsDNA autoantibodies 
in pHsp70- vaccinated mice was associated with a decrease in 
the anti- dsDNA IgG subclass linked to Th1 responses (IgG2a). No 
changes were observed in the anti- dsDNA IgG subclass linked 
to Th2 responses (IgG1) (Supplementary (Figure 2), http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41202/ abstract).

Because of the critical role of anti- dsDNA autoantibodies in 
the development of renal disease in NZB/NZW mice (10), we next 
compared the effects of DNA vaccination with HSPs on kidney 
function between mouse groups. A reduced deposition of IgG 
in kidneys from NZB/NZW mice treated with pHsp70 was asso-
ciated with reduced pathology scores, compared to the other 
groups of mice (Figures 1C and D). Our findings also show sig-
nificant differences in proteinuria, which was elevated in all mouse 
groups except pHsp70- vaccinated mice (Figure  1E). Mice that 
received pHsp70 had the latest onset of proteinuria compared to 
the other groups, and this delay lasted until the mice were ~70 
weeks of age. By the time all control mice had developed proteinu-
ria, none of the pHsp70- treated mice had developed it (Figure 1E). 

Figure 2. Reduced expression of major histocompatibility complex (MHC) class II, CD40, CD80, and CD86 molecules by flow cytometry on 
dendritic cells from (NZB × NZW)F1 mice treated with pHsp70. Popliteal lymph node cells in mice immunized with pHsp70 or empty pcDNA3 
(control) vector were sorted as mononuclear cells by a combination of forward and side scatter properties before gating on CD11c+ cells and 
subsequent analysis of surface expression of MHC class II, CD40, CD80, and CD86, as shown in the representative density plots. Graphs 
indicate the fold difference in cumulative mean fluorescence intensity (MFI) versus control (n = 6 mice per group). * = P < 0.05.
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 Additionally, mice that had been DNA- vaccinated with Hsp70 
demonstrated stable complement C3 and C4 levels over time, and 
serum creatinine and BUN concentration did not differ significantly 
between the DNA- vaccinated mouse groups (Supplementary Fig-
ures 2C–E, http://onlin elibr ary.wiley.com/doi/10.1002/art.41202/ 
abstract).

Tolerogenic immune responses promoted by DNA 
vaccination with Hsp70. Delayed lupus disease manifestations 
and increased survival of NZB/NZW mice DNA- vaccinated with 
pHsp70 (Figure 1) suggested a reduced autoimmune response. 
This was further supported by the observation of reduced levels 
of proinflammatory cytokines (IFNγ and IL- 17) and increased levels 
of an antiinflammatory cytokine (IL- 10) in pHsp70- vaccinated mice 
compared to other groups (Supplementary Figure 2B, http://
onlinelibrary.wiley.com/doi/10.1002/art.41202/abstract).

After detecting postvaccination systemic immuno mod-
ulation, we investigated the effects of treatment at the draining 
sites in the area of DNA injection (12), namely the regional lymph 
nodes. It is widely accepted that antigen presentation by dendritic 
cells (DCs) in lymph nodes can lead to the development of toler-
ogenic or inflammatory responses, depending on the maturation 
state of DCs. Immature DCs that express low surface levels of 
MHC class II and costimulatory molecules such as CD40, CD80, 
and CD86 are considered to favor tolerogenic T cell responses, 
whereas mature DCs that express higher levels of the same mole-
cules typically promote proinflammatory T cell responses (13–15).

Ex vivo flow cytometry analyses on draining popliteal lymph 
node DCs showed an increase in phenotypically immature DCs 
in mice vaccinated with pHsp70 (Figure 2) in association with an 

increased frequency of peripheral Treg cells (Figure 3) that sup-
pressed proliferation of T responder cells via cell–cell contact- 
dependent and contact- independent mechanisms (data not 
shown). The increased frequency of Treg cells is consistent with 
the notion that immature DCs favor an expansion of functional 
Treg cells (13). No differences between the mouse groups in  
in vitro suppressive activity among Treg cells against autologous  
T responder cells at 1:1 and 1:4 ratios were observed (P not  
significant; data not shown).

DISCUSSION

This study shows that DNA vaccination with Hsp70 signifi-
cantly prolongs the lifespan of lupus- prone NZB/NZW mice (up to 
96 weeks in mice whose typical lifespan when untreated is 34–44 
weeks) (10). The increased survival of pHsp70- vaccinated mice 
was associated with reduced titers of autoantibodies and late 
onset of renal disease, in addition to an overall reduction of proin-
flammatory responses.

Demonstration of the tolerogenic potential of pHsp70 
extends previous observations (16,17) that the exposure of mouse 
bone marrow–derived DCs to Hsp70 results in in vitro induction 
of tolerogenic immune phenotypes characterized by reduced 
expression of MHC class II and CD86 molecules (18,19). Taken 
together, these observations suggest that a constant low- level 
expression of an antigen (in this case provided by the DNA vac-
cine) and/or antigen presen tation without increased costimulation 
can favorably attenuate autoimmune responses (20).

Importantly, the protective effects of DNA vaccination in SLE 
were specific to Hsp70 and not Hsp60. This observation was not 
anticipated, given the beneficial effects of DNA immunization with 
Hsp60 in other autoimmune diseases such as type 1 DM and 
arthritis (3,21). A possible explanation is that DNA vaccination 
with Hsp60 may up- regulate IFNγ secretion (22) that is deleterious 
in SLE (23), and/or that Hsp60 responses are quite abnormal in 
patients with other autoimmune diseases such as type 1 DM and 
RA (24,25) but are not abnormal in SLE (26). On the other hand, 
SLE patients show abnormalities related to Hsp70 (4) that include 
specific polymorphic allelic variants of HSP70 (27).

Overall, it appears that distinct HSPs may play different roles 
in the pathogenesis of various autoimmune diseases due to their 
diverse activities (28). In the current study, specificity of effect was 
confirmed by the inclusion of control mice, which showed that 
protection against SLE had to be ascribed to the vector- encoded 
products and not to the plasmid itself. The fact that CpG motifs 
in DNA vectors provide limited yet quantifiable protection against 
autoimmune responses (24) could explain the reduced proteinuria 
in mice treated with empty vector compared to vehicle- treated 
controls (Figure 1), which was nonetheless insufficient to confer 
significant protection against SLE.

In conclusion, this is the first study to demonstrate that DNA 
vaccination with Hsp70 protects against SLE, in association 

Figure 3. DNA vaccination with Hsp70 expands functional Treg cells 
in NZB/NZW mice. A, Circulating CD4+CD25+FoxP3+ T cells (Treg 
cells) in mice that were DNA-vaccinated with Hsp60, Hsp70, control 
pcDNA3, or vehicle (PBS) at week 0 were monitored. * = P < 0.05 
versus all other treatments. B, Cocultured syngeneic CD4+CD25− 
T responder (Tresp) cells were stimulated with anti-CD3/CD28 
antibodies for 3 days. Treg cells from pHsp70-treated mice suppressed 
proliferation of the T responder cells. * = P < 0.05 versus Tregs:Tresp 
0:1. Bars show the mean ± SEM. See Figure 1 for other definitions.
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with the induction of antiinflammatory and tolerogenic immune 
responses. Future investigations will be required in order to delin-
eate the specific pathways associated with the reported findings.
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Poly(ADP-Ribose)PolymeraseEnhancesInfiltrationof
Mononuclear Cells in Primary Sjögren’s Syndrome Through 
Interferon-InducedProteinWithTetratricopeptideRepeats
1–MediatedUp-RegulationofCXCL10
Qingqing Tian,1  Han Zhao,1 Hanzhi Ling,1 Li Sun,2 Chipeng Xiao,1 Guoyu Yin,1 Xiaobing Wang,2  Gan Wu,1 
Chenglin Yang,3 Mu Chen,1 Shengwei Jin,4 Xinyu Yang,1 and Jianguang Wang1

Objective. Mononuclear cell infiltration and type I interferon (IFN) system activation play an important role 
in primary Sjögren’s syndrome (SS). We undertook this study to investigate the mechanism of poly(ADP- ribose) 
polymerase family member 9 (PARP- 9) on mononuclear cell infiltration triggered by type I IFN.

Methods. A proteomic study was conducted in peripheral blood mononuclear cells from patients with primary 
SS (n = 30) and healthy controls (n = 30) to determine differentially expressed proteins (DEPs) (P < 0.05; fold change 
>1.20). Labial salivary glands (LSGs) were isolated for hematoxylin and eosin staining and immunohistochemical 
analysis. CD19+ B cells were purified by magnetic cell sorting for immunofluorescence staining, lentivirus–PARP-
9 transfection, and IFNα treatment experiments. PARP-9 small interfering RNA (siRNA) and DTX3L siRNA were 
delivered into female NOD/LtJ female mice to determine their effect.

Results. The overexpression of PARP-9 and CXCL10 as well as their colocalization was confirmed in primary SS. 
PARP-9 levels in LSGs rose with increased Chisholm scores in patients with primary SS. PARP-9 and DTX3L were 
present in the infiltrating mononuclear cells from salivary glands in female NOD/LtJ mouse models. Additionally, 
Ingenuity Pathway Analysis networks of DEPs demonstrated that PARP-9, STAT1, and IFN-induced protein with 
tetratricopeptide repeats 1 (IFIT-1) participated in the IFN-related pathway. Furthermore, PARP-9 could up-regulate 
the expression of IFIT1 and CXCL10 in B cells. Moreover, PARP-9 and CXCL10 could be induced by IFNα in B cells.

Conclusion. This study is the first to implicate PARP- 9 as a regulator of infiltration of mononuclear cells in primary 
SS progression and to reveal that PARP- 9 increases CXCL10 expression through up- regulating IFIT- 1, which is 
mediated by the phosphorylation of STAT1. PARP- 9 might therefore be a novel therapeutic target for primary SS.

INTRODUCTION

Primary Sjögren’s syndrome (SS) is a  chronic systemic 
autoimmune disease characterized by oral dryness (xerostomia) 
and ocular dryness (xerophthalmia). Mononuclear cell infiltration 
of the salivary and lacrimal glands leading to destruction and 
subsequent fibrotic changes, as well as enhanced activation of 

polyclonal B lymphocytes, is typically observed in patients with 
primary SS (1,2). However, the mechanism of mononuclear cell 
infiltration in primary SS remains largely unexplored.

The type I interferon (IFN) system plays an essential role in the 
pathogenesis of primary SS (3–5). Up- regulation of IFN- inducible 
genes, a so- called IFN signature, was observed using microarray 
analysis in minor salivary glands (6), peripheral blood  mononuclear 
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cells (PBMCs), and CD14+ monocytes of PBMCs (7) from patients 
with primary SS. However, little is known about the effects of an 
activated type I IFN system on signaling profiles in primary SS. A 
recent study showed that phosphorylation of STAT1 Y701 was 
increased in B cells following stimulation with IFNα, and this was 
strongly correlated with type I IFN–inducible gene expression in 
PBMCs and the presence of autoantibodies (8). However, the 
downstream effects of IFNα/STAT1 Y701/IFN- induced protein 
with tetratricopeptide repeats (IFIT) and its role in mononuclear 
cell infiltration were not thoroughly investigated.

In patients with primary SS, the risk of developing B cell lym-
phoma is increased, and is higher than that in patients with rheu-
matoid arthritis or systemic lupus erythematosus (SLE) (9,10). 
Poly(ADP- ribose) polymerase family member 9 (PARP- 9) was orig-
inally identified as a risk- related gene for diffuse large B cell lym-
phoma (DLBCL) (11). Studies have shown that PARP- 9 can bind to 
STAT1 in lymphoma cells (12). In fibrosarcoma cells, PARP- 9 protein 
can be induced by IFN and then bind to DTX3L to up- regulate the 
expression of IFITs (13,14). However, the function of PARP- 9 in the 
pathogenesis of primary SS has never been studied, and whether 
PARP- 9 participates in the action of IFNα/STAT1 Y701/IFIT requires 
further investigation.

Serum levels of CXCL10, also referred to as IFNγ- inducible 
protein 10, are associated with inflammatory prognostic biomark-
ers in patients with DLBCL (15). Furthermore, CXCL10 has been 
shown to be involved in the accumulation of T cell infiltrates in the 
salivary glands of patients with primary SS (16), and a CXCL10 
antagonist significantly reduced the mononuclear cell infiltra-
tion and parenchymal destruction in MRL/lpr mice with sialade-
nitis (17). Vollmer et  al found that CXCL10 could be produced 
by human B cells, and the addition of IFNα to the B cell culture 
strongly enhanced the intracellular CXCL10 staining in the purified 
B cells as well as the CXCL10 levels observed in the culture super-
natant (18). In human astrocytoma cells, CXCL10 is induced by 
IFIT members (19,20). These findings suggest a potential relation-
ship between IFNα/STAT1 Y701/IFIT, PARP- 9, and CXCL10 in the 
pathogenesis of primary SS. However, whether PARP- 9 affects 
the production of CXCL10 in primary SS remains unknown.

In this study, we analyzed differentially expressed proteins 
(DEPs) in PBMCs from patients with primary SS and healthy con-
trols, using the proteomics method. The up- regulation of PARP- 9, 
DTX3L, STAT1, and IFIT- 1 in the PBMCs of patients with primary 
SS confirmed the activation of the IFN signaling pathway. By ana-
lyzing the potential correlation of these proteins, we offer new 
insight into the signaling mechanism of primary SS, providing a 
clue to the potential regulation between PARP- 9 and primary SS.

PATIENTS AND METHODS

Patients and proteomic screening. Patients with pri mary 
SS who fulfilled the 2002 American- European consensus group 
SS classification criteria (21) and healthy controls were recruited at 

the First Affiliated Hospital of Wenzhou Medical University  (ethics 
committee approval no. 2016157) from  September 7, 2016 
to September 31, 2018. All subjects provided written informed 
consent. PBMCs were isolated from 30 patients and 30 healthy 
controls using Ficoll- Histopaque density-gradient centrifugation, 
and groups of 10 samples were mixed together for tandem mass 
tags proteomic experiments. In the validation study, serum, sali-
vary glands, and saliva were collected from 103 patients and 105 
controls. Detailed demographic and clinical characteristics of all 
study subjects are shown in Supplementary Table 1 (http://onlin e   
libr ary.wiley.com/doi/10.1002/art.41195/ abstract).

DEP screening and bioinformatics analysis. DEPs 
were screened and selected using a 2- sample t- test (P < 0.05), 
fold change (>1.20), and false discovery rate (FDR; <1%). Gene 
Ontology (GO) enrichment analysis (biologic processes, cellular 
components, and molecular functions) was performed using the 
online software DAVID Bioinformatics Resources 6.8 (http://david.
abcc.ncifc rf.gov). Pathways were selected in the KEGG data-
base (http://www.kegg.jp). Additionally, DEPs were uploaded into 
Ingenuity Pathway Analysis (IPA). Networks were generated using 
Ingenuity Knowledge Base, using P values obtained via Fisher’s 
exact test to determine significance.

RNA isolation and real- time quantitative polymer-
ase chain reaction (qPCR). Total RNA from PBMCs and the 
labial salivary gland (LSG) was isolated using TRIzol reagent (Invit-
rogen). Reverse transcription was performed using an RT Reagent 
Kit with gDNA Eraser according to instructions from the manu-
facturer (Takara). Quantitative PCR analysis was carried out using 
the CFX96 Touch Real- Time PCR Detection System with SsoFast 
EvaGreen Supermix (both from Bio-Rad). β- actin levels were used 
as an internal control, and fold change was calculated by relative 
quantification (2–ΔΔCt).

Histopathologic assessment and immunohisto-
chemistry staining. LSG tissue sections were fixed, decalcified, 
embedded, and sectioned in 5- μm intervals for hematoxylin and 
eosin (H&E) staining and immunohistochemical analysis. Immu-
nostaining was performed using a diaminobenzidine kit. Briefly, 
sections placed on slides were deparaffinized, rehydrated, 
antigen- unmasked, permeabilized, blocked, and incubated with 
rabbit polyclonal anti–PARP- 9 antibody (ab53796; Abcam) at a 
1:1,000 dilution and anti- CXCL10 antibody (AF- 266- NA; R&D 
Systems) at a 1:500 dilution. Subsequently, a peroxidase DAB 
detection system was applied. The sections were observed under 
a Nikon photomicroscope.

Measurement of cytokines by enzyme- linked immu-
nosorbent assay (ELISA). The serum and saliva from patients 
with primary SS and healthy controls were separated. Levels of 
PARP- 9 were detected using an ELISA kit (no. ABIN6210710) 

http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://david.abcc.ncifcrf.gov
http://david.abcc.ncifcrf.gov
http://www.kegg.jp
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according to instructions from the manufacturer (Antibodies- 
Online).

Immunofluorescence staining. PBMCs were fixed, per-
meabilized, blocked, and incubated overnight at 4°C with primary 
antibody followed by secondary antibody and counterstained with 
DAPI (1:1,000) (Sigma- Aldrich). Primary antibodies included anti–
PARP- 9 antibody (1:100) (ab53796; Abcam) and CD19 monoclo-
nal antibody (2E2) (1:100) (MA1- 15630; ThermoFisher Scientific). 
Secondary antibodies included Alexa Fluor 594–conjugated don-
key anti- mouse IgG antibody (1:200) (A21203; ThermoFisher Sci-
entific) and Alexa Fluor 488–conjugated donkey anti- rabbit IgG 
antibody (1:200) (ab150073; Abcam). Nuclei were counterstained 
with DAPI (Invitrogen). A confocal microscope (Zeiss LSM800) 
equipped with ZEN Lite software was used to analyze images.

CD19+ B cell purification and identification by  
magnetic- activated cell sorting (MACS) and flow cytom-
etry. CD19+ B cells were purified from PBMCs from healthy 
controls and patients with primary SS using MACS colloidal 
superparamagnetic microbeads conjugated to the monoclonal 

CD19 antibody, according to instructions from the manufacturer 
(Miltenyi Biotec). After purification, the cells were identified by flow 
cytometry using fluorescein isothiocyanate–conjugated anti- CD19  
monoclonal antibody (BD Biosciences), and the percentages of pos-
itive cells were calculated using a FACSCalibur (BD Biosciences).

Transfection assay. A GV309 lentivirus vector (Gene-
chem) was used to up- regulate PARP- 9 and IFIT- 1 expression 
in B cells. Assays of lentivirus infection were performed accord-
ing to instructions from the manufacturer. Briefly, GV309 lentivi-
rus vector and 50 μg/ml Polybrene (Sigma- Aldrich) were added 
in a 6- well plate containing 5 × 104 B cells. After 16 hours, the 
transfection medium was replaced by RPMI 1640 containing 10% 
fetal bovine serum (FBS). The cells were then harvested for qPCR 
analysis and Western blotting.

Coimmunoprecipitation. The submandibular glands (SGs)  
from female NOD/LtJ mice were lysed in radioimmunoprecip-
itation assay lysis buffer containing protease inhibitors. The 
supernatant was incubated at 4°C with anti–PARP- 9 antibody, 
anti- DTX3L antibody, or anti- STAT1 antibody with gentle shaking. 

Figure  1. Bioinformatics analysis of differentially expressed proteins (DEPs). A, Hierarchical cluster analysis of DEPs in peripheral blood 
mononuclear cells from patients with primary Sjögren’s syndrome (pSS) and healthy controls (CON). All DEP expression values were log 
transformed. B, Top 20 enriched gene ontology (GO) biologic process terms of the DEPs. C, Top 20 enriched KEGG pathway analysis terms 
of the DEPs. In B and C, the size of the dot represents the number of DEPs included in the GO term. D, Poly(ADP- ribose) polymerase family 
member (PARP- 9) network identified by Ingenuity Pathway Analysis (IPA). Proteins are represented as nodes using various shapes that represent 
the functional class. Solid and broken lines represent direct and indirect protein–protein interactions, respectively. Arrows show activation. Red 
and green shading shows higher and lower expression, respectively. IFIT- 1 = interferon- induced protein with tetratricopeptide repeats; HIF- 1 = 
hypoxia- inducible factor 1.
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After  incubating the supernatant with protein A–agarose beads, 
the protein mixtures separated from beads were further analyzed 
by Western blotting.

B cell culture and IFNα treatment. Purified B cells (1 × 
106 cells/ml) were cultured in 6- well plates with complete RPMI 
1640 medium containing 10% FBS and treated with either phos-
phate buffered saline, 100 units/ml IFNα, 1,000 units/ml IFNα, or 
1,000 units/ml IFNα plus IFNα–IFNα/β/ω receptor 1 (IFNAR- 1) 
interaction inhibitor (MCE) for 24 hours. The cells were then har-
vested for qPCR analysis and Western blotting.

Administration of PARP- 9 small interfering RNA 
(siRNA) and DTX3L siRNA in a NOD/LtJ mouse model. 
The constructs for recombinant adeno- associated virus 
type 5 (rAAV5) vector encoding negative control (NC) siRNA 
and PARP- 9 siRNA (AAV5–NC, AAV5–PARP- 9–siRNA, and   

AAV5–DTX3L–siRNA) were purchased from OBio Technology. 
Virus particles were delivered into the SGs of mice using ret-
rograde instillation. NOD/LtJ mice were chosen as a model. 
Forty- five mice were randomly divided into 3 groups (15 mice 
per group). AAV5–NC, AAV5–PARP- 9–siRNA, and AAV5–
DTX3L–siRNA (1011 particles per mouse) were delivered into 
the SGs of 8- week- old female mice. Mice were killed at 8 
weeks, 16 weeks, and 24 weeks after viral infection. Expres-
sion of PARP- 9, IFIT- 1, and CXCL10 in SGs was detected by 
qPCR analysis and Western blotting.

Statistical analysis. Statistical analysis was performed 
using SPSS version 19.0. The Shapiro- Wilk test was used to eval-
uate whether the data were normally distributed. Levene’s test was 
used to assess the homogeneity of variance. Two sets of data 
that met the normal distribution and homogeneity of variance were 
analyzed by Student’s t- test. Multigroup comparisons of the means 

Figure 2. Validation of PARP- 9 function–related DEPs (PARP- 9, DTX3L, STAT1, and IFIT- 1) from healthy controls and patients with primary 
SS. A, Validation of PARP- 9 in saliva (n = 80) and serum (n = 120) by enzyme- linked immunosorbent assay. Each symbol represents a single 
subject. Bars show the mean ± SD. B, Validation of DEPs in peripheral blood mononuclear cells (PBMCs; n = 30) by real- time quantitative 
polymerase chain reaction (qPCR) analysis. C, Representative hematoxylin and eosin (H&E) staining (top panel) and immunohistochemistry 
staining (bottom panel) of labial salivary glands (LSGs) from healthy controls and from SS patients with a Chisholm score of 1, 2, 3, or 4 (n = 8 
per group). H&E staining was performed to identify mononuclear cell infiltration. Original magnification × 200. D, Validation of DEPs in LSGs (n = 
20) from controls and patients with different Chisholm scores, by real- time qPCR. E, Expression of DEPs (PARP- 9, DTX3L, STAT1, and IFIT- 1) in 
PBMCs and LSGs of patients with primary SS and normal controls, by Western blotting. Four bands from each group were randomly selected 
from 20 samples. In B, D, and E, bars show the mean ± SD. 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.41195/abstract.
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were carried out by one- way analysis of variance with Tukey’s post 
hoc comparison. Kruskal- Wallis and Mann- Whitney nonparametric 
tests were used to compare interassay differences in data that did 
not meet the normal distribution or the homogeneity of variance.

RESULTS

DEP selection. Using the stringent criteria of an FDR of <1% 
and a unique peptide count of ≥2, a total of 7,953 proteins were 
detected in tandem mass tag proteomic experiments. Among 
them, 295 DEPs were identified, with 186 proteins up- regulated and 
109 proteins down- regulated in primary SS (Supplementary Tables 
2 and 3, http://onlin elibr ary.wiley.com/doi/10.1002/art.41195/ 
abstract). Hierarchical cluster analysis showed that the S100 pro-
tein family, the 2′,5′- oligoadenylate synthase family, serum amyloid, 
IFN- induced protein, apolipoprotein, immunoglobulin, and ubiquitin- 
associated proteins in DEPs were all  up- regulated, while high mobil-
ity group protein and chromosomal protein were all down- regulated, 
in patients with primary SS compared to controls (Figure 1A).

Bioinformatics analysis of DEPs. GO analyses of  biologic  
processes, cellular components, and molecular functions were 
performed (Supplementary Figures 1A and B, http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41195/ abstract). Results showed that 
the biologic processes of DEPs were closely  correlated with the 
innate immune response, complement activation classical path-
way, defense response to virus, type I IFN signaling pathway, 
lipoprotein metabolic process, and B cell receptor (BCR) sig-
naling pathway (Figure 1B). KEGG pathway enrichment analysis 
demonstrated that the complement and coagulation cascades 
pathway was the most significantly affected pathway, followed 
by the SLE pathway. Additionally, some viral infection pathways 
were enriched, including that of the herpes simplex virus, per-
tussis, measles, influenza A, hepatitis C, and prion diseases 
(Figure 1C). The IPA network of PARP- 9 suggests that PARP- 9 
participated in the IFN- related pathway (Figure  1D). Other IPA 
networks are shown in  Supplementary Figure 2 (http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41195/ abstract).

Validation of PARP- 9 function–related DEPs in 
healthy controls and patients with primary SS. PARP- 9 
expression was higher in saliva from patients with primary SS 
than that from healthy controls, while no significant difference was 
detected in serum levels (Figure 2A). In addition, a trend toward 
PARP- 9 levels in LSG tissue was associated with the progression 
of primary SS as determined by Chisholm scores (22) (Figure 2C). 
Based on IPA results, DTX3L, STAT1, and IFIT- 1 were selected 
for verification experimentation due to their relationship to PARP- 
9. Quantitative PCR results showed an increased expression of 
PARP- 9, DTX3L, STAT1, and IFIT- 1 in PBMCs from patients with 
primary SS compared to those from healthy controls (Figure 2B). 
Expression of PARP- 9, DTX3L, STAT1, and IFIT- 1 exhibited a 

Figure  3. Validation of PARP- 9 expressed in B cells and 
colocalization with CXCL10 in primary SS. A, Identification of 
PARP- 9 expression in CD19+ B cells from patients with primary 
SS (n = 10) by immunofluorescence staining. Images on the right 
are higher-magnification views of the boxed areas in images on the 
left. Original magnification × 400 (left); × 600 (right). B, Purification 
and identification of CD19+ B cells from patients with primary SS 
(n = 15) by magnetic- activated cell sorting and flow cytometry. 
Purity of CD19+ B cells was >97%. C, Overexpression of CXCL10 
in labial salivary glands (LSGs) from patients with primary SS (n = 
6) and healthy controls (n = 6) by immunohistochemistry staining. 
Original magnification × 400. D, Colocalization of PARP- 9 and 
CXCL10 in purified B cells from patients with primary SS (n = 10) 
by immunofluorescence staining. Images on the right are higher-
magnification views of the boxed areas in images on the left. Original 
magnification × 100 (left); × 400 (right). Results of immunofluorescence 
microscopy show the presence of CD8+ T cells near the duct  
(C) and acinar cells (D) in LSGs from a representative SS patient. 
FITC = fluorescein isothiocyanate (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.41195/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
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stage- related increase in LSG tissue from patients with primary 
SS compared to that from healthy controls (Figure 2D). Western 
blot results were similar across PBMCs and LSGs  (Figure 2E).

PARP- 9 and CXCL10 overexpression in B cells. The 
location of PARP- 9 in CD19+ B cells was determined by immuno-
fluorescence staining (Figure 3A). For further confirmation, B cells 
were isolated and detected by flow cytometry (Figure 3B), and we 
discovered, for the first time, that PARP- 9 was colocalized with 
CXCL10, which could recruit immune cells and contribute to the 
inflammatory cell infiltration in primary SS progression  (Figure 3D). 
Overexpression of CXCL10 was also observed in LSG tissue from 
patients with primary SS compared to healthy controls (Figure 3C).

Down- regulation of IFIT- 1, CXCL10, and B220 in 
female NOD/LtJ mice resulting from knockdown of 
Parp9. NOD/LtJ mice are one of the most common animals 

used in primary SS models, owing to their SS- like symptoms 
such as exocrine gland inflammation and serum antibody 
secretion. H&E staining of submandibular glands from NOD/
LtJ mice showed that knockdown of Parp9 or Dtx3l alleviated 
primary SS–like symptoms, especially mononuclear cell infiltra-
tion (Figure 4A and Supplementary Figure 3, http://onlin e libr ary. 
wiley.com/doi/10.1002/art.41195/ abstract). PARP- 9, IFIT- 1,  
and CXCL10 expression levels were all decreased in the SGs 
from female NOD/LtJ mice treated with AAV5–PARP- 9–siRNA 
compared to controls (Figure  4C). In addition, knockdown of 
Parp9 reduced B220 expression in SGs (Figure 4B), further 
confirming the inhibitory effect of Parp9 knockdown on mon-
onuclear cell infiltration. Coimmunoprecipitation revealed the 
interaction between PARP- 9, DTX3L, and STAT1 (Figure  4D). 
Phosphorylation of STAT1 and the expression of CXCL10 and 
IFIT- 1 were inhibited in female NOD/LtJ mice after treatment 
with AAV5–PARP- 9–siRNA or AAV5–DTX3L–siRNA (Figure 4E).

Figure 4. Effect of PARP- 9 on the expression of IFIT- 1, CXCL10, and B220 in female NOD/LtJ mice. A, Representative hematoxylin and 
eosin (H&E) staining of submandibular glands (SGs) from female NOD/LtJ mice after 8, 16, and 24 weeks of treatment with adeno- associated 
virus type 5 (AAV5)–PARP- 9–small interfering RNA (siRNA). Original magnification × 100. B, Immunofluorescence staining for expression of 
B220 in SGs from female NOD/LtJ mice after 16 weeks of treatment with AAV5–PARP- 9–siRNA. Original magnification × 200. C, Western 
blot analysis of the expression of PARP- 9, DTX3L, p-STAT1,  STAT1, IFIT- 1, and CXCL10 in SGs from female NOD/LtJ mice after 8, 16, and 
24 weeks of treatment with AAV5–PARP- 9–siRNA. D, Coimmunoprecipitation (IP) using anti–PARP- 9, anti- DTX3L, and anti- STAT1 antibodies 
with the lysates of SGs from female NOD/LtJ mice. E, Western blot analysis of the expression of PARP- 9, DTX3L, p-STAT1,  STAT1, IFIT- 1, 
and CXCL10. In C and E, bars show the mean ± SD. NC = negative control; IB = immunoblotting; NS = not significant (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.41195/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41195/abstract


PARP- 9 ENHANCES MONONUCLEAR INFILTRATION IN PRIMARY SS |      1009

Up- regulation of CXCL10 by PARP- 9 via increased 
IFIT- 1 levels in B cells. Expression levels of PARP- 9, DTX3L, 
STAT1, p- STAT1, IFIT- 1, and CXCL10 were all significantly 
higher in B cells from patients with primary SS than in those 
from healthy controls (Figures 5A and D). To investigate the rela-
tionship between PARP- 9 and CXCL10 in B cells, PARP- 9 func-
tion–related DEPs (PARP- 9, DTX3L, STAT1, IFIT- 1) and CXCL10 
expression were determined after lentivirus–PARP- 9 transfection 
(Figures 5B and E). PARP- 9 increased the expression of IFIT- 1 
and CXCL10 in B cells but had no remarkable influence on the 
expression of DTX3L or STAT1. The effect of IFIT- 1 on CXCL10 
was also investigated. Overexpression of IFIT- 1 up- regulated 
CXCL10 levels in B cells (Figures 5C and F).

IFN- induced up- regulation of PARP- 9, IFIT- 1, and 
CXCL10 expression in B cells. IFNα increased PARP- 9, IFIT- 
1, and CXCL10 expression in B cells from patients with primary 
SS in a dose- dependent manner. However, this up- regulation 
was no longer seen after the addition of IFNα–IFNAR- 1 interac-
tion inhibitor (Figure 6A), suggesting that up- regulated expres-
sion of PARP- 9, IFIT- 1, and CXCL10 with IFNAR treatment was 
due to the presence of IFNα.

DISCUSSION

The main hallmarks of primary SS are a progressive focal 
infiltration of mononuclear cells, hypergammaglobulinemia, and 

Figure 5. Effect of PARP- 9 function–related DEPs on the expression of CXCL10 in B cells. A–C, Expression of PARP- 9, DTX3L, p-STAT1, 
 STAT1, IFIT- 1, and CXCL10 determined by quantitative polymerase chain reaction (qPCR), in B cells from patients with primary SS and healthy 
controls (A), in B cells transfected with lentivirus (LV)–PARP- 9 and LV–control (B), and in B cells transfected with LV–IFIT- 1 and LV–control (C). 
D–F, Expression of PARP- 9, DTX3L, p-STAT1,  STAT1, IFIT- 1, and CXCL10 determined by Western blotting, in B cells from patients with primary 
SS and healthy controls (D), in B cells transfected with LV–PARP- 9 and LV–control (E), and in B cells transfected with LV–IFIT- 1 and LV–control 
(F). Bars show the mean ± SD. NS = not significant (see Figure 1 for other definitions).
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autoantibodies (23). Therefore, we identified DEPs in PBMCs from 
patients with primary SS and healthy controls using proteomic 
analysis. Hierarchical cluster analysis showed that IFN- inducible 
proteins were up- regulated in primary SS compared to controls.

Previous studies identified the overexpression of type I IFN–
inducible genes such as IFNα- inducible protein 27, IFN- induced 
transmembrane protein 3, IFN- stimulated transcription factor 3, 
and IFN regulatory factor 1 in the salivary glands and PBMCs of 
patients with primary SS, suggesting that the type I IFN pathway 
is a key player in the pathogenesis of primary SS. Results from 
our analysis of PBMCs are consistent with these findings.

GO analysis and KEGG pathway enrichment analysis of 
DEPs suggests that primary SS is closely correlated with the 
innate immune response, defense response to virus, type I IFN 
signaling pathway, BCR signaling pathway, and SLE pathway. 
This is  consistent with the previous view that primary SS and SLE 
are closely related chronic inflammatory autoimmune  diseases.

It is generally agreed that the most serious complication in 
patients with primary SS is lymphoma (10,11), and PARP- 9 was 
originally discovered as a risk factor in DLBCL (9). In this study, 
we used proteomic analysis and found that PARP- 9 was overex-
pressed in primary SS, which was further verified in PBMCs, saliva, 
and LSG tissue. In addition, Imgenberg- Kreuz et al found, by tran-
scriptome sequencing, that the PARP9 gene is up- regulated in 
the B cells of patients with primary SS (24). We therefore were 
interested in the role of PARP-9 in the development of primary 
SS. H&E staining showed a stage- related increase in PARP- 9 
expression in LSG tissue, suggesting that increased expression of 
PARP- 9 contributes to the progression of primary SS, especially 
the infiltration of mononuclear cells (mainly T cells and B cells) in 
LSGs, which has been reported to be associated with chemokines.

Several studies have confirmed the overexpression of CXCL10 
in the parotid glands (25), saliva (26), and tears (27) of patients with 
primary SS, which is clearly associated with higher salivary gland 
dysfunction (27). CXCL10 can be produced by a wide variety of 
cells, and CXCL10 secreted by ductal epithelial cells has been 
well studied in primary SS (28). In our study, immunohistochem-
istry staining demonstrated an overexpression of CXCL10 mainly 
in mononuclear cells infiltrating LSGs in primary SS. Further, we 
found that CXCL10 was colocalized with PARP- 9. To investigate 
the effect of PARP- 9 on primary SS progression, female NOD/
LtJ mice were treated with AAV5–PARP- 9–siRNA. H&E staining of 
SGs demonstrated a suppression of mononuclear cell infiltration, 
while immunofluorescence staining showed decreased expres-
sion of CXCL10 and its colocalization with PARP- 9.

Nevertheless, the mechanism by which PARP- 9 regulates 
CXCL10 remains elusive. IPA analysis of DEPs demonstrated that 
PARP- 9, STAT1, and IFIT- 1 participated in the IFN- related pathway. 
Camicia et  al reported that PARP- 9 could phosphorylate STAT1 
in lymphoma cells (12). Another study demonstrated that PARP- 9 
protein could be induced by IFN and then bind to DTX3L to up- 
regulate the expression of IFITs in fibrosarcoma cells (14). Therefore, 
we conducted experiments that confirmed the overexpression of 
DTX3L, STAT1, and IFIT- 1 in PBMCs and LSGs from patients with 
primary SS. Interestingly, overexpression of DTX3L, STAT1, and 
IFIT- 1 also showed a stage- related rise, suggesting that they may be 

Figure 6. Effect of interferon- α (IFNα) on the expression of PARP- 9, 
IFIT- 1, and CXCL10 in B cells. A, Expression of PARP- 9, DTX3L, 
p-STAT1,  STAT1, IFIT- 1, and CXCL10 in B cells from patients with 
primary SS that were left untreated or treated with IFNα (100 units/
ml or 1,000 units/ml) or with IFNα–IFNα/β/ω receptor 1 (IFNAR- 1) 
interaction inhibitor was assessed by Western blotting. Bars show the 
mean ± SD. B, PARP- 9 increases CXCL10 expression via up-regulation 
of IFIT- 1, which is mediated by the phosphorylation of STAT1. NK = 
natural killer (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.41195/abstract.
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contributors, like PARP- 9, to the infiltration of mononuclear cells in 
primary SS. We first identified the PARP- 9–DTX3L–STAT1 complex 
in LSGs from female NOD/LtJ mice using coimmunoprecipitation. 
Knockdown of PARP9 or DTX3L was able to inhibit the phosphoryl-
ation of STAT1 and the expression of CXCL10 and IFIT- 1.

It has been reported that PARP9 was originally identified as a 
risk- related gene for DLBCL (11). Our verification data also showed 
the overexpression of PARP- 9, DTX3L, STAT1, IFIT- 1, and CXCL10 
in B cells from patients with primary SS. In B cells transfected with 
lentivirus–PARP- 9, PARP- 9 increased expression of IFIT- 1 and 
CXCL10 but had no significant influence on the expression of 
DTX3L or STAT1. Imaizumi et al found that in human astrocytoma 
cells, CXCL10 could be induced by IFIT members, including IFIT- 1, 
IFIT- 2, and IFIT- 3 (19,20). As expected, our results showed that 
overexpression of IFIT- 1 up- regulated CXCL10 levels in B cells.

An activated type I IFN system, also called the IFN signa-
ture, is known to play a crucial role in primary SS pathogenesis 
(29). The transcription of type I IFN–inducible genes (IFIGs) was 
activated in primary SS (29), but the exact function of many of 
these type I IFIGs is far from clear. PARP9 is an IFIG and can be 
induced by IFNγ and IFNβ. In addition, CXCL10 is also known as 
IFNγ-inducible protein 10 (14).

Our findings demonstrate that IFNα can induce the 
expression of PARP- 9, IFIT- 1, and CXCL10 in B cells, thereby 
enhancing the infiltration of mononuclear cells, as illustrated in 
Figure 6B. In summary, we confirmed that PARP- 9 increases 
CXCL10 expression by up- regulating IFIT- 1, mediated by 
 phosphorylation of STAT1, thereby enhancing the infiltration 
of mononuclear cells in primary SS progression.
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Clinical Images: Ophthalmic inflammation on positron emission tomography in vision- threatening giant cell arteritis

The patient, a 77- year- old man with a 2- week history of bitemporal headache, lethargy, and dyspnea, was admitted to the hospital with 
a large pulmonary embolus. While hospitalized, he developed pyrexia, scalp tenderness, jaw claudication, and elevated levels of inflam-
mation markers, and reported a 10- minute episode of sequential bilateral complete vision loss with full recovery. Testing for suspected  
transient ischemic attack, including magnetic resonance imaging of the brain and orbits, revealed normal results. Fundoscopy showed 
 normal optic discs and no retinal emboli. Five days later, the patient experienced permanent complete vision loss in the right eye, and fundos-
copy revealed a pale and swollen right optic disc (A), consistent with arteritic anterior ischemic optic neuropathy. He was immediately treated 
with intravenous methylprednisolone (1 gm) for suspected giant cell arteritis (GCA). 18F- fluorodeoxyglucose–positron emission tomography 
(FDG- PET) was performed 15 hours later; the results supported the diagnosis of GCA and demonstrated tracer uptake in the cranial and 
supraaortic arteries (e.g., the superficial temporal arteries [red arrows in C]) as well as avid tracer uptake in the intraconal compartment of 
both orbits (white arrows in B and C), an abnormal FDG- PET finding which suggests severe inflammation of the ophthalmic and retinal 
arteries. Despite therapy with high- dose steroids, 6 days later the patient developed left eye partial inferior visual field loss with subtle superior 
swelling of the optic disc, confirming the bilateral involvement seen on FDG- PET. Tocilizumab therapy was initiated. Increased FDG uptake in 
cranial arteries is seen in active GCA (1); uptake corresponding to inflammation in the ophthalmic and retinal arteries has not been previously 
reported. Due to the limits of the spatial resolution of the scanner, the small size of these arteries typically precludes visualization of abnormal 
activity on PET. In this patient, the presumed severity of inflammation in the small caliber arteries resulted in high avidity on PET.
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Promotion of Myofibroblast Differentiation and Tissue 
Fibrosis by the Leukotriene B4–Leukotriene B4 Receptor 
Axis in Systemic Sclerosis
Minrui Liang,1  Jiaoyan Lv,2 Zhixing Jiang,1 Hang He,3 Chen Chen,1 Yinluo Xiong,3 Xiaoxia Zhu,1 Yu Xue,1 
Yiyun Yu,1 Sen Yang,1 Lingbiao Wang,1 Wenjing Li,3 Ming Guan,1 Weiguo Wan,1 Rui He,3 and Hejian Zou1

Objective. To investigate the role of the inflammatory lipid mediator leukotriene B4 (LTB4) and its receptor, BLT1, 
in the development and progression of systemic sclerosis (SSc).

Methods. Serum levels of LTB4 were compared in 64 patients with SSc and 80 healthy controls. Skin and lung tis-
sue sections from patients with SSc and healthy donors were immunostained for leukotriene A4 hydrolase (LTA4H), the 
critical enzyme for LTB4 synthesis, and BLT1, in combination with different cell markers. In mouse models of SSc using 
bleomycin or angiotensin II challenge or immunization with the DNA topoisomerase I, genetic or pharmacologic interrup-
tion of the LTB4–BLT1 axis in mice was carried out to assess its effects on systemic disease features and myofibroblast 
markers. Immunoblotting was performed to examine the signaling pathway in fibroblasts and endothelial cells following 
stimulation with LTB4 or with serum from SSc patients.

Results. Serum LTB4 levels were 44.93% higher in patients with SSc than in matched healthy controls (mean ± 
SD 220.3 ± 74.75 pg/ml versus 152.0 ± 68.05 pg/ml; P < 0.0001), and this was associated with the patient subsets 
of SSc- associated interstitial lung disease and diffuse cutaneous SSc. Levels of LTA4H and BLT1 were increased 
in lesional areas of the skin and lungs of SSc patients, and both were abundant in myofibroblasts and endotheli-
al cells. Interruption of the LTB4–BLT1 axis in mouse models of SSc significantly mitigated dermal and pulmonary 
fibrosis, with 54.00% and 52.65% fewer α- smooth muscle actin–positive myofibroblasts accumulating in the skin  
and lungs of mice, respectively, after bleomycin challenge. Immunoblotting of cultures with recombinant LTB4– 
stimulated  fibroblasts and endothelial cells or with serum from SSc patients showed that fibroblast–myofibroblast 
and endothelial–mesenchymal transitions were promoted via BLT1, and that this was dependent on activation of the 
phosphatidylinositol 3- kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) pathway but independent of the 
release of transforming growth factor β (TGFβ) by fibroblasts or endothelial cells.

Conclusion. The LTB4–BLT1 axis may contribute to fibrosis in SSc by directly promoting myofibroblast differen-
tiation via the PI3K/Akt/mTOR pathway, and this appears to operate independently of autocrine secretion of TGFβ.

INTRODUCTION

Fibrosis is the end result of chronic inflammatory reactions, 
and it contributes to as many as 45% of deaths in the industrialized 
world (1). Systemic sclerosis (SSc), a prototypical systemic idio-
pathic fibrotic disease, is a heterogeneous autoimmune disease 

of unknown etiology, with high morbidity and mortality. Its principal 
features are extensive fibrosis, vascular alterations, and immune 
activation (2,3). Myofibroblasts are the principle source of extra-
cellular matrix in fibrotic diseases, and they can be characterized 
as either collagen- secreting fibroblasts or α- smooth muscle actin–
positive (α- SMA+) activated fibroblasts (4). Myofibroblasts, under 
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certain conditions, can originate from various cell types, including 
resident fibroblasts (5), endothelial cells (6), bone marrow hemato-
poietic cell–derived precursors (5), and adipocytes (7). Activation 
of myofibroblasts may depend on chronic exposure to profibrotic 
cytokines, and in fibrotic disease, the cells become permanently 
activated (4,8). Understanding the signaling events that trigger per-
sistent myofibroblast activation could provide insights into the pro-
gression of SSc and generate preventative or therapeutic leads.

Leukotrienes are well- known inflammatory lipid mediators 
that are rapidly generated from eicosanoid metabolites of arachi-
donic acid through 5- lipoxygenase pathways. They can be cate-
gorized into 1 of 2 classes, the cysteinyl leukotrienes (Cys- LTs) and 
leukotriene B4 (LTB4), based on the association of each protein 
with its critical synthesizing enzyme, being LTC4 synthase for Cys- 
LTs and LTA4 hydrolase (LTA4H) for LTB4 (9). We and others have 
previously demonstrated that Cys- LTs promote tissue fibrosis in 
inflammatory diseases, such as in allergic asthma and eczema, 
via cysteinyl leukotriene receptor type 2 (10,11). LTB4 is known to 
be an important chemoattractant that functions by interacting with 
its high- affinity receptor, BLT1, which is mostly expressed in vari-
ous immune cells, such as neutrophils and activated T cells, and 
mediates their recruitment under different inflammatory conditions.

The LTB4–BLT1 axis has been well documented to be an 
active participant in the development of various inflammatory 
diseases such as rheumatoid arthritis, asthma, and contact der-
matitis (12–14). However, although several clinical studies have 
demonstrated an increased synthesis of LTB4 in SSc (15,16), 
the role of the LTB4–BLT1 axis in fibrotic progression in SSc is 
understudied. We previously demonstrated that the LTB4–BLT1 
axis promotes bleomycin- induced lung fibrosis in a manner that 
is independent of its chemotactic activity on neutrophils or CD4+ 
cells (17). Interestingly, a recent study using an experimental 
model of pulmonary arterial hypertension found that BLT1 was 
expressed in nonimmune cells, such as fibroblasts (18) and 
endothelial cells (19). These findings suggest that the LTB4–BLT1 
axis may directly influence fibroblast activation or endothelial cell 
alterations during the development of tissue fibrosis.

In this study, we analyzed the correlation between systemic 
LTB4 levels and different clinical subsets of SSc patients, as well as 
local expression and distribution of LTA4H and BLT1. In addition, 
we evaluated the possible causal role of the LTB4–BLT1 axis in 
3 complementary mouse models of SSc, using either genetic or 
chemical blockade of this axis. Finally, we investigated the effect 
of recombinant LTB4 or LTB4 from the serum of SSc patients on 
fibroblast–myofibroblast and endothelial–mesenchymal transi-
tions and the underlying signaling pathway.

MATERIALS AND METHODS

A more extensive description of the methods utilized for this 
study is provided in the Supplementary Materials and Methods 

(available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41192/ abstract). Serum sam-
ples were available from 64 patients with SSc. The patients were 
recruited from June 2018 to June 2019 at Huashan Hospital, 
Fudan University (Shanghai, China). Patients who fulfilled the fol-
lowing inclusion criteria were enrolled: diagnosis of SSc according 
to 2013 American College of Rheumatology/European League 
Against Rheumatism classification criteria (20). Patients with fea-
tures overlapping with another autoimmune or rheumatic disease 
were excluded.

Patients were stratified into subsets of diffuse cutaneous SSc 
(dcSSc) (n = 31) or limited cutaneous SSc (lcSSc) (n = 33), based 
on the extent of skin involvement (21). In addition, patients with SSc 
were subdivided according to clinical subsets of those who met the 
definition of SSc- associated interstitial lung disease (SSc- ILD) (20) 
(n = 43) and those without SSc- ILD (n = 21). The disease duration 
was calculated from the first non–Raynaud’s phenomenon symp-
tom. Eighty healthy controls who were matched to the patients by 
sex and age were also included as a comparison group.

Serum samples were collected, centrifuged, aliquoted, and 
stored at −80°C. The serum had undergone only 1 freeze/thaw 
cycle before protein measurements were carried out. All samples 
were measured in duplicate.

Immunostaining was performed on skin biopsy samples 
obtained from patients with SSc (n = 5) and unaffected controls 
(n = 5). All of the skin biopsy samples were obtained from a simi-
lar location on the forearm of each study subject. In addition, lung 
biopsy specimens were obtained from 3 patients with SSc- ILD 
(obtained with diagnostic computed tomography–guided lung nee-
dle biopsy) and from 3 control patients (uninvolved tissue recovered 
from subjects during cancer resection surgery). The skin and lung 
tissue samples were embedded in paraffin. To avoid potential con-
founding effects of medications on the clinical parameters and LTB4 
expression, we did not use serum, skin, or lung biopsy samples 
from participants who had been given glucocorticoids, nonsteroidal 
antiinflammatory drugs, or systemic immunosuppressants.

Informed consent was obtained from each patient. The study 
was approved by the Ethics Committee of Huashan Hospital, 
Fudan University. The study protocols were carried out in accor-
dance with the institution’s approved guidelines and regulations.

RESULTS

Positive correlation of increased serum LTB4 levels 
with the much more severe fibrotic phenotype in SSc 
patients. We first ascertained the serum LTB4 levels in SSc 
patients and then evaluated their possible correlation with specific 
clinical features of the disease. Sixty- four patients with SSc were 
recruited and stratified into clinical or skin involvement subsets, 
as described in Materials and Methods. The mean ± SD age of 
the SSc patients was 48.70 ± 12.95 years. Women comprised 

http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract
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Figure 1. Increased serum leukotriene B4 (LTB4) levels and local expression of the LTB4 synthetic enzyme leukotriene A4 hydrolase (LTA4H) 
and its high- affinity receptor BLT1 in the skin and lungs of patients with systemic sclerosis (SSc). A–C, Serum LTB4 levels were determined by 
enzyme- linked immunosorbent assay in all SSc patients (A), SSc patients with or without interstitial lung disease (ILD) (B), and SSc patients 
in the diffuse cutaneous SSc (dcSSc) or limited cutaneous SSc (lcSSc) subsets (C), compared to healthy controls (HC). Symbols represent 
individual subjects; horizontal lines with bars show the mean ± SD. D and E, Serum concentrations of LTB4 in patients with SSc were assessed 
for correlations with the forced vital capacity percent predicted (FVC%) (D) or total modified Rodnan skin thickness score (MRSS) (E) using 
Spearman’s correlation test. F and G, Skin (F) and lung (G) tissue sections from SSc patients or healthy controls were analyzed with hematoxylin 
and eosin (H&E) and immunohistochemical staining to detect LTA4H and BLT1. H–K, Representative immunofluorescence images of skin and 
lung sections from SSc patients and healthy controls show staining for LTA4H (H and J) or BLT1 (I and K) and myofibroblast marker α–smooth 
muscle actin (α- SMA) (H and I) or endothelial cell marker CD31 (J and K). Nuclei were stained with DAPI. In F–K, original magnification × 400. 
* = P < 0.05; ** = P < 0.01. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41192/abstract.
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83.33% of the SSc patient cohort. The mean ± SD disease dura-
tion at the time of study enrollment was 3.71 ± 3.92 years, starting 
from the time of onset of the first non–Raynaud’s phenomenon 
symptom. In total, 31 patients (48.44%) were classified as having 
dcSSc and 33 (51.56%) were classified as having lcSSc. Forty- 
three patients with SSc (67.19%) were determined to have ILD. 
As a control group, 80 age-  and sex- matched healthy subjects 
were also included.

Patients with SSc had 44.93% higher serum LTB4 levels than 
their matched healthy controls (mean ± SD 220.3 ± 74.75 pg/ml 
versus 152.0 ± 68.05 pg/ml; P < 0.0001) (Figure 1A). Notably, sig-
nificantly higher serum LTB4 levels were detected in patients with 
SSc- ILD than in SSc patients without ILD (237.0 ± 78.57 pg/ml 
versus 186.1 ± 53.04 pg/ml; P = 0.0185) (Figure 1B), and serum 
LTB4 levels were relatively higher in patients with dcSSc compared 
to patients with lcSSc (241.4 ± 86.00 pg/ml versus 200.5 ± 56.86 
pg/ml; P = 0.0545) (Figure 1C).

The serum levels of LTB4 in SSc patients were negatively cor-
related with the forced vital capacity percent predicted values (a 
measure of pulmonary function) (Figure 1D), and positively corre-
lated with the modified Rodnan skin thickness scores (a measure 
of the severity of dermal thickening [22]) (Figure 1E). These data 
demonstrate that the systemic LTB4 level is increased in patients 
with SSc, and that this is associated with a much more severe 
fibrotic phenotype.

Local up- regulation of LTB4 synthesis and BLT1 
expression in patients with SSc. We then examined the 
levels of LTA4H, the critical LTB4- synthesizing enzyme, and the 
levels of BLT1, the functional LTB4 receptor, in lesional skin and 
lungs of patients with SSc. Hematoxylin and eosin staining of skin 
and lung tissue sections from patients with SSc revealed typical 
extracellular matrix deposition and intense inflammatory infiltrates, 
especially in perivascular areas (Figures 1F and G). Compared to 
healthy controls, more abundant staining for LTA4H was observed 
in the skin and lung tissue of SSc patients (Figures 1F and G).

These findings were confirmed by semiquantitative analysis 
of the LTA4H staining using immunohistochemical staining inten-
sity scores (each on a scale of 0–4) for the skin (mean ± SD 3.17 
± 0.75 in SSc patients versus 0.67 ± 0.82 in healthy controls;  
P = 0.0003) and the lungs (mean ± SD 3.33 ± 0.58 in SSc patients 
versus 1.00 ± 1.00 in healthy controls; P = 0.0249) (see Supplemen-
tary Figures 1A and B, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41192/ 
abstract). Furthermore, the expression of BLT1 was more intense 
in the skin and lungs of SSc patients compared to healthy controls  
(Figures 1F and G). This finding was also confirmed by semiquan-
titative analysis using immunohistochemical staining intensity 
scores (each on a scale of 0–4) (for the skin, 3.60 ± 0.55 in SSc 
patients versus 1.20 ± 0.84 in healthy controls [P = 0.0007]; for the 
lungs, 3.67 ± 0.58 in SSc patients versus 1.67 ± 0.58 in healthy 
controls [P = 0.0132]) (see Supplementary Figures 1A and B).

In order to demonstrate the location of LTA4H and BLT1 
expression, skin and lung tissue sections from patients with SSc 
and healthy donors were subjected to double immunofluores-
cence staining for the myofibroblast marker α- SMA, endothelial 
cell marker CD31, macrophage marker CD68, T lymphocyte 
marker CD3, and resting fibroblast marker CD90. LTA4H and BLT1 
were ubiquitously observed in all of the cell types examined (Fig-
ures 1H–K, and Supplementary Figures 1C–H [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41192/ abstract]), as well as in epithe-
lial cells (Supplementary Figure 1I [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41192/ abstract]). Furthermore, LTA4H and BLT1 
were intensely expressed in myofibroblasts and endothelial cells in 
the affected skin and lungs of SSc patients (Figures 1H–K). These 
findings were specific, since use of the negative control antibody 
yielded very little or no background staining (see Supplementary 
Figures 1J and K [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41192/ abstract]).

LTB4 has been implicated as a chemoattractant for 
immune cells, especially neutrophils (12,13,23). However, in 
the present study, neutrophils were rarely seen in the lesional 
skin of SSc patients, being detected much less frequently 
than T lymphocytes or macrophages (see Supplementary  
Figure 1L [http://onlin elibr ary.wiley.com/doi/10.1002/art.41192/  
abstract]). Our results demonstrate that the LTB4–BLT1 axis 
is up- regulated in the affected skin and lungs of SSc patients, 
suggesting a possible involvement of the LTB4–BLT1 axis in 
tissue fibrosis.

LTB4–BLT1 axis–dependent induction of myofibro-
blast differentiation by SSc patient serum. Since myofibro-
blasts have been considered to be a pivotal contributor to the 
progression of fibrosis in SSc, we aimed to investigate whether 
the LTB4–BLT1 axis has a direct influence on myofibroblast dif-
ferentiation. In addition to the well- accepted evidence of fibro-
blast–myofibroblast transitions that take place in a variety of 
fibrotic processes, including SSc (24,25), recent novel findings 
have suggested that endothelial–mesenchymal transitions may 
also act as a mechanism for the generation of activated myofi-
broblasts in SSc (6). Results of the present study demonstrated 
that BLT1 was expressed in fibroblasts, including primary human 
dermal fibroblasts (HDFs), embryonic fibroblast cells (NIH/3T3 cell 
line), and human fetal lung fibroblast cells (MRC- 5 cell line), as 
well as in human umbilical vein endothelial cells (HUVECs) at both 
the messenger RNA (mRNA) and protein levels (see Supplemen-
tary Figures 2A and B, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41119 2/
abstract). These data suggest that fibroblasts or endothelial cells 
may be the potential target of LTB4.

We thus examined whether the LTB4–BLT1 axis affects 
the fibroblast–myofibroblast and endothelial–mesenchymal  
transitions in vitro. We found that addition of serum from SSc 
patients to the cell cultures with HDFs, HUVECs, or MRC- 5 

http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract
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cells significantly up- regulated the protein levels of type I col-
lagen and α- SMA (Figures 2A and B), as well as the expres-
sion levels of the α- SMA, fibronectin, collagen 1A2, and 
collagen 3A1 genes, whereas in cell cultures with healthy 
control serum, no changes were seen (see Supplementary 

Figures 2C–H [http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41119 2/abstract]).

Accordingly, treatment of HUVECs with serum from SSc 
patients down- regulated the protein and gene expression of 
endothelial markers CD31 and E- cadherin (Figure  2B and  

Figure  2. Induction of myofibroblast transitions by systemic sclerosis (SSc) serum–derived leukotriene B4 (LTB4) via BLT1. Human dermal 
fibroblasts (HDFs) and human umbilical vein endothelial cells (HUVECs) were examined by immunoblotting (representative blots in left panels) 
and semiquantitative analysis of relative density (relative to the specified control condition [set at 1.0]) (right panels). Under the various treatment 
conditions, HDFs were assessed for expression of type I collagen (Col) and α–smooth muscle actin (α- SMA) (A, C, E, G, and I), while HUVECs 
were assessed for expression of E- cadherin (E- Cad), CD31, type I collagen, and α- SMA (B, D, F, H, and J). A and B, Cells were treated with 10% 
serum from healthy controls or patients with SSc (each n = 6) for 48 hours, with or without pretreatment with the BLT1 inhibitor U- 75302. C and D, 
Cells were treated with LTB4 for 48 hours at the indicated doses, with or without pretreatment with U- 75302. E–H, Cells with knockdown of BLT1 
by small- interfering RNA (siRNA) were stimulated with 10% serum from healthy controls or SSc patients for 48 hours (E and F) or were treated 
with LTB4 (400 nM) for 48 hours (G and H). I and J, Cells with knockdown of BLT2 by siRNA were treated with LTB4 (400 nM) for 48 hours. A 
nontargeted siRNA was used as the control (CTL). Values are the mean ± SD, pooled from 3 independent experiments. * = P < 0.05; ** = P < 0.01.

http://onlinelibrary.wiley.com/doi/10.1002/art.411192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.411192/abstract
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 Supplementary Figure 2D). More importantly, such changes 
were reversed by addition of the selective BLT1 antagonist 
U- 75302, suggesting that this effect of SSc patient–derived 
serum is dependent on the presence of BLT1. Furthermore, 
addition of exogenous LTB4 to the culture medium with HDFs 

or HUVECs directly up- regulated the protein levels of type I col-
lagen and α- SMA and down- regulated the protein levels 
of CD31 and E- cadherin in HUVECs (Figures  2C and D), 
and also  down- regulated the levels of mRNA for CD31, E- cad-
herin, α- SMA, fibronectin, collagen 1A2, and collagen 3A1, in a  

Figure  3. Induction of myofibroblast transitions by LTB4 acting through phosphatidylinositol 3- kinase (PI3K)/Akt/mechanistic target of 
rapamycin (mTOR) signaling. Immunblotting was used to assess HDFs and HUVECs (representative blots shown in left panels), and the 
results were quantified as the relative density (relative to the specified control condition [set at 1.0]) (right panels). A–D, HDFs or HUVECs 
were stimulated with LTB4 (400 nM) for 48 hours. Some cultures were pretreated with the mTOR inhibitor rapamycin or the PI3K/Akt inhibitor 
LY294002 (A and C). Other cultures contained cells with knockdown of BLT1, mTOR, or Akt by siRNA, followed by treatment with LTB4 (400 
nM) for 48 hours (B and D). A nontargeted siRNA was used as the control. Under the various treatment conditions, HDFs were assessed for 
expression of type I collagen and α- SMA (A and B), while HUVECs were assessed for expression of E- cadherin, CD31, type I collagen, and 
α- SMA (C and D). E and F, Levels of phosphorylated and total Akt, mTOR, S6 kinase (S6K), or glycogen synthase kinase 3β (GSK3β) were 
assessed in HDFs (E) and HUVECs (F) following treatment with LTB4 (400 nM) for the indicated amounts of time. Values are the mean ± SD, 
pooled from 3 independent experiments. * = P < 0.05; ** = P < 0.01. See Figure 2 for other definitions.
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concentration- dependent manner (see Supplementary Figures  
2I–K [http://onlin e libr ary.wiley.com/doi/10.1002/art.41119 2/ 
abstract]), and these effects were blocked by addition of the LTB4 
receptor  antagonist U- 75302.

In a second approach to mitigate the potential  problem 
of off- target effects that could confound the interpretation of 
 pharmacologic experiments, we used specific small- interfering 
RNA (siRNA) to knock down BLT1 and BLT2, and then assessed 
the effect of genetic inhibition of each protein in LTB4- induced 
myofibroblast differentiation. Robust knockdown of both BLT1 and 
BLT2 was observed in HDFs, HUVECs, and MRC- 5 cells (see Sup-
plementary Figures 3A–C, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41192/ 
abstract). Administration of siRNA against BLT1 reduced the tran-
sition toward myofibroblasts that had been induced by SSc patient 
serum or by recombinant LTB4 in HDFs, HUVECs, and MRC- 5 
cells (Figures 2E–H, and Supplementary Figures 3D–I [http://onlin e 
 libr ary.wiley.com/doi/10.1002/art.41192/ abstract]), but  knockdown 
of BLT2 by siRNA failed to induce any changes in these cells 
 (Figures 2I and J, and Supplementary Figures 3G–I). Taken together, 
the results obtained by both chemical and genetic approaches 
suggest that LTB4 plays a critical role in the serum of SSc patients, 
in that LTB4 appears to stimulate both fibroblast–myofibroblast and 
endothelial– mesenchymal transitions via BLT1, but not BLT2.

Induction of fibroblast–myofibroblast and endothe-
lial–mesenchymal transitions by the LTB4–BLT1 axis 
via PI3K/Akt/mTOR signaling, but independent of TGFβ 
autocrine secretion. We next attempted to investigate the 
signaling pathway that mediates the myofibroblast differentia-
tion induced by the LTB4–BLT1 axis. Since our previous work 
implicated phosphatidylinositol 3-kinase (PI3K)/Akt/mechanistic 
target of rapamycin (mTOR) signaling in myofibroblast differenti-
ation in SSc patients (25), and Akt acts as a downstream factor 
of BLT1 signaling in nonimmune cells (26), we examined whether 
this pathway was responsible for the BLT1-induced differentiation 
of myofibroblasts. We found that pretreatment of the cells with 
the mTOR inhibitor rapamycin or the PI3K/Akt inhibitor LY294002 
reversed the LTB4- induced up- regulation of α- SMA and type I 
collagen proteins in HDFs or HUVECs and down- regulation of 
CD31 and E- cadherin in HUVECs (Figures 3A and C), and also 
reversed the effects of exogenous LTB4 on expression of the 
E- cadherin, CD31, α- SMA, collagen 1A2, collagen 3A1, and 
fibronectin genes in HDFs, HUVECs, and MRC- 5 cells (see Sup-
plementary Figures 4D–F, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41192/ abstract). These data were confirmed with the use of 
siRNAs, in which  knockdown of both Akt and mTOR by spe-
cific siRNAs was observed (Figures 3B and D, and Supplemen-
tary Figures 4G–I [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41192/ abstract]).

Furthermore, we found that exogenous LTB4 induced phos-
phorylation of Akt, mTOR, S6 kinase (S6K), and glycogen syn-
thase kinase 3β (GSK3β), in a time- dependent manner, but had no 
effect on the total protein levels of Akt, mTOR, S6K, and GSK3β 
(Figures 3E and F). Rapamycin pretreatment of the cells or knock-
down of mTOR by siRNA completely blocked the LTB4- induced 
phosphorylation of mTOR, S6K, and GSK3β, but not Akt, while 
LY294002 pretreatment or knockdown of Akt by siRNA reduced 
the LTB4- induced phosphorylation of all 4 proteins, suggesting that 
Akt acts as an upstream factor (Figures 4A–D). These effects of 
LTB4 were found to be dependent on BLT1, since pretreatment of 
the cells with U- 75302 or knockdown of BLT1 completely blocked 
the LTB4- induced phosphorylation of all 4 proteins (Figures 4A–D). 
Collectively, these results suggest that the LTB4–BLT1 axis pro-
motes myofibroblast differentiation via activation of PI3K/Akt/
mTOR signaling.

Since transforming growth factor β (TGFβ) is a well- 
known profibrotic cytokine, we investigated whether TGFβ 
could be involved in the promoting effects of LTB4 on myofi-
broblast differentiation. Unfortunately, the concentration of 
TGFβ1 in the cultures of HDFs or HUVECs was under the limit 
of detection, and it remained undetected after the addition of 
exogenous LTB4 (data not shown). In order to exclude the pos-
sibility that the present method was not sensitive enough to 
detect minimal changes in TGFβ levels in the culture medium, 
we pretreated HDFs or HUVECs with SB525334, a potent 
and  selective inhibitor of TGFβ receptor I (TGFβRI) (ALK5), to 
block  TGFβ- induced activation of Smad2/3 (27). We found 
that blockade of TGFβRI failed to affect LTB4- induced expres-
sion of the α- SMA, collagen 1A2, collagen 3A1, and fibronectin 
genes in either HDFs or HUVECs, nor did it affect the expres-
sion of the E- cadherin and CD31 genes in HUVECs. However, 
blockade of TGFβRI markedly reversed the changes in expres-
sion of these genes in cultures of HDFs or HUVECs that had 
been stimulated with TGFβ (Figures 4E and F). These results 
suggest that the LTB4–BLT1 axis promotes myofibroblast dif-
ferentiation in HDFs and HUVECs in a manner independent of 
TGFβ autocrine  secretion.

Attenuated skin and lung fibrosis in BLT1−/− mice 
in complementary SSc models. To determine the role of the 
LTB4–BLT1 axis in the development of SSc, we utilized a previ-
ously established mouse model of bleomycin- induced SSc (28). 
In this model, we previously observed that the disease course 
resembles the progression of human SSc, including both an 
edematous inflammatory phase and a fibrotic phase, observed 
on day 7 and day 28, respectively, after disease induction (28). In 
the current study, we found that gene expression of LTA4H and 
BLT1 was each significantly up- regulated in the lesional skin and 
lungs of mice on day 7 after bleomycin challenge, and levels of 
both genes were further increased on day 28 (Figure 5A), indi-

http://onlinelibrary.wiley.com/doi/10.1002/art.411192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.411192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract
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http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract


LIANG ET AL 1020       |

Figure 4. Role of BLT1 in mediating activation of phosphatidylinositol 3- kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) signaling 
induced by LTB4 in HDFs and HUVECs. A–D, Levels of phosphorylated and total Akt, mTOR, S6 kinase (S6K), or glycogen synthase kinase 3β 
(GSK3β) were assessed in HDFs and HUVECs following treatment with LTB4 (400 nM) for 12 hours, with or without pretreatment with rapamycin 
or LY294002 (A and B), or in HDFs and HUVECs with knockdown of BLT1, mTOR, or Akt by siRNA, followed by treatment with LTB4 (400 nM) 
for 12 hours (C and D). A nontargeted siRNA was used as the control. Immunoblotting was used to assess HDFs and HUVECs (representative 
blots shown in left panels), and the results were quantified as the relative density (relative to the specified control condition [set at 1]) (right 
panels). E and F, Levels of mRNA encoding α- SMA, collagen 1A2, collagen 3A1, and fibronectin were assessed by quantitative real- time 
polymerase chain reaction in HDFs and HUVECs (E and F). In addition, CD31 and E- cadherin mRNA levels were assessed in HUVECs (F). Cells 
were treated for 48 hours with LTB4 (400 nM) or transforming growth factor β1 (TGFβ1) (5 ng/ml). Some cultures received pretreatment with an 
inhibitor of TGFβ receptor I, SB525334. Values are the fold induction relative to the untreated control condition (set at 1.0). All results are the 
mean ± SD, pooled from 3 independent experiments. * = P < 0.05; ** = P < 0.01. See Figure 2 for other definitions.
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cating that the LTB4–BLT1 axis is more likely to be involved in the 
fibrotic phase of disease progression in this murine SSc model.

Our previous study demonstrated that BLT1 mediates 
bleomycin- induced lung fibrosis in a manner independent of its 
activity on neutrophils and CD4+ T cells (17). These data prompted 
us to focus on the role of the LTB4–BLT1 axis in the fibrotic phase 
(day 28 following bleomycin challenge), rather than the inflamma-

tory phase, in this murine SSc model. We therefore explored the 
effect of the LTB4–BLT1 axis on the development of tissue fibrosis 
in BLT1−/− mice. Compared to wild- type (WT) control mice, BLT1−/− 
mice exhibited less dermal thickening (Figures  5B–D). Notably, 
BLT1−/− mice had obviously less dermal fibrosis, as determined 
by Masson’s trichrome staining (Figure 5C), which was confirmed 
by Sircol assay (Figure  5E). In addition, BLT1−/− mice showed  

Figure 5. Attenuated skin and lung fibrosis in BLT1−/− mice following bleomycin (BLM) infusion. A, Levels of mRNA for lta4h and blt1 were 
determined by quantitative real- time polymerase chain (PCR) in the skin and lungs of wild- type (WT) mice on day 7 and day 28 following 
bleomycin treatment. B, C, H, and I, Representative photomicrographs of skin (B and C) and lung (H and I) tissue sections from saline-  or 
bleomycin- treated WT and BLT1−/− mice are shown. Tissue staining was performed with hematoxylin and eosin (H&E) or Masson’s trichrome. 
D–F and J–L, In saline-  or bleomycin- treated WT and BLT1−/− mice, dermal thickness (determined from photomicrographs using ImageJ) (D), 
collagen content (measured by Sircol assay) in the skin (E) and lungs (K), Ashcroft scores of lung fibrosis (J), and levels of mRNA encoding α- 
smooth muscle actin (α- SMA), collagen 1A2, collagen 3A1, and fibronectin (determined by quantitative real- time PCR) in the skin (F) or lungs (L) 
were assessed. G and M, Expression of α-SMA was detected by immunofluorescence (representative images shown; counterstained with DAPI), 
and the number of α- SMA+ myofibroblasts per high- power field was determined in the skin (G) and lungs (M) of saline-  or bleomycin- treated 
WT and BLT1−/− mice. Values in A, D–G, and J–M are the mean ± SD, pooled from 3 independent experiments (n = 5–7 mice per group). * =  
P < 0.05; ** = P < 0.01.
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significantly lower levels of mRNA encoding α- SMA, collagen 1A2, 
collagen 3A1, or fibronectin in the skin (Figure 5F).

Differentiation of fibroblasts or endothelial cells into collagen- 
producing, α- SMA–expressing myofibroblasts is critical for the 
initiation and progression of fibrosis (4). Skin tissue from BLT1−/− 
mice in this SSc model contained 54% fewer α- SMA+ myofibro-
blasts than that found in skin tissue from WT mice after bleomycin 
challenge (Figure 5G).

Consistent with the changes observed in skin, WT mice 
showed widespread destruction of lung architecture and aberrant 
collagen deposition, whereas BLT1−/− mice showed relatively nor-
mal lung architecture (Figures 5H and I). Compared to WT controls, 
BLT1−/− mice had a lower Ashcroft score of lung fibrosis (Figure 5J), 
less collagen deposition as confirmed by Sircol assay (Figure 5K), 
reduced levels of mRNA encoding α- SMA, collagen 1A2, colla-
gen 3A1, or fibronectin (Figure 5L), and a 52.65% reduction in the 
number of α- SMA+ myofibroblasts in the lung tissue (Figure 5M).

Consistent with the results from this bleomycin- induced SSc 
mouse model, we found that in complementary SSc mouse mod-
els with disease induced by angiotensin II or immunization with the 
DNA topoisomerase I, BLT1 deficiency also resulted in ameliora-
tion of dermal and lung fibrosis (see Supplementary Figures 5A–H, 

available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41192/ abstract).

In addition to the changes in tissue fibrosis, we observed a 
reduction in the number of F4/80+ macrophages in the skin and 
lungs of BLT1−/− mice with bleomycin- induced SSc, whereas the 
numbers of CD45+ leukocytes and CD3+ T cell infiltrates were 
relatively lower, but not significantly different, compared to WT 
mice (see Supplementary Figures 6A–D, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41192/ abstract). These findings indicate that 
macrophages might act as a contributor to the development and 
progression of BLT1-mediated systemic fibrosis.

Attenuation of skin and lung fibrosis by pharmaco-
logic inhibition of BLT1 in mice with bleomycin- induced 
SSc- ILD. We next assessed whether treatment with the BLT1 
antagonist U- 75302 could ameliorate skin and lung fibrosis in 
mice with bleomycin- induced SSc. U- 75302 was administered 
either preventatively (starting from day 0 up to day 28) or curatively 
(starting from day 15 up to day 28), and thereafter, on the last 
day (day 28), skin and lung tissue samples were collected (Fig-
ure 6A). Treatment with U- 75302 for 0–28 days exerted systemic  

Figure 6. Antifibrotic effects of the BLT1 inhibitor U- 75302 in mice with bleomycin (BLM)–induced systemic sclerosis (SSc). A, The treatment 
protocol shows that mice with bleomycin- induced SSc (induced via pump infusion) were given U- 75302 daily by intraperitoneal injection from 
day 0 to day 28 (D 0–28) or day 15 to day 28 (D 15–28). B and C, Skin (B) and lung (C) tissue sections were stained with hematoxylin and 
eosin (H&E) or Masson’s trichrome for features of fibrosis in saline- treated control (CTL) mice or mice with bleomycin- induced SSc treated 
with vehicle (BLM) or treated with U- 75302 (U) for the indicated time spans. Original magnification × 200. D–F, Dermal thickness (from skin 
photomicrographs obtained using ImageJ) (D), skin collagen content (measured using Sircol assay) (E), and the extent of lung fibrosis (assessed 
using Ashcroft scores) (F) were determined in each group of mice. G–J, Immunofluorescence was used to detect α–smooth muscle actin–
positive (α-SMA+) myofibroblasts (images from representative skin and lung tissue sections shown) (G and H), and the number of α- SMA+ 
myofibroblasts per high- power field was determined in the skin and lung tissue section (I and J). Results in D–F, I, and J are the mean ± SD, 
pooled from 3 independent experiments (n = 5–7 mice per group). * = P < 0.05; ** = P < 0.01. Color figure can be viewed in the online issue, 
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41192/abstract.
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antifibrotic effects, including less dermal thickening (Figures  6B  
and D), lower dermal collagen deposition as confirmed by Sircol 
assay (Figures 6B and E), less pulmonary fibrosis as reflected in a 
lower Ashcroft score (Figures 6C and F), and fewer myofibroblasts 
in the skin and lungs (Figures 6G–J) compared to vehicle-treated 
control mice with SSc. Furthermore, treatment with the BLT1 
antagonist U- 75302 reduced collagen content in the lungs, 
although the difference compared to controls did not reach statis-
tical significance (data not shown). Similar results were observed 
when U- 75302 was administered curatively, on days 15–28, 
except that the collagen content in the skin was not significantly 
affected by this treatment (Figure 6E).

BLT1 inhibition was well tolerated throughout all of the mouse 
experiments, as indicated by maintenance of a constant body 
weight, normal fur texture, and normal physical activity. These 
experiments indicate that inhibiting BLT1 with U- 75302 may not 
only efficiently prevent chronic fibrosis progression, but also atten-
uate established fibrosis, to a certain extent.

DISCUSSION

The results of this study show that serum levels of LTB4 are 
increased in SSc patients and are strongly correlated with the pres-
ence of ILD and the diffuse cutaneous subset. Moreover, levels of 
the LTB4 synthetic enzyme and the functional LTB4 receptor BLT1 
are up- regulated in the skin and lungs of SSc patients, and both are 
abundant in myofibroblasts and endothelial cells. Mechanistically, 
SSc- derived LTB4 directly promotes myofibroblast differentiation 
from fibroblasts and endothelial cells via BLT1 and the subsequent 
PI3K/Akt/mTOR signaling. Furthermore, we report, for the first time, 
that genetic or pharmacologic blockade of the LTB4–BLT1 axis has 
strong antifibrotic effects in experimental SSc, an outcome that is 
associated with reduced accumulation of myofibroblasts. Thus, 
our study findings provide direct evidence that the LTB4–BLT1 axis 
participates in the pathogenesis of SSc, which suggests that tar-
geting this axis could be a potential therapeutic strategy for SSc.

Notably, we provide strong evidence to indicate that the 
LTB4–BLT1 axis could directly drive fibroblast–myofibroblast and 
endothelial–mesenchymal transitions. First, we found that the 
expression of BLT1, at both the mRNA and protein levels, was 
detected in fibroblasts and endothelial cells, both of which are 
sources of differentiation into myofibroblasts. Second, the addition 
of exogenous LTB4 into the cultures effectively activated HDFs, 
HUVECs, and MRC- 5 cells, leading to differentiation into myofibro-
blasts, which was characterized by increased expression of α- SMA 
and collagen secretion in a BLT1-dependent manner. Importantly, 
we demonstrated that the ability of serum from SSc patients to 
induce myofibroblast differentiation was largely dependent on LTB4 
in HDFs, HUVECs, and MRC- 5, as the addition of a BLT1 antago-
nist or siRNA against BLT1 led to almost complete reversion of the 
increase in α- SMA expression and collagen production that had 
occurred following SSc serum stimulation.

Our findings are supported by the results of a recent study 
in which LTB4 was demonstrated to activate pulmonary artery 
adventitial fibroblasts (18). Furthermore, we excluded the pos-
sibility that the LTB4–BLT1 axis promotes the differentiation of 
myofibroblasts from HDFs or HUVECs through enhancement of 
the autocrine secretion of TGFβ, a well- known profibrotic factor, 
since TGFβ levels were undetectable in cultures with or without 
LTB4 stimulation, and the inhibition of TGFβRI failed to affect the 
ability of LTB4 to up- regulate the expression of α- SMA and col-
lagen. Another leukotriene type, cys- LTC4, was also reported to 
directly stimulate skin fibroblasts independently of TGFβ autocrine 
secretion (10). This is consistent with our previous study findings 
showing that the LTB4–BLT1 axis could act on macrophages to 
enhance secretion of TGFβ, which further promoted collagen 
secretion by lung fibroblasts (17). Thus, the mechanisms by which 
the LTB4–BLT1 axis might modulate TGFβ production in vivo to 
influence the development of skin and lung fibrosis in our models 
require further investigation.

In this study, we propose, for the first time, that the abil-
ity of LTB4 to drive fibroblast–myofibroblast and endothelial– 
mesenchymal transitions requires the presence of not only BLT1, 
but also PI3K/Akt/mTOR signaling. We previously showed that 
myofibroblast differentiation involved PI3K/Akt/mTOR signaling 
(25), and the present study extends those findings specifically 
to SSc, also revealing that BLT1 is upstream of PI3K/Akt/mTOR 
signaling in LTB4- mediated transitioning to myofibroblasts. Many 
lines of evidence have shown that inhibition of mTOR can activate 
Akt by deactivating the mTOR–S6–IRS1 negative feedback loop 
(29,30). Thus, targeting mTOR with rapamycin leads to the allevi-
ation of this feedback loop, which could restore the activation of 
PI3K and subsequent Akt activation, compensating for the effects 
of mTOR inhibition. This may explain the limited efficacy of the 
mTOR inhibitor in the treatment of SSc in an established murine 
model (25). Therefore, simultaneous targeting of both PI3K/Akt 
and mTOR is supported by the rationale that such an approach 
could inhibit both upstream and downstream signaling in this 
pathway, demonstrated, in this case, by the fact that inhibition of 
BLT1 effectively prevented or attenuated established SSc in mice 
potentially by vertically blocking PI3K/Akt/mTOR signaling.

Accordingly, using BLT1−/− mice, our study provides novel evi-
dence indicating that BLT1 blockade has a profound antifibrotic 
effect in 3 complementary SSc mouse models. Notably, admin-
istration of a BLT1 antagonist, U- 75302, during the fibrotic phase 
could attenuate the established systemic fibrosis, as confirmed by 
the amelioration of histologic features and a decreased number of 
myofibroblasts in the skin and lungs of mice, which was compara-
ble to the findings in mice that had been preventatively treated with 
the BLT1 antagonist. The curative protocol with the BLT1 inhibitor 
also reduced the collagen content, albeit with effects that were 
less pronounced than those in the preventative treatment group. 
Although BLT1 blockade may have inhibited further myofibroblast 
activation and collagen secretion, it is likely that the degradation 
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of the secreted collagen was not altered during the observation 
period, which only lasted 2 weeks. Thus, prolongation of the 
treatment period might produce more profound changes in the 
collagen content. In future investigations, the complexity of col-
lagen biosynthesis and maturation should be taken into account 
in mechanistic studies of the evaluation of antifibrotic strategies.

Of note, LTA4H and BLT1 were identified as being colocal-
ized in CD68+ macrophages in the skin or lungs of SSc patients. 
Moreover, BLT1−/− mice demonstrated a reduced infiltration of mac-
rophages on day 28 after bleomycin challenge, but the numbers of 
CD45+ leukocytes and CD3+ T cells were comparable to those in 
WT mice. Thus, this antifibrotic effect of BLT1 inhibition seems to be 
related to the chemoattractant property of LTB4 for macrophages, a 
finding that has been supported in previous studies (31).

Although our study clearly showed that BLT1 mediated the 
effect of LTB4 on myofibroblast differentiation and activation, 
we still cannot exclude the possibility that BLT2, the low- affinity 
receptor of LTB4, is also involved. Unlike BLT1, BLT2 has been 
reported to be mostly expressed in nonimmune cells, particularly 
epidermal keratinocytes (32) and various tumor cells (33), but not 
in dermal fibroblasts (32). Moreover, BLT2 participates in the pro-
liferation and migration of tumor cells (33). A recent study showed 
that a BLT2 agonist indirectly enhanced fibroblast proliferation by 
increasing the production of TGFβ and fibroblast growth factor 
by keratinocytes, thereby accelerating skin- wound healing (32). 
However, based on our current observations, genetic inhibition of 
BLT2 did not alter, in a direct manner, the LTB44- induced myofi-
broblast differentiation in HDFs, HUVECs, or MRC- 5 cells. In the 
future, it would be worth studying whether BLT2 mediates the 
profibrotic effect of LTB4 in an indirect manner.

In summary, the results of this study not only demonstrate 
the clinical correlation between increased serum LTB4 levels and 
much more severe fibrotic subtypes in SSc patients, but also 
identify a profibrotic effect of the LTB4–BLT1 axis, by showing 
that it directly drives fibroblast–myofibroblast and endothelial– 
mesenchymal transitions via activation of the PI3K/Akt/mTOR sig-
naling pathway. Moreover, we show that in BLT1-deficient mice in 
complementary, preclinical SSc murine models, tissue fibrosis and 
myofibroblast accumulation are attenuated, and we demonstrate 
the preventative and curative efficacy of a BLT1 antagonist in a 
mouse model of bleomycin- induced SSc. Thus, our study findings 
may support extension of the targeting of the LTB4–BLT1 axis as 
an antiinflammatory strategy to its potential use as an antifibrotic 
strategy. Of note, blockade of the LTB4–BLT1 axis was recently 
shown to reopen obliterated lung vessels and reverse pulmonary 
hypertension (18,19), another critical complication in SSc. There-
fore, taken together, these findings indicate that the LTB4–BLT1 
axis appears to be a potent therapeutic target against SSc.
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Increasing Prevalence of Antinuclear Antibodies in the 
United States
Gregg E. Dinse,1 Christine G. Parks,2 Clarice R. Weinberg,2 Caroll A. Co,1 Jesse Wilkerson,1 Darryl C. Zeldin,2 
Edward K. L. Chan,3 and Frederick W. Miller2

Objective. Growing evidence suggests increasing frequencies of autoimmunity and certain autoimmune diseases, 
but findings are limited by the lack of systematic data and evolving approaches and definitions. This study was 
undertaken to investigate whether the prevalence of antinuclear antibodies (ANA), the most common biomarker of 
autoimmunity, changed over a recent 25- year span in the US.

Methods. Serum ANA were measured by standard indirect immunofluorescence assays on HEp- 2 cells in 
14,211 participants age ≥12 years from the National Health and Nutrition Examination Survey, with approximately 
one- third from each of 3 time periods: 1988–1991, 1999–2004, and 2011–2012. We used logistic regression 
adjusted for sex, age, race/ethnicity, and survey design variables to estimate changes in ANA prevalence across 
the time periods.

Results. The prevalence of ANA was 11.0% (95% confidence interval [95% CI] 9.7–12.6%) in 1988–1991, 11.5% 
(95% CI 10.3–12.8%) in 1999–2004, and 15.9% (95% CI 14.3–17.6%) in 2011–2012 (P for trend < 0.0001), which 
corresponds to ~22 million, ~27 million, and ~41 million affected individuals, respectively. Among adolescents age 12–19 
years, ANA prevalence increased substantially, with odds ratios (ORs) of 2.02 (95% CI 1.16–3.53) and 2.88 (95% CI 1.64–
5.04) in the second and third time periods relative to the first (P for trend < 0.0001). ANA prevalence increased in both 
sexes (especially in men), older adults (age ≥50 years), and non- Hispanic whites. These increases in ANA prevalence 
were not explained by concurrent trends in weight (obesity/overweight), smoking exposure, or alcohol consumption.

Conclusion. The prevalence of ANA in the US has increased considerably in recent years. Additional studies to 
determine factors underlying these increases in ANA prevalence could elucidate causes of autoimmunity and enable 
the development of preventative measures.

INTRODUCTION

Autoimmune diseases are a diverse group of disorders 
characterized by damaging immune responses to self antigens 
and, for the most part, are of unknown etiology (1,2). They 
are thought to impact 3–5% of the population, with increasing 
rates observed several decades ago (3). Recent studies sug-
gest continued increases in the rates of certain autoimmune 
diseases (4–6), but it is unclear whether these trends are due 
to changes in recognition and diagnosis, or if they are true 
temporal changes in incidence (7).

As the most common biomarker of autoimmunity, anti-
nuclear antibodies (ANA) are observed in patients with many 
autoimmune diseases. ANA are also seen in the general pop-
ulation, where they have been associated with demographic 
factors such as older age, female sex, and parity (8,9), genetic 
factors (10), and various environmental exposures, including 
chemicals, infections, and medications (11–13). To investigate 
whether the prevalence of autoimmunity is increasing over time 
in the US population, we used data from the National Health 
and Nutrition Examination Survey (NHANES) to estimate the 
prevalence of ANA over a 25- year span from 1988 to 2012.
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SUBJECTS AND METHODS

Study population. We measured ANA in 14,211 per-
sons age ≥12 years sampled from 3 NHANES time periods: 
1988–1991 (4,727 persons), 1999–2004 (4,749 persons), and 
2011–2012 (4,735 persons). The NHANES sampled nationally 
representative members of the noninstitutionalized US popu-
lation and provided weights to adjust for nonresponse and the 
probability of selection into each ANA subsample (14). All par-
ticipants completed questionnaires, and most provided blood 
specimens. Available data included demographic characteristics, 
health covariates, measured factors (e.g., height and weight), 
and constructed variables such as body mass index (BMI). The 
NHANES protocol was approved by the Human Subjects Insti-
tutional Review Board of the US Centers for Disease Control and 
Prevention (CDC).

Ethics committee approval. Written informed consent 
was obtained from all participants. This study was approved by 
the US CDC research ethics board.

ANA assessment. Serum samples were shipped with dry 
ice and stored at −80°C until evaluated by indirect immunoflu-
orescence at a 1:80 dilution using the Nova Lite HEp- 2 ANA 
slide with DAPI kit (INOVA Diagnostics), with a highly specific 
fluo rescein isothiocyanate–conjugated secondary antibody 
(goat anti- human IgG). Images were captured using the Nova 
View automated fluorescence microscope system (Inova Diag-
nostics) and stored digitally. Immunofluorescence staining inten-
sities were graded using a 0–4 scale compared to standard 
references (8). Participants who had grades of 1–4 were posi-
tive for ANA; those with grades of 3 or 4 were further assessed 
by sequential ANA titers up to 1:1,280 dilution. ANA patterns, 
including nuclear, cytoplasmic, or mitotic, were defined accord-
ing to international consensus (15). All serum samples were 
assayed using the same methods in a single laboratory. Read-
ings were made independently by at least 2 experienced eval-
uators (who were blinded with regard to sample characteristics 
and time period), who agreed on >95% of the intensities and 
patterns; differences were resolved by consensus or adjudi-
cated by a third rater (EKLC) who was also blinded with regard 
to sample characteristics. Repeat testing of random samples 
showed >98% concordance.

Participant characteristics. We considered sex, age, 
and race/ethnicity as correlates of ANA and possible explan-
atory variables or modifiers of ANA time trends. Age was cat-
egorized by decade for covariate adjustment and categorized 
into 3 groups for stratification: adolescents (age 12–19 years), 
younger adults (age 20–49 years), and older adults (age ≥50 
years). Race/ethnicity was categorized as non- Hispanic white, 
non- Hispanic African American, Mexican American, or other. 

Using previous covariate definitions (8), we also examined BMI, 
smoking exposure, alcohol consumption, poverty income ratio, 
and education. The NHANES includes limited data on autoim-
mune diseases, but self- reports of physician- diagnosed thyroid 
disease were available for all participants age ≥20 years across 
the 3 time periods.

Statistical analysis. A dichotomous response variable was 
created by treating an ANA grade of 0 as negative and grades 1–4 
as positive. We estimated time period–specific ANA prevalence 
overall and in subgroups defined by participant characteristics. 
Estimates and 95% confidence intervals (95% CIs) were derived 
from weighted logistic regression models for ANA positivity. The 
number of people who were positive for ANA in the population 
was estimated from time period–specific weighted frequencies. 
For each time period, we evaluated ANA associations with char-
acteristic categories using prevalence odds ratios (ORs) and 95% 
CIs from weighted logistic models adjusted for sex, age, and race/
ethnicity. The overall association of each characteristic with ANA 
was assessed using an F test from a statistical contrast.

We investigated ANA time trends overall and in subgroups to 
explore trend modifiers. We fitted 2 logistic models to data from all 3 
time periods and both models were adjusted for sex, age, and race/
ethnicity. The first model included a categorical covariate for time 
period, from which ORs and 95% CIs were calculated to assess 
how ANA differed in the second and third time periods relative to the 
first. The second model included a quantitative covariate for the time 
between period midpoints (0, 12, or 22 years), and ANA time trends 
were assessed using a chi- square test. These explor atory analyses 
did not formally test if ANA time trends differed across subgroups. 
Supplemental analyses examined time trends in thyroid disease and 
the association between thyroid disease and ANA.

All analyses were performed using SAS version 9.4, and all anal-
yses accounted for the survey design variables (strata, clusters, and 
sampling weights). The sampling weights allowed for population- 
representative estimates, adjusted for nonresponse and selection 
probabilities (14). We used the SurveyLogistic procedure to perform 
the logistic analyses, with domain statements to properly handle the 
sampling weights in subgroup analyses. Variance estimates for the 
95% CIs were obtained using the Taylor series method. Reported 
P values were 2- sided and unadjusted for multiple comparisons, 
though multiplying the P values by the number of comparisons 
would provide a conservative Bonferroni adjustment.

RESULTS

Participant characteristics and ANA prevalence. 
Sample characteristics for each time period separately and com-
bined are shown in Table 1. Certain characteristics changed over 
time (e.g., smoking decreased, whereas obesity and alcohol con-
sumption increased). A total of 1,976 of the 14,211 participants 
(13.9%) were positive for ANA.
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Adjustment for the survey design variables, but not for 
covariates, yielded population- representative ANA preva-
lence estimates of 11.0% (95% CI 9.7–12.6%) in 1988–1991, 
11.5% (95% CI 10.3–12.8%) in 1999–2004, and 15.9% (95% 
CI 14.3–17.6%) in 2011–2012 (Figure 1 and Table 2). These 
estimates correspond to ~22 million (95% CI 19–25), ~27 mil-
lion (95% CI 23–30), and ~41 million (95% CI 34–48) ANA- 
positive persons, respectively.

ANA correlates. Weighted but unadjusted analyses sup-
ported several known associations, including higher ANA preva-
lence in females and older adults (Table 2). Among non- Hispanics, 
African Americans had a higher ANA prevalence than whites in 
1988–1991, but that difference was attenuated in 2011–2012 
consequent to greater increase over the same time period among 
whites. Also, ANA prevalence was higher in nonsmokers than 
active smokers, and in nondrinkers than moderate/heavy drinkers.

Figure 1. Estimated prevalence of antinuclear antibodies (ANA) by time period in the US population and selected subgroups. Circles represent 
the weighted estimate of ANA prevalence, and the lines show the 95% confidence interval for period 1 (1988–1991) (blue), period 2 (1999–
2004) (yellow), and period 3 (2011–2012) (red). The estimates for the 3 time periods are connected by black lines to visualize time trends. 
For each time period, the prevalence estimate was derived from a logistic regression model for ANA positivity adjusted for the survey design 
variables (strata, clusters, and sampling weights) and a single categorical covariate for the characteristic defining the subgroup. Participants 
with missing subgroup data for body mass index, smoking exposure, or alcohol consumption were excluded from those analyses. P values for 
ANA time trend are displayed below each category and were derived from a logistic regression model that was also adjusted for sex, age, and 
race/ethnicity.
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Covariate- adjusted models confirmed several ANA corre-
lates (Table 3). All 3 time periods showed an ANA association 
with sex (P < 0.0001) and age (P ≤ 0.002), whereas evidence of 
an ANA association with other characteristics was either lacking 
or varied across time periods. The odds of having ANA were 
2–3 times higher in females than males, with OR 2.53 (95% 
CI 1.90–3.36) in 1988–1991, OR 2.97 (95% CI 2.30–3.84) in 
1999–2004, and OR 1.94 (95% CI 1.57–2.40) in 2011–2012. 
Similarly, time  period– specific ANA ORs for older adults relative 
to adolescents were OR 3.63 (95% CI 2.02–6.55), OR 1.80 
(95% CI 1.23–2.63), and OR 1.71 (95% CI 1.21–2.42), respec-
tively. Relative to non- Hispanic whites, the odds of having ANA 
were higher in non- Hispanic African Americans (OR 1.75 [95% 
CI 1.33–2.31]) and Mexican Americans (OR 1.87 [95% CI 1.40–
2.50]) in 1988–1991, but racial/ethnic differences decreased 
in 1999–2004 and 2011–2012. Compared with being under-
weight/healthy, the time period–specific ANA associations with 
being overweight or obese transitioned from inverse to positive 
across the 3 time periods, though all 95% CIs included the null 

value of 1.0. The ANA associations for active smokers versus 
nonsmokers were inverse in all 3 time periods, but most 95% 
CIs included 1.0. Compared with no alcohol consumption, mod-
erate/heavy drinking was inversely associated with ANA in 
1988–1991 (OR 0.56 [95% CI 0.34–0.92]) and 1999–2004 (OR 
0.64 [95% CI 0.44–0.94]), but not in 2011–2012, as support for 
an overall ANA association with alcohol consumption decreased 
over time.

ANA time trends. There was strong evidence that ANA 
prevalence increased over time, primarily from the second time 
period to the third time period (Table  4). After adjustment for 
covariates, estimated ORs for the second time period and third 
time period relative to the first time period were 1.02 (95% CI 
0.85–1.24) and 1.47 (95% CI 1.22–1.78), respectively, reflect-
ing an overall ANA time trend (P < 0.0001). In stratified analy-
ses, the ANA time trend was seen in both males (P < 0.0001) 
and females (P = 0.008). Within age subgroups, the time trend 
was clearly apparent in adolescents (P < 0.0001), with ORs that 

Table 2. Weighted ANA prevalence estimates for participants with the indicated characteristics in each time 
period*

Characteristic
Period 1 

(1988–1991)
Period 2 

(1999–2004)
Period 3 

(2011–2012)
Overall 11.0 (9.7–12.6) 11.5 (10.3–12.8) 15.9 (14.3–17.6)
Sex

Male 6.5 (5.2–8.0) 6.1 (5.0–7.5) 11.4 (9.6–13.5)
Female 15.3 (13.1–17.7) 16.4 (14.5–18.6) 20.1 (17.9–22.5)

Age, years
Adolescent (age 12–19) 5.0 (3.1–7.9) 9.4 (7.3–12.1) 12.8 (9.8–16.6)
Younger adult (age 20–49) 10.3 (8.6–12.3) 9.2 (7.7–11.0) 13.0 (11.0–15.3)
Older adult (age ≥50) 15.3 (13.1–17.8) 15.8 (12.8–19.3) 20.5 (18.0–23.3)

Race/ethnicity
Non- Hispanic white 10.2 (8.6–12.0) 11.2 (9.6–12.9) 16.4 (14.2–18.8)
Non- Hispanic African American 15.0 (13.4–16.7) 14.7 (12.4–17.4) 18.1 (15.0–21.7)
Mexican American 13.6 (11.5–16.0) 12.0 (9.8–14.7) 12.3 (10.1–15.0)
Other 12.0 (6.2–21.9) 9.5 (6.9–13.0) 14.0 (12.0–16.2)

Body mass index†
Underweight/healthy (<25 kg/m2) 11.4 (9.5–13.5) 12.0 (10.4–13.8) 14.2 (12.6–15.9)
Overweight (25–<30 kg/m2) 9.5 (7.3–12.4) 9.9 (8.0–12.1) 16.7 (14.2–19.5)
Obese (≥30 kg/m2) 12.5 (10.1–15.4) 12.5 (10.5–14.8) 16.7 (13.4–20.5)

Smoking exposure‡
Nonsmoker (<0.05 ng/ml) 18.7 (12.6–26.8) 13.4 (11.3–15.7) 17.1 (14.3–20.2)
Secondhand (0.05–15 ng/ml) 11.2 (9.5–13.2) 12.6 (10.4–15.2) 15.2 (13.2–17.5)
Active (>15 ng/ml) 8.5 (6.2–11.5) 7.5 (5.7–9.7) 13.1 (10.9–15.8)

Alcohol consumption§
None (<12 total) 15.3 (12.6–18.3) 15.1 (11.9–19.0) 21.3 (16.8–26.6)
Light (1–3 per week) 12.2 (9.8–15.1) 11.7 (9.7–14.0) 16.1 (13.8–18.8)
Moderate/heavy (>3 per week) 6.1 (4.3–8.6) 6.2 (4.5–8.4) 14.8 (11.6–18.7)

* Values are the weighted estimate of antinuclear antibody (ANA) prevalence (95% confidence interval [95% CI]) as 
a percentage. The weighted estimate of ANA prevalence was derived from a logistic regression model adjusted for 
the survey design variables (strata, clusters, and sampling weights) and a categorical covariate for the characteristic 
of interest but not for other covariates. The estimated numbers of persons with ANA in the US (with 95% CI) in 
millions are as follows: 22 (95% CI 19–25) for period 1, 27 (95% CI 23–30) for period 2, and 41 (95% CI 34–48) for 
period 3. 
† The categories were determined by kg/m2 (as listed) for persons age ≥20 years and by US Centers for Disease 
Control and Prevention growth chart percentiles (<85, 85 to <95, or ≥95) from 2000 for persons age 12–19 years. 
‡ Determined using current measured cotinine levels. 
§ Data (number of drinks consumed in the past year) were available for participants age ≥20 years. 
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steadily increased across all time periods (from 1.00 to 2.02 to 
2.88). Although we observed no time trend in adults age 20–49 
years, ANA prevalence increased over time in adults age ≥50 
years (P = 0.001). ANA time trends were also apparent in other 
subgroups, notably non- Hispanic whites, overweight participants, 
those exposed to secondhand smoke, and moderate/heavy 
drinkers (Table 4). Further adjustment for BMI, smoking exposure, 
or alcohol consumption (in addition to sex, age, and race/ethnic-
ity) had little impact on the ANA time trends.

Supplemental analyses. We performed supplemental 
analyses to assess possible ANA correlates and time trends within 
additional subgroups, such as those based on finer age groups (by 
decade), sex/age combinations, smoking history, poverty income 
ratio, and education (Supplementary Tables 1–4, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/

doi/10.1002/art.41214/ abstract). Though there was little indica-
tion of an overall ANA association with smoking history, poverty 
income ratio, or education, we found strong evidence of increas-
ing ANA time trends in the higher income subgroup (P < 0.0001) 
and higher education subgroup (P = 0.0007).

To further explore changes in ANA over time, we consid-
ered trends in ANA staining intensities, titers, and patterns in 
ANA- positive participants. None of these factors was informative, 
though there was weak evidence suggesting that mitotic pat-
terns increased over time (Supplementary Table 5, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41214/ abstract).

We also investigated changes over time in the prevalence of 
thyroid disease and its association with ANA. The overall prev-
alence of self- reported, physician- diagnosed thyroid disease 
increased across the 3 time periods (P for trend < 0.0001), as 

Table 3. Covariate- adjusted ANA prevalence OR estimates among participants with indicated characteristics in each 
time period*

Characteristic
Period 1 (1988–1991), 

OR (95% CI)
Period 2 (1999–2004), 

OR (95% CI)
Period 3 (2011–2012), 

OR (95% CI)
Sex

Male 1.00 (reference) 1.00 (reference) 1.00 (reference)
Female 2.53 (1.90–3.36) 2.97 (2.30–3.84) 1.94 (1.57–2.40)
P† < 0.0001 < 0.0001 < 0.0001

Age, years
Adolescent (age 12–19) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Younger adult (age 20–49) 2.27 (1.43–3.62) 0.97 (0.66–1.42) 1.00 (0.73–1.38)
Older adult (age ≥50) 3.63 (2.02–6.55) 1.80 (1.23–2.63) 1.71 (1.21–2.42)
P† 0.0007 0.002 0.0009

Race/ethnicity
Non- Hispanic white 1.00 (reference) 1.00 (reference) 1.00 (reference)
Non- Hispanic African American 1.75 (1.33–2.31) 1.47 (1.13–1.92) 1.20 (0.95–1.51)
Mexican American 1.87 (1.40–2.50) 1.34 (1.01–1.76) 0.87 (0.63–1.19)
Other 1.39 (0.62–3.13) 0.90 (0.60–1.35) 0.90 (0.70–1.15)
P† 0.0007 0.03 0.18

Body mass index‡
Underweight/healthy (<25 kg/m2) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Overweight (25–<30 kg/m2) 0.74 (0.54–1.02) 0.83 (0.62–1.11) 1.20 (0.96–1.49)
Obese (≥30 kg/m2) 0.90 (0.65–1.25) 1.00 (0.79–1.27) 1.13 (0.88–1.46)
P† 0.19 0.39 0.10

Smoking exposure§
Nonsmoker (<0.05 ng/ml) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Secondhand (0.05–15 ng/ml) 0.68 (0.44–1.05) 1.14 (0.87–1.50) 1.02 (0.79–1.32)
Active (>15 ng/ml) 0.56 (0.31–1.01) 0.70 (0.50–0.97) 0.83 (0.55–1.23)
P† 0.13 0.07 0.54

Alcohol consumption¶
None (<12 total) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Light (1–3 per week) 1.07 (0.70–1.63) 0.96 (0.66–1.40) 0.90 (0.65–1.25)
Moderate/heavy (>3 per week) 0.56 (0.34–0.92) 0.64 (0.44–0.94) 0.91 (0.62–1.34)
P† 0.03 0.06 0.80

* The antinuclear antibody (ANA) association with each characteristic category was assessed by estimating a period- 
specific odds ratio (OR) under a logistic regression model adjusted for the survey design variables (strata, clusters, and 
sampling weights) and categorical covariates for sex, age, race/ethnicity, and the characteristic of interest. 95% CI = 95% 
confidence interval. 
† P values were determined based on an F test from a statistical contrast. 
‡ The categories were determined by kg/m2 (as listed) for persons age ≥20 years and by US Centers for Disease Control 
and Prevention growth chart percentiles (<85, 85 to <95, or ≥95) from 2000 for persons age 12–19 years. 
§ Determined using current measured cotinine levels. 
¶ Data (number of drinks consumed in the past year) were available for participants age ≥20 years. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41214/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41214/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41214/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41214/abstract
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well as in various sex- by- age subgroups (Supplementary Table 6, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41214/ abstract). In 
each time period, ANA rates were higher among those with thy-
roid disease (21–24%) compared to those without thyroid disease 
(12–16%).

DISCUSSION

Most autoimmune diseases are persistent conditions, with 
unknown etiologies and diverse pathologic manifestations. They 
impact as many as 1 in 20 individuals in the adult US population, 
with substantial personal and societal costs. Recent studies sug-
gest the incidence of some autoimmune diseases may be increas-
ing (4–6). However, true temporal trends are difficult to determine 
due to the lack of national registries and changes in the assess-
ment and diagnosis of specific diseases (16). We hypothesized 
that the prevalence of ANA, an objective and common biomarker 
of autoimmunity, may also have increased over time.

The NHANES databases and serum repositories provided a 
unique opportunity to assess this hypothesis in nationally repre-
sentative samples of the US population age ≥12 years across 3 time 

periods (1988–1991, 1999–2004, and 2011–2012). As expected, 
a considerable proportion of the population had ANA. Our novel 
and robust findings suggest that ANA prevalence increased sub-
stantially in the US over the 25- year timeframe examined, increas-
ing from 11.0% in 1988–1991 to 11.5% in 1999–2004 to 15.9% 
in 2011–2012, which corresponds to ~22 million, ~27 million, and 
~41 million affected persons, respectively. We adjusted for sex, 
age, and race/ethnicity, and found positive ANA time trends over-
all and in certain subgroups. Further adjustment for key health 
characteristics, some of which have shifted in recent years (e.g., 
obesity, smoking exposure, and alcohol consumption), had little 
impact.

Increasing evidence suggests that autoantibodies precede 
the onset of symptomatic autoimmune disease by several years 
(17,18); thus, ANA may be an intermediate marker on the pathway 
toward disease or may signal increased susceptibility to autoim-
mune diseases through related causal pathways. ANA have also 
been associated with other factors, including chemical exposures, 
infections, medications, and parity (9,11–13), some of which are 
likely changing in frequency in the US population. Like ANA, 
autoimmune thyroid disease is more common in women and the 

Table 4. Covariate- adjusted assessments of ANA time trends for participants in the indicated characteristic- based subgroups*

Characteristic
ANA+/total no. of 

participants

Period 1  
(1988–1991), 
OR (95% CI)

Period 2  
(1999–2004), 
OR (95% CI)

Period 3  
(2011–2012), 
OR (95% CI)

P for 
trend

Overall 1,976/14,211 1.00 (reference) 1.02 (0.85–1.24) 1.47 (1.22–1.78) <0.0001
Sex

Male 650/6,983 1.00 (reference) 0.91 (0.67–1.23) 1.73 (1.31–2.30) <0.0001
Female 1,326/7,228 1.00 (reference) 1.07 (0.85–1.36) 1.35 (1.08–1.69) 0.008

Age, years
Adolescent (age 12–19) 261/2,709 1.00 (reference) 2.02 (1.16–3.53) 2.88 (1.64–5.04) <0.0001
Younger adult (age 20–49) 711/6,203 1.00 (reference) 0.86 (0.65–1.14) 1.26 (0.96–1.66) 0.10
Older adult (age ≥50) 1,004/5,299 1.00 (reference) 1.07 (0.79–1.44) 1.51 (1.17–1.95) 0.001

Race/ethnicity
Non- Hispanic white 769/5,844 1.00 (reference) 1.09 (0.85–1.38) 1.66 (1.30–2.12) <0.0001
Non- Hispanic African American 536/3,376 1.00 (reference) 0.94 (0.74–1.19) 1.16 (0.91–1.48) 0.21
Mexican American 421/3,142 1.00 (reference) 0.83 (0.62–1.11) 0.85 (0.62–1.17) 0.41
Other 250/1,849 1.00 (reference) 0.75 (0.34–1.62) 1.15 (0.57–2.31) 0.44

Body mass index†
Underweight/healthy (<25 kg/m2) 780/5,800 1.00 (reference) 1.04 (0.81–1.33) 1.26 (1.00–1.59) 0.06
Overweight (25–<30 kg/m2) 581/4,306 1.00 (reference) 1.03 (0.72–1.47) 1.88 (1.33–2.65) 0.0001
Obese (≥30 kg/m2) 595/4,000 1.00 (reference) 1.04 (0.76–1.43) 1.43 (0.99–2.08) 0.04

Smoking exposure‡
Nonsmoker (<0.05 ng/ml) 515/2,974 1.00 (reference) 0.73 (0.45–1.18) 1.02 (0.62–1.67) 0.19
Secondhand (0.05–15 ng/ml) 1,023/7,672 1.00 (reference) 1.25 (0.94–1.65) 1.65 (1.29–2.12) 0.0002
Active (>15 ng/ml) 396/3,332 1.00 (reference) 0.83 (0.55–1.25) 1.42 (0.99–2.04) 0.07

Alcohol consumption§
None (<12 total) 690/3,957 1.00 (reference) 0.96 (0.67–1.37) 1.37 (0.96–1.96) 0.14
Light (1–3 per week) 490/3,408 1.00 (reference) 0.86 (0.61–1.21) 1.26 (0.92–1.73) 0.08
Moderate/heavy (>3 per week) 252/2,461 1.00 (reference) 1.04 (0.63–1.69) 2.41 (1.55–3.75) <0.0001

* The antinuclear antibody (ANA) time trend assessments were based on 2 logistic regression models adjusted for the survey design variables 
(strata, clusters, and sampling weights) and categorical covariates for sex, age, and race/ethnicity. In one model, a categorical covariate for 
time period was added and the ANA prevalence odds ratio (OR) for each time period was estimated, relative to the first. In the other model, 
a quantitative covariate for the number of years between period midpoints, relative to the first, was added and a P value was determined by  
chi-square test to assess an ANA time trend. 95% CI = 95% confidence interval. 
† The categories were determined by kg/m2 (as listed) for persons age ≥20 years and by US Centers for Disease Control and Prevention growth 
chart percentiles (<85, 85 to <95, or ≥95) from 2000 for persons age 12–19 years. 
‡ Determined using current measured cotinine levels. 
§ Data (number of drinks consumed in the past year) were available for participants age ≥20 years. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41214/abstract
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likelihood of development increases with age (19). Additionally, 
an elevated prevalence of ANA has been seen in patients with 
thyroid disease (20). In exploratory analyses of the same samples 
of NHANES data, we observed both an increasing prevalence of 
self- reported thyroid disease and an association between thyroid 
disease and ANA. Because trends in ANA could be markers of 
increasing susceptibility to developing autoimmune diseases, the 
concurrent time trends in thyroid disease and ANA exemplify the 
potential clinical relevance of our broader findings.

Our previous research identified several ANA correlates (8). 
The present study confirmed that ANA prevalence increased with 
age and was relatively high in females and non- Hispanic African 
Americans. The numbers of individuals who are obese or over-
weight have increased dramatically in the US population, and 
though statistical support was weak, our results suggest a possi-
bly shifting association between ANA prevalence and individuals 
who are overweight, from inverse associations in the first 2 time 
periods to a positive association in the third time period (when 
ANA prevalence also increased the most). Although higher BMI 
has been associated with risk of systemic autoimmune diseases, 
such as systemic lupus erythematosus (SLE) and rheumatoid 
arthritis (21,22), further study is needed to understand the rela-
tionship between ANA and BMI. While smoking is a risk factor for 
some autoimmune diseases, smoking appears to be protective 
for others (23). Active smoking was weakly associated with lower 
levels of ANA. Rates of smoking have decreased in the popula-
tion, but inclusion of smoking in our models had little impact on 
the observed ANA time trends. The data also suggested a pos-
sible inverse association between ANA and alcohol consumption 
in the first 2 time periods. These findings are in part consistent 
with increasing evidence, including that from 2 recent prospec-
tive cohorts, of a possible protective role of moderate alcohol 
consumption on the risk of developing SLE (24,25). Thus,  further 
investigation is needed to understand and expand on these 
 concerns.

Our study had several strengths. The ANA subsamples were 
large, spanned 25 years, and were representative of the US popu-
lation. Also, all ANA assays were performed in the same laboratory 
and used the same methods. In addition, our analyses accounted 
for sociodemographic factors and various health behaviors as 
potential trend modifiers.

Our findings, however, should be interpreted in the context of 
certain limitations: 1) associations were based on cross- sectional 
data rather than repeated measures; 2) some variables were self- 
reported, including the limited questionnaire data on autoimmune 
diseases; 3) ANA were not assessed in children age <12 years; 
and 4) the NHANES excludes institutionalized participants, such 
as the elderly in residential care. Although some of the serum 
samples were 3 decades old, there were no gross differences in 
appearance or behavior of the samples to suggest degradation, 
and antibodies are known to be stable over time in frozen storage 
(26). Moreover, the observed time trends were not apparent in 

all subgroups, as might be expected if the age of the specimens 
influenced the measured levels of ANA.

Recently, Pisetsky and colleagues (27) reconfirmed that dif-
ferent ANA assay kits can give different results. They were inter-
ested in assessing variation in ANA assays and thus used 3 ANA 
kits, an ANA enzyme- linked immunosorbent assay, and a bead- 
based multiplex assay, whereas we purposely used a single assay 
(performed in one laboratory) to provide as much consistency as 
possible in our evaluation of ANA changes over time. We used the 
Nova View system due to familiarity, previous positive experiences, 
and the need to improve efficiency for the large number of samples 
in our study by using a semiautomated system. Thus, we were 
restricted to the ANA assay that accompanied the system, and we 
knew that this assay could detect some autoantibodies that other 
systems could not (e.g., autoantibodies to cytoplasmic rods and 
rings). Using another assay could have led to systematically higher 
or lower ANA prevalence estimates, but we focused on trends 
across the time periods. Even if time period–specific estimates 
shifted upward or downward with one assay versus another, pre-
sumably the same trends would be seen across time periods.

The reported P values were not adjusted for multiple compar-
isons, and some apparent trends and associations could be due 
to chance. Nevertheless, our main finding that ANA prevalence 
increased over time is consistent, with P < 0.0001 for the trend 
overall and in many subgroups, so these P values would remain 
noteworthy even after making conservative Bonferroni adjust-
ments that multiply by the number of comparisons.

The standard HEp- 2 assay for ANA detects a heterogeneous 
group of autoantibodies and is a commonly used diagnostic tool in 
a clinical context (15). However, relatively little is known about the 
natural history of ANA in the absence of an autoimmune disease. 
Given that memory B cells typically persist once tolerance to self 
antigens is broken, currently detected ANA may reflect both past 
and recent exposures. Our cross- sectional data did not allow us 
to determine the timing of ANA development relative to aging and 
other factors, such as smoking; however, observed differences 
across demographic subgroups or covariates suggest research 
opportunities to better understand the determinants of autoim-
munity and autoimmune diseases. The ANA staining pattern is an 
important consideration for understanding the relevance of ANA 
in symptomatic and healthy populations. A dense fine speck-
led pattern of staining has been associated with anti– dense fine 
speckled 70 autoantibodies and may be more common in healthy 
individuals than in those with autoimmune diseases (28,29). How-
ever, neither a dense fine speckled pattern of staining nor other 
ANA patterns appeared to explain the increasing ANA time trends 
observed in our study. The autoantigens recognized by the mitotic 
staining pattern, which showed weak evidence of increasing over 
time, are poorly understood and have uncertain clinical implica-
tions (15,30).

Although ANA prevalence increased across the 3 periods 
in many subgroups, the rate and timing of this increase were not 
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always the same, especially with respect to age. Reasons for 
the generation of ANA at different times across the lifespan may 
vary. For example, the incidence of ANA in older adults may be 
related to immunosenescence (31) or to exposures that increase 
with age, such as medications. Notably, while ANA prevalence 
was highest in adults age ≥70 years, it varied little over time in 
this age group (21–24%) (Supplementary Table 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41214/ abstract). In contrast, ANA prevalence in 
adolescents age 12–19 years increased dramatically from 5% 
to 9% to 13% across the 3 time periods. While investigations of 
ANA in healthy children are limited (32,33), potential explanations 
for an increase in ANA prevalence include changes in perinatal or 
early- life exposures, such as childhood infections or other types 
of exposures during developmentally sensitive periods, possibly 
leading to dysregulated immunity. The increasing ANA time trend 
observed in this age group may be particularly concerning if ANA 
are indicators of increased susceptibility to future autoimmune 
 diseases.

In conclusion, the overall prevalence of ANA in the US 
increased from 1988 to 2012, with a greater increase in recent 
years. Both sex and age were consistently strong ANA corre-
lates, while ANA associations with race/ethnicity, BMI, smok-
ing exposure, and alcohol consumption varied over time. The 
positive ANA time trends were most pronounced in adoles-
cents, males, and non- Hispanic whites. Additional studies to 
complement our exploratory investigation, particularly of the 
aforementioned sociodemographic groups, should be the focus 
of future research to determine the driving forces underlying 
these ANA increases and to inform the development of possible 
preventative measures.
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Errata

In the article by Aeschlimann et al in the February 2019 issue of Arthritis & Rheumatology (Presentation and Dis-
ease Course of Childhood- Onset Versus Adult- Onset Takayasu Arteritis [pages 315−323]), one of the institutional 
affiliations of the third author was omitted. Dr. Roaa Alsolaimani’s affiliations should have read: “St. Joseph’s 
Health Care London and University of Western Ontario, London, Ontario, Canada, and King Abdulaziz University, 
Jeddah, Saudi Arabia.”

DOI: 10.1002/art.41292

DOI: 10.1002/art.41298

In the letter by Liu et al in the April 2020 issue of Arthritis & Rheumatology (Reply [pages 697–698]), the affiliation 
of the last author, Dr. Zhenke Wen, was incorrect. It should have read “Soochow University, Suzhou, China.”

We regret the errors.
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Utilization and treatment costs of tumor necrosis 
factor inhibitors after the introduction of biosimilar 
infliximab in the United States

Select biosimilars—versions of originator biologic drugs  
made by different manufacturers—have substantially saved 
costs in some European countries (1). For example, Denmark 
obtained a 64% discount as the result of a mandatory nationwide 
switch made for nonmedical reasons from originator to biosimi-
lar infliximab (2). In the US, for systemic inflammatory conditions 
such as rheumatoid arthritis, 5 originator tumor necrosis factor 
inhibitors (TNFi): adalimumab (Humira), certolizumab pegol (Cim-
zia), etanercept (Enbrel), go  limumab (Simponi), and infliximab 
(Remicade), and 2 infliximab biosimilars: infliximab- dyyb (Inflectra 
[approved in April 2016; entered market in November 2016]) and 
infliximab- abda (Renflexis [approved in April 2017; entered market 
in July 2017]), are currently available. Since April 1, 2018, product- 
specific Healthcare Common Procedure Coding System (HCPCS) 
codes have been used to identify infliximab biosimilar products 
(infliximab- dyyb: Q5103; infliximab- abda: Q5104) in insurance 
claims instead of the generic code for all infliximab biosimilars 
(Q5102).

In a recent analysis, we assessed whether market entry of 
the infliximab biosimilars was associated with changes in the uti-
lization and costs of TNFi. Using claims data from a large US 
commercial health plan that covers >14 million people annually 
from all 50 US states, we identified all outpatient dispensing or 
intravenous administrations of TNFi between January 1, 2016, 
and March 31, 2019. For each calendar quarter of the study 
period, we calculated utilization of the 5 originator TNFi products 
and the infliximab biosimilars separately by aggregating patients 
with at least 1 prescription or infusion dispensed for a particular 
product and reported utilization as a proportion of total TNFi use. 
We estimated the mean quarterly insurer cost in US dollars per 
treated patient for each product by aggregating insurer costs 
across all prescriptions or infusions of a particular product over 
a calendar quarter and dividing this quantity by the total number 
of patients treated with that product in that quarter in order to 
account for varying frequencies of administration of these drugs. 
Unit costs were inflated to 2018 dollars using the changes in 
the Consumer Price Index. The Institutional Review Board of 
Brigham and Women’s Hospital approved the study protocol.

Our analysis included ~1.1 million total TNFi prescriptions 
or infusions dispensed to 95,906 unique patients.  Adalimumab 

was the most frequently used agent, accounting for 45% and 
49% of TNFi use in 2016 Quarter 1 (Q1) and 2019 Q1, respec-
tively, followed by etanercept, infliximab, golimumab, and 
certolizumab (Figure  1A). After market entry, biosimilar inflix-
imab (infliximab- dyyb and infliximab- abda) had sparse uptake, 
accounting for just 0.1% of total TNFi use in 2017 Q2 and 0.9% 
in 2019 Q1. The mean quarterly insurer cost per treated patient 
gradually increased from 2016 Q1 to 2019 Q1 for all 5 origi-
nator products (Figure 1B). For biosimilar infliximab, the mean 
quarterly insurer cost per patient was similar to the insurer cost 
for originator infliximab from 2017 Q2 ($8,322 versus $8,656, 
respectively) to 2018 Q2 ($10,112 versus $9,795, respectively) 
and moderately decreased in 2018 Q3 ($8,111 versus $9,535, 
respectively), maintaining more than a $1,000 difference there-
after. Median patient out- of- pocket costs per dispensing during 
the study period were $37 (interquartile range [IQR] $5–$86) 
for adalimumab, $37 (IQR $0–$80) for certolizumab, $61 (IQR 
$0–$131) for etanercept, $36 (IQR $0–$105) for golimumab, $0 
(IQR $0–$350) for infliximab, and $0 (IQR $0–$426) for biosimilar 
infliximab.

Thus, in a large commercial insurance database, we 
observed <1% uptake of biosimilar infliximab. This may have 
been partly attributable to an early lack of savings in insurer cost 
or patient copayment for biosimilar infliximab versus originator 
TNFi. Medicare reported a similar insignificant early reduction 
in patients’ out- of- pocket costs for biosimilar infliximab (3). A 
decrease in the mean quarterly insurer cost for biosimilar inflixi-
mab was observed in 2018 Q3, which may have been triggered 
by the availability of unique HCPCS codes and, thus, the abil-
ity of biosimilar manufacturers to compete with each other on 
price. However, this reduction was small in comparison to the 
savings achieved in Denmark—a possible result of the weaker 
purchasing power of US consumers relative to single- payer 
systems—and was met with a negligible increase in biosimilar 
infliximab utilization. Taken together, these findings suggest that 
in the US, current savings are insufficient to promote the wide-
spread use of infliximab biosimilars, and savings comparable to 
those achieved in some European countries may not be possible  
without systemic reform of the US pharmaceutical market.
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Figure  1. Quarterly utilization of each tumor necrosis factor inhibitor (TNFi) between 2016 and 2019 (A) and mean quarterly insurance 
payment for each TNFi per treated patient in each quarter between 2016 and 2019 (B).
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The patient, a 74- year- old woman, had a 7- year history of  sarcoidosis with cutaneous and pulmonary granulomatous lesions, as well 
as mediastinal lymph nodes. She was treated with topical steroids, hydroxychloroquine (HCQ), and minocycline, with poor efficacy. In 
2018, treatment with thalidomide was started for cutaneous lesions on the face and hands, but was discontinued in March 2019 due to 
hepatitis. The cutaneous lesions became painful, especially on the fingers with progressive dactylitis (A). Radiography showed multiple 
pseudocystic and bullous, lace- like osteolytic lesions with adjacent soft tissue swelling, indicative of sarcoid dactylitis (also known as 
Perthes- Jüngling disease) (B). Over the next month, the patient developed neurosarcoidosis and was treated with pulse steroids and 
cyclophosphamide. Dactylitis and cutaneous lesions disappeared within 5 days. First described in 1920 by Jüngling and Perthes, granu-
lomatous bone lesions in the fingers, spine, and pelvis are frequently the locations of osseous sarcoidosis (1). Granulomatous infiltrates of 
cortical bone structure cause osteolysis and ultimately bone fibrosis, leading to lace- like erosions. Early lesions can be detected by scintig-
raphy, computed tomography, and magnetic resonance imaging, before changes can be observed on plain radiography. Bone lesions can 
either be asymptomatic or induce pain, deformities, and disability. Bone sarcoidosis is frequently associated with multi- organ involvement 
(2), and sarcoid dactylitis is a sign of disease activity. The majority of patients receive systemic treatment for other  disease manifestations, 
but with regard to hand- related symptoms, treatment with steroids, HCQ, or  methotrexate may be required (1,3).
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The patient and parent perspective on methotrexate 
in recent juvenile idiopathic arthritis guidelines: 
comment on the article by Ringold et al

To the Editor:
We read with great interest the recommendations for use 

of methotrexate (MTX) included in the American College of Rheu-
matology (ACR)/Arthritis Foundation (AF) guideline for the treatment 
of juvenile idiopathic arthritis reported by Ringold et al (1). MTX is 
the most commonly used maintenance treatment in JIA. Effective-
ness and safety of this classic disease- modifying antirheumatic 
drug (DMARD) are well documented (1–3). However, from the per-
spective of a patient or parent, MTX is notorious for its gastrointesti-
nal side effects, e.g., nausea, abdominal pain, vomiting, or diarrhea 
(4,5). A substantial number of children develop MTX intolerance: 
MTX- induced serious gastrointestinal and behavioral symptoms 
before (anticipatory and associative) and after administration (6).

There are 3 recently published guidelines for the treatment of 
JIA (1–3). All of the guideline panels struggled to balance the desir-
able and undesirable effects of MTX. This resulted in a striking 
diversity of recommendations, clearly associated with the pres-
ence and the degree of involvement of patients and parents in 
the guideline process. We—a parent of a JIA patient (CGS) and 
2 pediatric rheumatologists (NMW and SJV)—reflect on what 
can be learned from these examples about patient and caregiver 
involvement in future treatment guidelines for rheumatic diseases.

In April 2017, the Methotrexate Advice and Recommenda-
tions on Juvenile Idiopathic Arthritis Expert Consensus Meeting 
was held in Milan, Italy (2). MTX was recommended as the first- line 
treatment for persistent oligoarticular and polyarticular JIA. The 
authors concluded that “analysis of available studies and clinical 
experience of the participating experts show that MTX is usually 
well tolerated in patients with JIA” (2). This conclusion was not 
disputed, as patients and parents were not involved.

In June 2019, the ACR/AF JIA guideline was published (1). 
The Grading of Recommendations Assessment, Development 
and Evaluation (GRADE) methodology was used (7). Based on 
review of the available evidence, the guideline panel formulated 
recommendations such as “using methotrexate is conditionally 
recommended over leflunomide or sulfasalazine” and “for patients 
without risk factors, initial therapy with a DMARD is condition-
ally recommended over a biologic” (1). The patients and parents 
involved in the development of this ACR/AF guideline voted against 
these recommendations, “because the adverse effects of metho-

trexate, particularly gastrointestinal intolerance, are very limiting for 
some children” (1). However, the Voting Panel decided not to alter 
the recommendations; instead, they added an explanatory state-
ment: “of note, the majority of the Parent and Patient Panel voted 
against DMARDs as initial therapy, because a number of the par-
ticipants had considerable adverse effects with methotrexate and 
had experienced better outcomes with biologics” (1). Although the 
Voting Panel empathized with these participants, they regarded 
the evidence of gastrointestinal side effects as anecdotal, coming 
from patients and parents whose “experiences may not be repre-
sentative of all patients” (1).

In July 2019, the Pediatric Association of The Netherlands 
(NVK) published a JIA medication guideline, using in part the same 
GRADE methodology (3,7). The NVK guideline panel encountered 
the same issues as the ACR/AF panel (1). The JIA patient and 
the parent on the Dutch panel also disagreed with the recom-
mendations for MTX, based on effectiveness and safety alone. 
They refused to settle for an explanatory statement, however, ref-
erencing the GRADE methodology. The GRADE Working Group 
acknowledges that first, “the relative importance given to out-
comes should reflect the perspective of those who are affected. 
When the target audiences for a guideline are clinicians and the 
patients they treat, the perspective would generally be that of the 
patient” and second, “results of the evidence review may modify 
the selection of relevant outcomes or their relative importance” (7).

At that point, the NVK guideline panel unanimously decided 
that MTX intolerance was in fact a critical outcome. Two mem-
bers of the panel—a parent (CGS) and a pediatric rheumatologist 
(SJV)—teamed up to perform extra research and formulated addi-
tional recommendations for MTX intolerance. The MTX Intolerance 
Severity Score (MISS) was found to be a reliable questionnaire 
for assessing MTX intolerance (6). Based on large observational 
studies with the MISS in different countries, it became clear that 
nearly half of JIA patients experience clinically relevant MTX intol-
erance. Furthermore, development of MTX intolerance could not 
be predicted (8). Finally, there is currently only very weak and con-
flicting evidence for the efficacy of potential treatment options for 
MTX intolerance once it has developed (9). This resulted in 3 extra 
recommendations in the NVK JIA guideline (Table 1). These extra 
recommendations, unanimously approved by the NVK guideline 

panel, balanced the original MTX recommendations (3).
What can we learn from these examples? Obviously, it is 

essential to involve patients and caregivers in the development 
of treatment guidelines, as full members of voting panels. The 
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GRADE methodology stresses that the patients’ and caregivers’ 
perspectives should be leading in the discussion on the impor-
tance of outcomes at the start of the guideline process (7). Unfor-
tunately, most patients and caregivers on guideline panels are 
unaware of this privilege and should be informed by chairs and clini-
cians at first meeting. Furthermore, research aimed to validate out-
come measures can help to strengthen the evidence base for some 
outcomes that are most relevant to patients, for which there is only 
anecdotal evidence (6,10). Genuinely nonhierarchical cooperation 
of clinicians, patients, and caregivers on guideline panels is crucial 
to reaching the goal of widely supported treatment guidelines.
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Reply

To the Editor:
Dr. Schoemaker and colleagues highlight the importance 

of patient and parent involvement in the development of treat-
ment guidelines, using an example from the guideline recently 
developed by the NVK (1). The ACR and the team members 
involved in the recent ACR/AF guideline agree that parents and 
patients have unique and valuable expertise that is necessary 
for the guideline development process. This response provides 
some clarification regarding points made by Schoemaker et al.

First, as is standard for all ACR guideline projects, patients 
and parents were involved throughout the development of the 
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ACR/AF guideline, starting with 2 patients being present at 
the initial in- person scoping meeting, where outcomes were 
chosen and initial Patient/Population, Intervention, Compari-
son, and Outcomes (PICO) questions were drafted. Then, the 
project scope, including PICO questions and outcomes, was 
posted for public comment on the ACR web site. The guide-
line development process also involved a separate Parent 
and Patient Panel that discussed and voted on specific PICO 
questions to provide input to the Voting Panel as they made 
decisions about final guideline recommendations. The results 
from the Parent and Patient Panel were provided to the Voting 
Panel members in summary format and reviewed during the 
voting for each relevant PICO. Two members of the Parent and 
Patient Panel were also full Voting Panel members and, in that 
role, participated in the panel’s discussions and voted, with 
their votes receiving equal weight to those of the other Voting 
Panel members. An AF liaison, who was also a patient, was 
present during the Voting Panel discussion to provide addi-
tional input. Because the Parent and Patient Panel discussion 
and voting results were reviewed during the Voting Panel meet-
ing, prior to any voting, it is incorrect to state that decisions 
were made not to alter recommendations based on patient 
and parent input, as implied by Schoemaker and colleagues—
because, in fact, the input was incorporated in real time dur-
ing the voting process. The ACR/AF guideline also underwent 
separate review by the AF prior to publication, to further ensure 
that the patient and parent input was accurately reflected.

Second, the primary intent of this guideline is to assist  
physicians, parents, and patients in engaging in shared  
decision- making about treatment choices. The final ACR/AF 
guideline reflects the consideration of a number of factors, 
including published evidence, clinical expertise and experience, 
and patients’ and parents’ values, preferences, and experi-
ences. This mirrors the complex clinical decision- making pro-
cess that occurs in the real world, where clinicians, parents, and 
patients weigh different factors in the process of reaching treat-
ment decisions. The majority of the recommendations (31 of 
39) were conditional, reflecting the fact that most treatment rec-
ommendations are preference sensitive and warrant a shared 
decision- making approach. Furthermore, the justification for 
each recommendation is an equally important part of the final 
guideline. The results from the Parent and Patient Panel are 
included throughout the ACR/AF guideline, and it is specifically 
noted whenever the Parent and Patient Panel voted differently 
from the Voting Panel or the Parent and Patient Panel results led 
to the tempering of a recommendation (e.g., PICOs A.2, A.3, 
B.3, and B.4), to ensure full representation of their viewpoints.

Last, in the case of the NVK guideline, parent and patient 
involvement led to the selection of MTX intolerance as a criti-
cal outcome and the addition of specific statements regarding 
the monitoring and management of MTX intolerance. In the ACR/
AF guideline, input from the Parent and Patient Panel also raised 

the important issue of MTX intolerance, which led to 1) the con-
ditional rating of the recommendation for MTX as initial DMARD 
(PICOs A.2 and A.3) and 2) clear statements about the Parent 
and Patient Panel votes against MTX as initial therapy (PICOs 
B.3 and B.4). In the ACR/AF guideline, MTX intolerance is spe-
cifically acknowledged as an important theme and not consid-
ered anecdotal, although it is also noted that many patients do 
not develop MTX intolerance. Interestingly, despite the concern 
about MTX intolerance raised by parents and patients, the NVK 
strongly recommended MTX, while the ACR/AF arrived at a con-
ditional recommendation, due in part to these concerns.

Therefore, although these 2 guidelines differ somewhat 
in content and rating of recommendations, in both cases the 
inclusion of parents and patients ensured that their views were 
represented and led to a more comprehensive final product. 
Both guidelines also note that data regarding important patient- 
reported outcomes are not consistently available, and this 
remains an important research agenda. As the ACR/AF guide-
line emphasizes, the recommendations are primarily intended 
to guide the shared decision- making process between par-
ents, patients, and clinicians, and all treatment decisions are 
individualized, balancing patient/parent preferences with the 
clinical scenario, available evidence, and clinician expertise.
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Negative magnetic resonance imaging findings are 
not dependable for excluding axial spondyloarthritis: 
comment on the article by Bakker et al

To the Editor:
In 29 of 188 patients being investigated for back pain, with 

presumably varying degrees of concern about the possibility of axial 
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spondyloarthritis (SpA), Bakker et al found changes in the magnetic 
resonance imaging (MRI) findings when the scans were repeated 
at 3 months and at 1 year (1). In 12 patients (6.4%), results were 
negative at the initial examination but were positive on subsequent 
testing, a percentage that was lower than, but not dissimilar to, van 
Onna and colleagues’ finding of 15% of patients having positive 
MRI results at 2 years (2). The principal conclusion by Bakker et al is 
that the diagnostic yield in repeating MRI is too low to make it worth-
while. While this conclusion is appropriate for efficient resource utili-
zation, I believe it is the correct answer to the wrong question.

The more important question for the practicing clinician 
is whether a negative MRI result should rule out concern about 
the possibility of axial SpA in a patient with low back pain, and 
whether the patient should be reassured accordingly. Given that 
~6% of patients in the study by Bakker et al and 15% in the study 
by van Onna et al had a positive MRI result on subsequent testing, 
the most important finding of these studies is that because an 
appreciable minority of patients have positive results at follow- up, 
a negative MRI finding is insufficient evidence to rule out early 
axial SpA and should not be evidence to reassure patients that 
they do not have the disease. This is particularly pertinent in HLA–  
B27–positive patients, as 12% had an initial negative but a sub-
sequent positive MRI result. It is not uncommon for a patient 
with minor back pain but with a family history of axial SpA to be 
concerned about having the disease. To reassure a patient that he 
or she does not have axial SpA based on a negative MRI finding 
would be misguided and a potential disservice to the patient.

The old adage “beware of the young man with back pain that 
improves with exercise, for he may have ankylosing spondylitis 
(AS) that is not yet apparent on his radiographs” warns of the 
indolent course of AS, in which late presentation with irreversible 
deformity is a recognized risk. The important corollary is that, if 
there is reasonable clinical suspicion of AS, the absence of radio-
logic change notwithstanding, the patient should be strongly 
encouraged to embrace a program of regular exercise and pos-
ture care. If, in the long run, the suspicion is misplaced, nothing is 
lost, but if it is correct, much may be gained.

Therefore, the most important result of Bakker and col-
leagues’ excellent study, I believe, is not about the poor efficiency 
of repeating an MRI scan, but that in the right clinical setting a 
negative MRI result may not be dependable for excluding axial 
SpA. The case of a 23- year- old woman with bipolar disorder who 
recently came under my care illustrates this point. In 2014, she 
was seen by an experienced rheumatologist who was concerned 
about AS and ordered HLA typing and an MRI scan. The patient 
was found to be HLA–B27 positive, while the MRI showed minor 
disc bulge with loss of normal signal at L5/S1 but no sacroil-
iac (SI) joint abnormality. She was lost to follow- up but recently 
presented with persistent back and buttock pain that interferes 
with sleep. Markers of inflammation (C- reactive protein levels 
and erythrocyte sedimentation rate) were normal, but repeat MRI 
showed active inflammation in both SI joints. The patient was 

recommended an exercise regimen and posture care while she 
is evaluated for possible additional measures.
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John Hunter Hospital
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 and University of Newcastle  
 Newcastle, New South Wales, Australia
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Clinical significance of higher cutoffs for myositis 
autoantibody positivity using the Euroimmun Research 
Line Blot: comment on the article by Mecoli et al

To the Editor:
We read with great interest the concise communication by 

Mecoli et al (1), reporting on a study showing that, when using 
the Euroline panel for myositis- specific autoantibodies, different 
cutoffs to define positive antibody status may be required for 
different antibody specificities.

Among sequential sera tested in our laboratory between 
December 2018 and December 2019, 34 had at least 1 anti–
transfer RNA synthetase (anti–tRNA synthetase) antibody as 
determined using line immunoblot assays (Euroline Autoim-
mune Inflammatory Myopathies 16 Ag and Euroline ANA Pro-
file 3). A EurolineScan Flatbed scanner was used to measure 
band intensity. According to the Euroimmun package insert for 
the scanner, thresholds of 6–10 correspond to borderline pos-
itive, 11–25 to low positive (+), 26–50 to moderately positive 
(++), and 51–255 to strongly positive (+++). Results that were 
borderline according to this system (15 values) were consid-
ered negative and were excluded.

When we applied the different thresholds and titer cutoffs 
for each autoantibody that have been suggested by Mecoli and 
colleagues (from the Euroimmun package insert for the camera 
system) (1), only 23 of the 34 patients (67.6%) were positive for 
at least 1 antibody (Table 1). Review of the medical records of the 
34 patients revealed that only 8 of 20 anti–Jo- 1 positive patients 
(determined using the Euroline thresholds or the cutoffs proposed 
by Mecoli et  al [1]) satisfied classification criteria for antisyn-
thetase syndrome (2) (Table 1). The remaining anti–Jo- 1–positive 
patients, when either cutoff was used, mainly fulfilled criteria for 
undifferentiated connective tissue disease (UCTD) (3), idiopathic 
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inflammatory myopathies (IIMs) (4), or interstitial pneumonia with 
autoimmune features (IPAF) (5). Of the 6 patients who were anti–
PL- 7–positive according to the Euroline definition, 1 fulfilled criteria 
for antisynthetase syndrome, 2 fulfilled criteria for IIM, 2 fulfilled 
criteria for UCTD, and 1 fulfilled criteria for IPAF (Table 1). When 
the cutoff for anti–PL- 7 suggested by Mecoli and colleagues (≥71) 
was applied, only the patient with antisynthetase syndrome was 
positive. (Table 1). Of the 5 patients who were positive for anti–
PL- 12 according to the Euroline definition, 1 was diagnosed as 
having antisynthetase syndrome, 2 as having UCTD, 1 as having 
IIM, and 1 as having IPAF (Table 1). According to the cutoff for anti– 
PL- 12 positivity suggested by Mecoli and colleagues (≥36), only 2 
patients were positive; 1 was diagnosed as having antisynthetase 
syndrome and 1 as having IPAF (Table 1). The 1 patient who was 
positive for anti- EJ according to the Euroline definition fulfilled clas-
sification criteria for rheumatoid arthritis; this patient was not pos-
itive for anti- EJ when the cutoff of ≥36 proposed by Mecoli et al 
was applied (Table 1). One patient was positive for anti- OJ accord-

ing to the Euroline definition; this patient was diagnosed as having 
antisynthetase syndrome (Table 1). The patient was not assessed 

for anti- OJ positivity using the cutoff suggested by Mecoli et al.
Of note, of the 10 patients who were positive for at least 1 

anti- tRNA synthetase antibody according to the Euroline cutoffs 
but not according to the stricter cutoffs proposed by Mecoli and 
colleagues, none fulfilled classification criteria for antisynthetase 
syndrome, which shows that full- blown antisynthetase syndrome 
is most often seen when anti–tRNA synthetase autoanti bodies have 
higher band intensity readings.  Additionally, our results demon-
strated that, among patients who were positive for anti–tRNA syn-
thetase according to Euroline definitions, 29.4% were not positive 
when Mecoli and colleagues’ stricter thresholds were used. Fur-
thermore, it is of interest that when applying these stringent cutoffs, 
only half of anti–tRNA synthetase antibody–positive patients fulfilled 
classification criteria for antisynthetase syndrome. Although these 
antibodies are strongly associated with antisynthetase syndrome 
(a distinct clinical phenotype of IIM), their presence may not be 

Table 1. Positivity for anti–transfer RNA synthetase as measured by the standard thresholds provided by Euroimmun and the 
different cutoffs for each specificity suggested by Mecoli et al (ref. 1) (≥15 for anti–Jo- 1, ≥36 for anti–PL- 12 and anti- EJ, and ≥71 
for anti–PL- 7), and corresponding diagnoses*

Autoantibody, threshold

Euroline cutoffs Ref. 1 cutoffs

No. of patients 
positive

Diagnosis, no. (%) of 
patients

No. of patients 
positive 

Diagnosis, no. (%) of 
patients

Jo- 1 (total) 20 Antisynthetase syndrome 
8 (40.0); UCTD 3 (15.0); 
IIM 4 (20.0); IPAF 2 
(10.0); celiac disease 1 
(5.0); APS 1 (5.0);  
SLE 1 (5.0) 

20 Antisynthetase 
syndrome 8 (40.0); 
UCTD 3 (15.0); IIM 
4 (20.0); IPAF 2 
(10.0); celiac disease 
1 (5.0); APS 1 (5.0); 
SLE 1 (5.0)

Low positive (+) 6
Moderately positive (++) 3
Strongly positive (+++) 11

PL- 7 (total) 6 UCTD 2 (33.3); IIM 2 
(33.3); IPAF 1 (16.7); 
antisynthetase 
syndrome 1 (16.7)

1 Antisynthetase 
syndrome 1 (100.0)

Low positive (+) 5
Moderately positive (++) 0
Strongly positive (+++) 1

PL- 12 (total) 5 Antisynthetase 
syndrome 1 (20.0); 
UCTD 2 (40.0); IIM 1 
(20.0); IPAF 1 (20.0)

2 Antisynthetase 
syndrome 1 (50.0); 
IPAF 1 (50.0) 

Low positive (+) 3
Moderately positive (++) 0
Strongly positive (+++) 2

EJ (total) 1 RA 1 (100.0) 0 NA
Low positive (+) 1
Moderately positive (++) 0
Strongly positive (+++) 0

OJ (total) 1 Antisynthetase 
syndrome 1 (20.0)

ND

Low positive (+) 0
Moderately positive (++) 1
Strongly positive (+++) 0

* UCTD = undifferentiated connective tissue disease; IIM = idiopathic inflammatory myopathy; IPAF = interstitial pneumonia
with autoimmune features; APS = antiphospholipid syndrome; SLE = systemic lupus erythematosus; RA = rheumatoid arthritis;  
NA = not applicable; ND = not determined. 
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confined solely to antisynthetase syndrome. Prospective follow- up 
is of paramount importance, particularly for patients with UCTD 
and IPAF, in order to identify what percentage of these patients will 
develop symptoms of antisynthetase syndrome in the future.
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