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

CD8+ T Cells from Skin Differentiate Psoriatic Arthritis 
from Psoriasis
CD8+CCR10+ T cells tend to act as effector 
memory T cells based on classic nomencla-
ture, even though they also have a strong 
transcriptional overlap with skin-derived tissue-

resident memory T cells. 
In this issue, Leijten et al 
(p. 1220) report the fi nd-

ings of their detailed investigation of the 
increase in CD8+CCR10+ T cells in the periph-
eral blood of patients with psoriatic arthritis 
(PsA). The researchers found that tissue-resi-
dent memory CD8+ T cells derived from the 
skin are enhanced in the circulation of patients 
with PsA compared to patients with psoriasis 
alone. Theirs is the broadest immunopheno-
typing study to date of a Psoriasis Area and 
Severity Index–matched cohort of patients with 
PsA and patients with psoriasis who were not 
being treated with immunomodulatory drugs.

The investigators found that, relative 
to healthy controls, the peripheral blood of 
patients with PsA showed an increase in 
regulatory CD4+ T cells and interleukin-
17A (IL-17A) and IL-22 coproducing CD8+ 

T cells. The CD8+CCR10+ T cells were 
enriched in PsA and differentiated PsA from 
psoriasis. These cells expressed high levels 
of DNAX accessory molecule 1. They coex-
pressed skin-homing receptors CCR4 and cuta-
neous lymphoid antigen and acted as effector 
memory cells. While the CD8+CCR10+ T 
cells were detected under infl ammatory and 
homeostatic conditions in the skin, they were 
not enriched in synovial fl uid. 

p.  1220

Subcutaneous Tanezumab for Hip and Knee Osteoarthritis
In this issue, Hochberg et al (p. 1167) 
report the results of their assessment of 
the long-term safety and 16-week efficacy 
of subcutaneous tanezumab in patients 
with hip or knee osteoarthritis (OA). The 

researchers found that, 
while pain and phys-
ical function improved 

with tanezumab and nonsteroidal antiin-
flammatory drugs (NSAIDs), tanezumab 
administered subcutaneously to patients 
who had previously received a stable dose 
of NSAIDs resulted in more joint safety 
events than continued NSAIDs. These 
effects occurred in a dose-dependent manner 

and were greater with tanezumab 5 mg 
than 2.5 mg over the course of the study.

The investigators performed a large (2,996 
receiving ≥1 treatment dose), double-blind, 
double-dummy, NSAID-controlled, parallel-
group study. They found that, although tane-
zumab 5 mg signifi cantly improved pain and 
physical function, it did not signifi cantly 
improve Patient global assessment (PtGA) 
scores at week 16 compared to NSAIDs. 
Corresponding differences between the tane-
zumab 2.5 mg and NSAID groups were not 
statistically signifi cant. 

The investigators noted that the frequen-
cies of adverse events and serious adverse 

p.  1167

When gene profi ling was performed, the 
researchers found that CD8+CCR10+ T cells 
expressed GATA3, FOXP3, and the core tran-
scriptional signature of tissue-resident memory 
T cells, such as CD103. They also found that 
specifi c genes, including RORC, IFNAR1, and 
ERAP1, were up-regulated in PsA compared 
to psoriasis. The authors conclude that aber-
rances in cutaneous tissue homeostasis may 
contribute to arthritis development. 

Figure 1. Examples of suppression assays are shown. Fresh peripheral blood mononuclear cells from 5 healthy 
controls were incubated with CellTrace Violet (CT-violet) and cocultured with different CD8+ T cell subsets.

events between the tanezumab 2.5 mg and 
NSAID groups were similar. Adverse events 
were more prevalent, however, in those treated 
with tanezumab 5 mg. Approximately 70% of 
composite joint safety events were adjudicated 
as rapidly progressive OA type 1, and these 
were signifi cantly more frequent with tane-
zumab 2.5 mg and tanezumab 5 mg than with 
NSAIDs. The authors are unsure of the reason 
for the increase in joint safety events in the 
tanezumab groups but suggest that it might be 
related to neuropathic and analgesic arthrop-
athy, preexisting defi cits in bone integrity, and 
nerve growth factor–related effects on carti-
lage repair and load-induced bone formation. 



This study explored the incidence and prevalence of scleritis in 
the UK over a 22-year period (1997–2018), risk factors for inci-
dent scleritis, and association with infectious and immune-medi-
ated inflammatory diseases (I-IMIDs). Scleritis is a sight-threatening 
condition, which frequently requires systemic immunosuppres-
sion to avoid irreversible tissue damage. Prior to this study, there 
was a paucity of epidemiologic data, with none from the UK or 
Europe. Data are needed to inform health system cost modeling and 
resource allocation. There has been no previous systematic explora-
tion of association with systemic I-IMIDs to inform cross-specialty 
awareness and development of patient-centered care pathways.  

The authors used  The Health Improvement Network (THIN) 
data set to conduct a retrospective cross-sectional and population 
cohort study, along with a case–control and cohort study.  The data 
set included the anonymized primary health care records of 11 
million NHS patients (17% of the total UK population in 2018), with 
75 million years of cumulative follow-up. Using multivariable Poisson 
regression analysis, the team explored the incidence rate ratio of 
incident cases versus controls, by multiple potential risk factors for 
incident scleritis. Between 1995 and 2018, 3,005 patients developed 
incident scleritis. They were matched in a ratio of 1:4 to general 
population controls, based on age (within 1 year), sex, region, and 

Townsend deprivation index. Multivariable logistic regression 
models adjusted for these variables as well as for body mass index 
at cohort entry, ethnicity, and smoking status, explored the stre- 
ngth of association between incident scleritis and a previous diag-
nosis of different I-IMIDs.  Multivariable Cox proportional hazards 
models assessed the hazard of a subsequent diagnosis of each 
I-IMID during cumulative follow-up following scleritis diagnosis.

Questions

1. How does the reported epidemiology of scleritis in the UK 
compare to the reported epidemiology of scleritis in the US (4 
studies), and what factors might explain observed differences?

2. Which I-IMIDs were most frequently observed among inci-
dent scleritis cases and controls, and which were most strongly 
associated with incident scleritis?

3. What are the potential sources of bias in this study, and how 
might these impact the various parameter estimates?

4. Which risk factors were associated with incident scleritis 
diagnosis in the UK, and how might genetic, environmental, 
hormonal, or metabolic mechanisms contribute to risk being 
higher in the identified population subgroups?

Epidemiology of Scleritis in the UK: Population-Based Analysis of 11 Million 
Patients and Association Between Scleritis and I-IMID

Understanding the Risk of Herpes Zoster with  
Tofacitinib Treatment
Tofacitinib is an oral JAK inhibitor used for 
the treatment of rheumatoid arthritis (RA), 
psoriatic arthritis, and ulcerative colitis. 
It has also been investigated for the treat-

ment of psoriasis (PsO). 
Unfortunately, patients 
with RA or PsO who are 

treated with tofacitinib are at increased risk 
for developing herpes zoster (HZ). In this 
issue, Bing et al (p. 1155) report the find-
ings of their effort to identify genetic factors 
contributing to the occurrence of HZ related 
to tofacitinib treatment. The team's genetic 
analysis of tofacitinib-treated patients with 
RA or PsO identified multiple loci associated 

with increased HZ risk. They conclude from 
this analysis that prevalent variants near the 
immune-relevant genes CD83 and IL17RB in 
European and East Asian populations, respec-
tively, may contribute to the risk of HZ in 
tofacitinib-treated subjects.

The study included 5,246 subjects. 
After adjustment for age, baseline abso-
lute lymphocyte count, genetically defined 
ethnicity, and concomitant methotrexate 
use, the regional analysis model showed 
that 4 loci were significantly associated with 
earlier onset of HZ in European populations. 
One of these was a single-nucleotide poly-
morphism (SNP) near CD83, a marker of 

dendritic cell maturation. This association 
is noteworthy because when varicella zoster 
virus infects mature monocyte-derived 
dendritic cells, it impairs their functions by 
down-regulating cell-surface immune mole-
cules, including CD83, CD80, and CD86. 

When performing a trans-ethnic, trans-
population meta-analysis, investigators 
found that the CD83 SNP remained signifi-
cantly associated with the HZ end points in 
European subjects. Four additional signifi-
cant loci were identified in the meta-analysis.  
Included in these was a SNP near IL17RB 
that was associated with faster onset of HZ 
in East Asian subjects.

p.   1155
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Clinical Connections
Global Deletion of Pannexin 3  
Accelerates Development of Aging-Induced 
Osteoarthritis in Mice 
Moon et al. Arthritis Rheumatol. 2021;90:1178–1188

CORRESPONDENCE 
Frank Beier, PhD: fbeier@uwo.ca

SUMMARY  
Osteoarthritis (OA) leads to destruction of joint 
tissues due to various biochemical and mechanical 
stressors. OA following injury (posttraumatic OA) 
is thought to develop through similar mechanisms 
as OA during aging but at an accelerated pace. 
Pannexin 3 (Panx3) is a channel-forming protein 
that was previously shown to drive posttraumatic 
OA in male mice. In this study, however, Moon 
et al use genetically modified mice lacking Panx3 
and show accelerated OA (e.g., loss of cartilage 
and OA-like changes in bone and joint capsule) 
between 18 and 24 months of age when compared 
to normal mice. Loss of Panx3 was also associated 
with reduced lubricin levels in articular cartilage 
during aging, but increased lubricin levels after injury.  
These results highlight distinct, opposing roles for 
the same protein in different subtypes of OA with 
implications for both the future investigation and 
treatment of OA. 

KEY POINTS  
•  Both aging and joint injury are associated with OA in  

male mice.

•  Panx3 loss was previously shown to protect against 
posttraumatic OA in mice.

•  Panx3 loss is shown here to accelerate OA in aging mice.

•  These data suggest that different OA subtypes develop 
through different molecular mechanisms, with the same 
gene playing opposite roles in the subtypes.
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KEY POINTS  
•  The inflammasome is up-regulated in SpA.

•  Intestinal dysbiosis is associated with inflammasome activation.

•  NLRP3 inflammasome blockade prevents intestinal inflammation and 
delays arthritis onset.

•  The inflammasome may drive type III cytokine production in the  
setting of SpA.

SUMMARY  
The inflammasome is a highly conserved pathway of 
innate immune response to invading microorganisms. 
It regulates the secretion of proinflammatory 
cytokines (e.g., interleukin-1β [IL-1β] and IL-18) and 
a specific inflammatory cell death called pyroptosis. 
Guggino et al demonstrated that inflammasome 
components Nlrp3, Nlrc4, and Aim2 were more 
highly expressed in the gut of rats carrying human 
HLA–B27, which is strongly associated with the 
development of spondyloarthritis (SpA). In HLA–
B27–transgenic rats, inflammasome expression 
was linked to intestinal dysbiosis, as this effect was 
reversed by antibiotic treatment. The blockade of 
NLRP3 in the SKG mouse model of SpA prevented 
ileitis and delayed arthritis onset. 

In the intestine of ankylosing spondylitis (AS) 
patients, inflammasome components were 
up-regulated and caspase 1 activity increased. 
Consistent with this, higher levels of pyroptosis 
and increased production of IL-1β and IL-18 were 
detected. The amount of adherent and invasive 
mucosa-associated bacteria, higher in AS patients, 
correlated with inflammasome components in 
peripheral blood, and NLRP3 expression levels 
were associated with disease activity and IL23A 
expression. In vitro, inflammasome activation in AS 
monocytes was paralleled by increased production 
of IL-1β and IL-18, and IL-1β modulated IL23A, IL17A, 
and IL22 expression.  These data demonstrate that 
in AS, dysbiosis induces inflammasome activation 
in the gut and, in turn, may contribute to type III 
cytokine production.

Inflammasome Activation in Ankylosing 
Spondylitis Is Associated With  
Gut Dysbiosis 
Guggino et al. Arthritis Rheumatol. 2021;90:1189–1199

CORRESPONDENCE 
Francesco Ciccia, MD, PhD: francesco.ciccia@unicampania.it
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American College of Rheumatology Guidance for 
COVID- 19 Vaccination in Patients With Rheumatic and 
Musculoskeletal Diseases: Version 1
Jeffrey R. Curtis,1  Sindhu R. Johnson,2  Donald D. Anthony,3 Reuben J. Arasaratnam,4 Lindsey R. Baden,5 
Anne R. Bass,6  Cassandra Calabrese,7 Ellen M. Gravallese,5 Rafael Harpaz,8 Rebecca E. Sadun,9 
Amy S. Turner,10  Eleanor Anderson Williams,11 and Ted R. Mikuls12

Objective. To provide guidance to rheumatology providers on the use of coronavirus disease 2019 (COVID- 19) 
vaccines for patients with rheumatic and musculoskeletal diseases (RMDs).

Methods. A task force was assembled that included 9 rheumatologists/immunologists, 2 infectious disease 
specialists, and 2 public health physicians. After agreeing on scoping questions, an evidence report was created that 
summarized the published literature and publicly available data regarding COVID- 19 vaccine efficacy and safety, as 
well as literature for other vaccines in RMD patients. Task force members rated their agreement with draft consensus 
statements on a 9- point numerical scoring system, using a modified Delphi process and the RAND/University of 
California Los Angeles Appropriateness Method, with refinement and iteration over 2 sessions. Consensus was 
determined based on the distribution of ratings.

Results. Despite a paucity of direct evidence, 74 draft guidance statements were developed by the task force 
and agreed upon with consensus to provide guidance for use of the COVID- 19 vaccines in RMD patients and to offer 
recommendations regarding the use and timing of immunomodulatory therapies around the time of vaccination.

Conclusion. These guidance statements, made in the context of limited clinical data, are intended to provide 
direction to rheumatology health care providers on how to best use COVID- 19 vaccines and to facilitate implementation 
of vaccination strategies for RMD patients.

Due to the rapidly expanding information and evolving evidence related to COVID- 19, which may lead to 
modification of some guidance statements over time, it is anticipated that updated versions of this article will 
be published, with the version number included in the title. Readers should ensure that they are consulting the 
most current version.

Guidance developed and/or endorsed by the American College of Rheumatology (ACR) is intended to inform 
particular patterns of practice and not to dictate the care of a particular patient. The ACR considers adher-
ence to this guidance to be voluntary, with the ultimate determination regarding its application to be made 
by the physician in light of each patient’s individual circumstances. Guidance statements are intended to 
promote beneficial or desirable outcomes but cannot guarantee any specific outcome. Guidance developed 
or endorsed by the ACR is subject to periodic revision as warranted by the evolution of medical knowledge, 
technology, and practice.

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

The global pandemic caused by the severe acute respiratory 
syndrome coronavirus 2 (SARS– CoV- 2) has caused untold dis-
ruption to nearly all aspects of human health globally. The sub-
stantial morbidity and excess mortality attributed to coronavirus 
disease 2019 (COVID- 19) has had a major impact on health and 
the delivery of health care. Given the role that rheumatology pro-
viders have in serving patients with rheumatic and musculoskele-
tal diseases (RMDs) (1), particularly those with autoimmune and 
inflammatory rheumatic diseases (AIIRDs), there is an urgent need 
to optimize strategies to curb the incidence of COVID- 19. In addi-
tion to preventive measures such as physical distancing, mask- 
wearing, handwashing, and shelter- in- place orders, the newly 
available COVID- 19 vaccines provide a powerful tool to mitigate the 
burgeoning growth of adverse outcomes resulting from COVID- 19.

Given the leadership role of the American College of Rheuma-
tology (ACR) in facilitating dissemination of high- quality evidence 
and promoting best practices for the care of RMD patients, the 
ACR periodically convenes task forces charged with develop-
ing methodologically rigorous clinical practice guidelines and 
guidance documents. Previous ACR guidelines developed for 
the management of rheumatoid arthritis (RA) and psoriatic arthri-
tis (PsA) have included some information regarding optimal use of 
vaccines for patients with those conditions. However, because the 
immunologic principles related to use of vaccines and the impact 
of vaccine- preventable illnesses on patients cross a broad range of 
RMDs, the ACR altered its approach in 2020 and convened a new 
guideline development group to focus exclusively on vaccination. 
This cross- cutting team was charged with developing encompass-
ing vaccination considerations for all disease and treatment- related 
areas within rheumatology, rather than embedding them into 
 narrower, disease- specific clinical practice guidelines.

The development process of ACR guidelines follows a 
rigorous and formal methodology, is based on a reproducible 

and transparent systematic literature review, incorporates pan-
elist expertise from rheumatology health care professionals and 
input from related medical experts in other disciplines (e.g., 
infectious disease, epidemiology), includes direct participation 
by patients that reflects their values and preferences, and is typ-
ically conducted over an extended time frame (e.g., 1 year or 
longer). In contrast, the ACR develops “guidance” documents 
when the components needed to develop a formal guideline 
are not present, e.g., if the need to provide guidance is more 
urgent than a longer guideline timeline would allow, there is not 
enough peer- reviewed evidence available to conduct a formal 
literature review, or when there is very limited expertise and 
experience, particularly on the part of patients, to help inform 
the development of recommendations.  In these situations, an 
expert task force is formed to provide the best guidance possi-
ble based on the limited information available. The ACR expects 
that guidance documents will need to be updated with some 
frequency as new data become available and greater experi-
ence is acquired.

Responding to the need to provide timely guidance to prac-
ticing clinicians, the ACR COVID- 19 Vaccine Guidance Task 
Force was created as a branch of the ACR Vaccine Guideline 
effort, to summarize the evidence for newly available COVID- 19 
vaccines and to make timely clinical recommendations to rheu-
matology providers for their optimal use. It relied on a limited evi-
dence base derived from clinical trials evaluating the COVID- 19 
vaccines in non- RMD populations and also included indirect evi-
dence regarding the immunogenicity, clinical effectiveness, and 
safety of other vaccines administered to RMD patients receiving 
various immunomodulatory therapies. Armed with this infor-
mation, task force members were asked to extrapolate across 
diseases and integrate relevant basic science and immunologic 
principles to inform the use, timing, and prioritization of the  
COVID- 19 vaccines available in the US and apply them to the 
care of RMD patients.
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METHODS

Convening the ACR COVID- 19 Vaccine Guidance Task 
Force and defining the scope of the clinical guidance. In 
October 2020, the ACR began assembling the ACR COVID- 19 
Vaccination Guidance Task Force. Invitations were made following 
a general solicitation sent to the broad ACR membership seeking 
interested volunteers. The task force consisted of 13 members 
from North America and included 9 rheumatologists, 2 infectious 
disease specialists, and 2 public health experts with current or for-
mer employment at the US Centers for Disease Control and Pre-
vention (CDC). Rheumatology task force members were chosen to 
represent various areas of specialty expertise within the field and to 
achieve diversity in geographic region, career stage, practice set-
ting, sex, and race/ethnicity, while also ensuring that the majority 
of task force members had no conflicts of interest. The task force 
defined the intended scope of the guidance based on input from 
individual members, and external input was obtained informally 
from various stakeholders. The process was informed by the previ-
ously published ACR Guidance for the Management of Rheumatic 
Disease in Adult Patients During the COVID- 19 Pandemic (2). The 
scope of this guidance includes clinically relevant questions that were 
intended to inform rheumatology patient care related to COVID- 19 
vaccination and treatment considerations around the time of vacci-
nation. The scoping questions were agreed upon by all panel mem-
bers at an initial teleconference conducted on December 14, 2020.

Developing the evidence summary. The task force 
was divided into teams that worked in parallel, each charged with 
summarizing the published literature and other available evidence 
spanning 4 topics: 1) the efficacy, immunogenicity, and safety data 
derived from clinical trials of late- stage (i.e., phase III) COVID- 19 
vaccines ongoing within the US or COVID- 19 vaccines already 
available under the US Food and Drug Administration (FDA) Emer-
gency Use Authorization (EUA); 2) the epidemiology of COVID- 19 
risk and outcomes in RMD patients; 3) the attenuation of immuno-
genicity to other vaccines (e.g., influenza, pneumococcal) associ-
ated with certain immunomodulatory therapies; and 4) the safety 
profile (e.g., disease flare, new- onset autoimmune conditions) of 
non– COVID- 19 vaccines in RMD populations. The scoping ques-
tions were grouped into these domains and distributed to the 
teams, which were tasked with gathering and summarizing evi-
dence that addressed the questions within their assigned domains.

The task force agreed that the intended audience for the 
guidance was rheumatology health care providers managing 
their individual patients, but they felt that some attention should 
be directed to a societal perspective, when relevant, around the 
availability of COVID- 19 vaccines and prioritization for individuals 
with RMDs. The task force took the perspective of developing 
guidance for a US audience, particularly in view of the fact that 
the review of COVID- 19 vaccine clinical trials was US- focused. 
Recognizing that RMD patients exhibit high variability with respect 

to their underlying health conditions, disease severity, treatments, 
and degree of multimorbidity, these considerations were noted 
as important facets of individualizing care. Therefore, this guid-
ance was not intended to supersede the judgment of rheuma-
tology care providers nor override the values and perspectives 
of their patients. Foundational principles, guiding assumptions, 
and acknowledged limitations were discussed and agreed upon 
throughout the process (Table 1) and are discussed in this docu-
ment where most relevant.

Development of the evidence review summary 
 document. Given the accelerated time frame for guidance 
development, a nonsystematic evidence review was completed 
and included serial PubMed searches supplemented by postings 
from the CDC; briefings and other documents available from the 
FDA, such as dossiers submitted by vaccine manufacturers and 
transcripts of data presented at the FDA’s Vaccines and Related 

Table 1. Foundational principles, assumptions, and considerations 
for the guidance statements*

ACR guidance statements are not intended to supersede the 
judgment of rheumatology care providers nor override the 
values and perspectives of their patients. Guidance was based 
on weak and/or indirect evidence and required substantial 
extrapolation by an expert task force. All statements, therefore, 
should be considered conditional or provisional. The ACR is 
committed to updating this guidance document as new 
evidence emerges.

The rheumatology community lacks important knowledge on 
how to best maximize vaccine- related benefits. RMD patients 
exhibit high variability with respect to their underlying health 
condition, disease severity, treatments, degree of 
multimorbidity, and relationship with their specialist provider. 
These considerations must be considered when individualizing 
care.

There is no direct evidence about mRNA COVID- 19 vaccine safety 
and efficacy in RMD patients. Regardless, there is no reason to 
expect vaccine harms will trump expected COVID- 19 vaccine 
benefits in RMD patients.

The future COVID- 19 landscape is uncertain with respect to 
vaccine effectiveness and safety, uptake, durability, mitigating 
societal behavior, and emerging viral strain variants. Clinicians 
nevertheless must act with their best judgment despite this 
highly uncertain and rapidly changing landscape.

The risk of deferring vaccination and thus failing to mitigate 
COVID- 19 risk should be weighed against a possible blunted 
response to the vaccine if given under suboptimal 
circumstances. As a practical matter, this tension must be 
resolved in the context of imperfect prediction as to whether 
those circumstances may be transient as well as a paucity of 
scientific evidence.

Both individual and societal considerations related to a limited 
vaccine supply should be considered in issuing vaccine 
guidance and making policy decisions. Given that context, 
simplicity should be the touchstone: to avoid confusion, 
improve implementation, and maintain scientific credibility.

In the future, the ability to give an additional vaccine booster (if 
proven necessary or beneficial) will no longer be constrained by 
limited supplies. Any vaccination strategy is a reasonable 
starting point, and decisions about implementation details 
reflect tradeoffs in the allocation of scarce vaccine resources.

* ACR = American College of Rheumatology; RMD = rheumatic and 
musculoskeletal disease; COVID- 19 = coronavirus disease 2019. 
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Biological Products Advisory Committee meetings (3,4); and other 
electronic media sources. References and original articles related 
to vaccination were culled from the systematic literature reviews 
developed for ACR guidelines for the management of RA in 2012, 
2015, and 2021 (5– 7), PsA in 2018 (8), and vaccination guidelines 
for RMD patients published by the European Alliance of Associa-
tions for Rheumatology in 2019 (9– 11).

The scoping questions and the relevant evidence reviews 
contributed by team members were collated into a single evi-
dence summary document, which was disseminated by email to 
the entire task force for review 2 days prior to initial ratings. Follow-
ing the development of the evidence summary, regular PubMed 
searches were undertaken over the next 6 weeks, and new evi-
dence was shared with the task force prior to follow- up webinars. 
As no direct evidence was anticipated to be available for use of 
the COVID- 19 vaccine in RMD patients, no formal assessment 
of evidence quality (e.g., using Grading of Recommendations 
Assessment, Development and Evaluation methodology [12]) was 
attempted, and all evidence was assumed to be indirect. For this 
reason, all guidance statements should be considered as provi-
sional, or “conditional,” until further evidence becomes available.

Initial ratings. The standard guideline development 
processes currently used by the ACR (13) were deemed to be 
too time- intensive to be feasible, given the immediate need for 
the guidance document. Therefore, following distribution of 
the evidence review document, the scoping questions were 
transformed into proposed positive statements for which task 
force members were asked to rate their initial agreement or 
disagreement. These statements were grouped into 4 broad 
categories: 1) general medical considerations that provided 
foundational information for the guidance document; 2) spe-
cific recommendations related to COVID- 19 vaccination in RMD 
patients; 3) treatment- specific considerations regarding the tim-
ing of COVID- 19 vaccination; and 4) the timing of RMD treat-
ments in relation to vaccine administration.

A modified Delphi approach conducted as part of the RAND/
University of California at Los Angeles Appropriateness Method (14) 
was used for guidance development. This method has been used 
for some past ACR guidelines and the more recent ACR COVID- 19 
guidance (15); it has been shown to be reproducible and to have 
content, construct, and predictive validity. Using this method, an 
initial round of rating was conducted anonymously by email. Task 
force members were asked to rate their level of agreement, and all 
votes were weighted equally. Voting was completed using a numer-
ical rating scale of 1– 9 for all items. Ratings of 9 corresponded to 
“complete agreement,” 5 to “uncertain,” and 1 to “complete disa-
greement.” Median ratings for each statement falling into intervals 
of 1– 3, 4– 6, and 7– 9 were interpreted as disagreement, uncertainty, 
and agreement, respectively. Agreement with each of the proposed 
guidance statements submitted by individual panel members was 
tabulated for the entire panel and used to classify consensus. 

Consensus was deemed “strong” when all 13 panel members’ rat-
ings fell within a single tertile (e.g., 7– 9, indicative of agreement); all 
other combinations were considered to reflect “moderate” consen-
sus. A lack of consensus was identified when the median rating fell 
into the uncertain range (4– 6 interval), or more than one- quarter 
of the ratings fell into the opposite extreme tertile from the median 
(e.g., ≥4 panelists rated 1– 3 [disagree] when the overall median 
rating was in the 7– 9 [agree] range) (14).

Review and iteration for the ratings of the proposed 
guidance statements by the task force. Results from the 
first round of rating were reviewed and discussed in a task force 
webinar on January 15, 2021. Discussion was focused on state-
ments for which there was no consensus. Individuals were given 
the opportunity to comment on all items presented in the initial 
rating process. Informed by voting results and the group discus-
sion, the task force members refined the wording of several of the 
rated statements.

Revised statements were sent back to task force members 
and agreement was again assessed by email, using the same scor-
ing approach described above. Results from the second round of 
voting were presented to the task force via webinar on January 22, 
2021, and minor text revisions were made iteratively in real time 
until consensus was achieved. A draft manuscript was developed 
describing the results of the rating process, and all coauthors were 
given an opportunity to provide direct edits to the document. The 
ACR Guidance Subcommittee and ACR Quality of Care Commit-
tee were given the document in order to provide feedback. It was 
subsequently sent to the ACR Board of Directors, which approved 
these recommendations on February 8, 2021. Public vetting of the 
guidance document was held via an electronic and widely pub-
licized “town hall” held on February 16, 2021 that was open to 
ACR members and the public, with questions solicited in advance 
and during the town hall webinar. Finally, given the multitude of 
uncertainties and evidence gaps considered by the task force, 
the panel proposed a research agenda of high- impact topics that  
would advance the science and inform the optimal use of  
COVID- 19 vaccines in RMD patients treated with immunomod-
ulatory therapies. After publication, an ACR project librarian will 
refresh the specified literature search on a regular basis and sub-
mit new articles to the task force for review, and this document will 
be updated through a similar process as new evidence emerges.

RESULTS

Of the 76 guidance statements considered across the 2 
rounds of ratings, 74 were rated with a median score of 7, 8, or 
9 (i.e., agreement), and 2 of them were not agreed upon. Among 
the 74 statements achieving agreement, consensus was strong 
for 16 and moderate for the remainder. One guidance statement 
related to COVID- 19 vaccination in children age <16 years was 
rated with a median value of 5 (uncertain) by the task force, in 



ACR GUIDANCE FOR COVID- 19 VACCINATION IN RMD PATIENTS |      1097

part reflecting the desire to obtain more feedback from pediatric 
rheumatology providers. Additional input was therefore sought 
from the ACR Pediatric Rheumatology Clinical Guidance Task 
Force. This task force recognized the practical considerations 
related to the lack of any COVID- 19 vaccine being currently avail-
able in the US under an FDA EUA for children younger than age 
16 years, although it recognized that ≥1 COVID vaccine clinical 
trial has enrolled patients as young as age 12 years (ClinicalTri-
als.gov identifiers: NCT04649151 and NCT04368728) (16,17). It 
also acknowledged a dearth of evidence in children with RMDs 
regarding both the epidemiology of COVID- 19 and the resulting 
complications. Therefore, the Pediatric Task Force recommended 
to await additional evidence from clinical trials regarding the safety 
and effectiveness of COVID- 19 vaccination in children before pro-
viding formal guidance statements, with the expectation that once 
such evidence becomes available, this topic will be revisited. The 
second statement for which the task force was unable to reach 
consensus relates to vaccination in the context of ongoing treat-
ment with high- dose glucocorticoids, discussed in detail below.

General considerations related to vaccination 
against COVID- 19 in patients with RMDs. Twelve guidance 
statements related to general considerations of COVID- 19 vacci-
nation in RMD patients achieved consensus (Table 2). Statements 

were descriptively categorized into ≥1 domain to facilitate ease of 
reference. The panel concurred that rheumatology health care pro-
viders were responsible for engaging RMD patients in discussions 
to assess whether they had been vaccinated against  COVID- 19 
and to document related details (e.g., which vaccine had been 
administered, timing of vaccination, whether the series had been 
completed). For those not vaccinated, and similar to other vacci-
nation guidelines for immunocompromised patients such as those 
from the Infectious Disease Society of America, it was thought 
that the rheumatology provider should share responsibility with the 
patient’s primary care provider (when available) to ensure appropri-
ate vaccinations are administered (18,19). Rheumatology providers 
should also engage patients in a shared decision- making process 
to discuss the following: their attitudes, intent, and concerns 
related to vaccination; local incidence of COVID- 19; individual 
circumstances (e.g., disease activity, medications, comorbidities) 
that may affect risk; ability to adhere to nonpharmacologic public 
health interventions; and vaccine efficacy and potential safety con-
cerns (e.g., local or systemic reactogenicity, potential for disease 
worsening or flare).

The epidemiology of viral infection risk in RMD patients, and 
specifically, the risk for infection due to SARS– CoV- 2, was then dis-
cussed. For this topic, the task force elected to narrow the scope of 
the patient population under consideration and define a presumably 

Table 2. General considerations related to COVID- 19 vaccination in patients with RMD*

Statement domain, 
guidance no. Guidance statement

Level of task force 
consensus

Clinical practice, 1 The rheumatology health care provider is responsible for engaging the RMD 
patient in a discussion to assess COVID- 19 vaccination status.

Strong

Clinical practice, 2 The rheumatology health care provider is responsible for engaging the RMD 
patient in a shared decision- making process to discuss receiving the COVID- 19 
vaccine.

Moderate

Epidemiology, 3 AIIRD patients are at higher risk for incident viral infections compared to the 
general population.

Moderate

Epidemiology, 4 After considering the influence of age and sex, AIIRD patients are at higher risk for 
hospitalized COVID- 19 compared to the general population.

Moderate

Epidemiology, 5 Acknowledging heterogeneity due to disease-  and treatment- related factors, AIIRD 
patients have worse outcomes associated with COVID- 19 compared to the 
general population of similar age and sex.

Moderate

Epidemiology, 6 Across AIIRD conditions, and within any specific disease, there is substantial 
variability in disease-  and treatment- related risk factors for COVID- 19 that may 
put some patients at higher risk than others.†

Moderate

Public health, 7 Based on increased risk for COVID- 19, AIIRD patients should be prioritized for 
vaccination before the nonprioritized general population of similar age and sex.

Moderate

Vaccine safety, 8 Beyond known allergies to vaccine components, there are no known additional 
contraindications to COVID- 19 vaccination for AIIRD patients.

Moderate

Vaccine effectiveness, 9 The expected response to COVID- 19 vaccination for many AIIRD patients receiving 
systemic immunomodulatory therapies is likely to be blunted in its magnitude 
and duration compared to the general population.

Moderate

Disease- related, 10 As a general principle, vaccination should optimally occur in the setting of 
well- controlled AIIRD.

Moderate

Disease- related, 11 A theoretical risk exists for AIIRD flare or disease worsening following COVID- 19 
vaccination.

Moderate

Vaccine safety, 12 The benefit of COVID- 19 vaccination for RMD patients outweighs the potential risk 
for new-onset autoimmunity.

Moderate

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and musculoskeletal disease.
† For examples of these autoimmune and inflammatory rheumatic disease (AIIRD) conditions, see Supplementary Table 1, on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41734/ abstract. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41734/abstract
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higher- risk subgroup of patients with RMDs. Some RMD conditions 
would include those managed by rheumatology providers but not 
generally associated with high levels of systemic inflammation (e.g., 
osteoarthritis, fibromyalgia, osteoporosis) and for which conven-
tional, biologic, or targeted synthetic disease- modifying antirheu-
matic drugs (DMARDs) or other therapies with immunosuppressive 
effects are typically not indicated. The patient population was thus 
restricted to those with AIIRDs (see Supplementary Table 1 for defi-
nitions, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41734/ abstract). Among 
these individuals, the risk for incident viral infections (e.g., herpes 
zoster) was rated as being higher than for the general population 
(20– 22). There was also agreement that AIIRD patients are likely to 
be at increased risk for hospitalized SARS– CoV- 2 infection (23– 27) 
and that age, race/ethnicity (especially for underrepresented minor-
ities), and sex were important risk factors that needed to be consid-
ered (28– 31) in evaluating risk at the individual patient level.

Multimorbidity was felt to likewise play an important role in 
the risk for developing COVID- 19. While some population- based 
epidemiologic studies of COVID- 19 incidence and outcomes in 
AIIRD patients have controlled for general multimorbidity or spe-
cific comorbidities (23,24,32), the panel recognized that some 
comorbidities that increase infection risk were shared risk factors 
for development of AIIRDs (e.g., smoking and related pulmonary 
conditions associated with incident RA). These may represent 
direct manifestations such as interstitial lung disease associated 
with some AIIRDs, or they could be downstream sequelae causally 
related to the underlying inflammatory processes of AIIRDs or their 
treatment (e.g., premature and advanced atherosclerotic vascular 
disease in systemic lupus erythematosus patients; obesity, diabe-
tes, and features of the metabolic syndrome in psoriatic arthritis 
patients or those receiving long- term glucocorticoids). For that 
reason, adjustment for these comorbidities might be inappropriate 
and would underestimate the risk of COVID- 19 infection in patients 
with AIIRDs. Therefore, age-  and sex- adjusted risk estimates were 
preferred by some task force members when comparing risk and 
outcomes of COVID- 19 in AIIRD patients to the general population.

The few large population- based studies of COVID- 19 inci-
dence and outcomes in AIIRD patients had minimal demographic 
diversity, and therefore race/ethnicity could not be easily evaluated 
as an independent risk factor. Finally, the panel acknowledged 
challenges in being able to disentangle the independent role of 
the disease activity and severity of various AIIRDs from the med-
ications used to treat them (e.g., higher- dose glucocorticoids 
[33]), so- called confounding by severity, as risk factors for worse 
 COVID- 19 outcomes.

Despite these important methodologic caveats and acknowl-
edged limitations in the evidence base, AIIRD patients were 
rated as having worse outcomes (e.g., need for intensive care 
unit [ICU] treatment, mechanical ventilation, persistent infection, 
death) following COVID- 19 compared to patients of similar age 
and sex without such conditions (23– 27,34). In terms of the policy 

implications of this reasoning, the task force agreed that in gen-
eral, AIIRD patients should be prioritized to be allocated to receive 
vaccination before the nonprioritized general population of similar 
age and sex (35). The panel recognized important heterogeneity 
across AIIRD conditions, such that (for example) an RA patient 
with quiescent disease treated only with hydroxychloroquine 
likely has a lower risk for COVID- 19 and adverse outcomes com-
pared to a vasculitis patient with very active disease treated with 
intravenous (IV) cyclophosphamide or rituximab (RTX) and high- 
dose glucocorticoids (31), although the protection conferred by  
COVID- 19 vaccination may also differ greatly.

Turning attention to vaccination of individual patients, the 
task force felt that there were no additional known contraindica-
tions to receipt of the COVID- 19 vaccine other than known aller-
gies to vaccine components as stipulated by guidance from the 
CDC (36). Extrapolating evidence derived from studies of other 
vaccines, the expected response to vaccination in many AIIRD 
patients receiving certain systemic immunomodulatory therapies 
was deemed likely to be blunted, albeit with uncertain diminution 
in either the magnitude or duration of response compared to the 
general population (36,37). The task force acknowledged a com-
plete absence of direct evidence supporting this assertion and 
placed great importance on prioritizing this topic as part of a future 
research agenda. The timing of vaccination was considered more 
ideal in the setting of well- controlled disease, yet the task force 
noted that patients and their providers should not be dissuaded 
from vaccination under less- than- ideal conditions, with additional 
timing considerations as discussed below.

Based on data derived from the published literature, a 
potential risk for a flare of the patient’s underlying AIIRD follow-
ing vaccination was acknowledged. For example, based on 
randomized controlled trial data (38), the frequency of flare was 
higher in RA patients randomized to have methotrexate (MTX) 
withheld at the time of influenza vaccination compared to those 
randomized to continue (10.6% versus 5.1%, respectively), with 
flare defined as an increase in the Disease Activity Score in 28 
joints (DAS28) of >1.2, or >0.6 if the baseline DAS28 was ≥3.2 
(39). A subsequent pooled analysis that included that trial and 
another showed that while the mean change in DAS28 did not 
differ between groups, the adjusted flare rate in the 2- week 
withhold group (MTX withhold) was 2.90- fold higher (95% con-
fidence interval 0.96– 4.56; P = 0.063) compared to the group 
that continued MTX (MTX continue), with a difference in propor-
tions experiencing flare of 10.8% (MTX withhold group) versus 
5.8% (MTX continue group) (38,40– 42). This risk of flare or dis-
ease worsening was catalogued as an important topic slated 
for the future research agenda. Finally, although some new- 
onset AIIRDs (e.g., RA, vasculitis) or flares of preexisting AIIRDs 
have been reported after COVID- 19 in published case reports 
(43,44), the expected benefit of vaccination for AIIRD patients 
was thought to outweigh any theoretical risk for the develop-
ment of new- onset autoimmune conditions or other potentially 

http://onlinelibrary.wiley.com/doi/10.1002/art.41734/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41734/abstract
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immune- mediated manifestations or abnormalities (e.g., Bell’s 
palsy, Guillain- Barré syndrome, anti- RNA antibodies in systemic 
lupus erythematosus patients, immune thrombocytopenic pur-
pura) following vaccination.

Indications for vaccination and timing considerations. 
As summarized in Table 3, and consistent with guidance from 
the CDC for the general US population, the panel recommended 

that RMD and AIIRD patients be offered and receive vaccination 
against SARS– CoV- 2. Discussion was held regarding the age cut-
off for vaccination, and the panel agreed that guidance should 
be made consistent with the EUA of available vaccines (i.e., age 
≥16 years as of January 2021), with the potential for that cutoff to 
change in the future based on future revisions to EUAs for existing 
vaccines, forthcoming EUAs for new vaccines, or age restrictions 
applicable to FDA licensure.

Table 3. Recommendations for use of the COVID- 19 vaccine in RMD patients*

Statement domain, guidance no. Guidance statement
Level of task force  

consensus
Clinical practice, 13 RMD patients should be offered COVID- 19 vaccination, 

consistent with the age restriction of the EUA and/or FDA 
approval.†

Strong

Clinical practice, 14 RMD patients should receive COVID- 19 vaccination, 
consistent with the age restriction of the EUA and/or FDA 
approval.†

Moderate

Clinical practice, 15 AIIRD patients should receive COVID- 19 vaccination, 
consistent with the age restriction of the EUA and/or FDA 
approval.†

Moderate

Clinical practice, 16 RMD patients without an AIIRD who are receiving 
immunomodulatory therapy should be vaccinated in a 
similar manner as described in this guidance as AIIRD 
patients receiving those same treatments.

Moderate

Vaccine effectiveness/safety, 17 Based on the data for the mRNA COVID- 19 vaccines available 
in the US, there is no preference for one COVID- 19 vaccine 
over another. Therefore, AIIRD patients should receive 
either vaccine available to them.

Moderate

Vaccine effectiveness, 18 For a multidose vaccine, AIIRD patients should receive the 
second dose of the same vaccine, even if there are 
nonserious adverse events associated with receipt of the 
first dose, consistent with timing described in CDC 
guidelines (30).

Strong

Clinical practice, 19 Health care providers should not routinely order any 
laboratory testing (e.g., antibody tests for IgM and/or IgG 
to spike or nucleocapsid proteins) to assess immunity to 
COVID- 19 postvaccination, nor to assess the need for 
vaccination in an as-yet-unvaccinated person.

Strong

Public health, 20 Following COVID- 19 vaccination, RMD patients should 
continue to follow all public health guidelines regarding 
physical distancing and other preventive measures.

Strong

Clinical practice/public health, 21 Household members and other frequent close contacts of 
AIIRD patients should undergo COVID- 19 vaccination when 
available to them to facilitate a “cocooning effect” that may 
help protect the AIIRD patient. No priority for early 
vaccination is recommended for household members.

Moderate

Vaccine effectiveness/disease- related, 22 Except for AIIRD patients with life- threatening disease (e.g., in 
the ICU for any reason), COVID vaccination should occur as 
soon as possible for those for whom it is being 
recommended, irrespective of disease activity and 
severity.

Strong

Vaccine effectiveness/disease- related, 23 In AIIRD patients with life- threatening disease (e.g., in the ICU 
for any reason), COVID- 19 vaccination should be deferred 
until their disease is better controlled.

Moderate

Vaccine effectiveness/disease- related, 24 AIIRD patients with active but non– life- threatening disease 
should receive COVID- 19 vaccination.

Strong

Vaccine effectiveness/disease- related, 25 AIIRD patients with stable or low disease activity AIIRDs 
should receive COVID- 19 vaccination.

Strong

Vaccine effectiveness/disease- related, 26 AIIRD patients not receiving immunomodulatory treatments 
should receive the first dose of the COVID- 19 vaccine prior 
to initiation of immunomodulatory therapy when feasible.

Moderate

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and musculoskeletal disease; EUA = Emergency Use Authorization; FDA = US Food 
and Drug Administration; AIIRD = autoimmune and inflammatory rheumatic disease; CDC = Centers for Disease Control and Prevention; ICU = 
intensive care unit. 
† Age ≥16 years as of January 2021. 



CURTIS ET AL 1100       |

Recommendations on which patients should be vaccinated 
were extended to patients with RMDs who did not have condi-
tions typically considered to be AIIRDs but for which immuno-
modulatory or DMARD therapies might be used off- label. For 
example, patients with erosive osteoarthritis might receive MTX, 
or gout patients treated with pegloticase might be concomi-
tantly treated with MTX to reduce pegloticase immunogenicity. 
These circumstances, in which MTX or another immunomodu-
latory therapy is being used for a non- AIIRD condition, would 
be treated synonymously with the guidance for MTX offered in 
this document. However, within the category of patients with 
AIIRDs and/or those receiving immunomodulatory therapies, 
substantial heterogeneity of disease-  and treatment- related risk 
factors was noted. Some AIIRD patients were expected to be 
at higher risk for infection and morbidity than others, and thus 
the impetus for COVID- 19 vaccination might be stronger for 
some individual patients or patient groups (e.g., patients with 
systemic lupus erythematosus receiving cytotoxic therapy and 
higher- dose glucocorticoids, or patients receiving RTX ther-
apy), although the vaccine might be less effective in these same 
individuals.

Extensive discussion was held regarding whether consider-
ation for a particular vaccine, or vaccine platform (e.g., messen-
ger RNA [mRNA] versus adenoviral vector) might be preferred in 
general or for selected patients. However, given that the majority 
of the data available were for 2 mRNA vaccines, and the future 
evidence base and availability of alternative vaccine platforms was 
uncertain, the task force restricted its consideration to only the 
2 mRNA vaccines available in the US at the time of deliberation. 
With this in mind, there was no preference for one COVID- 19 
vaccine over another, and RMD patients undergoing vaccina-
tion were recommended to receive whichever of the mRNA vac-
cines was available to them. The task force noted that none of 
the SARS– CoV- 2 vaccine candidates in development would be 
classified as a canonical live- virus vaccine, including the adeno-
viral vector– based vaccines which are replication- deficient (45). 
Thus, the usual prohibitions against the use of live- virus vaccines 
in immunosuppressed patients does not apply. High importance 
was placed on updating this guidance document as additional 
data emerge for new vaccines yet to be licensed or available in 
the US under an EUA.

The task force also noted the CDC guidance regarding 
 recommendation against routine prevaccine prophylaxis with 
acetaminophen or nonsteroidal antiinflammatory drugs to prevent 
postvaccination symptoms, which states, “[R]outine prophylactic 
administration of these medications for the purpose of prevent-
ing postvaccination symptoms is not currently recommended, 
because information on the impact of such use on  COVID- 19 
vaccine– induced antibody responses is not available at this time” 
(46). However, the CDC has made no prohibition against their 
use for patients who experience local or systematic symptoms 
postvaccination.

Following receipt of the first dose in a vaccine series, patients 
were recommended to receive the second dose of the same type 
of vaccine, assuming no contraindication to the second dose per 
CDC guidance (e.g., a severe allergic reaction, or an immedi-
ate allergic reaction of any severity to the vaccine or any of its 
components, including polyethylene glycol) (46). Persons who 
develop SARS– CoV- 2 infection between the first and second 
dose of a 2- dose vaccine series should delay the second dose 
until they have recovered from the acute illness (if symptomatic) 
and discontinued isolation, and then they should receive the 
second dose without delay (46). Consistent with CDC guidance 
(36), SARS– CoV- 2– infected patients who received monoclonal 
antibodies (e.g., bamlanivimab, casirivimab, imdevimab) or con-
valescent plasma as part of treatment for COVID- 19 should defer 
vaccination for ≥90 days following receipt of antibody therapy.

Thus far, there is no proven laboratory- based immune 
correlate of protection against SARS– CoV- 2 following natural 
infection or vaccination. Moreover, some commercially available 
SARS– CoV- 2 serologic assays do not detect antibody responses 
to spike protein generated by the currently available mRNA vac-
cines, but rather measure antibodies to nucleo capsid protein. 
Therefore, the task force recommended that health care pro-
viders not do any of the following: routinely order laboratory 
testing to assess the need for vaccination in an unvaccinated 
person, screen for asymptomatic SARS– CoV- 2 shedding, or 
assess SARS– CoV- 2 immunity following vaccination. The task 
force expressed strong interest in modifying this guidance once 
additional data evolve regarding the potential utility of laboratory- 
based testing which that might be helpful in select patients. 
Household members and other frequent close contacts of AIIRD 
patients were recommended to undergo COVID- 19 vaccina-
tion when available, in order to facilitate a “cocooning effect” 
that may help protect at- risk AIIRD patients. However, the pri-
ority for vaccination for these close contacts should not be ele-
vated for this reason.

A series of statements was rated by the panel with respect 
to the general timing of COVID- 19 vaccination in relation to 
AIIRD disease activity, again acknowledging a dearth of direct 
evidence. Except for those with severe and life- threatening 
illness (e.g., a hospitalized patient receiving treatment in the ICU 
for any condition), vaccination was recommended irrespective 
of disease activity and severity. Even for ICU- treated patients for 
whom vaccination was recommended to be deferred for a short 
time, the task force felt that when the patient was well enough 
to be discharged from the hospital, vaccination would likely be 
appropriate. Acknowledging a balance between vaccinating and 
obtaining a blunted but still modest response, and the duty to 
allocate vaccine resources toward the settings in which they 
are likely to have the greatest benefit, the panel identified this 
scenario as an important evidence gap. For AIIRD patients in 
other settings, including those with either active but non– life- 
threatening disease, and certainly for patients with stable and/
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or low disease activity, vaccination was recommended. Finally, 
patients naive to or not currently receiving immunomodulatory 
therapies were recommended to receive their first dose of vac-
cine without delay. Additional considerations for medication tim-
ing were subsequently discussed.

Treatment- specific timing of vaccination. Guidance 
regarding optimizing the timing of COVID- 19 vaccination in rela-
tion to the use of various immunomodulatory therapies is provided 
in Table 4. There was recognition that the ability to carefully time 
COVID- 19 vaccination is sometimes limited in a real- world setting, 
and the overarching view was that COVID- 19 vaccination should 
be given rather than not given if timing in relation to immunomod-
ulatory drugs is not under the provider’s or patient’s control.

Strong consensus was achieved regarding the statement to 
not delay COVID- 19 vaccination for patients receiving hydroxy-
chloroquine, sulfasalazine, leflunomide, apremilast, or IV immu-
noglobulin (10,47). A similar recommendation with moderate 
consensus was achieved for most of the remaining immunomod-
ulatory therapies considered (48– 59). One exception was RTX 
(10,11,60– 64), for which the panel recommended to schedule  
vaccination such that the vaccine series would be initiated  
~4 weeks prior to the next scheduled RTX dose. For example, a 
patient receiving RTX as a 2- dose cycle (spaced 2 weeks apart), 
with cycles repeating every 6 months, would be recommended 
to initiate vaccination ~5 months after the start of the prior RTX 
cycle. RTX dosing could then be resumed 2– 4 weeks after the 
second COVID- 19 vaccination, as discussed in the next section. 
Those receiving RTX cycles at 4- month intervals would initiate 
vaccination 3 months after the prior RTX cycle. In order to follow 
this recommendation, the task force invoked the assumption that 
a patient’s COVID- 19 risk was low or able to be mitigated by pre-
ventive health measures. The rationale for this recommendation 

comes from a single study demonstrating minimal response to 
influenza vaccination in 11 patients vaccinated 4– 8 weeks after 
RTX treatment, with modestly restored responses in patients vac-
cinated 6– 10 months after their last RTX dose (65).

As the second statement for which consensus was not 
achieved, the panel was uncertain about whether to delay vac-
cination if an AIIRD patient was receiving glucocorticoids at a 
prednisone- equivalent dose of ≥20 mg per day. Controversy 
stemmed as to whether vaccine response might be blunted in this 
circumstance, which may relate to the glucocorticoids themselves 
or to the presumably high disease activity and severity (66,67). 
Other factors discussed included the disease being treated and 
the medical management considerations if the patient were 
to manifest systemic reactogenicity (e.g., persistent high fever). 
Concern regarding an attenuated response to the vaccine in this 
circumstance would be partially mitigated if there was a possibility 
to later order serologies or other laboratory tests, and clinicians 
were able to assess vaccine- induced immunity and administer 
a booster or revaccinate if needed. However, such laboratory- 
based correlates of protection are not currently available, and 
the task force did not expect that the opportunity to revaccinate 
would be readily at hand.

Use and timing of immunomodulatory therapies in 
relation to COVID- 19 vaccination administration. No evi-
dence was found to support concern regarding the use or tim-
ing of immunomodulatory therapies in relation to vaccine safety, 
and guidance regarding medication timing (Table 5) was therefore 
given in light of the intent to optimize vaccine response. For most 
therapies, the task force recommended that no changes be made 
with respect to interrupting or otherwise optimizing the timing of 
immunomodulatory therapy (10,68,69). For MTX, however, the 
panel recommended that MTX be withheld 1 week after each 

Table 4. Guidance related to the timing of COVID- 19 vaccination in relation to use of immunomodulatory therapies in RMD patients*

Medication(s)
COVID- 19 vaccine administration 

timing considerations
Level of task force 

consensus
Hydroxychloroquine; sulfasalazine; leflunomide; 

apremilast; IVIG
Do not delay or adjust vaccine administration 

timing.
Strong

Methotrexate; mycophenolate mofetil; azathioprine; 
cyclophosphamide (IV or oral); TNFi; IL- 6R; IL- 1Ra;  
IL- 17; IL- 12/IL-23; IL- 23; belimumab; JAK inhibitors; 
abatacept (IV or SC); oral calcineurin inhibitors; GCs 
(prednisone- equivalent dose <20 mg/day) †

Do not delay or adjust vaccine administration 
timing.

Moderate

Rituximab Assuming that a patient’s COVID- 19 risk is low 
or able to be mitigated by preventive health 
measures (e.g., self- isolation), schedule 
vaccination so that the vaccine series is 
initiated ~4 weeks prior to next scheduled 
rituximab cycle.

Moderate

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and musculoskeletal disease; IVIG = intravenous immunoglobulin; TNFi = tumor
necrosis factor inhibitor; SC = subcutaneous. 
† Examples of cytokine and kinase inhibitors include the following: for interleukin- 6 receptor (IL- 6R), sarilumab and tocilizumab; for IL-1 receptor 
antagonist (IL-1Ra), anakinra and canakinumab; for IL- 17, ixekizumab and secukinumab; for IL- 12/IL-23, ustekinumab; for IL- 23, guselkumab and 
rizankizumab; for JAK inhibitors, baricitinib, tofacitinib, and upadacitinib. Consensus was not reached for patients receiving glucocorticoids (GCs) 
at prednisone- equivalent doses of ≥20 mg/day. 
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vaccine dose for those with well- controlled disease, based on 
data from influenza vaccines (38,41,42,70,71) and pneumococcal 
vaccines (72,73). The recommendation to withhold MTX for only 
a single week, rather than the 2- week interruption tested in an 
RA influenza vaccine trial, was based upon practical considera-
tions for the complexity of withholding MTX for 2 weeks around 
each of the 2 vaccine doses that are spaced 3– 4 weeks apart 
and the potential for flare associated with withholding MTX for this 
long. For that reason, interrupting MTX for only 1 week around 
the time of each of the vaccine doses was recommended. Similar 
guidance was made for JAK inhibitors based on concern related 
to the effects of this medication class on interferon signaling 
that may result in a diminished vaccine response (74,75). Given 
the immunologic considerations related to this concern (76), with-
holding JAK inhibitor therapy was recommended regardless of the 
patient’s underlying disease activity.

In contrast, the panel recommended that subcutaneous 
abatacept (ABA) be withheld for both 1 week before and 1 week 
after the first dose of the vaccine (i.e., a total of 2 weeks) but 
not withheld for the second dose (53). This recommendation 
was made in light of several studies suggesting a negative effect 
of ABA on vaccine immunogenicity (10,70,71,77– 79). The addi-
tional rationale for withholding ABA around the time of the first 
vaccine dose, but not the second, was that the first vaccine dose 

primes naive T cells, naive T cell priming is inhibited by CTLA- 4, 
and ABA is a CTLA- 4Ig construct. This consideration relates to 
the fact that the COVID- 19 vaccine provides protection against a 
novel infectious agent, in contrast to most other vaccines which 
generally function by reactivating memory T cells. CTLA- 4 should 
not, however, inhibit “boosts” of already primed T cells at the 
time of the second vaccine dose. This principle would theoreti-
cally also apply to subsequent booster doses of vaccine, should 
future evidence suggest that these are needed or beneficial in 
some patients.

Additionally, as with MTX, the practical considerations sur-
rounding guidance to withhold subcutaneous ABA for a total of 
2 weeks around each of the 2 vaccine doses (4 weeks total) was 
raised as a concern. Following similar immunologic principles, 
the panel recommended to time IV ABA administration (typically 
given every 4 weeks) so that the first vaccine dose would occur 
4 weeks after ABA infusion (i.e., the entire dosing interval), and 
postpone the subsequent ABA infusion by 1 week (i.e., such that 
infusion would occur 5 weeks following the previous dose). For 
those not yet receiving subcutaneous or IV ABA, therapy could be 
initiated following the recommended 1- week delay after the first 
vaccine dose. No ABA adjustments were recommended for the 
second vaccine dose. For AIIRD patients receiving IV cyclophos-
phamide, generally at 2-  or 4- week intervals, the recommendation 

Table 5. Guidance related to the use and timing of immunomodulatory therapies in relation to COVID- 19 vaccination administration in RMD 
patients*

Medication(s)
Immunomodulatory therapy  

timing considerations
Level of task force  

consensus
Hydroxychloroquine; apremilast; IVIG; GCs (prednisone- 

equivalent dose <20 mg/day)
No modifications. Strong

Sulfasalazine; leflunomide; mycophenolate mofetil; 
azathioprine; cyclophosphamide (oral); TNFi; IL- 6R; 
IL- 1Ra; IL- 17; IL- 12/IL-23; IL- 23; belimumab; oral 
calcineurin inhibitors; GCs (prednisone- equivalent 
dose ≥20 mg/day)†

No modifications. Moderate

Methotrexate Withhold methotrexate 1 week after each vaccine dose, 
for those with well- controlled disease.

Moderate

JAK inhibitors† Withhold JAK inhibitors for 1 week after each vaccine 
dose.

Moderate

Abatacept (SC) Withhold abatacept both 1 week prior to and 1 week 
after the first COVID- 19 vaccine dose only; no 
interruption around the second vaccine dose.

Moderate

Abatacept (IV) Time administration so that the first vaccination will 
occur 4 weeks after abatacept infusion (i.e., the entire 
dosing interval), and postpone the subsequent 
abatacept infusion by 1 week (i.e., a 5- week gap in 
total); no medication adjustments for the second 
vaccine dose.

Moderate

Cyclophosphamide (IV) Time cyclophosphamide administration so that it will 
occur ~1 week after each vaccine dose, when feasible.

Moderate

Rituximab Delay rituximab 2– 4 weeks after second vaccine dose if 
disease activity allows.

Moderate

* Guidance to withhold a therapy was made based on the assumption that the patient had well- enough controlled disease to allow for 
a temporary interruption; if not, decisions should be made on a case- by- case basis considering the circumstances involved. COVID- 19 =  
coronavirus disease 2019; RMD = rheumatic and musculoskeletal disease; IVIG = intravenous immunoglobulin; GCs = glucocorticoids; TNFi = 
tumor necrosis factor inhibitor; SC = subcutaneous. 
† Examples of cytokine and kinase inhibitors include the following: for interleukin- 6 receptor (IL- 6R), sarilumab and tocilizumab; for IL-1 receptor 
antagonist (IL-1Ra), anakinra and canakinumab; for IL- 17, ixekizumab and secukinumab; for IL- 12/IL-23, ustekinumab; for IL- 23, guselkumab and 
rizankizumab; for JAK inhibitors, baricitinib, tofacitinib, and upadacitinib. 
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was made to coordinate timing so that cyclophosphamide infu-
sion occurs ~1 week after each vaccine dose, when feasible (48).

For RTX, the panel recommended to time RTX administra-
tion (of the next/first dose, if given as part of a multidose cycle) 
2– 4 weeks after the second vaccine dose, if possible, but added 
the condition that the patient’s disease should be under accept-
able control to allow this delay, especially given the extended 
gap (e.g., 6 months) between RTX cycles (65,80– 82). The task 
force acknowledged that the evidence base supporting the 
recommendations related to RTX timing was largely based on 
studies of humoral immunity following receipt of other vaccines 
(60– 63,65,70,80– 83), which had uncertain generalizability to vac-
cination against COVID- 19, especially since the degree to which 
efficacy is attributable to induction of host T cell versus B cell 
(antibody- based) immunity is uncertain at this time.

As an outgrowth of the evidence report, the task force assem-
bled a research agenda where evidence was lacking (Table 6). 
Given that there was little direct evidence in any RMD population, 
the topics were broad and spanned domains related to clinical 
effectiveness, safety, flare, reactogenicity, study design, immu-
nogenicity, and laboratory- based correlates of protection. With 
the relatively small size of the task force, no attempt was made 
to prioritize these topics given the expectation that they would 
evolve over time and as new science in non- RMD populations 
was forthcoming.

DISCUSSION

This ACR guidance encompasses the optimal use of 
 COVID- 19 vaccines for patients with rheumatic and musculoskel-
etal diseases. It is intended to aid in the care of individual patients 
but not to supplant personalized care or constrain shared decision- 
making with patients. The mRNA vaccine platform is novel, and 
considerations for vaccines developed on this platform may differ 
from those relevant to other vaccines. The guidance regarding the 
use and timing of immunomodulatory medications was based 
on extrapolation of the available evidence of their immunologic 
effects as they relate to other vaccines and vaccine platforms. As 
such, all of these recommendations are considered conditional. 
Finally, the task force advised health care providers to avoid being 
overly dogmatic in following these recommendations. The attempt 
to optimize vaccine response in relation to the use and timing of 
immunosuppressive medications should not compromise a willing 
patient’s ability to undergo vaccination in a timely manner and risk 
a missed vaccination opportunity.

As an overarching principle, the sparsity of information 
regarding COVID- 19 vaccination in RMD patients and lack of 
direct evidence yielded a need for extrapolation based on the 
literature published for other vaccines. The evidence base was, 
therefore, of low or very low quality and suffered from indirect-
ness (12) in almost all respects. The guidance provided herein 

Table 6. Research agenda for future COVID- 19 vaccine studies in 
RMD patients proposed by the task force*

Conduct clinical efficacy and laboratory- based immunogenicity 
studies in RMD patients following vaccination, especially for 
AIIRD patients receiving certain immunomodulatory therapies 
(e.g., methotrexate, abatacept, JAK inhibitors, rituximab, GCs).

Optimize vaccine response by considering timing related to 
intentional short- term cessation of certain immunomodulatory 
therapies (e.g., methotrexate, subcutaneous abatacept, JAK 
inhibitors) to optimize vaccine response.

Evaluate risk of disease flare, disease worsening, and systemic 
reactogenicity following COVID- 19 vaccination in RMD patients, 
by disease and in relation to background immunomodulatory 
therapies.

Directly compare vaccines and vaccine platforms for the above 
efficacy, immunogenicity, and safety outcomes: notable given 
the potential for some COVID- 19 vaccines to achieve the 
minimum threshold for the FDA’s EUA yet have seemingly lower 
vaccine efficacy based on large clinical trials in non- RMD 
patients.

Long- term follow- up for durability and magnitude of vaccine 
protection in relation to various immunomodulatory 
medications, and as new SARS– CoV- 2 strains emerge.

Assess benefits and timing of additional COVID- 19 vaccine 
administration (i.e., booster dose).

Generate real- world evidence (e.g., large pragmatic trial or 
observational studies) embedded in routine clinical practice to 
study the above topics, especially to promote large- scale safety 
surveillance.

Establish a biorepository with associated clinical data 
infrastructure to facilitate future COVID- 19 (and possibly other) 
vaccine- related research in RMD patients, considering the 
future potential to identify laboratory- based correlates of 
protection relevant for individual patients.

Identify laboratory- based serologic testing to identify patients 
with a suboptimal response to COVID- 19 vaccination who might 
be candidates for a booster dose or need to repeat the 
vaccination series.

Evaluate the impact of coadministration of the COVID- 19 vaccine 
given concurrently with other, non– live- virus vaccines (e.g., 
shingles, influenza, pneumococcal) on vaccine immunogenicity 
and tolerability.

Optimize approaches to address vaccine hesitancy for high- risk 
RMD patients who are reticent or unwilling to undergo 
vaccination, with particular attention to vulnerable populations 
(e.g., underrepresented racial/ethnic groups).

Identify COVID- 19 vaccine– induced immune parameters 
(immunogen-specific neutralizing antibody levels, total 
immunogen-specific antibody levels or isotypes, T cell 
immunity, innate immunity) or host determinants that are 
predictive of successful host response to vaccine, as reflected 
by protection from infection or mitigation of morbidity during 
subsequent infection.

Conduct large epidemiology studies of COVID- 19 outcomes (e.g., 
using large administrative databases of health plans, electronic 
health record data [e.g., the ACR RISE registry], or other data 
sources or methods) and examine the role of AIIRD disease 
features, treatments, and vaccination. While risk factors for 
incident disease may be shaped by confounding and 
unmeasured variability in exposure, examining outcomes 
conditioning on incident COVID- 19 diagnosis may be more 
fruitful.

* COVID- 19 = coronavirus disease 2019; RMD = rheumatic and 
musculoskeletal disease; AIIRD = autoimmune and inflammatory 
rheumatic disease; GCs = glucocorticoids; FDA = US Food and Drug 
Administration; EUA = Emergency Use Authorization; SARS– CoV- 2 = 
severe acute respiratory syndrome coronavirus 2; ACR = American 
College of Rheumatology; RISE = Rheumatology Informatics System 
for Effectiveness. 
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represents a balance between evidence regarding efficacy, effec-
tiveness, safety, feasibility (e.g., withholding a therapy with a long 
half- life or extended recirculation like leflunomide may be unrealis-
tic), expected vaccine availability, and tradeoffs in resource utiliza-
tion. For example, vigorous debate was held about whether it was 
preferable to vaccinate a high- risk patient in a suboptimal circum-
stance (e.g., active disease, receiving high- dose glucocorticoids, 
receiving cytotoxic therapy), under the assumption that the vac-
cine would confer at least some protection to a patient at high risk 
for a poor outcome if they contract COVID- 19. Or rather, might it 
be preferable to wait until a more optimal circumstance presented 
itself? However, given the uncertainty in most medical settings 
to predict the future course of a patient’s AIIRD or the need for 
additional immunomodulatory treatments, a more salutary setting 
to optimize vaccine response might never materialize. Thus, the 
task force typically favored proceeding more immediately with 
vaccination.

If a laboratory- based correlate of protection existed that could 
serve as a proxy for immunity, and if a booster dose could be 
administered or the vaccine series repeated at a later time, there 
would be greater certainty to recommend vaccinating all patients 
immediately, regardless of setting or underlying treatment. These 
societal considerations regarding vaccine allocation in light of con-
strained vaccine supply and regional resource limitations to revac-
cinate posed important tradeoffs for the panel. Given tradeoffs like 
these, the extant uncertainties posed by the scoping questions 
informed by imperfect evidence, and the highly dynamic environ-
ment of vaccination implementation, the task force recommended 
as it did.

The strengths of this effort are notable given the urgent need 
presented by the availability of new COVID- 19 vaccines and crit-
ical questions about how to best use those vaccines for RMD 
patients. The task force generated an evidence summary over 
a very compressed time frame and leveraged a well- established 
consensus methodology process used previously by the ACR. Of 
high importance, the task force’s composition included experts in 
rheumatology, infectious disease, and public health, representing 
a plurality of different stakeholder perspectives.

Regarding important limitations, our ability to generalize from 
the literature for other vaccines and vaccine platforms in RMD 
patients to the novel COVID- 19 vaccines now available in the US 
is limited. Vaccination against SARS– CoV- 2 raises different issues 
than those for other vaccine- preventable illnesses, given the 
potential for ongoing public health measures to partially mitigate 
exposure. This guidance therefore must be interpreted by clini-
cians and patients in light of underlying principles rather than con-
sidering them either prescriptive or proscriptive. For example, an 
AIIRD patient with minimal public contact who is able to strongly 
adhere to all preventive health measures might choose to withhold 
RMD treatments or briefly defer vaccination in accordance with 
this guidance, whereas this same decision may not be possible 
for a patient employed in a high- risk setting (e.g., front- line health 

care, or long- term care facility). From a vaccine policy and rec-
ommendation context, the task force prioritized simplicity, noting 
that this guidance would be expected to apply to the care of most 
RMD patients in most settings.

Finally, the procedures used to develop this guidance did 
not follow the rigorous methodology routinely used by the ACR 
when formal clinical practice guidelines are created, although they 
were adherent to the ACR standardized operating procedures for 
guidance documents (13). This was an expected limitation given 
the accelerated time frame desired by the ACR to issue practical 
and timely recommendations both to its membership and to the 
rheumatology community. Once the urgency of the pandemic has 
passed, the work of this task force will eventually be folded back 
under the aegis of the broader ACR Vaccine Guideline develop-
ment group, charged with covering this and all other vaccines in 
the context of RMDs, and the more typical guideline development 
process favored by the ACR will be applied. Additional and impor-
tant input from other stakeholders, including patients and patient 
advocates will also be sought, as the ACR has done for past clin-
ical practice guidelines (6).

As new safety and efficacy evidence becomes available for 
both mRNA vaccines and other vaccine platforms in patients with 
RMDs and AIIRDs, the ACR’s guidance document will continue to 
be updated and expanded, consistent with the notion of a “living 
document.” The ACR is committed to maintaining this process 
throughout the pandemic to facilitate evidence- based practice 
and promote optimal outcomes for all patients with RMDs and 
AIIRDs with respect to mitigating COVID- 19 risk.
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INTRODUCTION

To support high- quality clinical care, the American College of 
Rheumatology (ACR) regularly updates clinical practice guidelines for 
the management of rheumatoid arthritis (RA), with the most recent 
update reported in 2015 (1). The current recommendations address 
treatment with the following: 1) conventional synthetic disease- 
modifying antirheumatic drugs (csDMARDs), biologic DMARDs 
(bDMARDs), and targeted synthetic DMARDs (tsDMARDs); 2) glu-
cocorticoids; and 3) use of these medications in certain high- risk 
populations. The use of vaccines and nonpharmacologic treatment 
approaches (although initially part of this project) will be covered in future 
ACR treatment guideline publications. For recommendations regard-
ing pretreatment screening and routine laboratory monitoring, we refer 
readers to the 2008, 2012, and 2015 guidelines (1– 3), with newly 
approved therapies following the screening process recommended 
for other medications in the same class. Recommendations for the 
perioperative management of patients undergoing elective orthopedic 
surgery are addressed in the 2017 guideline for perioperative manage-
ment (4). For recommendations regarding reproductive health, we refer 
readers to the 2020 ACR Guideline for the Management of Reproduc-
tive Health in  Rheumatic and Musculoskeletal Diseases (5).

In keeping with the Grading of Recommendations Assess-
ment, Development and Evaluation [GRADE] methodology), the 

ACR panel developed recommendations for commonly encoun-
tered clinical scenarios (6– 8). Both strong and conditional rec-
ommendations required achieving a 70% level of agreement by the 
voting panel. Each recommendation is qualified as being strong or 
conditional. In this context, strong recommendations are those for 
which the panel is highly confident that the recommended option 
favorably balances the expected benefits and risks for the major-
ity of patients in clinical practice. In contrast, conditional recom-
mendations are those for which the panel is less confident that 
the potential benefits outweigh the risks. A recommendation can 
be conditional either because of low or very low certainty in the 
evidence supporting one option over another, or because of an 
expectation of substantial variations in patient preferences for the 
options under consideration.

METHODS

This guideline follows the ACR guideline development pro-
cess and ACR policy guiding 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) (6,8), which 
includes GRADE methodology (6,8), and abides by the AGREE 
Reporting Checklist to ensure the completeness and transparency 
of reporting in practice guidelines (9). Supplementary Appendix 1, 
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available on the Arthritis & Rheumatology website at http://onlin e   
libr ary.wiley.com/doi/10.1002/art.41752/ abstract), includes a 
detailed description of the methods. Briefly, the core leadership 
team drafted clinical population, intervention, comparator, and 
outcomes (PICO) questions. The literature review team performed 
systematic literature reviews for the PICO questions, selected and 
evaluated individual studies and graded the quality of the body of 
evidence available for each outcome, and produced the evidence 
report that summarizes these assessments (see Supplementary 
Appendix  2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ abstract). 
The core team defined the critical study outcome as disease 
activity for most PICO questions. Because the ACR has, in a sep-
arate project, endorsed several disease activity measures for use 
in clinical practice, this guideline does not define levels of disease 
activity or the instruments a clinician should use to measure it (10). 
For PICO questions related to tapering, the critical outcomes were 
disease flare and subsequent return to the treatment target. Phys-
ical function, radiographic progression, quality of life, other patient- 
reported outcome measures, and adverse events were defined as 
important outcomes. Additional clinical outcomes were defined for 
PICO questions pertaining to select high- risk conditions (see Sup-
plementary Appendix C, available on the Arthritis & Rheumatology  
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ 
abstract). When available, cost- effectiveness studies were included 
with the evidence reports. Cost estimates (average wholesale prices) 
were retrieved from Lexicomp (see Supplementary Appendix D, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41752/ abstract). The panel con-
sidered these estimates from a societal perspective, i.e., based  
on the list price, and not the copay.

An in- person panel of 10 patients with RA, moderated by the 
project’s principal investigator, reviewed the evidence report (along 
with a summary and interpretation by the moderator) and pro-
vided patient perspectives for consideration by the voting panel. 
The voting panel (13 clinicians and 2 patients) reviewed the evi-
dence reports and patient perspectives and voted on recommen-
dation statements. Rosters of the core leadership, literature review 
team, and panel members are listed in Supplementary Appen-
dix E, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41752/ abstract.

Several guiding principles, definitions, and assumptions were 
established a priori (Table 1). Because poor prognostic factors (11) 
have had less impact than other factors on prior RA treatment rec-
ommendations, they were not explicitly considered in formulating 
the PICO questions. However, poor prognostic factors were con-
sidered as possible influential factors in physicians’ and patients’ 
decision- making when developing recommendations. In contrast 
to the 2015 guideline (1), recommendations were not provided 
for subgroups defined by early versus late RA disease duration. 
This change was made because current disease activity, prior 
therapies used, and the presence of comorbidities were felt to 

be more relevant than disease duration for most treatment deci-
sions. However, early diagnosis and treatment in RA is associated 
with improved outcomes and is thus an important overarching 
principle in its management (12). Recommendations are intended 
for the general RA patient population and assume that patients 
do not have contraindications to the options under consideration.

RESULTS/RECOMMENDATIONS

The recommendations are based on a set of 81 PICO ques-
tions. The literature review initially identified 22,971 manuscripts 
(for the full set of PICO questions covering both pharmacologic 
and nonpharmacologic treatment). After excluding 18,333 titles 

Table 1. Guiding principles*
RA requires early evaluation, diagnosis, and management.
Treatment decisions should follow a shared decision- making 

process.
Treatment decisions should be reevaluated within a minimum of 

3 months based on efficacy and tolerability of the DMARD(s) 
chosen.

Disease activity levels refer to those calculated using RA disease 
activity measures endorsed by the ACR (10).

Recommendations are intended for the general RA patient 
population and assume that patients do not have 
contraindications to the options under consideration.

Recommendations are limited to DMARDs approved by the US 
FDA for treatment of RA.

csDMARDs: hydroxychloroquine, sulfasalazine, methotrexate, 
leflunomide

bDMARDs: TNF inhibitors (etanercept, adalimumab, infliximab, 
golimumab, certolizumab pegol), T cell costimulatory inhibitor 
(abatacept), IL- 6 receptor inhibitors (tocilizumab, sarilumab), 
anti- CD20 antibody (rituximab)†

tsDMARDs: JAK inhibitors (tofacitinib, baricitinib, upadacitinib)
Triple therapy refers to hydroxychloroquine, sulfasalazine, and 

either methotrexate or leflunomide.
Serious infection refers to an infection requiring intravenous 

antibiotics or hospitalization.
Biosimilars are considered equivalent to FDA- approved originator 

bDMARDs.
Recommendations referring to bDMARDs exclude rituximab 

unless patients have had an inadequate response to TNF 
inhibitors (in order to be consistent with FDA approval) or 
have a history of lymphoproliferative disorder for which 
rituximab is an approved therapy.

Treat- to- target refers to a systematic approach involving frequent 
monitoring of disease activity using validated instruments 
and modification of treatment to minimize disease activity 
with the goal of reaching a predefined target (low disease 
activity or remission).

Target refers to low disease activity or remission.
Recommendations specify that patients be at target (low disease 

activity or remission) for at least 6 months prior to tapering.
Dose reduction refers to lowering the dose or increasing the 

dosing interval of a DMARD. Gradual discontinuation of a 
DMARD is defined as gradually lowering the dose of a DMARD 
and subsequently stopping it.

* RA = rheumatoid arthritis; DMARDs = disease- modifying anti -
rheumatic drugs; ACR = American College of Rheumatology; FDA = 
Food and Drug Administration; csDMARDs = conventional DMARDs; 
bDMARDs = biologic DMARDs; TNF = tumor necrosis factor; IL- 6 = 
interleukin- 6; tsDMARDs = targeted synthetic DMARDs. 
† Anakinra was not included due to infrequent use for patients with 
RA. 
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and abstracts, 4,038 full- text articles were screened, of which 
1,392 were excluded and 2,646 were considered for the evidence 
report. After full- text screening, 133 manuscripts were mapped to 
≥1 PICO questions addressing pharmacologic treatment (see Sup-
plementary Appendix F, available on the Arthritis & Rheumatology  
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ 
abstract). The literature review did not identify any evidence for 
41% (n = 33) of the PICO questions.

Recommendations for DMARD- naive patients 
with moderate- to- high disease activity (Table 2)

DMARD monotherapy

Methotrexate is strongly recommended over 
hydroxychloroquine or sulfasalazine for DMARD- 
naive patients with moderate- to- high disease 
activity

This recommendation is strongly in favor of methotrexate 
despite very low- certainty evidence for hydroxychloroquine and 

low- certainty evidence for sulfasalazine based on the amount of 
data supporting the disease- modifying properties of methotrex-
ate monotherapy compared to hydroxychloroquine or sulfasalazine 
and concerns over the long- term tolerability of sulfasalazine (13,14).

Methotrexate is conditionally recommended 
over leflunomide for DMARD- naive patients with 
moderate- to- high disease activity

Despite low- certainty evidence of comparable efficacy, methotrex-
ate is preferred over leflunomide because of the evidence supporting its 
value as an anchor DMARD in combination regimens. Additional advan-
tages of methotrexate include its greater dosing flexibility and lower cost.

Methotrexate monotherapy is strongly 
recommended over bDMARD or tsDMARD 
monotherapy for DMARD- naive patients with 
moderate- to- high disease activity

There is low- certainty evidence suggesting superiority of 
tocilizumab monotherapy (15) over methotrexate monotherapy 
and moderate- certainty evidence suggesting greater efficacy 

Table 2. Disease- modifying antirheumatic drugs (DMARDs) initiation*

Recommendations
Certainty of 

evidence

Based on the evidence 
report(s) of the  

following PICO(s)†

Evidence 
table(s), in

Supp. App. 2
Initiation of treatment in DMARD- naive patients with moderate- to- high 

disease activity
Methotrexate monotherapy is strongly recommended over:

Hydroxychloroquine or sulfasalazine Very low/low‡ PICO 2a.C1/C2 p. 14– 5
bDMARD or tsDMARD monotherapy Very low/moderate PICO 5a.C1– 4/C5§ p. 61– 78
Combination of methotrexate plus a non– TNF inhibitor bDMARD or 

tsDMARD¶
Low/very low PICO 6a.C2– 4/C5§ p. 109, 117– 28

Methotrexate monotherapy is conditionally recommended over:
Leflunomide Low PICO 2a.C3 p. 18
Dual or triple csDMARD therapy¶ Moderate PICO 4a.C1– C2 p. 46– 9
Combination of methotrexate plus a TNF inhibitor¶ Low PICO 6a.C1 p. 110

Initiation of a csDMARD without short- term (<3 months) glucocorticoids is 
conditionally recommended over initiation of a csDMARD with short- 
term glucocorticoids.

Very low PICO 7a p. 167

Initiation of a csDMARD without longer- term (≥3 months) glucocorticoids is 
strongly recommended over initiation of a csDMARD with longer- term 
glucocorticoids.

Moderate PICO 8a p. 170

Initiation of treatment in DMARD- naive patients with low disease activity
Hydroxychloroquine is conditionally recommended over other csDMARDs. Very low PICO 1a.C1– 4 p. 1– 6
Sulfasalazine is conditionally recommended over methotrexate. Very low PICO 1a.C2 p. 2
Methotrexate is conditionally recommended over leflunomide. Very low PICO 1a.C3 p. 5

Initiation of treatment in csDMARD- treated, but methotrexate- naive, 
patients with moderate- to- high disease activity#

Methotrexate monotherapy is conditionally recommended over the 
combination of methotrexate plus a bDMARD or tsDMARD.**

Moderate/very low PICO 6b.C1– 4/C5§ p. 136– 56

* PICO = population, intervention, comparator, and outcomes; Supp. App. 2 = Supplementary Appendix 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ abstract; bDMARD = biologic DMARD; tsDMARD = targeted synthetic DMARD; 
TNF = tumor necrosis factor; csDMARD = conventional synthetic DMARD. 
† The closest matching PICO questions to each recommendation are provided. 
‡ The first certainty of evidence applies to the first listed option; the second certainty of evidence applies to the second listed option. 
§ The original PICO included individual DMARDs as comparators. The recommendation considers bDMARDs as a group. 
¶ The direction of the beneficial effect is in favor of the nonpreferred option. 
# Other recommendations for this patient population are the same as those for DMARD- naive patients. 
** The direction of the beneficial effect is in favor of the nonpreferred option. The certainty of evidence is high for the combination of methotrexate 
plus a TNF inhibitor and moderate for other bDMARDs. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41752/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41752/abstract
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of JAK inhibitor monotherapy over methotrexate monotherapy. 
The study by van Vollenhoven et al (16) was not considered by 
the voting panel as it was published after the evidence report 
was updated. However, methotrexate monotherapy is preferred 
because of its established efficacy and safety as a first- line 
DMARD and low cost. Moreover, tocilizumab and JAK inhibitors 
are not approved by the US Food and Drug Administration (FDA) 
for use in csDMARD- naive patients. Safety concerns released in 
early 2021 associated with JAK inhibitors (17,18) further support 
the recommendation of methotrexate monotherapy over tsD-
MARDs as initial DMARD therapy at this time.

Methotrexate monotherapy is conditionally 
recommended over dual or triple csDMARD 
therapy for DMARD- naive patients with 
moderate- to- high disease activity

The recommendation favors methotrexate monotherapy 
because the higher burden of combination therapy (e.g., multi-
ple medications, higher cost) outweighs the moderate- quality 
evidence suggesting greater improvements in disease activity 
associated with combination csDMARDs (19). The recommenda-
tion is conditional because some patients may choose csDMARD 
combination therapy for an increased probability of obtaining 
a better response despite the added burden of taking multi-
ple medications.

Methotrexate monotherapy is conditionally 
recommended over methotrexate plus a tumor 
necrosis factor (TNF) inhibitor for DMARD- naive 
patients with moderate- to- high disease activity

Despite low- certainty evidence supporting greater improve-
ment in disease activity with methotrexate plus a TNF inhibi-
tor, methotrexate monotherapy is preferred over the combination 
because many patients will reach their goal on methotrexate mon-
otherapy and the additional risks of toxicity and higher costs asso-
ciated with TNF inhibitors. The recommendation is conditional 
because some patients, especially those with poor prognostic 
factors, may prioritize more rapid onset of action and greater 
chance of improvement associated with combination therapy (20– 
22) over the additional risks and costs associated with initial use
of methotrexate in combination with a TNF inhibitor.

Methotrexate monotherapy is strongly 
recommended over methotrexate plus a non– TNF 
inhibitor bDMARD or tsDMARD for DMARD- naive 
patients with moderate- to- high disease activity

There is very low- certainty evidence supporting the supe-
riority of methotrexate plus a non– TNF inhibitor bDMARD or 
 tsDMARD over methotrexate monotherapy in DMARD- naive 

patients; thus, methotrexate monotherapy is strongly preferred 
given the lack of proven benefit and additional risks and costs 
associated with the addition of a non– TNF inhibitor bDMARD or 
tsDMARD in this patient population.

Glucocorticoids

Initiation of a csDMARD without short- term 
(<3 months) glucocorticoids is conditionally 
recommended over initiation of a csDMARD with 
short- term glucocorticoids for DMARD- naive 
patients with moderate- to- high disease activity

While the voting panel agreed that glucocorticoids should not 
be systematically prescribed, the recommendation is conditional 
because all members acknowledged that short- term glucocor-
ticoids are frequently necessary to alleviate symptoms prior to 
the onset of action of DMARDs. Treatment with glucocorticoids 
should be limited to the lowest effective dose for the shortest 
duration possible. The toxicity associated with glucocorticoids 
was judged to outweigh potential benefits.

Initiation of a csDMARD without longer- 
term (≥3 months) glucocorticoids is strongly 
recommended over initiation of a csDMARD with 
longer- term glucocorticoids for DMARD- naive 
patients with moderate- to- high disease activity

Although some patients may require longer- term glucocorti-
coids, this strong recommendation against longer- term glucocor-
ticoid therapy is made because of its significant toxicity.

Recommendations for DMARD- naive patients 
with low disease activity (Table 2)

Hydroxychloroquine is conditionally 
recommended over other csDMARDs, 
sulfasalazine is conditionally recommended over 
methotrexate, and methotrexate is conditionally 
recommended over leflunomide for DMARD- 
naive patients with low disease activity

Hydroxychloroquine is conditionally recommended over other 
csDMARDs because it is better tolerated and has a more favora-
ble risk profile in patients with RA. Sulfasalazine is recommended 
over methotrexate because it is less immunosuppressive, and the 
patient panel felt that many patients with low disease activity would 
prefer to avoid the side effects associated with methotrexate. The 
recommendations are conditional because methotrexate may be 
the preferred initial therapy in patients at the higher end of the low 
disease activity range and in those with poor prognostic factors 
(11). Methotrexate is recommended over leflunomide because of 
its greater dosing flexibility and lower cost.
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Recommendation for patients who have 
been treated with csDMARDs, excluding 
methotrexate, and who have moderate- to- high 
disease activity (Table 2)

Recommendations are the same as for DMARD- naive 
patients except for this population. The strength of the following 
recommendation is conditional for all bDMARDs and tsDMARDs.

Methotrexate monotherapy is conditionally 
recommended over the combination of 
methotrexate plus a bDMARD or tsDMARD

The recommendation is conditional because the voting panel 
thought that some patients who have already had persistent dis-
ease activity despite use of ≥1 csDMARD will prefer combination 
treatment for a more rapid response.

Recommendations for administration of 
methotrexate (Table 3)

Oral methotrexate is conditionally 
recommended over subcutaneous methotrexate 
for patients initiating methotrexate

Oral administration is preferred, despite moderate evidence 
suggesting superior efficacy of subcutaneous injections, due to 
the ease of oral administration and similar bioavailability at typical 
starting doses (23).

Initiation/titration of methotrexate to a 
weekly dose of at least 15 mg within 4 to 6 weeks 
is conditionally recommended over initiation/
titration to a weekly dose of <15 mg

The recommendation is conditional because there are few 
studies comparing different dosing strategies and wide variation in 

physician and patient preferences regarding the tradeoff between 
the increased efficacy and risks of toxicity associated with higher 
starting doses. This recommendation refers only to the initial pre-
scribing of methotrexate and is not meant to limit further dose 
escalation, which often provides additional efficacy (24).

A split dose of oral methotrexate over 
24 hours or weekly subcutaneous injections, 
and/or an increased dose of folic/folinic acid, is 
conditionally recommended over switching to 
alternative DMARD(s) for patients not tolerating 
oral weekly methotrexate

Despite the very low- certainty of evidence supporting these 
strategies for alleviating side effects related to methotrexate, split 
dosing, changing to the subcutaneous route of administration, and 
increased doses of folic/folinic acid are the preferred initial strat-
egies over switching to another DMARD because of the efficacy, 
long- term safety, and low costs associated with methotrexate. 
The recommendation is conditional because patient preferences 
play an important role in the decision whether to continue metho-
trexate or switch to other DMARDs.

Switching to subcutaneous methotrexate is 
conditionally recommended over the addition of/
switching to alternative DMARD(s) for patients 
taking oral methotrexate who are not at target

This recommendation is consistent with the voting panel’s 
overarching principle of maximizing use of methotrexate prior to 
switching/adding DMARDs. However, there are no data compar-
ing outcomes in patients who switch to subcutaneous methotrex-
ate versus another treatment strategy including other DMARDs. 
The recommendation is conditional because patient preferences 
and the magnitude of previous response to methotrexate play an 
important role in this decision.

Table 3. Methotrexate administration*

Recommendations
Certainty of  

evidence

Based on the evidence  
report(s) of the  

following PICO(s)

Evidence  
table(s), in 

Supp. App. 2
Oral methotrexate is conditionally recommended over subcutaneous 

methotrexate for patients initiating methotrexate.
Moderate PICO 9 p. 181

Initiation/titration of methotrexate to a weekly dose of at least 15 mg within 4 
to 6 weeks is conditionally recommended over initiation/titration to a 
weekly dose of <15 mg.†

Moderate/
very low‡

PICO 10.C1– C3 p. 184– 5

A split dose of oral methotrexate over 24 hours or subcutaneous injections, 
and/or an increased dose of folic/folinic acid, is conditionally 
recommended over switching to alternative DMARD(s) for patients not 
tolerating oral weekly methotrexate.

Very low PICO 16 and PICO 15 p. 206– 10

Switching to subcutaneous methotrexate is conditionally recommended 
over the addition of/switching to alternative DMARD(s) for patients taking 
oral methotrexate who are not at target.

Very low PICO 18 p. 235

* PICO = population, intervention, comparator, and outcomes; Supp. App. 2 = Supplementary Appendix 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ abstract; DMARD = disease- modifying antirheumatic drug. 
† This recommendation refers only to the initial prescribing of methotrexate and is not meant to limit further dose escalation, which often 
provides additional efficacy. 
‡ The first certainty of evidence applies to the first listed option; the second certainty of evidence applies to the second option. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41752/abstract


FRAENKEL ET AL 1114       |

Recommendations for treatment modification 
in patients treated with DMARDs who are not at 
target (Table 4)

Treat- to- target

A treat- to- target approach is strongly 
recommended over usual care for patients who 
have not been previously treated with bDMARDs 
or tsDMARDs

This recommendation applies to dose optimization of metho-
trexate and to the subsequent addition of DMARDs when required. 
The recommendation is strong despite low- certainty evidence 
because of the recognized importance of systematic monitoring 
and adjustment of treatment to minimize inflammation to prevent 
joint damage, as well as other long- term sequelae including cardi-
ovascular disease and osteoporosis.

A treat- to- target approach is conditionally 
recommended over usual care for patients who 
have had an inadequate response to bDMARDs 
or tsDMARDs

The recommendation is conditional because of the uncer-
tain incremental benefits of treat- to- target over usual care in this 
patient population. In this context, usual care refers to commonly 
employed practice patterns, i.e., adjustment of treatment based on 
shared decision- making, albeit typically without systematic mon-
itoring of disease activity using validated measures to reach a 
predefined target. Moreover, 1) the number of remaining availa-
ble treatment options, 2) the impact of noninflammatory causes of 
pain, comorbidities, and/or damage on the accuracy of validated 

disease activity assessments, and 3) the patient’s threshold for 
changing medications may have a more significant influence on the 
decision to follow a treat- to- target approach in this population 
compared to patients who are bDMARD-  and tsDMARD- naive.

A minimal initial treatment goal of low 
disease activity is conditionally recommended 
over a goal of remission

An initial target of low disease activity is preferred because 
remission by established criteria may not be achievable for many 
patients (25). In addition, the patient panel emphasized that failure 
to reach a specified target may be disheartening and stressful for 
some patients. They emphasized that it would be preferable to ini-
tially aim for low disease activity and subsequently consider a goal of 
remission. However, treatment goals should be systematically reas-
sessed over time and individualized to each patient to ensure that 
remission is targeted when possible. The recommendation is condi-
tional because remission is a reasonable initial goal for patients with 
early disease and minimal exposure to bDMARDs and tsDMARDs, 
and patient preferences play a significant role in this decision.

Modification of DMARD(s)

Addition of a bDMARD or tsDMARD is 
conditionally recommended over triple therapy  
(i.e., addition of sulfasalazine and hydroxy -
chloroquine) for patients taking maximally tolerated 
doses of methotrexate who are not at target

The panel vigorously debated whether to recommend 
addition of a bDMARD or tsDMARD versus sulfasalazine and 

Table 4. Treatment modification*

Recommendations
Certainty of  

evidence

Based on the evidence  
report(s) of the  

following PICO(s)

Evidence  
table(s), in 

Supp. App. 2
A TTT approach is strongly recommended over usual care for patients who have not 

been previously treated with bDMARDs or tsDMARDs.
Low PICO 12.a p. 191

A TTT approach is conditionally recommended over usual care for patients who 
have had an inadequate response to bDMARDs or tsDMARDs.

Very low PICO 12.b p. 199

A minimal initial treatment goal of low disease activity is conditionally 
recommended over a goal of remission.

Low PICO 13 p. 201

Addition of a bDMARD or tsDMARD is conditionally recommended over triple 
therapy for patients taking maximally tolerated doses of methotrexate who are not 
at target.

Very low PICO 19.C2– C6† p. 240– 1

Switching to a bDMARD or tsDMARD of a different class is conditionally 
recommended over switching to a bDMARD or tsDMARD belonging to the same 
class for patients taking a bDMARD or tsDMARD who are not at target.

Very low PICO 24– 27† p. 293– 338

Addition of/switching to DMARDs is conditionally recommended over continuation 
of glucocorticoids for patients taking glucocorticoids to remain at target.

Very low PICO 23 p. 292

Addition of/switching to DMARDs (with or without IA glucocorticoids) is conditionally 
recommended over the use of IA glucocorticoids alone for patients taking DMARDs 
who are not at target.

Very low PICO 28.C1– C2 p. 339– 40

* PICO = population, intervention, comparator, and outcomes; Supp. App. 2 = Supplementary Appendix 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ abstract; TTT = treat- to- target; bDMARDs = biologic disease- modifying anti -
rheumatic drugs; tsDMARDs = targeted synthetic DMARDs; IA = intraarticular.
† The original PICO included individual DMARDs as comparators. The recommendation considers bDMARDs as a group. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41752/abstract
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hydroxychloroquine (triple therapy) for patients with an inade-
quate response to methotrexate monotherapy in view of very 
low- certainty evidence favoring bDMARDs or tsDMARDs, ran-
domized controlled trials demonstrating equivalent long- term 
outcomes across both treatment strategies, and significantly 
less societal cost associated with triple therapy (26– 29). Addition 
of a bDMARD or tsDMARD was ultimately preferred because 
the patient panel strongly prioritized maximizing improvement 
as quickly as possible. In addition, both the patient and vot-
ing panels valued the greater persistence of methotrexate plus 
a bDMARD or tsDMARD compared to triple therapy (defined 
in Table 1) (13,30). The recommendations from these studies 
(13,31) are conditional because triple therapy may be preferred 
in lower resource settings as well as in patients with specific 
comorbidities for whom triple therapy may be associated with 
significantly less risk of adverse events. This choice is highly 
preference sensitive, and decisions on how best to escalate 
care should incorporate patients’ preferences. There is no cur-
rent recommendation for a bDMARD versus a tsDMARD when 
adjusting treatment; however, the voting panel acknowledged 
that safety data released in early 2021 (17,18) may require 
a modification of this recommendation when peer- reviewed 
results are published.

Switching to a bDMARD or tsDMARD of a 
different class is conditionally recommended 
over switching to a bDMARD or tsDMARD 
belonging to the same class for patients taking a 
bDMARD or tsDMARD who are not at target

The recommendation is based on very low- certainty evidence 
supporting greater improvement in disease activity and drug sur-
vival among patients switching classes. The recommendation is 
conditional because patient and physician preferences are likely to 
vary based on prior experiences with specific DMARDs.

Use of glucocorticoids

Addition of/switching to DMARDs is 
conditionally recommended over continuation 
of glucocorticoids for patients taking 
glucocorticoids to remain at target

This recommendation assumes that improved disease con-
trol with DMARDs should allow less use of glucocorticoids. The 
recommendation is conditional because the continued use of glu-
cocorticoids may be required for patients who do not respond to 
DMARDs even after maximizing methotrexate dosage and switch-
ing DMARD classes.

Addition of/switching to DMARDs (with or 
without intraarticular [IA] glucocorticoids) is 
conditionally recommended over the use of 
IA glucocorticoids alone for patients taking 
DMARDs who are not at target

This recommendation was based on the premise that 
DMARDs should be adjusted to reduce disease activity, irrespec-
tive of treatment with IA glucocorticoids. The recommendation is 
conditional because patients may choose to defer adding/switch-
ing DMARDs if they obtain relief from IA injection(s).

Recommendations for tapering/discontinuing 
DMARDs (Table 5)

Because of the moderate- to- high risk for flare and the 
potential for irreversible long- term damage associated with 
stopping all DMARDs, the following recommendations presume 
that patients maintain a therapeutic dose of at least 1 DMARD. 
In addition, the recommendations specify that patients be at 
target (low disease activity or remission) for at least 6 months 
prior to tapering. Patients in remission for <6 months should 

Table 5. Tapering disease- modifying antirheumatic drugs (DMARDs)*

Recommendations
Certainty of 

evidence

Based on the evidence 
report(s) of the  

following PICO(s)

Evidence  
table(s), in Supp. 

App. 2
Continuation of all DMARDs at their current dose is conditionally 

recommended over a dose reduction of a DMARD.
Low PICO 54.a p. 381

Dose reduction is conditionally recommended over gradual 
discontinuation of a DMARD.

Low PICO 52.C2 and PICO 53.C2 p. 351– 5, 372– 6

Gradual discontinuation is conditionally recommended over abrupt 
discontinuation of a DMARD.

Low PICO 52.C1 and PICO 53.C1 p. 351, 372

Gradual discontinuation of sulfasalazine is conditionally 
recommended over gradual discontinuation of hydroxychloroquine 
for patients taking triple therapy who wish to discontinue a DMARD.

Very low PICO 58 p. 400

Gradual discontinuation of methotrexate is conditionally 
recommended over gradual discontinuation of the bDMARD or 
tsDMARD for patients taking methotrexate plus a bDMARD or 
tsDMARD who wish to discontinue a DMARD.

Very low PICO 59.C1 p. 401

* PICO = population, intervention, comparator, and outcomes; Supp. App. 2 = Supplementary Appendix 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ abstract; bDMARD = biologic DMARD; tsDMARD = targeted synthetic DMARD. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41752/abstract
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not routinely be considered for dose reduction or withdrawal. 
Although the optimal time at target prior to tapering has not 
been established, the voting panel considered 6  months to 
be a reasonable minimal length of time to ensure stable dis-
ease control. “Dose reduction” refers to lowering the dose or 
increasing the dosing interval of a DMARD. “Gradual discontin-
uation” denotes gradually lowering the dose of a DMARD and 
subsequently stopping it.

Continuation of all DMARDs at their 
current dose is conditionally recommended 
over a dose reduction of a DMARD, dose 
reduction is conditionally recommended 
over gradual discontinuation of a DMARD, 
and gradual discontinuation is conditionally 
recommended over abrupt discontinuation of 
a DMARD for patients who are at target for at 
least 6 months

These recommendations are based on studies demonstrat-
ing a higher risk of flare in patients who are 1) lowering the dose 
of a DMARD versus continuing DMARDs at the same dose, and 
2) abruptly versus gradually discontinuing a DMARD (32– 36). The 
recommendations are conditional because patient and physician 
preferences are expected to vary.

Gradual discontinuation of sulfasalazine 
is conditionally recommended over gradual 
discontinuation of hydroxychloroquine for 
patients taking triple therapy who wish to 
discontinue a DMARD

Gradually discontinuing sulfasalazine is recommended 
because of its poorer treatment persistence due to adverse 
events (14). The recommendation is conditional because patient 
and physician preferences are expected to vary.

Gradual discontinuation of methotrexate 
is conditionally recommended over gradual 
discontinuation of the bDMARD or tsDMARD for 
patients taking methotrexate plus a bDMARD or 
tsDMARD who wish to discontinue a DMARD

In the absence of direct evidence, gradually discontinu-
ing methotrexate is preferred because a bDMARD or tsDMARD 
is typically added following an inadequate response to metho-
trexate. Thus, the continued use of the bDMARD or tsDMARD 
is more likely to maintain disease control than the continued use 
of methotrexate. The recommendation is conditional because 
gradual discontinuation of the bDMARD or tsDMARD may be 
favored depending on comorbidities, risk for infection, cost con-
cerns, as well as patient and clinician preferences. The voting 

panel cautioned that many patients treated with certain mono-
clonal antibodies may require ongoing treatment with methotrex-
ate to prevent the formation of antidrug antibodies (37).

Recommendations for specific patient 
populations (Table 6)

Subcutaneous nodules

Methotrexate is conditionally recommended 
over alternative DMARDs for patients with 
subcutaneous nodules who have moderate- to- 
high disease activity

Switching to a non- methotrexate DMARD is 
conditionally recommended over continuation of 
methotrexate for patients taking methotrexate 
with progressive subcutaneous nodules

While accelerated nodulosis has been observed in patients 
starting methotrexate (38), there are no studies examining 
comparative strategies for patients with stable or progressive 
subcutaneous nodules. The preceding 2 recommendations 
are conditional because patient and clinician preferences are 
expected to vary. The recommendation to switch is based on 
the premise that methotrexate is a contributing factor to pro-
gressive nodulosis.

Pulmonary disease

Methotrexate is conditionally recommended 
over alternative DMARDs for the treatment 
of inflammatory arthritis for patients with 
clinically diagnosed mild and stable airway or 
parenchymal lung disease, or incidental disease 
detected on imaging, who have moderate- to- high 
disease activity

Studies indicate that preexisting lung disease is a risk fac-
tor for methotrexate- related pneumonitis (39,40). However, the 
overall risk of worsening lung disease attributable to metho-
trexate is uncertain, and alternative DMARDs have also been 
associated with lung disease (41– 45). The recommendation is in 
favor of methotrexate because of its important role as an anchor 
treatment in RA and the lack of alternatives with similar efficacy 
and/or superior long- term safety profiles. The recommendation 
is conditional because some clinicians (rheumatologists and pul-
monologists) and patients will prefer an alternative option rather 
than accept any additional risk of lung toxicity. Patients with 
preexisting lung disease should be informed of their increased 
risk of methotrexate pneumonitis prior to initiating treatment 
with methotrexate.
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Table 6. Specific patient populations*

Recommendations
Certainty of 

evidence

Based on the evidence 
report(s) of the 

following PICO(s)

Evidence 
table(s), in 

Supp. App. 2
Subcutaneous nodules

Methotrexate is conditionally recommended over alternative DMARDs for 
patients with subcutaneous nodules who have moderate- to- high disease 
activity.

Very low PICO 64 p. 427

Switching to a non- methotrexate DMARD is conditionally recommended over 
continuation of methotrexate for patients taking methotrexate with progressive 
subcutaneous nodules.

Very low PICO 65 p. 428

Pulmonary disease
Methotrexate is conditionally recommended over alternative DMARDs for the 

treatment of inflammatory arthritis for patients with clinically diagnosed mild 
and stable airway or parenchymal lung disease who have moderate- to- high 
disease activity.

Very low PICO 67 p. 430

Heart failure
Addition of a non– TNF inhibitor bDMARD or tsDMARD is conditionally 

recommended over addition of a TNF inhibitor for patients with NYHA class III or 
IV heart failure and an inadequate response to csDMARDs.

Very low PICO 70 p. 435

Switching to a non– TNF inhibitor bDMARD or tsDMARD is conditionally 
recommended over continuation of a TNF inhibitor for patients taking a TNF 
inhibitor who develop heart failure.

Very low PICO 71 p. 436

Lymphoproliferative disorder
Rituximab is conditionally recommended over other DMARDs for patients who 

have a previous lymphoproliferative disorder for which rituximab is an approved 
treatment and who have moderate- to- high disease activity.

Very low PICO 75 and PICO 76 p. 446– 7

Hepatitis B infection
Prophylactic antiviral therapy is strongly recommended over frequent monitoring 

alone for patients initiating rituximab who are hepatitis B core antibody positive 
(regardless of hepatitis B surface antigen status).

Very low PICO 82 p. 459

Prophylactic antiviral therapy is strongly recommended over frequent monitoring 
alone for patients initiating any bDMARD or tsDMARD who are hepatitis B core 
antibody positive and hepatitis B surface antigen positive.

Very low PICO 83 p. 464

Frequent monitoring alone is conditionally recommended over prophylactic 
antiviral therapy for patients initiating a bDMARD other than rituximab or a 
tsDMARD who are hepatitis B core antibody positive and hepatitis B surface 
antigen negative.

Very low PICO 84 p. 471

Nonalcoholic fatty liver disease
Methotrexate is conditionally recommended over alternative DMARDs for 

DMARD- naive patients with nonalcoholic fatty liver disease, normal liver 
enzymes and liver function tests, and no evidence of advanced liver fibrosis who 
have moderate- to high disease activity.

Very low PICO 87 p. 489

Persistent hypogammaglobulinemia without infection
In the setting of persistent hypogammaglobulinemia without infection, 

continuation of rituximab therapy for patients at target is conditionally 
recommended over switching to a different bDMARD or tsDMARD.

Very low PICO 66 p. 429

Previous serious infection
Addition of csDMARDs is conditionally recommended over addition of a 

bDMARD or tsDMARD for patients with a serious infection within the previous 
12 months who have moderate- to- high disease activity despite csDMARD 
monotherapy.

Very low PICO 88 p. 490

Addition of/switching to DMARDs is conditionally recommended over initiation/
dose escalation of glucocorticoids for patients with a serious infection within the 
previous 12 months who have moderate- to- high disease activity.

Very low PICO 90 and PICO 91 p. 496– 7

Nontuberculous mycobacterial lung disease
Use of the lowest possible dose of glucocorticoids (discontinuation if possible) is 

conditionally recommended over continuation of glucocorticoids for patients 
with nontuberculous mycobacterial lung disease.

Very low No relevant PICO

Addition of csDMARDs is conditionally recommended over addition of a 
bDMARD or tsDMARD for patients ’with nontuberculous mycobacterial 
lung disease who have moderate- to- high disease activity despite csDMARD 
monotherapy.

Very low PICO 92 p. 498

Abatacept is conditionally recommended over other bDMARDs and tsDMARDs 
for patients with nontuberculous mycobacterial lung disease who have 
moderate- to- high disease activity despite csDMARDs.

Very low PICO 93 p. 499

* PICO = population, intervention, comparator, and outcomes; Supp. App. 2 = Supplementary Appendix 2, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41752/ abstract; DMARDs = disease- modifying antirheumatic drugs;  
TNF = tumor necrosis factor; bDMARD = biologic DMARD; tsDMARD = targeted synthetic DMARD; NYHA = New York Heart Association; csDMARDs =  
conventional synthetic DMARDs. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41752/abstract
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Heart failure

Addition of a non– TNF inhibitor bDMARD or 
tsDMARD is conditionally recommended over 
addition of a TNF inhibitor for patients with 
New York Heart Association (NYHA) class III or 
IV heart failure and an inadequate response to 
csDMARDs,

Switching to a non– TNF inhibitor bDMARD 
or tsDMARD is conditionally recommended over 
continuation of a TNF inhibitor for patients 
taking a TNF inhibitor who develop heart failure

These recommendations are based on the risk of wors-
ening heart failure observed in randomized clinical trials of 
TNF inhibitors in patients with NYHA class III or IV heart fail-
ure without RA (46,47). Both recommendations are conditional 

because of the very low- certainty evidence supporting these 
PICO questions.

Lymphoproliferative disorder

Rituximab is conditionally recommended 
over other DMARDs for patients who have a 
previous lymphoproliferative disorder for which 
rituximab is an approved treatment and who 
have moderate- to- high disease activity

Rituximab is preferred over other DMARDs, regardless of 
previous DMARD experience, because it would not be expected 
to increase the risk of recurrence or worsening of these lym-
phoproliferative disorders. The recommendation is conditional 
because of the very low- certainty evidence supporting this PICO 
question.

Hepatitis B infection

Prophylactic antiviral therapy is strongly 
recommended over frequent monitoring of 
viral load and liver enzymes alone for patients 
initiating rituximab who are hepatitis B core 
antibody positive (regardless of hepatitis B 
surface antigen status)

Prophylactic antiviral therapy is strongly 
recommended over frequent monitoring alone 
for patients initiating any bDMARD or tsDMARD 
who are hepatitis B core antibody positive and 
hepatitis B surface antigen positive

Frequent monitoring alone of viral load and 
liver enzymes is conditionally recommended 
over prophylactic antiviral therapy for patients 
initiating a bDMARD other than rituximab or 
a tsDMARD who are hepatitis B core antibody 
positive and hepatitis B surface antigen 
negative

These recommendations were made based on the risk of 
hepatitis B reactivation due to core antibody and surface antigen 
status and the specific DMARD being initiated and are consistent 
with the updated American Association for the Study of Liver Dis-
eases guidance (48). Patients at risk for hepatitis B reactivation 
should be comanaged with a hepatologist. The third recommen-
dation is conditional because it is less certain whether the benefit 
of prophylactic antiviral therapy outweighs the risks and cost of 
this treatment in the specified patient population.

Table 7. Key clinical questions requiring further research*
Methotrexate administration

At what dose and route of administration should methotrexate 
be started?

Does switching to non- methotrexate DMARDs improve 
tolerability over increasing the dose of folic acid, or using folinic 
acid or using split dose or subcutaneous dosing, for RA patients 
with side effects when taking methotrexate?

TTT
What is the efficacy of TTT in different patient populations (early 

versus late, bDMARD-  or tsDMARD- exposed, elderly- onset, 
comorbidities)?

What is the optimal target and method of assessment of disease 
activity for TTT in different populations?

Comparative effectiveness/safety
What is the comparative effectiveness/safety between bDMARDs 

and tsDMARDs?
What is the comparative effectiveness/safety between adding 

bDMARDs or tsDMARDs to methotrexate and switching to 
bDMARD or tsDMARD monotherapy?

What is the comparative effectiveness/safety between TTT by 
maximizing use of methotrexate (i.e., escalating dose via 
subcutaneous route) and adding/switching to bDMARD or 
tsDMARD monotherapy?

When, which, and how should DMARDs be tapered/
discontinued?

Do clinical or biologic markers predict a differential response to 
DMARDs?

Comorbidities
What is the effectiveness/safety of alternative treatment 

strategies in RA patients with clinical lung disease or NAFLD?
Which DMARDs can be initiated or continued after receiving 

checkpoint inhibitor therapy?
Which DMARDs should be used in patients with solid 

malignancies, including skin cancer?
Is there a time frame before which DMARDs can be started/

resumed in patients with concomitant solid malignancies?
* DMARDs = biologic disease- modifying antirheumatic drugs; RA = 
rheumatoid arthritis; TTT = treat- to- target; bDMARD = biologic DMARD;  
tsDMARD = targeted synthetic DMARD; NAFLD = non  alcoholic fatty 
liver disease. 
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Nonalcoholic fatty liver disease (NAFLD)

Methotrexate is conditionally recommended 
over alternative DMARDs for DMARD- naive 
patients with NAFLD, normal liver enzymes and 
liver function tests, and no evidence of advanced 
liver fibrosis who have moderate- to- high disease 
activity

Given the concerns about the risk of hepatotoxicity asso-
ciated with methotrexate therapy in patients with NAFLD, use 
of methotrexate should be restricted to patients with normal liver 
enzymes and liver function tests and without evidence of liver dis-
ease or liver fibrosis (Stage 3 or 4). Noninvasive testing to diagnose 
and stage liver fibrosis as well as consultation with a gastroen-
terologist or hepatologist should be considered in patients prior 
to initiating methotrexate (49). In addition, more frequent moni-
toring should be performed in this patient population (every 4 to 
8 weeks). The recommendation is conditional because patients’ 
and clinicians’ risk tolerance varies.

Persistent hypogammaglobulinemia without 
infection

In the setting of persistent 
hypogammaglobulinemia without infection, 
continuation of rituximab therapy for patients 
at target is conditionally recommended over 
switching to a different bDMARD or tsDMARD

Continuing rituximab in patients who are at target is 
preferred because of the uncertain clinical significance of 
 hypogammaglobulinemia in patients without infection. Although 
an increased risk of infection has been described in RA patients 
with hypogammaglobulinemia, it is not known if a switch in 
DMARDs in patients who are at target is more effective in lowering 
infection risk while maintaining disease control than continuation 
of rituximab. The recommendation is conditional because physi-
cian and patient risk tolerance is likely to vary depending on the 
degree of hypogammaglobulinemia and patient- specific risk fac-
tors for infection.

Previous serious infection

Addition of csDMARDs is conditionally 
recommended over addition of a bDMARD or 
tsDMARD for patients with a serious infection 
within the previous 12 months who have 
moderate- to- high disease activity despite 
csDMARD monotherapy

This conditional recommendation is made based on obser-
vational data suggesting a lower risk of infection associated 

with combination csDMARDs (dual or triple therapy) compared 
to bDMARDs or tsDMARDs (50). Some clinicians may prefer 
 csDMARDs even if the serious infection occurred >12  months 
prior to considering a change.

Addition of/switching to DMARDs is 
conditionally recommended over initiation/dose 
escalation of glucocorticoids for patients with a 
serious infection within the previous 12 months 
who have moderate- to- high disease activity

This conditional recommendation is made based on observa-
tional studies suggesting a strong association between dose and 
duration of glucocorticoids with the risk of serious infection (51– 53).

Nontuberculous mycobacterial (NTM) lung 
disease

Given the variability of NTM lung disease severity and 
response to treatment, patients should be closely comanaged 
with an infectious disease or pulmonary specialist.

Use of the lowest possible dose of 
glucocorticoids (discontinuation if possible) is 
conditionally recommended over continuation 
of glucocorticoids without dose modification for 
patients with NTM lung disease

This recommendation is based on studies suggesting an 
increased risk of NTM lung disease in patients receiving either 
inhaled or oral glucocorticoids (54,55).

Addition of csDMARDs is conditionally 
recommended over addition of a bDMARD or 
tsDMARD for patients with NTM lung disease 
who have moderate- to- high disease activity 
despite csDMARD monotherapy

This recommendation is based on the lower expected risk 
of NTM lung disease associated with csDMARDs compared to 
bDMARDs and tsDMARDs (56).

Abatacept is conditionally recommended 
over other bDMARDs and tsDMARDs for patients 
with NTM lung disease who have moderate- to- 
high disease activity despite csDMARDs

Abatacept is conditionally recommended over other 
bDMARDs and tsDMARDs based on population data extrapolated 
from tuberculosis (57). There is considerable uncertainty regard-
ing the risk of mycobacterial infections associated with non– TNF 
inhibitor bDMARDs and tsDMARDs; however, TNF inhibitors are 
associated with increased rates of mycobacterial infections and 
should be avoided (58).
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The preceding 3 recommendations are conditional because of 
the very low- certainty evidence supporting the analysis of the dif-
ferences in treatment outcomes posed by these PICO questions.

DISCUSSION

The ACR guidelines were developed to provide clinicians 
with  recommendations for decisions frequently faced in clinical 
practice. Several new topics are included in this update, includ-
ing recommendations for administration of methotrexate, use 
of methotrexate in patients with subcutaneous nodules, pulmo-
nary disease, and NAFLD, use of rituximab in patients with hypog-
ammaglobulinemia, and treatment of RA in patients with NTM lung 
disease. Areas covered in the 2015 guidelines that are not covered 
in this update include recommendations for patients with hepati-
tis C and solid malignancies. The panel did not vote on specific 
recommendations for patients with hepatitis C because curative 
antiviral therapy is now widely available. The panel did deliberate 
over PICO questions related to use of DMARDs in patients with 
solid malignancies. However, given the changing landscape of 
personalized treatments for many solid malignancies, the voting 
panel felt that a generalized recommendation was not possible.

On February 4, 2021, the FDA released a Drug Safety Alert 
noting a possible increased risk of major cardiovascular events 
and malignancies (excluding non- melanoma skin cancer) in 
patients with RA (over the age of 50  years with at least 1 risk 
factor for cardiovascular disease) participating in a randomized 
controlled trial designed to compare the safety of tofacitinib to 
adalimumab (18). Recommendations will be reviewed once peer- 
reviewed results are published. Rapidly evolving comparative 
effectiveness and safety signals associated with JAKi highlight 
the need to engage in a shared decision- making process when 
adjusting DMARDs (16,59). In addition, although previous recom-
mendations cautioned against the use of TNF inhibitors in patients 
with skin cancer (1), the results of more recently published studies 
examining specific DMARD- related risks of non- melanoma skin 
cancer and melanoma do not support making a definite recom-
mendation for or against specific DMARDs (60,61).

The panel also considered PICO questions related to current 
use of checkpoint inhibitor therapy, but the variability in current 
practice patterns and differences in treatment for specific cancer 
types precluded the development of specific recommendations 
for patients who are candidates for, or are currently receiving, 
checkpoint inhibitor therapy. We anticipate that additional rec-
ommendations for patients with systemic rheumatic diseases 
and solid malignancies will be developed as further data become 
available. There were vigorous discussions pertaining to recom-
mendations for specific DMARDs in patients with moderate- to- 
high disease activity despite csDMARDs and with a history of 
serious infection. However, the evidence was insufficient to sup-
port a recommendation. Future studies (using large registries and 

network meta- analyses) are needed to support specific recom-
mendations for this patient population.

The recommendation statements in this update are not 
directly comparable to the ACR 2015 guidelines (1) because they 
do not retain the early versus established RA subgroups. Nev-
ertheless, there are some notable differences. First, the 2015 
guidelines recommend csDMARD monotherapy, preferably 
with methotrexate, for patients with both low and moderate/high 
disease activity, whereas this update recommends an initial trial 
of hydroxychloroquine or sulfasalazine for those with low disease 
activity. Second, the 2015 guidelines recommended DMARD 
tapering for patients who are in remission. In this update, taper-
ing recommendations are made for patients who are in low dis-
ease activity or remission in the face of a paucity of data about 
when and how best to taper. The panel recommended that careful 
tapering might be considered if the patient wishes to cut back 
on their use of DMARDs. However, patients should be closely 
evaluated during any taper, and if a flare occurs, the prior regi-
men should be reinstituted promptly. Last, this update includes 
several recommendations against the use of glucocorticoid ther-
apy. These recommendations were made in recognition of the 
frequent difficulty tapering glucocorticoids leading to undesirable 
prolonged use and the increasing evidence of the negative impact 
of glucocorticoids on long- term patient outcomes, including risk 
for infection, osteoporosis, and cardiovascular disease, in RA and 
other rheumatic diseases (62– 65).

While consensus was easily reached on the majority of 
statements, 2 issues required prolonged discussion and debate. 
The decision on whether patients with an inadequate response 
to methotrexate should escalate to a bDMARD, tsDMARD, or tri-
ple therapy engendered much discussion with contrasting points 
of view. In the end, a recommendation was made in favor of a 
bDMARD or tsDMARD because of the more rapid onset of benefit 
and concerns related to the poor tolerability and durability of tri-
ple therapy in real- world practice (13,14). In particular, the patient 
panel highlighted the importance of a rapid onset on benefit after 
already having had an inadequate response to methotrexate. The 
conditional recommendation to initiate methotrexate therapy for 
patients with preexisting mild, stable lung disease was also rigor-
ously debated. While minimizing the risk of toxicity is paramount, 
the voting panel favored a conditional recommendation to initi-
ate methotrexate therapy in this clinical setting because of the vital 
role of this DMARD in the overall treatment of RA and lack of other 
comparable therapies without pulmonary risks.

Members of the voting panel agreed with the patient panel 
on the direction and strength of all but 2 recommendations. 
Patients were in favor of initial treatment with combination csD-
MARDs over methotrexate monotherapy because they placed 
greater value on the incremental benefits associated with combi-
nation therapy compared to clinicians. This preference was also 
stated in the 2015 guidelines (66). Patients also strongly preferred 
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discontinuing over a dose reduction of a DMARD whenever pos-
sible, whereas most clinicians on the voting panel preferred dose 
reduction. This discordance reflects patient preference to mini-
mize use of medications once they reach target versus physician 
preference to minimize flare. However, both the patient and voting 
panel stressed the variability in patient preferences for tapering. 
These differences reinforce the importance of using a shared 
decision- making approach in RA.

When clinically relevant, recommendations specify the level 
of disease activity in the patient population (Table  1). However, 
evidence tables include pooled data from studies that often use 
different measures of disease activity; thus, specific definitions of 
low versus moderate- to- high disease activity are not provided 
for specific recommendations. Despite the large body of litera-
ture related to pharmacologic treatments for RA, the review team 
did not identify high- certainty evidence for many of the questions 
addressed. This discrepancy is due to the differences between 
clinically important PICO questions and the specific objectives 
of clinical trials. For example, few studies have examined how to 
best dose and administer methotrexate, the most effective and 
safe use of DMARDs in high- risk populations, and the risk– benefit 
tradeoffs associated with glucocorticoid use. Moreover, many 
 trials could not be matched to specific PICO questions because 
of differences between the trials and the PICO questions’ spec-
ified study populations and treatment comparisons. Thus, many 
recommendations are based largely on very low- certainty or low- 
certainty evidence. Incorporating medical evidence and expert 
input and consensus into clinical guidelines is core to the GRADE 
process and strengthens recommendations, particularly when 
there is limited evidence. In addition, while the patients’ views 
informed the voting panel’s deliberations, it is not possible to rep-
resent all patients’ viewpoints.

In summary, this update includes recommendations related 
to initiation and adjustment of DMARD therapy in patients with 
RA. It also emphasizes the importance of minimizing use of glu-
cocorticoids. It is expected that additional data may modify the 
direction and/or strength of specific recommendations. The ACR 
will update the recommendations and answer these and other 
questions as new data are published.
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Current Treatment Strategies in Rheumatoid Arthritis 
After Methotrexate Are Not Enough to Maintain Sustained 
Remission: There Is No Holy Grail!
Janet E. Pope,1  Peter Nash,2  and Roy Fleischmann3

The ideal state for a patient with rheumatoid arthritis (RA) 
is sustained remission (1). Contemporary treatment strategies, 
such as early initiation of disease- modifying antirheumatic drugs 
(DMARDs), optimal methotrexate (MTX) dosing, and treating to a 
target with validated outcomes, have improved the likelihood of 
remission in RA (1). Remission, however defined, is not always 
achieved, and even less often will patients with RA maintain 
sustained remission over time (2,3). The European Alliance of 
Associations for Rheumatology (EULAR) and American College 
of Rheumatology (ACR) recommendations for the treatment of 
RA suggest that patients with poor prognostic features should 
be treated with advanced therapies such as biologic DMARDs 
(bDMARDs) or targeted synthetic DMARDs (such as JAK inhibi-
tors) after an incomplete response to MTX (2,4).

In this issue of Arthritis & Rheumatology, Källmark et al report 
the findings of an observational study of patients with RA from the 
Swedish Rheumatology Quality Register comparing the effective-
ness of triple therapy (MTX, hydroxychloroquine, and sulfasalazine) 
to that of MTX with bDMARDs, after MTX monotherapy, for achiev-
ing sustained remission (5). The study spanned 12 years. Long- 
term sustained remission was defined as ≥24 months of a Disease 
Activity Score in 28 joints using the erythrocyte sedimentation rate 
(DAS28- ESR) of <2.6, a validated metric. A total of 1,502 patients 
were included, of whom one- quarter received triple therapy. Käll-
mark and colleagues observed that in patients starting bDMARDs, 
sustained remission occurred more frequently than in patients 
starting triple therapy. The odds ratio (OR) for long- term sustained 
remission at 2 years was 1.62 (95% confidence interval [95% CI] 
0.94– 2.79). Short- term sustained remission was more frequent in 
patients starting bDMARDs compared to triple therapy at 1 year 
and 2 years, with adjusted ORs of 1.79 (95% CI 1.18– 2.72) and 
1.92 (95% CI 1.21– 3.06), respectively, favoring bDMARDs. For 
those continuing either drug regimen at any time over follow- up, 

there were no between- groups differences, but that is expected, as 
analyses are biased toward responders. The authors conclude that, 
although sustained remission occurred more often for those initi-
ating bDMARDs, triple therapy may be suitable for some patients 
who can tolerate the regimen (since those continuing treatment 
had an equal likelihood of sustained remission), but fewer patients 
receiving triple therapy continued treatment (5).

The study by Källmark et al is important, as the use of triple 
therapy has become less prominent in RA recommendations and 
guidelines, although it is mentioned in the EULAR recommenda-
tions and not highly recommended in the ACR 2020 guidelines 
(2,4). Since the study was not randomized, it is likely that there was 
a bias and confounding in patients selected by the treating physi-
cians to receive triple therapy, such as perceptions of less active 
disease, the year in which therapy was commenced, and comor-
bidities, as the majority of patients (~75%) received a bDMARD 
(5). However, the results are consistent with a systematic review of 
randomized controlled trials by Fleischmann et al which demon-
strated that in RA patients with an inadequate response to MTX, 
triple therapy was 65% less likely to achieve a response according 
to the ACR criteria for 70% improvement (ACR70) at 6 months 
compared to a tumor necrosis factor inhibitor (TNFi) added to 
MTX (6). Results from the meta- analysis at 1 and 2 years had 
large confidence intervals around the rates of ACR70 responses 
that were superior numerically, but not statistically, for TNFi.

Since the investigators were primarily interested in the clin-
ical effectiveness of both regimens, the Swedish Register study 
did not consider the costs of treatment, which clearly would favor 
triple therapy compared to bDMARDs, even with the use of bio-
similar bDMARDs (7).

There are implications of the findings of Källmark et al (5). 
Treatment after MTX with a bDMARD compared to adding con-
ventional synthetic DMARDs as triple therapy is more likely to 
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result in sustained remission according to the DAS28- ESR score 
and be continued because of the better clinical benefit and toler-
ability. However, patients who do respond to and tolerate triple 
therapy are just as likely to achieve and maintain sustained remis-
sion according to the DAS28- ESR score; just a smaller percent of 
patients initially treated do so (5).

It is important to recognize that neither treatment strategy was 
effective for all patients, with 64% of the patients who were receiv-
ing a bDMARD plus MTX versus 52% of the patients who were 
receiving triple therapy continuing treatment at 1 year and 43% of 
the patients who were receiving a bDMARD plus MTX versus 35% 
of the patients who were receiving triple therapy continuing treat-
ment at 2 years. Unfortunately, as is true in virtually all registries, 
precise reasons for discontinuation, such as loss of efficacy and/or 
adverse events, were unavailable. Long- term sustained remission 
at 2 years was achieved in ~1 in 6 patients who were completers, 
and for those who discontinued their therapy, the odds were 1 in 
10. This analysis suggests that despite advances in treatment strat-
egies and therapeutic options, the likelihood of achieving sustained 
remission over 2 years with either strategy in rheumatology prac-
tices remains low, with more than half of the patients discontinuing 
treatment by 2 years (5). These results do not bode well for a lifelong 
chronic disease. In contrast with this analysis, data were slightly 
better in a large incident cohort of patients with RA (the Canadian 
Early Arthritis Cohort [CATCH]), which used a more rigorous defini-
tion of remission. In that cohort, 55% achieved remission defined as 
a Simplified Disease Activity Index (SDAI) of ≤3.3, 47% maintained 
remission at 1 year (25% of the entire cohort), and 40% maintained 
remission at 2 years (1 in 5 patients in sustained remission) (8). If the 
CATCH analysis used DAS28- ESR as the metric for remission, the 
percent of patients achieving remission would approximately dou-
ble. A structured approach to RA therapy following best practices 
is more likely to achieve desirable goals for the patients, but, despite 
currently available therapies, not all patients respond well.

The chance of remission and drug survival is often worse 
for patients with RA who are not receiving background MTX 
(2). Approximately one- third of real- world RA patients receiv-
ing bDMARDs are receiving monotherapy (9); we would expect 
achieving and maintaining sustained remission to be less likely 
with monotherapy using advanced therapies. As predictors of 
tolerability and response to medications are lacking, our cur-
rent treatment paradigm of blindly choosing a specific treatment 
option after MTX failure in RA is suboptimal.

The Nordic Rheumatic Diseases Strategy Trials And Reg-
istries (NORD- STAR) compared various treatment strategies in 
early RA patients, including conventional synthetic DMARDs ver-
sus biologics (10). The primary outcome was the Clinical Disease 
Activity Index (CDAI) at 24 weeks. Although biologic strategies in 
general had a slight numerical advantage, there were no differ-
ences between the strategies.

We propose that other treatment options/strategies need 
to be investigated in hopes of obtaining a prolonged remission 

in RA. Tofacitinib, baricitinib (4 mg), and upadacitinib in combi-
nation with MTX are at least as effective and in some circum-
stances more effective than a TNFi (adalimumab), but there are 
some questions about their relative risk with respect to safety 
(11). All therapies need to be balanced with respect to their ben-
efit and risk. Perhaps other molecules with different mechanisms 
of action may yield better and more sustained responses in RA, 
or we will have combinations of treatment that yield higher and 
longer responses.

We can argue that the problem is not remission in RA but 
our measurements of remission. Defining remission using the 
DAS28 using the C- reactive protein level leads to more patients 
achieving remission than using a more stringent metric such as the 
SDAI. Many remission definitions include a patient- reported out-
come (PRO) such as patient global assessment, which if removed 
would result in more patients being classified as in remission, 
since the patient global assessment is often strongly related to 
pain, which may be driven by factors unrelated to active RA (i.e., 
not from clinically detected inflammation) (12). If remission was 
defined as no detectable disease on metrics such as the CDAI, 
in combination with a PRO such as the Routine Assessment of 
Patient Index Data 3 and no detectable inflammation on imaging, 
then remission would be very rare.

So, with all the money spent on advanced therapies in RA, 
we haven’t yet achieved remission in most patients, and sus-
tained remission for ≥2 years is achieved in a minority. Perhaps 
biomarkers will provide more rational treatment choices and 
inform us when to start or stop a medication, but the search for 
such biomarkers has been disappointing. We may learn lessons 
from oncology, where pragmatic trials comparing one strategy to 
another are frequent with front- end loading of medications and 
frequent alterations to treatment if biomarkers change. We have 
come a long way over the last 30 years, from waiting rooms filled 
with RA patients with severe subluxations who required wheel-
chairs and had shortened survival, but much scientific inquiry is 
still needed for patients with RA to achieve the holy grail of sus-
tained remission for all— our ultimate goal!
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A Good Detective Never Misses a Clue: Why the 
Epidemiology of Scleritis Deserves Our Attention
Matthew A. Turk1  and James T. Rosenbaum2

Arthur Conan Doyle, who created the fictional detective 
Sherlock Holmes, was a physician. He intimately understood how 
detectives and physicians share a common goal: never miss a 
clue. But since Conan Doyle’s time, advances in technology took 
our collective focus away from the art of physical examination to 
a reliance on imaging. The rheumatologic approach to eye dis-
ease often epitomizes this trend. One such example is that gazing 
through an ophthalmoscope on morning rounds has become a 
vanishing enterprise. This development is disappointing because 
a majority of rheumatic diseases can affect the eye. Being mind-
ful of ocular signs of disease can direct a rheumatologist toward 
a specific diagnosis, an opportunity good detectives would 
never miss. In this issue of Arthritis & Rheumatology (A&R), Braith-
waite and colleagues provide the most extensive epidemiologic 
data on scleritis published to date (1). Their observations illus-
trate the association between inflammation of the eye’s tunic, the 
sclera, and rheumatic diseases.

The sclera is the white coating that surrounds the eye. It 
begins anteriorly at the limbus, the junction between the cornea 
and conjunctiva. The sclera extends nearly 360 degrees to abut 
the optic nerve at the back of the eye. Normal scleral vessels are 
difficult to see, but inflamed scleral vessels generally result in a 
red and painful eye. They serve as a telling clue to underlying sys-
temic inflammation, as up to 50% of patients with scleritis have an 
associated rheumatic disease (2,3). In some instances, such as 
antineutrophil cytoplasmic antibody– associated vasculitis, scleri-
tis is an early manifestation of systemic disease (4). In contrast, 
scleritis may occur as a late manifestation, as is often the case 
with rheumatoid arthritis (RA).

Despite the implications of a diagnosis of scleritis, the rela-
tive rarity of scleritis has contributed to a dearth of epidemiologic 
studies on this topic. Braithwaite and colleagues address this void 

by presenting their comprehensive investigation into the epide-
miology of scleritis. They took a simple approach to monitoring 
inflammatory disease– associated scleritis within the population, 
using coding for visits to a general practitioner. They relied on The 
Health Improvement Network (THIN), a UK database that allowed 
them to interrogate the health records of ~11 million individuals 
from >800 family practices. Three thousand patients had new- 
onset scleritis. The database contains >2 decades of records that 
were later paired with controls on the basis of age, sex, location, 
and socioeconomic status. The study used univariate and mul-
tivariate models to compare the incidence of immune- mediated 
disease in those with scleritis relative to the control group.

While the methods used by Braithwaite and colleagues 
do not allow for predicting the proportion of rheumatic disease 
patients who will develop scleritis as addressed in some reviews 
(5), their results highlight scleritis as an important risk factor asso-
ciated with inflammatory disease in the general population. More 
than a quarter of patients with scleritis had a history of inflam-
matory disease, and patients with scleritis were twice as likely to 
have inflammatory disease compared to the general population. 
Patients with scleritis were >5 times more likely to have a pre-
vious diagnosis of granulomatosis with polyangiitis, RA, reac-
tive arthritis, Behçet’s disease (BD), or Sjögren’s syndrome (SS). 
The authors also analyzed patients who received inflammatory 
disease diagnoses during their scleritis cohort follow- up. Com-
pared to matched controls, those who had scleritis had a ≥2- fold 
increase in the likelihood of developing systemic lupus erythema-
tosus, ankylosing spondylitis, Crohn’s disease, sarcoidosis, or 
giant cell arteritis in addition to the aforementioned conditions. 
The incidence of scleritis is declining; Braithwaite and colleagues 
suggest this might reflect the improving therapy for rheumatic 
diseases. Other factors such as evolving diagnostic criteria that 
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allow earlier recognition of disease or better general health could 
certainly contribute to this trend (6). Between 1997 and 2018, the 
incidence of scleritis decreased by nearly half from 42 cases to 
27 cases per million person- years. Peak incidence of scleritis in 
women occurs during their 50s, nearly 20 years before the peak 
incidence in men, and is likely related to sex differences seen in 
other inflammatory diseases. While Braithwaite et al did observe 
an increase in the prevalence of scleritis, they attribute it to better 
record keeping in the THIN database.

Although the epidemiologic data obtained by Braithwaite and 
colleagues are a quantum step forward, the data are not without 
flaws. All studies derived from a database such as this rely on the 
accuracy of coding, and it is widely accepted that coding is not 
always correct. Although the authors obtained data on >50 infec-
tious or immune- mediated diseases that could be associated 
with scleritis, they failed to find definitive support for some rare 
but accepted causes of scleritis such as syphilis (7), tuberculosis 
(8), postoperative infection (9), or adverse response to a medica-
tion such as an intravenously administered bisphosphonate (10). 
They found a major association between scleritis and SS, but 
they do not distinguish between primary SS and SS that is sec-
ondary to a disease such as RA. They also observed a statisti-
cally significant association between BD and scleritis. While this is 
widely accepted, the observation is also based on only 7 patients 
who had both BD and scleritis. The episclera is a thin layer of 
cells overlying the sclera. The distinction between episcleritis and 
scleritis can be difficult, and the two entities often coexist. While 
separating the two diagnoses might not be straightforward, the 
distinction has major implications since scleritis is usually painful 
and often associated with a rheumatic disease, while episcleritis 
is rarely painful and seldom associated with a systemic illness 
(11). This type of epidemiologic approach does not allow for 
robust distinction between scleritis and episcleritis.

Did Conan Doyle know the difference between episcleritis 
and scleritis? Did he recognize the subset of patients with RA who 
were most likely to develop scleritis? Certainly, he had never heard 
of granulomatosis associated with polyangiitis. But Conan Doyle 
would definitely appreciate how this report based on the THIN 

database shows the importance of assessing ocular manifesta-
tions in inflammatory disease. Going forward, rheumatologists 
should have a keen eye for scleritis to find clues that may impress 
even the best of detectives.
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Risk Factors for COVID- 19 and Rheumatic Disease Flare in a 
US Cohort of Latino Patients
Alice Fike, Julia Hartman, Christopher Redmond, Sandra G. Williams, Yanira Ruiz- Perdomo, Jun Chu, 
Sarfaraz Hasni, Michael M. Ward, James D. Katz, and Pravitt Gourh

Objective. Latino patients are overrepresented among cases of coronavirus disease 2019 (COVID- 19) and are at an 
increased risk of severe disease. Prevalence of COVID- 19 in Latinos with rheumatic diseases is poorly reported. This study 
was undertaken to characterize COVID- 19 clinical features and outcomes in Latino patients with rheumatic diseases.

Methods. We conducted a retrospective study of Latino patients with rheumatic diseases from an existing 
observational cohort in the Washington, DC area. Patients seen between April 1, 2020 and October 15, 2020 were 
analyzed in this study. We reviewed demographic characteristics, body mass index (BMI), comorbidities, and use of 
immunomodulatory therapies. An exploratory classification and regression tree (CART) analysis along with logistic 
regression analyses were performed to identify risk factors for COVID- 19 and rheumatic disease flare.

Results. Of 178 Latino patients with rheumatic diseases, 32 (18%) were identified as having COVID- 19, and the 
incidence rate of infection was found to be 3- fold higher than in the general Latino population. No patients required 
intensive care unit– level care. A CART analysis and multivariable logistic regression analysis identified a BMI of 
>30.35 as a risk factor for COVID- 19 (odds ratio [OR] 3.37 [95% confidence interval (95% CI) 1.5– 7.7]; P = 0.004). 
COVID- 19 positivity was a risk factor for rheumatic disease flare (OR 4.57 [95% CI 1.2– 17.4]; P = 0.02).

Conclusion. Our findings indicate that Latino patients with rheumatic diseases have a higher rate of COVID- 19 
compared with the general Latino population. Obesity is a risk factor for COVID- 19, and COVID- 19 is a risk factor for 
rheumatic disease flare. Latino patients with risk factors should be closely followed up, especially post– COVID- 19 in 
anticipation of disease flare.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS– 
CoV- 2) is a highly contagious, novel coronavirus with high mor-
bidity and mortality, and its impact has been amplified by social 
disparities in the US (1– 5). Risk factors for higher morbidity 
and mortality with coronavirus disease 2019 (COVID- 19) include 
age >65 years, obesity, and comorbidities such as hypertension, 
diabetes mellitus, and lung disease (6,7). Patients with rheu-
matic diseases could especially be at risk of complications from 
COVID- 19 due to immune system dysfunction and concomitant 
use of immunomodulatory therapies. However, evidence on 
outcomes of  COVID- 19 in patients with rheumatic diseases has 

been conflicting to date. Initial reports (8) revealed no unique or 
outstanding risk factors, apart from what has already been noted 
in the general population. An Italian study indicated a possible 
increased incidence of COVID- 19 in patients with rheumatic 
 diseases (9).

Studies of COVID- 19 in patients with rheumatic diseases 
have focused on risk factors for morbidity and mortality directly 
attributable to SARS– CoV- 2 infection. The potential effects of 
COVID- 19 on the trajectory of the underlying rheumatic disease 
have not been characterized. Infectious agents have been pro-
posed as an environmental trigger for autoimmunity, and viral 
infections are a known trigger for rheumatic disease flares. There-
fore, it may be anticipated that patients with a rheumatic disease 
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and SARS– CoV- 2 infection would be at a higher subsequent risk 
of a flare of the baseline rheumatic disease.

Latinos represent the largest and fastest growing minor-
ity population in the US. Latinos living in the US not only have a 
higher prevalence of obesity, diabetes, and kidney disease, but 
also have lower rates of insurance coverage than the general pop-
ulation (10,11). Latinos are more likely to work in positions con-
sidered to be essential, thus increasing their risk of exposure to 
infections (12). Such jobs often provide limited or no sick time, 
further perpetuating the increased risk to Latino workers (13). The 
combination of these factors has led to a disproportionate impact 
of COVID-19 on Latino patients, resulting in increased incidence, 
severity of disease, and mortality (1,3– 5).

At the National Institute of Arthritis and Musculoskeletal and 
Skin Diseases (NIAMS) rheumatology clinic, we follow up a diverse 
cohort of patients with rheumatic diseases, the majority of whom 
are Latina women, 75% of whom were born in Central America 
or Mexico with the remainder born in South America or the Ca rib-
bean. These patients have a representative mix of autoimmune 
diseases typically seen in outpatient settings, with most patients 
receiving immunomodulatory therapy. Given the importance of 
understanding the risk of COVID- 19 in Latino patients with rheu-
matic diseases, we investigated risk factors for SARS– CoV- 2 
infection and subsequent rheumatic disease flare.

PATIENTS AND METHODS

Study cohort. All patients consented to and were partic-
ipants in an institutional review board– approved natural history 
study at the Intramural Research Program of the NIAMS. The 
patients were part of an observational cohort of 307 active par-
ticipants with rheumatic diseases who were referred to our clinic 
primarily from federally qualified health centers in the local area. All 
participants were contacted from April 1, 2020 to June 1, 2020 
by telephone and were made aware of COVID- 19 symptoms and 
informed of the steps to follow in case of exposure to or infection 
with  SARS– CoV- 2. Patients were further assessed for COVID- 19 
symptoms or exposure prior to each in- person contact (i.e., lab-
oratory testing or clinic visit), as well as during each virtual clinic 
appointment. During the study period from April 1, 2020 to Octo-
ber 15, 2020, we identified 32 patients with COVID- 19, and all of 
them were of self- reported Latino ethnicity. No non- Latino patients 
(n = 81) reported COVID- 19 infection during the study period. Latino 
patients seen during the study period who were asymptomatic for 
COVID- 19 and denied having any exposure (but were not tested for 
COVID- 19) were selected as a comparator group (n = 146).

SARS– CoV- 2 infection. SARS– CoV- 2 infection was defined 
as a confirmed SARS– CoV- 2 viral RNA real- time polymerase chain 
reaction (PCR) test result or the presence of anti– SARS– CoV- 2 
antibodies. Antibodies to SARS– CoV- 2 were detected using the 
Elecsys anti– SARS– CoV- 2 immunoassay (Roche Diagnostics). 

Given the difficulty in obtaining real- time PCR testing to detect 
SARS– CoV- 2 during the early phases of the pandemic, we also 
included 1 patient with COVID- 19– like symptoms who was not 
tested but had a close household contact with COVID- 19 (Table 1).

Study design and data collection. This was a retrospec-
tive study using an existing observational cohort. The following 
variables were recorded: demographic characteristics, rheumatic 
disease type, disease flare, body mass index (BMI), comorbidities 
(hypertension, diabetes mellitus, previous lung disease), current 
immunomodulatory treatment, changes to immunomodulatory 
treatment, glucocorticoids (mg) received before and after infec-
tion, and mortality. For SARS– CoV- 2– positive patients, we also 
reported COVID- 19 manifestations, management, and hospital-
ization course. Due to the heterogeneous nature of the cohort, 
rheumatic disease flare was defined as any escalation of immu-
nomodulatory therapy. The COVID- 19 incidence rate for Latino 
residents of the local area was calculated using local health 
department case counts as the numerator (14) and census data 
(15) as the denominator, with results reported as a range of cases 
reported by the counties and municipalities comprising the area.

Statistical analysis. Data on continuous variables are 
expressed as the mean ± SD, and categorical variables are sum-
marized as the number (%) of patients. Given our small cohort size 
and multiple variables, we adopted a complementary analytic strat-
egy utilizing a traditional logistic regression approach to identify risk 
factors for COVID- 19, along with an exploratory classification and 
regression tree (CART) method. CART analysis focuses on identify-
ing a subgroup of patients characterized by a set of interacting risk 
factors, whereas logistic regression focuses on identifying risk factors 
that have independent associations with the outcome. A CART anal-
ysis was performed to identify COVID- 19 risk factors using age and 
BMI as continuous variables and sex and presence of comorbidities 
as categorical variables (Minitab 20.1.1). To identify risk factors for 
rheumatic disease flare, a CART analysis using COVID- 19 status 
and missed immunomodulatory treatments as covariates was per-
formed. CART results were analyzed using a 2- tailed mid- P exact 
test. Multivariate logistic regression analyses were performed to iden-
tify risk factors for COVID- 19 and rheumatic disease flare (SAS 9.4). 
Univariate logistic regression analyses using various immunomodula-
tory treatments were performed to identify risk factors for COVID- 19.

RESULTS

Patient population. A total of 178 Latino patients with rheu-
matic diseases were included in our analysis. The 32 patients who 
were diagnosed as having COVID- 19 were predominantly women 
(91%) with a mean age of 46 years. Demographic and other (non–
COVID-19) clinical characteristics in this group were generally 
similar to those in the COVID- 19– negative group (Table 1). All of 
the COVID- 19 patients were either essential workers themselves 
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or lived with an essential worker. The majority were uninsured (25 
of 32 [78.1%]). None of the COVID- 19 patients were smokers. 
The mean BMI of the COVID- 19 patients was higher than that of 
the COVID- 19– negative patients (32.5 versus 29.7) (Table 1). Preva-
lence of hypertension, diabetes mellitus, and previous lung disease 
was similar between the 2 groups. All but 2 patients were receiving 
immunomodulatory treatment at the time of COVID- 19 diagnosis. 
Immunomodulatory medications were paused during COVID- 19 
infection in 14 of 30 patients (46.7%). The COVID- 19 incidence rate 
in our cohort was 17,978 per 100,000 persons, which was 3- fold 
higher than the 4,689– 5,809 per 100,000 persons incidence rate 
observed in the Latino residents and 5-  to 11- fold higher than the 
1,540– 3,431 per 100,000 persons for the general population, both 
within the local catchment areas, during the study period.

Clinical symptoms and disease management in patients 
with rheumatic diseases and COVID- 19. All patients who pre-
sented with COVID- 19 developed symptoms, with cough and/or 
fever present in 66% of patients (Figure 1A). SARS– CoV- 2 infection 

was confirmed by real- time PCR in 25 of 26 patients, and 5 
of the remaining 6 patients were found to have antibodies to 
SARS– CoV- 2 (Table 1). One individual could not obtain real- time 
PCR testing and received a subsequent negative antibody test 
result 4 months later but had classic COVID- 19 symptoms and 
a COVID- 19– positive household contact. Most patients (81%) 
required only outpatient treatment for COVID- 19 (Figure 1B). Two 
of the 6 hospitalized patients required supplemental oxygen and 
have since recovered completely. No patients required admission 
to the intensive care unit, and no deaths were reported in this 
cohort.

Treatment regimens for patients with rheumatic 
diseases and COVID- 19. The most common rheumatic dis-
ease treatment category was conventional disease- modifying 
antirheumatic drugs (Table 1 and Figures 1C and D). COVID- 19– 
positive patients had lower glucocorticoid usage (21.9%) with a 
higher mean daily dose (7.4 mg) (Table 1). Of the COVID- 19 
patients, 75.0% were being treated with hydroxychloroquine, 

Table 1. Characteristics of the patients with rheumatic diseases by COVID- 19 status*

COVID- 19– positive 
patients
(n = 32)

COVID- 19– negative 
patients
(n = 146)

Demographic characteristics
Age, mean ± SD years 46 ± 8.1 48.7 ± 9.9
Female sex 29 (90.6) 125 (85.6)
Male sex 3 (9.4) 21 (14.4)

BMI, mean ± SD kg/m2 32.5 ± 6.1 29.7 ± 5.0
Comorbidities 9 (28.1) 36 (24.7)

Hypertension 7 (21.9) 32 (21.9)
Diabetes mellitus 2 (6.3) 12 (8.2)
Previous lung disease 3 (9.4) 5 (3.4)

Rheumatic disease
RA 14 (43.8) 73 (50.0)
SLE 8 (25.0) 44 (30.1)
Overlap/MCTD 3 (9.4) 3 (2.1)
Other inflammatory/autoimmune (ANCA- associated 

vasculitis, PsA, primary SS, AS, SSc)
7 (21.9) 24 (16.4)

Other noninflammatory (FM) 0 (0) 2 (1.4)
Medications

Glucocorticoids 7 (21.9) 56 (38.4)
Average daily dose, mean ± SD mg 7.4 ± 6.3 5.5 ± 2.4

cDMARDs 26 (81.3) 119 (81.5)
Biologic/small- molecule inhibitor 13 (40.6) 45 (36.0)†

COVID- 19
Symptoms present 32 (100) – 
Known COVID- 19 contact‡ 24 (82.8) – 
COVID- 19 real- time PCR§ 25 (96.2) – 
COVID- 19 serology¶ 23 (85.2) – 
COVID- 19 real- time PCR or serology 31 (96.9) – 
COVID- 19 real- time PCR or serology or known contact 32 (100) – 

* Except where indicated otherwise, values are the number (%) of patients. COVID- 19 = coronavirus disease 2019;
BMI = body mass index; RA = rheumatoid arthritis; SLE = systemic lupus erythematosus; MCTD = mixed connective 
tissue disease; ANCA = antineutrophil cytoplasmic antibody; PsA = psoriatic arthritis; SS = Sjögren’s syndrome; AS = 
ankylosing spondylitis; SSc = systemic sclerosis; FM = fibromyalgia; cDMARDs = conventional disease- modifying 
antirheumatic drugs; PCR = polymerase chain reaction. 
† Data were available for a total of 125 patients. 
‡ Data were available for a total of 29 patients. 
§ Data were available for a total of 26 patients. 
¶ Data were available for a total of 27 patients. 
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whereas 40.6% were being treated with biologics or small- 
molecule inhibitors (Table 1 and Figures 1C and D).

Risk factors for COVID- 19 infection in patients with 
rheumatic diseases. Next, we wanted to explore risk factors 
for COVID- 19. CART analysis identified a BMI of >30.35 as 
the main COVID- 19 risk factor, observed in 62.5% of patients 
(P = 0.004) (Figure 2A). Among the nonobese patients, age 
>39.5 years was identified as the main risk factor. As an alterna-
tive approach, we performed a multivariable logistic regression 
analysis using all the above variables (age, sex, BMI, diabetes, 
hypertension, and previous lung disease) and identified BMI as a 
risk factor for COVID- 19 (odds ratio [OR] 3.37 [95% confidence 
interval (95% CI) 1.5– 7.7] for a BMI of >30.35 versus <30.35; 
P = 0.004) (Figure 2C).

Effect of rheumatic disease treatment on risk of 
COVID- 19 infection. We then examined whether specific 
therapeutic agents played a role in increasing susceptibility to 
COVID- 19. Univariate logistic regression analysis of each type of 
immunomodulatory therapy was performed to identify risk fac-
tors for COVID- 19 (Figure 2E). None of the immunomodulatory 
therapies demonstrated any statistically significant effect on sus-
ceptibility to or protection against COVID- 19.

Follow-up of patients with COVID- 19 and rheumatic 
diseases. Twenty-seven patients (84%) were evaluated in clinic 
after COVID-19, and 8 were experiencing a rheumatic disease 
flare. The median oral glucocorticoid dose increased from 0 mg 
to 12.5 mg daily. Persistent symptoms attributable to COVID- 19 
were seen in 10 patients (31.3%) (anosmia [n = 3], new gener-
alized alopecia [n = 3], new or worsened headaches [n = 2], 
new peripheral neuropathy [n = 1], and weight loss >10% due 
to  anorexia [n = 1]).

Risk factors for disease flare in patients with COVID- 19  
and rheumatic diseases. Of the 8 patients with rheumatic dis-
ease flare and COVID- 19, in 2 the rheumatic disease had been 
in sustained remission and they were not receiving immunomod-
ulatory therapy, 2 had temporarily discontinued therapy, and the 
remaining 4 had no interruptions in therapy. We explored the role 
of COVID- 19 positivity and interruptions in immunomodulatory ther-
apy in the risk of disease flares. CART analysis identified COVID- 19 
positivity as a risk factor for disease flares (P = 0.0007) (Figure 2B). 
In COVID- 19– negative patients, interruptions in immunomodu-
latory therapy were identified as a risk factor for disease flares 
(P = 0.00003) (Figure 2B). Multivariate logistic regression analysis 
also identified COVID- 19 positivity as a risk factor for disease flare 
(OR 4.57 [95% CI 1.2– 17.4]; P = 0.02) (Figure 2D).

Figure 1. Pie radar charts of clinical characteristics of Latino patients with rheumatic diseases. A, Presenting symptoms of coronavirus 
disease 2019 (COVID- 19) in patients with a rheumatic disease. B, Management of COVID- 19 in patients with a rheumatic disease. C, Baseline 
immunomodulatory treatment profile of COVID- 19– positive patients with a rheumatic disease. D, Baseline immunomodulatory treatment profile 
of COVID- 19– negative patients with a rheumatic disease. URI = upper respiratory tract infection; ER = emergency room; GCs = glucocorticoids; 
cDMARDs = conventional disease- modifying antirheumatic drugs; HCQ = hydroxychloroquine; JAKi = JAK inhibitor; TNFi = tumor necrosis factor 
inhibitor; bio- nonTNFi = non- TNFi biologic agents.
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DISCUSSION

We followed up a unique cohort of Latino patients with estab-
lished rheumatic diseases who are essential workers or living with 
essential workers and are at the forefront of the COVID- 19 pan-
demic. In our cohort, Latino patients with rheumatic diseases had 
a higher incidence of COVID- 19 as compared to Latino residents 
within the same geographic region, but none had a poor out-
come. We identified obesity and increasing age as risk factors for 
COVID- 19. The presence of COVID- 19 along with interruptions 
in immunomodulatory therapy were found to be risk factors for 
rheumatic disease flares. None of the specific immunomodulatory 
therapies increased the risk of COVID- 19.

Patients in our cohort and their family members repre-
sent essential and frontline workers and thus were already at an 
increased risk of exposure to COVID- 19. Therefore, sociodemo-
graphic factors likely greatly contributed to the increased incidence 
of COVID- 19 in our cohort. Previously published studies suggest 
that Latino patients are more likely to develop severe COVID- 19 
and have a worse outcome. None of the patients with COVID- 19 
in the present study required mechanical ventilation or had a poor 
outcome, although 2 did meet criteria for severe disease. Possible 

explanations for milder disease in our patient population could 
include younger age, a greater proportion of female patients, rela-
tively mild preexisting conditions, limited pre- infection glucocorticoid 
exposure, and perhaps mitigating effects of existing immunomod-
ulatory therapy. It is possible that asymptomatic individuals with 
COVID- 19 were missed because COVID- 19– negative patients 
were not tested by real- time PCR for SARS– CoV- 2. Conversely, 
this would have increased the number of COVID- 19– positive cases 
and increased our incidence rate even further. Given that younger 
individuals with COVID- 19 are more likely to be asymptomatic, the 
association we found between age >39.5 years and COVID- 19 may 
be explained by a higher prevalence of symptomatic infection in 
older individuals.

An interesting finding from our study was the identification 
of a BMI of >30.35 as a risk factor for COVID- 19 infection. A 
BMI of >30 is the definition of obesity, and the finding of a BMI 
of >30.35 by CART analysis is notable. Obesity has been doc-
umented as a risk factor for severe COVID- 19 requiring hospi-
talization, but its role in increased susceptibility to infection has 
not been evaluated. Obesity affects metabolic and immune func-
tioning, leading to increased COVID- 19 risk. Another important 
observation was that COVID- 19 infection increases the risk of 

Figure 2. Risk factors for coronavirus disease 2019 (COVID- 19) infection and rheumatic disease flare. A, Classification and regression tree 
(CART) analysis predicting risk variables for COVID- 19 infection. Body mass index [BMI] and age were included as continuous variables, and 
sex, hypertension, diabetes mellitus, and previous lung disease were included as categorical variables in the model. B, CART analysis predicting 
risk variables for rheumatic disease flare. COVID- 19 status and missing or stopping treatment were included in the model as categorical 
variables. C, Multivariate logistic regression analysis for identification of risk factors for COVID- 19. Age >39.5 years, sex, BMI >30.35, diabetes 
mellitus (DM), hypertension (HTN), and previous lung disease were used as covariates in the model. D, Multivariate logistic regression analysis 
for identification of risk factors for rheumatic disease flare. Missing or stopping treatment and COVID- 19 status were used as covariates in 
the model. E, Univariate logistic regression analysis of immunomodulatory treatment for identification of risk factors for COVID- 19. Non– tumor 
necrosis factor inhibitor biologic agents, HCQ, cDMARDs, small- molecule inhibitors (JAKi), TNFi, and GCs were included in the model. Values 
in C–E are the odds ratios with 95% confidence intervals. See Figure 1 for other definitions.
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disease flares in patients with rheumatic disease. This risk attrib-
uted to  COVID- 19 was independent of interruptions in immu-
nomodulatory treatments. Rheumatologists should closely follow 
up patients who report a history of COVID-19, in anticipation of 
a potential rheumatic disease flare in the postinfection period. 
Immunomodulatory treatments did not play a role in increasing 
COVID- 19 susceptibility, but our study sample size may have low 
statistical power to detect associations with individual medications. 
Potentially, immunomodulatory therapies may play a beneficial role 
in patients with rheumatic disease who contract COVID- 19.

Strengths of our study include a longitudinal, well- established 
Latino patient cohort, reducing referral bias. Our study allowed 
for self- reporting of infection, thus reducing the selection bias 
toward enrollment of sicker patients, as seen in previous reports of  
COVID- 19 in Latino patients. We captured a representative sam-
ple of our cohort, with 178 of 226 Latino participants (79%) being 
assessed during the study period.

Despite these strengths, there are important limitations to this 
study. It was a retrospective, observational study from a single site, 
thus limiting the generalizability of the findings. Our cohort of patients 
and their family members represent essential and frontline workers, 
who are at an increased risk of exposure to SARS– CoV- 2, and this 
could have led to a selection bias. Surveillance bias due to increased 
awareness and testing of our patients because of their rheumatic 
diseases and immunosuppression could have led to increased 
 identification of COVID- 19 in our cohort. An Italian study indicated 
a similar increase in the prevalence of COVID- 19 in patients with 
systemic autoimmune diseases (9). Smoking may be a confounder 
and was not assessed in this study. None of the COVID- 19– positive 
patients were smokers and thus we could not use this variable in 
our multivariate analysis. We did include previous lung disease as 
a covariate that could potentially capture some effects of smoking 
(both active and passive). Further, we did not assess for commu-
nity exposure duration or the level of community spread specific 
to  individual patients, and risk of exposure was likely influenced by 
these factors that we could not capture in our analyses.

In this study of Latino patients with rheumatic diseases, a 
higher prevalence of COVID- 19 was observed, with obesity iden-
tified as a risk factor. COVID- 19 positivity was identified as a risk 
factor for rheumatic disease flare. COVID- 19 infection– related 
poor outcomes were not observed, but persistent COVID- 19 
symptoms were reported. Future studies including marginalized 
populations, with larger sample sizes from different geographic 
locations, including younger patients, and with longer follow- up 
periods, are warranted to confirm these findings.
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Sustained Remission in Patients With Rheumatoid Arthritis 
Receiving Triple Therapy Compared to Biologic Therapy:  
A Swedish Nationwide Register Study
Hanna Källmark,1 Jon T. Einarsson,1 Jan- Åke Nilsson,2 Tor Olofsson,1  Tore Saxne,1 Pierre Geborek,1 and 
Meliha C. Kapetanovic1

Objective. To compare the real- life effectiveness of biologic therapy (a biologic disease- modifying antirheumatic 
drug plus methotrexate [MTX]) versus triple therapy (MTX plus sulfasalazine plus hydroxychloroquine/chloroquine) for 
sustained remission of rheumatoid arthritis (RA).

Methods. RA patients who were registered in the nationwide Swedish Rheumatology Quality Register between 
2000 and 2012 and were receiving biologic or triple therapy as a first treatment strategy after MTX monotherapy 
were included. Sustained remission was defined as a Disease Activity Score in 28 joints (DAS28) of <2.6 for ≥6 
months (short- term sustained remission) or for ≥24 months (long- term sustained remission). Treatment groups were 
compared during treatment, at 1 year, and at 2 years for 1) all patients starting therapy and 2) patients continuing 
to receive therapy, using propensity score– adjusted regression analyses. In addition, survival analyses were used to 
compare treatment groups at any time during follow- up irrespective of therapy retention.

Results. A total of 1,502 patients were included (1,155 receiving biologic therapy and 347 receiving triple therapy). 
For patients starting therapy, the adjusted odds ratios (ORs) of achieving short- term and long- term remission, 
respectively, at 1 year after start of biologic therapy versus triple therapy were 1.79 (95% confidence interval [95% 
CI] 1.18– 2.71) and 1.86 (95% CI 1.00– 3.48). At 2 years, the ORs were 1.92 (95% CI 1.21– 3.06) and 1.62 (95% CI 
0.94– 2.79), respectively. For patients continuing to receive therapy, corresponding results at 1 year were 1.12 (95% 
CI 0.72– 1.75) and 1.1 (95% CI 0.59– 2.16); at 2 years, 0.85 (95% CI 0.49– 1.47) and 0.76 (95% CI 0.41– 1.39). Hazard 
ratios for short- term and long- term sustained remission at any time during follow- up were 1.15 (95% CI 0.91– 1.46) 
and 1.09 (95% CI 0.77– 1.54), respectively.

Conclusion. Among patients starting biologic or triple therapy, biologic therapy was more effective for remaining on 
therapy and achieving sustained remission. However, similar probabilities were found for achieving sustained remission 
among patients remaining on therapy and at any time during follow- up irrespective of therapy retention. Although the 
likelihood of reaching sustained remission is higher with biologic therapy, for certain RA patients triple therapy may still 
be an alternative to biologic therapy without hampering future chances of obtaining sustained remission.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease 
that primarily affects the joints (1,2). RA causes substantial pain 
and morbidity, as well as a considerable socioeconomic burden 
due to expensive treatments, impaired function, and decreased 

work capacity (1,3– 5). Current RA management guidelines rec-
ommend a treat- to- target approach with early initiation of disease- 
modifying antirheumatic drugs (DMARDs) (6,7). Methotrexate 
(MTX), currently regarded as an anchor drug in RA, is sufficient 
as monotherapy in 25– 40% of patients (1,8,9). For the remain-
ing patients, MTX monotherapy is insufficient, and the treatment 
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is changed or stepped up (6,7). Alternative treatment regimens 
include conventional triple therapy (MTX plus sulfasalazine [SSZ] 
plus hydroxychloroquine [HCQ]) or the addition of a biologic 
DMARD (bDMARD) to MTX (6,7). In this scenario, randomized 
controlled trials have had somewhat conflicting results, although 
larger benefits of adding a bDMARD to MTX as compared to using 
conventional triple therapy have been reported (10– 16). Patients 
receiving triple therapy reported a numerically higher total num-
ber of adverse events (10,11) and discontinued treatment due to 
adverse events more often (10– 13), whereas the risk for serious 
infections is higher with biologic therapies (17).

Despite the introduction of biosimilars, biologic therapy is 
still more expensive than triple therapy (18), and comparisons 
between these strategies are relevant for patients with contrain-
dications to biologic therapies, as well as with regard to the allo-
cation of health care resources. Sustained remission is advocated 
as an important treatment goal in RA (6,19). To our knowledge, 
no previous register studies investigating the relative effectiveness 
of these strategies for sustained remission in daily clinical practice 
have been conducted.

The objective of this nationwide register study was to com-
pare the real- life effectiveness, measured as achievement of 
sustained remission, of biologic therapy (a bDMARD plus MTX) 
versus triple therapy (MTX plus SSZ plus HCQ/chloroquine [CQ]) 
as a first treatment strategy after an inadequate response to 
MTX monotherapy.

PATIENTS AND METHODS

Study design. Data were collected from the Swedish Rheu-
matology Quality Register (SRQ). The SRQ is a national register 
for patients with rheumatic diseases, including data from 56 rheu-
matology units from throughout Sweden (20). The SRQ is used for 
both research and daily clinical practice (20). Normally, health care 
providers add information about their patients’ disease activity and 
treatments as well as laboratory test results, e.g., erythrocyte sed-
imentation rate (ESR) and C- reactive protein (CRP) level, at every 
follow- up visit, and patients register self- assessments (20,21). The 
estimated national coverage for patients with RA in the SRQ was 
60% in 2009 and 83% in 2012 (22,23). No estimates of national 
coverage before 2009 are available.

Adult patients (ages ≥16 years) with a clinical diagnosis of 
RA who were registered in the SRQ from January 1, 2000 to 
December 31, 2012 and initiated biologic therapy (a bDMARD 
plus MTX) or triple therapy (MTX plus SSZ plus HCQ/CQ) as first 
treatment strategy after an inadequate response to MTX mon-
otherapy were included. Follow- up data were available until 
December 31, 2014. Only patients with relatively early RA, reg-
istered in the SRQ within 2 years from symptom onset, were 
included. Patients were not included if their disease was in remis-
sion (Disease Activity Score in 28 joints [DAS28] <2.6) at the 
start of biologic or triple therapy. However, patients with missing 

DAS28 scores at the start of biologic or triple therapy were not 
excluded. To enable calculations of sustained remission periods, 
at least 3 visits (including the therapy initiation visit) recorded in 
the SRQ and ≥12 months from symptom onset to the last regis-
tered visit were required. A flow chart of the study population is 
depicted in Figure 1.

Treatment start (baseline) was defined as the first visit when 
a bDMARD was added to MTX or the first visit when full triple 
therapy (MTX plus SSZ plus HCQ/CQ) was registered. CQ was 
allowed as an alternative to HCQ due to the similarity of the drugs 
(24). To represent clinical practice, patients receiving triple therapy 
were allowed to discontinue either SSZ or HCQ/CQ and continue 
with a dual combination therapy, then start SSZ or HCQ/CQ again. 
However, only 2 such changes in the triple therapy regimen were 
allowed (i.e., discontinuing either SSZ or HCQ/CQ and restarting 
that drug). Patients receiving biologic therapy received a bDMARD 
of any available mode of action (tumor necrosis factor [TNF] inhib-
itors, CD20 depleters, interleukin- 1 [IL- 1] inhibitors, IL- 6 inhibitors, 
or modulators of T cell costimulation) in combination with MTX. 
MTX discontinuation was not allowed in either group. Concurrent 
glucocorticoids were allowed.

Ethics approval. Patients receive information about the 
SRQ and provide informed consent before inclusion in the register 
(20). In order to use data from the SRQ for research, approvals 
are required from both the Ethical Review Authority and the Reg-
ister Council of the Swedish Society for Rheumatology (20,25). If 
approved, the SRQ provides anonymized data for research (20). 
All results are presented on a strict group basis. Approval from the 
regional Ethical Review Authority at Lund University was received 
in 2014 (Dnr 2014/754). The SRQ council approved research on 
remission in RA using the SRQ in 2016.

Outcome measures. The following outcome measures 
were studied:

1. Frequencies and odds ratios (ORs) of achieving short- term 
and long- term sustained remission with biologic therapy ver-
sus triple therapy at 1 and 2 years from treatment start in all 
patients starting biologic or triple therapy. Patients who did 
not remain on the initial biologic or triple therapy during this 
period of time were still included in the analyses but regarded 
as nonresponders from the date of discontinuation of the ini-
tial biologic or triple therapy.

2. Frequencies and ORs of achieving short- term and long- term 
sustained remission with biologic therapy versus triple ther-
apy at 1 and 2 years from treatment start in patients remain-
ing on biologic or triple therapy. Patients who discontinued 
the initial biologic or triple therapy before 1 and 2 years were 
excluded from the analysis (i.e., completers analysis).

3. Hazard ratios (HRs) of achieving short- term and long- term 
sustained remission at any time during follow- up after the 
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start of biologic versus triple therapy, irrespective of therapy 
retention (survival analyses).

Sustained remission was defined as a DAS28 of <2.6 on 
at least 2 consecutive visits with a registered DAS28, where the 
time between the first visit at which disease was in remission and 
the last visit at which disease was in remission was ≥6 months 
(short- term sustained remission) or ≥24 months (long- term 
 sustained remission), with no evaluation indicating non- remission 
in between. A maximum of 2 years between consecutive visits 
with known DAS28 in sustained remission periods was allowed. 
DAS28 was calculated using the ESR (26).

Achieving sustained remission at 1 year from treatment start 
was defined as experiencing a sustained remission period (while still 
receiving biologic or triple therapy) that included the 1- year date from 
the biologic or triple therapy start date. The corresponding definition 
was used for achieving sustained remission at 2 years from treat-
ment start. Since a sustained remission period lasting ≥24 months 
(long- term sustained remission) can begin prior to 1 year from treat-
ment start and thus include the 1- year date, patients could already 
be in long- term sustained remission at 1 year from treatment start.

Patients who, given their dates of visits with a registered 
DAS28 score, had no theoretical chance of achieving the outcome 
were omitted from the analyses (e.g., patients who were lost to 
follow- up from the register before having a chance to achieve the 
outcome). For further details, see Supplementary Methods, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41720/ abstract. All visits with missing 

DAS28 scores were omitted from these analyses, i.e., all visits 
where ≥1 of the disease activity items required to calculate the 
DAS28 were not registered were omitted.

HRs of the first sustained remission periods achieved at any 
time during the follow- up period after the start of biologic ther-
apy versus triple therapy, irrespective of therapy retention, were 
calculated using survival analyses. In these outcome measures, 
achievement of sustained remission was studied regardless of 
what treatment the patient received at that time, i.e., only achieve-
ment of sustained remission was studied in these outcomes. 
That is, we investigated whether starting biologic or triple therapy 
increases or reduces future chances of achieving sustained remis-
sion regardless of therapy given (corresponding to intent- to- treat 
analyses without imputations).

Sensitivity analyses. A sensitivity analysis was performed 
for long- term sustained remission periods where 1 visit outside 
of remission (i.e., with a DAS28 of ≥2.6) was allowed during the 
sustained remission periods. Such sustained remission periods 
were compared between the strategies at 2 years from treatment 
start 1) among all patients starting biologic or triple therapy and 2) 
among patients remaining on biologic or triple therapy as well as 
3) at any time during follow- up, irrespective of therapy retention.

A sensitivity analysis was also performed for sustained remis-
sion at 1 year and 2 years from treatment start using an alternative 
approach for managing visits with missing DAS28 values. Instead of 
omitting all visits with missing DAS28 scores, this sensitivity analysis 
regarded all visits with missing DAS28 scores as non- remission visits 

Figure 1. Study flow chart. Triple therapy consisted of methotrexate (MTX) plus sulfasalazine plus hydroxychloroquine/chloroquine. Biologic 
therapy consisted of a biologic disease- modifying antirheumatic drug plus MTX. RA = rheumatoid arthritis; SRQ = Swedish Rheumatology 
Quality Register; DAS28 = Disease Activity Score in 28 joints.

http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
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(i.e., imputing non- remission at all visits with missing DAS28 scores). 
In these analyses, we also included long- term sustained remission 
periods where 1 visit outside of remission was allowed.

Statistical analysis. Baseline characteristics are reported 
as the median and interquartile range for continuous variables and 
as the number and percentage for categorical variables. The sta-
tistical significance level was set to 0.05. For the cross- sectional 
comparisons during biologic or triple therapy at 1 year and 2 years 
from treatment start, binary logistic regression analyses were per-
formed. For comparisons at any time during follow- up, survival 
analyses using Cox regression and Kaplan- Meier were con-
ducted. In the survival analyses, censoring was defined as the first 
visit missing a DAS28 score or the end of follow- up in the register. 
ORs and HRs with 95% confidence intervals (95% CIs) were cal-
culated. Data management and analyses were performed in IBM 
SPSS Statistics 24 and 25 and R software (R Core Team 2014).

To account for nonrandom treatment selection (potential 
selection bias), a propensity score model was used. Variables 
included in the propensity score calculation were selected by clin-
ical plausibility of influencing the treatment choice and availability 
in the SRQ. In total, 19 variables were selected, all registered at 
baseline if not otherwise stated: age at symptom onset, sex, rheu-
matoid factor (RF) positivity, calendar year of symptom onset, time 
from symptom onset to MTX start, time on MTX monotherapy, 
calendar year of biologic or triple treatment start, previous remis-
sion (DAS28 of <2.6) at any visit (yes, no), previous short- term 
sustained remission (yes/no), glucocorticoids (yes/no), DAS28, 
Health Assessment Questionnaire (HAQ), patient assessment of 
pain measured on a visual analog scale (VAS pain), patient global 
assessment of disease activity, evaluator global assessment of 
disease activity, swollen joint count (SJC) (of 28 joints), tender joint 
count (TJC) (of 28 joints), CRP, and ESR.

Since there is no clear consensus regarding sets of variables 
to be included in the calculation of a propensity score (27), anal-
yses were also performed with more traditional/classical covari-
ate adjustments, referred to as classical regression analyses. For 
this purpose, multicollinearity among possible confounders was 
investigated, and they were included as covariates if the Pearson 
correlation coefficient was <0.4. Covariates included in the clas-
sical regression analyses were age, sex, calendar year of symp-
tom onset, RF positivity, time from symptom onset to MTX start, 
baseline DAS28, and previous remission (DAS28 of <2.6) at any 
visit before the start of biologic or triple therapy. For the survival 
analyses, glucocorticoid use at start of biologic or triple therapy 
(yes/no) was also included as a covariate.

RESULTS

Baseline characteristics of the patients. In total, 
1,502 patients were included, of whom 1,155 received biologic 
therapy and 347 received triple therapy as a first treatment 

strategy after an inadequate response to MTX monotherapy. 
Of the 1,145 patients for whom enough data were available 
to determine whether they met classification criteria, 96.8% 

Table 1. Baseline characteristics of the RA patients receiving 
biologic therapy or triple therapy*

Biologic therapy  
(n = 1,155)

Triple therapy 
(n = 347)

Age at symptom onset, 
years

53 (42– 61)/0 54 (43– 61)/0

Sex, no. (%) female/% 
missing data

843 (73)/0 247 (71)/0

Year of symptom onset 2007 
(2004– 2009)/0

2004 
(2003– 2006)/0

RF, no. (%) positive/% 
missing data

610 (53)/0 207 (60)/0

TJC (of 28 joints) 6 (3– 10)/4.8 5 (2– 8)/0.9
SJC (of 28 joints) 6 (3– 10)/4.8 5 (3– 9)/0.6
HAQ (scale 0– 4) 1.00 

(0.63– 1.38)/11.6
0.88 

(0.50– 1.25)/4.3
DAS28 (scale 0– 9.4) 5 (4.21– 5.64)/15.1 5 (3.85– 5.39)/5.5
Pain, 0– 100- mm VAS 55 (34– 71)/9.1 44 (24– 63)/4.3
PtGA (scale 0– 100) 55 (37– 73)/7.4 46 (24– 65)/4.0
EGA, % missing data 6.9 1.4
EGA score, no. (%)

0 10 (0.90) 3 (0.9)
1 121 (11.3) 80 (23.4)
2 565 (52.6) 199 (58.2)
3 364 (33.9) 59 (17.3)
4 15 (1.4) 1 (0.3)

CRP, mg/liter 9 (4– 22)/4.2 9 (4– 19)/1.4
ESR, mm/hour 21 (11– 38)/8.7 20 (12– 34)/2.3
Glucocorticoid use, no. 

(%)/% missing data
617 (53)/0 139 (40)/0

Time to MTX start from 
symptom onset, 
months

6 (4– 10)/0 6 (4– 10)/0

Duration of MTX 
monotherapy, months

10 (4– 24)/0 4 (3– 8)/0

Previous remission at any 
visit, no. (%)/% missing 
data†

247 (22)/4.5 32 (9)/2.6

Previous short- term 
sustained remission, 
no. (%)/% missing 
data‡

70 (6)/0 5 (1)/0

SWEFOT participants, no. 
(%)/% missing data

119 (10.3)/0 118 (34.0)/0

* Baseline was defined as the start of biologic or triple therapy. Adult 
patients with early rheumatoid arthritis (RA; ≤2 years from symptom 
onset) who were registered in the Swedish Rheumatology Quality 
Register between 2000 and 2012 and were receiving biologic or 
triple therapy after an inadequate response to methotrexate (MTX) 
monotherapy were included. Biologic therapy consisted of a biologic 
disease- modifying antirheumatic drug plus MTX. Triple therapy con-
sisted of MTX plus sulfasalazine plus hydroxychloroquine/chloroquine. 
Except where indicated otherwise, values are the median (interquartile 
range)/percent missing data. RF = rheumatoid factor; TJC = tender 
joint count; SJC = swollen joint count; HAQ = Health Assessment 
Questionnaire; VAS = visual analog scale; PtGA = patient global as-
sessment of disease activity; EGA = evaluator global assessment of  
disease activity; CRP = C- reactive protein; ESR = erythrocyte sed-
imentation rate; SWEFOT = Swedish Pharmacotherapy trial. 
† Prior to start of biologic or triple therapy. Remission was defined as 
a Disease Activity Score in 28 joints (DAS28) of <2.6. 
‡ Prior to start of biologic or triple therapy. Short- term sustained 
remission was defined as a DAS28 of <2.6 at ≥2 consecutive visits 
and for ≥6 months. 
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fulfilled the American College of Rheumatology 1987 classifica-
tion criteria for RA (28). Among the patients receiving biologic 
therapy, 94% received a TNF inhibitor plus MTX (see Supple-
mentary Table 1, available on the Arthritis & Rheumatology web-
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41720/ 
abstract, for frequencies and crude results for the bDMARDs 
used). Approximately 20% of the patients in our study were 
also participants in the randomized Swedish Pharmacotherapy 
(SWEFOT) trial (15).

At baseline (the start of biologic or triple therapy), patients initi-
ating triple therapy had generally lower disease activity (lower TJCs, 
SJCs, HAQ, DAS28, VAS pain, patient global assessment of disease 
activity, and evaluator global assessment of disease activity) than 
patients receiving biologic therapy, and a lower proportion starting 
triple therapy were receiving glucocorticoids. A larger proportion of 
patients initiating triple therapy were RF positive, and the median 
symptom onset was chronologically earlier in the 2000s. The dura-
tion of MTX monotherapy was ~6 months shorter for patients start-
ing triple therapy. Further, a lower proportion of patients starting 
triple therapy had previously achieved remission at any visit or short- 
term sustained remission (i.e., while receiving MTX monotherapy). 
Baseline characteristics are presented in Table 1. The median time 
from symptom onset to start of biologic therapy or triple therapy 
was 19 months and 12 months, respectively.

A larger proportion of patients receiving biologic therapy con-
tinued to receive therapy for >1 year and >2 years from therapy 
start compared to patients receiving triple therapy (64% versus 
52% at 1 year and 43% versus 35% at 2 years). Further, a larger 
proportion of patients receiving biologic therapy were lost to fol-
low- up (censored) before 1 year or 2 years while still receiving 
biologic therapy. Follow- up data are presented in Table 2, along 
with the crude proportions (unadjusted for baseline differences; 
not accounting for censoring) of patients in short- term sustained 
remission and long- term sustained remission at 1 year and 2 
years from the start of biologic or triple therapy, and at any time 
during follow- up irrespective of therapy retention.

One or more disease activity measures required for the calcu-
lation of DAS28 were missing for 6.6% of all visits (107 of 1,629) 
for patients receiving triple therapy and 12.7% of all visits (804 of 
6,314) for patients receiving biologic therapy.

Sustained remission at 1 year and 2 years among 
patients starting therapy. Among all patients starting biologic 
or triple therapy, the propensity score– adjusted ORs for achieving 
sustained remission at 1 year from start of biologic therapy versus 
triple therapy were 1.79 for short- term sustained remission (95% 
CI 1.18– 2.71) and 1.86 for long- term sustained remission (95% 
CI 1.00– 3.48) (Figure 2). Corresponding results at 2 years from 
treatment start were 1.92 for short- term sustained remission (95% 
CI 1.21– 3.06) and 1.62 for long- term sustained remission (95% CI 
0.94– 2.79) (Figure 2). Crude numbers and proportions of patients 
achieving these outcomes are presented in Table 2.

Table 2. Follow- up data and crude results for the RA patients 
receiving biologic therapy or triple therapy*

Biologic therapy Triple therapy
Follow- up data

t = 0 (start of biologic or triple 
therapy)

Total starting therapy 1,155 (100)/1,155 347 (100)/347
t = 1 year

Patients continuing to 
receive the initial biologic 
or triple therapy

742 (64)/1,155 180 (52)/347

Discontinued the initial 
biologic or triple therapy 
before 1 year

324 (28)/1,155 158 (46)/347

Lost to follow- up (censored) 
before 1 year (while 
still receiving the initial 
biologic or triple therapy)

89 (8)/1,155 9 (3)/347

t = 2 years
Patients continuing to 

receive the initial biologic 
or triple therapy

491 (43)/1,155 122 (35)/347

Discontinued the initial 
biologic or triple therapy 
before 2 years

474 (41)/1,155 207 (60)/347

Lost to follow- up (censored) 
before 2 years (while 
still receiving the initial 
biological/triple therapy)

190 (17)/1,155 18 (5)/347

Crude results†
Nonresponder analyses‡

Short- term sustained 
remission at 1 year

172 (19)/891 50 (16)/310

Long- term sustained 
remission at 1 year

68 (10)/665 19 (8)/243

Short- term sustained 
remission at 2 years

147 (21)/687 37 (15)/243

Long- term sustained 
remission at 2 years

82 (12)/670 26 (11)/243

Completers analyses§
Short- term sustained 

remission at 1 year
172 (27)/627 50 (30)/166

Long- term sustained 
remission at 1 year

68 (14)/485 19 (15)/124

Short- term sustained 
remission at 2 years

147 (38)/390 37 (42)/88

Long- term sustained 
remission at 2 years

82 (22)/381 26 (30)/88

Survival analyses
Short- term sustained 

remission at any time 
during follow- up¶

308 (27)/1,155 133 (38)/347

Long- term sustained 
remission at any time 
during follow- up¶

123 (11)/1,155 61 (18)/347

* Biologic therapy consisted of a biologic disease- modifying antirheumatic 
drug plus methotrexate (MTX). Triple therapy consisted of MTX plus 
sulfasalazine plus hydroxychloroquine/chloroquine. RA = rheumatoid 
arthritis; t = time. Values are the number (%)/number assessed. 
† Short- term sustained remission was defined as a Disease Activity 
Score in 28 joints (DAS28) of <2.6 at ≥2 consecutive visits and for ≥6 
months; long- term sustained remission was defined as a DAS28 of 
<2.6 at ≥2 consecutive visits and for ≥24 months. 
‡ All patients who discontinued the initial biologic or triple therapy 
were included and regarded as nonresponders from the point of 
discontinuation onward. 
§ All patients who discontinued the initial biologic or triple therapy 
before 1 year and before 2 years were excluded. 
¶ Censoring was not accounted for. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
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Sustained remission at 1 year and 2 years among 
patients continuing to receive therapy. Among the patients 
who continued to receive therapy for ≥1 year, the propensity 
score– adjusted ORs for achieving sustained remission at 1 year 
from start of biologic therapy versus triple therapy were 1.12 for 
short- term sustained remission (95% CI 0.72– 1.75) and 1.1 for 
long- term sustained remission (95% CI 0.59– 2.16) (Figure 3). Cor-
responding results at 2 years from treatment start among patients 
continuing to receive therapy for ≥2 years were 0.85 for short- 
term sustained remission (95% CI 0.49– 1.47) and 0.76 for long- 
term sustained remission (95% CI 0.41– 1.39) (Figure 3). Crude 

numbers and proportions of patients achieving these outcomes 
are presented in Table 2.

Sustained remission at any time during follow- up, 
irrespective of therapy retention. The Mantel- Cox P value 
for the Kaplan- Meier survival functions (unadjusted for baseline 
differences) for the proportions of patients who achieved short- 
term sustained remission with biologic therapy versus triple ther-
apy at any time during follow- up irrespective of therapy retention 
was 0.937 (Figure 4). The propensity score– adjusted HR for 
short- term sustained remission with biologic therapy versus triple 

Figure 2. Propensity score– adjusted odds ratios (ORs) and 95% confidence intervals (95% CIs) for achieving short- term and long- term 
sustained remission (SR) of rheumatoid arthritis at 1 year and 2 years after start of biologic therapy versus triple therapy among all patients 
starting biologic or triple therapy (nonresponder analysis). All patients who discontinued the initial biologic or triple therapy are included in the 
analyses and regarded as nonresponders from the point of discontinuation forward. Short- term sustained remission was defined as a Disease 
Activity Score in 28 joints (DAS28) of <2.6 at ≥2 consecutive visits and for ≥6 months. Long- term sustained remission was defined as a DAS28 
of <2.6 at ≥2 consecutive visits and for ≥24 months. Classically adjusted and crude ORs (and 95% CIs) are also shown. The classically adjusted 
regression analyses were adjusted for age, sex, calendar year of symptom onset, rheumatoid factor positivity, time from symptom onset to 
start of methotrexate, baseline DAS28 score, previous occasional remission, and in analyses of remission at any time during follow- up, for 
glucocorticoid use at baseline.

Figure 3. Propensity score– adjusted odds ratios (ORs) and 95% confidence intervals (95% CIs) for achieving short- term and long- term 
sustained remission (SR) of rheumatoid arthritis at 1 year and 2 years after start of biologic therapy versus triple therapy among patients who 
continued to receive biologic or triple therapy (completers analysis). All patients who discontinued the initial biologic or triple therapy before 1 
year or before 2 years were excluded from the analyses. Short- term sustained remission was defined as a Disease Activity Score in 28 joints 
(DAS28) of <2.6 at ≥2 consecutive visits and for ≥6 months. Long- term sustained remission was defined as a DAS28 of <2.6 at ≥2 consecutive 
visits and for ≥24 months. Classically adjusted and crude ORs (and 95% CIs) are also shown. The classically adjusted regression analyses were 
adjusted for age, sex, calendar year of symptom onset, rheumatoid factor positivity, time from symptom onset to start of methotrexate, baseline 
DAS28, previous occasional remission, and in analyses of remission at any time during follow- up, for glucocorticoid use at baseline.
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therapy at any time during follow- up was 1.15 (95% CI 0.91– 1.46). 
For long- term sustained remission at any time during follow- up, 
the Mantel- Cox P value for the Kaplan- Meier survival functions 
(unadjusted for baseline differences) was 0.734 (Figure 4). The 
propensity score– adjusted HR for long- term sustained remission 
at any time during follow- up was 1.09 (95% CI 0.77– 1.54). Crude 
numbers and proportions of patients achieving these outcomes, 
not accounting for censoring, are presented in Table 2.

Sensitivity analyses for 24 months of sustained 
remission allowing 1 visit outside of remission. The pro-
pensity score– adjusted OR for long- term sustained remission 
with biologic therapy versus triple therapy (allowing 1 visit outside 
of remission) at 2 years from treatment start among all patients 
starting therapy (nonresponder analyses) was 1.92 (95% CI 1.17– 
3.14). The corresponding OR for patients continuing to receive 
therapy (completers analyses) was 0.88 (95% CI 0.50– 1.55). The 
propensity score– adjusted HR for achieving long- term sustained 
remission (allowing 1 visit outside of remission) at any time dur-
ing follow- up, irrespective of therapy retention, was 1.30 (95% CI 
0.96– 1.79). Crude numbers and proportions of patients achieving 
these outcomes are presented in Supplementary Table 2, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41720/ abstract.

Sensitivity analyses for alternative management of 
visits with missing DAS28 values. The results of the sensi-
tivity analysis of short- term and long- term sustained remission 
at 1 year and 2 years from treatment start when imputing “non- 
remission” at all visits with missing DAS28 scores were similar 
to the results of the main analyses, in which visits with missing 
DAS28 scores were omitted (Supplementary Table 3, available on 

the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41720/ abstract).

DISCUSSION

In this Swedish nationwide register study, we found that 
among all RA patients starting biologic or triple therapy after an 
inadequate response to MTX monotherapy, patients initiating 
biologic therapy were ~2 times more likely to continue to receive 
therapy and experience short- term and long- term sustained 
remission at 1 year and 2 years from treatment start, as com-
pared to patients initiating triple therapy. However, we found simi-
lar effectiveness for achieving short- term and long- term sustained 
remission among patients who continued to receive biologic or 
triple therapy at 1 year and 2 years from treatment start, and at 
any time during follow- up among patients started on either of the 
strategies and irrespective of therapy retention.

Our results are consistent with the results of randomized 
comparisons of these strategies, suggesting somewhat larger 
benefits of biologic therapy, with faster responses and larger 
proportions of patients achieving more stringent remission and 
response criteria, as compared to triple therapy (10– 16). How-
ever, in general, those studies did not find significant differences 
between the strategies over time or in other clinical and functional 
outcomes (10– 16), although concerns have subsequently been 
raised regarding insufficient statistical power. With regard to radi-
ographic outcomes, the SWEFOT and Treatment of Early Aggres-
sive Rheumatoid Arthritis (TEAR) trials demonstrated clinically 
small but statistically significant differences in favor of biologic 
therapy, whereas the Induction Therapy with MTX and Prednisone 
in Rheumatoid or Very Early Arthritic Disease (IMPROVED) and 
Rheumatoid Arthritis: Comparison of Active Therapies in Patients 

Figure 4. Crude one minus the Kaplan- Meier estimate of the survival function for proportions of patients with rheumatoid arthritis started 
on biologic therapy or triple therapy after an inadequate response to methotrexate monotherapy who achieved short- term (A) and long- term 
(B) sustained remission at any time during follow- up, irrespective of therapy retention. In the Kaplan-Meier analysis, short-term and long- term 
sustained remission could first be achieved after 6 months and 24 months of treatment, respectively.

http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41720/abstract
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With Active Disease Despite Methotrexate Therapy (RACAT) stud-
ies found no statistically significant differences between triple ther-
apy and biologic therapy for radiographic outcomes (10– 14,16). 
The aforementioned randomized controlled trials (RCTs) have also 
demonstrated that certain RA patients respond well to triple ther-
apy (10– 16), and that initiating triple therapy versus biologic ther-
apy does not seem to negatively impact the likelihood of achieving 
good clinical outcomes over time (10,12,16). Sustained remission 
was not compared between the strategies in any of those studies.

A larger proportion of patients receiving triple therapy in our 
study discontinued treatment before 1 year and before 2 years 
than patients receiving biologic therapy. Treatment discontinua-
tions could be due to adverse events or intolerability, insufficient 
treatment effect, patient preferences, or tapering of treatment 
after successfully achieved treatment goals. Unfortunately, data 
on the reasons behind treatment decisions and on adverse 
events were unavailable in the registry, rendering interpretations 
difficult. In the non- blinded SWEFOT study, no significant dif-
ferences in discontinuations due to adverse events were seen 
between patients receiving biologic therapy and those receiving 
triple therapy, but a larger proportion of patients receiving triple 
therapy than patients receiving biologic therapy discontinued 
treatment due to inadequate treatment effect (18.5% versus 
3.9%) (11). Further, as in our study, a larger proportion of patients 
receiving biologic therapy in the SWEFOT study were maintained 
on their initial therapeutic regimen (11). In the blinded RACAT 
study, a nonsignificantly higher proportion of patients receiving 
triple therapy discontinued treatment due to adverse events as 
compared to patients receiving biologic therapy (5.4% versus 
2.3%), but similar proportions switched from triple therapy to 
biologic therapy and vice versa due to inadequate treatment 
effect (12).

At baseline, patients in our study who were receiving triple 
therapy generally had disease characteristics suggestive of milder 
disease than patients receiving biologic therapy. This could reflect 
a clinical approach in which biologic treatments are more often pre-
scribed to patients with more active disease and worse prognosis, 
an approach currently recommended in treatment guidelines (7). 
A lower proportion of patients starting triple therapy in our study 
received glucocorticoids at treatment start, which could reflect lower 
disease activity. Unfortunately, we had no data on glucocorticoid 
doses or glucocorticoid use throughout the study, which could affect 
the interpretation of the findings, since reduced steroid consumption 
would be another valuable outcome measure. Generally, glucocorti-
coid use was not thoroughly registered in the SRQ, but the likelihood 
of accurate registration was presumed to be maximal at the start of 
a treatment regimen such as triple or biologic therapy. Glucocorti-
coid use at treatment start as well as the other baseline variables 
selected a priori and listed above were included in the propensity 
score calculation to account for selection bias. In the classic regres-
sion analyses, glucocorticoid use at treatment start was not found to 
be predictive of sustained remission.

In order to account for shorter flares of disease activity, we 
performed sensitivity analyses allowing 1 visit outside of remis-
sion (i.e., with a DAS28 of ≥2.6), with results very similar to those 
of our main analyses. This finding suggests that shorter fluctua-
tions of DAS28 scores did not largely differ between the groups or 
impact our results.

The proportions of patients achieving long- term sustained 
remission at 1 year and 2 years among all patients starting therapy 
in our study (8– 12%) was slightly lower than the 12% reported by 
Cook et al (29), who studied patients with recent- onset inflam-
matory polyarthritis and defined sustained remission as remission 
on ≥3 consecutive annual visits, and the 15% reported by Ellerby 
et al (30), who studied patients with established RA and defined 
sustained remission as remission on ≥2 consecutive annual visits. 
In addition, Sung et al found higher rates of sustained remission, 
with 22% of patients with RA experiencing sustained remission 
defined as remission on 3 consecutive annual visits (31). In our 
analyses, all registered patient visits with DAS28 scores recorded 
were included, as compared to only annual visits in the above- 
mentioned studies, and our study population included only 
patients with an inadequate response to MTX monotherapy, 
which may explain at least some of the diverging results (29– 31).

Limitations of this study are mostly related to the observa-
tional, nonrandomized study design with the potential for selection 
bias. We aimed to account for selection bias by adjusting for the 
propensity score and using classic regression adjustments. How-
ever, we lacked reliable data on variables such as smoking, soci-
oeconomic status, comorbidities, HLA genotype, anti– citrullinated 
protein antibody status, and radiographs. Such variables rep-
resent unmeasured possible confounders in our study. We also 
lacked data on the reasons behind treatment decisions, which 
could affect the interpretation of the results. Overall, we acknowl-
edge the risk of residual and unmeasured confounders biasing 
our results. As in all observational studies, results should be inter-
preted cautiously.

Another limitation of our study concerns missing DAS28 val-
ues (i.e., registered visits that lacked registration of ≥1 disease 
activity measure required to calculate the DAS28). When the 
DAS28 was calculated using only 3 variables and using the CRP 
level instead of the ESR, the completeness of disease activity data 
increased only marginally. The problem with missing DAS28 values 
was managed by omitting all visits where DAS28 scores could not 
be calculated. This approach follows the reasoning that we lack 
disease activity data on these visits just as we lack data on all the 
days that the patients do not have any visits at all. However, while 
unlikely to have any significant impact, a limitation of this approach 
is an increased uncertainty in our results, as patients may have 
had unregistered high disease activity at these visits. For this rea-
son, we performed sensitivity analyses where all visits with miss-
ing DAS28 scores were regarded as visits not in remission (i.e., 
imputing non- remission at all visits with missing DAS28 scores). 
Results from our analyses using this alternative approach to 
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handle missing disease activity data were very similar to those of 
our main analyses (see Supplementary Methods, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41720/ abstract), suggesting robustness in our 
comparisons between the treatment strategies, regardless of how 
visits with missing DAS28 scores were handled.

We restricted our study population to patients registered in 
the SRQ within 2 years from symptom onset, i.e., patients with 
relatively early RA. Since the time from symptom onset to treat-
ment initiation has been shown to affect the likelihood of reduc-
ing damage progression (32), this inclusion criterion increased 
homogeneity regarding prognoses in the study population. On 
the other hand, we made no restrictions for previous remission 
periods or different durations of MTX monotherapy, and we made 
no distinctions between different bDMARDs. This approach intro-
duces heterogeneity in and between the groups, which compli-
cates inferences since we cannot judge the impact of different 
disease phenotypes or different bDMARDs on our results. In the 
present study, the choice not to restrict the population extensively 
was motivated by the intent to provide real- life data reflecting daily 
clinical practice for the RA population in general. However, since 
the median time from symptom onset to the start of biologic ther-
apy or triple therapy was 19 months and 12 months, respectively, 
our results mainly apply to patients with early RA.

Finally, propensity score methods, like all statistical methods, 
have both advantages and disadvantages. An advantage of pro-
pensity score models in comparison to more traditional covariate 
adjustment models is more flexibility in adjustments for baseline 
differences (27). Regarding disadvantages, there is a lack of con-
sensus as to what sets of variables should be included in the pro-
pensity score calculation (27). Also, biased estimates toward the 
null have been reported from the use of the propensity score as a 
covariate in regression analyses (33). Yet, since our results were 
consistent overall with RCTs comparing these treatment strate-
gies, we believe that this statistical method is adequate to adjust 
for nonrandom treatment selection in the present study. Moreover, 
results from our classic regression analyses using more traditional 
sets of covariates were similar to that of the propensity score– 
adjusted analyses, further strengthening our findings.

Regarding strengths, to our knowledge this is the first nation-
wide register study comparing triple therapy to biologic therapy 
with regard to sustained remission. For comparisons of treatment 
strategies, RCTs are invaluable, yet selective (34). Patients with 
certain comorbidities and disease complications, frequently seen 
in daily clinical practice, are often not eligible for inclusion in RCTs 
(34). Therefore, observational studies from large patient registers 
are important to gain real- life data on treatment effects (34,35). 
Hence, the most important strength of our study is the use of 
real- life data from a nationwide register, used in daily clinical prac-
tice and with a high coverage of patients with RA in Sweden (20), 
which could add important knowledge to previous findings from 
RCTs.

In conclusion, in this Swedish nationwide register study we 
found that among RA patients with an inadequate response to 
MTX monotherapy, biologic therapy was more effective than tri-
ple therapy for continuing therapy and experiencing sustained 
remission at 1 year and 2 years from treatment start. However, 
we found similar effectiveness between the strategies for achiev-
ing sustained remission among patients who continued to receive 
therapy at 1 year and 2 years, suggesting that a subgroup of 
RA patients respond well to triple therapy. We also found similar 
likelihoods for achieving sustained remission at any time during 
follow- up among patients started on either of these strategies, 
irrespective of therapy retention. These findings are meaningful for 
patients with contraindications to biologic therapy and are of eco-
nomic interest with regard to cost differences between the strate-
gies and hence resource allocation.
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Characterization and Function of Tumor Necrosis Factor and 
Interleukin- 6– Induced Osteoclasts in Rheumatoid Arthritis
Kazuhiro Yokota,1  Kojiro Sato,2 Takashi Miyazaki,3 Yoshimi Aizaki,1 Shinya Tanaka,4 Miyoko Sekikawa,4 
Noritsune Kozu,5 Yuho Kadono,4 Hiromi Oda,4 and Toshihide Mimura1

Objective. We have previously reported that stimulation of mouse bone marrow– derived macrophages with tumor 
necrosis factor (TNF) and interleukin- 6 (IL- 6) induces differentiation of osteoclast- like cells. We undertook this study to 
clarify the characterization and function of human TNF and IL- 6– induced osteoclasts using peripheral blood collected 
from patients with rheumatoid arthritis (RA) and healthy donors.

Methods. Peripheral blood monocytes were cultured with a combination of TNF and IL- 6, TNF alone, IL- 6 alone, 
or with RANKL, and their bone resorption ability was evaluated. Expression levels of NFATc1, proinflammatory 
cytokines, and matrix metalloproteinase 3 were analyzed. The effects of NFAT inhibitor and JAK inhibitor were 
examined. Furthermore, the relationship between the number of TNF and IL- 6– induced osteoclasts or RANKL-
induced osteoclasts differentiated from peripheral blood mononuclear cells (PBMCs) in patients with RA and the 
modified total Sharp score (mTSS) or whole- body bone mineral density (BMD) was examined.

Results. Peripheral blood monocytes stimulated with a TNF and IL- 6– induced osteoclasts were shown to 
demonstrate the ability to absorb bone matrix. Cell differentiation was not inhibited by the addition of osteoprotegerin. 
Stimulation with a combination of TNF and IL- 6 promoted NFATc1 expression, whereas the NFAT and JAK inhibitors 
prevented TNF and IL- 6– induced osteoclast formation. Expression levels of IL1β, TNF, IL12p40, and MMP3 were
significantly increased in TNF and IL- 6– induced osteoclasts, but not in RANKL-induced osteoclasts. The number of 
TNF and IL- 6– induced osteoclasts differentiated from PBMCs in patients with RA positively correlated with the mTSS, 
whereas RANKL-induced osteoclast numbers negatively correlated with the whole- body BMD of the same patients.

Conclusion. Our results demonstrate that TNF and IL- 6– induced osteoclasts may contribute to the pathology of 
inflammatory arthritis associated with joint destruction, such as RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune dis-
ease characterized by polyarthritis and joint destruction. Although 
recent advances in treatments have enabled us to reduce dis-
ease activity among RA patients, it is still difficult to “cure” the 
disease and halt joint destruction. Thus, preventing bone and joint 
destruction in RA patients who have a poor prognosis has long 
been a goal for rheumatologists in the treatment of RA, and new 
therapeutic strategies and targets need to be urgently developed.

Osteoclasts have long been considered the only cells capa-
ble of absorbing bone matrix in vivo. They are differentiated 
from monocytes/macrophage- lineage precursor cells that are 
derived from bone marrow hematopoietic cells. It is believed that 
osteoclast differentiation is firmly dependent on the receptor acti-
vator of NF- κB ligand/RANK signaling (1). The hyperactivation of 
osteoclasts is implicated in osteoporosis and the pathogenesis of 
inflammatory arthritis with bone destruction and functional disa-
bility, such as RA (2). In fact, drugs targeting osteoclasts, such as 
bisphosphonates and anti- RANKL antibodies, are used in treating 
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osteoporosis worldwide. However, there is scarce evidence that 
bisphosphonates prevent bone destruction in RA. Furthermore, 
anti- RANKL antibodies are approved only in Japan for the preven-
tion of joint structural damage in patients with RA. Taken together, 
the role of RANKL/RANK signaling– dependent osteoclast differ-
entiation in RA may be overstated.

A recently emerging hypothesis is that “alternative path-
ways of osteoclastogenesis” may be functioning during chronic 
inflammatory conditions such as RA (3). This hypothesis has been 
supported by many experimental findings showing that infiltrating 
inflammatory cells and the cytokine milieu provide multiple routes 
to bone destruction (4,5).

In RA, tumor necrosis factor (TNF) and interleukin- 6 (IL- 6) 
are the two major proinflammatory cytokines that trigger bone 
destruction (6). TNF and IL- 6 were shown to directly induce the 
activation of osteoclasts by binding to their respective surface 
receptors and indirectly inducing the expression of RANKL on 
fibroblast- like synoviocytes (7,8). Consequently, a blockade of 
TNF or IL- 6 impedes or arrests the progression of bone destruc-
tion in RA (9), which is observed even when antiinflammatory 
responses are not induced (10,11).

In previous studies, we have demonstrated that a com-
bination of TNF and IL- 6 induces mouse osteoclast- like cells 
with bone resorption activity both in vitro and in vivo (12). More 
recently, O’Brien and colleagues verified our findings by report-
ing that the combination of TNF and IL- 6 induced the differentia-
tion of osteoclasts (13). They further demonstrated that synovial 
tartrate- resistant acid phosphatase (TRAP)– positive multinucle-
ated cells contributed to bone erosion in the arthritic joints of 
Rank- deficient mice with K/BxN serum- transfer arthritis. Thus, 
RANK- independent osteoclastogenesis occurs in inflamed joints. 
However, the precise characteristics and function of human TNF 
and IL- 6– induced osteoclasts in RA are unknown.

In this study, we investigated the characteristics and func-
tion of human TNF and IL- 6– induced osteoclasts using periph-
eral blood collected from patients with RA and from healthy 
donors. In addition, we also analyzed the differences in the 
novel molecular expression patterns and functions of TNF and 
IL- 6– induced osteoclasts as compared to those of RANKL- 
induced osteoclasts.

PATIENTS AND METHODS

Samples from patients with RA and healthy donors. 
All patients with RA fulfilled the 2010 American College of Rheu-
matology (ACR)/European Alliance of Associations for Rheuma-
tology criteria for RA (14) or the 1987 ACR classification criteria 
for RA (15). Demographic and clinical characteristics of the RA 
patients are provided in Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41666/ abstract. Ten healthy donors were also 
enrolled in the study as a control group. All patients and healthy 

donors provided written informed consent prior to sample collec-
tion. The study was reviewed and approved by the Saitama Medi-
cal University Hospital Institutional Review Board (no. 15- 129) and 
Ethics Committee (no. 836).

In vitro assays for TNF and IL- 6– induced osteoclasts 
and osteoclast differentiation and function. Peripheral 
blood mononuclear cells (PBMCs) were isolated from the peripheral 
blood of patients with RA and healthy donors using Ficoll- Paque 
Plus gradient centrifugation (16). Peripheral blood monocytes 
were isolated from whole PBMCs using the Human Monocyte Iso-
lation Kit (StemCell Technologies) according to the manufacturer’s 
protocol. PBMCs or peripheral blood monocytes were cultured 
in α- minimum essential medium (Gibco) supplemented with 10% 
fetal bovine serum, 50 units/ml of penicillin/streptomycin (Gibco), 
and 50 ng/ml of macrophage colony- stimulating factor (M- CSF) 
(R&D Systems). PBMCs were cultured at a cell density of 7.5 × 
105 cells per well in 48- well plates (17). In addition, peripheral 
blood monocytes were cultured at a cell density of 7.5 × 104 cells 
per well in 96- well plates, 2.0 × 105 cells per well in 24- well plates, 
and 5 × 106 cells in 6- cm dishes for 3 days.

Following the initial 3- day culture period, PBMCs or periph-
eral blood monocytes were used as monocyte- derived mac-
rophages and cultured in medium supplemented with 10 ng/ml 
or 50 ng/ml of RANKL, TNF, IL- 6, a combination of TNF/IL- 6, or 
IL- 1β (all from PeproTech). The medium was replenished with 
fresh medium every 2 days until various assays were performed. 
TRAP was assayed with a TRAP Staining Kit (Cosmo Bio) accord-
ing to the manufacturer’s instructions. Osteoprotegerin (OPG; 
R&D Systems), NFAT inhibitor tacrolimus (FK- 506; Sigma- Aldrich), 
the pan JAK inhibitor tofacitinib (CP690550; SelleckChem), and 
a rabbit anti– IL- 1β polyclonal antibody (ab9722; Abcam) were 
added at the same time as RANKL or proinflammatory cytokines. 
For the pit formation assay, monocyte- derived macrophages cul-
tured on dentine slices (Wako) were cultured for 14 days in the 
presence of the cytokines. After removing the cells, resorption pits 
were examined using a S- 4800 electron microscope (Hitachi). In 
addition, resorption pits were visualized by toluidine blue staining, 
and the number of resorption pits per dentin slice was counted 
under a BZ- X700 microscope (Keyence).

Real- time quantitative polymerase chain reaction 
(qPCR). Total RNA was isolated with the RNeasy Micro Kit (Qia-
gen), and complementary DNA (cDNA) was generated by reverse 
transcription using random hexamers and MultiScribe reverse 
transcriptase (ThermoFisher). Expression levels of messenger 
RNAs (mRNAs) were determined by TaqMan real- time PCR on 
an ABI Prism 7000 Sequence Detection System (Thermo Fisher). 
Primers for the detection of NFATc1, IL1β, TNF, IL12p40, IL10, 
MMP3, and CTSK were purchased from ThermoFisher. The 
expression level of the housekeeping gene GAPDH was used as 
an endogenous control. To calculate fold changes in expression, 
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the comparative threshold cycle (Ct) method was used as previ-
ously described (16).

Enzyme- linked immunosorbent assays (ELISAs) for  
detection of IL- 1β, TNF, and IL- 6. Levels of IL- 1β protein 
in the  cell supernatants were detected with a DuoSet ELISA 
 development kit (R&D Systems) according to the  manufacturer’s 
instructions. Levels of TNF and IL- 6 proteins in the cell super  na -
tants were detected with a human TNF and IL- 6 standard ABTS 
ELISA development kit (PeproTech) according to the manufactur-
er’s instructions.

Western blot analysis and immunofluorescence stain -
ing. For Western blot analysis, whole cell lysates from a 60- mm 
polystyrene tissue culture plate were dissolved in sample buffer 
(62.5 mM Tris HCl buffer, 10% glycerol, 2% sodium dodecyl sul-
fate [SDS], 1/20 β- mercaptoethanol, and 0.0025% bromophenol 
blue [BPB]) and boiled at a temperature of 95°C for 10 minutes. 
The samples were centrifuged for 5 minutes at 3,000 revolutions 
per minute, and proteins in the supernatant were separated by 
electrophoresis using 7.5% polyacrylamide gel. The separated 
proteins were transferred to a PVDF membrane using a semi- dry 
blot transfer system (Bio- Rad Laboratories). PVDF membranes 
were blocked with 5% nonfat dry milk in Tris buffered saline– Tween 
(TBST) (Tris HCl buffer, pH 7.9, 0.9% NaCl, 0.01% Tween 20) for 3 
hours, and then incubated overnight at a temperature of 4°C with 
a primary mouse anti- NFATc1 monoclonal antibody (7A6) (Santa 
Cruz Biotechnology) in a 1:500 dilution of TBST. The membranes 
were washed with TBS solution 3 times and then incubated with a 
1:2,000 dilution of an anti- mouse IgG peroxidase- conjugated sec-
ondary antibody (Binding Site) for 1 hour (1). Chemiluminescence 
assay (GE Healthcare) was used for the detection of the target 
protein. Expression levels of the protein were analyzed using den-
sitometry (Atto AE- 6920- MF). The housekeeping protein β- actin 
(Sigma- Aldrich) with a dilution of 1:2,000 was used as a loading 
control.

For immunofluorescence staining, the cultured TNF and IL- 
6– induced osteoclasts, as well as RANKL-induced osteoclasts as 
controls, were washed twice in phosphate buffered saline (PBS) 
and then fixed in 4% paraformaldehyde at room temperature for 
20 minutes. The fixed cells were then washed in PBS followed by 
2% bovine serum albumin (BSA) in PBS with 0.1% Triton X- 100 
for 10 minutes. The cells were then incubated 1 hour at a temper-
ature of 37°C with a primary rabbit anti– IL- 1β polyclonal antibody 
(ab9722; Abcam) in a 1:100 dilution of PBS with 2% BSA; rabbit 
IgG served as the negative control. After washing the cells in PBS 
3 times, the cells were incubated for 45 minutes at room temper-
ature with a goat anti- rabbit IgG– fluorescein isothiocyanate sec-
ondary antibody (sc- 2012; Santa Cruz Biotechnology) in a 1:100 
dilution of PBS with 2% BSA. Nuclear staining was performed 
with DAPI. After washing the cells in PBS twice, the cells were 
observed using a BZ- X700 fluorescence microscope.

Clinical assessments. Clinical information was obtained 
by reviewing electronic medical records. In patients with RA, 
the modified total Sharp score (mTSS) was evaluated by 2 rheu-
matologists (KY and NK) who have >20 years of experience and 
expertise in musculoskeletal radiology and who were blinded with 
regard to the clinical information and laboratory data of the study 
participants (18). In patients with RA, the whole- body bone min-
eral density (BMD) was measured by dual- energy x- ray absorpti-
ometry (Discovery DXA System; Hologic).

Statistical analysis. Values are presented as the  
mean ± SEM. Comparisons between 2 groups were performed 
using the Mann- Whitney U test or Wilcoxon’s signed rank test 
for paired data. Correlations between the number of TNF and 
IL- 6– induced osteoclasts or RANKL-induced osteoclasts and 
the mTSS or whole- body BMD was calculated using Spearman’s 
rank correlation test. P values less than 0.05 were considered 
significant.

RESULTS

Differentiation of TRAP- positive multinucleated 
TNF  and IL- 6– induced osteoclasts produced by the 
 combination of TNF and IL- 6 in vitro. TRAP expression 
and multinucleated cells are defining features of osteoclasts (19). 
IL- 6 has been demonstrated to trigger direct osteoclast formation 
and induce bone resorption and has been considered to play an 
indirect role in inducing RANKL on osteoblasts and stromal cells 
(20,21). In the present study, we differentiated RANKL-induced 
osteoclasts in vitro by culturing peripheral blood monocytes with 
M- CSF and then adding RANKL and M- CSF (Figures 1A– C). Our 
findings showed that IL- 6 induced a low number of TRAP- positive 
cells and few multinucleated cells (Figures 1B and C). When 
another major proinflammatory cytokine, TNF, was added to this 
culture system, only a few multinucleated cells were observed, 
although TRAP- positive cells were abundant.

It has been reported that TNF induces cell fusion in 
human monocyte- derived macrophages and causes them to dif-
ferentiate into a few multinucleated cells (22). In the present study, 
we observed the effects of TNF stimulation on the morphology 
of the cells differed from those in cultures with IL- 6 stimulation 
(Figure 1C). Interestingly, however, the combination of TNF and 
IL- 6 induced the formation of multiple TRAP- positive multinucle-
ated cells (Figures 1B and C). These cells morphologically dif-
fer from those induced by RANKL as follows: 1) the number of 
osteoclasts induced by TNF and IL- 6 was less than that of oste-
oclasts induced by RANKL, and 2) the intensity of staining for 
TRAP among osteoclasts induced by TNF and IL- 6 was slightly 
weaker than that of osteoclasts induced by RANKL.

OPG is known as a decoy receptor for RANKL and an osteo-
clastogenesis inhibitory factor (23). We added OPG to the culture 
system to determine whether RANKL induced by TNF and IL- 6 
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in monocyte- derived macrophages was involved in the differen-
tiation of TRAP- positive multinucleated cells. OPG inhibited oste-
oclastogenesis induced by RANKL, whereas OPG did not inhibit 
the differentiation of TRAP- positive multinucleated cells induced 
by the combination of TNF and IL- 6 (Figure 1D). Moreover, in cell 
cultures stimulated with the combination of TNF and IL- 6, we con-
firmed the functional role of TRAP- positive multinucleated cells. 
Stimulation of monocyte- derived macrophages with TNF or IL- 6 
alone did not generate resorption pits on the dentin slices. In con-
trast, stimulation with TNF plus IL- 6 strongly generated resorption 
pits in a manner similar to those generated by stimulation with 
RANKL (Figure 1E and Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41666/ abstract). These findings suggest that 
TNF and IL- 6 induced the differentiation of TRAP- positive multinu-
cleated cells (named here as TNF and IL- 6– induced osteoclasts) 
as the bone- resorbing cells in a RANKL- independent manner.

Necessary role of NFATc1 and JAK activity in the  
differentiation of TNF and IL- 6– induced osteoclasts. We 
next examined the mechanisms underlying the differentiation of 
TNF and IL- 6– induced osteoclasts. The master regulator tran-
scription factors involved in osteoclast differentiation are thought 
to be c- Fos and NFATc1 (24). We have previously reported that the 
expression level and activity of c- Fos and NFATc1 are critical for the 

differentiation of mouse osteoclast- like cells induced by TNF and 
IL- 6 (12). During the course of TNF and IL- 6– induced osteoclast 
differentiation, NFATc1 protein and mRNA levels were clearly up- 
regulated after stimulation with TNF and IL- 6 (Figures 2A and B). 
As expected, the NFAT inhibitor tacrolimus (FK- 506) inhibited the 
differentiation of TNF and IL- 6– induced osteoclasts (Figure 2C). 
Thus, we demonstrated that NFATc1 activity is necessary for the 
differentiation of TNF and IL– 6- induced osteoclasts.

Intracellular signals involving IL- 6 are largely transmitted via 
the JAK/STAT pathway (25). We have previously reported the 
dependence of mouse osteoclast- like cells, but not RANKL- 
induced osteoclasts, on JAK (12). Thus, we examined whether 
addition of the pan- JAK inhibitor tofacitinib inhibited the differenti-
ation of TNF and IL- 6– induced osteoclasts derived from PBMCs 
of healthy donors. Tofacitinib has recently been shown to be 
effective against RA (26). Here, we showed that in vitro addition 
of tofacitinib inhibited the differentiation of TNF and IL- 6– induced 
osteoclasts in a dose- dependent manner (Figure 3A and Sup-
plementary Figure 2A, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41666/ 
abstract). In this case, TRAP positivity was not affected. Like our 
previous report on mouse osteoclast- like cells (12), the same con-
centrations of tofacitinib did not inhibit osteoclastogenesis induced 
by RANKL (Figure 3A and Supplementary Figure 2B). Next, we 
confirmed these findings using cells from multiple independent 

Figure 1. Tumor necrosis factor (TNF) and interleukin- 6 (IL- 6)– induced osteoclasts display bone resorption activity in a RANKL- independent 
manner. A, Schematic representation of the culture system used in the in vitro experiments. B, Quantification of the number of tartrate- 
resistant acid phosphatase– positive (TRAP+) multinucleated (i.e., those with ≥3 nuclei) osteoclasts per well (n = 12). C, Photomicrographs of 
TRAP- positive multinucleated cells (MNCs). Original magnification × 100. D, Effect of osteoprotegerin (OPG) (1 mg/ml) on RANKL- induced 
osteoclastogenesis and TRAP- positive MNC differentiation induced by a combination of TNF and IL- 6 (n = 3). E, Quantification of the number 
of resorption pits per dentin slice (n = 4). In B, D, and E, symbols represent individual samples; values are the mean ± SEM. * = P < 0.05. 
PCR = polymerase chain reaction; ELISA = enzyme- linked immunosorbent assay.
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donors with RA. The results show that tofacitinib inhibited the 
differentiation of TNF and IL- 6– induced osteoclasts derived from 
PBMCs in RA patients when compared to findings in PBMCs of 
healthy donors (Figure 3B).

Up- regulation of the differentiation of TNF and 
IL- 6– induced osteoclasts by IL- 1β. To clarify the charac-
terization of TNF and IL- 6– induced osteoclasts, we examined 
cytokine expression by TNF and IL- 6– induced osteoclasts com-
pared to RANKL-induced osteoclasts. We stimulated monocyte- 
derived macrophages with the combination of TNF and IL- 6 or 
RANKL and measured the mRNA expression level of the proinflam-
matory cytokines IL1β, TNF, and IL12p40 and anti- inflammatory 
cytokine IL10. Expression levels of IL1β, TNF, and IL12p40 were 
significantly up- regulated after 8 days of stimulation with TNF 

and IL- 6, whereas stimulation with RANKL failed to increase their 
expression (Figure 4A and Supplementary Figure 3A, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41666/ abstract). Interestingly, the expres-
sion level of IL10 mRNA was significantly down- regulated after 
8 days of stimulation with TNF and IL- 6; however, IL10 expres-
sion was unaffected by RANKL (Supplementary Figure 3A). Fur-
thermore, expression levels of IL- 1β protein were significantly 
up- regulated and maintained at 9 days of stimulation with TNF 
and IL- 6 compared to the unstimulated control or stimulation with 
RANKL (Figure 4B and Supplementary Figure 4A [http://onlin e 
library.wiley.com/doi/10.1002/art.41666/ abstract]).

Previously, it has been reported that stimulation with the 
combination of TNF and IL- 1β induced the differentiation of oste-
oclasts in a RANKL- independent manner (5). In our system, the 
addition of an anti– IL- 1β antibody inhibited the differentiation 
of TNF and IL- 6– induced osteoclasts, but not that of RANKL- 
induced osteoclasts (Supplementary Figures 4B and C). To 
determine the mechanism by which IL- 1β up- regulated TNF and 
IL- 6– induced osteoclast differentiation, we stimulated monocyte- 
derived macrophages with IL- 1β, and then measured expression 
levels of TNF and IL- 6 proteins. As expected, expression levels of Figure 2. NFATc1 activity necessary for the differentiation of TNF 

and IL- 6– induced osteoclasts. A, Top, Western blot analysis of 
NFATc1 after 8 days of stimulation of peripheral blood monocyte- 
derived macrophages with IL- 6, TNF, and TNF plus IL- 6 (lanes  2– 4, 
respectively). Control cells were left untreated (lane 1). Bottom, 
Western blot detection of NFATc1 protein expression relative to 
β- actin in macrophages (n = 4). B, Time course of the expression 
levels of NFATc1 mRNA in peripheral blood monocyte- derived 
macrophages stimulated with TNF plus IL- 6 (n = 6). Changes 
in mRNA are assessed as the fold increase relative to that in 
unstimulated controls. C, Effects of various doses of the NFAT 
inhibitor tacrolimus (FK506) on the differentiation of TRAP- positive 
multinucleated TNF and IL– 6- induced osteoclasts, assessed by 
immunofluorescence (original magnification × 50) (left), with results 
quantified as the mean number of TRAP- positive MNCs per well (n = 3) 
(right). Symbols represent individual samples; values are the  mean ± 
SEM. * = P < 0.05. See Figure 1 for other definitions.

Figure 3. Inhibition of TNF and IL- 6– induced osteoclast dif -
fer  entiation by the JAK inhibitor tofacitinib. A, Various con cen -
trations of tofacitinib were tested for their inhibitory effects on 
the differentiation of TRAP- positive TNF and IL- 6– induced mult i -
nucleated osteoclasts (left) compared to TRAP-positive RANKL-
induced osteoclasts (right) from peripheral blood monocytes of 
healthy donors (n = 4 each). B, A dose of 300 nM of tofacitinib was 
tested for its inhibitory effects on the differentiation of TRAP- positive 
TNF and IL-6–induced MNCs from peripheral blood monocytes of 
patients with rheumatoid arthritis (left) compared to TRAP-positive 
RANKL-induced MNCs from peripheral blood monocytes of healthy 
donors (right) (n = 3 each). Symbols represent individual samples; 
values are the mean ± SEM. * = P < 0.05. See Figure 1 for other 
definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41666/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41666/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41666/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41666/abstract
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these proteins were clearly up- regulated in cells stimulated with 
IL- 1β (Figure 4C). Whereas the lower concentration of the com-
bination of TNF and IL- 6 (each 10 ng/ml) alone did not induce 
TRAP- positive multinucleated cells, the lower concentration of the 
combination of TNF, IL- 6, and IL- 1β (each 10 ng/ml) did induce 
this formation (Figure 4D and Supplementary Figure 4D). In addi-
tion, IL- 1β increased TNF and IL- 6– induced osteoclast differentia-
tion even in the presence of high doses of TNF and IL- 6 (data not 
shown). These results suggest that IL- 1β synergistically promotes 
the differentiation of TNF and IL- 6– induced osteoclasts induced 
by the combination of TNF and IL- 6.

Functional differences between TNF and IL- 6– 
induced osteoclasts and RANKL-induced osteoclasts 
differentiated from PBMCs in patients with RA. To under-
stand the functional differences in TNF and IL- 6– induced osteo-
clasts and RANKL-induced osteoclasts in patients with RA, we 
cultured PBMCs with a combination of TNF and IL- 6 or RANKL 
and assessed the number of TRAP- positive multinucleated TNF 
and IL- 6– induced osteoclasts and RANKL-induced osteoclasts. 
The number of TNF and IL- 6– induced osteoclasts and RANKL- 
induced derived from PBMCs in patients with RA was signifi-
cantly increased compared to that derived from PBMCs in healthy 
donors (Figure 5A). It should be noted that even higher doses of 
TNF and IL- 6 (each 100 ng/ml) did not increase the differentiation 
of osteoclasts derived from PBMCs in healthy donors (data not 
shown).

To determine whether there was a correlation between the 
number of TNF and IL- 6– induced osteoclasts or osteoclasts 
induced from RA PBMCs, clinical indicators of the study partic-
ipants were analyzed. There was a significant and positive corre-
lation between the number of TNF and IL- 6– induced osteoclasts 
and serum levels of C- reactive protein (CRP) in the same patients 
(P = 0.027, r = 0.709), whereas there was no correlation between 
the number of RANKL-induced osteoclasts and serum levels of 
CRP (P = 0.218, r = 0.430) (data not shown). Interestingly, the 
number of TNF and IL- 6– induced osteoclasts also had a sig-
nificant and positive correlation with mTSS values (P = 0.003, 
r = 0.855), whereas there was no correlation observed with mTSS 
values and number of RANKL-induced osteoclasts (P = 0.370, 
r = 0.321) (Figure 5B). In addition, the number of TNF and IL- 
6– induced osteoclasts did not correlate with whole- body BMD 
values (P = 0.114, r = −0.539), whereas the number of RANKL- 
induced osteoclasts had a significant negative correlation with 
BMD (P = 0.031, r = −0.697) (Figure 5C).

To clarify the potential role of TNF and IL- 6– induced osteo-
clasts in the progression of joint destruction and RANKL- induced 
osteoclasts in the development of systemic osteoporosis, we 
stimulated monocyte- derived macrophages with the com-
bination of TNF  and IL- 6 or RANKL and measured the mRNA 
expression of MMP3 and CTSK. As expected, the expression 
levels of MMP3 mRNA were significantly higher in TNF and IL- 
6– induced osteoclasts induced by the combination of TNF and 
IL- 6 than in osteoclasts induced by RANKL and unstimulated 

Figure 4. Promotion of the differentiation of TNF and IL- 6– induced osteoclasts by IL- 1β. A, Expression levels of IL- 1β mRNA in peripheral 
blood monocyte- derived macrophages after 8 days of stimulation with TNF plus IL- 6 (n = 6). B, Expression levels of IL- 1β protein in the 
supernatant from peripheral blood monocyte- derived macrophages after 9 days of stimulation with TNF plus IL- 6 (n = 6). C, Expression levels 
of TNF and IL- 6 proteins in the supernatant from peripheral blood monocyte- derived macrophages after 3 days of stimulation with IL- 1β (n =  8). 
D, Quantification of TRAP- positive MNCs in the absence versus presence of TNF, IL- 6, and IL- 1β (n = 6) at concentrations of 10 ng/ml (for all 3) 
and 50 ng/ml (for TNF and IL- 6). Symbols represent individual samples; values are the mean ± SEM. * = P < 0.05. See Figure 1 for other definitions.
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controls (Supplementary Figure 3B [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41666/ abstract]). Conversely, the expres-
sion  levels of CTSK mRNA were significantly higher in RANKL- 
induced osteoclasts than in unstimulated controls (Supplementary 
Figure 3B). Consistent with these results, the TNF and IL- 6– 
induced osteoclasts differentiated from PBMCs in patients with 
RA likely contribute to the progression of joint destruction by 
producing proinflammatory cytokines and matrix metallopro-
teinase 3 (MMP-3), whereas RANKL-induced osteoclast activity 
leads to the development of systemic osteoporosis by producing 
cathepsin K.

DISCUSSION

In the present study, we showed that the combination of 
TNF and IL- 6, representative proinflammatory cytokines, in -
duced the  differentiation of TRAP- positive multinucleated TNF 

and IL- 6– induced osteoclasts from human peripheral blood  
monocyte- derived macrophages, and that these TNF and IL- 6– 
induced osteoclasts had the ability to absorb bone matrix. The 
differentiation of TNF and IL- 6– induced osteoclasts depends on 
the activation of NFATc1 and JAK, leading to a prominent in  crease 
in the production of proinflammatory cytokines and MMP- 3. Indeed, 
TNF and IL- 6 can induce the expression of IL- 1β in monocyte- 
derived macrophages, which promotes the differentiation of TNF 
and IL- 6– induced osteoclasts. Moreover, PBMCs from patients with 
RA showed higher TNF and IL- 6– induced osteoclast differentiation 
potentials compared to those from healthy donors. In addition, of 
importance was that the differentiation potential of TNF and IL- 6– 
induced osteoclasts derived from PBMCs in patients with RA was 
positively correlated with mTSS values, and that the osteoclast differ-
entiation potential was negatively correlated with whole- body BMD.

We identified human proinflammatory cytokine– induced 
osteoclasts, which are similar to RANKL-induced osteoclasts 

Figure 5. Functional differences between TNF and IL- 6– induced osteoclasts and RANKL-induced osteoclasts differentiated from peripheral 
blood mononuclear cells (PBMCs) in patients with rheumatoid arthritis (RA). A, Photomicrographs (original magnification × 100) and quantification 
of TRAP- positive MNCs differentiated from PBMCs from patients with RA and healthy donors (HDs) (n = 10 each). B, Correlation between the 
number of TNF and IL- 6– induced osteoclasts or RANKL-induced osteoclasts and modified total Sharp score (mTSS) in patients with RA (n = 
10). C, Correlation between the number of TNF and IL- 6– induced osteoclasts or RANKL-induced osteoclasts and whole- body bone mineral 
density (BMD) in patients with RA (n = 10). Symbols represent individual samples; values are the mean ± SEM. * = P < 0.05. See Figure 1 for 
other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41666/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41666/abstract
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in that both are TRAP- positive multinucleated cells with bone 
resorption activity. However, TNF and IL- 6– induced osteoclasts  
differ from RANKL-induced osteoclasts as follows: 1) TNF and  
IL- 6– induced osteoclasts differentiate in a RANKL- independent  
manner and depend on activation of JAK, 2) these cells induce 
proinflammatory cytokines IL- 1β, TNF, and IL- 12p40 as well 
as MMP- 3, and 3) the differentiation potential of TNF and IL- 6– 
induced osteoclasts derived from PBMCs in patients with RA was 
positively correlated with mTSS values, but not with whole- body 
BMD. Thus, these findings suggest that TNF and IL- 6– induced 
osteoclasts could play an important role in joint destruction in 
patients with RA (Table 1).

Recently, Hasegawa et al described murine arthritis- 
associated osteoclastogenic macrophages as the osteoclast 
precursor– containing population in the inflamed synovium, which 
were distinctive from RANKL-induced osteoclast precursors (27). 
These arthritis- associated osteoclastogenic macrophages differ-
entiated into osteoclasts in a RANKL- dependent manner, and their 
differentiation was promoted by TNF, but not by IL- 6. In addition, 
these cells were inhibited by OPG. However, the differentiation 
of TNF and IL- 6– induced osteoclasts was induced in a RANKL- 
independent manner, and both TNF and IL- 6 were required for 
differentiation. This suggests that arthritis- associated osteoclas-
togenic macrophages and TNF and IL- 6– induced osteoclasts are 
different cell lineages. Furthermore, the efficacy and safety of anti– 
IL- 6 receptor antibodies in the treatment of patients with RA have 
been well- established. In addition, anti– IL- 6 receptor antibodies 
impede or arrest the progression of bone destruction in RA (9), 
thus indicating the importance of IL- 6– dependent osteoclastogen-
esis. Therefore, these findings suggest that TNF and IL- 6– induced 
osteoclasts are also involved in the pathologic mechanisms of 
inflammatory arthritis associated with joint destruction in RA.

TNF and IL- 6– induced osteoclasts may play a physiologic 
role in the post- fracture healing process. In general, immedi-
ately after bone fractures, blood vessels rupture and bleed, and 
immune cells accumulating at the fracture site release proin-
flammatory cytokines that come into contact with hematopoietic 
precursor cells (28). During this process, the combination of TNF 
and IL- 6 could stimulate osteoclast precursors and induce the 

differentiation of TNF and IL- 6– induced osteoclasts, thereby pro-
moting the resorption of damaged bone tissue. In the near future, 
further studies could be pursued to verify this hypothesis.

We investigated the molecular mechanisms driving cell dif-
ferentiation. Expression levels and activities of NFATc1 are criti-
cal for the differentiation of TNF and IL- 6– induced osteoclasts, 
which were both elevated in response to stimulation with com-
bined TNF and IL- 6. Previously, in mouse osteoclast- like cells, 
we demonstrated that TNF activated both the canonical and 
noncanonical NF- κB pathways, and TNF and IL- 6 synergisti-
cally affected the activities and expression of c- Fos, a master 
regulator of osteoclastogenesis. Knockdown of c- Fos inhibited 
the expression of NFATc1 and differentiation of osteoclast- like 
cells. In addition, NFATc1, JAK, and ERK inhibitors blocked 
osteoclast- like cell differentiation, whereas conditional knockout 
of STAT3 did not block osteoclast- like cell differentiation. Taken 
together, the JAK- MEK/ERK signaling pathway likely regulates 
the differentiation of osteoclast- like cells (12). Based on the 
findings from that previous report and the results of the cur-
rent study, it is likely that TNF together with IL- 6 can substitute 
RANKL/RANK signaling through the activation of NF- κB/c- Fos/
NFATc1 and calcium signaling for human TNF and IL- 6– induced 
osteoclast differentiation (29).

We demonstrate that PBMCs from patients with RA had sig-
nificantly higher osteoclastogenic potential than those from healthy 
donors, confirming the results of a previous study (17). It has been 
reported that the frequency of osteoclast precursors was signifi-
cantly higher in patients with RA than in healthy donors. In addi-
tion, an enhanced frequency of peripheral osteoclast precursors 
from patients with RA associated with increased osteoclastogenic 
potential of PBMCs has been shown in other groups (30,31). 
We also showed that the differentiation potential of TNF and IL- 
6– induced osteoclasts derived from PBMCs in patients with RA 
was positively correlated with serum levels of CRP. In general, 
CRP levels reflect synovial inflammation, which is demonstrated 
by significantly increased serum levels of inflammation- associated 
cytokines, including IL- 6, IL- 1β, and TNF (32). In addition, the 
serum levels of CRP were shown to mirror those of IL- 6 and to 
correlate with radiographic progression (33).

Table 1. Characteristics of human TNF and IL- 6– induced osteoclasts and RANKL-induced osteoclasts*

TNF and IL- 6–   
induced osteoclasts

RANKL- 
induced osteoclasts 

TRAP- positive MNCs ++ +++
Bone resorption activity ++ +++
Inhibitory effect of OPG on differentiation – ++
Inhibitory effect of JAK inhibitor on 

differentiation
++ – 

Expression of inflammatory cytokines and 
MMP- 3

++ – 

* Results are shown as either ++ or +++ based on the intensity of staining for each characteristic, while –  
indicates the absence of the characteristic. TNF = tumor necrosis factor; IL- 6 = interleukin- 6; TRAP+ MNCs = 
tartrate- resistant acid phosphatase– positive multinucleated cells; OPG = osteoprotegerin; MMP- 3 = matrix 
metalloproteinase 3. 
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Although we did not measure serum levels of proinflamma-
tory cytokines, it has been reported that expression levels of TNF 
and IL- 6 in the serum and synovial fluid of patients with RA are 
significantly higher than those in the serum and synovial fluid of 
healthy donors (1). Based on these reports, we speculate that the 
higher levels of TNF and IL- 6 in serum and synovial fluid originating 
from RA synovial inflammation induced the differentiation of TNF 
and IL- 6– induced osteoclasts, and that these activated cells may 
be implicated in joint destruction by producing proinflammatory 
cytokines and MMP- 3. It is suggested that TNF or IL- 6 inhibi-
tor may suppress bone destruction by inhibiting the differentiation 
of bone- resorptive TNF and IL- 6– induced osteoclasts induced by 
the combination of TNF and IL- 6.

Our study had several limitations. First, to identify the cell- 
specific molecules of human TNF and IL- 6– induced osteoclasts 
and RANKL-induced osteoclasts, we examined and compared 
the differences in gene and protein expression in cultured whole 
cells using transcriptome analysis. However, to identify more cell- 
specific molecules of human TNF and IL- 6– induced osteoclasts 
and RANKL-induced osteoclasts, comprehensive gene expres-
sion analyses, such as a single- cell approach, may be required. 
Second, additional studies are needed to determine whether other 
osteoclast subsets contribute to bone destruction in RA patients.

In conclusion, the results of the present study demon-
strate that TNF and IL- 6– induced osteoclasts can differentiate 
via RANKL- independent pathways, and that there are functional 
differences between TNF and IL- 6– induced osteoclasts and 
RANKL-induced osteoclasts. In particular, targeting TNF and IL- 
6– induced osteoclasts as well as RANKL-induced osteoclasts 
is anticipated to create new therapeutic strategies such as JAK 
inhibitors.
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Contribution of a European-Prevalent Variant near CD83 
and an East Asian–Prevalent Variant near IL17RB to 
Herpes Zoster Risk in Tofacitinib Treatment: Results of 
Genome-Wide Association Study Meta-Analyses
Nan Bing,1 Huanyu Zhou,1 Xing Chen,1 Tomohiro Hirose,2 Yuta Kochi,3 Yumi Tsuchida,4 Kazuyoshi Ishigaki,5 
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James D. Clark1

Objective. Tofacitinib is an oral JAK inhibitor for the treatment of rheumatoid arthritis (RA), psoriatic arthritis, 
and ulcerative colitis, and has been previously investigated for psoriasis (PsO). This meta- analysis of genome- wide 
association studies (GWAS) was performed to identify genetic factors associated with increased risk/faster onset of 
herpes zoster (HZ) in subjects with RA or PsO receiving tofacitinib treatment, and to determine potential mechanisms 
that could be attributed to the varying rates of HZ across ethnicities.

Methods. In an ethnicity/indication- specific, trans- ethnic, trans- population meta- analysis of GWAS in subjects 
with RA or PsO from phase II, phase III, and long- term extension studies of tofacitinib, 8 million genetic variants were 
evaluated for their potential association with time to an HZ event and incidence of an HZ event (case versus control) 
with tofacitinib treatment, using Cox proportional hazard and logistic regression analyses, respectively.

Results. In total, 5,246 subjects were included (3,168 with RA and 2,078 with PsO). After adjustment for age, 
baseline absolute lymphocyte count, genetically defined ethnicity, and concomitant methotrexate use (in RA subjects 
only), 4 loci were significantly associated with faster onset of HZ in European subjects (P < 5 × 10−8), including a 
single- nucleotide polymorphism (SNP) near CD83 (frequency of risk allele ~2% in European subjects versus ~0.1% 
in East Asian subjects). In the trans- ethnic, trans- population meta- analysis, the CD83 SNP remained significant. Four 
additional significant loci were identified in the meta- analysis, among which a SNP near IL17RB was associated with 
faster onset of HZ (meta- analysis hazard ratio 3.6 [95% confidence interval 2.40– 5.44], P = 7.6 × 10−10; frequency of 
risk allele ~12% in East Asian subjects versus <0.2% in European subjects).

Conclusion. Genetic analysis of tofacitinib- treated subjects with RA or PsO identified multiple loci associated 
with increased HZ risk. Prevalent variants near the immune- relevant genes CD83 and IL17RB in European and East 
Asian populations, respectively, may contribute to risk of HZ in tofacitinib- treated subjects.

INTRODUCTION

Tofacitinib is an oral JAK inhibitor for the treatment of rheu-
matoid arthritis (RA), psoriatic arthritis (PsA), and ulcerative colitis 
(UC), and has been previously investigated for psoriasis (PsO). 

Tofacitinib is an orally bioavailable small molecule whose inhibitory 
activity involves blockade of the ATP binding site (1). In cellular 
settings where the various JAKs signal in combination, tofacitinib 
preferentially inhibits signaling by heterodimeric receptors associ-
ated with JAK1 and/or JAK3, and has functional selectivity over 
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JAK2 (1). The efficacy and safety of tofacitinib have been studied 
across multiple immune- mediated inflammatory diseases, includ-
ing RA (2– 7) and PsO (8– 11).

The safety profile of tofacitinib in subjects with RA or PsO 
is generally similar to that of tumor necrosis factor inhibitors 
and other biologic disease- modifying antirheumatic drugs 
(bDMARDs), with the exception of herpes zoster (HZ) rates 
(12– 15). HZ risk is elevated in subjects with RA in compar-
ison to the general population (16), and the risk is further 
increased in tofacitinib- treated subjects (17), although multi-
dermatomal or disseminated HZ cases have been infrequent 
(8% of HZ cases) in subjects receiving tofacitinib (13). This 
appears to be a class- specific effect, because use of other 
JAK inhibitors targeting JAK1 or JAK1/JAK2 has resulted in 
an increased risk of HZ (18). HZ risk in tofacitinib- treated sub-
jects with RA increases with age, glucocorticoid use, tofacitinib 
dose, and enrollment within Asia (e.g., subjects from Japan 
and Korea have 2– 3- fold higher rates of HZ versus those from 
other regions) (19). Similarly, in tofacitinib- treated subjects with 
PsO, HZ risk increases with age, tofacitinib dose, and Asian 
descent, and also prior bDMARD use (20). Subjects with UC 
and those with PsA receiving tofacitinib also experience higher 
rates of HZ when compared with subjects who have not been 
treated with tofacitinib (21– 23). The higher HZ rates in Asian 
subjects observed in the RA and PsO studies (17,20) could be 
attributable to multiple factors, including ascertainment bias, 
prevalence of a genetic clade of virus prone to reactivation, 
enhanced response to tofacitinib, or an interaction between 
JAK inhibition and a genetic polymorphism more common in 
Japan and Korea.

Genetic studies have identified variations in the HLA region 
as being associated with risk of HZ (24). We hypothesized that 
genetic factors may be associated with tofacitinib- related HZ, 
and that the genetic variation across ethnicities may contribute 
to the variance in HZ rates. Identifying such genetic factors could 
help reveal the mechanisms of, and hence the risk of, varicella 
zoster virus (VZV) reactivation related to tofacitinib. We therefore 
conducted a genome- wide trans- ancestry meta- analysis of HZ 
using DNA samples from RA and PsO subjects receiving treat-
ment with tofacitinib in clinical studies. Furthermore, to under-
stand the mechanism of an HZ- associated variant near IL17RB, 
we correlated the allele count and the expression of candidate 
genes in immune cell types via an expression quantitative trait loci 
(eQTL) analysis.

PATIENTS AND METHODS

Population. This analysis included subjects with RA or PsO 
from phase II and phase III index tofacitinib studies (ClinicalTrials.
gov identifiers NCT00413660, NCT00550446, NCT00603512, 
NCT00687193, NCT01059864, NCT00960440, NCT00847613, 
NCT00814307, NCT00856544, NCT00853385, NCT01039668, 
NCT00678210, NCT01276639, NCT01309737, NCT01241591, 
NCT01186744, and NCT01519089) and the correspond-
ing long- term extension (LTE) studies (ClinicalTrials.gov identifiers  
NCT00413699, NCT00661661, and NCT01163253) (for more 
details, see Supplementary Table 1 available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41655/ abstract). All subjects provided written 
informed consent.

Blood samples for genetic studies were genotyped, and 
passed sample quality control (QC). HZ events from both index and 
LTE studies were included in the analysis (data cutoff: April 2014).

Genotyping, imputation, and data QC. Germline DNA 
was extracted from peripheral blood. Single- nucleotide polymor-
phism (SNP) data were generated using Illumina Human Omni-
Express Plus Exome genome- wide arrays, versions 1– 4 (https://
www.illum ina.com/produ cts/by- type/micro array - kits/infin ium- 
omni- expre ss- exome.html). The genotype calls were conducted 
through GenomeStudio by Illumina. SNPs were imputed using 
IMPUTE2 (25), using reference panels from the 1000 Genomes 
Project phase I integrated variant set. Subjects who failed the sex   
match based on self- reported sex or those who failed the het-
erozygosity check or relatedness test were excluded from the 
downstream analysis. Furthermore, SNPs that were estimated 
to have poor imputation performance (quality score <0.9) were 
removed from the analysis.

Up to 8 million autosomal SNPs were imputed. The allelic 
dosage of each genetic variant, ranging from 0 to 2 and calculated 
from posterior genotype probabilities from IMPUTE2, was used in 
each statistical model. As an additional QC step, allele frequencies 
of variants that produced the strongest association signals were 
compared with those reported in the gnomAD database (https://
gnomad.broad insti tute.org/).

To determine the genetic ancestry of all subjects, we per-
formed a principal components analysis (PCA) using EIGENSTRAT. 
Prior to PCA, the study data were combined with data from the 
1000 Genomes Project. Independent autosomal SNPs across the 
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after study completion. The deidentified participant data will be made 
available to researchers whose proposals meet the research criteria and other 
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genome were selected after pruning, and chromosomal regions 
known to be associated with ethnicity were also removed before 
running SmartPCA. Empiric ancestry groups were then deter-
mined based on the distribution over the first 2 principal com-
ponents in each self- reported population, using clinical data. 
Subjects who were more than 6 standard deviations from either 
of the 2 first principal components were removed in the final sta-
tistical analyses.

End points and analyses of associations. Two end 
points were evaluated: 1) time to HZ event with tofacitinib treat-
ment, defined as the interval between the first tofacitinib treatment 
in either the index or the LTE studies and the earliest HZ event; 
and 2) numbers of HZ cases versus controls, in which HZ cases 
were subjects with investigator- reported HZ, and controls were 
subjects who received tofacitinib in the index or LTE studies and 
did not develop HZ during the study observation period. Cox pro-
portional hazard and logistic regression analyses were used for 
assessing associations with the time to HZ event and incidence 
of an HZ event (cases versus controls), respectively. R version 3.2 
software was used for the statistical analyses.

Covariates. A set of baseline clinical variables that are 
known to, or could potentially, affect the rate of HZ were evaluated 
for inclusion as covariates in the analysis model. The covariates 
considered in RA studies included age (in years), sex, baseline 
weight, baseline rheumatoid factor status, baseline RA severity 
based on the Disease Activity Score in 28 joints (26), erythrocyte 
sedimentation rate, RA duration, baseline absolute lymphocyte 
count (ALC), baseline neutrophil count, glucocorticoid use, and 
concomitant methotrexate use. The covariates considered in PsO 
studies included age (in years), sex, baseline weight, baseline 
ALC, baseline neutrophil count, PsO duration, presence versus 
absence of PsA at baseline, and proportion of subjects achiev-
ing a 75% decrease in the Psoriasis Area and Severity Index (27) 
at week 12 or week 16 (depending on the trial). Tofacitinib dose 
was not included as a covariate because of the potential for dose 
switching in the LTE studies.

Covariates were selected via stepwise variable selection, 
using a P value cutoff of 0.05. In this analysis, age, baseline ALC, 
genetic population stratification, and concomitant methotrexate 
use (in RA subjects only) were included as covariates in the asso-
ciation test. Additionally, the first 3 principal components defined 
by genetic data within each ancestry subgroup were included in 
the analysis model.

Ancestry-specific and trans-ancestry genome-wide
association study (GWAS) meta- analyses. Genetic ancestry 
subgroups of subjects (European, East Asian, South Asian, His-
panic, and Black) were defined as those clustering in principal com-
ponent space, as estimated from genome- wide genotype data 
in combination with self- reported ethnicities. Ancestry- specific 

GWAS were performed for European, East Asian, and Hispanic 
subgroups. The sample sizes for the Black and South Asian pop-
ulations were small; these subgroups were therefore excluded 
from the GWAS.

Each SNP with a minor allele frequency (MAF) of >2% in each 
ethnicity subgroup within either the RA or PsO populations was 
tested for association, under an additive model with adjustment 
for covariates. A meta- analysis across the ancestry subgroups 
and populations was conducted via a fixed effects model, with 
significant association defined as P values less than or equal to 
5 × 10−8. The meta- analysis included any SNPs with an MAF 
of >2% in at least 1 ethnicity subgroup; rarer alleles were not 
included, as the sample size would not be expected to provide 
adequate power for the risk estimate. Trans- ethnicity allelic het-
erogeneity was assessed with Cochran’s Q test using the meta- 
analysis random effects model, with a statistically significant level 
defined, using the conservative Bonferroni correction, as 0.005 
(0.05 divided by 10). In an additional analysis, we restricted 
the meta- analysis to variants with an MAF of >2% in all ethnic 
subgroups. Significant loci were labeled according to the gene 
nearest to the lead SNP, unless a compelling biologic candidate 
was mapped nearby. The overall design of the trans- ancestry and 
trans- population GWAS meta- analysis is illustrated in Figure 1.

Assessment of associations between genetic vari-
ants and proportions of CD4+ T cell subtypes. To identify 
the role of genetic variants in regulating immune phenotypes, 
flow cytometry was performed on freshly isolated peripheral 
blood mononuclear cells (PBMCs) from 82 healthy Japanese indi-
viduals (see Supplementary Methods, available on the Arthritis  
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.  
1002/art.41655/ abstract).

Standardized human immunophenotyping was performed to 
classify CD4+ T cells into conventional Th1, Th2, Th17, and Treg 
cell types. Association of the genetic variants with the proportions 
of these CD4+ T cell subtypes was evaluated using an additive 
genetic model via linear regression analysis. In this analysis, only 
the association of the candidate SNP on CD4+ T cell subtypes 

Figure 1. Overall design of the trans- ancestry and trans- population 
genome- wide association study (GWAS) meta- analysis in subjects 
with rheumatoid arthritis (RA) or psoriasis (PsO). *Black and South 
Asian subgroups were excluded from the GWAS meta- analysis due 
to small sample sizes.

http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
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was reported. Significance of the associations was defined as 
a P value cutoff of 0.05.

Tcellsubtype–specificeQTLanalysis. Blood samples 
were collected from 29 healthy Japanese individuals. Naive CD4+ 
T cells from these individuals were collected via fluorescence- 
activated cell sorting. These cells were cultured for 72 hours and 
differentiated into T cell subtypes via stimulation of CD3/CD28 
(for Th0 cells), CD3/CD28 plus interferon- γ (IFNγ) (for Th1 cells), 
CD3/CD28 plus interleukin- 4 (IL- 4) (for Th2 cells), CD3/CD28 
plus IL- 1β plus IL- 6 plus IL- 23 plus transforming growth factor 
β (TGFβ) (for Th17 cells), or CD3/CD28 plus IL- 2 plus TGFβ plus 
all- trans- retinoic acid (for Treg cells). Gene expression of each cell 
type was measured using RNA sequencing with Illumina HiSeq 
2000. Genotyping was conducted via Infinium OmniExpressEx-
ome BeadChips. Gene expression levels were quantified using 
Hisat2 (28) and HTSeq (29) using the GENCODE annotation (ver-
sion 25), followed by normalization using probabilistic estimation 
of expression residuals (30,31); the residuals were further treated 
by quantile normalization, and each gene expression value was 
then rank- transformed to fit normal distribution. The association 
between variants and normalized expression values was analyzed 
using linear regression with an additive effects model. Within this 
analysis, only the eQTLs of the candidate SNP on the candi-
date gene are reported. Significant association was defined as a 
P value cutoff of 0.05.

The studies involving blood samples from healthy Japanese 
individuals were approved by the Ethics Committees of RIKEN and 
the University of Tokyo. Written informed consent was obtained 
from each volunteer.

RESULTS

Subjects. Overall, 9,640 subjects with RA or PsO were 
recruited in the 17 phase II, phase III, and LTE studies (Supplemen-
tary Table 1 [http://onlin elibr ary.wiley.com/doi/10.1002/art. 41655/   
abstract]). DNA samples were collected from 5,605 subjects; 
5,246  subjects (3,168 RA subjects and 2,078 PsO subjects) re -
mained in the genetic studies following sample QC. A total of 5,027 
subjects received ≥1 dose of tofacitinib in the index or LTE studies, 
and thus were retained in the analysis. The other 219 subjects were 
initially included in the placebo or comparator arms in the index stud-
ies and were not switched to tofacitinib in the LTE studies.

Of the tofacitinib- treated subjects, 328 cases of HZ were 
reported (256 cases among RA subjects and 72 cases among 
PsO subjects). The numbers of subjects within each genetic 
ancestry subgroup were as follows: 3,787 European (75.3%), 
671 Hispanic (13.3%), 383 East Asian (7.6%), 97 Black (1.9%), 
and 89 South Asian (1.8%) (Figure 1 and Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin e  
 libr ary.wiley.com/doi/10.1002/art.41655/ abstract). The HZ rates 

and distribution of demographic and clinical characteristics of the 
subjects in this genotyped cohort were consistent with those in 
the overall trial populations (see details in Supplementary Tables 3 
and 4, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41655/ abstract).

Identification of 4 genetic loci associated with
increased HZ risk in European ancestry GWAS. Ancestry- 
specific GWAS were performed in European, Hispanic, and East 
Asian ethnicity subgroups within the RA or PsO populations (Fig-
ure  1 and Supplementary Table 2 [http://onlin elibr ary.wiley.com/  
doi/10.1002/art.41655/ abstract]). European ancestry– specific GWAS   
identified 4 loci (1 in RA subjects and 3 in PsO subjects) that were 
significantly associated with a faster time to an HZ event (P < 5 
× 10−8) in tofacitinib- treated subjects (Table 1 and Supplementary 
Figure 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41655/ abstract).

In the European RA population, the variant rs59967896, 
located on chromosome 20 within 6.7 kb 3′ of the prostate 
transmembrane protein androgen induced 1 (PMEPA1) locus, 
was significantly associated with time to an HZ event (hazard 
ratio [HR] 3.8, P = 8.3 × 10−10) and showed a marginal associa-
tion (odds ratio [OR] 4.1, P = 2.3 × 10−7) in the HZ case versus 
control analysis. The variant rs59967896 had an alternative allele 
with a “CAA” insertion that, to our knowledge, had no reported 
functions (see Supplementary Figure 2A, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41655/ abstract). The PMEPA1 locus showed no 
associations with the HZ end points in the European PsO popula-
tion, nor were there any associations evident in the Hispanic and 
East Asian populations of either RA or PsO subjects.

In the European PsO population, 3 genetic loci at CD83 
(rs112817503), UGDH (rs150665541), and VWF (rs200638456) were  
associated with faster time to HZ (Supplementary Figures 2B– D 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41655/ abstract]).   
SNP variant rs112817503 was associated with a faster time to 
onset of HZ (HR 5.7, P = 1.4 × 10−10) and increased risk of occur-
rence of an HZ event (OR 7.7, P = 6.3 × 10−8). CD83 was the 
closest coding gene to rs112817503, which was 155 kb away. 
Variant rs150665541 was associated with a faster time to onset 
of HZ (HR 4.9, P = 2.1 × 10−8) and increased risk of occurrence 
of an HZ event (OR 5.5, P = 3.6 × 10−6); it was located in the sec-
ond intron of UGDH. Variant rs200638456 was associated with a 
faster time to onset of HZ (HR 3.5, P = 2.9 × 10−8) and increased 
risk of occurrence of an HZ event (OR 4.0, P = 1.1 × 10−6). The 
rs200638456 variant was located within an intronic region of 
VWF, with a repeated sequence of the dinucleotide “AC.” The 
alternative allele of rs200638456 had an additional insertion of 
the dinucleotide “AC.”

In the Hispanic and East Asian ancestry subgroups of RA and 
PsO subjects, GWAS analysis did not reveal any significant results 

http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
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(at the threshold of P < 5 × 10−8), likely because the sample sizes 
were modest. Other meta- analyses across ethnicity subgroups 
and populations could reveal additional loci, especially those with 
consistent effects across these subgroups.

Identification of 4 additional genetic loci associ-
atedwithincreasedHZriskintrans-ancestryandtrans-
population GWAS meta- analyses. A meta- analysis of the 
ancestry-  and population- specific GWAS identified SNPs at 5 loci 
achieving genome- wide significance (combined meta- analysis 
P < 5 × 10−8) in the HZ case versus control analysis and/or in the 
time to HZ event analysis (Table 2 and Figure 2; see also Sup-
plementary Figure 3, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41655/ 
abstract). These 5 loci included IL17RB, CD83, GPR141, TOX3, 
and ACSF3/CDH15. The strength of the genetic association with 
time to an HZ event and incidence of an HZ event (case ver-
sus control) for these loci and the ancestry/population- specific 
effects of the top variants in the loci are presented in Supplemen-
tary Table 6 (available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41655/ abstract).

The association of CD83 was driven by the significant 
association observed in the European subgroup, as reported 
above. The frequency of the CD83 locus variant was lower in 
Hispanic subjects (~1%) than in European subjects (~2%), and 
was much rarer in East Asian subjects (~0.1%). The genetic 
effects in East Asian subjects could not be accurately esti-
mated, due to the extremely low variant frequency. The trans- 
ethnic and trans- population meta- analysis did not improve 
the significance levels for the CD83 variant in the European 
PsO population. Top variant rs56114331 in the GPR141 locus 
had a low allele frequency (1.7– 2.1%) in Europeans, but was 
nevertheless higher than that in East Asian or Hispanic sub-
jects (<1%). The significance of the GPR141 locus identified 
by meta- analysis was mainly driven by the significant associ-
ation in the European population of PsO subjects, although 
the sample size of the European population was not large 
enough to show significance in the European ancestry GWAS. 
Top variant rs79025327 in the TOX3 locus had a higher allele 
frequency in East Asian subjects (7– 11%) compared with 
European or Hispanic subjects (~1– 2%). The significant asso-
ciation of the TOX3 locus was mostly driven by the significant 

Figure 2. Regional association plots assessing the association of time to herpes zoster event with 4 genetic loci, at CD83 (A), GPR141 (B), 
TOX3 (C), and ACSF3 (D), in subjects with rheumatoid arthritis or psoriasis.

http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
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associations observed in the East Asian population of RA sub-
jects. The ACSF3/CDH15 locus variant had the highest allele 
frequency in Europeans (~5.6%), and the significant associ-
ation was mostly driven by European subjects with RA. The 
validity of these results requires further investigation, as many 
of them are associated with low- frequency variants.

The robustness of the top associations was evaluated in 
several further analyses. We did not observe substantial devi-
ations in allele frequencies for the top variants compared with 
those reported in the gnomAD database (Supplementary Table 7 
[http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract]). 
In addition, no significant trans- ethnic allelic heterogeneity effects 
were found after adjustment of the P values for multiple tests 
(see Supplementary Table 8, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41655/ abstract). However, when we restricted the meta- 
analysis to variants with an MAF of >2% in all ethnic groups 
(5,685,609 SNPs), only 2 loci retained genome- wide significance 
(CD83 and ACSF3), and 1 locus had suggestive genome- wide 
significance (TOX3) (see Supplementary Table 9 at http://onlin e   
libr ary.wiley.com/doi/10.1002/art.41655/ abstract), suggesting that   
the findings presented herein are sensitive to the allele frequency 
threshold.

Association of IL17RBwithashortertimetoHZ,sug-
gesting a potential contributory role for Th2 shift. A SNP 
near IL17RB (rs58861611) was associated with faster time to HZ 
(meta- analysis HR 3.6, P = 7.6 × 10−10) at the genome- wide sig-
nificance level, and was suggestively associated with HZ in the 
case versus control analysis (meta- analysis OR 3.8, P = 3.0 × 
10−6) (Table 2). Results from the Kaplan- Meier analysis of time 

to HZ event are presented in Supplementary Figures 4A– F, and 
C- statistics for the case versus control logistic regression model 
are presented in Supplementary Table 5 (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41655/ abstract).

As shown in the detailed regional plots for the genetic asso-
ciation of the IL17RB locus and the ancestry/population- specific 
effects of this SNP on HZ end points (Figure 3 and Supplementary 
Table 6 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41655/ 
abstract]), the association of IL17RB was driven by a risk allele 
common in East Asian subjects (~8– 17%) but rare in European 
subjects (<0.2%). Within the ancestry-  and population- specific 
analyses, the most significant association with the HZ end points 
was seen in the East Asian subgroup of subjects with RA (HR 
3.4, P = 3.2 × 10−7; OR 5.06, P = 2.4 × 10−6) (Supplementary 
Table 6).

Observation of altered T helper cells in rs58861611 
carriers in healthy Japanese individuals. To elucidate the 
potential role of rs58861611 (IL17RB locus variant) in regulating 
immune phenotypes, flow cytometry was performed on freshly 
isolated PBMCs from 82 healthy Japanese individuals. Subjects 
were genotyped in parallel for the IL17RB rs58861611 SNP. Two 
subjects with the “CC” genotype were observed among these 82 
healthy Japanese individuals, which is concurrent with the ~12% 
frequency of the “C” allele of rs58861611 in the overall Japanese 
population. As such, with the sample size being 82 subjects, the 
study had limited power to detect the variant impact on immune 
phenotypes.

The HZ risk allele of rs58861611 was significantly associated 
with lowered proportions of Th17 cells (P = 0.045) and Treg cells 
(P = 0.025) (Figures 4C and D). Similarly, a trend toward lowered 

Figure 3. Regional association plots assessing the association of IL17RB with time to herpes zoster (HZ) event (A) and incidence of HZ (case 
versus control) (B) in subjects with rheumatoid arthritis or psoriasis. Each point represents a single- nucleotide polymorphism (SNP) passing 
quality control in the trans- ancestry meta- analysis, plotted with its P value (on a −log10 scale) as a function of genomic position. The purple 
diamond indicates the lead SNP. Color coding of all other SNPs indicates linkage disequilibrium with the lead SNP (estimated using r2 values 
from East Asian populations in the 1000 Genomes Project database): red = r2 ≥ 0.8; gold = 0.6 ≤ r2 < 0.8; green = 0.4 ≤ r2 < 0.6; cyan = 0.2 ≤ 
r2 < 0.4; blue = r2 < 0.2; gray = r2 unknown.

http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
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proportions of Th1 cells was observed in rs58861611 variant car-
riers, although this was not statistically significant (Figure 4A). The 
effects of rs58861611 on Th2 cell proportions were also not signif-
icant (Figure 4B). These results suggest that rs58861611 may be 
associated with alterations in the proportions of T cell populations. 
However, due to the small sample size in this functional assess-
ment, and the limited number of subjects with the IL17RB gene 
variant in the present study, this observation needs to be further 
evaluated in a larger cohort.

Lackofassociationofrs58861611with IL17RB gene 
expression in T helper cell–type specific eQTL analysis
in a small cohort of healthy subjects. To further address the 
alterations in T cell proportions by the IL17RB variant, an eQTL 
analysis was performed to evaluate whether the rs58861611 vari-
ant impacts the gene expression of IL17RB or a nearby antisense 
sequence (AC012467.2) in T cell subpopulations. Th0, Th1, Th2, 
Th17, and Treg cells were induced from naive T cells from 29 
healthy Japanese individuals. In this small cohort, there was only 1 
“CC”- homozygous subject, as expected. Low expression levels of 
IL17RB were observed in naive T cells, and its overall expression 
remained low in Th0, Th1, and Th17 cells, while the expression 
of IL17RB was increased in Th2 and Treg cells (see Supplemen-
tary Figures 5A– E, available on the Arthritis & Rheumatology web-
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41655/ abstract),  
which has also been shown in other studies (32). Results of 
eQTL analysis did not reveal a significant association between 
the rs58861611 genotypes and IL17RB gene expression or the 
expression of AC012467.2, a potential antisense sequence, in any 
of the induced T cell subtypes. This result could be attributed to 
the low power of the analysis, since the sample size was small, or 
it is possible that rs58861611 may affect IL17RB expression in an 
untested cell type or through a mechanism unrelated to the mes-
senger RNA expression of the IL17RB gene.

DISCUSSION

In this analysis, we sought to identify genetic factors contrib-
uting to the occurrence of HZ related to tofacitinib treatment. The 
GWAS identified numerous loci associated with an increased risk of 
VZV reactivation (i.e., faster time to HZ onset), including 5 loci iden-
tified in a meta- analysis of the total pool, and loci identified in both 
ancestry-  and population- specific settings. These data indicate that 
1 gene, IL17RB, may account for some of the HZ cases seen among 
East Asian subjects receiving tofacitinib (C- statistic in the East Asian 
RA population = 0.78); however, no single gene accounts for all or 
the majority of cases of HZ in subjects receiving tofacitinib. Rather, the 
incidence of HZ in these populations is likely a result of interactions 
between many factors, including genetics and environmental factors.

In the ancestry-  and population- specific analyses, 4 genetic 
loci associated with faster development of HZ were identified 
in the European ancestry subgroup (1 in RA subjects, 3 in PsO 
subjects). CD83 represents a possible gene contributing to HZ 
risk, as a nearby variant, rs112817503, was significantly asso-
ciated with HZ risk. CD83 is a marker of dendritic cell (DC) mat-
uration; VZV infects mature monocyte- derived DCs and impairs 
their functions by down- regulating cell- surface immune mole-
cules, including CD83, CD80, and CD86 (33). Similarly, human 
cytomegalovirus (HCMV), a member of the herpesvirus family, 
can infect monocyte- derived DCs. HCMV impairs the ability of the 
DCs to present antigens to T cells and thereby impairs the subse-
quent proliferation of T cells through multiple mechanisms, some 
of which involve release of soluble CD83 from DC membranes 
(34). Tofacitinib lowers CD80 and CD86 expression in DCs in vitro 
(35), suggesting that JAK inhibition could interact with a variant 
near CD83 to decrease presentation of virus in infected cells. The 
precise molecular mechanisms for these tofacitinib- related effects 
are not known, but may be due to inhibition of IFNα. The CD83 
association was driven by the data from the European subgroup, 
and remained significant in the trans- ethnic GWAS meta- analysis.

Figure 4. Correlation between genotype and cell fraction in peripheral blood CD4+ T cells from 82 healthy Japanese individuals. The test for 
significance of the data from the regression analyses of correlations between proportions of Th1 (A), Th2 (B), Th17 (C), and Treg cells (D) and 
genotype was performed using t- statistics. The horizontal axis indicates the rs58861611 genotype groups. Data are shown as box plots, where 
each box represents the 25th to 75th percentiles, lines inside the boxes represent the median, the X indicates the mean, and lines outside the 
boxes represent the 10th and 90th percentiles. Circles indicate outliers.

http://onlinelibrary.wiley.com/doi/10.1002/art.41655/abstract
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The PMEPA1 locus was associated with faster HZ develop-
ment in European subjects with RA. The variant near PMEPA1 
(i.e., TMEPA1) may also influence viral presentation, as HCMV 
reduces CD83 expression via TGFβ1 signaling (36), which is inhib-
ited by PMEPA1 (37).

The VWF locus was associated with faster HZ development 
in European subjects with PsO. The VWF gene encodes the pro-
tein von Willebrand factor (vWF), which functions as both an anti-
hemophilic factor carrier and a platelet- vessel wall mediator in the 
blood coagulation system. The levels of vWF rise in multiple types 
of infections (38,39). In a candidate gene study, VWF genetic 
variants were associated with human herpes simplex encepha-
litis, a rare complication following infection with herpes simplex 
virus type 1, which usually remains latent in neurons (40). Thus, 
the VWF gene may have roles in multiple infections; however, 
the mechanisms of vWF in HZ have not been directly studied. The 
VWF locus variant (rs200638456) is in moderate linkage disequi-
librium (r2 = 0.64 in the European population) with an eQTL variant 
of CD9 (rs12099542) (41); thus, CD9 could also be a candidate 
causal gene for this association.

Within ancestry- specific GWAS, no significant associa-
tions in the Hispanic and East Asian subgroups were identified, 
likely because the numbers of subjects in these ethnicity groups 
were small, and therefore this study had low power to detect 
differences.

It was hypothesized that combining ethnicity subgroups 
via meta- analysis would increase the power to detect genetic fac-
tors for HZ risk; indeed, 4 additional loci were identified from the 
trans- ancestry and trans- population meta- analysis, including a 
variant near the IL17RB gene prevalent in East Asian populations.

IL17RB encodes a cytokine receptor that specifically binds 
to IL- 25 (IL- 17E) and IL- 17B, in which IL- 17B is thought to be an 
antagonist of IL- 25 binding (32). IL- 25 induces Th2- type cytokine 
production in IL17RB- positive cells (32), and in a case report, 
genetic amplification of IL- 25 led to an overactive Th2 response 
with a phenotype of recurrent varicella (42). In this analysis, the 
IL17RB locus variant was also associated with lowered propor-
tions of Th17/Treg cells in healthy Japanese individuals. Some-
what surprisingly, the IL17RB locus variant was not significantly 
associated with increased expression of IL17RB and did not show 
a significant effect on Th2 cell proportions, as might have been 
predicted from its known biologic effects. This may have been due 
to the small sample size and low power, or because we tested 
these effects in immune cells from healthy subjects and not under 
conditions of disease or tofacitinib exposure. These data suggest 
a potential mechanism by which the IL17RB variant contributes 
to HZ risk in Japanese individuals, as the imbalance of T cell sub-
types may lead to a reduced threshold for VZV reactivation.

In addition, IL17RB is an expression marker that can be used 
to define invariant natural killer T (iNKT) cell heterogeneity (43). 
Studies have shown that iNKT cells produce Th1, Th2, or Th17 

cytokines when challenged (43). The role of IL17RB and the JAK- 
dependent cytokine IL- 15 in the development and ratio of iNKT 
cells has been characterized in mice: CD4+IL17RB+ iNKT cells 
produce large amounts of Th2 and moderate amounts of Th17 
cytokines, whereas CD4+IL17RB− iNKT cells produce the anti- viral 
Th1 cytokine IFNγ (43). CD4+IL17RB− iNKT cells express the IL- 15 
receptor CD122, and require the presence of the JAK- dependent 
cytokine IL- 15 for development (43). In mice hypomorphic for IL- 15 
signaling, levels of Th1- producing iNKT cells decrease, while levels 
of Th2- producing iNKT cells increase (43). Deficient iNKT cells are 
characterized by low production of IFNγ; however, the functions 
of normal T cells and NK cells have been linked to disseminated 
HZ in response to vaccination in 2 case reports, despite an other-
wise intact immune system (44,45). These IL- 25 and iNKT studies 
and the association near the IL17RB gene suggest that the ratio of 
iNKT cell subsets at baseline may be important for HZ risk when 
combined with inhibition of IL- 15 signaling by tofacitinib.

Based on the significant loci identified in this analysis, we 
observed that genetic risks related to HZ are population-  and 
ethnicity- dependent. The CD83 variant was prevalent in European 
subjects; overall, its association with HZ was driven by the genetic 
effects observed in European subjects in the PsO population. 
The IL17RB variant was most prevalent in East Asian subjects; 
overall, its association with HZ was driven by the genetic effects 
observed in East Asian subjects in the RA population. This implies 
that genetic risk variants from different ethnicities may interact with 
disease conditions and tofacitinib exposure, jointly contributing to 
VZV reactivation. The IL17RB locus variant had an allele frequency 
of 8– 17% in East Asian subjects, which was higher than the allele 
frequencies of all of the other HZ- associated variants (<7% across 
populations) in this analysis. The common alleles from the IL17RB 
variant compared with other low- frequency variants in other ethnic-
ities may explain the higher HZ rate observed in tofacitinib- treated 
East Asian individuals. Notably, the IL17RB variant did not show 
association with HZ in Asian subjects with PsO. This may have 
been because sample sizes were small or there were differences 
in HZ- modifying risk factors between the PsO and RA popula-
tions. The functional mechanisms of the associations between the 
GPR141, TOX3, and ACSF3/CDH15 loci and HZ events also war-
rant further investigation.

This genetic and functional study is fundamentally limited by 
the relatively small sample sizes of the Hispanic and East Asian 
populations, as well as the assessment of multiple different sub-
groups (i.e., ethnicity and disease). Furthermore, we showed that 
the trans- ancestry association findings are sensitive to the MAF 
threshold used. When we restricted the meta- analysis to vari-
ants with an MAF of >2% in all ethnic groups, only 2 loci retained 
genome- wide significance (CD83 and ACSF3), and 1 locus had 
suggestive genome- wide significance (TOX3). These results high-
light the importance of validating the current findings in large- scale 
studies. An additional limitation is that data on prior HZ vaccination, 
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which might have lowered the risk of VZV reactivation, were not 
collected in this study.

Overall, this analysis identified multiple genetic factors asso-
ciated with HZ risk in tofacitinib- treated subjects with RA or PsO. 
The findings provide novel insights into the molecular mechanisms 
contributing to VZV reactivation during tofacitinib treatment, which 
can be further validated in additional JAK inhibitor clinical stud-
ies or by genetic analysis of larger cohorts of East Asian subjects 
characterized by VZV response.
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Long-TermSafetyandEfficacyofSubcutaneousTanezumab
VersusNonsteroidalAntiinflammatoryDrugsforHipor
KneeOsteoarthritis:ARandomizedTrial
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Objective. To assess the long- term safety and 16- week efficacy of subcutaneous tanezumab in patients with hip 
or knee osteoarthritis (OA).

Methods. This was a phase III randomized, double-blind, active treatment–controlled (using nonsteroidal antiinflamma-
tory drugs [NSAIDs] as the active treatment control) safety trial of tanezumab (56- week treatment/24- week posttreatment 
follow- up) in adults who were receiving stable-dose NSAID therapy at the time of screening and who had Western 
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain and physical function scores of ≥5; patient global 
assessment (PtGA) of OA of fair, poor, or very poor; history of inadequate pain relief with standard analgesics; and no history 
or radiographic evidence of prespecified bone/joint conditions beyond OA. Patients received oral naproxen, celecoxib, or 
diclofenac twice daily (NSAID group; n = 996) or tanezumab 2.5 mg (n = 1,002) or 5 mg (n = 998) subcutaneously every 8 
weeks. Coprimary efficacy end points at week 16 were changes in WOMAC pain and physical function scores and changes 
in PtGA. The primary joint safety end point over 80 weeks comprised adjudicated rapidly progressive OA type 1 or 2, primary 
osteonecrosis, subchondral insufficiency fracture, or pathologic fracture. Mean values, least squares mean values, and least 
squares mean differences between groups (with 95% confidence intervals [95% CIs]) were calculated.

Results. Of 3,021 randomized patients, 2,996 received ≥1 treatment dose. Adverse events (AEs) were similar 
between patients treated with tanezumab 2.5 mg and those treated with NSAIDs, and were more prevalent in those 
treated with tanezumab 5 mg. Composite joint safety events were significantly more prevalent with tanezumab 2.5 mg 
and tanezumab 5 mg than with NSAIDs (observation time– adjusted rate/1,000 patient- years 38.3 [95% CI 28.0, 52.5] 
and 71.5 [95% CI 56.7, 90.2], respectively, versus 14.8 [95% CI 8.9, 24.6]; P = 0.001 for tanezumab 2.5 mg versus 
NSAIDs; P < 0.001 for tanezumab 5 mg versus NSAIDs). Tanezumab 5 mg significantly improved pain and physical 
function but did not improve PtGA at week 16 when compared to NSAIDs; corresponding differences between the 
tanezumab 2.5 mg and NSAID groups were not statistically significant.

Conclusion. In patients previously receiving a stable dose of NSAIDs, tanezumab administered subcutaneously 
resulted in more joint safety events than continued NSAIDs, with differences being dose dependent. Pain and 
physical function improved with both doses of tanezumab compared to NSAIDs, reaching statistical significance with 
tanezumab 5 mg at 16 weeks.
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INTRODUCTION

The neurotrophin nerve growth factor (NGF) is associated 
with pronociceptive functions involved in the pathogenesis of 
chronic pain (1,2). The role of NGF- dependent mechanisms in 
osteoarthritis (OA) pain is supported by evidence from clinical  trials 
that demonstrated efficacy of NGF- blocking antibodies (3– 6).

Tanezumab is an NGF monoclonal antibody that is under 
investigation for the treatment of OA pain in patients who have 
not had an adequate response to nonsteroidal antiinflammatory 
drugs (NSAIDs) or who are unable to take NSAIDs. In early short- 
term OA clinical trials, tanezumab administered intravenously 
(5– 10 mg) typically showed greater efficacy than NSAIDs and opi-
oid analgesics, and was generally well tolerated, although some 
patients experienced joint safety events and abnormal periph-
eral sensations (7– 9). Concerns regarding joint damage in clini-
cal studies and histomorphologic neurologic changes observed 
in preclinical models resulted in the placement of partial clinical 
holds on clinical studies of NGF inhibitors by the US Food and 
Drug Administration in 2010 and in 2012, respectively. However, 
subsequent analyses of the reported joint safety events (10) and 
additional nonclinical neurologic studies resulted in the lifting of the 
tanezumab partial clinical holds in 2012 and in 2015, respectively.

Although the previous development program for tanezumab 
established its short- term efficacy and safety versus placebo, less 
evidence is available to support longer- term safety and efficacy 
versus other analgesics. The aim of this large, active treatment 
(NSAID)–controlled study was to establish the long- term risk of joint 
safety events and the 16- week efficacy profile of subcutaneous 
(SC) tanezumab versus oral NSAIDs in patients with hip or knee OA 
and moderate- to- severe pain despite prior stable use of NSAIDs.

PATIENTS AND METHODS

Study design and oversight. This phase III, randomized, 
double- blind, double- dummy, active treatment–controlled, parallel- 
group study (ClinicalTrials.gov identifier: NCT02528188) was con-
ducted at 446 sites in the US, Europe, Latin America, and the 
Asia- Pacific region from July 21, 2015 (first patient visit) to February 
27, 2019 (last patient visit) (11). The protocol was approved by an 
institutional review board or independent ethics committee at each 

participating center. The study was conducted in accordance with 
the Declaration of Helsinki and in accordance with the Principles of 
Good Clinical Practice. All patients provided written informed consent.

The study comprised 3 phases: screening of ≤37 days; 56- 
week, double- blind treatment; and 24- week safety follow- up. 
Patients who completed the double- blind treatment period at 
week 56 entered a 24- week safety follow- up period (Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41674/ abstract). 
The screening phase included a washout period (≥5 half- lives or 
2 days, whichever was greater) for all prohibited pain medications 
and an initial pain assessment period (≥3 days within 1 week of ran-
domization/baseline). Five musculoskeletal radiologists at the cen-
tral study location received training on the protocol and reviewed 
the radiographs to assess eligibility and outcomes throughout the 
study (12– 14); interreader variability was monitored at prespeci-
fied intervals for consistency and quality assurance (12).

Study population. Patients age ≥18 years, with a body mass 
index of ≤39 kg/m2, were eligible to enroll if they had a clinical diag-
nosis of hip/knee OA in the index joint (the most painful joint) and 
if they fulfilled the American College of Rheumatology classification 
criteria (15,16), including radiographic confirmation (Kellgren/Law-
rence [K/L] grade ≥2) (17). Patients were required to have received 
a stable dose of an oral NSAID for ≥30 days before screening, with 
documented history of inadequate pain relief with acetaminophen 
and inadequate pain relief with, contraindication to, or intolerance of 
opioid analgesics or tramadol, or unwillingness to take opioid anal-
gesics (Supplementary Table 1, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41674/ abstract). Other major inclusion criteria were Western Ontario 
and McMaster Universities Osteoarthritis Index (WOMAC) (18) pain 
and physical function subscale scores of ≥5 in the index joint (11- 
point numeric rating scale ranging from 0 to 10; 0 = no pain/difficulty, 
10 = extreme pain/difficulty) and patient global assessment (PtGA) 
of OA rated as “fair,” “poor,” or “very poor” at baseline (5- point Likert 
scale ranging from “very good” to “very poor”). Patients provided 
their responses to these assessments while receiving stable doses 
of oral NSAIDs for ≥2 weeks during screening and before rand-
omization (Supplementary Figure 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41674/ abstract).
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Patients were excluded from the study if there was radio-
graphic evidence, in any hip, knee, or shoulder joint, of prespecified 
bone or joint conditions (i.e., destructive arthropathy characteristic 
of rapidly progressive OA [RPOA], atrophic OA, subchondral insuf-
ficiency fracture, primary osteonecrosis, or pathologic fracture) or 
other conditions (Supplementary Table 2, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41674/ abstract). Other major exclusion cri-
teria are summarized in Supplementary Table 2. Excluded and 
prohibited medications are summarized in Supplementary Table 1, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41674/ abstract.

Intervention. After receiving treatment with stable open- 
label oral NSAIDs (naproxen 500 mg twice daily, celecoxib 100 mg 
twice daily, or diclofenac extended release 75 mg twice daily) for at 
least the last 2 weeks of the screening period, patients were ran-
domized 1:1:1, using an interactive response technology system, 
to 1 of 3 parallel groups in a double- blind, double- dummy placebo 
design: oral NSAIDs twice daily (the same NSAID regimen used to 
stabilize the patient’s OA during screening) or tanezumab 2.5 mg 
SC or tanezumab 5 mg SC every 8 weeks. Patients randomized 
to receive tanezumab at either dose also received oral placebo 
NSAIDs twice daily (resembling the NSAID the patient received 
during screening) and patients randomized to receive NSAIDs 
received SC placebo (resembling tanezumab) every 8 weeks. 
Randomization was stratified by index joint (hip/knee), by the most 
severe K/L grade (2, 3, or 4) in any hip/knee, and by NSAID treat-
ment at study entry.

Acetaminophen was allowed as rescue therapy in patients 
with inadequate pain relief, except for ≤24 hours before study vis-
its for efficacy assessment. Acetaminophen doses were limited to 
≤3,000 mg/day for up to 3 days/week to week 16 and as needed 
thereafter to week 64, followed by maximum dosage as needed 
(or as permitted by local or national labeling) after week 64. Aspirin 
doses of ≤325 mg/day were permitted for cardiovascular proph-
ylaxis. Use of nonassigned NSAIDs was prohibited through week 
64, but analgesics were permitted occasionally for self- limiting con-
ditions unrelated to OA, except for ≤48 hours or 5 half- lives (which-
ever was greater) before study visits for efficacy assessment.

At week 16, patients must have had a ≥30% reduction from 
baseline in the WOMAC pain subscale score and a ≥15% reduc-
tion from baseline in this pain subscale score at week 2, 4, or 
8 to continue in the double- blind treatment period. If these pre-
specified response criteria were not satisfied, the treatment was 
discontinued and the patient was entered into the 24- week safety 
follow- up period. During the follow- up period, standard- of- care 
treatment was administered as needed for ≥16 weeks after the 
last dose of randomized SC treatment.

Assessments. Adverse events. General safety/tolerability 
assessments during the 56- week treatment and 24- week safety 
follow- up periods included treatment- emergent adverse events 
(AEs). AEs were coded based on the Medical Dictionary for 

Regulatory Activities, version 21.1. Unblinded safety data were 
reviewed regularly throughout the study by an independent, 
external safety monitoring committee.

Joint safety. Musculoskeletal examinations and monitoring 
of relevant AEs and pain scores were conducted by the inves-
tigators throughout the study to identify increased, severe, or 
new persistent joint pain. Radiographs of both hips, knees, and 
shoulders were obtained during the screening period and at 
weeks 24, 56, and 80 to monitor for the occurrence of joint safety 
events and were evaluated by trained central readers. Magnetic 
resonance imaging (MRI; 1.5T or 3.0T scanner) of each hip and 
knee was performed at screening in all patients; follow- up MRIs 
of each hip and knee were obtained at weeks 24, 56, and 80 in 
patients with a K/L grade of ≥3 in any hip/knee and at the discre-
tion of the investigators or central readers throughout the study.

Joint safety events included RPOA type 1 or 2, subchondral 
insufficiency fracture, primary osteonecrosis, and pathologic frac-
ture. RPOA type 1 (RPOA1) was defined as a significant decline 
in joint space width (JSW) of ≥2 mm (predicated on optimal joint 
positioning) within ~1 year, without gross structural failure (19). 
RPOA2 was defined as abnormal bone loss or destruction, includ-
ing limited or total collapse of ≥1 subchondral surface, that is not 
normally present in conventional end- stage OA. A blinded adjudi-
cation committee (external experts in musculoskeletal radiology, 
orthopedic surgery, bone and joint pathology, and rheumatology), 
reviewed all possible or probable joint safety events and provided 
the final decision regarding adjudication classification. Cases 
requiring adjudication were identified in 3 ways: 1) investigator- 
reported events, 2) possible/probable joint safety events identi-
fied on radiographs and MRIs by the central reader, and 3) all 
total joint replacements (TJRs). The primary joint safety end point 
was a composite that included adjudicated RPOA1 or RPOA2, 
subchondral insufficiency fracture, primary osteonecrosis, and 
pathologic fracture.

Efficacy. The 3 coprimary efficacy end points were change 
from baseline to week 16 in WOMAC pain and physical func-
tion subscale scores and PtGA. Patients completed question-
naires during clinic visits. The proportion of patients achieving 
≥50% reduction in WOMAC pain subscale score at week 16 
was a key secondary end point. Though the study was not 
optimally designed for investigating long- term efficacy, week 
56 changes in primary and key secondary efficacy end points 
were assessed.

Statistical analysis. Enrollment of ~1,000 patients in each 
treatment group was planned to yield a high probability of observ-
ing events with very small event rates (e.g., 90% probability of 
observing ≥1 event in the primary composite joint safety end point 
was estimated in any single treatment group if the event rate was 
0.25%). The primary safety and efficacy populations comprised 
all randomized patients who received ≥1 dose of SC study med-
ication. SAS software, version 9.4 (SAS Institute) was used for all 
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statistical analyses. P values (2- sided) less than 0.05 were consid-
ered significant.

AEs were summarized descriptively by treatment group. 
The incidence and observation time– adjusted rates/1,000 
patient- years of all adjudicated joint safety outcome measures 
(combined as the primary composite joint safety end point and 
individually) over 80 weeks of observation, as well as rates of 
TJRs, were calculated. Differences in the rate of each adjudi-
cated joint safety end point between the NSAID and tanezumab 
groups were compared using a Poisson model, with 95% confi-
dence intervals (95% CIs).

The coprimary efficacy end points were analyzed using anal-
ysis of covariance, with model terms for the baseline score of the 
corresponding end point, baseline diary mean pain (based on 
numeric rating scale, and completed by the patient at approx-
imately the same time each day), the index joint (knee or hip), 
highest K/L grade, assigned NSAID (naproxen, celecoxib, or 
diclofenac), and treatment group, with the study site as a ran-
dom effect. Missing data at week 16 were handled using a mul-
tiple imputation strategy based on the baseline observation if the 
response was missing due to discontinuation because of an AE 
or insufficient efficacy, and based on the last observation if the 
response was missing for other reasons.

The key secondary efficacy end point of ≥50% improvement 
in the WOMAC pain subscale score at week 16 was analyzed 
using logistic regression, with model terms for baseline WOMAC 
pain subscale score, baseline diary mean pain, index joint, K/L 
grade, assigned NSAID, and treatment group. Similar to the 

primary efficacy end point, an imputation strategy was followed 
for missing data in the responder analyses dependent on the rea-
son for discontinuation.

The graphical approach of gatekeeping strategy was used 
to test the coprimary efficacy end points and key secondary 
efficacy end points to control the family- wise, 2- sided Type I 
error rate of 5% (Supplementary Figure 2, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41674/ abstract). Tanezumab 5 mg 
was first tested versus NSAIDs for the 3 coprimary efficacy 
end points at week 16; between- group differences for all 3 end 
points had to be significant at α = 0.05 for the coprimary end 
point to be significant. Pending the outcome of this analysis, 
the coprimary end points for the tanezumab 2.5 mg group and 
key secondary end points for both tanezumab doses were sub-
sequently tested in a prespecified hierarchy. Statistical testing 
for adjudicated joint safety outcomes was unadjusted. Differ-
ences between tanezumab doses were not tested for signifi-
cance. End points at week 56 were analyzed similarly to those 
at week 16.

RESULTS

Patients. Of 17,730 patients screened for the study, 
3,021 were randomized and 2,996 comprised the safety 
and efficacy analysis population (Figure 1). Demographic and 
baseline characteristics were similar across treatment groups; 
the majority of patients had ≥2 joints with radiographic evidence 
of OA (Table 1). Of the patients who were not randomized, 

Figure 1. Patient disposition. Among randomized patients, the incidence of protocol deviations related to eligibility criteria (i.e., nonqualifying 
diagnosis of osteoarthritis or nonqualifying Western Ontario and McMaster Universities Osteoarthritis Index pain and physical function subscale 
scores or patient global assessment) was low (~≤1% for each criterion) and similar across treatment groups. a Patients screened but not 
randomized for reasons unrelated to specific eligibility criteria. b Patients randomized in error and withdrawn prior to receiving treatment.  
c Disposition after either completing or discontinuing the treatment period. NSAID = nonsteroidal antiinflammatory drug.
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the most common reasons for exclusion were not meeting 
the inclusion criterion of diagnosis of OA in the index hip or 
knee (19.1%), a WOMAC pain score of <5 in the index joint 
at screening (14.9%), or unwillingness/inability to comply with 
lifestyle guidelines, scheduled visits, the treatment plan, labo-
ratory testings, and other study procedures through the end 
of the study visit (13.0%) (Supplementary Table 2, available 

on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41674/ abstract).

Overall AEs. During the treatment period, 62.8%, 67.1%, 
and 60.3% of patients in the tanezumab 2.5 mg group, tane-
zumab 5 mg group, and NSAID group experienced AEs (includ-
ing joint safety AEs), respectively (Table 2). Serious AEs (SAEs) 

Table 1. Demographic and baseline characteristics across treatment groups*

Characteristic
Tanezumab 2.5 mg  

(n = 1,002)
Tanezumab 5 mg  

(n = 998)
NSAIDs 

(n = 996)
Female 637 (63.6) 654 (65.5) 662 (66.5)
Age, years

Mean ± SD 60.3 ± 9.2 61.2 ± 9.6 60.3 ± 9.5
Range 28– 90 31– 87 28– 88

Race
White 705 (70.4) 712 (71.3) 680 (68.3)
Black 166 (16.6) 162 (16.2) 186 (18.7)
Asian 110 (11.0) 95 (9.5) 99 (9.9)
Other 21 (2.1) 29 (2.9) 31 (3.1)

Body mass index, kg/m2

Mean ± SD 30.7 ± 4.8 30.7 ± 4.9 31.0 ± 4.7
Range 16– 39 17– 39 18– 39

Time since OA diagnosis in index joint, years
Mean 8.0 7.9 8.1
Range 0– 52 0– 50 0– 44

Index joint
Hip 151 (15.1) 148 (14.8) 144 (14.5)
Knee 851 (84.9) 850 (85.2) 852 (85.5)

K/L grade of index joint
0 (no OA) 0 4 (0.4) 1 (0.1)
1 2 (0.2) 2 (0.2) 3 (0.3)
2 298 (29.7) 303 (30.4) 291 (29.2)
3 475 (47.4) 474 (47.5) 476 (47.8)
4 (severe OA) 227 (22.7) 215 (21.5) 225 (22.6)

Joints per patient with K/L grade ≥2
0 1 (0.1) 0 0
1 232 (23.2) 214 (21.4) 219 (22.0)
2 538 (53.7) 556 (55.7) 560 (56.2)
3 134 (13.4) 138 (13.8) 124 (12.4)
4 97 (9.7) 90 (9.0) 93 (9.3)

WOMAC pain score at baseline†
Mean ± SD 7.0 ± 1.1 7.0 ± 1.1 7.0 ± 1.1
Range 4– 10 2– 10 3– 10

WOMAC physical function score at baseline†
Mean ± SD 7.1 ± 1.1 7.1 ± 1.1 7.0 ± 1.1
Range 2– 10 1– 10 2– 10

PtGA score at baseline‡
Mean ± SD 3.5 ± 0.6 3.5 ± 0.6 3.4 ± 0.6
Very good 1 (0.1) 0 1 (0.1)
Good 5 (0.5) 7 (0.7) 3 (0.3)
Fair 557 (55.7) 569 (57.2) 592 (59.6)
Poor 381 (38.1) 369 (37.1) 355 (35.7)
Very poor 56 (5.6) 50 (5.0) 43 (4.3)

* Except where otherwise indicated, values are the number (%). NSAIDs = nonsteroidal antiinflammatory drugs; OA = 
osteoarthritis; K/L = Kellgren/Lawrence. 
† Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain and physical function subscale 
scores were assessed on 11- point numeric rating scales ranging 0– 10 (higher scores = greater pain intensity and worse 
physical function, respectively). 
‡ Patient global assessment (PtGA) scores were assessed on a 5-point Likert scale, ranging from “very good” to “very 
poor” (“very good” = asymptomatic and no limitation of normal activities, “good” = mild symptoms and no limitation 
of normal activities, “fair” = moderate symptoms and limitation of some normal activities,” “poor” = severe symptoms 
and inability to carry out most normal activities, and “very poor” = very severe symptoms which are intolerable and 
inability to carry out all normal activities). 
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occurred more frequently in patients who were treated with 
tanezumab 5 mg (8.0%) than in those who were treated with 
tanezumab 2.5 mg (5.1%) or NSAIDs (4.6%) (Table 2 and Sup-
plementary Table 3, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41674/ abstract). Neurologic AEs of special interest, including 
abnormal peripheral sensation (e.g., paresthesia, hypoesthesia, 
carpal tunnel syndrome, and burning sensation), were reported in 
≤3.2% of patients in any treatment group, but neurologic AEs of 
special interest were more frequent in the tanezumab groups than 
in the NSAID group (Table 2). The incidence of study drug discon-
tinuation due to AEs was greatest in the tanezumab 5 mg group 
(8.8%) and similar between the NSAID group and the tanezumab 
2.5 mg group (5.2% and 5.3%, respectively).

A total of 8 deaths occurred during the study: 5 during the 
treatment period and 3 during the 24- week safety follow- up 
period. Two patients died after leaving the study (Table 2 and Sup-
plementary Table 4, http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41674/ abstract).

Joint safety events. The majority of adjudicated events 
were identified by the central readers during evaluation of radi-
ographs and MRI. Of the 336 patients who required adjudication 
for joint safety events over 80 weeks, the events were adjudicated 

as normal progression of OA in 172 (51.2%), and the crite-
ria for the primary composite joint safety outcome were fulfilled 
in 125 (37.2%) (Table 3). The observation time– adjusted rate of 
the primary composite joint safety end point was highest in the 
tanezumab 5 mg group (71.5 events/1,000 patient- years [95% 
CI 56.7, 90.2]), followed by the tanezumab 2.5 mg group (38.3 
[95% CI 28.0, 52.5]) and NSAID group (14.8 [95% CI 8.9, 24.6]) 
(P < 0.001, tanezumab 5 mg versus NSAIDs; P = 0.001, tane-
zumab 2.5 mg versus NSAIDs). Among the 125 patients who met 
the primary composite joint safety end point, the knee, hip, or 
shoulder was the affected joint in 96 patients (76.8%), 26 patients 
(20.8%), and 3 patients (2.4%), respectively, with the index joint 
involved in 52 patients (41.6%) and a nonindex joint involved in 
73 patients (58.4%). Although a nonindex joint was the affected 
joint in the majority of primary composite joint safety events, the 
designation of an index joint did not mean that other joints meet-
ing the primary composite joint safety end point were unaffected 
by OA (Supplementary Table 5, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41674/ abstract). Approximately 82%, 70%, and 
80% of joints affected by a primary composite joint safety event 
in the tanezumab 2.5 mg, tanezumab 5 mg, and NSAID groups, 
respectively, had a K/L grade of ≥2 at baseline. Structural evi-
dence of advanced OA (K/L grade 3 or 4) was present in ~49%, 

Table 2. Summary of treatment- emergent adverse events in patients in the 3 groups*

Treatment period  
(first dose to week 56)

Up to end of study  
(first dose to week 80)

Tanezumab 
2.5 mg  

(n = 1,002)

Tanezumab  
5 mg  

(n = 998)
NSAIDs  

(n = 996)

Tanezumab 
2.5 mg  

(n = 1,002)

Tanezumab 
5 mg  

(n = 998)
NSAIDs  

(n = 996)
Any AE 629 (62.8) 670 (67.1) 601 (60.3) 681 (68.0) 744 (74.5) 666 (66.9)
Serious AE 51 (5.1) 80 (8.0) 46 (4.6) 78 (7.8) 110 (11.0) 66 (6.6)
Treatment- related AE 165 (16.5) 208 (20.8) 158 (15.9) 190 (19.0) 250 (25.1) 179 (18.0)
Death 2 (0.2) 3 (0.3) 0 4 (0.4) 4 (0.4) 0
Discontinued study medication due to AE† 53 (5.3) 88 (8.8) 52 (5.2) 53 (5.3) 88 (8.8) 52 (5.2)
Discontinued study due to AE 23 (2.3) 20 (2.0) 7 (0.7) 23 (2.3) 22 (2.2) 8 (0.8)
Most common AEs‡

Arthralgia 133 (13.3) 165 (16.5) 117 (11.7) 174 (17.4) 215 (21.5) 155 (15.6)
Fall 65 (6.5) 53 (5.3) 46 (4.6) 84 (8.4) 75 (7.5) 64 (6.4)
OA 39 (3.9) 54 (5.4) 23 (2.3) 57 (5.7) 99 (9.9) 33 (3.3)
Nasopharyngitis 57 (5.7) 67 (6.7) 40 (4.0) 67 (6.7) 75 (7.5) 56 (5.6)
Upper respiratory tract infection 57 (5.7) 45 (4.5) 59 (5.9) 64 (6.4) 51 (5.1) 70 (7.0)
Back pain 34 (3.4) 55 (5.5) 35 (3.5) 42 (4.2) 69 (6.9) 46 (4.6)
Rapidly progressive OA 18 (1.8) 41 (4.1) 4 (0.4) 34 (3.4) 64 (6.4) 12 (1.2)
Musculoskeletal pain 43 (4.3) 41 (4.1) 37 (3.7) 58 (5.8) 63 (6.3) 46 (4.6)
Headache 56 (5.6) 45 (4.5) 25 (2.5) 58 (5.8) 51 (5.1) 31 (3.1)
Joint swelling 43 (4.3) 48 (4.8) 10 (1.0) 45 (4.5) 53 (5.3) 15 (1.5)
Pain in extremity 31 (3.1) 37 (3.7) 28 (2.8) 37 (3.7) 48 (4.8) 39 (3.9)
Peripheral edema 19 (1.9) 43 (4.3) 17 (1.7) 21 (2.1) 45 (4.5) 19 (1.9)
Bronchitis 22 (2.2) 28 (2.8) 13 (1.3) 24 (2.4) 34 (3.4) 17 (1.7)
Paresthesia 18 (1.8) 30 (3.0) 13 (1.3) 18 (1.8) 32 (3.2) 14 (1.4)
Influenza 20 (2.0) 21 (2.1) 26 (2.6) 23 (2.3) 22 (2.2) 31 (3.1)
Carpal tunnel syndrome 16 (1.6) 27 (2.7) 6 (0.6) 16 (1.6) 31 (3.1) 7 (0.7)
Hypoesthesia 27 (2.7) 28 (2.8) 18 (1.8) 30 (3.0) 29 (2.9) 19 (1.9)
Cough 13 (1.3) 26 (2.6) 7 (0.7) 13 (1.3) 30 (3.0) 10 (1.0)

* Values are the number (%) of patients. NSAIDs = nonsteroidal antiinflammatory drugs; AE = adverse event; OA = osteoarthritis. 
† Discontinued study drug, but continued in the study. 
‡ Reported in ≥3% of patients in any treatment group up to end of study. 
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34%, and 47% of the affected joints in the tanezumab 2.5 mg, 
tanezumab 5 mg, and NSAID groups, respectively (Supplemen-
tary Table 6, http://onlin elibr ary.wiley.com/doi/10.1002/art.41674/ 
abstract).

Overall, 88 (70.4%) of the 125 patients who met the primary 
composite joint safety end point had RPOA1, and 18 (14.4%) had 
RPOA2. Seventeen patients (13.6%) had a subchondral insuffi-
ciency fracture, 2 patients (1.6%) had primary osteonecrosis, and 
no patients had a pathologic fracture. One patient in the NSAID 
group had 2 joints with different adjudicated joint safety events (i.e., 
RPOA1 and subchondral insufficiency fracture); the subchondral 
insufficiency fracture (as the more severe outcome) was included 
in the primary composite joint safety end point for this patient. 

The observation time– adjusted rate of RPOA1 was significantly 
higher in patients treated with tanezumab 2.5 mg and tanezumab 
5 mg versus those treated with NSAIDs (Table 3) (P = 0.005 and 
P < 0.001, respectively); the rate of RPOA2 was significantly 
higher only with tanezumab 5 mg versus NSAIDs (P = 0.001). The 
observation time– adjusted rate of RPOA1 and RPOA2 combined 
was significantly higher in patients treated with tanezumab 2.5 mg 
and those treated with tanezumab 5 mg versus NSAIDs (Table 3) 
(P = 0.003 and P < 0.001, respectively).

Of 2,996 patients, TJRs were performed in 159 (5.3%). Ob -
servation time– adjusted rates of TJR surgeries were significantly 
higher in patients treated with tanezumab 2.5 mg (51.8/1,000 
patient- years) and those treated with tanezumab 5 mg (79.7/1,000 

Table 3. Summary of adjudicated joint safety events over 80 weeks of observation*

Joint safety outcome
Tanezumab 2.5 mg  

(n = 1,002)
Tanezumab 5 mg 

(n = 998)
NSAID 

(n = 996)
Adjudicated for joint safety† 116 (11.6) 171 (17.1) 49 (4.9)

Primary composite joint safety end point [95% CI] 39 (3.9) [2.8, 5.3] 71 (7.1) [5.6, 8.9] 15 (1.5) [0.8, 2.5]
Observation time, patient- years 1,017 993 1,011
Observation time– adjusted rate/1,000 patient- years [95% CI] 38.3 [28.0, 52.5] 71.5 [56.7, 90.2] 14.8 [8.9, 24.6]

Rate difference vs. NSAIDs [95% CI] 23.5 [9.3, 37.7] 56.7 [38.4, 74.9] – 
P 0.001 <0.001 – 

RPOA1 and RPOA2 combined [95% CI] 32 (3.2) [2.2, 4.5] 63 (6.3) [4.9, 8.0] 12 (1.2) [0.6, 2.1]
Observation time, patient- years 1,018 995 1,012
Observation time– adjusted rate/1,000 patient- years [95% CI] 31.4 [22.2, 44.4] 63.3 [49.5, 81.1] 11.9 [6.7, 20.9]

Rate difference vs. NSAIDs [95% CI] 19.6 [6.8, 32.4] 51.5 [34.5, 68.5] – 
P 0.003 <0.001 – 

RPOA1 [95% CI]‡ 29 (2.9) [1.9, 4.1] 49 (4.9) [3.7, 6.4] 11 (1.1) [0.6, 2.0]
Observation time, patient- years 1,020 998 1,012
Observation time– adjusted rate/1,000 patient- years [95% CI] 28.4 [19.8, 40.9] 49.1 [37.1, 65.0] 10.9 [6.0, 19.6]

Rate difference vs. NSAIDs [95% CI] 17.6 [5.4, 29.8] 38.2 [23.1, 53.4] – 
P 0.005 <0.001 – 

RPOA2 [95% CI]§ 3 (0.3) [0.1, 0.9] 14 (1.4) [0.8, 2.3] 1 (0.1) [0, 0.6]
Observation time, patient- years 1,027 1,010 1,016
Observation time– adjusted rate/1,000 patient- years [95% CI] 2.9 [0.9, 9.1] 13.9 [8.2, 23.4] 1.0 [0.1, 7.0]

Rate difference vs. NSAIDs [95% CI] 1.9 [– 1.9, 5.8] 12.9 [5.4, 20.4] – 
P 0.32 <0.001 – 

Subchondral insufficiency fracture [95% CI] 6 (0.6) [0.2, 1.3] 7 (0.7) [0.3, 1.4] 4 (0.4) [0.1, 1.0]
Observation time, patient- years 1,027 1,012 1,014
Observation time– adjusted rate/1,000 patient- years [95% CI] 5.8 [2.6, 13.0] 6.9 [3.3, 14.5] 3.9 [1.5, 10.5]

Rate difference vs. NSAIDs [95% CI] 1.9 [– 4.2, 8.0] 3.0 [– 3.4, 9.4] – 
P 0.54 0.36 – 

Primary osteonecrosis [95% CI] 1 (0.1) [0, 0.6] 1 (0.1) [0, 0.6] 0 (0) [0, 0.4]
Observation time, patient- years 1,028 1,013 1,016
Observation time– adjusted rate/1,000 patient- years [95% CI] 1.0 [0.1, 6.9] 1.0 [0.1, 7.0] 0

Rate difference vs. NSAIDs [95% CI] 1.0 1.0 – 
P NE NE – 

Adjudicated as normal progression of OA 66 (6.6) 79 (7.9) 27 (2.7)
Not enough information¶ 2 (0.2) 0 0
Other joint outcomes# 9 (0.9) 21 (2.1) 7 (0.7)

* Except where otherwise indicated, values are the number (%). 95% CI = 95% confidence interval; NE = not evaluable.
† No pathologic fractures occurred in any treatment group during the study (observation times 1,028, 1,013, and 1,016 patient- years in the 
tanezumab 2.5 mg, tanezumab 5 mg, and nonsteroidal antiinflammatory drug [NSAID] groups, respectively). 
‡ Defined as significant loss of joint space width ≥2 mm (predicated on optimal joint positioning) within ~1 year, without gross structural failure. 
One patient (NSAID group) had rapidly progressive osteoarthritis type 1 (RPOA1) and subchondral insufficiency fracture in different joints (NSAID 
group); both outcomes are included in these analyses. 
§ Defined as abnormal bone loss or destruction, including limited or total collapse of ≥1 subchondral surface, that is not normally present in 
conventional end- stage OA. 
¶ Not enough information to determine rapid versus normal progression of OA. 
# Across treatment groups, the majority of “other joint outcomes” were posttraumatic events (i.e., meniscal tear, fracture, injury), preexisting 
osteonecrosis or subchondral insufficiency fracture, posttraumatic and/or postprocedural OA, or posttraumatic and/or postsurgical RPOA1. 
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patient- years) versus patients treated with NSAIDs (25.7/1,000 
patient- years) (P = 0.003 and P < 0.001, respectively) (Supple-
mentary Table 7, http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41674/ abstract). Overall, 28 (17.6%) of 159 patients who under-
went TJRs met the primary composite joint safety end point, 
including 4 of 53 patients (7.5%), 20 of 80 patients (25.0%), and 
4 of 26 patients (15.4%) in the tanezumab 2.5 mg, tanezumab 
5 mg, and NSAID groups, respectively. In patients who underwent 
TJR, RPOA1 occurred with similar frequency across the 3 treat-
ment groups; RPOA2 occurred predominantly in patients treated 
with tanezumab 5 mg.

Efficacy end points. At week 16, patients treated with tan-
ezumab 5 mg plus oral placebo had significantly greater improve-
ment from baseline in pain and physical function versus patients 
receiving NSAIDs plus SC placebo (least squares mean [LSM] dif-
ference versus NSAIDs −0.26 [95% CI – 0.46, – 0.05], P = 0.015 
for WOMAC pain scores; (−0.31 [95% CI −0.52, −0.11], P = 0.003 
for WOMAC physical function scores), but no significant differ-
ences in PtGA scores at week 16 were seen (LSM difference ver-
sus NSAIDs −0.04 [95% CI −0.11, 0.04]) (Table 4).

Improvements in coprimary efficacy end points at week 16 
were smaller in patients treated with tanezumab 2.5 mg com-
pared to patients treated with tanezumab 5 mg; improvements in 
the tanezumab 2.5 mg group versus the NSAID group were not 
significantly different (LSM difference at week 16 −0.15 [95% CI 
−0.36, 0.06] for WOMAC pain scores; −0.19 [95% CI −0.40, 0.02] 
for WOMAC physical function scores; −0.02 [95% CI −0.09, 0.06] 
for PtGA scores) (Table 4). Changes from baseline to week 56 in 

both the tanezumab group and the NSAID group were numeri-
cally similar and not significantly different, although the study was 
not optimally designed to show efficacy at week 56 (Supplemen-
tary Table 8, http://onlin elibr ary.wiley.com/doi/10.1002/art.41674/ 
abstract).

The proportions of patients who achieved ≥50% reduction 
from baseline in the WOMAC pain subscale score at week 16 
were 54.9%, 56.5%, and 51.5% in the tanezumab 2.5 mg, tane-
zumab 5 mg, and NSAID groups, respectively. After 56 weeks, the 
corresponding proportions of patients achieving ≥50% reduction 
in WOMAC pain scores were 44.3%, 41.5%, and 43.5%.

DISCUSSION

In this large, randomized, double- blind, double- dummy, 
NSAID- controlled, parallel- group study, the frequencies of AEs 
overall and SAEs were similar between the tanezumab 2.5 mg and 
NSAID groups, and these events were more prevalent with tane-
zumab 5 mg. The primary composite joint safety end point and 
RPOA1 and RPOA2 combined were significantly more common 
with tanezumab 2.5 mg and 5 mg, in a dose- dependent man-
ner, than with NSAIDs. Pain and physical function improved with 
tanezumab and NSAIDs, but only in those receiving tanezumab 
5 mg was the degree of improvement significantly different from 
that observed with NSAIDs at 16 weeks. Improvements in pain 
and physical function were numerically similar across all treatment 
groups at 56 weeks.

Tanezumab was associated with increased rates of RPOA1 
and RPOA2 in the current study. Approximately 70% of com  posite 

Table 4. Change from baseline to week 16 in scores on the WOMAC pain and physical function subscales, and 
patient global assessment of osteoarthritis (coprimary efficacy end points)*

Efficacy end point
Tanezumab 2.5 mg  

(n = 1,002)
Tanezumab 5 mg 

(n = 998)
NSAIDs 

(n = 996)
WOMAC pain†

Mean (range) baseline score 7.01 (3.6– 10.0) 7.02 (1.6– 10.0) 6.96 (2.6– 10.0)
Change from baseline, LSM difference (95% CI) −3.22 (−3.43, −3.01) −3.33 (−3.54, −3.12) −3.07 (−3.29, −2.86)
Difference in LSM (95% CI) vs. NSAIDs – 0.15 (– 0.36, 0.06) – 0.26 (– 0.46, – 0.05) – 

P NS 0.015 – 
WOMAC physical function†

Mean (range) baseline score 7.09 (1.5– 10.0) 7.08 (1.1– 10.0) 6.99 (2.4– 10.0)
Change from baseline, LSM difference (95% CI) −3.27 (−3.48, −3.05) −3.39 (−3.60, −3.17) −3.08 (−3.29, −2.86)
Difference in LSM (95% CI) vs. NSAIDs −0.19 (−0.40, 0.02) −0.31 (−0.52, −0.11) – 

P NS 0.003 – 
Patient global assessment of OA‡

Mean (range) baseline score 3.49 (1– 5) 3.46 (2– 5) 3.44 (1– 5)
Change from baseline, LSM difference (95% CI) −0.96 (−1.03, −0.88) −0.97 (−1.05, −0.90) −0.94 (−1.01, – 0.86)
Difference in LSM (95% CI) vs. NSAIDs −0.02 (−0.09, 0.06) −0.04 (−0.11, 0.04) – 

P NS NS – 
* Coprimary end points were tested using a gatekeeping strategy to control the family- wise Type I error rate of 5% (see 
Supplementary Figure 2, available on the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41674/ abstract). NSAIDs = nonsteroidal antiinflammatory drugs; LSM = least squares mean; 95% CI = 95% confidence 
interval; NS = not significant; OA = osteoarthritis. 
† Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain and physical function subscale scores 
were assessed on 11- point numeric rating scales ranging 0– 10 (higher scores = greater pain intensity and worse physical 
function, respectively). 
‡ Patient global assessment of osteoarthritis (OA) scale ranges from 1 (“very good”) to 5 (“very poor”). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41674/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41674/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41674/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41674/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41674/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41674/abstract
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joint safety events were adjudicated as RPOA1, and the ratio of 
patients with RPOA1 relative to patients with RPOA2 was larger 
than in earlier studies (6,7). Higher accrual of RPOA1 events in 
the current study might be attributable to the use of paired radio-
graphs to assess JSW; paired radiographs were available for most 
patients in the current study, but were frequently unavailable in 
earlier studies (pre- 2015), as radiographs were not prospectively 
obtained as scheduled assessments. The rate of RPOA2 was sig-
nificantly greater among patients treated with tanezumab 5 mg 
versus NSAIDs; however, the RPOA2 rate was similar between 
patients receiving the tanezumab 2.5 mg dose and those treated 
with NSAIDs. The rate of subchondral insufficiency fracture was 
not significantly different between the NSAID group and either of 
the tanezumab groups.

The reasons for the imbalance in joint safety events with 
tanezumab and NSAIDs remain unclear. While several mecha-
nisms have been proposed that may explain the increased risk 
of joint safety events reported in tanezumab studies, includ-
ing neuropathic and analgesic arthropathy, preexisting deficits 
in bone integrity, and NGF- related effects on cartilage repair 
and load- induced bone formation (20– 22), the mechanisms 
underlying RPOA remain poorly understood. Repeated admin-
istration of high- dose NGF antibodies did not adversely affect 
healthy bone or joint tissue in studies of monkeys, rats, or mice 
(23), and no risk of accelerated OA progression was detected 
in preclinical studies of NGF antibody treatment (24,25). How-
ever, no single animal model of OA can wholly replicate pro-
gression and consequences of OA in humans (26). In prior 
phase III studies of tanezumab treatment in OA, preexisting 
conditions associated with bone integrity, such as subchon-
dral insufficiency fracture and atrophic forms of OA and long- 
term concomitant NSAID use, were identified as risk factors 
for RPOA (10). These factors, in combination with substan-
tial pain relief from tanezumab, might possibly contribute to 
accelerated joint damage in patients with susceptible joints. 
Individually, however, these factors did not appear to be suffi-
cient to explain the risk of RPOA2. For example, in prior phase 
III studies, the frequency of prolonged, substantial analgesia 
was similar between patients with and those without RPOA2; 
thus, tanezumab- induced analgesia alone does not appear to 
increase RPOA risk (27).

Based on pre- 2015 OA phase III clinical data, a compre-
hensive screening and surveillance program focused on joint 
safety has been used in subsequent clinical studies (including 
the current study) to complement risk mitigation and risk man-
agement strategies. This multipronged approach encompassed 
prospective radiographic screening of hips, knees, and shoul-
ders to exclude patients with at- risk joints (i.e., with evidence 
of or putative risk factors for RPOA); limitation of regular con-
comitant NSAID use; exclusion of tanezumab doses that failed 
to show benefit over lower doses in the pain condition under 
study; and withdrawal of tanezumab in patients who did not 

exhibit early therapeutic response (27). This approach was suc-
cessfully implemented in the current study, but joint safety events 
nonetheless occurred more frequently in the tanezumab groups 
versus the NSAID group. The use of serial radiographs in the 
current study, not available in the earlier phase III program, might 
have increased the rate of detection of RPOA1 events, as this 
phenomenon is defined with a single criterion of worsening joint 
space narrowing evident on weight- bearing radiographs (which 
needs to be performed with adherence to strict technical stand-
ardization for valid serial comparisons). Our finding that RPOA1 
and RPOA2 are each associated with tanezumab may indicate 
different manifestations of a single pathologic process, or possi-
bly discrete clinical entities.

Tanezumab was otherwise generally well tolerated through 
the 56- week treatment period and the 24- week safety follow- up 
period, with low rates of non– joint safety AEs, consistent with find-
ings in prior tanezumab OA studies (5,6). Several AEs of abnormal 
peripheral sensation were reported more frequently in tanezumab- 
treated patients than in NSAID- treated patients. Among patients 
who underwent protocol- specified neurologic consultations, mon-
oneuropathy and polyneuropathy were diagnosed more frequently 
in the tanezumab groups (1.3– 2.1% and 0.3– 0.5%, respectively) 
than in the NSAID group (1.0% and 0%, respectively). Radicu-
lopathy was diagnosed with similar frequency in the tanezumab 
groups (0.4– 0.9%) and the NSAID group (0.5%). In the broader 
tanezumab phase III development program data set, the death 
rate was similar between tanezumab- treated patients and 
placebo- treated patients; both groups had a higher death rate 
than NSAID- treated patients. In the present study, the most com-
mon cause of death in all groups was cardiovascular- related; an 
analysis of major adverse cardiovascular events did not identify 
a cardiovascular risk with tanezumab, although this study was 
not sufficiently powered to assess these events. Oral NSAIDs 
were already well tolerated in patients enrolled in this study, and 
this may have contributed to a lower- than- expected rate of both 
serious cardiovascular and upper gastrointestinal (GI) events in the 
NSAID group. This is consistent with the findings that the risk of 
acute myocardial infarction is greatest during the first month of 
NSAID use (28), although it might not explain the lower rate of 
serious upper GI events in the NSAID- treated group in the pres-
ent study than is typically observed with NSAID use (29– 32). The 
overall incidence of serious upper GI AEs was ≤0.5% (Supple-
mentary Table 3, http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41674/ abstract, and data not shown).

Patients who were randomized to receive tanezumab 5 mg 
plus oral placebo had significantly greater improvement in WOMAC 
pain and physical function scores, but had no improvement in 
PtGA scores, after 16 weeks of treatment versus NSAID plus SC 
placebo. Improvements in pain, physical function, and PtGA with 
tanezumab 2.5 mg at week 16 were similar to those observed 
in patients treated with NSAIDs. Furthermore, the proportion of 
patients with a ≥50% improvement in WOMAC pain score after 

http://onlinelibrary.wiley.com/doi/10.1002/art.41674/abstract
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16 weeks was similar across all treatment groups. Changes in 
WOMAC pain and physical function scores from baseline to week 
16 with tanezumab SC were similar to those reported in 2 recent 
16- week and 24- week placebo- controlled OA studies (5,6), and 
resulted in the majority of patients having a substantial improve-
ment in pain (≥50%). The reasons for the more robust response in 
patients who received oral NSAIDs in the current study than in prior 
randomized, double- blind, NSAID- controlled tanezumab OA stud-
ies (7,33) are unclear, especially as patients enrolled in the current 
study had persistent pain despite NSAID therapy. Over the course 
of the tanezumab development program, we have observed an 
increased placebo effect from phase II studies of intravenous treat-
ment to phase III studies of SC treatment, a trend that was simi-
larly observed in the pregabalin development program (34,35). In 
our study, an added “contextual or placebo- like response” (35) in 
patients who continued to receive NSAIDs with SC placebo injec-
tions after randomization may have contributed to the reduced dif-
ference between tanezumab and NSAID- treated groups.

The current study has several important strengths, e.g., 
inclusion of patients who had an inadequate response to previ-
ous analgesic therapies, use of a risk mitigation strategy, com-
prehensive prospective joint safety surveillance with centrally read 
images, and the 24- week safety follow- up period after 56 weeks 
of treatment. Moreover, to our knowledge, this is the largest and 
longest study evaluating the joint safety of anti- NGF therapy, 
which provides robust evidence for future investigations and clin-
ical decision- making.

These findings raise several critical questions for future 
research, particularly the potential reasons for the imbalance in 
joint safety events and observed dose- response relationships, 
and how safety surveillance and risk mitigation can be further 
optimized for clinical practice. Nonetheless, tanezumab may 
have a role in the treatment of patients with hip or knee OA who 
have moderate- to- severe pain with inadequate relief from, intol-
erance of, or other contraindications for standard treatments 
addressing OA pain, including NSAIDs.
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Global Deletion of Pannexin 3 Resulting in Accelerated 
Development of Aging- Induced Osteoarthritis in Mice
P. M. Moon, Z. Y. Shao, G. Wambiekele, C. T. G. Appleton,  D. W. Laird, S. Penuela, and F. Beier

Objective. Osteoarthritis (OA) results in pathologic changes in the joint tissue. The mechanisms driving disease 
progression remain largely unclear, and thus disease- modifying treatments are lacking. Pannexin 3 (Panx3) was 
identified as a potential mediator of cartilage degeneration in OA, and our previous study in mice indicated that 
deletion of the Panx3 gene delayed surgically induced cartilage degeneration. This study was undertaken to examine 
the role of Panx3 in other OA subtypes, particularly primary OA during aging, in a mouse model of aging- induced OA.

Methods. Wild- type (WT) and Panx3−/− C57BL/6J (Black- 6) mice, ages 18– 24 months, were analyzed by micro– 
computed tomography to investigate bone mineral density and body composition. Joints were harvested from the 
mice, and histopathologic analysis of the joint tissue for OA development was conducted with a specific focus on 
changes in articular cartilage, subchondral bone, and synovial tissue.

Results. Global loss of Panx3 in aging mice was not associated with increased mortality or changes in body 
composition. Mice lacking Panx3 had shorter appendicular skeletons than WT mice, but overall the body compositions 
appeared quite similar. Panx3 deletion dramatically accelerated cartilage degeneration and subchondral bone 
thickening with aging in both 18- month- old and 24- month- old mice, while promoting synovitis in 18- month- old mice.

Conclusion. These observations in a mouse model of OA suggest that Panx3 has a protective role against 
the development of primary aging- associated OA. It appears that Panx3 has opposing context- specific roles in 
joint health following traumatic injury versus that associated with aging. These data strongly suggest that there are 
differences in the molecular pathways driving different subtypes of OA, and therefore a detailed understanding of 
these pathways could directly improve strategies for OA diagnosis, therapy, and research.

INTRODUCTION

Osteoarthritis (OA) is a progressive and disabling degenera-
tive joint disease affecting 1 in 8 people over the age of 60 years 
in North America (1). Many risk factors, including sex, weight, and 
previous joint injury, significantly increase the likelihood of an indi-
vidual developing OA in their lifetime, but the most significant and 
nonmodifiable risk factor is age (2).

Primary OA develops gradually during the adult lifespan, due 
to the impact of various risk factors on the health and function 
of the joint (3,4). OA is hallmarked by the gradual destruction of 
articular cartilage, synovial inflammation, and subchondral bone 
changes (5– 7). These pathologic changes result in joint failure, 
leading to significant disability and reduced quality of life for those 
affected (8). Unfortunately, no medical treatments have been 

convincingly shown to slow or modify this process. Moreover, 
control of symptoms is frequently limited by the side effects or 
inadequate efficacy of existing medications (9).

Although all joint tissues are involved in OA, sustained carti-
lage degeneration is a key step in disease progression, because 
of the limited regenerative potential of the articular cartilage (10). 
Therefore, identifying novel processes driving early OA pathogen-
esis is paramount for understanding the pathobiologic processes 
of the disease and for effective development of novel treatments. 
One such process is the hypertrophic differentiation of articular 
chondrocytes.

Pannexin 3 (Panx3) is a channel- forming glycoprotein 
induced by Runx2, a transcription factor promoting chondrocyte 
hypertrophy, and is thought to be an important driver of chon-
drocyte hypertrophy in vitro (11,12). Previously we have shown 
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that Panx3 was up- regulated both in a rat model of OA and in 
human OA cartilage. Our previous study also identified Panx3 as 
an important driver of surgically induced, posttraumatic knee OA 
in young mice (13,14).

Posttraumatic secondary OA accounts for only 12% of 
OA in the lower extremities, and the mechanisms driving car-
tilage degeneration following a joint- destabilizing injury are not 
necessarily the same as those involved in primary OA linked 
to aging (15,16). Therefore, in order to understand the role of 
Panx3 in primary OA, we compared the development of OA in 
aging wild- type (WT) and global Panx3– knockout (KO) mice 
(17). Our results highlight opposing and context- dependent 
roles for Panx3 in OA, in which deletion of Panx3 delays the 
progression of OA following joint injury (13) but accelerates OA 
with aging.

MATERIALS AND METHODS

Animals. All animals used in this study were bred in- 
house, and were raised and euthanized in accordance with the 
ethics guidelines set forth by the Canadian Council for Animal 
Care. Animal use protocols were approved by the Council for 
Animal Care at Western University- Canada (animal use permit 
no. 2015- 031). Mice were housed in a conventional facility, in 
standard shoe box– style caging, and exposed to a 12- hour 
light/dark cycle. Mice had free access to chow and water and 
were housed with a running wheel, introduced at 12 months of 
age. Global Panx3– KO (Panx3−/−) mice were created in- house 
as described previously (13) and backcrossed onto C57BL/6J 
(Black- 6) mice for at least 10 generations. Age- matched WT 
C57BL/6J mice, congenic to the Panx3−/− mouse line, were 
used as controls. All animals were weighed and then eutha-
nized by CO2 asphyxiation.

Genotypes of the mice were confirmed by standard polymer-
ase chain reaction analysis of ear- notch biopsy tissue, as described 
previously (13). WT and Panx3−/− male mice were euthanized 
either between ages 18 and 19 months (group herein referred to 
as 18- month- old mice) or between ages 23 and 24 months (group 
herein referred to as 24- month- old mice). Panx3 immuno staining 
was assessed using knee joint sections obtained from WT male 
C57BL/6J mice at ages 3, 12, 18, and 24 months.

Micro– computed tomography (micro- CT). Whole body  
micro- CT scans were obtained from the mice immediately post-
mortem, to examine skeletal morphology and body composition. 
The scans were performed at resolutions of 50 μm/voxel and 100 
μm/voxel on a GE SpeCZT micro- CT machine, as described pre-
viously (18,19). GE Healthcare MicroView (version 2.2) software 
was used to generate the 2- dimensional (2- D) maximum inten-
sity projection and 3- D isosurface renderings, to assess skeletal 
pathology and general morphology.

Body composition analysis. Micro- CT scans with a res-
olution of 100 μm/voxel were used to assess body composition 
immediately after the mice were euthanized. Using threshold val-
ues of −275 Hounsfield units (HU) for adipose tissue, −40 HU 
for lean tissue, and 280 HU for skeletal tissue, we measured the 
adipose tissue, lean tissue, and skeletal masses. Bone mineral 
density (BMD) was calculated as the quotient of skeletal mass 
and total reconstructed volume, as described previously (18,19).

Skeletal morphometry. Three- dimensional isosurface 
renderings of the murine skeleton were created in MicroView 
using a threshold value of 280 HU. Humerus lengths were meas-
ured from the midpoint of the greater tubercle to the center of the 
olecranon fossa. Femur lengths were measured from the proximal 
point of the greater trochanter to the midpoint of the lateral fem-
oral condyle. Tibia lengths were measured from the midpoint of 
the medial plateau to the lateral malleolus. Skull length was meas-
ured anteriorly, from the intersection of the premaxillae and nasal 
bones to the occipital bone, posteriorly. Spine length was meas-
ured dorsally, from C1 to S1.

Histopathologic assessment of the knee joints. After 
the whole body micro- CT scans, both knee joints obtained from 
the euthanized mice were fixed in 4% paraformaldehyde at room 
temperature for 24 hours, and then decalcified in 5% EDTA for 12 
days at room temperature. Knees were processed and embed-
ded coronally in paraffin, and 5- μm– thick sections were cut from 
front to back through the width of the joint. Sections were stained 
with Safranin O– fast green to assess glycosaminoglycan content 
and articular cartilage structure, as described previously (13,20– 
22). Images were obtained using a Leica DM1000 microscope 
with attached Leica DFC295 camera.

Ten sections spanning the width of the knee were scored 
by 2 blinded observers (PMM and ZYS) according to the Oste-
oarthritis Research Society International (OARSI) histopathology 
scoring system, as described previously (23). Scores (scale 0– 6) 
were assigned to the medial and lateral tibial plateaus and femoral 
condyles of each knee, based on depth and width of the lesions. 
Individual scores were averaged across observers and summed 
for each sample. These scores were used to determine the sever-
ity of cartilage damage by quadrant, compartment, whole joint, 
and whole animal.

Picrosirius red staining was used to visualize the collagen 
network in subchondral bone and articular cartilage (0.1% sirius 
red in saturated picric acid solution for 60 minutes, with 0.5% 
acetic acid washes) as described previously (20,22). The relative 
size and organization of the collagen fibrils were determined using 
polarized light microscopy. Light intensity and angle, relative to 
the polarizing filter and analyzer used (product nos. 11505087 
and 11555045, respectively; Leica), were consistent between 
samples.
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Measurement of osteophyte size. To determine the size 
of osteophytes in WT and Panx3−/− mice, 2 sections of the knee 
joints, one from the anterior compartment and one from the pos-
terior compartment, were selected from each animal and imaged 
at 200× magnification. Using Leica Application Suite software, 
osteophyte margins were traced and the total osteophyte area (in 
μm2) was determined.

Measurements of subchondral bone thickness. 
OsteoMetric OsteoMeasure software was used to measure 
subchondral bone thickness, as previously described by McNulty 
et al (24). Subchondral bone thickness was measured by aver-
aging the vertical distance between the subchondral bone– 
calcified cartilage interface and the marrow cavities underlying the 
subchondral plate. Distances between adjacent marrow cavities 
were covered by straight lines perpendicular to the marrow cavity, 
when its margins reached a constant width. The medial and lateral 
tibia and femoral subchondral bone plates were measured, and 
the mean thicknesses of the medial and lateral tibia and femora 
of each joint were compared and then combined. Two sections 
per joint were measured, one each from the anterior and posterior 
compartments.

Assessment of synovitis. Safranin O– fast green– stained 
sections of the left and right knees of mice were scored for the 
severity of synovitis based on a scoring system described by Krenn 
et al (25). Two sections, one each from the anterior and posterior 
joint compartments, were assessed for stromal cellular density, 
infiltration of inflammatory cells, and synovial lining cell thickness. 
A synovitis score per category (scale 0– 3) was assigned based on 
the severity of the histologic findings in each compartment, and 
individual scores (ranging from a score of 0 to a maximum score 
of 9) were assigned for each of the 6 regions in each joint. Scores 
from the medial and lateral parapatellar regions were averaged 
across both joints to generate a mean, per- animal parapatellar 
synovitis score. Additionally, the 6 regional scores were averaged 
across both joints to generate a mean global synovitis score (scale 
0– 9). These scores were then compared between the WT and 
Panx3−/− mice. Cumulative scores of 0– 1 represent no synovitis, 
scores of 2– 4 represent low- grade synovitis, and scores of 5– 9 
represent high- grade synovitis.

Immunohistochemistry. Immunostaining was per-
formed on frontal sections of the knees from mice of both 
genotypes. Additional immunohistochemical analyses were 
performed on knee joint sections obtained during our previ-
ous study (13) from 28- week- old WT and Panx3−/− mice that 
had undergone surgical destabilization of the medial meniscus 
(DMM) at age 20 weeks to induce OA. Sections were dewaxed 
and rehydrated as described previously (13,20– 22). Antigen 
retrieval was performed using Triton X- 100 in a 0.1% solution at 
room temperature for 12 minutes. Custom- made, site- directed 

anti- Panx3 (CT- 379) antibodies (13,26) as well as commercial 
antibodies against matrix metalloproteinase 13 (MMP- 13) (cat-
alog no. 18165- 1AP; Protein Tech), type II collagen (catalog 
no. 10R- C135B; Fitzgerald), and lubricin (catalog no. 28484; 
Abcam) were used with diaminobenzidine substrate (Sigma) to 
reveal immunolabeling (13). Methyl green (Sigma) was used to 
counterstain the sections. Negative control knee joint sections 
were stained using the same protocol but without application of 
primary antigen– specific antibodies.

Statistical analysis. The body compositions of WT and 
Panx3−/− mice were compared using Student’s unpaired 2- tailed 
t- tests (age 18 months, 6 WT mice and 8 Panx3−/− mice; age 
24 months, 12 WT mice and 11 Panx3−/− mice). Skeletal meas-
urements of the mice at age 24 months were compared using 
Student’s unpaired t- tests (12 WT mice and 12 Panx3−/− mice). 
Semiquantitative OARSI histologic scores of the medial com-
partments of the left and right knees, whole left or right knee, 
and combined left and right knees were compared by Student’s 
unpaired t- tests (age 18 months, 6 WT mice and 8 Panx3−/− mice; 
age 24 months, 10 WT mice and 10 Panx3−/− mice). Student’s 
unpaired t- tests were also used to compare the mean subchon-
dral bone thickness between the groups. Mean parapatellar 
and mean global synovitis scores were compared separately in 
the groups of mice at age 18 months and mice at age 24 months. 
Statistical analysis was performed using two- way analysis of vari-
ance (ANOVA). BMD was also compared using two- way ANOVA. 
All statistical analyses were performed using GraphPad Prism 
software (version 6.0).

RESULTS

Lack of association between global loss of Panx3 
and increased mortality or changes in body composition in 
aging mice. Although we observed a marked incidence of mortal-
ity among the mice within the 24- month trials, there were no major 
differences in the frequency of mortality between the genotypes. In 
our mouse model of aging- induced OA, of the 41 WT male mice, 
24 (58.5%) survived to 24 months, while 14 (53.8%) of the 26 
Panx3−/− male mice survived to 24 months. The specific causes 
of early mortality were not investigated in each genotype, but 
included spontaneous death and protocol- mandated termination 
of the mice due to clear deterioration in health.

Since weight loss and muscle wasting are often signs of 
severe systemic illnesses in both mice and humans (27– 31), we 
also investigated the effects of Panx3 deletion on weight and 
body composition. There were no significant differences in weight 
or body composition between WT and Panx3−/− mice at either 
age 18 months or age 24 months (Figure 1A; see also Supple-
mentary Figure 1 and Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41651/ abstract).

http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
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Micro- CT revealing shorter limb length in mice lacking 
Panx3 compared to WT mice. Although our initial character-
ization of the Panx3- KO mouse model showed no gross differ-
ences in musculoskeletal development (13), subsequent analyses 
using micro- CT revealed shorter diaphyseal shafts and more 
robust midshafts in the femora and humeri of Panx3- KO mice 
compared to WT mice (32). We therefore used micro- CT analysis 

to examine the gross skeletal morphologic features of aging mice. 
Using 3- D isosurface reconstructions of the micro- CT scans (at 
100 μm/voxel), the lengths of the skull, spine, humeri, tibiae, and 
femora were measured with GE MicroView version 2.2 software. 
The appendicular bones of Panx3−/− mice were modestly, but 
significantly, shorter than those of WT mice at age 24 months 
(Figure 1B). However, the axial skeletons (skull and spines) 

Figure 1. Micro– computed tomography (micro- CT) imaging and skeletal measurements of 18- month- old and 24- month- old wild- type (WT) 
and Panx3−/− mice. A– C, The spine from C1– S1 and the lengths of the left humeri, tibiae, and femora were measured on micro- CT scans of mice 
using GE MicroView software. Representative images show the adipose tissue, lean tissue, and skeletal tissue of a WT mouse and Panx3−/− 
mouse (A). In 24- month- old Panx3−/− mice compared to WT mice (n = 12 per group), long bone lengths were significantly shorter (* = P < 0.001, 
P < 0.02, and P < 0.001 for the humerus, tibia, and femoral condyle, respectively) (B), but measurements of the axial skeleton (skull and spine) 
were not significantly different (P = 0.77 and P = 0.45, respectively) (C). D, Bone mineral density was calculated from whole body micro- CT 
scans of WT and Panx3−/− mice in the 2 age groups. A significant decline in bone mineral density with age was seen in WT mice (* = P = 0.022, 
by two- way analysis of variance), but no differences between genotypes at either age were seen (age 18 months, 6 WT and 8 Panx3−/− mice; 
age 24 months, 12 WT and 11 Panx3−/− mice). Symbols represent individual mice; horizontal lines with bars show the mean ± SD.
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of Panx3−/− mice were not significantly different from those of 
WT mice (Figure 1C).

Minimal impact of global loss of Panx3 on BMD 
in mice during aging. BMD, measured as mg of bone per cubic 
centimeter of skeletal volume (mg/cc) (18), is expected to decline 
during aging (33,34). The mean BMD significantly decreased in 
WT male mice between age 18 months and age 24 months, from 
319.5 mg/cc to 309.2 mg/cc (Figure 1D). In contrast, although the 
BMD did decrease in Panx3−/− male mice between age 18 months 
and age 24 months, from 322.8 mg/cc to 314.7 mg/cc, this  
difference was not statistically significant. The mean BMD of 
Panx3−/− mice was not significantly different from that of the cor-
responding WT mice at either age 18 months or age 24 months.

Accelerated cartilage degeneration with global loss 
of Panx3 in mice during aging. Safranin O– fast green– stained, 
paraffin- embedded sections from the knee joints of 18- month- old 
and 24- month- old WT and Panx3−/− male mice were analyzed. 
At age 18 months, WT male mice showed minimal signs of car-
tilage degeneration. Histologically, focal loss of aggrecan staining 
and cartilage surface fibrillations were seen, with no full- thickness 
cartilage lesions (Figure 2A). In contrast, Panx3−/− male mice 
showed significant articular cartilage damage, most commonly in 
the medial compartment, with full- thickness defects and cartilage 
erosion spanning more than 25% of the articular surface in at least 
one knee in 6 of 8 mice, and with both joints showing damage in 
5 of 8 mice (Figure 2B).

Similarly, the OARSI cartilage damage scores (assessed 
in 6 WT and 8 Panx3−/− mice) were significantly increased in 
Panx3−/− mice. Whole joint OARSI scores >40, suggesting more 
widespread cartilage damage, were seen in 11 of 16 knees iso-
lated from 8 Panx3−/− mice, but in none of the knees isolated from 
6 WT mice. As expected, variability within these data did exist, 
and not all joints harvested from Panx3−/− mice showed advanced 
cartilage loss (Figure 2B and Supplementary Table 2, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41651/ abstract).

At age 24 months, WT mice showed increased cartilage 
degeneration compared to 18- month- old WT mice, with full- 
thickness cartilage lesions detected in 2 of 10 mice (although in 1 
of these mice, the lesion was locally confined) and superficial dam-
age in 5 of 10 mice (Figure 3A). Panx3−/− mice also showed more 
advanced signs of cartilage loss at age 24 months compared to 
that in Panx3−/− mice at age 18 months, as well as more severe 
cartilage degeneration compared to age- matched WT mice. 
Full- thickness cartilage lesions and erosions spanning more than 
25% of the articular surface in at least one joint were observed in 
8 of 10 mice, with both joints showing damage in 7 of 10 mice 
(Figure 3B).

OARSI scores of cartilage damage were significantly increased 
in Panx3−/− mice at age 24 months compared to WT mice at age 

24 months. Moreover, whole joint OARSI scores >40 from his-
tologic assessments were seen in 13 of 20 knees isolated from 
10 Panx3−/− mice compared to 1 of 20 knees isoloated from 10 
WT mice (Figure 3B and Supplementary Table 2 [http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41651/ abstract]).

Altered immunostaining for MMP- 13 and type II 
collagen in cartilage from Panx3−/− mice. Immunohis-
tochemical analysis of MMP- 13 localization was performed 
on paraffin- embedded knee joint sections from WT and 
Panx3−/− mice. In the cartilage of WT mice at age 18 months, 
pericellular localization of MMP- 13 was observed (Figure 4). 
In damaged cartilage from the knees of Panx3−/− mice at age 
18 months, MMP- 13 staining was seen most prominently in the 
articular matrix, along the surface of cartilage lesions. In WT mice 

Figure 2. Histopathologic analysis of the knees of 18- month- old 
wild- type (WT) and Panx3−/− mice. A, Safranin O– fast green– stained 
sections of the medial compartment and whole knee joint from a 
representative WT mouse at age 18 months show minimal signs of 
cartilage damage, whereas stained sections from an 18- month- old 
Panx3−/− mouse show more advanced articular cartilage destruction 
with diffuse proteoglycan loss (yellow arrow), and full- thickness 
cartilage defects (black arrows) are evident in the majority of 
animals. B, Semiquantitative global Osteoarthritis Research Society 
International (OARSI) histologic scores of cartilage damage in the 
medial and lateral tibial plateaus and femoral condyles of the left 
and right knees of 6 WT mice and 8 Panx3−/− mice were compared. 
Symbols represent individual mice; horizontal lines with bars show 
the mean ± SD. * = P = 0.002, by unpaired 2- tailed t- test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
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at age 24 months, pericellular MMP- 13 staining was uncommon 
throughout the cartilage. In both genotypes at age 24 months, 
pericellular MMP- 13 staining was more prevalent in the matrix 
around lesions (Figure 4).

Immunohistochemical staining for type II collagen showed 
strong matrix staining for type II collagen in 18- month- old 
WT male mice, whereas the staining intensity for type II colla-
gen appeared to be decreased in the matrix of degenerated 
joints from Panx3−/− male mice at age 18 months. In WT mice 
at age 24 months, the staining intensity for type II collagen in the 
articular cartilage appeared to be decreased compared to that 
at age 18 months. In 24- month- old Panx3−/− mice, some type 
II collagen staining was still seen on the surface of denuded 
subchondral bone (see Supplementary Figure 2, available on the 

Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41651/ abstract).

Immunohistochemical staining for lubricin, a key mech-
anoresponsive superficial zone proteoglycan, was performed 
on paraffin- embedded sections of the knee joints from mice. 
Lubricin staining was increased in the cartilage of Panx3−/− mice 
after DMM surgery, whereas it was decreased in the cartilage of 
Panx3−/− mice during aging. In WT mice, both at age 18 months 
and at age 24 months, pericellular localization of lubricin was seen 
in the superficial zone of the cartilage. This finding was in con-
trast to that seen in the cartilage from Panx3−/− mice at either age, 
with immunohistochemical analyses revealing minimal staining for 
lubricin in the cartilage (see Supplementary Figure 3A, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary. 
 wiley.com/doi/10.1002/art.41651/ abstract). The opposite pat-
tern was seen in the DMM- operated mice at age 28 weeks. In 
DMM- operated WT mice, we observed limited lubricin staining 
throughout the articular cartilage, whereas in the cartilage of 
DMM- operated Panx3−/− mice, strong lubricin staining was evi-
dent (see Supplementary Figure 3B).

Age- dependent variability in Panx3 immunostaining 
in the joints of WT mice. Immunohistochemical analysis of 
Panx3 localization was performed in the knee joints of WT mice 
at ages 3, 12, 18, and 24 months. In the mice at age 3 months, 
Panx3 immunostaining was seen in all osteochondral and soft 

Figure 3. Histopathologic analysis of the knees of 24- month- 
old WT and Panx3−/− mice. A, Safranin O– fast green– stained 
sections of the medial compartment and whole knee joint from a 
representative WT mouse at age 24 months show more advanced 
signs of cartilage damage, with significant proteoglycan loss 
(yellow arrows), full- thickness lesions, and articular surface 
irregularities. Stained sections from a 24- month- old Panx3−/− 
mouse show more severe cartilage destruction with proteoglycan 
loss (yellow arrows), and full- thickness cartilage defects (black  
arrows) in at least one leg were evident in the majority of animals. 
B, Semiquantitative global OARSI histologic scores of cartilage 
damage in the medial and lateral tibial plateaus and femoral 
condyles of the left and right knees of 10 WT mice and 10 Panx3−/−  
mice were compared. Symbols represent individual mice; horizontal 
lines with bars show the mean ± SD. * = P < 0.05, by unpaired 
2- tailed t- test. See Figure 2 for definitions.

Figure 4. Matrix metalloproteinase 13 (MMP- 13) localization 
in the knees of 18- month- old and 24- month- old wild- type (WT) 
and Panx3−/− mice. Paraffin- embedded knee joint sections were 
immunostained for MMP- 13. Subchondral MMP- 13 staining (red 
arrows) was observed in Panx3−/− and WT mice of both age 
groups. MMP- 13 was seen paracellularly (green arrows) and 
extracellularly on the surface of damaged cartilage (black arrows). 
Results are representative of a total of 6 WT mice and 8 Panx3−/− 
mice at age 18 months, and 10 WT and 10 Panx3−/− mice at age 
24 months.

http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
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tissues throughout the joint (see Supplementary Figure 4A, 
available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41651/ abstract). By age 
12 months, Panx3 appeared minimally throughout the articular 
cartilage of WT mice and was seen mostly in the meniscus and 
soft tissues (Supplementary Figure 4A). In the WT mice at ages 
18 and 24 months, Panx3 staining was once again observed in 
the articular cartilage and around cartilage lesions (Supplemen-
tary Figure 4B).

Association of global loss of Panx3 with increased 
osteophyte size, greater subchondral bone thickness, 
and altered collagen fiber organization. Osteophyte area 
was measured in 2 sections of the knee joints from each animal. In 
the 18- month- old WT mice, osteophytes were seen in 3 of 6 mice 
(in 5 of 12 knee joints examined), with a mean osteophyte area 
of 26,374 μm2. In the 24- month- old WT mice, osteophytes were 
seen in 5 of 10 mice (in 7 of 20 joints examined), with a mean 
osteophyte area of 35,778 μm2. In contrast, in Panx3−/− mice at 

Figure 5. Subchondral bone changes in wild- type (WT) and Panx3−/− mice. A, Osteophyte size was measured using the Leica Application 
Suite on Safranin O– fast green– stained knee sections from 18- month- old and 24- month- old WT and Panx3−/− mice. In Panx3−/− mice, there 
were instances in which >1 osteophyte was seen in each joint, and these were significantly larger than those seen in WT mice. * = P < 0.0001, 
by two- way analysis of variance. B and C, Subchondral bone thickness was measured using OsteoMeasure software on the same knee joint 
sections from 18- month- old (B) and 24- month- old (C) WT and Panx3−/− mice. Subchondral plate thickness was assessed bilaterally in the 
medial and lateral compartments of the knees. Symbols represent individual mice (n = 6 WT and n = 8 Panx3−/− in B; n = 10 WT and n = 10 
Panx3−/− in C); horizontal lines with bars show the mean ± SD. In B, * = P = 0.042, P = 0.0082, and P = 0.0074 for the left medial, right medial, 
and combined medial groups, respectively, by unpaired 2- tailed t- test. In C, * = P = 0.026, P = 0.021, and P = 0.040 for the left medial, right 
medial, and combined medial groups, respectively, by unpaired 2- tailed t- test. D, Knees from 18- month- old WT and Panx3−/− mice were stained 
with picrosirius red and imaged under circular polarized light at 200× magnification. Representative images of the subchondral bone of a WT 
mouse and Panx3−/− mouse are shown.

http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
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age 18 months, osteophytes were seen in 8 of 8 mice (in 14 of 
16 joints examined), with a mean osteophyte area of 69,648 μm2. 
In Panx3−/− mice at age 24 months, osteophytes were seen in 9 
of 10 mice (in 15 of 20 joints examined), with a mean osteophyte 
area of 76,877 μm2 (Figure 5A). These differences in the size of the 
osteophyte area between genotypes were statistically significant 
(P < 0.05), which suggests that Panx3 is an important regulator of 
osteophyte development in aging mice.

OsteoMeasure software was used to measure subchon-
dral bone thickness (24). Both in the 18- month- old and in the 
24- month- old Panx3−/− mice, subchondral bone thickness in 
the medial compartment was increased when compared to that 
in WT mice of either age (Figures 5B and C, and Supplemen-
tary Table 3, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41651/ abstract).

Furthermore, the organization of the subchondral collagen 
network appeared to differ between WT and Panx3−/− mice. Green 
and yellow birefringence was evident throughout the subchondral 
collagen network of WT mouse knees, with some intermixed 
orange/red birefringence. In Panx3−/− mouse knees, an increase 
in orange/red birefringence was seen in the subchondral bone 
(Figure 5D), suggesting that the knees of Panx3−/− mice have a 
collagen network composed of thicker fibers (20,22).

Association of global loss of Panx3 with increased 
prevalence of low- grade synovitis in mice at age 
18 months. Synovitis was assessed using a scoring system 
previously described by Krenn et al (25). The medial and lateral 
parapatellar regions appeared to be the regions with the most 
active disease at each time point and between genotypes. At age 
18 months, 3 of 6 WT mice had a mean parapatellar synovitis 
score of >2, with none having a score of >4. The mean para-
patellar synovitis score in WT mice was 1.8, and the mean global 
synovitis score was 2.1. In comparison, at age 18 months, all 6 
Panx3−/− mice had a mean parapatellar synovitis score of >2, with 
the score being >4 in 3 of these mice. The mean parapatellar 
synovitis score in Panx3−/− mice was 3.7, and the mean global 
synovitis score was 3.0 (Figures 6A and B; see also Supplemen-
tary Table 4, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41651/ abstract).

At age 24 months, 5 of 10 WT mice had a mean parapatellar 
synovitis score of >2, and none had a score of >4. The mean para-
patellar synovitis score in 24- month- old WT mice was 2.1, and 
the mean global synovitis score was 2.2. In 7 of 10 Panx3−/− mice 
at age 24 months, the mean parapatellar synovitis score was >2, 
with 1 having a score of >4. The mean parapatellar synovitis score 
in 24- month- old Panx3−/− mice was 2.5, and the mean global syn-
ovitis score was 2.2 (Figures 6A and B; see also Supplementary 
Table 4).

There was a significant difference between genotypes with 
regard to the mean parapatellar synovitis scores and mean global 
synovitis scores, with both of these scores being significantly 

higher in Panx3−/− mice compared to WT mice (P = 0.048 for 
comparison of mean parapatellar synovitis scores, and P = 0.044 
for comparison of mean global synovitis scores). There was 
no significant difference in either of the mean scores between 
18- month- old and 24- month- old mice. Figure 6C shows repre-
sentative images of the knee joints evaluated histologically for 
severity of synovitis.

DISCUSSION

In our previous study using the first reported genetically mod-
ified mouse line where Panx3 was ablated, our results showed 
that cartilage- specific and global Panx3 deletion protects mice 
against cartilage degeneration following DMM surgery, a model of 
posttraumatic OA in young mice (13). In the present study using 
the same mouse line, we investigated the effects of global Panx3 
deletion on primary OA development and skeletal health during 
aging in male mice.

Figure 6. Assessment of the severity of synovitis in the knees of 
wild- type (WT) and Panx3−/− mice at ages 18 months and 24 months. 
A and B, Synovitis was scored in 6 regions of each joint according 
to thickness, cellularity, and inflammatory cell infiltration using the 
system described by Krenn et al (25). These 6 scores were averaged 
across both joints in each mouse to yield a single per- animal global 
synovitis score (B). The 2 parapatellar regions were also combined 
and averaged across both joints to yield a mean parapatellar synovitis 
score (A). Mean scores of 2– 4 represent low- grade synovitis, and 
mean scores of 5– 9 represent high- grade synovitis. In all Panx3−/− 
mice at age 18 months, the mean parapatellar scores were >2, 
compared to only 3 of 6 WT mice having a mean parapatellar score 
of >2. In mice at age 24 months, 5 of 10 WT mice and 7 of 10 
Panx3−/− mice had mean global synovitis scores of >2. Mean global 
synovitis and parapatellar synovitis scores did not differ by age, but 
each were significantly different between genotypes. * = P = 0.0438 
in A; P = 0.048 in B, by two- way analysis of variance. Symbols 
represent individual mice; horizontal lines with bars show the mean 
± SD. C, Knee joints from 18- month- old WT and Panx3−/− mice were 
stained with Safranin O– fast green. Representative images from a 
WT mouse and Panx3−/− mouse show the development of synovitis 
in the peripatellar synovium (black arrows).

http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41651/abstract
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Our previous studies indicated that there were no major 
effects on skeletal development associated with global Panx3 
loss (13,32). Since then, contrasting evidence has emerged from 
different strains of Panx3−/− mice, in which investigators observed 
that global loss of Panx3 will affect skeletal development, resulting 
in smaller mice (35,36). Our current data obtained from aging mice 
support these findings, with subtle, but statistically significant, 
reductions in the lengths of the humeri, femora, and tibiae of 
Panx3−/− mice compared to WT mice. The differences in size and 
other skeletal features observed in this study were similar to those 
reported previously in a study by Yorgan et al (37), but were con-
siderably milder than those reported in other studies (35,36,38) 
despite the clear evidence of Panx3 loss in these mice (13,32,39). 
The reasons for these differences remain unclear but most likely 
include differences in the genetic background of the mice used, 
the ages analyzed, and/or the housing conditions. The physio-
logic and functional consequences of these differences remain 
unknown. Nevertheless, the subtle overall phenotype of our 
Panx3- deficient mice make the severe OA phenotype reported 
herein all the more remarkable.

In stark contrast to the chondroprotective effect of Panx3 
loss in young mice following DMM surgery (13), we observed that 
global Panx3 loss accelerated cartilage degeneration with aging in 
the majority of mice. These gross histologic findings were accom-
panied by immunohistochemical findings showing changes in the 
localization of MMP- 13 and type II collagen in the mouse joint 
tissue with aging.

In addition to these cartilage changes, we saw significant 
changes in the subchondral bone and synovium. The increases 
in medial subchondral bone thickness and osteophyte growth in 
Panx3−/− mice suggest that Panx3 has a critical role in the modu-
lation of bone remodeling in primary OA, a process that was previ-
ously suggested to accelerate in WT mice following DMM surgery 
(13). These effects could be related to the previously described 
role of Panx3 in osteoblast differentiation (11), most notably in 
osteophyte formation, which proceeds in a manner similar to 
endochondral ossification.

At age 18 months, a significantly greater proportion of 
knees from Panx3−/− mice displayed low- grade synovitis and 
higher synovitis scores in comparison to WT mice. However, at 
age 24 months, the incidence of low- grade synovitis was simi-
lar between the genotypes. This supports the findings from the 
available literature indicating that aging- associated OA can be 
linked to various features of inflammation (40), and suggests 
that earlier stages of aging- associated OA (i.e., in mice at age 
18 months) may involve important inflammatory mechanisms 
that are exaggerated in the absence of Panx3. Furthermore, the 
decreased histologic severity of synovitis and narrow differences 
observed between the genotypes of mice at age 24 months could 
be suggestive of a “burnout” phenotype in late- stage OA, attrib-
utable to sustained synovial damage over the lifespan and a loss 
of positive feedback from cartilage breakdown products resulting 

from the near complete loss of articular cartilage (41). The specific 
role of Panx3 in other joint tissues (bone and synovium) should be 
the focus of future studies employing tissue- specific Panx3- KO 
animals. Future studies should also seek to utilize female mice, to 
identify any phenotypic variation related to sex.

To our knowledge, our studies on the role of Panx3 in OA 
present the first reported evidence of a gene whose deletion 
leads to protection against surgically induced OA, but also whose 
loss has the opposite effect with aging. There have, however, 
been studies that have shown a protective effect of a specific 
gene deletion in posttraumatic OA without effects during aging 
in mice, such as in our investigation of Tgfa- KO mice (42). These 
data suggest that Panx3 has a complex, context- dependent role 
in the joint tissues. Interestingly, a similar effect, which is depend-
ent on the inflammatory and mechanical environment of the joint, 
has been described with ATP release. Aberrant mechanical load-
ing of cartilage increases ATP release from chondrocytes, which 
increases MMP- 13 production (43,44). Conversely, reduced ATP 
or its metabolite, adenosine, also increases MMP- 13 expression 
(45). In a recent study by Corciulo et al (45), it was shown that 
treatment of chondrocytes with interleukin- 1β reduced ATP 
release, decreasing extracellular adenosine production and lead-
ing to a decrease in Panx1 gene expression. Additionally, global 
loss of the adenosine receptor A2AR in mice resulted in early 
development of OA at age 1 year (45). Conversely, it has been 
shown that ATP is a key stimulator of Prg4 expression, the gene 
encoding lubricin (46).

Taken together, the findings of these studies combined with 
our results seem to indicate that a fine balance in extracellular 
ATP levels exists with respect to cartilage homeostasis, and that 
the presence or absence of pannexins contribute to this effect. 
Too much ATP release results in matrix destruction, but some ATP 
is required to maintain cartilage health through both purinergic and 
adenosine receptor signaling (47,48). A similar dualism might exist 
for pannexins in cartilage, which could explain the differing effects 
observed in Panx3−/− mice following surgery versus during aging, 
as pannexins are thought to be the primary channel responsible 
for cellular ATP release (49,50). This model of a context- specific 
role of Panx3 and ATP is supported by the differential effects of 
Panx3 deficiency on lubricin expression in posttraumatic OA ver-
sus that in aging- associated OA in our study.

In the broader context, our data suggest that in mice, dif-
ferent OA subtypes progress through distinct molecular mech-
anisms, and therefore might require different diagnostic and 
therapeutic strategies. This could also affect clinical trials or other 
large- scale studies (e.g., genome- wide association studies) that 
do not stratify for OA subtype, though it is unclear whether this 
context- dependent heterogeneity in disease pathogenesis affects 
humans to the same extent as in mice.

In conclusion, this study shows that loss of Panx3 acceler-
ates OA during aging, a finding that is in contrast to the previ-
ously described role of Panx3 in posttraumatic OA (13), further 
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highlighting the importance of OA subtype in disease progression. 
These results suggest that Panx3 is required for maintaining joint 
homeostasis during aging but promotes OA after injury. There-
fore, although Panx3 might be a promising target for the treatment 
of posttraumatic OA, the same cannot be said of its utility in the 
treatment of primary OA.
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Inflammasome Activation in Ankylosing Spondylitis Is 
Associated With Gut Dysbiosis
Giuliana Guggino,1  Daniele Mauro,2  Aroldo Rizzo,3 Riccardo Alessandro,1 Stefania Raimondo,1  
Anne- Sophie Bergot,4 M. Arifur Rahman,4 Jonathan J. Ellis,5 Simon Milling,6 Rik Lories,7  Dirk Elewaut,8

Matthew A. Brown,5  Ranjeny Thomas,4  and Francesco Ciccia2

Objective. We undertook this study to evaluate the activation and functional relevance of inflammasome pathways 
in ankylosing spondylitis (AS) patients and rodent models and their relationship to dysbiosis.

Methods. An inflammasome pathway was evaluated in the gut and peripheral blood from 40 AS patients using 
quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR), immunohistochemistry (IHC), flow cytometry, 
and confocal microscopy, and was compared to that of 20 healthy controls and 10 patients with Crohn’s disease. Bacteria 
was visualized using silver stain in human samples, and antibiotics were administered to HLA– B27– transgenic rats. The 
NLRP3 inhibitor MCC950 was administered to SKG mice, and ileal and joint tissues were assessed by IHC analysis and 
real- time qRT-PCR. The role of inflammasome in modulating the interleukin- 23 (IL- 23)/IL- 17 axis was studied ex vivo.

Results. Expression levels of Nlrp3, Nlrc4, and Aim2 were increased in the gut of HLA– B27– transgenic rats and 
reduced by antibiotic treatment (P < 0.05). In curdlan- treated SKG mice, NLRP3 blockade prevented ileitis and delayed 
arthritis onset (P < 0.05). Compared to healthy controls, AS patients demonstrated overexpression of NLRP3 (fold 
induction 2.33 versus 22.2; P < 0.001), NLRC4 (fold induction 1.90 versus 6.47; P < 0.001), AIM2 (fold induction 2.40 
versus 20.8; P < 0.001), CASP1 (fold induction 2.53 versus 24.8; P < 0.001), IL1B (fold induction 1.07 versus 10.93; 
P < 0.001), and IL18 (fold induction 2.56 versus 15.67; P < 0.001) in the ileum, and caspase 1 activity was increased 
(P < 0.01). The score of adherent and invasive mucosa- associated bacteria was higher in AS (P < 0.01) and correlated 
with the expression of inflammasome components in peripheral blood mononuclear cells (P < 0.001). NLRP3 expression 
was associated with disease activity (the Ankylosing Spondylitis Disease Activity Score using the C- reactive protein level) 
(r2 = 0.28, P < 0.01) and with IL23A expression (r2 = 0.34, P < 0.001). In vitro, inflammasome activation in AS monocytes 
was paralleled by increased serum levels of IL- 1β and IL- 18. Induction of IL23A, IL17A, and IL22 was IL- 1β– dependent.

Conclusion. Inflammasome activation occurs in rodent models of AS and in AS patients, is associated with 
dysbiosis, and is involved in triggering ileitis in SKG mice. Inflammasomes drive type III cytokine production with an 
IL- 1β– dependent mechanism in AS patients.

INTRODUCTION

Ankylosing spondylitis (AS) is a chronic inflammatory dis-
ease of unknown origin, mainly affecting the axial skeleton (1). A 
growing body of evidence indicates that the aberrant activation 
of the innate immune systems drives inflammatory processes in 
AS (1). Interleukin- 23 (IL- 23) and IL- 17, both regulators of innate 

and adaptive immunity, have been demonstrated to be critical 
cytokines in AS pathogenesis (2,3), although mechanisms under-
lying their overexpression in AS are not entirely understood.

Recently, inflammasome activation has been demonstrated 
to induce the release of IL- 23 and IL- 17 in human mononuclear 
cells (4). Inflammasomes are innate immune system receptors and 
sensors that control the inflammatory response and coordinate 
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antimicrobial host defenses (5). Inflammasomes are activated by 
pathogen- associated molecular patterns (PAMPs) and damage- 
associated molecular patterns (DAMPs) following the detection of 
pathogenic microorganisms and danger signals in cytosol from 
host cells. Once activated, inflammasomes trigger inflammatory 
caspase 1, thus inducing proinflammatory cytokines, such as  
IL- 1β and IL- 18, and pyroptotic cell death.

Dysregulated inflammasome activity has been implicated in 
hereditary and acquired inflammatory disorders (6). Variations in 
genes encoding proteins that are directly or indirectly involved in 
regulating inflammasome activity are associated with AS, includ-
ing MEFV, CARD9, CARD15, IRGM, IL1R1, and IL1R2 (reviewed 
in [7]). Studies on the role of inflammasomes in the pathogenesis 
of AS have mainly been limited to peripheral blood monocytes (8).

In this study, we aimed to investigate the expression of 
inflammasome components in inflamed tissues of AS patients and 
2 well- documented rodent models of spondyloarthritis: HLA– B27 
rats and curdlan- treated SKG mice (reviewed in [9]). Finally, we 
examined the effect of intestinal bacteria in modulating inflammas-
omes and their role in modulating type III cytokines.

PATIENTS AND METHODS

Patients. Thirty- five HLA– B27– positive AS patients ful-
filling the New York AS diagnostic criteria (10) and with active 
disease defined as an AS Disease Activity Score (ASDAS) (11) 
of ≥2 were enrolled at the University of Palermo. Baseline char-
acteristics of the patients and controls are shown in Supple-
mentary Table 1, on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41644/ abstract. 
All patients underwent ileocolonoscopy and multiple adjacent 
ileal mucosal biopsies, independent of the presence of gastroin-
testinal symptoms. An additional 10 patients with active Crohn’s 
disease (CD) were included as positive controls. Thirty sex-  and 
age- matched healthy controls undergoing ileocolonoscopy for 
diagnostic purposes without evidence of intestinal disease were 
included as healthy controls. Paired formalin- fixed paraffin- 
embedded (FFPE) tissue and tissue RNA were prepared from all 
patients to allow cross- referencing between histologic assess-
ments and quantitative reverse transcriptase–polymerase chain 
reaction (qRT-PCR) gene expression analysis. As previously 
described, ileal samples obtained from patients with AS were 
histologically classified into 3 phenotypes: normal gut histology, 
acute inflammation, and chronic inflammation (12). Histologic 
scoring is further detailed in Supplementary Methods.

Immunohistochemistry (IHC). After heat- induced anti-
gen retrieval, IHC analysis for AIM2, NLRP3, NLRC4, IL- 1β, and 
IL- 18 was performed on 5- μm paraffin- embedded sections from 
ileal samples as previously described (13). Primary and second-
ary antibodies are shown in Supplementary Table 2 (http://onlin e   
libr ary.wiley.com/doi/10.1002/art.41644/ abstract).

Confocal microscopy analysis of N- terminal  cleavage 
product of gasdermin D (GSDMD- NT). The accumulation of 
GSDMD- NT was used as a readout for the occurrence of pyrop-
tosis in tissue, as previously described (14). Double immunos-
taining was performed using an antibody against GSDMD- NT 
and DAPI, and the images were evaluated by confocal micros-
copy. The membrane localization of GSDMD- NT was assessed 
by counting the positively stained cells on photomicrographs 
obtained from 3 random high- power microscopic fields (origi-
nal magnification × 400).

Transcriptomic analysis. Sixty- six patients with AS (defined 
by the modified New York Criteria) and 78 healthy controls with no 
diagnosed inflammatory disease were recruited for the transcrip-
tomic analysis (Supplementary Table 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41644/ abstract). Human ethics approval was 
granted by the Princess Alexandra Hospital and the University of 
Queensland Ethics Committees (ethics nos. Metro South HREC/05/
QPAH/221 and UQ 2006000102), and written informed consent 
was obtained from all participants prior to inclusion in the study. RNA 
was extracted from peripheral blood mononuclear cells (PBMCs), 
reverse- transcribed, and prepared for sequencing using an Illumina 
TruSeq Standard Total RNA Library Prep Kit. Total RNA- sequencing 
was performed using an Illumina HiSeq 2000, with a mean of 
56 million reads per sample. Transcripts were quantified by Salmon 
(version 0.11.2) (15) using the Ensembl 94 transcript model. Gene 
level differential expression analysis was performed using DESeq2 
(version 1.22.1) (16), correcting for patient sex.

RNA extraction and TaqMan qRT-PCR. Gut samples 
were stored in RNA- later at −80° until extraction. Total RNA 
was extracted using a Qiagen RNeasy Mini kit, with on- column 
DNase I digestion, as previously described (13). Gene expression 
was quantified by qRT-PCR using TaqMan probes and run on a 
7900HT Fast Real- Time PCR System (Life Technologies). Gene 
expression was normalized against housekeeping genes, namely 
18S and GAPDH.

Flow cytometry analysis of surface and intracellular  
antigens. PBMCs were isolated from 10 AS patients and 10 
healthy controls by Ficoll- Paque density gradient centrifugation, 
as previously described (13). PBMCs were stored in liquid nitro-
gen, then thawed, immunostained, and analyzed on a BD LSR 
Fortessa cytometer. The antibody panel is provided in Supple-
mentary Methods (http://onlin elibr ary.wiley.com/doi/10.1002/
art.41644/ abstract).

Enzyme- linked immunosorbent assay (ELISA) to 
assess circulating levels of IL- 1β, lipopolysaccharide 
(LPS), and IL- 18. IL- 1β, LPS, and IL- 18 were quantified by ELISA 
(ThermoFisher) in serum that was isolated immediately after col-
lection, flash- frozen, and stored at −80°C until analysis. All results 
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were analyzed using a 5- parameter logistic function for fitting 
standard curves obtained from recombinant protein standards.

Isolation and culture of bacteria. Bioptic specimens of 
the ileum were analyzed for the bacteriologic study. According to 
Conte et al, the samples were immediately processed to isolate 
and culture adherent bacteria (17); for further details, see Sup-
plementary Methods (http://onlin elibr ary.wiley.com/doi/10.1002/
art.41644/ abstract).

Cell cultures. Isolated monocytes from 7 AS patients and 
7 controls were incubated with LPS (0.1 μg/ml). The expres-
sion of inflammasome components and the cytokines IL- 23, 
IL- 18, and IL- 1β were quantified by qRT-PCR and the levels of 
IL- 1β and IL- 18 in the supernatants were measured by ELISA 
(ThermoFisher).

Fluorometric detection of active cellular caspase 1. 
A fluorescence- labeled inhibitor specific for caspase 1 (FLICA) was 
used according to instructions of the manufacturer (Sigma- Aldrich) 
to determine the caspase 1 activity in isolated lamina propria mon-
onuclear cells (LPMCs), PBMCs, and peripheral monocytes. 
LPMCs were obtained as described by van Damme N et al (18). 
Further details are provided in Supplementary Methods (http://
onlin elibr ary.wiley.com/doi/10.1002/art.41644/ abstract).

HLA– B27– transgenic (Tg) rats. HLA– B*2705– Tg rats of 
line 33- 3 (B27- Tg) on a Fischer background (F344/NTac- Tg [HLA– 
B*2705, β2- microglobulin]) (Taconic) were backcrossed with PVG 
rats (PVG/OlaHsd) (Harlan) for a minimum of 10 generations before 
being used in experiments. Wild- type PVG/OlaHsd rats were pur-
chased from Harlan and bred in- house. Animals were screened 
by flow cytometry for expression of HLA– B27. Age- matched non-
transgenic littermates were used as controls. All procedures were 
approved by the University of Glasgow Ethical Review Panel and 
performed under licenses from the UK Home Office under the Ani-
mal (Scientific Procedures) Act 1986. Details on animal treatments 
are reported in Supplementary Methods (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41644/ abstract).

SKG mice. Female BALB/c and SKG mice (ZAP- 70w163c- 
mutant BALB/c mice) (n = 5 per group), originally obtained from 
S. Sakaguchi (University of Kyoto), were bred and housed under 
specific pathogen– free or germ- free conditions at the University of 
Queensland Translational Research Institute Animal Facility under 
the guidelines of University of Queensland. Mice were kept in a 
12- hour light/dark cycle, with food and water provided ad libi-
tum. Mice were included in experiments at 8– 12 weeks of age. 
Approval for all experiments was obtained from the University of 
Queensland animal ethics committee.

Where indicated, female SKG mice (n = 5 per group based 
on effect size and variance from previous experiments) were 

randomized to receive inflammasome inhibitor MCC950 (0.3  
mg/kg, a gift from Avril Robertson, PhD, University of Queens-
land, Brisbane, Australia) or vehicle in the drinking water, start-
ing 1 day before or 7 days after intraperitoneal administration of 
15 mg/ml 1,3- β- glucan (curdlan) in saline. For further details, see  
Supplementary Methods (http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41644/ abstract).

Isolation of murine intestinal cells, RNA extraction, 
and qRT-PCR. Intraepithelial lymphocytes were isolated from the 
small intestines (after dissecting Peyer’s patches and fat removal) 
from BALB/c and SKG mice that were naive to curdlan and those 
that had been treated for 7 days with curdlan. For further details, 
see Supplementary Methods (http://onlin elibr ary.wiley.com/
doi/10.1002/art.41644/ abstract). Briefly, small intestines were col-
lected and cut open longitudinally after removing Peyer’s patches, 
washed in cold phosphate buffered saline, dissected into 1– 2- cm 
pieces, and then shaken in Hanks’ balanced salt solution contain-
ing 5 mM EDTA for 20 minutes at 37°C. Intraepithelial mononu-
clear cells were collected after passing through a 70- μm strainer. 
Intraepithelial lymphocyte cells were then harvested from the inter-
phase of a 40% Percoll gradient after centrifugation at 20°C. Total 
RNA was isolated using an RNeasy mini kit (Qiagen) and comple-
mentary DNA was prepared using a Tetro cDNa synthesis kit (Bio-
line). Quantitative RT-PCR for Nlrp3, Nlrc4, Nlrp6, Aim2, Nlrp12, 
Il18, and Hprt was performed using the SYBR Green technique. 
Primer sequences are shown in Supplementary Methods. All data 
are reported as the relative fold change compared to Hprt.

Study approval. The study was conducted according to 
the Declaration of Helsinki. Consent was obtained from all enrolled 
subjects after the nature of the investigation was explained and 
in accordance with the approved protocol from the institutional 
review board at the University of Palermo, Ghent University, and 
the University of Queensland. The appropriate institutional review 
boards at the University of Glasgow and the University of Queens-
land approved the animal studies.

Statistical analysis. A nonparametric Mann-Whitney test 
was used to calculate the statistical significance between groups. 
Spearman’s rank correlation was used to calculate the correlation 
between different variables in AS. P values less than 0.05 were 
considered significant.

RESULTS

Inflammasome activation in the gut of HLA– B27 
rats and SKG mice. We first examined the expression of 
inflammasome- related genes in the gut using 2 models of AS. 
In the gut of HLA– B27– Tg rats, Nlrp3, Nlrc4, and Aim2 expres-
sion was increased and then significantly reduced after antibi-
otic treatment (Figure 1), indicating that dysbiosis up- regulates 
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Figure 2. Effect of inflammasome inhibition in SKG mice. A and B, Expression levels of Nlrp3 (A) and Il18 (B) in the intestinal intraepithelial 
(IEL) cells of BALB/c mice and SKG mice that were left untreated or treated with curdlan. C and D, Gut inflammation histologic score and 
weight loss (C) and visual arthritis score, ankle joint histologic score, and ear histologic score (D) in curdlan- treated SKG mice treated with the 
NLRP3 inhibitor MCC950 or vehicle (CTRL). E, Flow cytometry quantification of mesenteric lymph node NKp46+ innate lymphoid cells (ILCs), 
NKp46− ILCs, monocytes, and T cells. Symbols represent individual animals (n = 5 per group); bars show the mean ± SEM. * = P < 0.05; ** = 
P < 0.001. TCRβ = T cell receptor β.

Figure 1. Up- regulation of inflammasomes in the ileum of HLA– B27– transgenic rats. A, C, and E, Representative images of immunohistochemistry 
staining performed on wild- type (WT) rats and HLA– B27– transgenic rats that were left untreated or treated with vancomycin and meropenem 
(HLA–B27+ Abx) for 3 weeks to detect Nlrp3 (A), Nlrc4 (C), and Aim2 (E). Original magnification × 400. B, D, and F, Quantitative analysis of cells 
positive for NLRP3 (B), NLRC4 (D), and AIM2 (F). Symbols represent individual animals (n = 5 per group); bars show the mean ± SEM. * = P < 0.05.
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the expression of inflammasome components, namely NLRP3, 
NLRC4, and AIM2 in the ileum.

In the SKG model, among the tested inflammasome com-
ponents (Supplementary Figure 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41644/ abstract), the up- regulation of Nlrp3 and 
Il18 messenger RNA (mRNA) (Figures 2A and B) was observed 
in the intraepithelial cells of curdlan- treated SKG mice but not 
curdlan- treated BALB/c mice. Interestingly, blocking NLRP3 acti-
vation with the MCC950 inhibitor just before curdlan treatment 
in SKG mice suppressed gut disease and prevented weight loss 
(Figure 2C), but not after treatment (data not shown).

Conversely, in the same curdlan- treated SKG mice, the prophy-
lactic blockade of NLRP3 by MCC950 delayed the onset of the 
articular manifestations, but the difference in arthritic score between 
treated and untreated groups was lost by day 26 (Figure 2D). 

Interestingly, mesenteric lymph node NKp46+ innate lymphoid cells 
(ILCs) expanded in mice treated with MCC950, while NKp46− ILCs 
decreased, without any changes in monocytes or T cells (Figure 2E).

Inflammasomes in the gut of patients with AS. Next, 
inflammasome activation was assessed in the gut of AS patients. 
A significant increase in the expression of NLRP3, NLRC4, and 
AIM2 at both the mRNA and protein levels was observed in the 
inflamed gut of AS patients, especially in those with chronic gut 
inflammation, and CD patients, compared to healthy controls 
(Figure 3). NLRP3, NLRC4, and AIM2 protein expression was mainly 
observed among inflammatory infiltrating mononuclear cells and 
epithelial cells. Increased expression of other inflammasome- 
related genes such as NLRC3, NLRP6, and NLRP12 was 
also observed in AS ileal samples (Supplementary Figure 2,  

Figure 3. Expression levels of NLRP3, NLRC4, and AIM2 in ileal tissue from patients with ankylosing spondylitis (AS) and healthy controls (HCs). 
A and B, Levels of mRNA for NLRP3 (A), and representative immunohistochemical (IHC) analyses for NLRP3, quantified as the number of NLRP3- 
positive cells/infiltrating cells in gut biopsy samples from AS patients and healthy controls (B). C and D, Levels of mRNA for NLRC4 (C), and 
representative IHC analyses for NLRC4, quantified as the number of NLRC4- positive cells/infiltrating cells in gut biopsy samples from AS patients 
and healthy controls (D). E and F, Levels of mRNA for AIM2 (E), and representative IHC analyses for AIM2, quantified as the number of AIM2- positive 
cells/infiltrating cells in gut biopsy samples from AS patients and healthy controls (F). In B, D, and F, original magnification × 400. Symbols represent 
individual subjects (n = 35 AS patients and 20 healthy controls); bars show the mean ± SEM. * = P < 0.05 versus healthy controls.
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http://onlin elibr ary.wiley.com/doi/10.1002/art.41644/ abstract). 
Overexpression of inflammasome components in the gut of AS 
patients was associated with significantly increased expression of 
CASP1 mRNA (Figure 4A). Consistently, the use of a fluorochrome- 
labeled inhibitor peptide that binds specifically the active site of 
caspase 1 demonstrated increased activation of caspase 1, and 
in turn inflammasomes, in the frozen section of AS gut and isolated 
LPMCs (Figures 4B and C). Similarly, in AS- associated chronic gut 
inflammation, IL1B and IL18 expression was increased at both 
the mRNA and protein  levels (Figures 4D and E).

Inflammasome- related pyroptosis in the gut of 
patients with AS. Activation of caspase 1 induces the cleavage 
of human gasdermin D to generate GSDMD- NT that causes pyrop-
tosis by forming membrane pores and stimulates the release of 
inflammatory cytokines (14). The cellular distribution of GSDMD- NT 
was assessed by confocal microscopy in paraffin- embedded ileal 
sections using an anti– GSDMD- NT monoclonal antibody. We 
observed a predominant GSDMD- NT membrane localization in 
AS patients compared to controls, where it was mainly cytosolic 
(Figure 4F).

Figure 4. Inflammasome activation in intestinal tissue from patients with ankylosing spondylitis (AS). A, CASP1 relative mRNA levels were 
assessed by reverse transcriptase– polymerase chain reaction (RT- PCR) in ileal samples obtained from AS patients and healthy controls (HCs). 
B, Isolated lamina propria mononuclear cells from healthy controls (red) and AS patients (blue) were analyzed with FAM-FLICA staining and flow 
cytometry. Representative fluorescence histograms are shown. C, Frozen ileal samples from patients with AS were stained for caspase 1 with FAM- 
FLICA. A representative confocal microscopy image is shown. D, IL1B relative mRNA levels in ileal samples from AS patients and healthy controls 
were assessed by RT- PCR. Protein expression was assessed by immunohistochemical (IHC) analysis and was quantified as interleukin- 1β (IL- 1β)– 
positive cells. E, IL18 relative mRNA levels in ileal samples from AS patients and healthy controls were assessed by RT- PCR. Protein expression was 
assessed by IHC analysis and was quantified as IL- 18– positive cells. F, Gasdermin expression in the gut of AS patients was observed by confocal 
microscopy, revealing predominance of gasdermin in the gut membrane. Results were quantified as the number of cells expressing gasdermin in 
the membrane and cytoplasm. In C, D, E, and F, original magnification × 400. Symbols represent individual subjects (n = 35 AS patients and 20 
healthy controls); bars show the mean ± SEM. * = P < 0.05; ** = P < 0.001, versus healthy controls.
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Inflammasome activation in AS driven by in flamma-
tion. As previously demonstrated (19), AS ileal biopsies featured the 
presence of adherent and invading bacteria that were scored (data 
not shown). A significant positive correlation was observed between 
the intestinal bacterial score and the expression levels of NLRP3, 
NLRC4, and AIM2 (Supplementary Figures 3A– C, http://onlin e 
library.wiley.com/doi/10.1002/art.41644/ abstract). Concentrations 
of mucosa- associated bacteria after the fourth wash and hypotonic 
lysis from the ileum, caecum, and rectum biopsy specimens from 
patients with AS and CD were compared to those of controls. In 
the ileum, total aerobe counts, facultative anaerobe counts, and 
total gram- negative bacterial counts were significantly higher in 

patients with AS, especially in those with chronic gut inflammation 
(Supplementary Table 3, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41644/ abstract). We observed that isolated bacteria from the gut 
of AS patients (but not controls) led to a significant increase in the 
expression of NLRP3 and AIM2, but not of NLRC4, in PBMCs iso-
lated from healthy controls (Supplementary Figures 3D– F).

Overexpression of inflammasome components in 
PBMCs from AS patients and association with increased 
serum IL- 1β and IL- 18 levels. We have previously demon-
strated an increased concentration of gut- derived bacterial prod-
ucts and immune cells in the systemic circulation of AS patients 

Figure 5. Systemic inflammasome activation in patients with AS. A, Concentration of lipopolysaccharide (LPS) in AS and healthy control serum 
was assessed by enzyme- linked immunosorbent assay (ELISA). B, Real- time quantitative polymerase chain reaction data show expression 
levels of NLRC4, AIM2, CASP1, NLRP3, IL1B, IL18, and IL23A, plotted as fold induction, versus the mean of healthy controls (n = 35 AS 
patients and 20 healthy controls). C, Caspase activity in circulating healthy control monocytes (red) and AS monocytes (blue) was assessed by 
FAM- FLICA staining and flow cytometry. Representative fluorescence histogram and plot of mean fluorescence intensity are shown (n = 5 per 
group). D, Serum IL- 1β and IL- 18 concentrations in AS patients and healthy controls were measured by ELISA. E and F, Correlation of NLRP3 
expression with the AS Disease Activity Score using the C- reactive protein level (ASDAS- CRP) (E) and with expression of IL23A (F) (n = 35 AS 
patients and 20 healthy controls) is shown. In A– D, symbols represent individual subjects; bars show the mean ± SEM. See Figure 4 for other 
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41644/abstract.
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as a consequence of leaky gut (19,20). In this study, we confirmed 
the previously described increased concentration of LPS in the 
serum of AS patients (Figure 5A). We hypothesized that increased 
LPS concentration could be responsible for an inflammasome up- 
regulation in PBMCs from AS patients. For this reason, we per-
formed an analysis of gene expression with RNA- Seq of PBMCs 
obtained from 66 AS patients, demonstrating the overexpres-
sion of inflammasome- related genes as highlighted by the sig-
nificantly increased expression of NLRP3 (P = 6 × 10−8), CASP1 
(P = 0.006), IL1B (P = 5 × 10−12), and IL18 (P = 0.00017), as well 
as the increased expression of NLRC4, although not statistically 
significant (P = 0.06) (data not shown).

Quantitative RT-PCR next confirmed inflammasome overex-
pression in isolated circulating monocytes obtained from an addi-
tional 30 AS patients. In isolated unstimulated monocytes, the 
expression levels of NLRC4, AIM2, and NLRP3 were higher in AS 
patients compared to controls (Figure 5B). The increased expres-
sion of these genes was accompanied by the overexpression of 
CASP1, IL1B, IL18, and IL23p19. FLICA staining, which binds to 
active caspase 1, also confirmed the exaggerated inflammasome 
activation in AS monocytes (Figure 5C). Inflammasome activation 
in AS monocytes occurred independently of medications (data not 
shown). Analysis of serum IL- 1β and IL- 18 concentrations in AS 
patients demonstrated that levels were higher in patients with AS 
than in controls (Figure 5D).

Interestingly, a significant correlation was found between dis-
ease activity as assessed by the ASDAS using the C- reactive pro-
tein level (ASDAS- CRP) and NLRP3 (Figure 5E), AIM2 (r2 = 0.3466, 
P = 0.0018; data not shown), and NLRC4 (r2 = 0.4432, P = 0.0011; 
data not shown), and between NLRP3 and IL23A (Figure 5F).

We next examined the in vitro effect of LPS on monocytes 
isolated from AS patients and controls. In vitro, the stimulation 
of isolated AS monocytes with LPS induced a significant up- 
regulation of NLRP3, NLRC4, and AIM2, as expected. However, 
AS monocytes showed hyperresponsiveness to LPS compared 
to healthy controls (Figures 6A– C).

Inflammasome modulation of IL23, IL17, and IL22 
expression through IL- 1β induction. Inflammasomes have 
recently been demonstrated to modulate the release of IL- 23 and 
IL- 17 in human monocytes (4). Considering the key role of IL- 23 
and IL- 17 in the pathogenesis of AS (1,3), we evaluated the role 
of inflammasomes in modulating IL- 23 and IL- 17 production. 
The administration of LPS significantly increased IL23 expres-
sion (Figure 6D). To test whether LPS- induced IL23 expression 
was partially mediated by inflammasome activation, KCl, which is 
known to block inflammasome activation, was administered. The 
addition of KCl suppressed IL23 expression, and inhibition was 
reversed by coincubation with IL- 1β (Figure 6D). Similarly, inflam-
masome inhibition significantly reduced the expression of IL17 

Figure 6. Role of inflammasomes in mediating IL- 23, IL- 17, and IL- 22 production in AS monocytes. A– C, Lipopolysaccharide (LPS)– induced 
expression levels of NLRP3 (A), AIM2 (B), and NLRC4 (C) in isolated monocytes from AS patients and healthy controls. D, Effect of inflammasome 
activation blocking by the addition of KCl on IL23A expression in monocytes from AS patients. E and F, Phorbol myristate acetate (PMA) and 
ionomycin– induced IL17A (E) and IL22 (F) expression in KCl- treated AS monocytes in the presence or absence of exogenous IL- 1β. Symbols 
represent individual subjects (n = 5 per group); bars show the mean ± SEM. * = P < 0.05 versus RPMI alone. See Figure 4 for other definitions.
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and IL22 in isolated PBMCs, which was rescued by the addition 
of IL- 1β (Figures 6E and F).

DISCUSSION

AS is a chronic inflammatory condition characterized by the 
genetic association with the major histocompatibility complex class 
I molecule HLA– B27 (1). This association has previously suggested 
a predominant adaptive immune activation in the pathogenesis of 
AS. Although a direct role of IL- 1β and IL- 18 in the pathogenesis of 
AS is still not clear, both ILR1 and IL1R2 are definitively associated 
with AS (21).

Clinical studies on the IL- 1 receptor antagonist anakinra in 
AS patients demonstrated contrasting results, suggesting that 
this agent may not be highly effective in AS (22,23). The pres-
ent study demonstrates the following: 1) inflammasome signaling 
is up- regulated and activated in the inflamed gut of AS patients; 
2) dysbiosis drives inflammasome activation in AS; 3) inflammas-
ome activation occurs in AS monocytes and is associated with 
increased serum IL- 1β levels; and 4) inflammasomes modulate 
IL23, IL17, and IL22 expression through IL- 1β induction.

Inflammasomes are cellular multiprotein complexes mainly 
associated with innate immune system signaling that, through the 
activation of caspase 1, induce the maturation of IL- 1β and IL- 18 in 
their active forms (5). NLRs and AIM2, the most important inflam-
masome cytosolic sensors responding to a great variety of endoge-
nous and exogenous ligands (5), were overexpressed in the inflamed 
gut of HLA– B27– Tg rats, in the small intestinal lymphocytes after 
curdlan treatment in SKG mice, and in AS and CD patients.

Interestingly, the level of expression of inflammasome com-
ponents was higher in the intestine of patients with AS compared 
to those with CD, especially in those with chronic gut inflammation 
where higher bacterial loads were observed. This observation may 
support the hypothesis of a disease- specific (possibly bacteria- 
dependent) inflammasome activation in AS, rather than an unspe-
cific effect linked to the presence of an intestinal inflammation. 
AS patients and CD patients have been shown to have a differ-
ent microbiome composition and this might be, at least in part, 
responsible for different degrees of inflammasome activation. We 
cannot exclude that disease- related factors might also be respon-
sible for the differences observed. Beyond the overexpression of 
inflammasome components, inflammasome activation is known 
to trigger cleavage, activation, and secretion of proinflammatory 
IL- 1β and IL- 18, which in turn activate multiple cells aiming to 
increase the antimicrobial program and initiate the Th1 and Th17 
responses (24).

The functional relevance of inflammasome overexpression in 
the gut of AS patients is supported by demonstrating the activa-
tion of caspase 1 in the inflamed gut associated with the increased 
expression IL- 1β and IL- 18. Activation of caspase 1 also induces 
human gasdermin D cleavage to generate pore- forming GSD-
MD- NT that triggers pyroptosis, a highly inflammatory form of 

programmed cell death. Pyroptosis amplifies the inflammatory 
process, initiating the secretion of inflammatory cytokines and 
releasing the intracellular content providing a high load of DAMPs 
(25). Tissue analysis of GSDMD- NT, assessed by confocal micros-
copy in paraffin- embedded ileal sections, showed a significant 
shift in GSDMD- NT from a cytosolic to a membrane localization, 
confirming the occurrence of pyroptosis in AS patients (14).

The findings of the present study do not clarify the causes 
of activation of the inflammasome pathway. It cannot be ruled 
out that, in an autoinflammatory manner, genetic factors predis-
posing to the disease may be associated, per se, with a greater 
expression and activation of this pathway. On the other hand, it is 
plausible that genetic predisposition may significantly influence the 
host’s immune responses to environmental factors, particularly 
the capacity of pathogenic and nonpathogenic microorganisms 
to trigger inflammasome activation after breaching the epithelial 
barrier.

In this regard, intestinal dysbiosis observed in AS and 
rodent models (26) is relevant to modulation of innate immune 
responses. Although a direct pharmacologic action on innate 
intestinal immune mechanisms cannot be excluded, the effect 
of antibiotics on the expression of inflammasome compo-
nents in the gut of HLA– B27– Tg rats suggests that an altered 
composition of the intestinal flora may be responsible for the 
innate immune activation present in the intestine of patients 
with AS.

Consistent with this idea, isolated ileal bacteria from AS ileum 
significantly increased the expression levels of NLRP3 and AIM2 in 
isolated PBMCs. Interestingly, no significant modulation of NLRC4 
was observed in in vitro studies. The NLRC4 inflammasome relies 
on NLR family apoptosis inhibitory proteins (NAIPs) to sense bac-
terial components in the cytosol (27). The difficulty in activating 
NLRC4 in in vitro studies has been shown in other work such as 
that from Karki et al (28), in which there was no significant induc-
tion of Naips in vitro in response to infection. The demonstration 
of the strong positive correlation between the bacterial scores and 
the expression levels of NLRP3, AIM2, and NLRC4 further sup-
ports this hypothesis, together with the finding that inflammasome 
expression was induced by isolated bacteria from the gut of AS 
patients.

Although in human AS patients and B27 rats, it is not clear 
whether the inflammasome activation is a consequence or a 
cause of the intestinal inflammation, we demonstrate that the 
NLRP3 inflammasome inhibitor MCC950 suppresses the onset 
of intestinal inflammation in SKG mice when introduced before 
(but not after) the administration of curdlan. These data strongly 
suggest that curdlan stimulates NLRP3 inflammasome activation 
by enhancing host– bacteria interaction (29), which is required to 
trigger intestinal inflammation (30). The delayed onset of arthritis 
further suggests its initial dependence on inflammasome activa-
tion. Once triggered, intestinal inflammation is no longer suscepti-
ble to inflammasome inhibition due to reliance on other mediators 
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such as IL- 17 (31). Interestingly, MCC950 expanded natural cyto-
toxicity receptor (NCR)– positive but not NCR- negative ILC3s. In 
this regard, NCR- positive ILC3s have been shown to be impor-
tant in controlling colonic infection with Citrobacter rodentium in 
the presence of T cells and are essential for cecal homeostasis 
in mice (32).

Their expansion by MCC950 may contribute to intestinal 
protection due to improved bacterial control in curdlan- treated 
SKG mice. Studies of dysbiosis in MCC950- treated curdlan- naive 
SKG mice would be of interest.

As a consequence of gut inflammation, alteration of gut– 
epithelial and gut– vascular barriers occurs in AS and contributes 
to the translocation of bacterial products such as LPS, intestinal 
fatty acid binding protein, and LPS binding protein into the blood-
stream (19). The increased level of LPS in AS serum seems to 
be relevant in modulating the systemic innate immune response. 
In AS, the chronic circulating monocyte exposure to serum LPS 
induced an anergic phenotype by down- regulating the expres-
sion of CD14 and reduced the expression of HLA– DR (19). LPS 
has been demonstrated to prime the inflammasome pathway 
(33). Consistent with this evidence, LPS could be one of the key 
determinants of inflammasome up- regulation in AS monocytes. 
Accordingly, inflammasome priming was observed in circulating 
unstimulated PBMCs from AS patients by RNA- Seq and con-
firmed in isolated AS monocytes, where a significant correlation 
between NLRP3 expression and disease activity as assessed by 
ASDAS- CRP was found. The functional relevance of the increased 
expression of inflammasomes in AS monocytes is further sup-
ported by showing caspase 1 activation in circulating monocytes 
in AS and increased serum levels of IL- 1β and IL- 18.

Innate immune activation has been shown to predominate 
in AS patients with IL- 23– dependent production of IL- 22 and IL- 
17 by innate immune cells (13,34,35). Here, we have demon-
strated that inflammasome activation might be responsible for 
the production of IL- 23 in AS monocytes and of IL- 17 and IL- 22 
in PBMCs in an IL- 1β– dependent, IL- 23– independent manner. 
The possibility that innate immune mechanisms independent of 
IL- 23 operate in modulating type III immunity in AS could suggest 
a relatively important role for IL- 23 in maintaining the inflamma-
tory process in AS. This was also indicated by murine studies 
in which IL- 23 was fundamental for initiation but not for mainte-
nance of the disease (36). We demonstrated, via in vitro experi-
ments, that blocking inflammasomes by incubating PBMCs with 
KCl, which is known to inhibit inflammasome activation (37), sig-
nificantly reduced the expression of IL23 induced by LPS and of 
IL17 and IL22 induced by phorbol myristate acetate and iono-
mycin. This effect seems to be specifically mediated by IL- 1β, 
since the addition of recombinant IL- 1β to isolated monocytes 
was able to restore the production despite the inflammasome 
blockade.

In conclusion, we have provided the first demonstration 
that inflammasome activation occurs in the gut of AS patients, 

potentially being a critical inflammatory pathway involved in the 
pathogenesis of gut inflammation and proinflammatory type III 
cytokine production.
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Mediation of Interleukin- 23 and Tumor Necrosis 
Factor– Driven Reactive Arthritis by Chlamydia- Infected 
Macrophages in SKG Mice
Xavier Romand,1  Xiao Liu,2 M. Arifur Rahman,2 Zaied Ahmed Bhuyan,3 Claire Douillard,1 Reena Arora Kedia,2 
Nathan Stone,2 Dominique Roest,2 Zi Huai Chew,2 Amy J. Cameron,2 Linda M. Rehaume,2 Aurélie Bozon,1 
Mohammed Habib,1 Charles W. Armitage,4  Minh Vu Chuong Nguyen,1 Bertrand Favier,1 Kenneth Beagley,5 
Max Maurin,1 Philippe Gaudin,1 Ranjeny Thomas,2  Timothy J. Wells,2 and Athan Baillet1

Objective. ZAP- 70W163C BALB/c (SKG) mice develop reactive arthritis (ReA) following infection with Chlamydia 
muridarum. Since intracellular pathogens enhance their replicative fitness in stressed host cells, we examined how 
myeloid cells infected with C muridarum drive arthritis.

Methods. SKG, Il17a- deficient SKG, and BALB/c female mice were infected with C muridarum or C muridarum 
luciferase in the genitals. C muridarum dissemination was assessed by in vivo imaging or genomic DNA amplification. 
Macrophages were depleted using clodronate liposomes. Anti– tumor necrosis factor (anti- TNF) and anti– interleukin- 
23p19 (anti– IL- 23p19) were administered after infection or arthritis onset. Gene expression of Hspa5, Tgtp1, Il23a, 
Il17a, Il12b, and Tnf was compared in SKG mice and BALB/c mice.

Results. One week following infection with C muridarum, macrophages and neutrophils were observed to have 
infiltrated the uteri of mice and were also shown to have carried C muridarum DNA to the spleen. C muridarum load 
was higher in SKG mice than in BALB/c mice. Macrophage depletion was shown to reduce C muridarum load and 
prevent development of arthritis. Compared with BALB/c mice, expression of Il23a and Il17a was increased in the 
uterine and splenic neutrophils of SKG mice. The presence of anti– IL- 23p19 during infection or Il17a deficiency 
suppressed arthritis. Tnf was overexpressed in the joints of SKG mice within 1 week postinfection, and persisted 
beyond the first week. TNF inhibition during infection or at arthritis onset suppressed the development of arthritis. 
Levels of endoplasmic reticulum stress were constitutively increased in the joints of SKG mice but were induced, in 
conjunction with immunity- related GTPase, by C muridarum infection in the uterus.

Conclusion. C muridarum load is higher in SKG mice than in BALB/c mice. Whereas proinflammatory IL- 23 
produced by neutrophils contributes to the initiation of C muridarum– mediated ReA, macrophage depletion reduces 
C muridarum dissemination to other tissues, tissue burden, and the development of arthritis. TNF inhibition was also 
shown to suppress arthritis development. Our data suggest that enhanced bacterial dissemination in macrophages 
of SKG mice drives the TNF production needed for persistent arthritis.
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INTRODUCTION

Chlamydia- induced reactive arthritis (ReA) belongs to the 
spondyloarthritis (SpA) group of diseases. ReA occurs in 4– 15% 
of Chlamydia trachomatis infections (1). Chlamydia is the most 
common cause of ReA overall. Clinical features typically include 
enthesitis, peripheral arthritis, inflammation of the axial skeleton, 
conjunctivitis, and a psoriasis- like skin rash. Symptoms develop 
a few weeks after infection, which can be silent, partially explain-
ing why ReA remains underdiagnosed. The mechanisms of ReA 
induction and persistence are not fully understood. However, new 
insights were made with the discovery that ZAP70W163C- mutant 
BALB/c (SKG) mice develop features of human ReA 5 weeks after 
Chlamydia muridarum infection, a mouse- adapted C trachomatis– 
related pathogen (2).

The SKG ZAP70 mutation results in attenuated T cell recep-
tor signaling, promoting a state of relative immunodeficiency. 
The development of C muridarum– induced ReA has been found 
to be associated with deficient pathogen control attributable 
to major outer membrane protein (MOMP)– specific interferon- γ 
(IFNγ)–  and interleukin- 17 (IL- 17)– producing CD4+ T cells and 
increased T cell tumor necrosis factor (TNF) production (2). The 
extent of arthritis development varies according to the type of 
infection with live pathogen and is dependent on the dose of the 
pathogen (2).

Macrophages and neutrophils are thought to play an 
important role in ReA, through the systemic dissemination of 
proinflammatory Chlamydia pneumoniae and C trachomatis 
pathogen- associated inflammatory molecules (PAMPs) (3). Chla-
mydia may paralyze neutrophil pathogen control mechanisms, 
such as extracellular trap formation (4). Toll- like receptor (TLR)– 
stimulated macrophages are substantial producers of IL- 23 in 
SpA, whereas neutrophils produce IL- 23 in inflammatory bowel 
disease (5– 8). IL- 23 is a critical cytokine for the maintenance 
of Th17 cells and for the stimulation of other proinflammatory 
cytokine production in SpA (9). In HLA– B27– positive patients with 
SpA and HLA– B27– transgenic rats, endoplasmic reticulum (ER) 
stress may favor macrophage and dendritic cell (DC) production 
of IL- 23 in the presence of TLR ligands (6,10). Furthermore, Sal-
monella enterica, an ReA- associated pathogen, was shown to 
exploit ER stress in HLA– B27– expressing cells to promote its own 
intracellular replication (11).

Autophagy, a highly conserved process that recycles defec-
tive organelles and nonfunctional proteins and contributes to the 
control of intracellular microorganisms, was shown to contribute 
to intestinal IL- 23 production in ankylosing spondylitis (AS) (12). 
Of interest, autophagy sequesters the NF- κB regulatory protein 
A20, promoting proinflammatory cytokine and chemokine pro-
duction (13). IFN- inducible immunity- related GTPase (IRG) pro-
teins are required for control of intracellular bacterial infection (14). 
IRG proteins are recruited into Chlamydia inclusions and restrict 

Chlamydia replication by routing inclusions to the lysosome and 
inducing autophagy (15,16).

Given that C muridarum burden and its immune control 
are critical for the development and persistence of arthritis in 
SKG mice, and that intracellular pathogens enhance their own 
replicative fitness in stressed host cells, we examined how mac-
rophages and neutrophils in SKG mice infected with C muridarum 
contributed to development of C muridarum– induced ReA.

MATERIALS AND METHODS

Mice. Female BALB/c mice, SKG mice (ZAP- 70w163c– mutant 
BALB/c mice), and IL- 17−/− SKG mice were bred and maintained 
at the Universities of Queensland (Australia) and Grenoble- Alpes 
(France; agreement C3851610006). BALB/c– JRj mice were 
obtained from Janvier Labs. Mice ages 6– 10 weeks were main-
tained under specific pathogen– free conditions (4– 6 mice per 
conventional cage) in an animal facility with controlled humidity 
of 50% (±20%) and controlled temperature of 21℃ (±2℃) on a  
12- hour light/dark cycle with ad libitum access to food and water. 
Neither SKG mice nor IL- 17−/− SKG mice developed spontaneous 
disease under these conditions. Animal studies were conducted in 
accordance with the European Directive 2010/63/EU, and exper-
imental procedures were approved by the Ethics Committees at 
the French Research Ministry (7781- 201611251629264v1) and 
the University of Queensland (UQDI/467/12/NHMRC).

Chlamydia muridarum bacteria. The same strain of 
C muridarum (Weiss strain) was used for all experiments, grown, 
and purified as previously described (2). C muridarum (Weiss 
strain) expressing luciferase and a green fluorescent protein plas-
mid, pGFP- Luc- Cmu, was engineered as previously described 
(17). A plasmid- deficient strain of C muridarum (Nigg strain), gen-
erated by treatment with novobiocin, was a generous gift from 
Dr. Catherine O’Connell (University of North Carolina at Chapel 
Hill) (18). Chlamydial vaginal load was determined by direct inoc-
ulation of vaginal swab samples onto McCoy cell monolayers 
as previously described (2). C muridarum DNA was detected 
using the primers 5′- GGAGCAAATCCTCAAAGCTG- 3′ and 
5′- ATCCCAGTCATCAGCCTCAC- 3′, with levels quantified using 
SYBR green fluorescence. C muridarum gene copy number per 
cell was calculated by dividing the C muridarum gene copy num-
ber by the number of sorted cells.

Infection of SKG mice. Mice ages 6– 10 weeks were 
primed with a subcutaneous injection of 2.5 mg of medroxy-
progesterone acetate (Pfizer) 1 week before infection and then 
infected with 7.10 × 103 to 1.10 × 106 inclusion- forming units (IFU) 
of C muridarum intravaginally, as previously described (2). Infected 
and noninfected mice were placed in different cages and handled 
separately to avoid cross- contamination.
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Clinical and histopathologic assessment. Paw swell-
ing, the primary experimental outcome, was evaluated by the 
same observers (X. Romand and A. Bozon) for 12 weeks post-
infection by measuring the thickness of hind paws with a digital 
caliper, and the paw inflammation index (paw swelling varia-
tion from baseline) was calculated as described previously (2). 
Mouse joints were fixed in 10% formalin at week 12, embedded 
in paraffin, and stained with hematoxylin and eosin. Three inde-
pendent readers (X. Romand, A. Bozon, and C. Douillard) who 
were blinded with regard to the selection of mice for each treat-
ment group examined the skin and joint staining and assigned a 
histologic score for inflammation on a scale of 0– 5 (2).

In vivo imaging. BALB/c and SKG mice were infected 
intravaginally with 2.10 × 105 IFU of pGFP– Luc- Cmu. Mice were 
imaged 1 week postinfection, as previously described (17), 
using a Xenogen IVIS imaging system (PerkinElmer). Intensity 
of bioluminescence was analyzed using Living Image software 
(PerkinElmer).

Anti– C muridarum MOMP antibody measurement. 
Anti- Chlamydia MOMP IgG and IgA antibodies were measured in 
serum of infected mice 12 weeks postinfection by enzyme- linked 
immunosorbent assay (ELISA), as previously described (2).

Macrophage depletion. Macrophages were depleted by 
intraperitoneal injection of liposomal clodronate (Liposoma). Upon 
C muridarum infection, mice received an initial clodronate dose of 
2 mg per 20 gm of mouse body weight, followed by weekly injec-
tions of 1 mg per 20 gm of mouse body weight, for 12 weeks 
(n = 7 mice analyzed). The control group was injected with phos-
phate buffered saline (PBS) liposomes (n = 7 mice analyzed).

Anti- TNF, anti– IL- 23p19, and antibiotics treatment.  
Mice were treated with subcutaneous injections of anti- mouse 
TNF antibody (2 mg/kg/week of mouse- adapted certolizumab 
pegol antibody PEGylated Fab with 40- kd Nektar PEG (product 
no. CA156- 00501; UCB) (n = 18 mice), subcutaneous injec-
tions of etanercept (4.5 mg/kg/3 days) (Pfizer) (n = 18 mice), 
or intraperitoneal injections of anti- mouse IL- 23p19 antibody 
(60 µg/week) (product no. LSN2479016; Eli Lilly and Company) 
(n = 17 mice) from week 1 (at infection) to week 12 or from 
week 5 (disease onset) to week 12. The control groups were 
injected with PBS or isotype controls (n = 8– 13 mice per exper-
iment). In addition, 0.4 mg/day of rifampin (Sanofi- Aventis) 
and 0.3 mg/day of doxycycline (by gavage; Alphapharm) was 
administered in 11 mice from week 7 through week 9 postin-
fection. Adverse events and experimental groups are described 
in Supplementary Table 1, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41653/ abstract.

Isolation of uterine and splenic mononuclear cells  
and neutrophils. Genital tracts and spleens from C muridarum– 
infected mice were collected 7 days postinfection for cell iso-
lation (Supplementary Methods, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41653/ abstract). Cells were used in flow cytometry 
or for  myeloid cell isolation by Histopaque gradient technique 
(Sigma). Macrophages (MHCII+CD11c+CX3CR1+), dendritic cells 
 (MHCII+CD11c+CD103+), neutrophils (MHCII−CD11b+Ly- 6G+), 
and lymphocytes (CD3+) were sorted with a BD FACSAria Fusion 
Sorter (BD Biosciences) or MoFlo Astrios EQ Sorter (Beckman 
Coulter).

Flow cytometry analysis. Cells were treated with 
anti- CD16/CD32 antibodies, and then stained with Live/Dead 
Fixable Aqua Dead Cell Stain Kit and with the following anti-
bodies: allophycocyanin (APC)– conjugated anti- mouse CD45.2 
(clone 104), Pacific Blue– conjugated anti- mouse I- A/I- E (clone 
M5/114.15.2), PerCP– Cy5.5– conjugated anti- mouse Ly- 6G 
(clone 1A8), Alexa Fluor 700– conjugated anti- mouse CD11b 
(clone M1/70), APC/Cy7– conjugated anti- mouse CD11c (clone 
N418), fluorescein isothiocyanate (FITC)– conjugated anti- mouse 
CX3CR1 (clone SA011F11), phycoerythrin (PE)– conjugated anti- 
mouse CD103 (clone 2E7), and FITC- conjugated anti- mouse CD3 
(clone 17A2) (all from BioLegend), adapting a method identifying 
intestinal myeloid populations (7). Cell numbers were enumerated 
using Flow- Count Fluorospheres (Beckman Coulter) as previously 
described (19). Data were acquired on an LSRII Fortessa X20 flow 
cytometer (BD Biosciences) (Supplementary Methods [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41653/ abstract]).

Quantitative real-time polymerase chain reaction 
(PCR). Uterine and splenic macrophages/DCs, neutrophils, and 
lymphocytes from infected SKG mice and BALB/c mice were ana-
lyzed after total RNA was isolated using a RNeasy Mini kit (Qiagen) 
and complementary DNA (cDNA) was prepared using a Tetro cDNa 
synthesis kit (Bioline). RNA from genital tracts and hind paws was 
isolated 1 and 5 weeks postinfection, respectively, and cDNA was 
generated using a SuperScript III First- Strand Synthesis SuperMix  
Kit (Invitrogen) (Supplementary Methods). Quantitative real- time PCR  
(qRT- PCR) for Il12b (forward 5ʹ- GGAAGCACGGCAGCAGAA 
TA- 3ʹ and reverse 5ʹ- AACTTGAGGGAGAAGTAGGAATGG- 3ʹ ),  
Il23 (forward 5ʹ- GCTGTGCCTAGGAGTAGCAG- 3ʹ and reverse
5ʹ- TGGCTGTTGTCCTTGAGTCC- 3ʹ ), Il17a (forward 5ʹ- TCT 
CCACCGCAATGAAGACC- 3ʹ and reverse 5ʹ- CACACCCACCAG 
CATCTTCT- 3ʹ ), Tnf (forward 5ʹ- CATCTTCTCAAAATTCGTGTGA 
CAA- 3ʹ and reverse 5ʹ- TGGGAGTAGACAAGGTACAACCC- 3ʹ )
or Tnf (Mm00443258_m1; forward 5ʹ- CATCTTCTCAAAATTCG 
TGTGACAA- 3ʹ and reverse 5ʹ- TGGGAGTAGACAAGGTACAAC 
CC- 3ʹ ), Hspa5 (forward 5ʹ- ACTTGGGGACCACCTATTCCT- 3ʹ
and reverse 5ʹ- GTTGCCCTGATCGTTGGCTA- 3ʹ), Tgtp1 (forward  
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5ʹ- TGCACAGATGGGGATGAATTTC- 3ʹ and reverse 5ʹ- TCACTG 
TCGAGAGACTCCTGA- 3ʹ ), Hprt (forward 5ʹ- CCCCAAAATGGT 
TAAGGTTGC- 3ʹ and reverse 5ʹ- AACAAAGTCTGGCCTGTAT 
CC- 3ʹ or forward 5ʹ- TCAGTCAACGGGGGACATAAA- 3ʹ and
re  verse 5ʹ- GGGGCTGTACTGCTTAACCAG- 3ʹ ), and Gapdh
(Mm99999915_g1) was performed using SYBR Green or TaqMan 
RT- PCR technology, with all primers purchased from Ther-
moFisher. All real- time RT- PCR data were normalized relative to 
the expression values for a housekeeping gene (Hprt or Gapdh). 
Results are reported as the fold change in gene expression rel-
ative to Hprt, calculated using the ΔCt method, or as the fold 
change in gene expression compared to the values in noninfected 
 BALB/c mice, calculated using the ΔΔCt method.

Statistical analysis. The normality of the distribution was 
assessed by Kolmogorov- Smirnov test. One- way nonparamet-
ric analysis of variance (ANOVA) (Kruskal- Wallis test) and Mann- 
Whitney tests were used for non- normally distributed data 
and t- test or one- way and two- way ANOVA with Tukey’s post 
hoc test for normally distributed data. The number of animals 
needed to achieve statistical power was estimated from pre-
viously reported experiments (2). We estimated that we would 
need 8 mice per group, at a significance level of α = 0.05, to 
achieve a statistical power of 80% to detect differences between 
groups. P values less than 0.05 (2- tailed) were considered signif-
icant. Statistical analysis was performed using GraphPad Prism 
software 8.4.3.

RESULTS

Infiltration of the genital tracts of infected mice and 
systemic dissemination of C muridarum by macrophages 
and neutrophils. C muridarum genital infection induces a proin-
flammatory response. Flow cytometric analysis of cellular infiltrate 
into the uterine horns showed that the number of macrophages 
and neutrophils, but not DCs, increased in both  BALB/c mice 
and SKG mice within 1 week after C muridarum genital infec-
tion (Figures 1A– C and Supplementary Figure 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41653/ abstract). Previously, C muridarum DNA 
was found in CD11b+ myeloid cells in SKG mouse spleens and 
lymph nodes 1 week postinfection (2), indicating that myeloid 
cells may transport C muridarum from the site of infection to the 
spleen.

To identify which myeloid cells transport C muridarum to the 
spleen after genital tract infection, we infected SKG mice with 
C muridarum, and 1 week later, we isolated splenic DCs (MHCII+ 
  CD11c+CD103+), macrophages (MHCII+CD11c+CX3CR1+), and 
neutrophils (MHCII−CD11b+Ly- 6G+). C muridarum DNA was 
detected in macrophages and neutrophils, but not in DCs, indi-
cating that these cells carry and disseminate C muridarum within  
1 week of infection (Figure 1D). When normalized against number of 
sorted cells, C muridarum DNA copy number was higher in mac-
rophages than in neutrophils and also higher in infected SKG mice 
compared to infected BALB/c mice (Figure 1E).

Figure 1. Infiltration of the genital tracts and systemic transportation of Chlamydia muridarum (Cmu) by macrophages (Mac) and neutrophils 
(Neu) in infected mice. Female BALB/c mice or SKG mice (n = 2– 4 per group) were either left untreated or primed with progesterone and infected 
1 week later with 1.10 × 106 inclusion- forming units (IFU) of C muridarum. A– C, One week postinfection, the number of live CD45.2+ dendritic 
cells (DCs) (MHCII+CD11b+CD11c+CD103+) (A), macrophages (MHCII+CD11b+CD11c+CX3CR1+) (B), and neutrophils (MHCII−CD11b+Ly- 
6G+) (C) was assessed by flow cytometry. D, Splenic expression of C muridarum DNA was detected by polymerase chain reaction in DCs 
(MHCII+CD11c+CD103+), macrophages (MHCII+CD11c+CX3CR1+), and neutrophils (MHCII−CD11b+Ly- 6G+). E, To quantify C muridarum 
DNA in infected mice, C muridarum copy number was normalized to the number of sorted cells. Symbols represent individual mice; bars show 
the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 by two- way analysis of variance (ANOVA) with Tukey’s post hoc test.
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To track C muridarum dissemination and burden after 
infection of the genital tract epithelium, we used C muridarum– 
expressing luciferase and GFP (pGFP- Luc- Cmu). Luciferase signal 
ascended from the lower genital tract to the upper genital tract by 
7– 11 days postinfection in SKG mice and BALB/c mice infected 
with pGFP- Luc- Cmu (Figure 2A). Vaginal shedding of wild- type 
(WT) C muridarum and pGFP- Luc- Cmu was significantly higher in 
SKG mice than in BALB/c mice 2 weeks postinfection (Figure 2B).

To determine the contribution of macrophages to the 
C muridarum burden, clodronate liposomes were administered 
1 day before mice were infected with pGFP- Luc- Cmu. Consist-
ent with published findings (20,21), clodronate liposomes signifi-
cantly depleted CD11b+Ly- 6G− blood and peritoneal monocytes/
macrophages and preserved CD11b+Ly- 6G+ neutrophils 

(Figure 2C). Macrophage depletion reduced C muridarum bur-
den, as the pGFP- Luc- Cmu signal was almost undetectable in 
the lower and upper genital tract of infected mice 6 days post-
infection (Figure 2D). These data indicate that macrophages and 
neutrophils carry C muridarum in the inflamed lower genital tract 
and transport it systemically. After clodronate was administered 
in mice, dissemination of C muridarum to the upper genital tract 
was minimal, and the C muridarum load was reduced.

Necessity of macrophages for C muridarum– induced 
ReA. To investigate the role of macrophages in the development 
of WT C muridarum– induced ReA in SKG mice, macrophages 
were depleted with weekly injections of clodronate liposomes, 
starting on the day of C muridarum genital infection. SKG mice 

Figure 2. Dissemination of C muridarum by infected macrophages to the upper genital tract of mice. SKG mice and BALB/c mice were 
infected intravaginally with 2.10 × 105 IFU of plasmid GFP- Luc- Cmu (Luc Cmu) (Weiss strain). A, Infected mice and healthy control mice were 
imaged in vivo 7 days and 11 days postinfection (pi). B, C muridarum load was determined 3– 15 days postinfection in genital swabs from mice 
(n = 5 per group) that were infected with 1 × 106 IFU of wild- type C muridarum (wt Cmu) (left) or plasmid GFP- Luc- Cmu (right). C, SKG mice and 
BALB/c mice received phosphate buffered saline (PBS) or clodronate liposomes the day before infection with 1 × 106 IFU of plasmid GFP-Luc-
Cmu. The proportions of macrophages/monocytes (CD11b+Ly- 6G−) and neutrophils (CD11b+Ly- 6G+) were assessed by flow cytometry in the 
blood and peritoneal cavity 3 days after injection with clodronate liposomes (n = 7 mice) or PBS liposomes (n = 6 mice). D, Mice were imaged in 
vivo 6 days after injection with clodronate or PBS liposomes. Results are representative of 2 similar experiments. Symbols represent individual 
mice; bars show the mean ± SEM. ** = P < 0.01; **** = P < 0.0001 by two- way ANOVA with post hoc Tukey’s test in B and Mann- Whitney test 
in C. ns = not significant (see Figure 1 for other definitions).
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infected with C muridarum and treated with clodronate liposomes 
did not develop arthritis (Figure 3A), which was consistent with the 
reduction of C muridarum burden in the genital tract (Figure 2D) 
and the relationship observed between C muridarum burden and 
arthritis development (2). Mean indices of paw inflammation were 
significantly decreased among infected SKG mice treated with 
clodronate liposomes compared to SKG mice treated with PBS 
liposomes and did not differ from uninfected SKG mice. This was 
confirmed with histologic analysis: cellular infiltration was present 
in the skin, fore paws, and hind paws of mice treated with PBS 
liposomes and not present in mice treated with clodronate lipos-
omes, with a reduced histologic score assessed at each site in 
the mice treated with clodronate liposomes (Figure 3B).

Enthesitis, synovitis, and plantar fasciitis were also abrogated 
by macrophage depletion (Figure 3C). Anti– chlamydial MOMP anti-
body titers were not affected by clodronate treatment (Figure 3D). 
This is consistent with evidence that CD4 T cells and neutro-
phils are necessary for anti– C muridarum antibody production in 

BALB/c mice (22) and that anti– C muridarum MOMP antibody 
titers are not reduced in SKG mice relative to BALB/c mice (2). 
These data indicate that C muridarum transport by macrophages 
is required for the development of ReA, but not C muridarum anti-
body immune response, in SKG mice.

Response to C muridarum infection in SKG mice 
 characterized by autophagy and ER stress. Intracellular 
pathogens may enhance their replicative fitness in stressed host 
cells. To compare SKG mice and BALB/c mice for the intensity 
of response to C muridarum infection according to the levels of 
IRG and ER stress, we quantified ER stress– related Hspa5 and 
IRG response– related Tgtp1 (also known as Irgb6) expression 
in the genital tracts and ankle joints of mice prior to infection as 
well as 1 and 5 weeks postinfection as arthritis developed. In the 
joints of SKG mice, expression of Tgtp1 and Hspa5 was con-
stitutively increased, with expression of Tgtp1 increased 100- fold 
in SKG mice 1 week postinfection (Figure 4A). In the joints of  
BALB/c mice, expression of Hspa5 increased 5 weeks postinfec-
tion (Figure 4B). In the uterine horns, Tgtp1 expression increased 
10- fold in BALB/c mice 1 week postinfection and increased 
100- fold in SKG mice 5 weeks postinfection (Figure 4C). Hspa5 
expression was also increased in the uterine horns of SKG mice 
at 5 weeks postinfection (Figure 4D). Hspa5 and Tgtp1 expression 
levels were strongly correlated in the joints and uterine horns of 
infected mice (Figures 4E and F). These data indicate that while 
BALB/c mice experience a small early IRG response in the gen-
ital tract that drives autophagy to control chlamydia replication, 

Figure 3. Macrophage- driven reactive arthritis induced by  
C muridarum infection. SKG mice received phosphate buffered 
saline (PBS) (n = 7) or clodronate (Clodro) liposomes (n = 7; 
initial dose of 2 mg/20 gm for each mouse and then 1 mg/20 
gm/week) from the day of C muridarum infection until week 12 
postinfection. A, Inflammation index scores indicate ankle width 
variation in mice compared to baseline. B, Histologic scores of 
the hind paw joints and skin 12 weeks postinfection are shown. 
C, Representative hematoxylin and eosin– stained sections from 
the heels, hind paw joints, and ear skin of mice harvested 12 
weeks after infection are shown. For heels and hind paw joints, 
bars = 500 μm (original magnification × 4); for ear skin, bars = 
100 μm (original magnification × 20). Achilles tendinitis, synovitis, 
fasciitis, inflammatory cell infiltrate, and epidermal thickening 
(arrows) are shown. D, Serum anti– C muridarum major outer 
membrane protein (MOMP) antibody titers measured by enzyme- 
linked immunosorbent assay 12 weeks postinfection are shown. 
Symbols represent individual mice; bars show the mean ± 
SEM in A, B, and D. * = P < 0.05; *** = P < 0.001 by two- way 
ANOVA with Tukey’s post hoc test (A) and t- test (B) and one- way 
nonparametric ANOVA (Kruskal- Wallis test) with Dunn’s post hoc 
test (D). See Figure 1 for other definitions.

Figure 4. Increased endoplasmic reticulum stress and immunity- 
related GTPase in the joints and genital tracts of SKG mice.  
A– D, Gene expression of Tgtp1 (A and C) and Hspa5 (B and D) 
were quantified by real- time quantitative polymerase chain reaction 
analysis at baseline and at 1 and 5 weeks postinfection (pi) in the 
joints (A and B) and uterine horns (C and D) of infected SKG mice 
and BALB/c mice relative to noninfected BALB/c mice. Symbols 
represent individual mice (n = 3– 7 mice per group); bars show 
the mean ± SEM. E and F, Correlation between the relative gene 
expression of Tgtp1 and Hspa5 in the joints (E) and uterine horns 
(F) of infected SKG mice is shown. ** = P < 0.01; *** = P < 0.001;  
**** = P < 0.0001 by one- way ANOVA with Tukey’s post hoc test. 
See Figure 1 for other definitions.
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the response in SKG mice is much greater, with response first 
observed in the joints and then in the uterine horns. This IRG 
response correlates with an ER stress response in the genital tract 
of SKG mice after C muridarum infection. In contrast to this and 
unrelated to infection, ER stress and low levels of IRG are consti-
tutive in the joints of naive SKG mice.

Persistent infection and inflammation required for  
C muridarum– induced ReA in SKG mice. Dissemination 
of chlamydial PAMPs systemically promotes TLR- 2– mediated 
TNF production. The cryptic plasmid is a virulence factor for 
C muridarum and C trachomatis in animal models. The plas-
mid is required for TLR- 2 signaling and disease pathology (2). In  
BALB/c mice, a plasmid- cured strain of C muridarum retained 
infectivity in the genital tract and generated an effective Th1 
immune response. However, it failed to induce inflammatory dis-
ease of the oviduct or significant levels of TNF production in the 
genital tract. Furthermore, bone marrow– derived DCs infected 
with this strain in vitro secreted little TNF (23). Hence, we infected 
SKG mice with a plasmid- deficient C muridarum strain to ascer-
tain the role of the plasmid in Chlamydia- mediated inflammation in 
ReA. While SKG mice infected with WT C muridarum developed 
swelling of the fore and hind paws, which gradually evolved into an 
asymmetric polyarthritis, no joint swelling occurred after infection 
of SKG mice with plasmid- deficient C muridarum over 12 weeks 
(Figure 5A). Rifampin and doxycycline antibiotics, which have 
been shown in combination treatment to eliminate C muridarum 
(2), were started 2 weeks after the onset of arthritis and signif-
icantly suppressed arthritis severity in SKG mice infected with 
C muridarum (Figure 5B), indicating that long- term chlamydial 
infection drives ReA.

Given that neutrophils and macrophages infiltrated the genital 
tract of C muridarum– infected mice and transported C muridarum 
systemically, we sorted neutrophils (CD11b+Ly- 6G+), mac-
rophages and DCs (MHCII+CD11c+), and lymphocytes (CD3+) 
from uterine horns and spleens at baseline and 1 week postinfec-
tion and quantified the expression of Il23a, Il17a, and Il12b. In the 
genital tract, expression of Il23a and Il17a was significantly higher 
in neutrophils from SKG mice than in macrophages and DCs 
from SKG mice or neutrophils from BALB/c mice. In the spleens 
of SKG mice, neutrophils expressed higher Il23a and Il17a tran-
scripts than macrophages, DCs, and T cells. Il12b was expressed 
by myeloid cells in the genital tract and was expressed at signif-
icantly greater levels by macrophages and DCs from SKG mice 
than neutrophils from SKG mice or macrophages and DCs from 
BALB/c mice (Figures 5C and E).

To test the function of SpA- associated cytokines in arthritis 
development, we blocked IL- 23p19 in WT C muridarum– infected 
SKG mice or infected Il17a−/− SKG mice. Early inhibition of IL- 
23p19 (from weeks 1– 12) prevented ReA development, whereas 

Figure 5. Promotion of C muridarum– driven reactive arthritis 
by neutrophil- derived interleukin- 23 (IL- 23) and IL- 17. A and 
B, Inflammation indices of SKG mice infected with wild- type  
C muridarum or plasmid- deficient C muridarum over 12 weeks 
(A) and SKG mice infected with C muridarum and treated with 
rifampin (0.4 mg/day) and doxycycline (0.3 mg/day) 7– 9 weeks 
postinfection (pi) are shown (B). C– E, BALB/c mice and SKG 
mice were infected with C muridarum. One week postinfection, 
macrophages/DCs (MHCII+CD11c+), neutrophils (CD11b+Ly- 
6G+), and lymphocytes (CD3+) were sorted from the spleens 
and uterine horns of mice. Expression of Il23a (C), Il17a (D), and 
Il12b (E) relative to Hprt was quantified by real- time quantitative 
polymerase chain reaction (n = 3 mice per group). F, Inflammation 
index scores over 12 weeks in C muridarum– infected SKG mice 
that received anti- mouse IL- 23p19 either from weeks 1– 12 (w1- 
w12; n = 9) or from weeks 5– 12 (w5- w12; n = 8) or isotype (Iso) 
monoclonal antibody (mAb) (n = 13) are shown. G, Histologic 
scores of inflammation in the hind paws of C muridarum– infected 
mice treated with anti- mouse IL- 23p19 or isotype mAb are shown. 
H, Inflammation index scores of C muridarum– infected SKG mice 
and Il17a−/− knockout (KO) SKG mice (n = 4– 6 per group) over 12 
weeks are shown. Symbols represent individual mice; bars show 
the mean ± SEM. * = P < 0.05; ** = P <0.01; *** = P <0.001;  
**** = P < 0.0001 by two- way ANOVA in A, B, F, and H and one- 
way ANOVA with Tukey’s post hoc test in C, D, E, and G. See 
Figure 1 for other definitions.
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inhibition of IL- 23p19 during weeks 5– 12 did not prevent the devel-
opment of ReA (Figures 5F and G and Supplementary Figure 2A, 
available on the Arthritis & Rheumatology website at http://onlin 
e libr ary.wiley.com/doi/10.1002/art.41653/ abstract). All mice that 
received early inhibition of IL- 23 had high titers of anti- MOMP 
antibodies (Supplementary Figure 2B). Early inhibition of IL- 23p19 
had no effect on vaginal shedding of C muridarum (Supplemen-
tary Figure 2C). Il17a−/− SKG mice did not develop persistent 
arthritis following C muridarum infection of the genitals (Figure 5H). 
Together, these data suggest that plasmid- mediated C muridarum 
PAMPs drive early expression of neutrophil and macrophage IL- 23 
and IL- 17A in the genital tract of SKG mice and that the depletion 
of macrophages, IL- 23, IL- 17A, or the C muridarum plasmid is 
sufficient to block disease development.

C muridarum– driven ReA linked to increased TNF 
expression in SKG mice. We have previously shown that in 
SKG mice depleted of Foxp3+ regulatory T cells, C muridarum– 
induced ReA was TNF- dependent (2). In SKG mice, Tnf expres-
sion increased in the joint 1 week postinfection and persisted at 5 
weeks postinfection (the onset of arthritis) (Figure 6A). This increase 
in Tnf expression in the joint coincided with increased expression 
in the genital tract at 1 week postinfection in both mouse strains 
(Figure 6B). While Tnf transcripts were expressed by both mac-
rophages and neutrophils in the uterine horns, neutrophils from 

SKG mice expressed significantly greater levels than macrophages 
in the spleen 1 week postinfection (Figure 6C).

In SKG mice infected with WT C muridarum, inhibition of TNF 
with either monoclonal antibody or soluble decoy TNF receptor, 
whether initiated at the time of infection or at the time of disease 
onset 5 weeks later, decreased joint inflammation as measured 
by the paw inflammation indices and ankle joint histologic scores 
(Figures 6D and E). TNF inhibition did not alter the levels of anti- 
MOMP antibodies in C muridarum– infected SKG mice (Figure 6F) 
or vaginal shedding of C muridarum (Supplementary Figure 2D 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41653/ abstract]). 
These data suggest that infected macrophages and neutrophils 
drive arthritis onset via TNF production.

DISCUSSION

We show here that the load of C muridarum is higher in 
SKG mice than in BALB/c mice. While proinflammatory neutrophils 
appear to contribute to disease initiation, macrophage depletion 
reduces C muridarum tissue dissemination, tissue burden, and 
arthritis but not levels of anti- MOMP antibodies. Our data suggest 
that enhanced bacterial survival in macrophages from SKG mice 
drives production of TNF required for persistent arthritis. Mac-
rophages are known to transport C muridarum to other tissues 
(24). In SKG mice, C muridarum DNA is transported predominantly 

Figure 6. Dependence of C muridarum– driven reactive arthritis on presence of tumor necrosis factor (TNF). A and B, Tnf expression was 
quantified by real- time quantitative polymerase chain reaction (qPCR) analysis 1 and 5 weeks postinfection (pi) in the joints (A) and uterine 
horns (B) of C muridarum– infected SKG mice and BALB/c mice relative to noninfected BALB/c mice at baseline. C, One week postinfection, 
macrophages/DCs (MHCII+CD11c+), neutrophils (CD11b+Ly- 6G+), and lymphocytes (CD3+) were sorted from the spleens and uterine horns 
of mice. Expression of Tnf relative to Hprt was quantified by real- time qPCR. D, Inflammation index scores over 12 weeks in C muridarum– 
infected SKG mice that received mouse- adapted certolizumab pegol or etanercept with treatments pooled either from weeks 1– 12 (w1- w12; 
n = 18) or weeks 5– 12 (w5- w12; n = 17) or phosphate buffered saline (PBS) (n = 19) are shown. E, Hind paw (ankle) histologic scores of 
inflammation in mice 12 weeks after C muridarum infection that were treated with anti- TNF or PBS are shown. F, Serum anti– C muridarum 
major outer membrane protein (MOMP) antibody titers 12 weeks postinfection measured by enzyme- linked immunosorbent assay are shown. 
Symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001 by one- way ANOVA with Tukey’s 
post hoc test in A, B, C, and E, two- way ANOVA with Tukey’s post hoc test in D, and one- way nonparametric ANOVA (Kruskal- Wallis test) with 
Dunn’s post hoc test in F.
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by macrophages, as well as neutrophils, to the spleen after gen-
ital tract infection. It has also been observed that in SKG mice, 
depletion of macrophages by clodronate prevents C muridarum 
dissemination and disease. Although arthritis fails to develop 
with macrophage depletion in C muridarum– infected SKG mice, 
anti- MOMP antibodies, which require neutrophils and B cells, are 
still produced (22). In contrast, in BALB/c mice, C muridarum is 
cleared even when macrophages are present, and these mice do 
not develop arthritis or a TNF response in the joint. Consistent with 
this, C muridarum load is higher in SKG mice than in BALB/c mice, 
and it has been demonstrated that controlling the growth of Chla-
mydia with a combination of antibiotics controls disease activity.

Although clodronate liposomes have been shown to selec-
tively deplete macrophages and not conventional DCs or neutro-
phils (25), the dependence of ReA on macrophages would ideally 
be confirmed in Csf1r- DTR mice on the SKG genetic background. 
Together, our data indicate that poor clearance of Chlamydia 
by macrophages underpins ReA in SKG mice. The proinflamma-
tory impact of macrophages and poor clearance of C muridarum 
in SKG mice is consistent with the production of TNF by mac-
rophages and impaired production of MOMP- specific T cell IFNγ 
and IL- 17 (2), which are required for C muridarum control (26,27).

ER stress and proinflammatory cytokines also play an impor-
tant role in C muridarum– induced ReA in SKG mice. ER stress 
was constitutively increased in the joints of SKG mice and induced 
by C muridarum infection of the genital tract, along with a delayed 
and excessive IRG response. We focused on Tgtp1 as a marker 
of autophagy because it is implicated in the initiation and coor-
dination of the routing of other IRGs into early chlamydial inclu-
sions independent of IFNγ stimulation and also because Tgtp1 
plays a necessary role in the control of chlamydial replication (15). 
In SKG mice, MOMP- specific T cells produce low levels of IFNγ 
(2). Expression of Il23a and Il17a was increased in uterine and 
splenic neutrophils of SKG mice at the time that expression of 
Tgtp1 increased in the joint. These data suggest a relationship 
between infection- driven autophagy to control C muridarum 
transported to the joint by macrophages and infection- associated 
IL- 23/IL- 17 in the genital tract. IL- 23 and IL- 17 drive arthritis 
development, as anti– IL- 23p19 administered during infection or 
Il17a deficiency was shown to suppress arthritis development. 
Similarly, matrix metalloproteinase production by neutrophils 
is decreased in C muridarum– infected Il17−/− mice, along with 
reduced oviduct pathologic changes (28).

The interrelationship between infection, ER stress, autophagy, 
and IL- 23 in SpA is supported by the following: the induction of the 
unfolded protein response, autophagy, and thus host cell survival 
upon C muridarum infection; the relationship between autophagy 
and IL- 23 in the AS gut; the sequestration of A20 by autophagy; 
and the provocation of IL- 23 production by ER stress in the context 
of TLR stimulation (6,12,13,29). Thus, arthritis pathogenesis after 
C muridarum infection of SKG mice appears to be two- pronged, 
with neutrophils contributing to disease initiation and macrophages 

bearing the pathogen burden for persistent pathogenic TNF pro-
duction. It is of interest that Tgtp1 and Hspa5 increased at 5 weeks 
postinfection in the uterine horns of SKG mice, suggesting that 
Chlamydia- infected macrophages may continue to be a source of 
reinfection and thus perpetuation of inflammation.

Here we show that TNF inhibitors, both monoclonal antibody 
and soluble receptor, suppress inflammatory arthritis in SKG mice, 
whether TNF is blocked at the time of C muridarum infection or at 
arthritis onset 5 weeks later, similar to human ReA (30). Further-
more, arthritis development depends on the C muridarum cryptic 
virulence plasmid that is required for TLR- 2– mediated TNF pro-
duction upon dissemination (2). Together, our data support the 
concept that C muridarum– induced ReA results from host factors 
promoting ER stress, bacterial virulence factors promoting inflam-
mation under stress, and host immune dysregulation underlying 
poor pathogen control.

Previous studies have identified DNA and other bacterial prod-
ucts from multiple species implicated in ReA, including Salmonella 
typhimurium and C trachomatis, in the synovial tissue and synovial 
fluid of ReA patients, and found the persistent forms to be meta-
bolically active (31). Dissemination of C muridarum to sites outside 
the genital tract, such as the spleen, implies the dissemination 
of PAMPs and the capacity for presentation of chlamydial anti-
gen to T cells, driving a chronic inflammatory response. Indeed, 
Chlamydia- specific CD4+ and CD8+ T cells have been identified 
in the joints of patients with Chlamydia- induced ReA (31). Per-
sistent Chlamydia and chlamydial antigen and TLR signals will 
drive macrophage and DC activation, chronic activation of T cells, 
and production of proinflammatory cytokines, thus inducing per-
sistent inflammation (32,33).

Persistent C trachomatis and C pneumoniae are in the 
aberrant- body phase, which is characterized by aberrant morpho-
logic changes and metabolic state (34,35). Bacteria in this per-
sistent state are nonculturable by standard methods, resistant to 
antibiotics, and display an unusual transcription profile (36,37). C 
trachomatis may enter a persistent state after infection of mono-
cytes, influenced by the macrophage polarization state (32). Persis-
tent forms of S typhimurium are similarly induced by macrophage 
internalization (38), and are related to genomic toxin– antitoxin 
systems, which increase bacterial fitness under stress conditions 
after macrophage internalization, antibiotic exposure, and/or viral 
coinfection. While toxin– antitoxin systems remain quiescent under 
favorable growth conditions, toxins can be activated in response 
to stress, suppressing bacterial growth and promoting a stress- 
tolerant dormant state. The increased levels of ER stress in joints 
and infection- induced ER stress in the genital tract of SKG mice 
would thus favor the persistence of C muridarum or S typhimurium.

Autophagy plays a major role in the processing of C tra-
chomatis in macrophages (16,39), with the ability to restrict the 
formation of infectious inclusion bodies, which would potentially 
impact IL- 23 production. Autophagy restricts C trachomatis 
growth in human macrophages via IFN- inducible IRG proteins 
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(15,16). IFNγ is fundamental to the eradication of intracellular 
pathogens through macrophage activation, nitric oxide, reactive 
oxygen species and indoleamine 2,3- dioxygenase production, 
and tryptophan starvation (16,40,41). The impaired production of 
IFNγ by T cells of SKG mice in response to chlamydial antigen 
and impaired macrophage responsiveness to IFNγ in SpA are 
thus significant (2,42,43). Moreover, autophagy mediates bacterial 
killing in macrophages (44) and contributes to antigen presenta-
tion and IL- 23 secretion (12,45,46). Various cytokines, including 
TNF, IFNγ, IL- 1α, and IL- 1β, have been shown to stimulate auto-
phagy in macrophages (44). While autophagy activation in human 
AS may be the consequence of HLA– B27 misfolding in the gut 
(12), in SKG mice, activation of autophagy may be the conse-
quence of macrophage infection by C muridarum and may help 
drive production of IL- 23.

IL- 23 not only supports the differentiation of Th17 cells but 
also is required for the secretion of IL- 17, IFNγ, and IL- 22 by 
Th17 cells and γδ T cells (47,48). Since IL- 23 blockade prevented 
arthritis only during infection, IL- 23 must drive disease patho-
genesis prior to development of arthritis, whereas TNF mediates 
clinical manifestations of inflammation. This is supported by evi-
dence that IL- 23 is only involved early in the pathogenesis of 
autoimmune inflammatory diseases in animal models, promot-
ing the development of inflammatory pathogenic antibodies (49), 
and that blocking this cytokine during established AS is ineffec-
tive (50). Collectively, our findings identify the pivotal role played 
by macrophages in the development of C muridarum– induced 
ReA in SKG mice.
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Tumor Necrosis Factor Inhibitors Reduce Spinal 
Radiographic Progression in Patients With Radiographic 
Axial Spondyloarthritis: A Longitudinal Analysis From the 
Alberta Prospective Cohort
Alexandre Sepriano,1  Sofia Ramiro,2  Stephanie Wichuk,3 Praveena Chiowchanwisawakit,4 Joel Paschke,5 
Désirée van der Heijde,6 Robert Landewé,7 and Walter P. Maksymowych3

Objective. To investigate whether tumor necrosis factor inhibitors (TNFi) impact spinal radiographic progression 
in patients with axial spondyloarthritis (SpA) and whether this is coupled to their effect on inflammation.

Methods. Patients with axial SpA fulfilling the modified New York criteria were included in a prospective cohort (the 
ALBERTA Follow Up Research Cohort in Ankylosing Spondylitis Treatment). Spine radiographs, performed every 2 years 
for up to 10 years, were scored by 2 central readers, using the modified Stoke Ankylosing Spondylitis Spine Score 
(mSASSS). The indirect effect of TNFi on mSASSS was evaluated with generalized estimating equations by testing the 
interaction between TNFi and Ankylosing Spondylitis Disease Activity Score (ASDAS) at the start of each 2- year interval (t). 
If significant, the association between ASDAS at t and mSASSS at the end of the interval (t+1) was assessed in 1) patients 
treated with TNFi at all visits, 2) patients treated with TNFi at some visits, and 3) patients who were never treated with TNFi. 
In addition, the association between TNFi at t and mSASSS at t+1 (adjusting for ASDAS at t) was also tested (direct effect).

Results. In total, 314 patients were included. A gradient was seen for the effect of ASDAS at t on mSASSS at 
t+1 (interaction P = 0.10), with a higher progression in patients never treated with TNFi (β = 0.41 [95% confidence 
interval (95% CI) 0.13, 0.68]) compared to those continuously treated (β = 0.16 [95% CI 0.00, 0.31]) (indirect effect). 
However, TNFi also directly slowed progression, as treated patients had on average an mSASSS 0.85 units lower at 
t+1 compared to untreated patients (β = −0.85 [95% CI −1.35, −0.35]).

Conclusion. Our findings indicate that TNFi reduce spinal radiographic progression in patients with radiographic 
axial SpA, which might be partially uncoupled from their effects on inflammation as measured by the ASDAS.

INTRODUCTION

Axial spondyloarthritis (SpA) is a chronic inflammatory rheu-
matic disease that preferentially involves the axial skeleton. In 

axial SpA, systemic inflammation is usually measured with clin-
ical measures of disease activity, such as the Ankylosing Spon-
dylitis Disease Activity Score (ASDAS) (1). Local inflammation  
(e.g., bone marrow edema in a vertebral corner) is seen with 
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imaging modalities such as magnetic resonance imaging (MRI) 
(2). The association between inflammation, measured either by 
ASDAS or MRI, and pain, impaired mobility, disability, and poor 
health- related quality of life (HRQoL) is well known (3). In addi-
tion, evidence supporting the link between inflammation and axial 
damage, usually measured on spine radiographs according to 
the modified Stoke Ankylosing Spondylitis Spine Score (mSASSS) 
(4), has also been consistently reported (5– 10).

Abrogation of inflammation has been shown to improve signs 
and symptoms of the disease and to have a positive effect on mobil-
ity, function, and HRQoL (11). Thus, drugs, such as nonsteroidal 
antiinflammatory drugs (NSAIDs) and tumor necrosis factor inhibi-
tors (TNFi), play a central role in the management of axial SpA (12). 
However, and despite significant efforts, it remains to be clarified 
whether there is also an effect of these drugs on axial damage 
accrual. Conflicting evidence emerged from trials testing NSAIDs, 
with some studies supporting the hypothesis of a positive effect, 
especially among patients with elevated C- reactive protein (CRP) 
level (13,14), while others rejected this hypothesis (15). Randomized 
placebo- controlled trials testing the structural effect of TNFi are, cur-
rently, unfeasible (16). Data stemming mostly from historical com-
parisons and from nonrandomized experiments have attempted to 
fill the gap but have proved inconclusive. Some studies showed 
a protective effect, especially if treatment was taken for at least 4 
years, while others failed to demonstrate any impact (17– 19).

Inconsistencies in the literature might be explained by differ-
ences in how the methodologic challenges posed by the above- 
mentioned studies have been dealt with (16). The strategies to 
address confounding, to limit loss to follow- up, and the low sen-
sitivity to change of the mSASSS are, among others, factors that 
are likely to interfere with the detection of treatment effects. In 
addition, the complex mechanisms of structural damage in axial 
SpA pose further challenges (20). For instance, recent obser-
vational studies suggest that TNFi interfere with radiographic 
progression solely by reducing inflammation (21,22). However, 
it has been shown that inflammation that is captured either by 
repeated measurements of the ASDAS or by sequential MRIs only 
partially explains new bone formation in axial SpA (5,6). Thus, the 
question remains of whether TNFi have a “true” effect on damage 
accrual in axial SpA and, if so, whether this effect is dependent 
on or independent of their inhibitory effect on inflammation.

We therefore aimed to investigate whether TNFi reduce spi-
nal radiographic progression in patients with axial SpA and, if so, 
whether this occurs indirectly through their effect on inflammation 
as assessed by the ASDAS, or whether a direct effect uncoupled 
from ASDAS inflammation can also be demonstrated.

PATIENTS AND METHODS

Patients and study design. Consecutive patients from 
community- based and academic rheumatology practices in North-
ern Alberta, Canada with a clinical diagnosis of axial SpA according 

to their treating rheumatologists were referred to the University of 
Alberta for inclusion in the Follow Up Research Cohort in Anky-
losing Spondylitis Treatment (ALBERTA FORCAST) observational 
cohort study. Patients had to fulfill the modified New York classifica-
tion criteria (i.e., with radiographic axial SpA) (23), and recruitment 
started in 2008. Clinical and imaging data were collected at base-
line and every 2 years for up to 10 years of follow- up. A window of 
up to 12 months between imaging and clinical visits was allowed. 
In addition, to be included patients had to have a baseline mSASSS 
of <71, ≥1 postbaseline spinal radiograph available, and complete 
data on ASDAS and exposure to TNFi at the start of and during 
the 2- year interval. The database used for the current analysis was 
locked on September 6, 2018. The study was conducted accord-
ing to Good Clinical Practice Guidelines and has been approved 
by the University of Alberta Health Research Ethics Committee. All 
patients provided written informed consent before inclusion.

Scoring procedures and definition of radiographic 
progression. All available lateral radiographs of the cervical and 
lumbar spine for each patient were independently scored by 2 
trained central readers using the mSASSS. The readers were aware 
of the chronology of the radiographs but were blinded with regard to 
clinical data. Only scores for radiographs with ≤3 missing vertebral 
corners per segment (either cervical or lumbar) were used. Individ-
ual missing vertebral corners were imputed according to a method 
previously described in detail (24). One adjudicator scored all films 
of each patient where there was a discrepancy between the 2 pri-
mary readers of ≥5 units for the change in mSASSS in at least one 
2- year interval. The main outcome was the total mSASSS score 
(range 0– 72) at each visit. In addition, the following binary defini-
tions were used, considering the time between 2 consecutive vists: 
any change in mSASSS (Δ>0 yes/no); change in mSASSS ≥2 (yes/
no); and ≥1 new syndesmophyte (yes/no).

Treatment with TNFi. Treatment with a TNFi (adalimumab, 
certolizumab, etanercept, golimumab, or infliximab) at each visit 
(yes/no; time- varying) was the main explanatory variable of inter-
est. In addition, we analyzed treatment with TNFi according to 
the following definitions: treatment with TNFi at any time during 
the follow- up interval (yes/no; time- varying), duration of treatment 
with any TNFi during the follow- up interval (continuous variable in 
years; time- varying), proportion of time receiving TNFi treatment 
during the follow- up interval (continuous variable as a proportion of 
follow- up; time- varying), duration of TNFi treatment <50% versus 
≥50% of the follow- up interval (yes/no; time- varying), and duration 
of continuous TNFi treatment (allowing for interruptions of a max-
imum of 6 months) ≤4 years versus >4 years (yes/no; time- fixed).

Statistical analysis. Reliability. Reliability between read-
ers was determined, at the patient level, by calculating the small-
est detectable change (SDC). A two- way analysis of variance 
with the change in mSASSS over time as the outcome and with 
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time and reader as independent variables was used to estimate 
the SEM of the change in mSASSS score, which was then 
used to calculate the SDC according to the following formula: 
1.96 ×

�
√

SEM∕
√

number of readers

�

. In addition, the interreader intr-
aclass correlation coefficient (ICC) for the mSASSS at baseline 
and for the change in mSASSS per each 2- year interval were 
calculated. The latter derived from a mixed model with time as 
independent variable and with a random- effect for patient and 
for reader.

Main analysis. First, we evaluated whether there was an indi-
rect effect of treatment with TNFi at each visit on mSASSS over 
time, by testing the interaction between exposure to TNFi and 
ASDAS at the start of each 2- year interval on the mSASSS 2 years 
later. In the case of a significant interaction (P < 0.15), meaning that 
the association between ASDAS and mSASSS was modified by 
exposure to TNFi, the relationship between ASDAS and mSASSS 
2 years later was assessed in the following 3 groups of patients 
exposed to TNFi: 1) patients who were receiving treatment at all 
visits (100% of visits); 2) patients who were receiving treatment at 
some visits (>0% and <100% of visits), and 3) patients who were 
never treated with TNFi (0% of visits). In addition, interactions 
between treatment with TNFi and 1) achieving inactive disease 
according to the ASDAS (ASDAS <1.3) after 1 year (yes/no); 2) 
NSAIDs (yes/no), 3) symptom duration, 4) smoking (yes/no), and 
5) time between diagnosis and start of TNFi were also tested. 
Second, we tested whether there was a direct effect of receiving 
TNFi at the start of the interval on mSASSS 2 years later, with 
and without adjustment for ASDAS at the start of the interval. 
The indirect and direct effects were also tested with the binary 
definitions of progression as outcome in separate models.

Both the direct and indirect effects were tested in 2 types 
of multivariable longitudinal generalized estimating equation 
(GEE) models. In model 1, individual mSASSS scores (continu-
ous and binary) per reader were used as the outcome in a mul-
tilevel model adjusted for the correlation of mSASSS within each 
reader, an assumption- free approach we have previously proved to 
be robust in the analysis of long- term imaging data (25). In model 
2, we used the average score, either between the 2 primary read-
ers or between the adjudicator’s score and the closest score of 
the 2 primary readers, for the main outcome (mSASSS continu-
ous); the agreement between the 2 readers, at the vertebral unit 
level, was used for the binary scores. For syndesmophytes, the 
following 2 definitions were used: 1) the new syndesmophyte was 
seen by both readers; 2) the new syndesmophyte was seen by 
at least 1 reader.

Both types of model were adjusted for the outcome 
(mSASSS) at the start of the interval (autoregression), which iso-
lates the “within- patient” effects and thus allows for a truly lon-
gitudinal interpretation of the data. Models were also adjusted 
for potential confounders defined a priori on clinical grounds: 
symptom duration (years), sex, HLA– B27, and number of TNFi 

used before inclusion. In addition, treatment with conventional 
synthetic disease- modifying antirheumatic drugs (csDMARDs) 
(yes/no; time- varying), treatment with NSAIDs (yes/no; time- 
varying), smoking (yes/no; time- varying), number of csDMARDs 
and number of NSAIDs used before inclusion (both time- fixed) 
were tested in univariable models, and if significant (P < 0.20), 
were added to the multivariable model and finally selected if 
proved significant (P < 0.05) or to confound the association of 
interest.

Sensitivity analyses. We also tested 1) the direct and indirect 
effect of TNFi on mSASSS (continuous) using a database with a 
6- month window between imaging and clinical visits; 2) the direct 
effect of TNFi after adjusting for a propensity score (PS), to take 
confounding by indication into account (details on the estimation 
and balancing diagnostics of the PS are provided in the Sup-
plementary Methods, available on the Arthritis & Rheumatology 

Table 1. Baseline characteristics of the patients with axial SpA in 
FORCAST who met the inclusion criteria for the present study and 
those who were excluded from the present study*

Included  
(n = 314)

Excluded  
(n = 113)

Age at baseline, years 41.1 ± 13 43.5 ± 13
Symptom duration, years† 18 ± 12 20 ± 12
Sex, no. (%) male 233 (74) 83 (73)
HLA– B27 positive, no. (%)† 262 (83) 90 (83)
Ever smoked, no. (%)‡ 149 (56) 15 (48)
CRP, mg/liter§ 10 ± 17 13 ± 16
ASDAS- CRP§ 3 ± 1 3 ± 1
ASDAS- CRP category, no. (%)

Inactive disease (<1.3) 48 (16) 7 (14)
Low disease activity (≥1.3 and <2.1) 66 (21) 10 (20)
High disease activity (≥2.1 and ≤3.5) 101 (33) 19 (38)
Very high disease activity (>3.5) 94 (30) 14 (28)

BASFI (range 0– 10)§ 4 ± 3 4 ± 3
BASMI (range 0– 10)¶ 2 ± 2 4 ± 3
mSASSS (range 0– 72)§# 14 ± 19 22 ± 24
≥1 syndesmophyte, no. (%)§** 165 (53) 32 (67)
Use of TNFi, no. (%)§ 151 (49) 24 (48)
Use of csDMARDs, no. (%)§ 9 (3) 4 (8)
Use of NSAIDs, no. (%)§ 165 (53) 18 (36)
≥1 TNFi before inclusion, no. (%) 21 (7) 3 (3)
≥1 NSAID before inclusion, no. (%) 201 (64) 71 (63)
≥1 csDMARD before inclusion, no. (%) 11 (4) 10 (9)
* Except where indicated otherwise, values are the mean ± SD. 
SpA = spondyloarthritis; FORCAST = Follow Up Research Cohort in 
Ankylosing Spondylitis Treatment; CRP = C- reactive protein; ASDAS- 
CRP = Ankylosing Spondylitis Disease Activity Score using the CRP 
level; BASFI = Bath Ankylosing Spondylitis Functional Index; BASMI =  
Bath Ankylosing Spondylitis Metrology Index; mSASSS = modified 
Stoke Ankylosing Spondylitis Spine Score; TNFi = tumor necrosis factor 
inhibitor; csDMARDs = conventional synthetic disease- modifying 
antirheumatic drugs; NSAIDs = nonsteroidal antiinflammatory drugs. 
† Data were missing for <1% of patients. 
‡ n = 297.
§ Data were missing for <10% of patients. 
¶ n = 306. 
# Average of the scores of 2 readers. 
** Agreement between the 2 readers on the presence of a 
syndesmophyte at the vertebral corner level. 
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website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41667/ 
abstract); and 3) the direct and indirect effect using alternative 
definitions of exposure to TNFi.

RESULTS

Baseline characteristics. Of the 427 patients with radi-
ographic axial SpA included in FORCAST, 314 fulfilled the inclu-
sion criteria for the present study. Baseline characteristics were 
typical of patients with radiographic axial SpA: 74% were men, 
the mean ± SD symptom duration was 18 ± 12 years, and 83% 
were HLA– B27 positive. The majority (63%) had high or very high 
disease activity according to the ASDAS and had a high level of 
damage according to the mSASSS (mean ± SD 14 ± 19). Com-
pared to excluded patients, those included were more likely to 
smoke (56% versus 48%), had a lower mean Bath Ankylosing 
Spondylitis Metrology Index (BASMI) score (2 versus 4), had a 
lower mean mSASSS (14 versus 22), and were more likely to be 
treated with NSAIDs (53% versus 36%) at baseline (Table 1).

Main analysis. In total, 442 intervals were included in the 
analysis, with 223 patients contributing 1 interval, 58 patients con-
tributing 2 intervals, 30 patients contributing 3 intervals, 2 patients 
contributing 4 intervals, and 1 patient contributing 5 intervals. 
The mean ± SD progression was 1.33 ± 2.68 mSASSS units per 
2- year interval. The SDC was 3.6, the ICC at baseline was 0.96, 
and the change score ICC was 0.47.

The interaction between ASDAS and TNFi at the start of 
the interval was significant (model 1; P = 0.100) with mSASSS 
continuous as the outcome (Table 2) but not with the binary 
outcomes (data not shown). A gradient was seen for the effect 

Table 2. Indirect effect of TNFi on mSASSS, analyzed by the 
longitudinal association between ASDAS at the start of the 2- year 
interval and mSASSS 2 years later, according to the type of exposure 
to TNFi (multivariable models)

Exposure to TNFi Adjusted β (95% CI)* Interaction P†
Model 1 (n = 313)‡

All visits (n = 119) 0.16 (0.00, 0.31)
Some visits (n = 93) 0.28 (0.12, 0.45)§ 0.100
Never (n = 101) 0.41 (0.13, 0.68)§

Model 2 (n = 306)¶
All visits (n = 119) 0.10 (−0.07, 0.27)
Some visits (n = 89) 0.29 (0.09, 0.48)§ 0.057
Never (n = 99) 0.47 (0.13, 0.82)§

* 95% CI = 95% confidence interval.
† Interaction between treatment with tumor necrosis factor 
inhibitors (TNFi) (yes/no) and Ankylosing Spondylitis Disease Activity 
Score (ASDAS) at the start of the interval. Significant interaction was 
prespecified as P < 0.15. 
‡ Multivariable multilevel longitudinal generalized estimating equation 
(GEE) model with individual modified Stoke Ankylosing Spondylitis 
Spine Score (mSASSS) per reader as the outcome, adjusted for the 
correlation of mSASSS within each reader, mSASSS at the start of the 
interval, symptom duration (years), sex, HLA– B27, and the number of 
TNFi used before inclusion. 
§ Significant effect. 
¶ Multivariable longitudinal GEE model with the average of the 2 
readers’ mSASSS scores as the outcome, adjusted for mSASSS at the 
start of the interval, symptom duration (years), sex, HLA– B27, and the 
number of TNFi used before inclusion. 

Figure 1. Longitudinal association between Ankylosing Spondylitis Disease Activity Score using the C- reactive protein level (ASDAS- CRP) at 
the start of the 2- year interval and modified Stoke Ankylosing Spondylitis Spine Score (mSASSS) 2 years later, according to the type of exposure 
to tumor necrosis factor inhibitors (TNFi). Effects were tested using a multivariable multilevel longitudinal generalized estimating equation model 
with individual mSASSS scores per reader as the outcome, adjusted for the correlation of mSASSS within each reader (model 1; n = 313), and 
for mSASSS at the start of the interval, symptom duration (years), sex, HLA– B27, and number of TNFi used before inclusion. Values are the 
adjusted β (aβ) (95% confidence interval).

http://onlinelibrary.wiley.com/doi/10.1002/art.41667/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41667/abstract
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of ASDAS at the start of the interval on mSASSS 2 years later, 
which was >2 times higher in patients never treated with TNFi 
(β = 0.41 [95% confidence interval (95% CI) 0.13, 0.68]) com-
pared to those treated with TNFi at all visits (β = 0.16 [95% CI 
0.00, 0.31]) (Table 2 and Figure 1). Results were similar for model 
2. No other interactions were significant.

Treatment with TNFi was also directly associated with 
less mSASSS progression. After 2 years, patients who were 
receiving a TNFi at the start of the interval had on average 
an mSASSS 0.85 units lower compared to those not treated 
with a TNFi (model 1; β = −0.85 [95% CI −1.35, −0.35]), inde-
pendently of ASDAS (Table 3). Results were similar with or 

without adjustment for ASDAS and with binary definitions of 
progression, including development of ≥1 new syndesmophyte. 
The same findings were seen in model 2, except for change 
in mSASSS ≥2 and for new syndesmophytes, which were not 
significant.

Sensitivity analyses. The direct effect of TNFi on mSASSS 
was also significant in the sensitivity analysis allowing only a 
6- month window between imaging and clinical visits (Table 4). In 
this analysis, the interaction between ASDAS and TNFi at each 
visit was also significant (P = 0.062), reflecting a similar gradient 
of the strength of the association between ASDAS and mSASSS 
in those treated with TNFi at all visits (β = 0.08 [95% CI −0.09, 
0.24]) and those never treated (β = 0.42 [95% CI 0.08, 0.75]) as 
in the main analysis. Of note, the direct effect remained signifi-
cant after PS adjustment (β = −0.80 [95% CI – 1.37, – 0.22]). There 
was, however, no significant direct effect or indirect effect (data 
not shown) of TNFi on mSASSS when other definitions of expo-
sure to TNFi were used (Table 4).

DISCUSSION

In the present study of patients from both academic and 
community- based practice, we have shown that, in patients with 
radiographic axial SpA followed up in daily clinical practice, treat-
ment with TNFi slows spinal radiographic progression by mech-
anisms both dependent on and independent of their effect on 
inflammation as measured by the ASDAS. TNFi suppress the 
negative impact of systemic inflammation on radiographic pro-
gression (indirect effect), which supports a strategy of targeting 
ASDAS to retard structural progression. In addition, TNFi reduce 
progression independently of ASDAS inflammation, suggesting 
that either residual inflammation not captured by the ASDAS or 
other, unknown mechanisms also contribute to structural modi-
fication by TNFi.

Both treatment effects were tested in longitudinal models 
adjusted for time- varying confounders. In these models, we 
evaluated whether TNFi treatment at the start of each interval 
influenced the mSASSS 2 years later during follow- up, taking 
into account the presence of damage at the start of the inter-
val (the autoregressive factor). This type of statistical model 
isolates the “within- patient” effect and, as such, allows a lon-
gitudinal interpretation that best translates daily clinical prac-
tice and, in the absence of a proper randomized controlled 
trial (RCT), approximates causality when combined with PS 
adjustment. In addition, each model was fit using 2 types of 
techniques to handle the fact that the outcome (mSASSS) is 
reported by more than 1 reader. The individual- reader multi-
level model (model 1) increases the statistical power to detect 
subtle associations (25). The model with between- reader 
agreement scores (model 2; e.g., average of 2 scores) renders 
results easier to interpret.

Table 4. Sensitivity analyses of the association between exposure 
to TNFi and radiographic progression 2 years later (multivariable 
models)*

mSASSS,  
β (95% CI)

6- month window between imaging and the 
clinical visit

Model 1 (adjusted for ASDAS) (n = 266) −0.76 (−1.28, −0.25)†
Model 2 (adjusted for ASDAS) (n = 249) −0.88 (−1.52, −0.23)†

Main analysis after PS adjustment
Model 1 (PS population, no PS 

adjustment)
NA

Model 1 (PS population, PS adjusted) NA
Model 2 (PS population, no PS 

adjustment) (n = 301)
−0.87 (−1.45, −0.28)†

Model 2 (PS population, PS adjusted)  
(n = 301)

−0.80 (−1.37, −0.22)†

Alternative definitions of exposure to TNFi
Model 1

TNFi between visits (yes/no) (n = 300) −0.37 (−0.86, 0.11)
Duration of TNFi between visits (years) 

(n = 300)
−0.25 (−0.52, 0.01)

Proportion of time between visits with 
TNFi (0– 100%) (n = 300)

Continuous variable (0– 100%) −0.51 (−1.04, 0.03)
Binary variable (>50 versus ≤50%) −0.42 (−0.94, 0.11)

Long versus short continuous TNFi 
exposure (≥4 years versus <4 years) 
(n = 313)

−0.31 (−0.85, 0.22)

Model 2
TNFi between visits (yes/no) (n = 293) −0.45 (−1.02, 0.11)
Duration of TNFi between visits (years) 

(n = 293)
−0.20 (−0.52, 0.11)

Proportion of time between visits with 
TNFi (0– 100%) (n = 293)

−0.41 (−1.04, 0.22)

Proportion of time between visits with 
TNFi (>50% versus ≤50%) (n = 293)

−0.23 (−0.81, 0.35)

Continuous TNFi (≥4 years versus <4 
years) (n = 306)

−0.33 (−0.89, 0.24)

* Model 1 was a multivariable multilevel longitudinal generalized 
estimating equation (GEE) model with individual modified Stoke 
Ankylosing Spondylitis Spine Score (mSASSS) per reader as the 
outcome, adjusted for the correlation of mSASSS within each reader. 
Model 2 was a multivariable longitudinal GEE model with the average 
of the 2 readers’ mSASSS scores as the outcome. Both models 
were adjusted for mSASSS at the start of the interval, Ankylosing 
Spondylitis Disease Activity Score (ASDAS), symptom duration (years), 
sex, HLA– B27, and the number of tumor necrosis factor inhibitors 
(TNFi) used before inclusion. 95% CI = 95% confidence interval;  
PS = propensity score; NA = not applicable. 
† Significant association. 
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Within this analytical framework, we have found that treat-
ment with TNFi over time modifies the longitudinal association 
between ASDAS and mSASSS as noted by the significant inter-
action between TNFi and ASDAS. This finding follows a pre-
vious study, performed in the same cohort (26), and another in 
an independent cohort (6), in which higher ASDAS was found to 
be longitudinally associated with an increase in mSASSS 2 years 
later. In the present study, the impact of ASDAS on mSASSS in 
patients who have been continuously treated with TNFi during the 
follow- up was, on average, less than half compared to the impact 
in those who were never treated. This finding is consistent with 
recent well- designed observational studies, suggesting that TNFi 
interferes with radiographic progression by decreasing inflamma-
tion as measured by the ASDAS (21,22). Thus, even without a 
definite answer provided by an RCT to this highly clinically rele-
vant question, enough evidence has accumulated to convincingly 
argue in favor of a positive effect of lowering ASDAS on spinal 
radiographic progression for the management of axial SpA.

In contrast to previous studies, however, we did not find 
that the reduction in ASDAS fully explained the beneficial effect 
of TNFi on structural progression (21,22). There was also a sig-
nificant direct effect. On average, patients treated with a TNFi 
had 0.9 mSASSS units less progression at the end of the inter-
val compared to those not treated, independently of ASDAS. 
Similarly, patients treated with TNFi were 30% less likely to 
develop a new syndesmophyte 2 years later compared to 
those not treated. Different from the effect on mSASSS, the 
effect of TNFi on syndesmophyte formation was only significant 
in the model with individual- reader data. As noted above, the 
higher statistical power yielded by this type of model compared 
to the model with agreement scores most likely explains the dis-
crepancy. Of note, we did not find, in either model, a significant 
effect for alternative definitions of treatment with TNFi, most 
of which reflected the time receiving treatment. Although our 
data do not support the hypothesis that duration of exposure 
to TNFi influences its structural effects, the majority of patients 
had a maximum of 4 years of exposure, thus still with relatively 
limited follow- up.

Differences in study design, patient characteristics, and ana-
lytical approaches might, at least partially, explain why, contrary to 
previous studies, we detected a direct effect of TNFi on mSASSS 
(21,22). In addition, it should be noted that the “direct effect” may 
also reflect the effect of TNFi on inflammation detected on MRI, 
which might not be picked up by the ASDAS, or even “residual” 
inflammation not captured by any currently available measure. 
Also, between- visit fluctuations in inflammation can also account 
for part of the unmeasured inflammatory burden. These obser-
vations might, to a certain degree, explain why it has previously 
been found that radiographic progression still occurs in patients 
with inactive disease according to the ASDAS (6), and that most 
new bone formation in the spine occurs in sites without previous 
evidence of inflammatory lesions on MRI (5,8).

Keeping the above words of caution in mind, it is not unreason-
able to hypothesize that at least part of the ASDAS- independent 
effect seen in the present study goes beyond residual confound-
ing. In fact, TNFi have been shown to have a wide range of bio-
logic actions (27), some of which could interfere with processes 
other than those driving inflammatory activity. For example, sev-
eral histopathologic studies have demonstrated granulation tissue 
in the subchondral bone marrow of several types of affected joints 
in radiographic axial SpA, such as the sacroiliac, manubriosternal, 
and facet joints, as well as in vertebral bodies (28– 31). Cells lining 
the granulation tissue express typical markers of osteoblasts, and 
the directed invasion of the granulation tissue into the subchon-
dral bone and the colocalization of aberrant bone formation with 
this tissue support an instrumental role of this granulation tissue 
in the progressive joint remodeling and ankylosis in radiographic 
axial SpA (32). Within this tissue, osteoclasts have been located 
almost exclusively at the edges of the granulation tissue at the 
apical border facing the subchondral bone, suggesting that they 
facilitate the invasion of this tissue through the subchondral bone 
(28). TNF- mediated osteoclast activation and bone erosion may 
therefore constitute a crucial early step in the development of 
structural damage that ultimately leads to ankylosis.

Certain animal models suggest a role for TNF in the anky-
losis of SpA. Bone morphogenetic proteins (BMPs) have been 
shown to play a role in the development of ankylosis in the anky-
losing enthesitis model of SpA (33). Evaluation of synovial tissue 
obtained by arthroscopy from patients with SpA has demon-
strated TNF- mediated expression of BMPs in fibroblast- like syn-
oviocytes (FLS) (34). However, TNF blockade with the soluble TNF 
receptor etanercept did not ameliorate development of ankylosis 
in this model (35). A more recent study demonstrated that TNF did 
enhance osteoblastic differentiation of FLS derived from the syn-
ovial tissue of patients with SpA (36). A new animal model of SpA 
has been created based on selective overexpression of trans-
membrane TNF in mice which leads to axial and peripheral joint 
pathology reminiscent of human SpA with peripheral and axial 
synovitis, enthesitis, and osteitis (37). These mice displayed clear 
features of new bone formation in the inflamed peripheral joints 
as well as in the sacroiliac joint and spine. SpA- like inflammation, 
but not osteoproliferation, was dependent on TNF receptor type 
I and mediated by stromal transmembrane TNF overexpression, 
while TNF receptor type II signaling contributed to pathologic new 
bone formation but was not essential for inflammation. Relative 
overexpression of transmembrane TNF compared to soluble TNF 
was also demonstrated in synovial tissue biopsy specimens from 
patients with active SpA versus active RA as control. These data 
support the premise that TNF drives distinct pathologies relevant 
to SpA which may be variably captured by clinical parameters of 
disease activity. Further research into the potential mechanisms 
that influence structural progression independently of inflamma-
tion could pave the way to new developments in the treatment 
of patients with axial SpA. Head- to- head trials comparing drugs 
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with different modes of action could also offer some clues in the 
near future.

There are two additional important points concerning the 
direct effect. First, treatment with NSAIDs during follow- up was 
not associated with the outcome, nor did it modify or confound 
the association between TNFi and mSASSS. The lack of a struc-
tural effect of concomitant treatment with NSAIDs has been noted 
before, including in one study in which the effect of the amount 
of exposure to NSAIDs was determined (21,22). In only one 
study, which is currently available only in abstract form, was a 
positive additive effect of NSAIDs reported (38). Thus, available 
evidence mostly suggests that, among patients with radiographic 
axial SpA receiving TNFi, there is no (structural) benefit of add-
ing NSAIDs. Whether or not such a benefit exists in TNFi- naive 
patients is yet to be clarified (13– 15). Second, the direct effect of 
TNFi on mSASSS was still present after adjustment for PS. With 
PS adjustment, we aimed to handle the absence of random treat-
ment allocation and as such mitigate, to the extent possible, the 
possible effect of confounding by indication. A similar approach 
was used in a recent study that led to similar conclusions (39). 
Variables that precede, and influence, the decision to prescribe a 
TNFi and that also associate with radiographic progression were 
included and balanced among patients who were treated and 
those who were not treated at baseline. Even with imperfect bal-
ancing, the decrease in the effect from 0.9 to 0.8 after PS adjust-
ment suggests that confounding by indication was indeed present 
and that it was, at least partially, handled by the PS.

Our study is not without limitations. First, residual confound-
ing cannot be completely ruled out. However, this problem is 
common to all observational research in which an increase in 
external validity comes with a decrease in internal validity. Also, 
we did carefully consider and address confounding with a robust 
analytical approach aimed at minimizing its detrimental effects. 
Second, most patients included in the study had either one or 
two intervals with radiographs available. Thus, interpretation of our 
findings is limited as regards possible long- term treatment effects. 
However, by using longitudinal data analysis we made the best 
use of the available data compared to the traditional completers’ 
analysis often undertaken when testing treatment effects. Finally, 
due to sample size restrictions, we could not evaluate the effect of 
each TNFi separately. However, there is currently no evidence to 
suggest that different types of TNFi might impact disease modifi-
cation in a differential manner.

In summary, the present study informs the rheumatology 
community by addressing the question of whether or not TNFi 
inhibit radiographic progression in axial SpA and if this effect 
is mediated solely by their effects on inflammation, as measured 
by the ASDAS, or whether additional mechanisms may be rel-
evant. Our data further stress the potential impact of treatment 
strategies targeting the suppression of ASDAS in the manage-
ment of axial SpA. In addition, we hypothesize that our finding of 
a direct effect of TNFi on radiographic progression suggests that 

these agents could also influence cells and pathways not directly 
linked to inflammation, such as osteoclasts. A better understand-
ing of these mechanisms might open avenues to further treatment 
strategies that might finally lead to effective disease modification 
in axial SpA.
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Tissue- Resident Memory CD8+ T Cells From Skin 
Differentiate Psoriatic Arthritis From Psoriasis
Emmerik F. Leijten,1  Tessa S. van Kempen,1 Michel A. Olde Nordkamp,1 Juliette N. Pouw,1 
Nienke J. Kleinrensink,1 Nanette L. Vincken,1 Jorre Mertens,1 Deepak M. W. Balak,1 Fleurieke H. Verhagen,1 
Sarita A. Hartgring,1 Erik Lubberts,2  Janneke Tekstra,1 Aridaman Pandit,1  Timothy R. Radstake,1 and 
Marianne Boes1

Objective. To compare immune cell phenotype and function in psoriatic arthritis (PsA) versus psoriasis in order to 
better understand the pathogenesis of PsA.

Methods. In- depth immunophenotyping of different T cell and dendritic cell subsets was performed in patients 
with PsA, psoriasis, or axial spondyloarthritis and healthy controls. Subsequently, we analyzed cells from peripheral 
blood, synovial fluid (SF), and skin biopsy specimens using flow cytometry, along with high- throughput transcriptome 
analyses and functional assays on the specific cell populations that appeared to differentiate PsA from psoriasis.

Results. Compared to healthy controls, the peripheral blood of patients with PsA was characterized by an 
increase in regulatory CD4+ T cells and interleukin- 17A (IL- 17A) and IL- 22 coproducing CD8+ T cells. One population 
specifically differentiated PsA from psoriasis: i.e., CD8+CCR10+ T cells were enriched in PsA. CD8+CCR10+ T cells 
expressed high levels of DNAX accessory molecule 1 and were effector memory cells that coexpressed skin- homing 
receptors CCR4 and cutaneous lymphocyte antigen. CD8+CCR10+ T cells were detected under inflammatory and 
homeostatic conditions in skin, but were not enriched in SF. Gene profiling further revealed that CD8+CCR10+ T 
cells expressed GATA3, FOXP3, and core transcriptional signature of tissue- resident memory T cells, including 
CD103. Specific genes, including RORC, IFNAR1, and ERAP1, were up- regulated in PsA compared to psoriasis. 
CD8+CCR10+ T cells were endowed with a Tc2/22- like cytokine profile, lacked cytotoxic potential, and displayed 
overall regulatory function.

Conclusion. Tissue- resident memory CD8+ T cells derived from the skin are enhanced in the circulation of 
patients with PsA compared to patients with psoriasis alone. This may indicate that aberrances in cutaneous tissue 
homeostasis contribute to arthritis development.

INTRODUCTION

New critical insights into the pathogenesis of psoriasis and 
psoriatic arthritis (PsA) have been made in recent years, including 
the role of the interleukin- 23 (IL- 23)/IL- 17 axis (1,2). This finding 
further propelled the development of novel drugs with potential 
to vastly improve psoriasis, but their strength at halting arthritis 
is less impressive. A clearer understanding of the pathogenesis 
of PsA could guide the development of therapeutics capable of 
resolving arthritis.

The prevalence of PsA in patients with psoriasis is ~20% (2), 
and in its simplest form, PsA presents with arthritis in a patient 
with a history of psoriasis. However, the relationship between skin 
and joint manifestations encompasses a spectrum: patients can 
have severe psoriasis without musculoskeletal symptoms, while 
others have minimal psoriasis and severe arthritis.

This raised the question of whether these diseases are part 
of a single spectrum or are separate entities (3,4). More specifi-
cally, it is currently unknown whether immunologic processes in 
the skin and the joint are directly related. One possibility is that 
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immunologic processes in the skin and the joint occur in paral-
lel, but independently from each other. Some arguments for this 
hypothesis are the aforementioned clinical disease heterogeneity 
of PsA and the finding that response to specific treatment targets 
varies by tissue site (2). Also, observations that local tissue dam-
age (e.g., the Koebner phenomenon) can trigger local inflamma-
tion (5) fit this concept.

Another possibility is that the pathophysiologic processes are 
directly linked and occur sequentially. Supporting this hypothesis 
is the fact that psoriasis itself is a strong risk factor for the develop-
ment of arthritis and that psoriasis typically precedes the onset of 
arthritis by several years. In this scenario, immune cells, cytokines, 
and/or other mediators induced by skin inflammation could trigger 
a second hit at the joint. Indeed, soluble factors have been shown 
to be capable of inducing models of spondyloarthritis (SpA) (6), 
potentially sparking responses of resident, innate lymphocytes 
at musculoskeletal sites (7).

While the role of different immune cells in the skin and joints 
has been described (1), there have been few studies explicitly 
comparing immune cells between psoriasis and PsA (8– 11). In 
this study, we first performed in- depth immunophenotyping in 
patients with psoriasis and patients with PsA who had not been 
treated with disease- modifying antirheumatic drugs (DMARDs) 
and were matched with the psoriasis patients for skin disease 
activity as measured by Psoriasis Area and Severity Index (PASI) 
(12). This was followed by phenotypic, transcriptomic, and func-
tional investigations to determine the specific CD8+ T cell subset 
that best distinguished PsA from psoriasis.

PATIENTS AND METHODS

Study cohort and samples. The study was conducted at 
the Department of Rheumatology and Clinical Immunology, Univer-
sity Medical Centre Utrecht (UMCU), in accordance with the Dec-
laration of Helsinki and with approval from the institutional review 
board. Written informed consent was obtained from all patients 
before participation. Patients with psoriasis had a dermatologist- 
confirmed diagnosis. All patients classified as having psoriasis 
alone underwent clinical evaluation to exclude concomitant PsA. 
Patients with PsA fulfilled the Classification of Psoriatic Arthritis 
(CASPAR) Study Group criteria (13). Patients with axial SpA met 
the Assessment of SpondyloArthritis international Society classifi-
cation criteria (14) and did not have concomitant psoriasis.

In the first phase of the study, the frequency of T cells and 
dendritic cell (DC) subsets in peripheral blood mononuclear cells 
(PBMCs) from patients with PsA (n = 21) was compared to that 
in healthy controls (n = 20), patients with psoriasis (n = 21), and 
patients with axial SpA (n = 16). Patients with psoriasis and patients 
with PsA were matched for key clinical parameters, including PASI 
(Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). In the second phase, we specifically investigated the 

properties of CD8+CCR10+ T cells, for which additional samples 
were collected: PBMCs (from 32 healthy controls, 17 patients with 
psoriasis, and 18 patients with PsA), synovial fluid (SF) (from 8 
patients with PsA), and skin biopsy samples (from 6 patients with 
PsA and 8 patients with psoriasis). With the exception of SF sam-
ples, all samples were obtained from patients who were not being 
treated with DMARDs at the time of participation.

Sample collection. PBMCs were isolated by density 
centrifugation using Ficoll- Paque Plus (GE Healthcare) from 
lithium- heparinized venous blood and first stored in liquid nitro-
gen. Four- millimeter punch biopsy sections from lesional psori-
atic skin sites (donor- dependent lesional sites) and nonlesional 
skin sites (always dorsal thorax) were obtained and placed in 
phosphate buffered saline on ice before further processing. The 
skin biopsy samples were subjected to mechanical and tissue 
digestion according to the manufacturer’s protocol (Whole Skin 
Dissociation Kit, human; Miltenyi Biotec), after which flow cytom-
etry was performed on the freshly digested skin biopsy samples. 
SF mononuclear cells were isolated by density centrifugation 
using a Ficoll- Paque Plus gradient procedure and first stored in 
liquid nitrogen.

Flow cytometry. Four different flow cytometry panels were 
used to identify and enumerate in thawed PBMCs the relative 
frequency of a broad range of T cell and DC subsets (Supple-
mentary Figures 1– 4, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract), using a standardized flow- cytometry protocol, as pre-
viously described (15). Antibodies used are listed in Supplemen-
tary Table 2 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). Fixation and permeabilization solution was used for 
intracellular antibody staining according to the manufacturer’s 
instructions (eBioscience). Fluorescence minus one was used 
as negative control for determining manual gating strategy. Flow 
cytometry data were acquired using a BD LSRFortessa Cell ana-
lyzer, and flow cytometric cell sorting was performed using a 
BD FACSAria III cell sorter (BD Bioscience). Different subsets of 
CD8+ T cells were flow sorted based on expression of CCR10 
and/or CCR4 (Supplementary Figure 5, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41652/ abstract) for proliferation suppression 
assays and RNA sequencing.

Functional assays. For quantification of intracellular 
cytokine production by flow cytometry, PBMCs were restimulated 
for 4 hours in culture medium (RPMI 1640 with 10% fetal calf 
serum), with phorbol 12- myristate 13- acetate (PMA), ionomycin 
calcium salt, and BD GolgiPlug (BD Biosciences) at 37°C.

Proliferation suppression assays were performed in accord-
ance with established protocols for Treg cells (16). For this assay, 
“regulatory- type” cells and “target cells” were derived from fresh 
PBMCs isolated from 6 healthy controls. The “regulatory- type” 
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cells were different flow- sorted CD8+ T cell subsets (Supplemen-
tary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). The target cells were CellTrace Violet (Thermo Fisher) 
labeled autologous PBMCs. The “regulatory- type” cells and target 
cells were resuspended in culture medium (RPMI 1640 with 10% 
fetal calf serum) and cocultured at a ratio of 1:2 cells, respectively, 

in anti- CD3– coated plates for 4 days. The readout was the per-
centage of proliferated target cells. As reference for the readout, 
regulatory CD4+ T cells (CD3+CD4+CD25high CD127−) and effec-
tor CD4+ T cells (CD3+CD4+CD25−CD127high) were flow sorted 
from the same donors in each experiment, which indicated that the 
suppression assay worked (results not shown).

Figure 1. Phenotype and function of circulating immune cell subsets in psoriatic arthritis (PsA), and frequencies of T cell and dendritic cell 
subsets in peripheral blood mononuclear cells. A, Heatmap showing the top 20 flow cytometry features that best distinguished the different 
groups studied (healthy controls [HCs] and patients with axial spondyloarthritis [AxSpA], psoriasis [Pso], or psoriatic arthritis [PsA]), as assessed 
by analysis of variance. B, CCR10+ cells within CD8+CD45RO+ T cells. C, IL- 17A+IL- 22+ cells within CD8+ T cells. D, FoxP3+CD25+CD45RO+ 
cells within CD4+ T cells. E, CD161+CCR6+ cells within CD8+CD45RO+ T cells. F, CD303+ cells within DR+CD14−CD16−cells. Symbols 
represent individual subjects; bars show the median. * = P < 0.05. IL- 17A = interleukin- 17A.
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RNA sequencing. Distinct CD8+ T cell subsets were flow 
sorted from thawed PBMCs (8 healthy controls, 6 patients with 
psoriasis, and 6 patients with PsA) (Supplementary Figure 5, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41652/ abstract). Cells were lysed using 
Buffer RLT Plus in the presence of β- mercaptoethanol (final con-
centration 1%), and RNA was isolated according to the manufac-
turer’s protocol (Qiagen Universal Kit). In total, 57 samples were 
used for analysis, and all passed internal quality control checks. 
RNA sequencing was performed using an Illumina HiSeq 4000 
sequencer (paired- end, 150 bp) at GenomeScan in Leiden, The 
Netherlands using standard manufacturer’s protocols. FastQC 
(https://www.bioin forma tics.babra ham.ac.uk/proje cts/fastq c/) was 
used to check the quality of the raw reads obtained from RNA- Seq. 
STAR aligner was used to align the reads to the human genome 
(GRCh38 build 79) (17,18). HTSeq was used to obtain read counts 
for each annotated gene (19). Differentially expressed genes (DEGs) 
were identified using Bioconductor/R package DESeq2 (20). Wald’s 
test was used to identify differential gene expressions between 
conditions (healthy controls, patients with psoriasis, and patients 
with PsA) and cell subset pairs (Supplementary Figure 5, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract). Variance 
stabilizing transformation was applied to the raw read count data 
to obtain normalized gene counts (variance- stabilized data), which 
were used for subsequent plotting. The heatmap, principal compo-
nents analysis, and violin plots were plotted using R.

Statistical analysis. Categorical variables were com-
pared using chi- square tests, and group differences were com-
pared using the Mann- Whitney U test or independent- samples 
t- test (based on normality distribution). Group differences were 
compared using Wilcoxon’s signed rank test for paired samples. 
Spearman’s rank correlation was used to test the association 
between clinical parameters and flow cytometry results.

Flow cytometry data were analyzed using FlowJo software 
(TreeStar). Statistical analysis and visual representation of the data 
were performed using SPSS version 25 and GraphPad Prism soft-
ware, version 7.0. The heatmap of flow cytometry results was made 
with MetaboAnalyst 4.0, using Ward’s clustering algorithm and 
autoscaling of features (21). Venn diagrams were made using 
Venny 2.1 (22). P values less than 0.05 were considered significant.

RESULTS

Higher frequency of circulating CD8+CD45RO+CCR10+ 
T cells in patients with PsA compared to patients with 
psoriasis. We compared the frequency of T cell and DC subsets 
in peripheral blood from patients with PsA versus healthy controls, 
patients with psoriasis, and axial SpA using our standardized immu-
nophenotyping panels (Supplementary Table 1 and Supplementary 
Figures 1– 4, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). The results of immunophenotyping indicate that PBMC 

subsets from patients with psoriasis and PsA are generally similar 
(Figure 1A). The CD8+CD45RO+CCR10+ subset was the only cell 
population that was significantly different between patients with 
PsA and those with psoriasis, with higher levels found in patients 
with PsA (P < 0.05) (Figure 1B). Compared to healthy controls, 
patients with PsA had increased frequencies of CD8+CCR10+ T 
cells, CD8+IL- 17A+IL- 22+ T cells, and regulatory CD4+ T cells. 
Patients with PsA also had reduced frequencies of plasmacy-
toid DCs and CD8+CD161+CCR6+ T cells (mucosal- associated 
invariant T– like cells) compared to healthy controls (Figures 1B– F). 
Considering that there are few studies that have examined CCR10 
expression on CD8+ T cells (23– 25), we subsequently set out to 
further characterize the phenotype, origin, and function of CCR10 
expression on CD8+ T cells in general and in relation to PsA.

CCR10 expression on CD8+ T cells marks a memory, 
DNAM- 1high phenotype. We first reexamined the phenotype 
of CD8+ T cells that expressed CCR10 (not using CD45RO+ T 
cells as a prerequisite). As expected, when directly gating on 
CD8+CCR10+ T cells, we found that the majority were classified as 
either central memory T (Tcm) cells or effector memory T (Tem) cells 
(Supplementary Figures 6A and B, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41652/ abstract). CCR10 expression was signifi-
cantly elevated in both Tcm and Tem subsets in patients with PsA 
(Supplementary Figures 6C and D). CD8+CCR10+ T cells were 
also enriched for CCR6 coexpression. The expression of CD45RO, 
CD27, CCR6, and CXCR3 with respect to CD8+CCR10+ T cells 
was similar across patient groups (data not shown).

We broadly screened additional CD8 T cell markers and 
found that CD8+CCR10+ T cells coexpressed DNAX acces-
sory molecule 1 (DNAM- 1) (Figure 2A). DNAM- 1 is an activating 
receptor, and T cell immunoreceptor with Ig and immunoreceptor 
tyrosine- based inhibition motif domains (TIGIT) is an inhibitory 
receptor on T cells, that compete for binding to CD155, an 
immunoglobulin- like adhesion molecule. Based on DNAM- 1 and 
TIGIT, distinct coexpression patterns were detected on CD8+ 
T cells (Figure 2B). Overall, CD8+CCR10+ T cells were typi-
cally DNAM- 1high (Figure 2C), but had less TIGIT coexpression in 
patients with PsA (Figure 2D).

Enrichment of CD8+CCR10+ T cells in the skin, 
but not the joint. To investigate their tissue origin, we enu-
merated the frequency of CD8+CCR10+ T cells in skin biopsy 
samples and in SF mononuclear cells (SFMCs). The frequency 
of CD8+CCR10+ T cells was significantly higher in the skin com-
pared to paired PBMCs. In contrast, there was no enrichment of 
CD8+CCR10+ T cells in SFMC samples compared to non- paired  
PBMCs (Figure 3A and Supplementary Figure 7, http://online 
library.wiley.com/doi/10.1002/art.41652/ abstract). Previous stud-
ies have shown that CCR10 is a chemokine receptor found on 
skin- tropic T cells. We confirmed that the majority of circulating 
CD8+CCR10+ T cells coexpressed the skin- homing markers 
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CCR4 and cutaneous lymphocyte antigen (CLA) (Figures 3B and 
C). Conversely, CD8+CCR10+ T cells did not coexpress β7 inte-
grin, a marker associated with gut- homing properties (Figure 3D).

We then analyzed whether CD8+CCR10+ T cell frequency 
was related to measures of disease activity. The frequency of 
CD8+CCR10+ T cells in PBMCs was not related to tender or swol-
len joint count (data not shown). In addition, we detected a sta-
ble frequency of CD8+CCR10+ T cells in PBMCs obtained from a 
patient with psoriasis before PsA onset and after PsA onset. The fre-
quency of CD8+CCR10+ T cells was not higher in SFMCs from this 
patient at disease onset (Figure 3E). These results indicate that the 
joint compartment is an unlikely source of CD8+CCR10+ T cells.

As expected, we found that lesional skin contained a much 
larger absolute number of CD8+ T cells than nonlesional skin 
(Supplementary Figure 7, http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41652/ abstract). However, the fraction of CD8+ T cells 
expressing CCR10 was either similar or lower in lesional skin com-
pared to nonlesional skin (Figures 3A and F). The frequency of 
CD8+CCR10+ T cells in PBMCs was not related to PASI score 
(data not shown). CD103 expression, a marker of tissue reten-
tion, was significantly elevated in CD8+CCR10+ T cells from both 
PBMCs and skin (Supplementary Figure 8, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41652/ abstract). These results indicate that 
CCR10 is a marker for skin- tropic CD8+ T cells in circulation and 

Figure 2. CD8+CCR10+ T cells are prototypically DNAM- 1high. A, CD8+CCR10+ T cells coexpressed high levels of DNAX accessory molecule 
1 (DNAM- 1). B, Distinct populations of CD8+ T cells were distinguishable based on expression of DNAM- 1 and T cell immunoreceptor with Ig 
and immunoreceptor tyrosine- based inhibition motif domains (TIGIT), including DNAM- 1highTIGIT−, DNAM- 1highTIGIT+, and DNAM- 1−TIGIT+. C, The 
majority of CD8+CCR10+ T cells were either DNAM- 1highTIGIT− or DNAM- 1highTIGIT+. D, Within CD8+CCR10+ T cells with high expression of 
DNAM- 1, TIGIT coexpression was reduced in patients with psoriatic arthritis (PsA). In C and D, symbols represent individual subjects (healthy controls 
[HCs] [white symbols], patients with psoriasis [Pso] [gray symbols], and patients with PsA [black symbols]); bars show the median and interquartile 
range. * = P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract.
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Figure 3. Enrichment of CD8+CCR10+ T cells in skin, but not in synovial fluid (SF). A, CD8+CCR10+ T cell frequency in paired nonlesional 
(NL) skin, lesional (L) skin, and peripheral blood mononuclear cells (PBMCs), and in nonpaired SF mononuclear cells (SFMCs). B– D, Expression 
of CCR4 (B), cutaneous lymphocyte antigen (CLA) (C), and β7 integrin (D) in CCR10+ versus CD8+CCR10− T cells. E, CD8+CCR10+ T cell 
frequency in PBMCs from a patient with psoriasis before psoriatic arthritis (PsA) onset and in PBMCs and SFMCs from the same patient at 
initial PsA onset. F, Frequency of CD8+CCR10+ T cells in paired nonlesional skin, lesional skin, and PBMCs from a patient with PsA. Symbols 
in A represent individual subjects (patients with psoriasis [Pso] [gray symbols] and patients with PsA (black symbols); bars in A– D show the 
median and interquartile range. * = P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41652/abstract.
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is enriched in both lesional and nonlesional psoriatic skin, but not 
in SF.

GATA3 and FOXP3 expression and Trm cell  profile 
in CD8+CCR10+ T cells. We next performed transcriptome 
analyses of circulating CD8+ T cells from healthy controls, 
patients with psoriasis, and patients with PsA. Three popula-
tions of viable CD8+ T cells were sorted: CCR10+, CCR4+, and 

CCR10−CCR4− (Figure 4A and gating exhibited in Supplementary 
Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). We determined that the CCR10+ subset and CCR4+ 
subset were largely overlapping, while both were very distinct from 
the CCR10−CCR4− fraction (Figures 4B and C). Compared to 
the CCR10−CCR4− fraction, the CCR10+ subset was different 
with respect to numerous well- characterized genes, including the 
up- regulation of GATA3, CCR8, IL- 4R, and CD44 (Supplementary 

Figure 4. CD8+CCR10+ T cells express GATA3 and FOXP3 and exhibit a tissue- resident memory (Trm) cell profile. A, Three different subsets 
of CD8+ T cells were flow sorted based on the presence/absence of CCR10 and CCR4. Detailed data regarding the full gating strategy are 
shown in Supplementary Figure 5 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract). B, Principal components (PC) analysis was 
performed based on preselection of 5,268 genes that were differentially expressed in any of the cell subsets (nominal P < 0.05). C, Heatmap 
shows expression levels, on CD8+ cell subsets from healthy controls (HCs) and patients with psoriasis (Pso) or psoriatic arthritis (PsA), of genes 
previously reported as being critical for CD8+ T cells. D, Violin plots indicate the main transcriptional features attributed to Trm cells. Expression 
on the CCR10+ subset was compared to expression on the CCR10−CCR4− subset and the CCR4+ subset. VSD = variance-stabilized data; 
FDR = false discovery rate.
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Figure 5. CD8+CCR10+ T cells exhibit a Tc2/Tc22- like cytokine profile. Peripheral blood mononuclear cells were restimulated with phorbol 
12- myristate 13- acetate and ionomycin calcium salt. The frequency of intracellular production of interferon- γ (IFNγ) (A), interleukin- 10 (IL- 10) (B), 
IL- 4 (C), IL- 13 (D), IL- 17 (E), and IL- 22 (F) was compared between CD8+ T cells based on positivity or negativity for CCR10. Symbols represent 
individual subjects (healthy controls [white symbols], patients with psoriasis [gray symbols], and patients with psoriatic arthritis [black symbols]); 
bars show the median. * = P < 0.05.
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Figure 9, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ 
abstract). In addition, the CCR10+ subset exhibited high expres-
sion of FOXP3 and lacked expression of genes associated with 
cytotoxic potential, e.g., GZMB and PRF1 (Figure 4C). Moreo-
ver, CD8+CCR10+ T cells displayed a prototypical gene expres-
sion pattern resembling Trm: high expression of ITGAE (CD103), 

CD69, CCR8, and CD44, and low expression of KLRG1 and 
CX3CR1 (Figure 4D).

As expected, the dominant factors determining the overall 
transcriptomic profile were the cell subsets rather than patient/
health status. Exploratory analysis on the CD8+CCR10+ sub-
set in patients with PsA identified 536 DEGs unique to patients 

Figure 6. CD8+CCR10+ T cells exhibit regulatory properties. A and B, In peripheral blood mononuclear cells (PBMCs), the ex vivo fraction 
of memory CD8+ T cells that expressed CCR10 strongly correlated with the ex vivo fraction of CD8+ T cells that were CD25+CD127− (A) and 
CD25+FoxP3+ (B). Circles indicate pooled data from healthy controls. Additional data are shown in Supplementary Table 1 (http://online 
libr ary.wiley.com/doi/10.1002/art.41652/ abstract). C, Examples of suppression assays are shown. Fresh PBMCs from 5 healthy controls were  
incubated with CellTrace Violet (CT- violet) and cocultured with different CD8+ T cell subsets. Data regarding the gating strategy used for 
flow sorting are shown in Supplementary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract). D and E, The suppressive 
effect on CD4+ (D) and CD8+ (E) T cell proliferation was determined on day 4. Symbols represent individual subjects; bars show the median.  
* = P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41652/abstract.
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with PsA compared to those with psoriasis and healthy controls 
(nominal P < 0.05), including up- regulation of RORC, MYD88, and 
IFNAR1 (Supplementary Figure 10, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41652/ abstract). In summary, the results indicate 
that CD8+CCR10+ T cells are characterized by high expression of 
GATA3, FOXP3, and core transcripts defining Trm cells.

CD8+CCR10+ T cells exhibit a Tc2/Tc22 cytokine profile 
with net regulatory function. Consistent with the transcrip-
tomic profile, CD8+CCR10+ T cells produced significantly more 
IL- 17A and IL- 22 compared to bulk CD8+ T cells on ex vivo restim-
ulation. The production of IL- 4, IL- 13, and IL- 10 was also enriched 
in CD8+CCR10+ T cells. In contrast, CD8+CCR10+ T cells had 
reduced overall capacity to produce interferon γ and lacked mark-
ers (granzyme B and perforin) associated with cytotoxic capacity of 
CD8+ T cells (Figures 5A– F, and Supplementary Figure 11, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41652/ abstract).

CD8+CCR10+ T cells coexpressed FoxP3, and the frequency 
of CCR10+ CD8+ T cells in PBMCs was strongly correlated with 
the frequency of CD8+ T cells that expressed a “regulatory” phe-
notype (CD25+FoxP3+ and CD25+CD127−) (Figures 6A and 
B and Supplementary Figure 11, http://onlin e libr ary.wiley.com/
doi/10.1002/art.41652/ abstract). Considering  that CD8+CCR10+ 
T cells exhibited a pleiotropic cytokine- producing profile (Tc2/22- 
like), we next determined whether these cells have an overall 
immunoregulatory function. To this end, we performed immuno-
suppression assays using sorted CD8+ T cell subsets (selected 
based on the markers CCR10 and CCR4) and cocultured them 
with autologous, CellTrace Violet–labeled T cells (Figure 6C). 
Compared to coculture with bulk CD8+ T cells, the coculture with 
CD8+CCR10+ T cells significantly reduced the proliferation of 
both CD4+ T cells and CD8+ T cells (Figure 6D). Our functional 
assays thus confirmed the transcriptome profile data presented in 
Figure 4, indicating that CD8+CCR10+ T cells are Tc2/22- like cells 
with an overall regulatory function.

DISCUSSION

In this study, we discovered and investigated in detail an 
increase in CD8+CCR10+ T cells in the peripheral blood of patients 
with PsA compared to patients with psoriasis. CD8+CCR10+ T 
cells are Tem cells with Tc2/22- like cytokine profile and regulatory 
function. This CD8+ T cell subset was further endowed with a 
transcriptomic profile comparable to that observed in Trm cells, 
which originated in skin, but not the joint.

To our knowledge, this is the broadest immunophenotyping 
study thus far, as performed in a PASI- matched cohort of patients 
with PsA and patients with psoriasis who were not being treated 
with immunomodulatory drugs. Overall, the results underscore the 
role of memory CD8+ T cells in the pathogenesis of PsA, which 
is consistent with findings in previous immunophenotyping stud-
ies and genetic association studies (1,11,26– 28). Specifically, we 

have identified a novel role of CD8+CCR10+ T cells, which may 
be important in the pathogenesis of PsA.

The facts that skin- homing markers on T cells in SF/tissue 
have previously been described (28– 30), and that therapeutics 
blocking specific integrins can induce arthritis (31,32), have raised 
the question of whether skin- tropic T cells could be redirected into 
the joint. However, our results do not indicate that CD8+CCR10+ 
T cells are derived from SF, nor do they appear to preferen-
tially migrate to this site. Instead, we discovered a typical pattern 
of coexpression with the skin- tropic markers CLA and CCR4, 
consistent with previous studies indicating that CCR10 guides 
trafficking of T cells towards the skin (23,33). The CD8+CCR10+ T 
cells are most likely found in the epidermis (34). Notably, we found 
that both lesional and nonlesional skin harbors CD8+CCR10+ T 
cells. There was a trend toward fewer regulatory CD8+CCR10+ T 
cells in lesional skin, which may contribute to pathology. We sus-
pect that CD8+CCR10+ T cells from nonlesional skin contributes 
to the fraction detected in PBMCs for several reasons, including: 
1) patients with psoriasis and patients with PsA had similar PASI
scores, 2) there was no relationship between the frequency of 
these cells and PASI scores, and 3) even in healthy individuals, 
these cells are detected in the circulation (35). Larger studies are 
needed to compare the quantity of CD8+CCR10+ T cells in skin 
from patients with psoriasis and patients with PsA, particularly 
to examine whether there are subtle differences between these 
groups with respect to both lesional and nonlesional skin sites.

Phenotypically, CD8+CCR10+ T cells were mostly Tem cells 
based on classic nomenclature, but we also detected a strong tran-
scriptional overlap with skin- derived Trm cells (36). In human skin, 
CD8+ T cells can be classified as those that pass through the tissue 
and those that remain in the tissue, the latter being termed Trm cells. 
These cells can be divided into CD69+CD103− or CD69+CD103+, 
the latter being more prevalent in the epidermis and exerting 
potent effector functions (37,38). Our transcriptomic analysis of 
CD8+CCR10+ T cells revealed a striking resemblance to Trm cells: 
high expression of IL- 7R (CD127), CD69, and ITGAE (CD103), and 
low expression of KLRG1 and CX3CR1 (33,37,38). Furthermore, 
transcriptomic analysis revealed high expression of CCR8, which 
has recently been linked to a skin- resident CD8+ T cell population 
(33). In a recent study using a murine model memory precursor 
CD8+ T cell clones from circulation were tracked, and it was found 
that high expression of CCR10 was present in CD8+ T cells com-
mitted to a skin Trm fate (39). Strictly speaking, the CD8+CCR10+ 
T cells we characterized in PBMCs should not be termed Trm cells, 
since Trm cells are, by definition, noncirculating (40). However, this 
dichotomy may be too simplistic, at least in regard to CD4+ T cells. 
CLA+CD4 Trm cells can exit the skin, reenter the circulation, and 
occupy distant skin sites (35). Our data fit well into this recent con-
cept of circulating Trm cells, and specifically adds strength to the 
notion that there are circulating human CD8+ Trm cells (41,42).

Regarding function, CCR10 has classically been attributed to 
Th2 and Th22 subsets of CD4+ T cells (43). The CD8+CCR10+ 
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T cells we analyzed indeed exhibited Tc2/22- like function, but are 
distinct from Tc17 that was recently described in PsA SF (28), 
including the fact that the Tc17 expressed high levels of gran-
zymes. CCR10 has also been described as a common marker 
on regulatory CD4+ T cells (44). Loss of CCR10 in murine models 
results in loss of Treg cells in skin, which enhances IL- 17A and 
tumor necrosis factor production at the cost of IL- 10 production 
(25,45,46). This indicates that CCR10 is important for the regula-
tory function of tissue- resident T cells in noninflamed murine skin 
(25,46). Overall, the transcriptomic profile and functional assays 
performed in our study indicate that these cells could have an 
important regulatory function in human skin.

There are different proposed mechanisms by which CD8+ T 
cells can induce a suppressive function (47). These exact mech-
anisms are beyond the scope of the present study. The potential 
role of immune checkpoints, including the DNAM- 1/TIGIT axis, 
warrants further investigation, since we noted phenotypic distur-
bances in the PsA group. The balance of regulation versus inflam-
mation could also be secondary to environmental cues that skew 
cell plasticity and the cytokine profile, as shown for CD4+ T cells 
and innate lymphoid cells (48,49). Consistent with the latter con-
cept is our finding that RORC and IFNAR1, among other genes, 
differentiated CD8+CCR10+ T cells from patients with PsA com-
pared to patients with psoriasis and healthy controls. While RORC 
is critical to the pathogenic effects of innate immune cells in SpA 
(50), our transcriptomic analysis within the PsA group remains 
exploratory and requires confirmation in a larger group of patients.

We suggest that the potential novel role of CD8+ Trm cells 
in PsA should be viewed in the context of the more established 
role of CD8+ Trm cells in psoriasis (34,41,51,52). Clinically, unaf-
fected skin from patients with psoriasis has perturbations in kerat-
inocytes and Trm cell populations, which has been suggested to 
poise the skin for an excessive inflammatory response (52). Also, 
after psoriasis lesions have clinically resolved, there is long- term 
persistence of epidermal CD8+ Trm cells with IL- 17A– producing 
capacities (41,51). Of further interest is the fact that the effector 
function of CD8+ Trm cells in nonlesional skin is related to disease 
duration (34).

Our study has certain limitations, which includes the fact 
that it was cross- sectional in design and that patients with inflam-
matory rheumatic diseases other than SpA (e.g., rheumatoid 
arthritis or gout) were not included. Although we adhered to a 
standardized protocol for flow cytometry (15), viability staining 
was only performed in the functional and transcriptomic analy-
sis. Also, upon identification of CCR10 as a marker that discrimi-
nated between PsA and psoriasis within CD8+CD45RO+ T cells, 
for further experiments we made the practical choice to exclude 
CD45RO as a marker in the gating, which may have resulted in 
the inclusion of some naive CD8+ T cells. Importantly, it will be 
necessary for these results to be validated in an independent 
cohort of patients, regardless of any subtle modifications to the 
flow- cytometric  gating strategy used.

One question that remains unanswered is whether 
CD8+CCR10+ T cells play a role in the pathogenesis of PsA (e.g., 
contributing to the production of soluble factors affecting dis-
tant musculoskeletal sites) or if these cells should instead be seen 
as the flag of disturbed cutaneous homeostasis that is principally 
driven by other cells, such as keratinocytes or other stromal cells.

Taken together, our findings show that PsA is marked by 
alterations in circulating, skin- derived, regulatory CD8+ Trm cells. 
These data support the notion that events occurring in the skin may 
drive the development of arthritis in patients with psoriasis.
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Specific Follicular Helper T Cell Signature in 
Takayasu Arteritis
A. C. Desbois,1  P. Régnier,1 V. Quiniou,2 A. Lejoncour,1  A. Maciejewski- Duval,2 C. Comarmond,1  
H. Vallet,2 M. Rosenzwag,2 G. Darrasse- Jèze,2 N. Derian,2 J. Pouchot,3 M. Samson,4 B. Bienvenu,5 P. Fouret,6 
F. Koskas,6 M. Garrido,2 D. Sène,7 P. Bruneval,8 P. Cacoub,1  D. Klatzmann,2 and D. Saadoun1

Objective. Our aim was to compare transcriptome and phenotype profiles of CD4+ T cells and CD19+ B cells in 
patients with Takayasu arteritis (TAK), patients with giant cell arteritis (GCA), and healthy donors.

Methods. Gene expression analyses, flow cytometry immunophenotyping, T cell receptor (TCR) gene sequencing, 
and functional assessments of cells from peripheral blood and arterial lesions from TAK patients, GCA patients, and 
healthy donors were performed.

Results. Among the most significantly dysregulated genes in CD4+ T cells of TAK patients compared to GCA 
patients (n = 720 genes) and in CD4+ T cells of TAK patients compared to healthy donors (n = 1,447 genes), we identified 
a follicular helper T (Tfh) cell signature, which included CXCR5, CCR6, and CCL20 genes, that was transcriptionally 
up- regulated in TAK patients. Phenotypically, there was an increase in CD4+CXCR5+CCR6+CXCR3− Tfh17 cells 
in TAK patients that was associated with a significant enrichment of CD19+ B cell activation. Functionally, Tfh cells 
helped B cells to proliferate, differentiate into memory cells, and secrete IgG antibodies. Maturation of B cells was 
inhibited by JAK inhibitors. Locally, in areas of arterial inflammation, we found a higher proportion of tertiary lymphoid 
structures comprised CD4+, CXCR5+, programmed death 1+, and CD20+ cells in TAK patients compared to GCA 
patients. CD4+CXCR5+ T cells in the aortas of TAK patients had an oligoclonal α/β TCR repertoire.

Conclusion. We established the presence of a specific Tfh cell signature in both circulating and aorta- infiltrating 
CD4+ T cells from TAK patients. The cooperation of Tfh cells and B cells might be critical in the occurrence of 
vascular inflammation in patients with TAK.

INTRODUCTION

Takayasu arteritis (TAK) and giant cell arteritis (GCA) are the 
two most common types of large vessel vasculitis (LVV). Histor-
ically, TAK and GCA have been considered as distinct diseases 
based on differences in age at disease onset, ethnic distribution, 
and clinical features including a predisposition for different arte-
rial territories. All patients with TAK have disease involvement of 
the aorta or its primary branches. In contrast, GCA is tradition-
ally considered as a disease of the cranial arteries. However, with 
the more frequent use of angiography by computed tomography 

(CT) or 18F- fluorodeoxyglucose– positron emission tomography 
(FDG- PET), recent studies have estimated the presence of large 
vessel involvement in 30– 70% of patients with GCA (1,2). Another 
older study has shown vascular changes in the large arteries of 
<80% of GCA patients (3).

Lesions in LVV are characterized by granulomatous inflam-
matory infiltrates of the media, the media–intima junction, and the 
adventitia, often affecting the vasa vasorum. The inner half of the 
aorta is more often affected than the outer half and the adventi-
tia in GCA lesions (4). Intimal hyperplasia is frequently observed, 
whereas the adventitia is relatively spared in patients with GCA as 
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compared to patients with TAK. Scarring can be seen in the later 
phase, with dense adventitial fibrosis and great fibrous thickening 
of the intima.

Pathologic mechanisms in LVV are not well understood.  
T cells have been shown to be critical in the process, as demon-
strated in an earlier study in which the secretion of inflammatory 
cytokines was abolished when T cells were depleted in SCID mice 
grafted with inflamed temporal arteries from human subjects (5). 
Consistently, both diseases are driven by Th1 and Th17 unbal-
anced immune responses (5– 7). Associations with specific major 
histocompatibility complex (MHC) class II molecules (HLA– B52 in 
TAK and HLA– DRB1*04 in GCA) have also been observed (8,9). 
Increasing evidence also supports a role for B cells in the patho-
genesis of LVV. Immunohistochemical analyses of aortic wall sam-
ples from patients with GCA/TAK have shown the presence of B 
cells in inflamed arterial lesions (10,11), and some studies have 
pinpointed the presence of tertiary lymphoid organs (TLOs) in the 
aortas of LVV patients (10,11).

Altogether, these data suggest a role for T cell and B cell 
interaction in the pathogenesis of LVV. However, the immune acti-
vation pathways specifically involved in each disease are poorly 
understood. Herein, we compared microarray gene analysis of 
purified CD4+ T cells and CD19+ B cells from TAK patients and 
GCA patients and healthy donors.

PATIENTS AND METHODS

Patients. The study population consisted of 54 TAK patients 
(median age 32.4 years [range 27.2– 53.2 years]), 52 GCA patients 
(median age 74.7 years [range 66.3– 83.2 years]) (Table 1), and 104 
age-  and sex- matched healthy donors, 38 of whom were matched 
to GCA patients by age (mean ± SD age 77.4 ± 11.9 years) and sex 
(60.5% women) and 66 of whom were matched to TAK patients by 
age (mean ± SD age 35.2 ± 9.3 years) and sex (62.1% women). 
TAK patients fulfilled the American College of Rheumatology (ACR) 
criteria for TAK and/or the Ishikawa criteria modified by Sharma 
(12,13). GCA patients fulfilled the GCA international criteria (14). Dis-
ease activity was defined according to the presence of the following: 
1) new ischemic vascular sign (claudication, ischemic thoracic or 
abdominal pain, bruit or asymmetry in pulses, pulse abolition), 2) cra-
nial sign of GCA (headache, anterior ischemic optic neuropathy, jaw 
claudication), 3) new large vessel involvement lesion or worsening of 
preexisting lesions on imaging, 4) systemic clinical features (weight 
loss, fever), and 5) biologic activity of disease (increased erythrocyte 
sedimentation rate [ESR] and/or C- reactive protein [CRP] level). 
Disease was considered active if an individual fulfilled ≥2 of the 5 
areas mentioned above (including biologic activity) and inactive in the 
remaining individuals. Blood samples were collected from patients 
prior to any treatment, except for 18.8% of GCA patients who 
received <10 mg/day of prednisone.

The present study was approved by our Institutional Eth-
ics Review Board and was performed in accordance with the 

Declaration of Helsinki. Written informed consent was provided 
by each patient.

Transcriptome of CD4+ T cells and CD19+ B cells. We 
performed a microarray gene analysis of purified CD4+ T cells 
from 25 patients with active TAK, 27 patients with active GCA, 
and 37 healthy donors (including 25 “younger” healthy donors 
[range 27.2–53.2 years] age- matched to TAK patients and 12 
“older” healthy donors [range 55–91 years] age- matched to GCA 
patients). No patients received steroid doses higher than 10 mg/
day or immunosuppressants. In peripheral blood mononuclear 
cells (PBMCs) obtained from patients with active TAK, patients 
with active GCA, and healthy donors, CD3+ T cells were iso-
lated by negative isolation with Dynabeads using an untouched 
Human T Cells kit (ThermoFisher) according to the manufacturer’s 
instructions. CD4+ cells were then isolated by positive selection 
using Dynabeads CD4 Isolation kit (ThermoFisher) according to 
the manufacturer’s instructions. In PBMCs from 8 patients with 
active TAK, 6 patients with active GCA, and 17 healthy donors 
(including 13 younger individuals age- matched to TAK patients 
and 4 older individuals age- matched to GCA patients), CD19+ 
B cells were isolated by Dynabeads using a CD19 Positive Iso-
lation kit (ThermoFisher) according to the manufacturer’s instruc-
tions. Once isolated, total RNA from CD4+ cells or CD19+ cells 
was extracted using the NucleoSpin RNA kit (Macherey- Nagel) 
according to the manufacturer’s instructions. Total RNA was 

Table 1. Demographic and clinical characteristics of patients with 
TAK and patients with GCA*

Patients with 
TAK  

(n = 54)

Patients with 
GCA  

(n = 52)
Demographic features

Age, median (IQR) years 32.4 (27.2– 53.2) 74.7 (66.3– 83.2)
Female sex 43 (79.6) 35 (67.4)
Geographic origin

White 20 (36.4) 50 (96.2)
African 15 (27.4) 0 (0)
Northern African 15 (27.4) 2 (3.8)
Other 5 (9) 0 (0)

Clinical features
Numano classification 

of TAK
I 7 (14.3) NA
II 8 (16.3) NA
III 5 (10.2) NA
IV 1 (2) NA
V 27 (55)

Stroke 12 (22.2) 7 (13.4)
Aortic aneurysms 18 (33.3) 4 (7.7)
Aortitis 54 (100) 14 (26.9)
Optic neuritis – 5 (5.6)
CRP level, mean ± SD 

mg/liter
21.4 ± 28 45.3 (48.3)

* Except where indicated, values are the number (%) of patients. 
TAK = Takayasu arteritis; GCA = giant cell arteritis; IQR = interquartile 
range; NA = not applicable; CRP = C- reactive protein. 
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quantified by a NanoDrop ND- 1000 spectrophotometer. Samples 
with an RNA concentration of <20 ng/µl were excluded.

For quality control, RNA dilution was performed using an Agi-
lent RNA 6000 Nano kit, with 1 µl of the sample run on the nano-
chip using an Agilent 2100 electrophoresis bioanalyzer. The quality 
of total RNA was assessed by the profile of the electropherogram 
and by the RNA integrity number (RIN). All samples included in 
the study had an RIN of 7.3– 9.3. For Illumina BeadArrays, com-
plementary RNA samples were prepared using an Illumina Total-
Pre- 96 RNA Amp kit (LifeTechnologies) and hybridized to Illumina 
Human HT- 12 v4 BeadArrays. Raw data were then analyzed using 
the R Limma software package (Supplementary Methods, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41672/ abstract). Enrichment analysis 
of different gene sets within samples and groups was assessed 
using GSVA and R Limma software packages according to the 
authors’ instructions (15). Gene lists and signatures used through-
out this study, including significantly dysregulated genes of CD4+ 
T cells between TAK patients, GCA patients, and healthy donors 
and follicular helper T (Tfh) cell, Tfh17 cell, and B cell signatures, 
are listed in Supplementary Table 1 (http://onlin elibr ary.wiley.com/
doi/10.1002/art.41672/ abstract).

Immunohistochemical analysis. Detection of CXCR5, 
programmed death 1 (PD- 1), CD20, CD38, CD27, BAFF, 
CXCL13, interleukin- 21 (IL- 21), and CD4 was performed on fixed 
paraffin- embedded samples of the inflamed aorta obtained from 
7 patients with TAK and 7 patients with GCA as well as samples 
obtained from 3 noninflamed aortas (Supplementary Methods 
[http://onlinelibrary.wiley.com/doi/10.1002/art.41672/abstract]).

Cultures of B cells and T cells. CXCR5+CD4+ T cells or 
CXCR5−CD4+ T cells (50,000 cells each per well) from 8 patients 
with active TAK were cultured with 20,000 naive B cells (defined 
as CD27−IgD+CD19+ cells) in the presence of human SAg 
(CytoStim; Miltenyi Biotec) (2 µl per million cells) in RPMI 1640 
complete medium supplemented with 10% heat- inactivated fetal 
bovine serum (FBS) in the presence or absence of the JAK inhib-
itor ruxolitinib (Supplementary Methods [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41672/ abstract]).

T cell receptor (TCR) repertoire. Aorta samples were 
dissociated with a gentleMacs instrument, and magnetic enrich-
ment of CD4+ T cells was performed with Dynabeads using a 
CD4 Positive Isolation kit. Isolated cells were further stained with 
the following monoclonal antibodies: Alexa Fluor 700 (AF700)– 
conjugated CD3, fluorescein isothiocyanate (FITC)– conjugated 
CD4, and phycoerythrin (PE)/Dazzle– conjugated CXCR5. Cell 
sorting was performed with FACSAria II on CD3+CD4+CXCR5− 
cells and CD3+CD4+CXCR5+ cells. RNA was subsequently 
extracted with the Ambion RNAqueous kit according to the man-
ufacturer’s recommendations. Before RNA extraction, harvested 

cells were biobanked in lysis solution at a temperature of −80°C. 
Then, the lysate was diluted with an ethanol solution. This solu-
tion was passed through the filter pad, and the filter cartridge 
was washed 3 times to remove contaminants. RNA was eluted in 
elution buffer. Library for next- generation sequencing was made 
using the SMARTer Human TCR α/β Profiling kit (Takarabio). Two 
hundred fifty single- end base paired reads were obtained using 
the Illumina sequencing platform HiSeq 2500 on rapid run mode. 
MiXCR software was used for the alignment of raw data and the 
extraction of human TCR sequences.

Statistical analysis. Continuous variables are presented 
with the median and range or with the mean ± SEM. Categorical 
variables are shown as counts and proportions. Statistical com-
parisons were performed using Student’s t- test or Mann- Whitney 
test for quantitative unpaired data and Wilcoxon’s matched pairs 
signed rank test for quantitative paired data. All statistical tests 
were 2- tailed with a significance threshold of 0.05. Statistical 
significance was evaluated using GraphPad Prism version 5 for 
 Windows (GraphPad Software).

RESULTS

Specific CXCR5, CCR6, and PD- 1 CD4+ T cell gene sig-
natures in TAK. A microarray gene analysis of purified CD4+ T 
cells from 25 patients with active TAK, 27 patients with active GCA, 
and 37 healthy donors (including 25 younger donors age- matched 
to TAK patients and 12 older donors age- matched to patients with 
GCA) was performed. Among the 720 genes that were the most sig-
nificantly dysregulated between TAK patients and GCA patients (with 
an adjusted P threshold of 0.05), 364 genes were up- regulated and 
356 genes were down- regulated in TAK patients compared to GCA 
patients, respectively. Among the 1,447 genes that were the most 
significantly dysregulated between TAK patients and total healthy 
donors, 471 genes were up- regulated and 976 genes were down- 
regulated, respectively, in TAK patients compared to total healthy 
donors. Interestingly, we identified CXCR5, CCR6, and CCL20 as 
among the most up- regulated genes in TAK patients as compared to 
either GCA patients or total healthy donors (Figure 1A). Of note, none 
of the genes presented in the previous heatmap were significantly 
dysregulated between older healthy donors and younger healthy 
donors (data not shown). CXCR5 and CCR6 genes were expressed 
by Tfh cells in the peripheral blood, particularly by Tfh17 cells.

Qiagen Ingenuity Pathway Analysis software was then used 
to construct a network of the most up- regulated genes in TAK 
patients versus GCA patients and total healthy donors (Figure 1B). 
CXCR5, CCL20, CCR6, and PDCD1 genes (strongly associated 
with Tfh cells) were tightly connected to each other in the gene 
interaction network. We also confirmed by quantitative polymer-
ase chain reaction the overexpression of CXCR5 messenger RNA 
in CD4+ T cells of TAK patients as compared to that in the CD4+ T 
cells of GCA patients (P = 0.02) (Supplementary Figure 1, available 
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on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41672/ abstract).

Next, using both the literature (16– 22) and general knowl-
edge, we established and manually curated a Tfh cell– specific 
gene signature and computed a signature score using an R GSVA 
software package that estimated the enrichment of a gene signa-
ture in a given patient group. We found that this Tfh cell– specific 
gene signature was significantly more present in CD4+ T cells of 
TAK patients as compared to GCA patients (even after adjust-
ment of P values for age with an R Limma software package) 
and younger age- matched healthy donors (Figures 1C and D). 
Of note, this Tfh cell signature score was not significantly different 
between younger and older healthy donors. Furthermore, none 

of the genes comprising this Tfh cell signature were significantly 
dysregulated between older and younger healthy donors (data 
not shown). As TAK patients and GCA patients are characterized 
by different demographic features, we confirmed that none of the 
transcriptomic differences at both the Tfh gene and signature lev-
els were related to the age, sex, or geographic origin of the TAK 
patients and GCA patients or total healthy donors (Supplemen-
tary Table 2 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41672/ 
abstract]). We observed that the following cell functions and genes 
were the most up- regulated in GCA patients as compared to 
healthy donors: cell metabolism/homeostasis, cytokine/chemok-
ine secretion and associated cell response, chemotaxis of T cells 
(TNFSF8, TNFSF9, IL2RA, CD70, IL2RB, LTA, CXCR3, CXCR1, 

Figure 1. Specific CXCR5, CCR6, and PDCD1 CD4+ T cell gene signatures in patients with Takayasu arteritis (TAK). A, Purified CD4+ T cells 
from 25 patients with active TAK, 27 patients with giant cell arteritis (GCA), and 37 healthy donors (HDs) (who were age- matched to 25 “younger” 
patients with TAK and 12 “older” patients with GCA) were analyzed by microarray gene analysis. No patients included in the analysis received 
steroid doses higher than 10 mg/day or immunosuppressants. CD4+ T cells of TAK patients and GCA patients and age- matched healthy 
donors exhibited distinct mRNA signatures. CXCR5, CCR6, and CCL20 were significantly up- regulated in patients with TAK as compared to 
patients with GCA and age- matched healthy donors. B, Qiagen Ingenuity Pathway Analysis revealed the most dysregulated genes between 
TAK patients, GCA patients, and healthy donors. C and D, A follicular helper T (Tfh) cell– specific gene signature that is significantly enriched 
in the CD4+ T cells of TAK patients versus GCA patients and age- matched healthy donors was constructed based on profiles reported in the 
literature (16,17,21). E, Increased frequency of CXCR5+ cells in CD4+ T cells of patients with TAK compared to patients with GCA and healthy 
donors was confirmed by flow cytometry. F, Frequency of CXCR5+ cells was higher in TAK patients with active disease (aTA) (n = 13) compared 
to those with inactive disease (iTA) (n = 8). Symbols represent individual subjects; values are the mean ± SEM (C) or median (interquartile range) 
(E and F). ** = P < 0.01; **** = P < 0.0001 by Student’s t- test (Limma- moderated t- test) with Benjamini- Hochberg correction (C) and standard 
Mann- Whitney test with no P value correction (E and F). NS = not significant.
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CXCL11, and CXCL6), and innate immunity (LY96, IRAK2, and 
IRAK3).

We next confirmed by flow cytometry the overexpression 
of CXCR5 by CD4+ cells in TAK patients. The proportion of 
CXCR5+CD4+ cells (defined as circulating Tfh cells) among total 
CD4+ T cells was dramatically higher in TAK patients compared 
to that in total CD4+ T cells of GCA patients or younger healthy 
donors. In TAK patients, the median proportion of CXCR5+CD4+ 
T cells was 15.4% (range 10– 30.8%) whereas in GCA patients 
and healthy donors, the median proportion of CXCR5+CD4+ T 
cells was 5.3% (range 1.4– 12.2%) and 9.7% (range 5.6– 12.5%), 
respectively (P < 0.0001 and P = 0.0001, respectively) (Figure 1E). 
Levels of CXCR5+ cells were also higher in patients with active 
TAK as compared to patients with inactive TAK (Figure 1F). 
We concluded that circulating Tfh cell frequency is specifically 
increased in the peripheral blood of TAK patients as compared to 
GCA patients and healthy donors.

Circulating CD4+CXCR5+CCR6+CXCR3− Tfh17 cells 
significantly increased in patients with TAK. We next 
studied, in depth, Tfh cell differentiation in patients with LVV 
and healthy donors. The same procedure described earlier 

(Figure 1C) was performed with a Tfh17 cell– specific gene sig-
nature based on the literature (15,16,20,21). Results showed 
that this Tfh17 cell signature was also very significantly enriched 
in the CD4+ T cells of TAK patients as compared to those in 
GCA patients (even after adjustment of P values for age with 
an R Limma software package) and younger age- matched 
healthy donors (Figure 2A). Additionally, this Tfh17 cell signa-
ture score was not significantly different between younger and 
older healthy donors. Moreover, the raw expression levels of 
the genes comprising this Tfh17 cell– specific signature were 
highly enriched in CD4+ T cells of TAK patients versus that 
in the CD4+ T cells of GCA patients and total healthy donors 
(Figure 2A), and, importantly, none of these genes were signifi-
cantly dysregulated between older and younger healthy donors. 
Additionally, the Tfh17 signature score and the expression of 
each gene composing this signature were not correlated with 
age, sex, or geographic origin in TAK patients, GCA patients, 
and total healthy donors (Supplementary Table 2 [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41672/ abstract]).

Furthermore, flow cytometry analysis of PBMCs from differ-
ent patient groups confirmed a higher frequency of total CXCR6+ 
cells in CD4+ T cells from TAK patients as compared to that in 

Figure 2. Significantly increased circulating CD4+CXCR5+CCR6+CXCR3− T cells (Tfh17) in patients with TAK. A, The Tfh17- specific gene 
signature was shown to be highly enriched in CD4+ T cells from 25 patients with TAK compared to 27 patients with GCA and 37 age- matched 
healthy donors (including 25 younger healthy donors age- matched to TAK patients and 12 healthy donors old age- matched to GCA patients). 
B, The frequency of CXCR5+CXCR6+CXCR3− cells was also higher in CD4+ T cells from 13 patients with TAK as compared to 14 patients with 
GCA or 17 total healthy donors. C, The proportion of Tfh17 cells (defined as CD4+CXCR5+CCR6+CXCR3− T cells) was higher in TAK patients 
compared to GCA patients and younger and older healthy donors. D and E, Peripheral blood mononuclear cells (PBMCs) from 11 patients 
with TAK, 12 patients with GCA, and 49 total healthy donors were stimulated for 4 hours with 0.05 µg/ml phorbol 12- myristate 13- acetate 
(PMA) and 1 mM (1 µg/ml) ionomycin. Interleukin-17 (IL-17) (D) and IL-6 (E) levels in culture supernatants were quantified. Levels of IL- 17 were 
significantly higher in TAK patients compared to GCA patients and healthy donors, and levels of IL- 6 were higher in TAK patients as compared 
to GCA patients and younger healthy donors, although the difference between TAK and GCA patients was not significant. Symbols represent 
individual subjects; values are the mean ± SEM (A) or the median (interquartile range) (B– E). * = P < 0.05; ** = P < 0.01; **** = P < 0.0001 by 
Student’s t- test (Limma- moderated t- test) with Benjamini- Hochberg correction (A) or standard Mann- Whitney test (unadjusted P) (B– E). See 
Figure 1 for other definitions.
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CD4+ T cells from GCA patients or healthy donors. The propor-
tion of CXCR5+CCR6+ cells in CD4+ cells was increased in TAK 
patients (median 4.52% [range 1.07– 13.35%]) as compared to 
the proportion of CXCR5+CCR6+ cells in CD4+ T cells in GCA 
patients (median 0.69% [range 0.13– 2.16%]) and younger 
healthy donors (median 2.3% [range 0.3– 4.2%]) (P = 0.0001 
and P = 0.02, respectively, for GCA patients and healthy donors) 
(Figure 2B and Supplementary Figures 2A and B [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41672/ abstract]). Circulating 
CXCR5+ T cells in patients with TAK predominantly comprised 
Tfh17 cells (Figure 2C). We also found that levels of IL- 17 and 
IL- 6 were increased in culture supernatants of patients with TAK 
as compared to patients with GCA and younger healthy donors 
(for IL- 17, mean ± SEM 134.7 ± 147.9 pg/ml in patients with TAK 
versus mean ± SD 9.6 ± 9.2 pg/ml in GCA patients [P = 0.02]; 
for IL- 6, mean ± SEM 101.4 ± 121.6 pg/ml in patients with 
TAK and mean ± SEM 27.6 ± 40.1 pg/ml in patients with GCA 
[P = 0.06]) (Figures 2D and E). We concluded that Tfh17 frequency 
is specifically increased in the peripheral blood of patients with 
TAK compared to patients with GCA and healthy donors.

Specific B cell activation profile in TAK patients. As 
Tfh cells are known to stimulate B cells, another microarray gene 
analysis of purified CD19+ B cells of 8 patients with active TAK, 
6 patients with active GCA, and 17 healthy donors (including 13 
younger healthy donors age- matched to patients with TAK and 
4 older healthy donors age- matched to patients with GCA) was 
performed. We generated from the literature (23) a gene signature 
specific for B cell activation/proliferation and tested its enrichment 
in patients with TAK, patients with GCA, and healthy donors using 
an R GSVA software package. We found that this signature is 
significantly enriched in B cells from patients with TAK as com-
pared to patients with GCA, even after adjustment of P values 
for age with an R Limma software package (Figures 3A and B). 
Furthermore, the expression of the genes comprising the B cell 
signature was not correlated with age, sex, or geographic origin in 
TAK patients, GCA patients, and healthy donors (Supplementary 
Table 2). Consistent with this, histologic analysis of aorta samples 
from patients with TAK showed major infiltrates of CD20+ cells 
with nodular organization, whereas the presence of CD20+ cells 
was weaker in patients with GCA and had less nodular organ-
ization (Figure 3C). We also observed the expression of B cells 
differentiation and growth markers such as CD27, CD38, and 
BAFF (Supplementary Figure 3A, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41672/ abstract).

We next quantified the expression of CD20 in aorta sam-
ples from TAK patients and GCA patients and found that the sur-
face area of CD20+ cells was significantly higher in the aortas of 
TAK patients as compared to those of GCA patients (P = 0.01) 
(Figure 3D). The frequency and the absolute number of circu-
lating CD19+ cells among lymphocytes were also increased in 

patients with active and untreated TAK as compared to patients 
with active and untreated GCA and age- matched healthy donors 
(mean ± SEM 12.6 ± 4% for TAK patients versus mean ± SEM 
8.1 ± 5% for GCA patients and mean ± SEM 9.8 ± 4.5% for 
healthy donors [P = 0.0002 and P = 0.0032, respectively, for 

Figure 3. Specific B cell activation profile in patients with TAK. A, 
Specific gene signature for B cell activation/proliferation is highly 
enriched in the CD19+ B cells of 8 patients with TAK as compared to 
6 patients with GCA and 17 age- matched healthy donors (including 
13 younger healthy donors age- matched to TAK patients and 4 
older healthy donors age- matched to GCA patients). B, Heatmap 
demonstrates the distinction in B cell activation/proliferation gene 
signatures between TAK patients and GCA patients and total 
healthy donors. C, Major infiltrates of CD20+ cells with nodular 
organization are evident in the aorta specimens from TAK patients 
compared to those from GCA patients. D, Results of surface area 
staining of CD20+ cells in aorta samples from 7 patients with 
TAK and 7 patients with GCA are shown. E, Frequency of CD19+ 
cells is increased in 23 patients with active and untreated TAK 
compared 13 patients with active and untreated GCA and 77 total 
healthy donors. Symbols represent individual subjects; values are 
the mean ± SEM (A) or the median (interquartile range) (D and E).  
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t- test 
(Limma- moderated t- test) with Benjamini- Hochberg correction (A) 
or standard Mann- Whitney tests (unadjusted P) (D and E). See 
Figure 1 for definitions.
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GCA patients and healthy donors]) (Figure 3E and Supplemen-
tary Figure 3B). Importantly, both metrics were not significantly 
different between older and younger healthy donors and were 
not significantly correlated with age, sex, or geographic origin 
in TAK patients, GCA patients, and total healthy donors (Sup-
plementary Table 3 [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41672/ abstract]). Also, levels of BAFF cytokines measured by 
enzyme- linked immunosorbent assay in the sera of TAK patients 
tended to be higher compared to those observed in GCA patients 
(mean ± SEM 498.9 ± 141.3 pg/ml versus 424.9 ± 177.4 pg/
ml; P = 0.0571] (Supplementary Figure 3C). We concluded that 
the peripheral blood and aortas of patients with TAK presented 
elevated levels of B cells with an activated/proliferating profile as 
compared to patients with GCA and healthy donors.

Assistance of naive B cells through the JAK/STAT 
pathway via circulating CD4+CXCR5+ Tfh cells from 
TAK patients. As we have shown a specific Tfh cell differ-
entiation in patients with TAK, we next aimed to confirm their 
functionality. CD4+CXCR5+ or CD4+CXCR5− T cells from TAK 
patients were cultured with naive CD27−IgD+CD19+ B cells 
of the same patients in the presence of a superantigen (Cyto-
Stim). CD4+CXCR5+ T cells induced a higher proliferation of B 

cells on day 3 as compared to CXCR5−CD4+ T cells (Figure 4A 
and Supplementary Figure 4A [http://onlin e libr ary.wiley.com/
doi/10.1002/art.41672/ abstract]). Consistently, the proportion 
of CD19+ cells on day 7 was significantly increased in cul-
tures including CD4+CXCR5+ T cells as compared to those 
including CD4+CXCR5− T cells (mean ± SEM 33.8% ± 12% 
versus 24.9% ± 6%; P = 0.008) (Figure 4B). In TAK patients, 
CD4+CXCR5+ T cells were shown to enhance naive B cells 
into differentiating into CD27+ memory B cells compared 
to CD4+CXCR5− T cells (mean ± SEM 6.7% ± 3.4% ver-
sus mean ± SEM 3.7% ± 2.1%; P = 0.008) and were also 
shown to help B cells secrete IgG (P = 0.04) (Figures 4C and D).

We next tested whether the JAK/STAT cellular pathway was 
involved in the cooperation of CD4+CXCR+ T cells, with B cells 
ultimately leading to B cell differentiation. Inhibition of the JAK/
STAT pathway with ruxolitinib (anti- JAK1/2) led to a significant 
decrease in B cell maturation as measured by the frequency 
of CD27+ B cells on day 7 (mean ± SEM 6.7% ± 3.4% versus 
1.3% ± 0.52%; P = 0.01) (Figure 4C) and a decrease of the IgG/
IgM ratio (mean ± SEM 3.17% ± 0.58% versus 1.5% ± 0.05%; 
P < 0.0001) (Figure 4D). Finally, we found that ruxolitinib significantly 
inhibited secretion of IL- 6 in the B cells/CXCR5+ coculture super-
natants (mean ± SEM 11.26 ± 10.26 pg/ml versus 0.63 ± 1.07 

Figure 4. Assistance of naive B cells through the JAK/STAT pathway via circulating CD4+CXCR5+ Tfh cells from TAK patients. CD4+CXCR5+ 
or CD4+CXCR5− T cells from 8 patients with TAK were grouped by fluorescence- activated cell sorting and cultured with naive B cells (defined as 
CD27−IgD+CD19+ cells), followed by stimulation with a superantigen. Proliferation of B cells was assessed on day 3 by 5,6- carboxyfluorescein 
succinimidyl ester staining. A, Proportion of proliferative B cells was higher in the presence of CD4+CXCR5+ T cells compared to CD4+CXCR5−  
T cells. B, Proportion of CD19+ cells was significantly higher on day 7 in the presence of CXCR5+ T cells compared to CXCR5− T cells. C, 
Proportion of CD27+ memory B cells was significantly higher on day 7 in the presence of CXCR5+ T cells compared to CXCR5− T cells. 
Inhibition of the JAK/STAT pathway with ruxolitinib led to the suppression of differentiation into CD27+ B cells. Results from 8 patients with 
active TAK are shown in B and C. D, Measurement of IgG and IgM secretion was performed in supernatants (n = 9) of naive B cells cultured 
with CXCR5+ or CXCR5− T cells. The subsequent secretion of IgG (measured relative to IgM) was higher in B cells cultured with CXCR5+  
T cells. Inhibition with ruxolitinib led to a decreased IgG/IgM ratio. E, Secretion of interleukin- 6 (IL- 6) was significantly inhibited when ruxolitinib 
was added to cocultures (n = 7). Symbols represent individual samples; values are the mean ± SEM (A) or median (interquartile range) (B– E). 
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t- test (A) or Mann- Whitney test (for comparisons of CXCR5− and CXCR5+ T cells) or
Wilcoxon’s matched pairs test (for comparisons of CXCR5+ T cells in the absence or presence of ruxolitinib) (B– E). See Figure 1 for definitions.
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pg/ml; P = 0.02) (Figure 4E), although no difference in secretion 
of IL- 6 was found between CD4+CXCR5+ and CD4+CXCR5−  
T cells in the absence of ruxolitinib. Moreover, we also performed 
the same experiments comparing fluorescence- activated cell 
sorted CD45RA−CXCR5+ T cells to CD45RA−CXCR5−CD4+  
T cells for cocultures. Results of CD27 expression and IL- 6 secre-
tion were similar to those previously presented (Supplementary 
Figures 4B and C [http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41672/ abstract]).

Additionally, we performed the same experiments by pre-
treating either B cells or Tfh cells with ruxolitinib before cocul-
tures. It was found that ruxolitinib also inhibited IL- 6 secretion 
in both conditions (i.e., only B cells treated with ruxolitinib and 
only CXCR5+ T cells treated with ruxolitinib). However, ruxolitinib 
did not inhibit B cell maturation (as defined by CD27 expression) 
when B cells and Tfh cells were not treated together with ruxol-
itinib (i.e., ruxolitinib did not have any impact on B cell maturation 
when either B cells only or Tfh cells only were pretreated with 
the drug before cocultures) (Supplementary Figures 4B and C).

Altogether, these results showed that CD4+CXCR5+ T cells, 
which were known to be increased in patients with TAK, remained 
functional (with Tfh cell properties) and were able to help B cell 
proliferation and differentiation through the JAK/STAT pathway.

Increased tertiary lymphoid structures comprising 
CXCR5+, CD4+, PD- 1+, and CD20+ cells within inflamed 
aortas of TAK patients. The presence of TLOs has previously 
been shown in LVV (11,24). Thus, we compared the presence of 
TLOs in the aortic wall samples of 12 patients with TAK and 15 
patients with GCA to further study the immune response within 
inflamed aortas. Interestingly, we confirmed that the presence 
of TLOs was more frequently observed in the aortas of patients 
with TAK as compared to patients with GCA (P < 0.05) (Supple-
mentary Figures 5A– C [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41672/ abstract]). TLOs exhibited high expression of CXCR5 
within their periphery, as shown with CD4 staining in the aortas 
of patients with TAK (Supplementary Figure 5B). PD- 1 and Bcl- 6 
were also highly expressed in these structures, unlike aortas of 
patients with GCA.

TCR sequencing of CD4+CXCR5+ T cells in the aortas 
of patients with TAK. TCR repertoire analysis of fluorescence- 
activated cell sorted CD4+CXCR5+ T cells and CD4+CXCR5− 
T cells was performed on peripheral blood and aorta samples 
from 2 patients with TAK (number of CD4+ T cells in the aor-
tas and peripheral blood of TAK patients was 4,686 cells and 
4,655,000 cells, respectively, for patient 1 and 1,534 cells and 
3,558,000 cells for patient 2) (Figure 5A). We observed a very 
broad  repertoire of peripheral CD4+ T cells in the peripheral 
blood of TAK patients, whereas CD4+ T cells originating from 
aorta lesions of TAK patients had a more oligoclonal profile 
(Figure 5B and Supplementary Figure 6A [http://onlin elibr ary.

wiley.com/doi/10.1002/art.41672/ abstract]). It was shown that 
the TCR repertoire in aortic cells was narrower for CD4+CXCR5+ 
T cells than in CXCR5−CD4+ T cells. In the first patient with TAK, 
one clonotype represented 97.6% of the TCRα repertoire in 
CD4+CXCR5+ aortic T cells. In the second patient with TAK, 
two major clonotypes represented 96.1% of the TCRα repertoire 
found in CD4+CXCR5+ aortic T cells. The most frequent clono-
types found in CD4+CXCR5+ aortic T cells are reported in Sup-
plementary Figure 6B (http://onlin e libr ary.wiley.com/doi/10.1002/
art.41672/ abstract). Of note, some patterns of the major aortic 
CD4+CXCR5+ sequences have been previously reported in 
other autoimmune/inflammatory diseases (25), as well as in vas-
cular diseases (26,27) (Supplementary Figure 6B).

Figure 5. T cell receptor repertoire oligoclonal distribution in Tfh 
cells from the arteries of patients with TAK. A, Gating strategy used 
in the fluorescence- activated cell sorting of CXCR5− and CXCR5+ 
CD4+ T cells either from peripheral blood or aorta samples in 2 
patients with TAK. B, Oligoclonal profile of CXCR5+ and CXCR5− 
CD4+ T cells in aorta and peripheral blood samples from 2 patients 
with TAK. See Figure 1 for definitions. Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41672/abstract.
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DISCUSSION

We showed for the first time a specific gene signature of circu-
lating Tfh cells that discriminates TAK patients from GCA patients 
and age- matched healthy donors. Circulating CD4+CXCR5+ T 
cells have been shown in recent studies to have functional char-
acteristics similar to Tfh cells. Indeed, circulating CD4+CXCR5+ 
T cells promote survival, proliferation, and differentiation of B cells 
into plasma cells as Tfh cells are present in germinal centers (28). 
However, the phenotype of circulating Tfh cells differs from "con-
ventional" tissue- specific Tfh cells that express high levels of PD- 1 
and inducible costimulator (ICOS). In peripheral blood, only a few 
CD4+CXCR5+ T cells express ICOS or PD- 1 (29). Thus, PD- 1 
and ICOS do not define circulating Tfh cells. Instead, these can be 
distinguished according to their membrane expression of CCR6 
and CXCR3 (30).

In our study, we also demonstrated an increase of CD4+ 
CXCR5+CCR6+CXCR3− T cells in patients with TAK, corre-
sponding to the Tfh17 cell population, which was consistently 
confirmed by transcriptomic analysis using a Tfh17- specific gene 
signature that was greatly enriched in TAK patients as compared 
to GCA patients and age- matched healthy donors (but also 
other healthy donors that were not age- matched to TAK or GCA 
patients). Importantly, we demonstrated that the up- regulation 
of Tfh and Tfh17 signatures observed in TAK patients were not 
explained by differences in age, sex, or geographic origin, as the 
expression of the genes comprising these signatures (along with 
the global signatures enrichment scores) were not correlated with 
these demographic characteristics. Our findings are consistent 
with previous cytometric data on small cohorts of TAK and GCA 
patients that showed a higher proportion of Tfh cells in TAK as 
compared to GCA patients (7).

Our transcriptomic analysis of CD19+ B cells in LVV patients 
revealed a significant enrichment of a gene signature associ-
ated with B cell activation, proliferation, and differentiation in TAK 
patients as compared to GCA patients. Consistently, we identi-
fied an increase in the number of B cells in the peripheral blood 
and arterial lesions of TAK patients as compared to GCA patients. 
Serum levels of BAFF tended to be higher in patients with TAK. 
Only few studies have described B cell profiles in patients with 
TAK, but one study has shown an increased absolute number and 
frequency of peripheral blood CD19+CD20−CD27high antibody– 
secreting B cells in patients with active TAK (31). The role of B 
cells in TAK has also been supported by the use of rituximab in 
case reports (31). In addition, studies have shown a decrease in 
the level of circulating B cells in patients with active GCA (32) that 
normalized rapidly with treatment.

Consistent with previous studies, we observed the pres-
ence of TLOs in inflamed aortas of patients with TAK and patients 
with GCA (11,24,33). However, we found significant differences 
between the two diseases. First, the proportion of TLOs in aorta 
lesions was clearly increased in TAK patients as compared to 

GCA patients. Moreover, their repartition was dramatically differ-
ent, with a highly ordered nodular organization of the inflammatory 
infiltrates in TAK patients. We highlighted the marked expression 
of CXCR5, Bcl- 6, PD- 1, IL- 21, BAFF, and CXCL13, which are crit-
ical molecules for the development and homeostasis of tertiary 
lymphoid structures. TLOs may be observed in tissues affected 
by unresolving inflammation as a result of infection, autoimmun-
ity, or cancer. These highly ordered structures are composed of 
cells present in the lymphoid follicles typically associated with 
the spleen and lymph node compartments (34). The structural 
 similarities between TLOs and B cell follicles found in secondary 
lymphoid organs suggest a local recruitment of naive cells via high 
endothelium venules, their activation, and the establishment of 
an immunologic humoral memory supported by Tfh cells. In the 
present study, TLOs were mainly detected in the adventitia aorta 
specimens of TAK patients. Analysis of immune adventitial cells 
showed a high percentage of memory-  and antigen- experienced 
B cells and the presence of cells expressing canonical Tfh 
cell markers, such as CXCR5, Bcl- 6, and PD- 1. TCR sequencing 
of CD4+CXCR5+ T cells located within inflamed aortas of patients 
with TAK showed oligoclonal populations.

The restricted repertoire of CD4+CXCR5+ T cells within the 
aorta strongly suggests antigenic selection of Tfh cells. Inter-
estingly, the TCR sequences found in our study have already 
been reported in diseases known to be linked to autoim-
mune mechanisms and B cell abnormalities, such as Sjögren’s 
syndrome (35) and multiple sclerosis (25), and in coronary and 
cardiac injuries (26,36). Altogether, these results suggest an 
antigen- specific immune response based on cooperation of 
Tfh cells and B cells occurring in the adventitia of blood vessels 
in patients with TAK.

Cooperation between Tfh cells and B cells in TAK patients 
was further demonstrated by functional tests showing that 
CD4+CXCR5+ T cells helped B cells to proliferate and differ-
entiate. The cooperation between Tfh cells and B cells in TAK 
was mediated by the JAK/STAT pathway. Zhang et al have pre-
viously shown that in GCA patients, tofacitinib effectively sup-
presses innate and adaptive immunity in the vessel wall, with 
reduced proliferation and minimal production of the effector mole-
cules interferon- γ, IL- 17, and IL- 21 (37,38). Taken together, these 
data suggest that JAK inhibitors might be a promising therapeutic 
strategy in TAK (38).

In summary, we established specific Tfh cell and Tfh17 cell 
signatures that characterize TAK. We highlight the cooperation 
between Tfh cells and B cells through the JAK/STAT pathway in 
patients with TAK. Our results provide new therapeutic approaches 
toward LVV and important insight into its pathogenesis.
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Genetic Association of a Gain- of- Function IFNGR1 
Polymorphism and the Intergenic Region LNCAROD/DKK1 
With Behçet’s Disease
Lourdes Ortiz Fernández,1 Patrick Coit,1 Vuslat Yilmaz,2 Sibel P. Yentür,2 Fatma Alibaz- Oner,3  Kenan Aksu,4 
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Objective. Behçet’s disease is a complex systemic inflammatory vasculitis of incompletely understood etiology. 
This study was undertaken to investigate genetic associations with Behçet’s disease in a diverse multiethnic 
population.

Methods. A total of 9,444 patients and controls from 7 different populations were included in this study. 
Genotyping was performed using an Infinium ImmunoArray- 24 v.1.0 or v.2.0 BeadChip. Analysis of expression data 
from stimulated monocytes, and epigenetic and chromatin interaction analyses were performed.

Results. We identified 2 novel genetic susceptibility loci for Behçet’s disease, including a risk locus in IFNGR1 
(rs4896243) (odds ratio [OR] 1.25; P = 2.42 × 10−9) and within the intergenic region LNCAROD/DKK1 (rs1660760) 
(OR 0.78; P = 2.75 × 10−8). The risk variants in IFNGR1 significantly increased IFNGR1 messenger RNA expression 
in lipopolysaccharide- stimulated monocytes. In addition, our results replicated the association (P < 5 × 10−8) of 
6 previously identified susceptibility loci in Behçet’s disease: IL10, IL23R, IL12A- AS1, CCR3, ADO, and LACC1, 
reinforcing the notion that these loci are strong genetic factors in Behçet’s disease shared across ancestries. We 
also identified >30 genetic susceptibility loci with a suggestive level of association (P < 5 × 10−5), which will require 
replication. Finally, functional annotation of genetic susceptibility loci in Behçet’s disease revealed their possible 
regulatory roles and suggested potential causal genes and molecular mechanisms that could be further investigated.

Conclusion. We performed the largest genetic association study in Behçet’s disease to date. Our findings reveal 
novel putative functional variants associated with the disease and replicate and extend the genetic associations in 
other loci across multiple ancestries.

Supported by the National Institute of Arthritis and Musculoskeletal and 
Skin Diseases of the National Institutes of Health (NIH) grant number R01-
AR070148 to Dr. Sawalha. Recruitment and genotyping of the European-
American controls was supported by NIH grants number U54GM104938, 
U19AI082714, UM1AI144292, P30AR053483, and P30AR073750 to Drs. 
Guthridge and James. This work was supported by the use of study data 
downloaded from the dbGaP web site, under dbGaP accession phs000272.
v1.p1.

1Lourdes Ortiz Fernández, PhD, Patrick Coit, MPH, Amr H. Sawalha, MD: 
University of Pittsburgh, Pittsburgh, Pennsylvania; 2Vuslat Yilmaz, PhD, Sibel 
P. Yentür, PhD, Güher Saruhan- Direskeneli, MD: Istanbul University, Istanbul, 
Turkey; 3Fatma Alibaz- Oner, MD, Haner Direskeneli, MD: Marmara University 
School of Medicine, Istanbul, Turkey; 4Kenan Aksu, MD, Gokhan Keser, MD: 
Ege University School of Medicine, Izmir, Turkey; 5Eren Erken, MD: Cukurova 
University School of Medicine, Adana, Turkey; 6Nursen Düzgün, MD: Ankara 
University School of Medicine, Ankara, Turkey; 7Ayse Cefle, MD, Ayten Yazici, 
MD: Kocaeli University School of Medicine, Kocaeli, Turkey; 8Andac Ergen, 
MD: Okmeydanı Research and Education Hospital, Istanbul, Turkey; 9Erkan 
Alpsoy, MD: Akdeniz University School of Medicine, Antalya, Turkey; 10Carlo 
Salvarani, MD: Azienda USL- IRCCS di Reggio Emilia and Università di Modena 

e Reggio Emilia, Modena, Italy; 11Bruno Casali, MD: Azienda Ospedaliera 
Arcispedale Santa Maria Nuova- IRCCS di Reggio Emilia, Reggio Emilia, Italy; 
12Bünyamin Kısacık, MD: Gaziantep University, Gaziantep, Turkey; 13Ina 
Kötter, MD: University Medical Center Hamburg- Eppendorf, Hamburg, 
Germany; 14Jörg Henes, MD: University Hospital Tuebingen, Tuebingen, 
Germany; 15Muhammet Çınar, MD: University of Health Sciences Turkey, 
Ankara, Turkey; 16Arne Schaefer, PhD: Charité University Medicine, Berlin, 
Germany; 17Rahime M. Nohutcu, DDS: Hacettepe University Sihhiye, Ankara, 
Turkey; 18Alexandra Zhernakova, MD, PhD, Cisca Wijmenga, PhD: University 
of Groningen and University Medical Center Groningen, Groningen, The 
Netherlands; 19Fujio Takeuchi, MD: Tokyo Seiei University, Tokyo, Japan; 
20Shinji Harihara, PhD: University of Tokyo Graduate School of Science, 
Tokyo, Japan; 21Toshikatsu Kaburaki, MD, PhD: Jichi Medical University 
Saitama Medical Center, Saitama, Japan; 22Meriam Messedi, PhD: Research 
Laboratory of Molecular Bases of Human Diseases 12ES17 and University 
of Sfax, Sfax, Tunisia; 23Yeong- Wook Song, MD: Seoul National University 
College of Medicine, Seoul, Republic of Korea; 24Timuçin Kaşifoğlu, MD: 
Eskisehir Osmangazi University School of Medicine, Eskisehir, Turkey; 25F. 
David Carmona, PhD: Universidad de Granada and ibs.GRANADA Instituto de 
Investigación Biosanitaria, Granada, Spain; 26Joel M. Guthridge, PhD, Judith  

https://orcid.org/0000-0002-6653-1758
https://orcid.org/0000-0002-9574-7355
mailto:
https://orcid.org/0000-0002-3884-962X
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41637&domain=pdf&date_stamp=2021-05-18


MULTIETHNIC GENETIC ANALYSIS IN BEHÇET’S DISEASE |      1245

INTRODUCTION

Behçet’s disease is a chronic relapsing– remitting inflamma-
tory disorder characterized by recurrent oral and genital ulcers. 
It is a systemic vasculitis that can affect the eyes, skin, blood 
vessels, central nervous system, and gastrointestinal tract (1). 
Behçet’s disease is also known as the “Silk Road disease,” since 
its highest prevalence coincides with this ancient route, stretch-
ing from Japan to the Mediterranean region (2). However, patients 
worldwide have been diagnosed as having Behçet’s disease 
(3). Although the etiology and pathogenesis of Behçet’s disease 
remain incompletely understood, it is suspected that environmen-
tal factors, such as infectious agents and others, might trigger 
the onset of the disease in genetically predisposed individuals by 
propagating a dysregulated immune response (4).

The genetic studies performed to date in Behçet’s disease 
have clearly established the HLA class I region as the most 
robust genetic susceptibility locus for the disease (5). Although 
the association with the classic HLA allele HLA– B*51 has been 
replicated in multiple ancestries, several additional loci within 
the HLA region, including a putative functional variant between 
HLA– B and MICA, have been reported (6– 8). Outside the HLA 
region, at least 16 loci have been reported to be associated 
with Behçet’s disease at a genome- wide level of significance 
(9– 16). These genetic susceptibility loci, such as IL10, IL23R- 
IL12RB2, STAT4, and FUT2, among others, provided impor-
tant insights into the pathogenic mechanisms that could be 
underlying the pathophysiology and immune dysregulation in 
Behçet’s disease.

Despite the progress in understanding the genetic etiology 
of Behçet’s disease, the majority of genome- wide association 
studies to date in this disease have presented data predominantly 
derived from 1 or 2 ancestral populations. In addition, currently 
available studies are limited by a relatively small sample size com-
pared to genetic studies in other immune- mediated diseases, 
which is in part due to the low prevalence of Behçet’s disease 
in many populations.

We performed a large genetic association study involving 
9,444 individuals, including Behçet’s disease patients and con-
trols, from 7 diverse populations around the world. We identified 
2 novel genetic associations in Behçet’s disease, most notably 
including a susceptibility variant that increases the expression of 
the IFNGR1 gene in monocytes. In addition, we extended the 
association of several previously reported genetic susceptibility 
loci to other populations and identified >30 loci with a suggestive 
association that provide additional insights into the pathogenesis 
of Behçet’s disease.

PATIENTS AND METHODS

Study population. A total of 9,444 individuals (3,477 
patients and 5,967 controls) were included in this study. All patients 
fulfilled the 1990 International Study Group classification criteria for 
Behçet’s disease (17). Our study population consisted of the fol-
lowing 7 independent cohorts of diverse ancestries: Turkish (1,317 
cases and 699 controls), Spanish (278 cases and 1,517 controls), 
Italian (144 cases and 1,270 controls), Korean (200 cases and 200 
controls), Tunisian (136 cases and 186 controls), Japanese (120 
cases and 218 controls), and Western European (67 cases and 
599 controls). Genotyping was performed using Illumina Immu-
noChip custom arrays (Infinium ImmunoArray- 24 v.1.0 or v.2.0 
BeadChip) according to the manufacturer’s instructions. Additional 
genotyping data from 1,215 Turkish cases and 1,278 Turkish con-
trols were obtained from dbGaP (accession no. phs000272.v1.p1) 
(9). A detailed description of the study population can be found in 
Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ 
abstract. The study was approved by the institutional review 
boards and the ethics committees at all participating institutions, 
and all study participants signed a written informed consent.

Data quality assessment and measures. The same 
stringent quality control measures were applied separately in each 
population cohort, to maintain consistency across populations, 
using Plink v.1.9 (18). Single- nucleotide polymorphisms (SNPs) 
were removed if they had a genotyping call rate <98%, minor 
allele frequency (MAF) <1%, or deviation from Hardy- Weinberg 
equilibrium in either cases or controls (P < 1 × 10−3). SNPs on 
sex chromosomes were not analyzed. In addition, samples with 
a genotyping call rate <95% were filtered out. Relatedness was 
assessed, and 1 individual from each pair of duplicates and/or 
first- degree relatives (Pi- HAT > 0.4) was randomly excluded.

To control for possible population stratification, principal com-
ponents analysis was performed using a set of linkage disequilib-
rium (LD)– pruned markers, pairwise r2 < 0.20, with EigenSoft 6.1.4 
software (19). Individuals >6 SD from the cluster centroids were 
considered outliers and were not included in the analyses. Dot plots 
showing the first 2 principal components were generated for each 
population using R 3.6 software (20) and are shown in Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract.

Imputation. Post– quality control genotyping data were 
used for the imputation of autosomal SNPs, which was conducted 
for each population independently with the Michigan Impu-
tation Server using Minimac3 (21). The software SHAPEIT (22)  
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was used for haplotype reconstruction with the Haplotype Ref-
erence Consortium r1.1 (23) as the reference population. Only 
SNPs with stringent correlation values (r2 > 0.9) were maintained 
for further analyses. Finally, additional quality control measures 
were conducted, and variants with MAF <1% or Hardy- Weinberg 
equilibrium P < 1 × 10−3 were excluded.

Data analysis. Plink v.1.9 (18) was used to perform asso-
ciation analyses. First, logistic regression was assessed for each 
population independently. The 5 first principal components were 
used as covariates. Genomic inflation factor (λ) was calculated per 
cohort using a set of ~3,000 SNPs included in the ImmunoChip, 
known as “null” SNPs, that have not previously been associated 
with immune- mediated diseases. Quantile– quantile plots for the 
P values are shown in Supplementary Figure 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41637/ abstract. Then, we performed a multi-
ethnic meta- analysis by means of the inverse variance method 
including the results of the logistic regressions for all populations. 
Heterogeneity of associations was tested using Cochran’s Q test 
P value (Q) and heterogeneity index (I2). A fixed- effects model was 
applied for those SNPs without evidence of heterogeneity (Q > 0.1 
and I2 < 50%). Q ≤ 0.1 and I2 ≥ 50% indicate evidence of hetero-
geneity, and a random- effects model was applied in that case. 
The commonly used genome- wide threshold of P < 5 × 10−8 was 
established for significant associations, and the SNP showing 
the lowest P value within each associated genomic region was 
reported as the lead SNP. In addition, a threshold of P < 5 × 10−5 
was established for suggestive associations.

Next, we performed joint conditional analysis using GCTA 
software to determine if multiple independent associations exist 
within an associated genomic region (24,25). This method uses 
the summary statistic from the meta- analysis and corrects for 
LD. Genotyping data from the 7 populations were used to esti-
mate the LD patterns used as reference, and the lead SNP was 
included as a covariate. We considered independent signals if a 
variant reached a conditional P value < 5 × 10−8. Both associ-
ated and suggestive genomic regions are named, in figures and 
tables, by the bounding genes except in the cases in which the 
literature repeatedly involves a specific gene. Finally, the qqman 
R package was used to generate the Manhattan and quantile– 
quantile plots.

To check if the overall risk allele frequencies identified in our 
study were different across our study populations, we first obtained 
the frequencies of the associated and suggestive variants (P < 5 × 
10−5) for cases and controls independently using Plink v.1.9. Only 
variants that were present in ≥6 of the 7 populations after quality 
control were considered. One- way analysis of variance (ANOVA) 
was performed using GraphPad Prism version 8.1.1 (GraphPad 
Software). Results for each group are presented as the mean ± SD. 
P values less than 0.05 were considered significant.

Functional annotation. To better understand the statisti-
cal associations in the disease context, we evaluated the potential 
causalities of the identified associated variants by performing a 
comprehensive functional annotation. First, we explored Regu-
lomeDB to annotate the SNPs with regulatory elements and get 
a probability score of how likely each variant plays a regulatory 
role (26). This score ranges from 0 to 1, with 1 being the most 
likely to be a regulatory variant. In addition, we queried HaploReg 
v4.1 for the epigenomic annotations (27) and the webtool Capture 
Hi- C plotter, https://www.chicp.org/chicp/, to evaluate chromatin 
interactions between SNPs and gene promoter regions (28). We 
also interrogated if our associated variants have been identified as 
acting as expression quantitative trait loci (eQTL) through the web 
tool FUMA GWAS (http://fuma.ctglab.nl) and through HaploReg 
v4.1.

We used expression and genotyping data from a previous 
study for the representation of the eQTL of IFNGR1 (29,30). Briefly, 
expression profiling of primary CD14+ monocytes obtained from 
260 European individuals and stimulated with lipopolysaccha-
ride (LPS) for 2 hours was performed with a HumanHT- 12v4 
BeadChip (Illumina), and genotyping was performed using a 
HumanOmniExpress- 12v1.0 BeadChip (Illumina) as previously 
described (29,30). These data were analyzed using one- way 
ANOVA followed by Tukey’s multiple comparisons test.

Finally, we explored the GWAS Catalog (https://www.ebi.ac. 
uk/gwas) to assess the pleiotropic effect of our associated signals.

RESULTS

After filtering with stringent quality controls, we analyzed a 
total of 8,982 individuals (3,197 patients) from 7 different popula-
tions: Turkish, Spanish, Italian, Korean, Tunisian, Japanese, and 
Western European. A summary of sample/variant quality control is 
shown in Supplementary Table 2, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41637/ abstract. Association testing was performed within 
each ancestry using a logistic regression model (Supplementary 
Figure 3, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract), 
and genomic control analysis showed no evidence of population 
stratification for any cohort (genomic inflation factor [λ] < 1.04) 
(Supplementary Table 2, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ 
abstract). Next, we undertook a multiethnic meta- analysis to com-
bine the results of the 7 populations (Figure 1). Consistent with our 
current knowledge of the disease, the strongest association was 
observed within the HLA region, which has been characterized 
previously (6,12,13).

Excluding the well- known HLA region, our results revealed 
62 variants at the genome- wide significance level (P < 5 × 10−8) 
that mapped onto 8 different genomic regions. Detailed results 
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of all these variants, including the association results for each 
population independently, are shown in Supplementary Table 3, 
available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract. We per-
formed joint conditional analysis to test if >1 variant within the 
associated genomic regions was independently associated with 
Behçet’s disease. This approach did not identify any additional 
independent signals for any of the 8 loci; conditional P values are 
shown in Supplementary Table 4, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41637/ abstract. Therefore, we used the strongest associated 
variant within each locus as the lead SNP of the association. 
Results for the lead SNP of each locus are illustrated in Table 1. 
Two of these 8 loci (IFNGR1 and the intergenic region LNCAROD/
DKK1) are novel genetic associations in Behçet’s disease, while 
the remaining 6 loci have been reported previously.

Of the 2 novel associated loci, the most strongly associated 
signal was located near IFNGR1 (lead SNP rs4896243) (odds 
ratio [OR] 1.25; P = 2.42 × 10−9). This genetic region also har-
bored 2 additional genome- wide associated variants (rs4896242 

[P = 4.62 × 10−9] and rs1327474 [P = 8.35 × 10−9]) represent-
ing the same signal of association. Consistent OR directions 
were observed across ancestries. These polymorphisms are in 
high LD, which was also reflected by the results of the condi-
tional analysis (Supplementary Table 4). No additional markers 
in LD were included in the analyses, as illustrated in the regional 
plots (regional plots showing the results of this region in each 
population are shown in Supplementary Figure 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41637/ abstract).

In common with most genetic variants associated with 
immune- mediated diseases, the IFNGR1 polymorphisms identi-
fied in our study reside in noncoding regions. Therefore, we carried 
out a comprehensive functional annotation to try to decipher the 
causal mechanisms of this association (Table 2 and Supplemen-
tary Table 5, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract). 
Epigenetic annotation revealed colocalization of the 3 associated 
variants with enhancer histone marks. In addition, rs1327474 colo-
calizes with promoter histone marks and DNase hypersensitivity 

Figure 1. Manhattan plot showing the results of a meta- analysis of Behçet’s disease cases and controls in the 7 populations included in this 
study (Turkish, Spanish, Italian, Korean, Tunisian, Japanese, and Western European). The −log10 P value for each genetic variant analyzed is 
plotted against its physical chromosomal position. The red line represents the genome- wide level of significance (P < 5 × 10−8), and the blue line 
represents the suggestive level of significance (P < 5 × 10−5).

Table 1. Results of the meta- analysis for the lead SNP of each genetic region associated with Behçet’s disease at a GWAS level of significance*

Locus Chromosome Position (hg19) SNP Location Minor allele P OR
IL10 1 206945311 rs3024490 Intronic A 2.81 x 10−10 1.26
Il23R 1 67744601 rs6660226 Downstream A 1.01 x 10−10 0.79
IL12A- AS1 3 159637678 rs76830965 Intronic A 3.43 x 10−12 1.66
CCR3 3 46208310 rs2087726 Intronic G 9.33 x 10−10 0.79
IFNGR1† 6 137514790 rs4896243 Downstream C 2.42 x 10−9 1.25
LNCAROD- DKK1† 10 54154620 rs1660760 Intergenic T 2.75 x 10−8 0.78
ADO 10 64561506 rs12220700 Upstream G 3.07 x 10−8 0.80
LACC1 13 44457925 rs2121034 Downstream T 9.44 x 10−9 0.79

* The genome- wide association study (GWAS) level of significance was set at P < 5 × 10−8. SNP = single- nucleotide polymorphism; hg19 = human 
reference genome; OR = odds ratio. 
† Newly identified locus. 
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sites in multiple primary tissues and cell types, including blood  
cells. Finally, ChIP- Seq data revealed that rs1327474 is located 
within an RNA polymerase II binding site in a B cell line (GM12891). 
Because these data suggest a potential regulatory role of these 
polymorphisms in IFNGR1, we checked if these variants have 
been identified to act as eQTLs (Table 2 and Supplementary 
Table 6, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract).

Interestingly, a previous study found that the variants 
rs4896243 and rs1327474 act as eQTLs for IFNGR1 expression 
in monocytes after a 2- hour LPS stimulation (P = 2.07 × 10−18 and 
2.18 × 10−18, respectively) (29). Our analysis of these data revealed 
that the Behçet’s disease– associated risk alleles increased the 
expression level of IFNGR1 (Figure 2). Finally, physical chroma-
tin interactions between these polymorphisms and other genes, 
such as TNFAIP3, IL22RA, and OLIG3, have been detected in 
different blood cell types (Supplementary Table 7 and Supplemen-
tary Figure 5, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract).

We also reported 2 genome- wide associated SNPs located 
in an intergenic region between LNCAROD and DKK1 (lead SNP 
rs1660760) (OR 0.78; P = 2.75 × 10−8), representing a newly 
identified signal associated with Behçet’s disease. Only genetic 
data for the Turkish population were maintained in this locus after 
quality control, and none of these variants showed high LD with 
any other genotyped or imputed SNPs (Supplementary Figure 4, 
available on the Arthritis & Rheumatology website at http://online 
libr ary.wiley.com/doi/10.1002/art.41637/ abstract). The lead SNP, 
rs1660760, has been reported to act as an eQLT in brain tissue 
(Table 2 and Supplementary Table 6, available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41637/ abstract).

In addition to the 2 new susceptibility loci we report in this  
study, we replicated with a genome- wide level of significance 6 

previously described loci in Behçet’s disease: IL10 (lead SNP rs -
3024490) (OR 1.26; P = 2.81 × 10−10), IL23R (lead SNP rs6660226) 
(OR 0.79; P = 1.01 × 10−10), IL12A- AS1 (lead SNP rs76830965) 
(OR 1.66; P = 3.43 × 10−12), CCR3 (lead SNP rs2087726) (OR 
0.79; P = 9.33 × 10−10), ADO (lead SNP rs12220700) (OR 0.80; 
P = 3.07 × 10−8), and LACC1 (lead SNP rs2121034) (OR 0.79; 
P = 9.44 × 10−9). Consistent OR directions were observed across 
ancestries for each locus. These data reinforce the strength of 
these associations and provide evidence of a shared genetic 
background across ancestries in Behçet’s disease (Supplementary 
Table 3, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract).

We further evaluated the possible functional implications of 
the genetic variants identified in this study that are within the 6 
loci previously identified with a genome- wide association study 
(GWAS) level of significance in Behçet’s disease. We found over-
lap with epigenetic features for all 6 of these loci (Table 2 and 
Supplementary Table 5 and Supplementary Figure 6, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41637/ abstract). Most of the polymor-
phisms identified as susceptibility variants for Behçet’s disease 
within these loci may change regulatory motifs and potentially alter 
transcription factor binding, and a significant proportion of variants 
overlapped with promoter and/or enhancer histone marks in ≥1 
tissue and/or cell type. In addition, most variants appear to act 
as eQTLs, thus modifying gene expression levels (Supplementary 
Table 6). Notably, the disease risk alleles in IL10 are associated with 
reduced expression of IL10 in whole blood. The Behçet’s disease– 
associated variants in IL23R identified in our meta- analysis are also 
associated with altered expression levels in whole blood for the 
following genes: PHKB, BATF2, CYB5R4, DRR1, and SLC35D1. 
Finally, Hi- C data revealed that most of the genetic variants associ-
ated with Behçet’s disease with a GWAS level of significance in our 
study showed physical chromatin interaction with gene promoter 

Table 2. Functional annotation of the 8 non- HLA loci associated with Behçet’s disease at a GWAS level of significance*

Locus SNP
RegulomeDB 

score

Promoter 
histone 
marks

Enhancer 
histone 
marks

DNase 
hyper- 

sensitivity
Proteins 
bound

eQTL  
in blood  

cells

eQTL  
in other  
tissues

IL10 rs1800872 0.609 Yes Yes No Yes IL10 IL19, IL24, FAIM3
Il23R rs2019262 0.638 Yes No No IL23R MIER1, IL12RB2, C1orf141
IL12A- AS1 rs76830965 0.775 Yes Yes Yes Yes – IL12A, TRIM59, BTN3A1, 

STAT1, GBP1, IFI6, 
APOL3, IFI44L, HERC6, 
MX1, GBP2, SCHIP1

CCR3 rs35678191 0.614 No Yes No No CCR5, CCR3, CCR2, 
CCRL2, CCR9, 
LZTFL1, CCR1, 
LRRC2, CXCR6, 
SACM1L

CXCR6, CCR2, CCR1, 
SLC6A20, PRSS45, 
PRSS46, CCR5

IFNGR1 rs4896243 0.805 No Yes No No IFNGR1 IFNGR1
LNCAROD- DKK1 rs1660760 0.184 No No No No – DKK1
ADO rs224106 0.154 No No No No ADO ADO, EGR2
LACC1 rs2121033 0.922 No No No No CCDC122, LACC1 CCDC122, LACC1, ENOX1

* The variant showing the highest RegulomeDB score for each region is displayed. The genome- wide association study (GWAS) level of significance 
was set at P < 5 × 10−8. SNP = single- nucleotide polymorphism; eQTL = expression quantitative trait locus. 
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regions (Supplementary Table 7). Of special note are those inter-
actions between SNPs and the promoters of the genes whose 
expression levels were affected in the same cell type, such as the 
interactions between the Behçet’s disease– associated CCR3 var-
iants and the promoters of CCR1 and CXCR6 in immune cells. 
These analyses support the idea that additional genes might be 
involved in the pathology of Behçet’s disease and might represent 
potential targets that could be further investigated.

Our study also revealed evidence of a suggestive associa-
tion (P < 5 × 10−5) in 752 additional SNPs corresponding to 39 
genomic regions (including SNPs within LACC1, CCR3, and 
IL23R) (Supplementary Table 8, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41637/ abstract). Among these loci, it is worth highlighting our 
findings in genes that have previously been found to be associated 
with Behçet’s disease, such as IL1A- IL1B (lead SNP rs35145107; 
P = 1.56 × 10−6), IRF8 (lead SNP rs6540239; P = 3.61 × 10−7), 
and UBAC2 (lead SNP rs4771332; P = 8.38 × 10−6). Additional 
suggestive associations in our study include IRF5 (lead SNP 
rs192829776; P = 6.40 × 10−6) and LBP (lead SNP rs139169382; 
P = 4.36 × 10−5), among others (Supplementary Table 8). Results 
from our data in genetic variants previously reported to be associ-
ated with Behçet’s disease with a GWAS level of significance are 
shown in Supplementary Table 9, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41637/ abstract.

DISCUSSION

The present study is the largest genetic association study 
undertaken to date in Behçet’s disease. Our results identified 2 
novel genetic regions associated with Behçet’s disease, a gain- 
of- function IFNGR1 polymorphism and variants in the intergenic 
region LNCAROD/DKK1. In addition, our data replicated the 
association of 6 previously reported genetic susceptibility loci for 
this disease and extended those associations across ancestries.

We have demonstrated, for the first time, the involvement of 
IFNGR1 as a susceptibility locus for Behçet’s disease. IFNGR1 
encodes the binding subunit, α chain, of the interferon- γ (IFNγ) 
receptor. The binding of IFNγ stimulates the activation of the 
JAK/STAT signaling pathway, which is crucial for the activation 
of the immune system (31). Interestingly, Tulunay and colleagues 
observed an increase in JAK/STAT signaling in both CD14+ mono-
cytes (P = 9.55 × 10−3) and CD4+ lymphocytes (P = 8.13 × 10−4) in 
patients with Behçet’s disease compared with healthy individuals 
(32). Our functional annotation analysis strongly suggested a regu-
latory role of the IFNGR1- associated variants. Indeed, we demon-
strated that the Behçet’s disease risk alleles in this locus increase 
IFNGR1 expression in monocytes after 2 hours of LPS stimulation. 
Few studies analyzing the involvement of monocytes in Behçet’s 
disease have been published to date (32– 35). Considering that 
the knowledge of the context and cell types that determine the 
strength of the eQTLs may help to identify molecular mechanisms 

Figure 2. Expression quantitative trait locus associations between 2 IFNGR1 variants (rs1327474 and rs4896243) and IFNGR1 transcripts 
in monocytes stimulated with lipopolysaccharide for 2 hours. The risk alleles (C) for both single- nucleotide polymorphisms correlated with 
significantly higher expression levels of IFNGR1. P values shown were determined by one- way analysis of variance. Differences between 
genotypes were as follows: for rs1327474, P = 4.40 × 10−2 for CC versus CT, P = 5.98 × 10−5 for CC versus TT, and P = 2.10 × 10−2 for CT 
versus TT; and for rs4896243, P = 6.15 × 10−3 for CC versus CT, P = 5.74 × 10−5 for CC versus TT, and P = 1.02 × 10−1 for CT versus TT, by 
Tukey’s multiple comparisons test. Symbols represent individual samples; bars show the mean ± SD.
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relevant to the disease (36), further research focused on elucidat-
ing the role of this genetic association in monocytes and its effect 
on Behçet’s disease– related pathophysiology is warranted.

IFNγ has been shown to play a key role in multiple molecular 
processes that are essential for a normal immune response such 
as promoting macrophage activation, orchestrating activation of 
the innate immune system, regulating Th1/Th2 balance, enhanc-
ing antigen presentation, and mediating antiviral and antibacterial 
immunity (37,38). Notably, IFNGR1 polymorphisms have been 
associated with susceptibility to several infectious agents, includ-
ing Helicobacter pylori, Mycobacterium tuberculosis, and hepati-
tis B virus (39– 41). All of this evidence supports the hypothesis 
that an infectious agent acts as a trigger for the onset of Behçet’s 
disease in individuals with predisposing genetic background, and 
highlight monocytes as a relevant cell type in the pathophysiology 
of Behçet’s disease. In addition, these data support a potential role 
for JAK/STAT inhibitors as therapeutic consideration for clinical tri-
als in Behçet’s disease (42).

Interestingly, an intronic variant in IFNGR1, rs7749390, has 
recently been identified as a genetic factor for mouth ulcers, albeit 
with a modest effect (OR 1.08 [95% confidence interval 1.07– 
1.08]) (43). This variant only passed the quality control measures 
in the Tunisian population in our study, which limited the statistical 
power to detect a genome- wide level association. However, our 
results showed a nominal association for this SNP with Behçet’s 
disease (OR 1.53 [95% confidence interval 1.05– 2.21]; P = 1.36 × 
10−2). In addition, the IFNGR1- associated variants identified in our 
study and rs7749390 are in LD, suggesting that they might corre-
spond with the same signal (Supplementary Table 10, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41637/ abstract).

The results of our study also revealed a new genetic sig-
nal within an intergenic region between LNCAROD and DKK1.  
LNCARDOD encodes a long intergenic non– protein- coding 
RNA that acts as an activating regulator of DKK1. DKK1 inhibits 
β- catenin– dependent Wnt signaling by binding to the co- receptor 
LRP6 (44). Wnt signaling has been shown to play a crucial role in 
several biologic processes, including cellular proliferation, angio-
genesis, and development of the immune system (45,46). In addi-
tion, recent evidence suggested the pathogenic involvement of 
DKK1 through the Wnt signaling pathway in immune- mediated 
diseases such as rheumatoid arthritis, psoriasis, systemic scle-
rosis, systemic lupus erythematosus, and ankylosing spondylitis 
(45,47). Therefore, Wnt signaling has gained increasing attention 
as a possible therapeutic target in immune- mediated diseases 
(47). However, considering that these polymorphisms were iden-
tified only in the Turkish cohort in our study, replication as well as 
functional studies are needed.

Our results replicated the association of IL10, IL23R, 
IL12A- AS1, CCR3, ADO, and LACC1 in Behçet’s disease. In 
addition, several of the associated variants in these loci have been 
reported to be associated with other immune- mediated disorders 

and/or infectious agents, which indicates a pleiotropic effect of 
these genetic variants (Supplementary Table 11, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41637/ abstract). However, the causal mecha-
nisms of these genetic associations remain unclear. Functional 
annotation analysis can reveal predicted functional effects and 
generate testable hypotheses. For example, associated SNPs in 
IL10 and IL12A- AS1 loci colocalize with promoter and enhancer 
histone marks in a multitude of cell types. IL23R variants have been 
identified to modify the expression levels of 10 different genes. It 
is worth highlighting CCR3- associated polymorphisms which act 
as eQTLs for CCR1 and CXCR6 and show evidence of chroma-
tin interactions with the promoters of these genes in blood cells. 
These predicted functional effects expand the genomic associa-
tions to several target genes that could be further investigated to 
decipher the exact molecular mechanisms involved in the patho-
physiology of Behçet’s disease.

Finally, we observed significant differences in the risk allele 
frequencies of the variants identified in our study (P < 5 × 10−5) 
across populations for both cases and controls (Supplementary 
Table 12, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41637/ abstract). 
Overall, the results suggest that the frequency of genetic variants 
identified in this study are consistent with the prevalence data for 
Behçet’s disease, showing the highest mean frequencies in the 
Tunisian, Turkish, and Asian populations (2,3).

In conclusion, we present the results of a large, multinational 
collaborative effort and dense genotyping in immune- related genetic 
loci to understand the genetic basis of Behçet’s disease. We iden-
tified novel genetic susceptibility loci for the disease, including a 
genetic association with a gain- of- function variant in IFNGR1 and 
genetic variants in the intergenic region LNCAROD/DKK1. We repli-
cated a number of previously identified genetic susceptibility loci for 
Behçet’s disease and extended them across diverse populations 
and ancestries. In addition, our functional and epigenetic annotation 
analysis revealed potential new candidate genes involved in Behçet’s 
disease. Furthermore, >30 additional loci with a suggestive level of 
association were identified, which will require further validation.
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The Vasculopathy of Juvenile Dermatomyositis: Endothelial 
Injury, Hypercoagulability, and Increased Arterial Stiffness
Charalampia Papadopoulou,1  Ying Hong,1 Petra Krol,2 Muthana Al Obaidi,1 Clarissa Pilkington,1 
Lucy R. Wedderburn,3  Paul A. Brogan,1  and Despina Eleftheriou4

Objective. Vasculopathy is considered central to the pathogenesis of juvenile dermatomyositis (DM) and is 
associated with severe extramuscular manifestations. We undertook this study to investigate the hypothesis that the 
vasculopathy of juvenile DM can be noninvasively tracked by examining biomarkers of endothelial injury, subclinical 
inflammation, hypercoagulability, and vascular arterial stiffness.

Methods. The study population was a UK cohort of children with juvenile DM. Circulating endothelial cells (CECs) 
and microparticles (MPs) were identified using immunomagnetic bead extraction and flow cytometry, respectively. 
Plasma thrombin generation was determined using a fluorogenic assay. Cytokine and chemokine levels were 
measured by electrochemiluminescence. Arterial stiffness was assessed using pulse wave velocity (PWV). Results 
were expressed as the median and interquartile range (IQR), and statistical significance was assessed using 
nonparametric analyses.

Results. Ninety patients with juvenile DM and 79 healthy control subjects were included. The median age of the 
patients was 10.21 years (IQR 6.68– 13.40), and the median disease duration was 1.63 years (IQR 0.28– 4.66). CEC 
counts were higher in all patients with juvenile DM compared to controls (median 96 cells/ml [IQR (40– 192] and 12 
cells/ml [IQR 8– 24], respectively; P < 0.0001). Circulating MP numbers were also significantly higher in patients with 
active juvenile DM compared to controls (median 204.7 × 103/ml [IQR 87.9– 412.6] and 44.3 × 103/ml [IQR 15.0– 249.1], 
respectively; P < 0.0001). MPs were predominantly of platelet and endothelial origin. Enhanced plasma thrombin 
generation was demonstrated in patients with active juvenile DM compared to those with inactive disease (P = 
0.0003) and controls (P < 0.0001). Carotid- radial PWV adjusted for age was increased in patients with juvenile DM 
compared to controls (P = 0.003).

Conclusion. We observed increased endothelial injury and increased levels of proinflammatory cytokines in 
patients with active juvenile DM. MP profiles reflected distinct disease activity status in juvenile DM and are markers 
of vascular pathology, platelet activation, and thrombotic propensity. Ongoing long- term vascular injury may result in 
increased arterial stiffness in patients with juvenile DM.
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INTRODUCTION

Vasculopathy is considered central to the pathogenesis of 
juvenile dermatomyositis (DM) and is associated with severe extra-
muscular manifestations (1– 5). The nature of this vasculopathy is 
complex, with evidence of both a true inflammatory small vessel 
vasculitis during active phases of the disease (2,6) and a nonin-
flammatory occlusive vasculopathy with capillary dropout later in 
the disease process (4,7). Notably, previous studies have indicated 
that the presence of severe vascular changes on muscle biopsy 
was predictive of a chronic disease course (8,9), suggesting that 
persistent vasculopathy is a poor prognostic factor and determinant 
of adverse outcome in juvenile DM (5). Moreover, in the longer term 
there may also be a systemic vasculopathy affecting larger arteries, 
potentially leading to accelerated atherosclerosis and premature 
cardiovascular morbidity later in adulthood (10,11).

A major hurdle to the study of the vasculopathy of juvenile 
DM has been a lack of noninvasively measurable biomarkers 
that reliably capture the full spectrum of the proposed patho-
genesis (12,13). Therefore, defining disease activity trajectories 
related to persistent endothelial injury in juvenile DM historically 
has been challenging. We and others have previously described 
2 methods for detecting endothelial cell components in blood 
that allow noninvasive assessment of vascular injury in systemic 
vasculitides: circulating endothelial cells (CECs) and endothelial- 
derived microparticles (EMPs) (14– 22). We hypothesized that 
these noninvasively measured biomarkers of endothelial injury 
could be used to detect chronic vasculopathic injury and a puta-
tive prothrombotic state in juvenile DM. The present study was 
undertaken to examine biomarkers of endothelial injury, subclin-
ical inflammation, hypercoagulability, and arterial stiffness in a 
UK cohort of patients with juvenile DM compared to age- similar 
healthy controls.

PATIENTS AND METHODS

Study design, subjects, and data collection. This was 
an observational comparative study, with ethical approval (MREC 
1/3/022). The legal guardians of all subjects (or the subjects them-
selves if of legal age) provided written informed consent.

Patients with juvenile DM. For study inclusion, patients 
had to be age 2– 19 years and have a diagnosis of juvenile DM 
(23). Patients were excluded from enrollment if they had any 
significant acute or chronic comorbidity that could cause acute 
endothelial injury, including intercurrent infection. Patients with 
juvenile DM were recruited from Great Ormond Street Hospi-
tal NHS Foundation Trust through the Juvenile Dermatomyositis 
Cohort and Biomarker Study (3,24) between September 2015 
and January 2018 and were studied cross- sectionally. A sub-
group of the patients studied cross- sectionally were also evalu-
ated prospectively.

Definition of inactive juvenile DM. Patients were classified 
as having clinically inactive juvenile DM based on a modification 
of the Paediatric Rheumatology International Trials Organisa-
tion (PRINTO) criteria (25), as follows: absence of skin disease 
at the time of assessment, and at least 3 of the following 4 
criteria: 1) creatine kinase (CK) ≤150 units/liter, 2) Childhood 
Myositis Assessment Scale (CMAS) score (26,27) ≥48/52, 3) 
Manual Muscle Testing 8 (MMT- 8) score (28) ≥78/80, and 4) 
physician global assessment ≤0.2 (of a possible 10). Juvenile 
DM disease activity was ascertained by independent scrutiny 
of patients’ medical records by 2 senior clinicians (MAO and 
DE); any discrepant cases were discussed to achieve consen-
sus. All clinical and laboratory assessments were performed 
by one of the authors (CP), with blinding with regard to study 
group (healthy control or juvenile DM case), and juvenile DM 
disease status (active or inactive).

Healthy controls. Age- similar and sex- matched children 
who had no acute or chronic illnesses at the time of recruitment 
and were not regularly taking any medication at time of sam-
pling were recruited as controls, with ethical approval (REC 11/
LO/0330). These children were either healthy unaffected siblings 
of patients with Kawasaki disease recruited for another major 
study our group has undertaken in the past (29) or were recruited 
through the Versus Arthritis Centre for adolescent rheumatology 
young scientist days, where healthy adolescents were invited 
to spend a day in the laboratory and donate blood with written 
informed consent.

Demographic, clinical, and laboratory data. Data collected 
included: age, sex, age at disease onset, disease duration, 
clinical features at initial presentation, routine echocardiogra-
phy results, histopathologic severity scores on muscle biopsy, 
presence and typing of myositis- specific antibodies (MSAs) (30), 
and treatments (past and current). Validated clinical tools and 
indices were used to capture the full extent of disease activity in 
a systematic manner, i.e., the CMAS, MMT- 8, physician global 
assessment of disease activity using a 10- cm visual analog scale 
(VAS) (31), functional ability according to the Childhood Health 
Assessment Questionnaire (32), parent global assessment of the 
patient’s overall well- being on a 10- cm VAS, and parent global 
assessment of the patient’s pain on a 10- cm VAS. The following 
laboratory test results were also collected: complete blood cell 
count, erythrocyte sedimentation rate (ESR), C- reactive protein 
(CRP), CK, alanine aminotransferase, and lactate dehydroge-
nase (LDH) levels, and antinuclear antibody status (33). Nailfold 
capillaroscopy was performed at the bedside with the use of a 
light, a 10× magnifying glass (otoscope), and a water- soluble gel 
(34) placed on the nailfold bed (of each of 8 fingers, excluding 
thumbs) to increase resolution; the result was considered abnor-
mal in the presence of capillary loss with irregular capillary distri-
bution, enlargement of capillary loops, changes in the capillary 
shape, or areas of hemorrhage (35).
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Conventional cardiovascular risk factors. Age, height, weight,  
body mass index, and smoking status were recorded before vas-
cular studies were performed. Echocardiography was performed 
in patients with juvenile DM as part of routine clinical practice 
at the time of recruitment. Resting (minimum 15 minutes) blood 
pressure and heart rate were measured at the brachial artery 
using an oscillometric manual sphygmomanometer (Greenlight 
300; Accoson). Nonfasting total cholesterol and triglycerides 
were also measured.

Assessment of inflammation indices. High- sensitivity 
CRP (hsCRP), serum amyloid A (SAA), angiopoietin 1 and 2, sol-
uble E- selectin, soluble intercellular adhesion molecules 1 and 
3, soluble vascular cell adhesion molecule 1, soluble P- selectin, 
thrombomodulin, tumor necrosis factor (TNF), interleukin- 1β (IL- 
1β), IL- 6, IL- 8, IL- 10, monocyte chemotactic protein 1 (MCP- 1), 
interferon- α (IFNα), IFNβ, IFNγ, IFN1, IFNγ- inducible 10- kd pro-
tein (IP- 10), and TNF receptor II were assessed using a multiarray 
detection system based on electrochemiluminescence technology 
(Sector Imager 2400; Meso Scale Discovery) (29). Galectin- 9 was 
assessed with a solid- phase enzyme- linked immunosorbent assay 
(R&D Systems) (36).

Assessment of endothelial injury. Circulating endothe-
lial cells and microparticles. CECs were identified using CD146- 
immunomagnetic bead extraction as previously described (37). 
Circulating MPs were identified by flow cytometry (BD LSRII). The 
MP population was defined as particles that were <1.1 µm in 
size and bound to annexin V (AnxV). Platelet- derived MPs (PMPs) 
were defined as AnxV+CD42a+ particles. The AnxV+CD42a− MP 
population was then used to further characterize EMPs (AnxV+ 
CD62E+CD42a−), B cell– derived MPs (CD19+AnxV+CD42a– ), 
T  cell– derived MPs (CD3+AnxV+ CD42a– ), and tissue factor  
(TF)– positive monocyte- derived MPs (TF+CD14+AnxV+CD42a−). 
MPs were stained with BV421 (BioLegend)– conjugated AnxV 
for binding with phosphatidylserine that is present in all MPs, 
phycoerythrin- conjugated mouse anti- human CD62E (clone 
68- 5H11; BioLegend) for defining endothelial- derived MPs, 

BV711- conjugated mouse anti- human CD19 (clone HIB19; 
BD OptiBuild) for identifying B cell– derived MPs, BV605- 
conjugated mouse anti- human CD14 (clone M5E2; BioLegend) 
for identifying monocyte- derived MPs, and allophycocyanin- 
conjugated mouse anti- human CD3 (clone UCHT1; BioLegend) 
for identifying T cell– derived MPs. Additional labeling with PerCP- 
conjugated mouse anti- human CD42a (BD PharMingen) was 
done to exclude MPs of platelet origin. To assess TF expression 
on monocyte- derived MPs, samples were stained with fluores-
cein isothiocyanate– conjugated mouse anti- human TF (clone 
VD8; American Diagnostica). All samples were analyzed on an 
LSR II flow cytometer with FACSDiva software (BD Biosciences).

Plasma thrombin generation assay. To assess the prothrom-
botic tendency of plasma, a thrombin generation assay was 
performed in recalcified citrated platelet- poor plasma (PPP), as 
previously described (16,38). PPP (40 µl) was incubated with 50 
µl fluorogenic substrate (0.5 mM Z- G- G- R- AMC/7.5 mM Ca2+) 
and the reaction monitored by excitation/emission (360/460 nm) 
at 1- minute intervals for 90 minutes with an Optima Fluorescence 
plate reader (BMG Labtech). Lag time, peak thrombin (nM), peak 
time, velocity index, and endogenous thrombin potential (ETP) 
were quantified using a Technothrombin kit according to the pro-
tocol recommended by the manufacturer (DiaPharma).

Assessment of arterial stiffness. Carotid- femoral pulse 
wave velocity (PWV) and carotid- radial PWV were used as mark-
ers of arterial stiffness, measured by oscillometry using a Vicorder 
device (Skidmore Medical) in accordance with American Heart 
Association recommendations (39).

Statistical analysis. Descriptive statistics were reported 
as the median and interquartile range (IQR) for continuous varia-
bles and as the absolute frequency and percentage for categorical 
variables. The significance of the differences between groups was 
assessed by Mann- Whitney U test (for 2 groups) or Kruskal- Wallis 
test (for multiple groups), and correlations between variables were 
assessed using Spearman’s rank correlation coefficient. Categorical 
data were compared by chi- square test, or by Fisher’s exact test in 

Table 1. Characteristics of the patients with juvenile dermatomyositis (DM) and the healthy controls*

Juvenile DM 
patients

Healthy 
controls

Female, no. (%) 57 (63.3) 48 (58.5)
Smoking, no. (%) 0 (0.0) 0 (0.0)
Body mass index, kg/m2 19.5 (15.7– 22.7) 20.5 (17.0– 23.2)
Systolic blood pressure in relation to age slope, mm Hg/year, 

y-intercept when x = 0.0
90.80– 104.5 88.88– 110.9

r2 0.15 0.10
Diastolic blood pressure in relation to age slope, mm Hg/year 

y-intercept when x = 0.0
49.93– 58.79 49.19– 64.16

r2 0.11 0.10
Triglycerides, mmoles/liter 0.96 (0.67– 1.20) 0.77 (0.58– 1.06)
Cholesterol, mmoles/liter 3.7 (3.4– 4.2)† 4.4 (3.7– 4.8)

* Except where indicated otherwise, values are the median (interquartile range). 
† P = 0.003 versus healthy controls, by Mann- Whitney U test. 
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Table 2. Demographic characteristics, laboratory parameters, and juvenile DM disease activity measures in the 90 patients*

All patients  
(n = 90)

Patients with active 
juvenile DM (n = 64)

Patients with inactive 
juvenile DM (n = 26)

Difference or OR  
(95% CI) [P]†

Female, no. (%) 57 (63.3) 48 (75.0) 9 (34.6) 5.667  
(2.182, 15.00) [0.0003]

Disease duration, years 1.63 (0.28– 4.66) 0.87 (0.02– 3.99) 4.14 (1.80– 7.03) 3.265  
(1.080, 3.400) [0.0005]

Age at study recruitment, years 10.21 (6.68– 13.40) 10.21 (6.00– 14.04) 10.56 (6.94– 12.14) 0.3530  
(−2.230, 2.070) [0.9894]

Age at disease onset, years 5.48 (3.4– 9.25) 5.72 (3.80– 9.99) 4.44 (2.72– 6.76) −1.28  
(−3.34, −0.08) [0.0339]

Vascular domain score on initial diagnostic 
muscle biopsy

1.0 (0.0– 2.0) 1.0 (0.0– 2.0) 0.00 (0.0– 0.5) 1.0  
(0.0, 1.0) [0.0491]

Hemoglobin, gm/liter 124 (116– 131) 121 (113– 127) 127 (120– 137) 5.0  
(3.0, 13.0) [0.0025]

Leukocytes, ×109/liter 6.47 (5.30– 7.90) 6.56 (5.21– 8.43) 6.40 (5.51– 7.21) −0.165  
(−1.02, 0.83) [0.8353]

Neutrophils, ×109/liter 3.51 (2.58– 4.46) 3.61 (2.59– 4.54) 3.47 (2.52– 4.16) −0.14  
(−0.82, 0.52) [0.6743]

Lymphocytes, ×109/liter 1.94 (1.32– 2.55) 1.85 (1.30– 2.59) 2.31 (1.61– 2.55) 0.46  
(−0.16, 0.69) [0.1729]

Platelets, ×109/liter 310 (247– 356) 307 (245– 355) 321 (255– 373) 14.0  
(−28.0, 44.0) [0.7535]

ESR, mm/hour (normal <10) 9 (418) 10 (5– 20) 4 (3– 14) −6.0  
(8.0, 0.0) [0.0330]

CRP, mg/liter (normal <20) 5 (5– 5) 5 (5– 5) 5 (5– 6) 0.0  
(0.0, 0.0) [0.6314]

CK, units/liter (normal 6– 330) 89 (69– 138) 84 (66– 220) 93 (78– 122) 9.0  
(−26.0, 22.0) [0.7821]

LDH, units/liter (normal 450– 770) 651 (560– 809) 694 (583– 829) 581 (540– 653) −113.5  
(−214.0, −52.0) [0.0008]

ALT, units/liter (normal 10– 35) 26 (15– 42) 29 (17– 54) 23 (11– 30) −6.0  
(−18.0, 0.0) [0.0550]

Cholesterol, mmoles/liter 4.0 (3.4– 4.3) 3.8 (3.4– 4.1) 4.2 (3.55– 4.45) 0.4  
(−0.2, 0.7) [0.204]

Triglycerides, mmoles/liter 1.0 (0.6– 1.5) 0.97 (0.60– 1.47) 1.14 (0.60– 1.71) 0.17  
(−0.32, 0.50) [0.698]

Systolic blood pressure in relation to age 
slope, mm Hg/year, y-intercept

97.13 96.84 97.28 –  [0.8321]

r2 1.25 0.29 0.61 –  [– ]
BMI, kg/m2 17.4 (15.5– 21.4) 17.4 (15.4– 21.7) 17.4 (16.2– 20.7) −0.014  

(−1.958, 1.568) [>0.99]
MMT- 8 78 (67– 80) 74 (59– 80) 80 (78– 80) 6.0  

(1.0, 12.0) [0.0001]
CMAS 50 (44– 52) 48 (37– 52) 52 (50– 52) 4.0  

(1.0, 7.0) [0.0005]
C- HAQ 0.125 

(0.000– 0.625)
0.25 (0.000– 1.000) 0.000 (0.000– 0.125) −0.25  

(−0.375, 0.000) [0.0027]
Physician global assessment 1.1 (0.2– 2.7) 2.0 (0.70– 3.10) 0.2 (0.0– 0.2) −1.8  

(−2.5, −1.1) [<0.0001]
Parent/patient global assessment 0.7 (0.0– 4.0) 1.9 (0.0– 5.0) 0.0 (0.0– 0.60) −1.9  

(−2.0, 0.0) [0.0009]
Pain global assessment 0.2 (0.0– 1.8) 0.9 (0.0– 3.0) 0.0 (0.0– 0.2) −0.95  

(−1.00, 0.00) [0.006]
ANA positive, no. (%) 57 (63.3) 43 (67.2) 14 (53.8) 1.755  

(0.6915, 4.363) [0.2339]
MSA positive, no. (%)‡ 33 (67.3) 27 (64.3) 6 (85.7) 0.300  

(0.025, 2.319) [0.2630]
Anti- SRP 4 (12.1) 4 (14.8) 0 (0.0) –  [– ]
Anti– NXP- 2 10 (30.3) 7 (25.9) 3 (50.0) –  [– ]
Anti- TIF1γ 8 (24.2) 8 (29.6) 0 (0.0) –  [– ]
Anti– MDA- 5 4 (12.1) 3 (11.1) 1 (16.7) –  [– ]

Treatment at time of recruitment, no. (%)§ 56 (62.2) 40 (62.5) 16 (61.5) 1.042 (0.4116, 2.542)  
[0.93]

Prednisolone 28 (31.1) 24 (37.5) 4 (15.4) 1.042  
(1.029, 9.616) [0.04]

 (Continued)
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All patients  
(n = 90)

Patients with active 
juvenile DM (n = 64)

Patients with inactive 
juvenile DM (n = 26)

Difference or OR  
(95% CI) [P]†

Methotrexate 41 (45.6) 28 (43.7) 13 (50.0) 0.7778  
(0.3203, 1.883) [0.59]

IV immunoglobulin 4 (4.4) 3 (4.7) 1 (3.8) –   
[1.00]

Cyclophosphamide 1 (1.1) 1 (1.6) 0 (0.0) –  [– ]
Rituximab 1 (1.1) 1 (1.6) 0 (0.0) –  [– ]
TNF inhibitor 10 (11.1) 6 (9.4) 4 (15.4) 0.5690  

(0.1623, 1.935) [0.47]
Other 5 (5.6) 4 (6.2) 1 (3.8) –  [– ]

* For some parameters, data were not available for all 90 patients, as follows: for vascular domain score on initial diagnostic muscle biopsy, n = 46 
(37 and 9, patients with active juvenile dermatomysitis [DM] and patients with inactive juvenile DM, respectively); for erythrocyte sedimentation 
rate (ESR), C- reactive protein (CRP) and creatine kinase (CK) levels, Childhood Myositis Assessment Score (CMAS), and physician global assessment, 
n = 89 (63 and 26, respectively); for lactate dehydrogenase (LDH) levels, n = 87 (63 and 24, respectively); for alanine aminotransferase (ALT) levels, 
n = 88 (64 and 24, respectively); for cholesterol and triglyceride levels, n = 44 (27 and 17, respectively); for Manual Muscle Testing 8 (MMT- 8) 
score, n = 88 (62 and 26, respectively); for Childhood Health Assessment Questionnaire (C- HAQ), n = 79 (53 and 26, respectively); for parent/
patient global assessment, n = 81 (56 and 25, respectively); for pain global assessment, n = 79 (54 and 25, respectively); for myositis- specific 
antibodies (MSAs), n = 49 (42 and 7, respectively). Except where indicated otherwise, values are the median (interquartile range). 95% CI = 95% 
confidence interval; BMI = body mass index; anti- SRP = anti– signal recognition particle; anti– NXP- 2 = anti– nuclear matrix protein 2; anti- TIF1γ= 
anti– transcription intermediary factor 1γ; anti– MDA- 5 = anti– melanoma differentiation– associated gene 5; TNF = tumor necrosis factor. 
† Odds ratios (ORs) are shown for categorical values, i.e., number (%) female, antinuclear antibody (ANA) positive, MSA positive, and treatment at 
the time of recruitment. P values were determined by chi- square test, Fisher’s exact text, or Mann- Whitney U test. 
‡ Other MSAs, found in smaller numbers of patients, were as follows: anti– PL- 7 (2 patients), anti– PL- 12 (2 patients), anti–small ubiquitin-like 
modifier activating enzyme (1 patient), and anti– Mi- 2 (1 patient). 
§ Doses were as follows: prednisolone 1–2 mg/kg/day tapered over 6–9 months, subcutaneous (SC) methotrexate 15 mg/m2/week, intravenous 
(IV) immunoglobulin 2 gm/kg over 48 hours every 4 weeks, IV cyclophosphamide 350–500 mg/m2 for 5–6 monthly doses, IV rituximab 750 mg/
m2 for 2 doses 14 days apart, IV infliximab 6 mg/kg every 4–8 weeks, and SC adalimumab 20 mg every 2 weeks if body weight <30 kg and 40 mg 
every 2 weeks if body weight ≥30 kg. Other treatments were azathioprine 1–2 mg/kg/day and mycophenolate mofetil 600 mg/m2 twice daily. 

Table 2. (Cont’d)

Figure 1. Circulating endothelial cells (CECs) in patients with juvenile dermatomyositis (JDM). A, CEC numbers were higher among the 90 patients 
with juvenile DM compared to 79 healthy controls. CEC numbers also differed significantly between patients with active juvenile DM (n = 64) and 
those with inactive juvenile DM (n = 26). B, Patients with juvenile DM with abnormal nailfold capillaries (n = 52) had higher CEC numbers compared 
to patients with normal nailfold capillaries (n = 38). C, Patients with juvenile DM with transcription intermediary factor 1γ (TIF1γ) antibodies (n = 8) had 
higher CEC numbers compared to patients with nuclear matrix protein 2 (NXP- 2) antibodies (n = 10). Data are not shown for 1 patient with small 
ubiquitin-like modifier activating enzyme, 2 patients with PL- 7, 2 patients with PL- 12, and 1 patient with Mi- 2 antibodies, due to low numbers. Red 
symbols represent juvenile DM patients with active disease. Horizontal and vertical bars in A– C show the median and interquartile range. D, CEC 
levels were assessed prospectively in 25 patients with juvenile DM. Red symbols represent active disease at the time of the assessment. E and F, 
There was a significant decrease in CEC levels in the 6 patients who had active juvenile DM at the time of recruitment and inactive disease at the 
last follow- up (E), while CEC levels increased in the 3 patients who had inactive juvenile DM at the time of recruitment and active disease at the last 
follow- up (F). * = P < 0.05; *** = P < 0.001. SRP = signal recognition particle; MDA- 5 = melanoma differentiation– associated gene 5.
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the case of expected frequencies of <5. Differences between medi-
ans with 95% confidence intervals (95% CIs) of the differences were 
calculated. The Wilcoxon matched pairs signed rank test was used 
to compare variables at initial presentation and at latest follow- up 
for patients who were studied prospectively. Analysis of covariance 
was used to compare the slope of blood pressure versus age and 
PWV versus age between groups, using linear regression. P val-
ues less than 0.05 were considered significant (2- sided for CEC 
analyses; analysis of all the other indices was considered explora-
tory, and therefore no adjustments were made for multiple compar-
isons). Tibco Statistica, release 13.3 (StatSoft) and GraphPad Prism 
version 4.0 were used for data analyses.

RESULTS

Demographic characteristics of the study subjects. 
Ninety- patients with juvenile DM (median age 10.21 years [IQR 
6.68– 13.40]) were studied cross- sectionally. Fifty- seven (63.3%) 
were female. Seventy- nine healthy control children and adolescents 
were included in the final analysis; 3 additional control subjects 
had been enrolled but were subsequently excluded (due to severe 
eczema, upper respiratory tract infection, and ongoing medica-
tion treatment, respectively). The median age of the healthy con-
trols was 16.7 years (IQR 10.7– 17.4). There was no significant 
difference between the juvenile DM and healthy control groups in 
demographic characteristics, body mass index, or blood pressure 
(Table 1). In addition to the cross- sectional study, 25 children with 
juvenile DM (median age 11.22 years [IQR 8.16– 14.05]) were stud-
ied prospectively, with data collected at baseline and during at least 
1 follow- up visit (median follow- up time 0.86 years [IQR 0.42– 1.53]).

Clinical features, juvenile DM disease activity meas-
ures, and routine laboratory parameters. Presenting clin-
ical features, laboratory results, and disease activity according 
to various juvenile DM scoring tools are summarized in Table 2. 
The median age at disease onset in the 90 patients was 5.48 
years (IQR 3.40– 9.25), with a median time from disease onset to 
diagnosis of 0.34 years (IQR 0.17– 0.69). At the time of recruit-
ment, the median duration of disease was 1.63 years (IQR 0.28– 
4.66). Sixty- four of the 90 patients had clinically active juvenile DM 
according to the modified PRINTO criteria at the time of recruit-
ment, and 12 had calcinosis.

Of the 49 patients tested, 33 (67.3%) were positive for MSAs, 
with nuclear matrix protein 2 (NXP- 2) being the predominant type 
(n = 10). Most of the children with active disease were female 
(P = 0.0003 versus those with inactive disease), and the group 
with active disease was older at disease onset (P = 0.0339) and 
had a shorter disease duration (P = 0.0005) compared to children 
with inactive disease. They also had higher ESR (P = 0.0330) and 
LDH levels (P = 0.0008) compared to the group with inactive dis-
ease, whereas CK and CRP levels did not differ. Echocardiogra-
phy was performed in 66 of the patients with juvenile DM. Results 

were normal in 58 patients, and a small pericardial effusion was 
detected in 3. The remaining 5 patients had tricuspid regurgita-
tion, aortic regurgitation, mild concentric left ventricular hypertro-
phy, mildly reduced right ventricular systolic function, and patent 
foramen ovale (1 patient each).

Of the 25 patients with juvenile DM studied prospectively, 17 had 
active disease at the time of recruitment, and 8 had inactive disease. 
Three of the patients initially classified as having inactive disease had a 
disease flare (mainly affecting the skin) at the last follow- up visit.

Endothelial injury. CECs. CEC numbers were higher in 
patients with juvenile DM (median 96 cells/ml [IQR 40– 192]) com-
pared to healthy controls (median 12 [IQR 8– 24]) (difference −84 
[95% CI −100.0, −56.00]; P < 0.0001) (Figure 1A). Patients with 
active juvenile DM had higher numbers of CECs than those with 
inactive juvenile DM (difference −82 [95% CI −40.00, −128.00]; 
P < 0.0001). Previous studies have suggested that vasculopa-
thy may play a role in the pathogenesis of calcinosis in juvenile 
DM (1,5), and we noted higher numbers of CECs in juvenile DM 
patients with calcinosis compared to healthy controls (difference 
−54 [95% CI −100.00, −28.00]; P < 0.0001) (Figure 1A), but no 
significant difference between the patients with and those without 
calcinosis (P = 0.5). We also observed that 10 of the 12 patients 
with calcinosis had active juvenile DM. Further analysis of spe-
cific disease features pertinent to the vasculopathy of juvenile 
DM showed that CEC numbers were higher among patients who 
had nailfold capillary changes (median 128 cells/ml [IQR 72– 248]) 
compared to patients with normal nailfold capillaries (median 48 
cells/ml [IQR 32– 119]) (difference −80 [95% CI −104.0, −24.00]; 
P = 0.0006) (Figure 1B). As noted above, 49 patients had been 
tested for MSAs. Among the 8 patients who were positive for tran-
scription intermediary factor 1γ antibodies, CEC numbers were 
higher compared to the 10 patients with NXP- 2 antibodies (median 
200 cells/ml [IQR 128– 452] versus 36 cells/ml [IQR 15– 56]) (differ-
ence 164 [95% CI 88.00, 472.0]; P < 0.0001) (Figure 1C).

Among the 25 patients studied prospectively, there was no 
significant difference between the number of CECs at the time 
of recruitment (median 88 cells/ml [IQR 36– 128]) and at the time 
of the last follow- up (median 80 cells/ml [48- 280]) (P = 0.25) 
(Figure 1D). Seventeen of these patients (68%) had active juvenile 
DM at the time of recruitment and 14 (56%) had active juvenile 
DM at the last follow- up. There was a decrease in CEC numbers 
among patients whose disease status changed from active at 
baseline to inactive at the last follow- up (n = 6) (median differ-
ence −32 [95% CI −504, −12]; P = 0.03) and an increase among 
patients who had inactive disease at baseline and active disease 
at the last follow- up (n = 3) (median difference 280 [95% CI 60, 
360]; P = 0.25) (Figures 1E and F).

Circulating levels of inflammation markers. Overall, there was 
a significant difference in circulating levels of inflammation mark-
ers between patients with juvenile DM and controls, and between 
patients with active juvenile DM and those with inactive juvenile DM 
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(Table 3). Patients with active disease had higher levels of IL- 10, 
IL- 6, IFNλ1, MCP- 1, IP- 10, and galectin- 9 compared to patients 
with inactive disease or healthy controls. As endothelial cells are 
the main source of galectin- 9 (40), we then examined the corre-
lation between levels of galectin- 9 and CECs; a strong correlation 
was identified (r = 0.48, P < 0.0001). Patients with juvenile DM with 
abnormal nailfold capillaries had higher levels of galectin- 9 (median 
105.1 ng/ml [IQR 54.8– 196.7]) compared to patients with normal 
nailfold capillaries (median 57.6 ng/ml [IQR 35.1– 67.1]) (difference 
−47.5 [95% CI −81.1, −22.3]; P = 0.0004).

Circulating MPs and plasma thrombin generation. 
Total AnxV+ MP numbers were significantly increased among 
patients with juvenile DM compared to patients with inactive juve-
nile DM and healthy controls (both P < 0.0001) (Table 4). MPs 
were mainly of platelet and endothelial origin. B cell– derived MPs 
were the third most common MP population. Total AnxV+ MP 
numbers correlated with CEC numbers (r = 0.42, P < 0.0001) 
and with galectin- 9 levels (r = 031, P = 0.01). (Figures 2A and 
B). CD62E+ MP counts also correlated strongly with CEC counts 
(r = 0.20, P = 0.027) (Figure 2C).

Enhanced plasma- mediated thrombin generation, ETP, lag 
time, and velocity index were demonstrated in patients with active 
juvenile DM compared to patients with inactive juvenile DM and 
controls (Table 4). TF+CD14+ MP counts were strongly associated 
with ETP, a single summative parameter of thrombin generation 
(41) (r = 0.21, P = 0.02) (Figure 2D). ETP was also correlated with 
total AnxV+ MP numbers (r = 023, P = 0.02) and with numbers 

of EMPs (r = 0.23, P = 0.01) and CD19+Anx V+ MPs (r = 0.23, 
P = 0.01). No significant correlation between ETP and numbers of 
CD3+AnxV+ MPs or PMPs was observed (r = 0.18, P = 0.06 and 
r = 0.17, P = 0.069, respectively).

Arterial stiffness. We confirmed a strong positive associa-
tion between age and carotid- femoral and carotid- radial PWV (both 
P < 0.0001) (Figures 3A and B). The slope for carotid- radial PWV 
in relation to age among patients with juvenile DM (0.44 m/sec-
ond/year, y- intercept 3.414) differed significantly from that among 
healthy controls slope (0.12 m/second/year, y- intercept 5.903) 
(P = 0.003) (Figure 3C), indicating significantly increased arterial stiff-
ness among patients with juvenile DM. No significant difference in 
carotid- femoral PWV was observed (P = 0.12) (Figure 3D).

DISCUSSION

We conducted a large cross- sectional study of patients 
with juvenile DM and explored biomarkers to monitor the vascu-
lopathy of this disease. Our data provide evidence of increased 
endothelial injury in children with active juvenile DM, associated 
with proinflammatory cytokines, high levels of circulating MPs 
with a propensity to drive thrombin generation and potentially 
increase occlusive vasculopathy, and increased arterial stiffness 
in patients with juvenile DM compared to controls. These nonin-
vasively measured vascular indices provide unique insight into the 
pathogenesis of vascular injury in this disease and could be used 
for clinical monitoring of the vasculopathy of juvenile DM.

Figure 2. Correlation of circulating microparticle (MP) levels with other indices of endothelial injury and thrombin generation in patients with 
juvenile DM. A and B, Total annexin V (AnV)– positive MP counts correlated with CEC counts (A) and galectin- 9 levels (B). C, Endothelial MP 
(EMP) counts correlated with CEC counts. D, Circulating tissue factor (TF)– positive MP counts correlated with plasma endogenous thrombin 
potential (ETP) values. Correlations were assessed with Spearman’s rank correlation coefficient. See Figure 1 for other definitions.
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CECs are mature cells that have detached from the vessel 
wall in response to endothelial injury (17,22,42,43). We demon-
strated increased levels of CECs in juvenile DM, in accordance 
with another recent study that also demonstrated increased CEC 
counts in juvenile DM, despite the use of a different method (flow 
cytometry) for cell enumeration (44). CEC numbers also strongly 
correlated with other biomarkers of endothelial injury such as 
galectin- 9 levels and EMP counts, thus supporting the robust-
ness of these endothelial injury indices. CEC counts were also 
found to be elevated in patients with juvenile DM whose disease 
was considered to be clinically inactive. This raises the possibility 
that in some patients with juvenile DM there is ongoing subclini-
cal endothelial injury and disease activity that is not captured by 
laboratory parameters and disease activity measures that are cur-
rently routinely used. In addition, the demonstration of elevated 
CEC counts in patients with abnormal nailfold capillaries supports 
the notion that this finding is indeed a clinical sign of active juvenile 
DM vasculopathy.

We did not demonstrate any differences in traditional markers 
of systemic inflammation as assessed by hsCRP or SAA or any 
differences in routine cardiovascular risk factors (45) to account 
for the elevated CEC or MP counts we observed (Tables 1 and 
3). We did, however, detect consistently higher levels of endothe-
lial activation– related cell adhesion molecules, cytokines, and 
chemokines in patients with juvenile DM compared to healthy 
controls. This observation likely indicates a chronic disturbance in 
endothelial cell homoeostasis in patients with juvenile DM, includ-
ing in some patients with apparently quiescent clinical disease 

activity as assessed using routine clinical tools. Juvenile DM is 
considered an interferonopathy, and therefore, not surprisingly, we 
detected high levels of IFN- driven cytokines/chemokines (IFNα, 
IFNλ1, MCP- 1, IP- 10) (46,47) in all patients with juvenile DM 
compared to controls, especially in patients with active disease, 
though we do note that other cytokines also correlated with active 
disease.

Additionally, we detected elevated levels of circulating 
endothelial, platelet, monocyte, and B cell– derived MPs that are 
highly prothrombotic (48) in patients with juvenile DM. We have 
previously demonstrated enhanced MP- mediated thrombin gen-
eration in children with active vasculitis (16), potentially explaining 
some of the excess thrombotic risk associated with vasculitis. 
Similarly, we detected elevated levels of MPs, including highly pro-
thrombotic TF+ MPs, and enhanced plasma thrombin generation 
in patients with active juvenile DM. This increased prothrombotic 
propensity, mediated by MPs among other prothrombotic fac-
tors, might contribute to occlusive vasculopathy and organ injury 
in juvenile DM. The exact mechanism by which different types of 
MPs may promote endothelial dysfunction and thrombogenicity in 
juvenile DM remain to be established.

We also showed that children with juvenile DM have 
enhanced carotid- radial PWV, consistent with increased arte-
rial stiffness compared to healthy children. This increased 
PWV may suggest a generalized secondary systemic vas-
culopathy, ultimately leading to accelerated atherosclerosis. 
Other factors such as sedentary lifestyle, long- term treatment 
with glucocorticoids, and ongoing systemic inflammation may 

Figure 3. Carotid- radial and carotid- femoral pulse wave velocity (PWV) in patients with juvenile dermatomyositis (JDM) and healthy controls. A 
and B, Both carotid- radial PWV (A) and carotid- femoral PWV (B) correlated with age in the group of all subjects combined (patients with juvenile 
DM and controls). C and D, The slope for carotid- radial PWV in relation to age in patients with juvenile DM differed significantly from the slope 
in healthy controls (C), whereas a difference was not observed for carotid- femoral PWV (D), by analysis of covariance.
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also contribute to this finding. It is not yet known whether pre-
mature cardiovascular morbidity occurs later in adulthood in 
patients with juvenile DM, but our data strongly suggest that 
this could be a future concern, and indeed has been observed 
in adults with juvenile DM (49,50). Prospective studies to eval-
uate changes of PWV over time in patients with juvenile DM 
are needed.

No differences in carotid- femoral PWV between patients with 
juvenile DM and controls were demonstrated in this study. Carotid- 
radial PWV mainly reflects the peripheral arterial stiffness of upper 
limb muscular arteries (branchial and radial arteries), while carotid- 
femoral PWV is a marker of central arterial (aortic, i.e., elastic 
artery) stiffness (51,52). Previous studies have suggested that the 
variation in elastin– collagen smooth muscle proportions within dif-
ferent arterial segments determines the observed arterial stiffness 
in response to various cardiovascular risk factors (53). It is there-
fore perhaps not surprising that inflammatory processes such as 
juvenile DM may also have a different effect on the arterial stiffness 
of separate parts of the arterial tree. In addition, other studies have 
suggested that carotid- radial PWV mainly reflects microvascular 
endothelial dysfunction (54,55), and therefore it could be the case 
that juvenile DM induces such microvascular changes rather than 
larger structural arterial changes.

The present findings have multiple potential implications with 
regard to therapy. In patients with ongoing vasculitic endothelial 
injury, prolonged immunosuppressive treatment and/or consid-
eration of novel directed therapeutic strategies may be needed 
to target the vasculopathy of juvenile DM. We observed an up- 
regulation of several proinflammatory cytokines/chemokines that 
could potentially provide a therapeutic target. Of particular inter-
est is the up- regulation of IFN- driven cytokines/chemokines that 
could be contributing to driving endothelial injury. Notably, several 
recent transcriptomic studies (56,57) have shown up- regulation 
of IFN- stimulated genes within the capillaries of the muscle and 
disruption of vascular network organization upon exposure of 
endothelial cells to IFN, highlighting the involvement of this path-
way in the vasculopathy of myositis (58). Based on these obser-
vations, targeting IFN-related endothelial injury with JAK inhibition 
has therefore emerged as a novel therapeutic strategy for myosi-
tis (59,60). In that context, we have reported the use of CECs 
to monitor the rapid response of endothelial injury to JAK inhibi-
tion in a patient with juvenile DM (60). MP profiling and thrombin 
generation assays could provide a novel means of assessing pro-
thrombotic risk in patients with juvenile DM, allowing improved risk 
stratification and potential targeting of primary thrombosis preven-
tion (61). Finally, if larger prospective studies confirm increased 
arterial stiffness in children with juvenile DM, formal therapeutic 
lifestyle interventions may be considered, in order to reduce this 
risk of accelerated cardiovascular morbidity.

Our study has several limitations. It was a single- center study 
of a heterogeneous cohort of patients with juvenile DM. At the 
time of recruitment, patients were receiving a variety of treatments, 

although they were treated in accordance with published clinical 
guidelines (62). MSA testing to better understand the potential rel-
evance of these antibodies to vascular phenotype and influence 
on circulating IFN and galectin- 9 levels was not available in all 
patients. Our control population was age similar, but not exactly 
age matched, due to of lack of availability of control samples from 
very young healthy children.

In conclusion, we have demonstrated dynamic changes in 
biomarkers of endothelial injury (MPs and CECs) in children with 
juvenile DM. Future studies could also explore these indices in the 
context of clinical trials, to better understand the use of more tar-
geted therapeutic strategies on vascular phenotype in juvenile DM.
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Epidemiology of Scleritis in the United Kingdom From 1997 
to 2018: Population- Based Analysis of 11 Million Patients 
and Association Between Scleritis and Infectious and 
Immune-MediatedInflammatoryDisease
Tasanee Braithwaite,1  Nicola J. Adderley,2  Anuradhaa Subramanian,2  James Galloway,3

John H. Kempen,4  Krishna Gokhale,2  Andrew P. Cope,5  Andrew D. Dick,6  
Krishnarajah Nirantharakumar,7  and Alastair K. Denniston8

Objective. To estimate 22- year trends in the prevalence and incidence of scleritis, and the associations of scleritis 
with infectious and immune- mediated inflammatory diseases (I- IMIDs) in the UK.

Methods. The retrospective cross- sectional and population cohort study (1997– 2018) included 10,939,823 
patients (2,946 incident scleritis cases) in The Health Improvement Network, a nationally representative primary care 
records database. The case–control and matched cohort study (1995– 2019) included 3,005 incident scleritis cases 
and 12,020 control patients matched by age, sex, region, and Townsend deprivation index. Data were analyzed 
using multivariable Poisson regression, multivariable logistic regression, and Cox proportional hazards multivariable 
models adjusted for age, sex, Townsend deprivation index, race/ethnicity, smoking status, nation within the UK, and 
body mass index. Incidence rate ratios (IRRs) and 95% confidence intervals (95% CIs) were calculated.

Results. Scleritis incidence rates per 100,000 person- years declined from 4.23 (95% CI 2.16– 6.31) to 2.79 (95% 
CI 2.19– 3.39) between 1997 and 2018. The prevalence of scleritis per 100,000 person- years was 93.62 (95% CI 
90.17– 97.07) in 2018 (61,650 UK patients). Among 2,946 patients with incident scleritis, 1,831 (62.2%) were female, 
the mean ± SD age was 44.9 ± 17.6 years (range 1– 93), and 1,257 (88.8%) were White. Higher risk of incident scleritis 
was associated with female sex (adjusted IRR 1.53 [95% CI 1.43– 1.66], P < 0.001), Black race/ethnicity (adjusted IRR 
1.52 [95% CI 1.14– 2.01], P = 0.004 compared to White race/ethnicity), or South Asian race/ethnicity (adjusted IRR 
1.50 [95% CI 1.19– 1.90], P < 0.001 compared to White race/ethnicity), and older age (peak adjusted IRR 4.95 [95% 
CI 3.99– 6.14], P < 0.001 for patients ages 51– 60 years versus those ages ≤10 years). Compared to controls, scleritis 
patients had a 2- fold increased risk of a prior I- IMID diagnosis (17 I- IMIDs, P < 0.001) and significantly increased risk 
of subsequent diagnosis (13 I- IMIDs). The I- IMIDs most strongly associated with scleritis included granulomatosis 
with polyangiitis, Behçet’s disease, and Sjögren’s syndrome.

Conclusion. From 1997 through 2018, the UK incidence of scleritis declined from 4.23 to 2.79/100,000 person- 
years. Incident scleritis was associated with 19 I- IMIDs, providing data for rational investigation and cross- specialty 
engagement.
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INTRODUCTION

Scleritis is a sight- threatening condition, which may be asso-
ciated with systemic infectious and immune- mediated inflamma-
tory disease (I- IMID). I- IMIDs are the result of aberrant immune 
responses to inciting infectious and noninfectious (autoimmune 
and autoinflammatory) pathologies, and frequently require sys-
temic immunosuppression to avoid irreversible tissue damage (1). 
It has been long recognized that scleritis, especially if necrotiz-
ing, may portend a worse survival prognosis in patients with certain 
I- IMIDs, including rheumatoid arthritis (RA) (2,3). A key challenge 
to advancing evidence- based management of scleritis is the pau-
city of population- based epidemiologic data on incidence inter-
nationally, and absence of data on the strength of associations 
of systemic I- IMIDs with scleritis and with other sight- threatening 
ocular inflammatory phenotypes (e.g., uveitis and optic neuritis) 
with which these I- IMIDs may be associated (1,4). Robust epide-
miologic data would facilitate increased awareness of scleritis as a 
cause of ocular symptoms in patients with I- IMIDs, more tailored 
investigation and risk stratification, health system cost modeling, 
and allocation of appropriate resources (medicines, infrastructure, 
equipment, and staff) to meet current and future demand.

Knowledge of the epidemiology of scleritis is currently informed 
by few studies. Three US database studies showed scleritis inci-
dence rates of 3.4 per 100,000 person- years (Northern California 
Epidemiology of Uveitis Study [1998– 1999], 731,895 patients in 
a Health Maintenance Organization) (5), 4.1 per 100,000 person- 
years (Pacific Ocular Inflammation Study [2006– 2007], 217,061 
Kaiser Permanente enrollees) (6,7), and 1.6 per 100,000 person- 
years (infectious scleritis only) (Optum private insurance database 
[2007– 2015], 21.5 million insured patients) (8). Similarly, the Roch-
ester Epidemiology Project (2006– 2015, 144,248 population) 
showed an incidence rate of 5.5 per 100,000 person- years (9). 
Large retrospective cohort studies from subspecialty practices 
over the past 4 decades (n values of ≥100 to 825) (Supplemen-
tary Table 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41709/ abstract), 
indicate that scleritis is associated with I- IMIDs in 31.3– 47.8% of 
cases, preceding IMID diagnosis in 6.6– 38.7% of cases (10,11). 
Rheumatologic diagnoses are most frequent.

The UK has an aging population, but significant advances in 
therapeutic options for I- IMIDs, including biologic therapies, may 
have impacted the population burden of scleritis (12). An NHS pri-
mary care electronic patient record database, The Health Improve-
ment Network (THIN) (13,14), provides a promising opportunity to 

analyze scleritis epidemiology more robustly than has been pos-
sible in prior studies. In this study, we estimated the UK incidence 
rate and prevalence of scleritis between 1997 and 2018 and eval-
uated associations with systemic I- IMIDs (1).

PATIENTS AND METHODS

Patient and public involvement. This study was per-
formed in direct response to the 2013 Sight Loss and Vision Pri-
ority Setting Partnership in the UK, overseen by the James Lind 
Alliance, an authoritative and independent nonprofit initiative man-
aged by the National Institute for Health Research (NIHR) (15). 
This initiative brought patients, caregivers, and health profes-
sionals together to identify and prioritize unanswered questions 
for research. Within ocular inflammatory disease, “What causes 
scleritis?” was identified as a priority research question.

Data source, data access, and ethics approvals. We 
analyzed data from THIN from January 1, 1995 to January 9, 2019. 
THIN contains longitudinal information on a cohort of 15 million 
patients from 808 primary care general practices, including patient 
demographics, diagnoses, drug prescriptions, and laboratory test 
results. The study was conducted in accordance with the Declara-
tion of Helsinki. Use of IQVIA Medical Research Data was approved 
by the UK Research Ethics Committee (reference no. 18/LO/0441). 
In accordance with this approval, the study protocol was reviewed 
and approved by an independent scientific review committee (refer-
ence no. 19THIN086). IQVIA Medical Research Data incorporates 
data from THIN, a Cegedim database. Reference made to THIN is 
intended to be descriptive of the data asset licensed by IQVIA. This 
work used de- identified data provided by patients as a part of their 
routine primary care; individual consent was not obtained.

Study design. We estimated annual scleritis prevalence 
to be inclusive by performing sequential cross- sectional stud-
ies on data collected annually on January 1 of each year from 
1997 through 2018. We estimated annual scleritis incidence 
rates through a series of yearly cohort studies covering the full 
year of 1997 through the full year of 2018, with the exception 
that data from 1995, 1996, and 2019 were excluded as incom-
plete. Risk factors for scleritis were explored in a cohort analysis 
(1997– 2018). In addition, we performed a matched case– control 
and retrospective cohort study using all data collected (January 
1, 1995– September 1, 2019) to explore odds ratios (ORs) and 
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hazard ratios (HRs) for 58 I- IMIDs in patients with scleritis com-
pared to controls. We did not explore the strength of associations 
of scleritis with medications or with scleral injury/foreign body. This 
study followed the Strengthening the Reporting of Observational 
Studies in Epidemiology reporting guideline.

Study population. General practices were eligible for inclu-
sion 1 year following the start of electronic medical record use and 
demonstration of acceptable mortality rates (a data quality indica-
tor). We included patients age ≥1 year who were registered with 
a participating general practice for at least 1 year before cohort 
entry to ensure documentation of important baseline covariates.

In the UK, scleritis and I- IMID are diagnosed by hospital 
specialists. Diagnoses are communicated to general practition-
ers, who enter the clinical Read codes into the electronic medical 
record. We diagnosed patients as having scleritis (Supplemen-
tary Table 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41709/ abstract), 
and 58 individual I- IMIDs (1), using relevant Read codes.

For the matched case– control and cohort studies, we  
matched each patient with scleritis (newly diagnosed during study 
period) with 4 controls, randomly selected from a pool of age- , 
sex- , region- , and Townsend deprivation index– matched patients 
without scleritis. The Townsend deprivation index is a measure 
of material deprivation in the population of a given area, and 
includes the unemployment rate as well as household noncar 
ownership, nonhome ownership, and overcrowding (16). Where 
the Townsend deprivation index was missing, we matched cases 
with a control in whom the Townsend deprivation index was 
also missing. We used an established method for randomly select-
ing matched controls (17). Matched controls were assigned the 
same index date (±1 year) as the index (diagnosis) date of patients 
with scleritis to avoid immortal time bias (18). Patients with scleritis 
and controls were followed up from the index date until the earliest 
out- of- outcome event (diagnosis of incident I- IMID, defined using 
Read codes for each disease), death, patient leaving the general 
practice, end of database contributions by the general practice, 
or the end of study.

Statistical analysis. All variables were recorded at cohort 
entry and were summarized using appropriate descriptive statis-
tics, including the mean or median (interquartile range [IQR]) for 
continuous variables, and frequency (number [%]) for categorical 
variables. P values less than 0.05 were considered significant. All 
statistical analyses were performed using Stata IC, version 15.0.

To determine point prevalence (1997– 2018), we calculated 
the proportion of eligible patients in the data set on January 1 
each year who had at any time prior to that date been diagnosed 
as having scleritis. We estimated crude annual scleritis incidence 
rates by dividing the number of patients with a new scleritis diag-
nosis by the total person- years at risk. Across the entire study 
period, we estimated overall incidence rates stratified by age, sex, 
race/ethnicity, body mass index (BMI), smoking status, Townsend 
deprivation index, and nation within the UK.

To explore scleritis risk factors, we performed univariable 
and multivariable Poisson regression analyses to estimate crude and 
adjusted incidence rate ratios (IRRs), accounting for person- years of 
follow- up. The adjustment variables we considered included age, 
sex, race/ethnicity, smoking status, BMI at first registration, nation 
within the UK, and Townsend deprivation index, all as recorded at 
the index date (14,15). A separate category for missing data was 
created to avoid censoring when covariate values were missing. We 
included variables in multivariable models if they showed a trend 
toward significance, defined as P < 0.10 in univariable analyses.

In patients with incident scleritis occurring between 1995 and 
2019, we performed a case– control and matched cohort study 
to evaluate associations with I- IMIDs. For patients with scleritis 
compared to matched controls, we calculated the odds of prior 
diagnosis and hazard of incident diagnosis of each I- IMID inde-
pendently. Patients found to have a prior diagnosis of the I- IMID 
were excluded from the analysis for subsequent incident diagno-
sis. We performed logistic regression analysis to obtain crude and 
adjusted ORs and their corresponding 95% confidence intervals 
(95% CIs) for each IMID at/prior to baseline, and for all I- IMIDs 
combined, comparing patients with and those without scleritis. 
We estimated adjusted hazard ratios (HRs) using Cox propor-
tional hazards regression models for incidence of each I- IMID 

Figure 1. A, Twenty- two– year trend in incidence of scleritis in the UK. B, Age group–  and sex- specific cumulative incidence of scleritis 
from 1997 to 2018. Detailed data are shown in Supplementary Tables 3 and 4 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41709/ abstract). 
Incidence rates are shown with the 95% confidence interval (95% CI).
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after scleritis diagnosis. The adjustment variables were the same 
as those selected for the multivariable Poisson model. We con-
firmed model assumptions using log- log plots and the Schoenfeld 
residuals test. We used the Nelson- Aalen estimator to plot cumu-
lative hazard of these outcomes.

RESULTS

The cross- sectional and retrospective cohort studies (January 
1, 1997– December 31, 2018) included 10,939,823 patients with 
75.2 million person- years of follow- up, of whom 2,946 (0.0039 per 

100,000 person- years) (95% CI 0.0037– 0.0041) developed inci-
dent scleritis.

Scleritis incidence rates declined from 4.23 per 100,000 
person- years (95% CI 2.16– 6.31) to 2.79 per 100,000 
person- years (95% CI 2.19– 3.39) between 1997 and 2018 
(Figure 1A and Supplementary Table 3, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41709/ abstract). In contrast to the scleritis 
incidence rate, scleritis prevalence increased from 20.72 per 
100,000 person- years (95% CI 14.13– 27.31) in 1997 to 93.62 
per 100,000 person- years (95% CI 90.17– 97.07) in 2018 

Table 1. Comparison of the UK population with incident scleritis (n = 2,946) and those without incident scleritis (n = 10,936,877)*

Characteristic at 
baseline

No scleritis, 
no. (%)

Scleritis, 
no. (%)

Single variable 
IRR (95% CI) P

Adjusted IRR 
(95% CI) P

Male 5,365,369 (49.1) 1,115 (37.9) 1 (referent) – 1 (referent) – 
Female 5,571,508 (50.9) 1,831 (62.2) 1.63 (1.52– 1.76) <0.001 1.53 (1.42– 1.66) <0.001
Age group at cohort 

entry
1– 10 years 2,070,295 (18.9) 126 (4.3) 1 (referent) – 1 (referent) – 
11– 20 years 1,081,516 (9.9) 115 (3.9) 1.77 (1.38– 2.29) <0.001 1.62 (1.25– 2.09) <0.001
21– 30 years 1,985,113 (18.2) 332 (11.3) 3.53 (2.88– 4.34) <0.001 2.56 (2.04– 3.20) <0.001
31– 40 years 1,815,638 (16.6) 614 (20.8) 5.17 (4.27– 6.26) <0.001 3.73 (3.01– 4.61) <0.001
41– 50 years 1,325,429 (12.1) 607 (20.6) 5.96 (4.92– 7.22) <0.001 4.34 (3.50– 5.37) <0.001
51– 60 years 1,045,415 (9.6) 579 (19.7) 6.91 (5.70– 8.38) <0.001 4.95 (3.99– 6.14) <0.001
61– 70 years 765, 070 (7.0) 350 (11.9) 5.95 (4.85– 7.29) <0.001 4.17 (3.33– 5.23) <0.001
71– 80 years 526,347 (4.8) 183 (6.21) 5.47 (4.36– 6.86) <0.001 3.82 (2.98– 4.88) <0.001
81– 90 years 270,652 (2.5) 36 (1.2) 3.48 (2.40– 5.04) <0.001 2.44 (1.67– 3.57) <0.001
91– 100 years 50,658 (0.5) 4 (0.14) 3.73 (1.38– 10.10) 0.010 2.68 (0.99– 7.29) 0.053
100+ years 744 (0.01) 0 – – – – 

Nation
England 7,792,462 (71.3) 2,098 (71.2) 1 (referent) – 1 (referent) – 
Scotland 1,538,768 (14.1) 352 (12.0) 0.88 (0.78– 0.98) – 0.85 (0.76– 0.95) 0.005
Wales 1,203,070 (11.0) 365 (12.4) 1.09 (0.97– 1.21) – 1.14 (1.02– 1.28) 0.026
Northern Ireland 402,577 (3.7) 131 (4.5) 0.89 (0.74– 1.06) – 1.02 (0.85– 1.22) 0.854

TDI
1 (least deprived) 1,985,030 (18.2) 624 (21.2) 1 (referent) – 1 (referent) – 
2 1,807,692 (16.5) 534 (18.1) 0.99 (0.88– 1.11) 0.876 1.00 (0.89– 1.12) 0.950
3 1,910,916 (17.5) 549 (18.6) 1.04 (0.93– 1.16) 0.528 1.08 (0.96– 1.21) 0.219
4 1,783,513 (16.3) 499 (16.9) 1.08 (0.96– 1.22) 0.184 1.15 (1.02– 1.30) 0.019
5 (most deprived) 1,314,506 (12.0) 307 (10.4) 0.93 (0.81– 1.07) 0.307 1.03 (0.90– 1.19) 0.644
Missing 2,135,220 (19.5) 433 (14.7) 0.92 (0.81– 1.03) 0.158 0.93 (0.82– 1.05) 0.258

Race/ethnicity
White 4,263,911 (39.0) 1,257 (24.7) 1 (referent) – 1 (referent) – 
Black 177,868 (1.6) 51 (1.7) 1.39 (1.05– 1.84) 0.020 1.52 (1.14– 2.01) 0.004
Mixed 131,309 (1.2) 25 (0.9) 1.15 (0.77– 1.71) 0.494 1.20 (0.81– 1.79) 0.360
Other 70,389 (0.6) 4 (0.1) 0.31 (0.11– 0.82) 0.018 0.43 (0.16– 1.14) 0.088
South Asian 262,288 (2.4) 78 (2.7) 1.32 (1.05– 1.66) 0.018 1.50 (1.19– 1.90) <0.001
Missing 6,031,112 (55.1) 1,531 (52.0) 0.82 (0.77– 0.89) <0.001 0.91 (0.84– 0.98) 0.014

BMI, kg/m2

Underweight (<18.5) 182,197 (1.7) 46 (1.6) 0.93 (0.69– 1.25) 0.634 1.02 (0.76– 1.38) 0.875
Normal (18.5– 24.9) 2,796,771 (25.6) 931 (31.6) 1 (referent) – 1 (referent) – 
Overweight (25– 29.9) 1,918,346 (17.5) 733 (24.9) 1.06 (0.96– 1.17) 0.244 1.04 (0.94– 1.15) 0.436
Obese (>30) 1,089,299 (10.0) 476 (16.2) 1.26 (1.13– 1.41) <0.001 1.16 (1.04– 1.30) 0.008
Missing 4,950,264 (45.3) 760 (25.8) 0.43 (0.39– 0.48) <0.001 0.81 (0.71– 0.91) <0.001

Smoking status
Never smoker 4,230,414 (38.7) 1,436 (48.7) 1 (referent) – 1 (referent) – 
Ex- smoker 1,159,235 (10.6) 386 (13.1) 1.03 (0.92– 1.16) 0.576 1.00 (0.89– 1.12) 0.938
Current smoker 1,853,047 (16.9) 598 (20.3) 0.95 (0.86– 1.04) 0.266 0.98 (0.89– 1.08) 0.663
Missing 3,694,181 (33.8) 526 (17.9) 0.37 (0.34– 0.41) < 0.001 0.86 (0.75– 0.99) 0.036

* IRR = incidence rate ratio; 95% CI = 95% confidence interval; TDI = Townsend deprivation index; BMI = body mass index. 
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(Supplementary Figure 1 and Supplementary Table 3, http://
onlin elibr ary.wiley.com/doi/10.1002/art.41709/ abstract). This 
reflects evolving THIN database maturity over time, with the 
database more closely approaching a steady state of patients 
being added compared to patients being removed in more 
recent years. There were an estimated 61,650 patients with 
scleritis (95% CI 59,380– 63,919) in the UK in 2018.

Characteristics of the 2,946 incident scleritis cases and 
10.9 million patients in the THIN population without scleritis are 
compared in Table 1. Briefly, among patients with incident scleritis, 
1,831 (62.2%) were female, with a mean ± SD age at cohort entry of 
44.9 ± 17.6 years (range 1– 93), and 2,098 (71.2%) resided in Eng-
land. Excluding patients with missing data for each variable, 1,257 
patients in the THIN population (88.8%) were White, the median 
BMI was 25.6 kg/m2 (IQR 17.3– 44.6), 984 (40.7%) were smokers 
or ex- smokers, and 624 (24.8%) were from Townsend deprivation 

index category 1 (least deprived). From 1997 through 2018, more 
women than men developed incident scleritis, with peak onset 
occurring at age 50– 59 years in women, compared to age 70– 79 
years in men (Figure 1B). Incidence rates for other variable sub-
groups are presented in Table 2, and the data for women and men 
separately by age group are shown in Supplementary Table 4 
(http://onlin e libr ary.wiley.com/doi/10.1002/art.41709/ abstract).

In a multivariable Poisson regression model, significant pre-
dictors of incident scleritis included female sex (adjusted IRR 1.53 
[95% CI 1.42– 1.66], P < 0.001), Black race/ethnicity (adjusted 
IRR 1.52 [95% CI 1.14– 2.01], P = 0.004 compared to White race/
ethnicity), or South Asian race/ethnicity (adjusted IRR 1.50 [95% 
CI 1.19– 1.90], P < 0.001 compared to White race/ethnicity), and 
obesity (BMI >30.0 kg/m2) (adjusted IRR 1.16 [95% CI 1.04– 1.30], 
P = 0.008 compared to normal weight [BMI 18.4– 24.9 kg/m2]). The 
adjusted IRR for incident scleritis also increased with age, peaking 
at an adjusted IRR of 4.95 ([95% CI 3.99– 6.14], P < 0.001) in those 
ages 51– 60 years compared to those ages 1– 10 years. Compared 
to English residents, Scottish residents were at significantly lower 
risk of incident scleritis (adjusted IRR 0.85 [95% CI 0.76– 0.95], 
P = 0.005), whereas Welsh residents were at higher risk (adjusted 
IRR 1.14 [1.02– 1.28], P = 0.026). There were no significant associ-
ations with Townsend deprivation index or smoking status.

Between January 1, 1995 and January 9, 2019, 3,005 
patients with incident scleritis and 12,020 randomly matched 
controls without scleritis were included for the matched cohort 
studies. For 12 I- IMIDs, there were no data; these were therefore 
excluded from the analysis.

Patients with scleritis were 2 times more likely than controls to 
have a prior diagnosis of any I- IMID (853 of 3,005 [28.4%] versus 
1,923 of 12,020 [16.0%]) (adjusted OR 2.01 [95% CI 1.83– 2.22], 
P < 0.001). In a series of univariable analyses followed by adjusted 
logistic regression analyses, we identified significantly greater odds 
of a prior diagnosis of 17 individual I- IMIDs in patients with scleritis 
compared to controls (Table 3 and Figure 2): granulomatosis with 
polyangiitis (GPA) (OR 50.7, P < 0.001), Behçet’s disease (BD) 
(OR 9.1, P = 0.014), Sjögren’s syndrome (SS) (OR 7.1, P < 0.001), 
reactive arthritis (OR 7.0, P = 0.002), RA (OR 5.7, P < 0.001), 
other vasculitis (OR 5.4, P < 0.001), giant cell arteritis (GCA) (OR 
3.8, P = 0.001), Crohn’s disease (OR 3.6, P < 0.001), systemic 
lupus erythematosus (SLE) (OR 3.5, P < 0.001), ankylosing spon-
dylitis (AS) (OR 3.4, P < 0.001), sarcoidosis (OR 2.6, P < 0.001), 
polymyalgia rheumatica (OR 2.3, P < 0.001), ulcerative colitis 
(OR 2.2, P < 0.001), herpesvirus infections (simplex and zoster) 
(OR 1.6, P < 0.001), Epstein-Barr virus (EBV) infection (OR 1.5, 
P = 0.014), measles (OR 1.5, P = 0.047), and psoriasis (OR 1.3, 
P = 0.004). Patients with scleritis were also significantly more likely 
than controls to have previously had uveitis (OR 17.3, P < 0.001) 
or optic neuritis (OR 2.7, P = 0.023).

After exclusion of those with prevalent I- IMID at baseline, the 
proportion of patients with scleritis who developed incident I- IMIDs  
was 8.8% (190 of 2,152, over a median follow- up of 5.8 years 

Table 2. Cumulative incidence rate of scleritis, stratified by key 
variables*

Characteristic at baseline

Incidence rate  
per 100,000 person- years  

(95% CI)
Male 2.98 (2.80– 3.15)
Female 4.85 (4.64– 5.08)
Age group at cohort entry

1– 18 years 0.88 (0.74– 1.04)
18+ years 4.63 (4.47– 4.81)

Nation
England 3.97 (3.80– 4.14)
Scotland 3.48 (3.14– 3.87)
Wales 4.30 (3.88– 4.77)
Northern Ireland 3.52 (2.97– 4.18)

TDI
1 (least deprived) 3.93 (3.63– 4.25)
2 3.89 (3.58– 4.24)
3 4.08 (3.75– 4.43)
4 4.26 (3.90– 4.65)
5 (most deprived) 3.66 (3.27– 4.09)
Missing 3.60 (3.27– 3.95)

Race/ethnicity
Black 6.01 (4.57– 7.91)
White 4.31 (4.08– 4.56)
Mixed 4.95 (3.34– 7.33)
Other 1.32 (0.50– 3.52)
South Asian 5.69 (4.56– 7.10)
Missing 3.56 (3.38– 3.74)

BMI, kg/m2

Underweight (<18.5) 5.36 (4.98– 5.76)
Normal (18.5– 24.9) 5.06 (4.74– 5.39)
Overweight (25– 29.9) 5.36 (4.98– 5.76)
Obese (30– 34.9) 6.36 (5.71– 7.10)
Morbidly obese (>35) 6.46 (5.51– 7.57)
Missing 2.19 (2.04– 2.35)

Smoking status
Never smoker 5.13 (4.86– 5.39)
Ex- smoker 5.29 (4.79– 5.84)
Current smoker 4.85 (4.48– 5.26)
Missing 1.91 (1.75– 2.08)

* 95% CI = 95% confidence interval; TDI = Townsend deprivation 
index; BMI = body mass index. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41709/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41709/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41709/abstract


BRAITHWAITE ET AL 1272       |

Table 3. Comparison of 3,005 patients with scleritis and 12,020 matched controls, exploring association with 58 infectious or noninfectious 
IMIDs, highlighting the adjusted odds of baseline (prior) diagnosis of an IMID and adjusted hazard of incident diagnosis of an IMID during 
follow- up, with the latter excluding baseline diagnoses of the outcome*

Case– control analysis Retrospective matched cohort analysis§

Diagnosed comorbidities at baseline/
during follow- up†

Cases,  
no. (%)

Controls,  
no. (%)

Adjusted OR  
(95% CI)‡ P

Cases,  
no. (%)

Controls,  
no. (%)

Adjusted IRR  
(95% CI)‡ P

Clinical phenotype
Optic neuritis 9 (0.30) 14 (0.12) 2.71 (1.15– 6.38) 0.023 5 (0.17) 0 Not estimable – 
Uveitis 294 (9.78) 73 (0.61) 17.3 (13.29– 22.60) <0.001 92 (3.39) 32 (0.27) 20.08 (14.02– 28.76) <0.001

IMID associations, noninfectious
Ankylosing spondylitis 18 (0.60) 22 (0.18) 3.39 (1.78– 6.42) <0.001 4 (0.13) 2 (0.02) 3.44 (1.21– 9.76) 0.020
Behçet’s disease 4 (0.13) 2 (0.02) 9.09 (1.57– 52.53) 0.014 3 (0.10) 0 17.45 (1.94– 156.74) 0.011
Celiac disease 16 (0.53) 36 (0.30) 1.62 (0.89– 2.95) 0.118 4 (0.13) 14 (0.12) 1.07 (0.43– 2.69) 0.883
Cogan’s syndrome 1 (0.03) 0 Not estimable – 0 0 Not estimable – 
CREST syndrome 1 (0.03) 0 Not estimable – 0 1 (0.01) Not estimable – 
Crohn’s disease 38 (1.26) 43 (0.36) 3.60 (2.28– 5.67) <0.001 7 (0.24) 10 (0.08) 4.16 (2.90– 7.58) <0.001
Dermatomyositis or polymyositis 2 (0.07) 1 (0.01) 5.44 (0.43– 68.09) 0.189 0 1 (0.01) 5.38 (0.33– 88.57) 0.239
Giant cell arteritis 14 (0.47) 13 (0.11) 3.83 (1.74– 8.44) 0.001 7 (0.23) 14 (0.12) 2.36 (1.03– 5.44) 0.043
Gout 95 (3.16) 300 (2.50) 1.20 (0.94– 1.54) 0.152 52 (1.79) 181 (1.54) 0.96 (0.73– 1.24) 0.737
Granulomatosis with polyangiitis 28 (0.93) 2 (0.02) 50.66 (11.94– 214.93) <0.001 17 (0.57) 0 96.36 (12.99– 715.00) <0.001
IgA nephropathy 2 (0.07) 0 Not estimable – 4 (0.13) 0 Not estimable – 
Juvenile idiopathic arthritis 5 (0.17) 0 Not estimable – 0 0 Not estimable – 
Lymphoma 8 (0.27) 13 (0.11) 2.40 (0.97– 5.97) 0.059 4 (0.13) 0 Not estimable – 
Multiple sclerosis 11 (0.37) 34 (0.28) 1.29 (0.64– 2.58) 0.473 0 13 (0.11) 1.12 (0.41– 3.08) 0.825
Polyarteritis nodosa 3 (0.10) 0 Not estimable – 1 (0.03) 0 Not estimable – 
Polymyalgia rheumatica 45 (1.50) 78 (0.65) 2.31 (1.57– 3.40) <0.001 15 (0.51) 72 (0.60) 1.11 (0.70– 1.75) 0.670
Porphyria 0 2 (0.02) Not estimable – 0 1 (0.01) Not estimable – 
Psoriasis 147 (4.89) 420 (3.49) 1.34 (1.10– 1.63) 0.004 39 (1.36) 116 (1.00) 1.22 (0.92– 1.60) 0.163
Reactive arthritis 7 (0.23) 4 (0.03) 6.96 (1.99– 24.36) 0.002 0 0 Not estimable – 
Relapsing polychondritis 5 (0.17) 0 Not estimable – 2 (0.07) 0 Not estimable – 
Rheumatoid arthritis 150 (4.99) 114 (0.95) 5.70 (4.40– 7.39) <0.001 40 (1.40) 67 (0.56) 4.22 (3.32– 5.39) <0.001
Sarcoidosis 25 (0.83) 35 (0.29) 2.61 (1.53– 4.46) <0.001 3 (0.10) 7 (0.06) 3.09 (1.15– 8.27) 0.025
Sjögren’s syndrome 22 (0.73) 13 (0.11) 7.14 (3.50– 14.57) <0.001 9 (0.30) 7 (0.06) 8.53 (3.35– 21.67) <0.001
Systemic lupus erythematosus 20 (0.67) 26 (0.22) 3.47 (1.90– 6.33) <0.001 10 (0.34) 5 (0.04) 8.49 (3.35– 21.74) <0.001
Stevens- Johnson syndrome 0 2 (0.02) Not estimable – 0 0 Not estimable – 
Sweet syndrome 1 (0.03) 2 (0.02) 1.36 (0.12– 15.50) 0.803 0 0 Not estimable – 
Systemic sclerosis 0 1 (0.01) Not estimable – 0 0 Not estimable – 
Thyroid disease, autoimmune 14 (0.47) 42 (0.35) 1.11 (0.60– 2.06) 0.783 4 (0.13) 18 (0.15) 1.16 (0.45– 2.94) 0.761
Ulcerative colitis 43 (1.43) 68 (0.57) 2.20 (1.49– 3.27) <0.001 1 (0.03) 25 (0.21) 1.77 (0.99– 3.16) 0.054
Vasculitis, other 26 (0.87) 17 (0.14) 5.37 (2.87– 10.05) <0.001 14 (0.47) 12 (0.10) 6.68 (3.22– 13.86) <0.001
Vitiligo 12 (0.40) 44 (0.37) 1.04 (0.54– 2.00) 0.901 6 (0.20) 16 (0.13) 1.33 (0.55– 3.22) 0.524
Vogt- Harada syndrome 0 0 Not estimable – 1 (0.03) 0 Not estimable – 
Waldenstrom’s macroglobulinemia 0 2 (0.02) Not estimable – 1 (0.03) 4 (0.03) 0.69 (0.08– 6.35) 0.747

IMID associations, infectious
Aspergillosis 2 (0.07) 3 (0.02) 2.56 (0.37– 17.62) 0.340 1 (0.03) 3 (0.02) 1.72 (0.17– 17.46) 0.648
Brucellosis 1 (0.03) 0 Not estimable – 0 0 Not estimable – 
Cytomegalovirus infection 1 (0.03) 0 Not estimable – 0 1 (0.01) Not estimable – 
Epstein- Barr virus 53 (1.76) 144 (1.20) 1.50 (1.09– 2.08) 0.014 1 (0.03) 4 (0.03) 0.72 (0.08– 6.68) 0.772
Herpes simplex or zoster virus 171 (5.69) 417 (3.47) 1.61 (1.34– 1.94) <0.001 49 (1.73) 158 (1.36) 1.53 (1.16– 2.02) 0.003
HIV 0 8 (0.07) Not estimable – 0 1 (0.01) Not estimable – 
Lyme disease 2 (0.07) 2 (0.02) 4.12 (0.56– 30.33) 0.164 4 (0.13) 2 (0.02) 8.41 (1.43– 49.39) 0.018
Measles 33 (1.10) 95 (0.79) 1.51 (1.00– 2.27) 0.047 0 0 Not estimable – 
Mumps 0 0 Not estimable – 3 (0.10) 2 (0.02) 11.11 (1.05– 117.16) 0.045
Syphilis 2 (0.07) 12 (0.10) 0.63 (0.14– 2.88) 0.551 0 0 Not estimable – 
Tuberculosis 24 (0.80) 67 (0.56) 1.35 (0.83– 2.19) 0.223 4 (0.13) 4 (0.03) 3.37 (0.82– 13.78) 0.091
Toxocariasis 0 1 (0.01) Not estimable – 0 0 Not estimable – 
Toxoplasmosis 2 (0.07) 2 (0.02) 3.76 (0.45– 31.49) 0.223 0 0 Not estimable – 

* IMIDs = immune mediated inflammatory diseases; OR = odds ratio; 95% CI = 95% confidence interval; IRR = incidence rate ratio; CREST 
syndrome = calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly, telangiectasias. 
† Diseases for which Read codes were available in The Health Improvement Network (THIN) but no data were available for patients with scleritis 
or controls (and thus were excluded from analysis) were as follows: Churg Strauss syndrome, acanthamoeba, chikungunya virus, dengue, familial 
Mediterranean fever, graft versus host disease, Kawasaki disease, microscopic polyangiitis, Takayasu arteritis, West Nile virus, Yaws, and Zika 
virus. Diseases for which no Read codes were recorded in the THIN data set were as follows: Blau syndrome, Bartonella or cat scratch disease, 
human herpes 6 virus, and human coronavirus. There was also no specific Read code for classic or perinuclear antineutrophil cytoplasmic 
antibody positivity, but these were likely captured under a combination of Read codes, grouped here as “vasculitis, other.” 
‡ All models were adjusted for sex, age category, race/ethnicity, body mass index, smoking status, nation within the UK, and Townsend deprivation index. 
§ Data were missing for some parameters. 
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[IQR 2.6– 9.8]), compared to 6.1% of controls (619 of 10,097, over 
a median follow- up of 5.5 years [IQR 2.4– 9.6]). We compared 
the hazard of diagnosis of each individual I- IMID in scleritis cases 
and matched controls in a series of adjusted Cox proportional haz-
ard regression analyses (Table 3, Figures 2 and 3, and Supplemen-
tary Figure 2, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41709/ abstract). 
Patients with scleritis were significantly more likely to develop any 
of 13 incident I- IMIDs: GPA (HR 96.4, P < 0.001), BD (HR 17.5, 
P = 0.011), mumps (HR 11.1, P = 0.045), SS (HR 8.5, P < 0.001), 
SLE (HR 8.5, P < 0.001), Lyme disease (HR 8.4, P = 0.018), other 
vasculitis (OR 6.7, P < 0.001), RA (HR 4.2, P < 0.001), Crohn’s 
disease (HR 4.2, P < 0.001), AS (HR 3.4, P = 0.020), sarcoidosis 
(HR 3.1, P = 0.025), GCA (HR 2.4, P = 0.043), and herpesvi-
rus infection (HR 1.5, P = 0.003). Patients with scleritis were also 
20 times more likely than controls to develop incident uveitis (HR 
20.1, P < 0.001).

DISCUSSION

This large, population- representative national study of the 
epidemiology of scleritis in the UK provides needed prevalence 
and incidence estimates, and offers insights into the presence and 
strength of associations with systemic I- IMIDs. The UK incidence 
of new cases appears to have decreased by approximately one- 
third over the past 22 years to 2.8 per 100,000 person- years. This 
trend likely reflects improvements in the management of systemic 
I- IMIDs. Over this period, there has been increasing availability 
of antimicrobial therapies and immunosuppressive therapies, 
including biologics (19). While more variable, the UK incidence of 

RA also decreased between 1997 and 2014 from 45.4 to 38.1 
per 100,000 person- years (20). Our study findings were consist-
ent with incidence rate estimates from US database studies in 
Northern California (1998– 1999, 3.4 per 100,000 person- years) 
(5) and Hawaii (2006– 2007, 4.1 per 100,000 person- years) (6). In 
the present study, the estimated incidence rates in those years 
were 4.7 per 100,000 person- years and 4.2 per 100,000 person- 
years, respectively. The apparent rise in prevalence of ever hav-
ing had a diagnosis of scleritis likely reflects increasing maturity 
of the THIN database as explained below. A similar pattern for 
optic neuritis has been observed in this database (4), and the 
latest prevalence estimate of 93.6 per 100,000 in 2018 reflects 
the most reliable data.

Common to previous scleritis epidemiology studies in the 
US (5– 8), we observed higher risk of incident scleritis among 
women. Factors contributing to well- established sex differences 
in immune- mediated diseases are complex and multiple, with 
genetic, hormonal, and environmental contributions (21,22). 
We observed peak scleritis onset in women ages 50– 59 years 
and men ages 70– 79 years. This broadly aligns with other scleritis 
database studies (6) and with other autoimmune conditions, and 
in particular, those associated with chronic, fibrotic Th2- mediated 
pathology (22). Black and South Asian people in the UK were 1.5 
times more likely to develop incident scleritis than White people. 
Black race/ethnicity has previously been identified as a significant 
risk factor for both incident scleritis (6) and other I- IMIDs, including 
sarcoidosis (23) and SLE (24). Obesity at cohort entry (BMI >30 
kg/m2) was also significantly associated with higher scleritis inci-
dence (adjusted IRR 1.2, P = 0.008). A growing body of evidence 
links obesity, with its chronic state of low- grade inflammation and 

Figure 2. Forest plots showing the adjusted odds ratio of a prevalent diagnosis of an infectious or noninfectious immune- mediated inflammatory 
disease (I- IMID) at baseline and the adjusted hazard ratio of an incident diagnosis of an I- IMID during follow- up, comparing 3,005 patients with 
scleritis and 12,020 controls. Detailed data are shown in Table 3. 95% CI = 95% confidence interval.

http://onlinelibrary.wiley.com/doi/10.1002/art.41709/abstract


BRAITHWAITE ET AL 1274       |

the pleiotropic effects of adipokines on the immune system, to risk 
and severity of rheumatic conditions (25). The regional variation 
observed across the UK, with significantly higher risk in Wales and 
significantly lower risk in Scotland, was interesting, but challenging 
to explain. It perhaps relates to as- yet unidentified environmental 
differences.

To our knowledge, this is the first population- representative 
study to systematically explore the strength of associations 
between scleritis and I- IMIDs of potential relevance (1). While 
the present results do not imply direct causation, we found that 
28.4% of patients with scleritis had an associated I- IMID prior to 
scleritis diagnosis, and 8.8% developed an I- IMID during subse-
quent follow- up. These proportions were only slightly lower than 
those indicated in scleritis cohort studies (see Supplementary 
Table 1, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41709/ abstract). A 
likely explanation is that patients with milder scleritis, who may be 
well captured in this primary care records database, are less likely 
to have associated systemic disease or to be referred to tertiary 
centers for management.

We found autoimmune and autoinflammatory disease 
to be more frequently associated with scleritis than infectious 
disease in the UK. We identified significant infectious disease 
associations preceding or subsequent to a scleritis diagnosis, 
including herpesvirus infection (OR 1.6, P < 0.001; HR 1.5, 
P = 0.003), EBV infection (OR 1.5, P = 0.014), and Lyme disease 
(HR 8.4, P = 0.018), with mumps (HR 11.1, P = 0.045) and mea-
sles (OR 1.5, P = 0.047) also just reaching significance. We iden-
tified significant associations with 19 I- IMIDs, with the strongest 
associations observed with both preexisting and subsequent 
diagnoses of GPA (OR 50.7 and HR 96.4, P < 0.001 for both), 
BD (OR 9.1, P = 0.014; HR 17.5, P = 0.011), SS (OR 7.1 and 
HR 8.5, P < 0.001 for both), RA (OR 5.7 and HR 4.2, P < 0.001 
for both), other vasculitis (OR 5.4 and HR 6.7, P < 0.001 for 
both), Crohn’s disease (OR 3.6 and HR 4.2, P < 0.001 for both), 
SLE (OR 3.5 and HR 8.5, P < 0.001 for both), GCA (OR 3.8, 
P = 0.001; HR 2.4, P = 0.043), AS (OR 3.4, P < 0.001; HR 
3.4, P = 0.020), and sarcoidosis (OR 2.6, P < 0.001; HR 3.1, 
P = 0.025). Epidemiologic research in different world regions 
reveals different patterns (Supplementary Table 1, available on 

Figure 3. Nelson- Aalen cumulative hazard function comparing scleritis cases and matched controls during the 15- year cumulative follow- up 
of patients with granulomatosis with polyangiitis (A), Behçet’s disease (B), Sjögren’s syndrome (C), or rheumatoid arthritis (D). Using rheumatoid 
arthritis as an example, the data presented in the figure show that at 5 years of follow- up, an estimated 3.86% of patients with scleritis had been 
diagnosed as having rheumatoid arthritis (116 of 3,005), compared to 0.79% of those without scleritis (95 of 12,020). Note the variable scales 
on the y-axes. 95% CI = 95% confidence interval.

http://onlinelibrary.wiley.com/doi/10.1002/art.41709/abstract
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the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.  
com/doi/10.1002/art.41709/ abstract), with more infectious causes  
in India, for example (26). The systemic associations highlight the 
potential value of cross- specialty multidisciplinary care to detect 
preclinical or early disease and optimize management (27).

There are currently no licensed biologic therapies for scleri-
tis in the UK, despite off- label use of numerous agents reported 
to be effective in I- IMID– associated scleritis, including infliximab 
(12). More widespread use of licensed treatments for I- IMIDs— 
including RA, inflammatory bowel disease, AS, GPA, and 
psoriasis— with anti– tumor necrosis factor agents and rituximab 
(anti- CD20) has likely contributed to declining incidence of scleri-
tis in the UK. Future benefit may be observed with increasing 
use of anti– interleukin- 6 (anti– IL- 6) and anti– IL- 1 agents, small- 
molecule JAK inhibitors, and as-yet undeveloped new treatments. 
This study confirms that the rarity of scleritis offers challenges for 
randomized controlled trials, and for identification of scleritis as a 
secondary outcome measure in rheumatic disease clinical trials. 
A more pragmatic, resource- efficient Bayesian adaptive clinical 
trial design, embedded within routine healthcare, may offer a solu-
tion and has been recently explored in juvenile idiopathic arthritis– 
associated uveitis (28).

Strengths of this study include its very large sample size, per-
mitting the evaluation of associations between scleritis and uncom-
mon I- IMIDs, and time trends over a 22- year period. In addition, 
THIN is reliably generalizable to the UK population (13,14). 

The limitations of this study include insufficient power to iden-
tify associations between scleritis and rare I- IMIDs (e.g., relapsing 
polychondritis), and the possibility that some weakly statistically 
significant associations were spurious. Read codes did not per-
mit accurate differentiation of scleritis subtypes (Supplementary 
Table 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.41709/ 
abstract), which include anterior or posterior scleritis, and diffuse, 
nodular, or necrotizing scleritis (including scleromalacia perforans). 
We included “F4K0.00 scleritis and episcleritis” (164 patients), but 
excluded “F4K0z00 scleritis or episcleritis not otherwise specified” 
to limit the risk of including patients with isolated episcleritis. Nev-
ertheless, this may have led to an overestimate of the prevalence 
of scleritis and an underestimate of the association of scleritis with 
I- IMIDs, given that episcleritis is least strongly associated with sys-
temic diseases. Read codes also did not permit the differentiation 
of all subtypes of the associated I- IMIDs of interest (e.g., primary 
versus secondary SS). In addition, within the prevalent cases, we 
were unable to differentiate patients who had a single episode 
of scleritis (versus relapsing and remitting), compared to patients 
with chronically active scleritis. Furthermore, individual cases or 
controls may have had >1 I- IMID or infection of interest, and this 
study did not explore these associations or temporal relationships.  

A final limitation is that retrospective estimates from this data-
base of routinely collected data have potential risks of bias. There is 
a risk of diagnostic error in the hospital or incorrect coding resulting 
in misclassification bias, and a risk of data entry error or missing data 

arising from incomplete investigation or data entry omissions. We 
were unable to review medical records to validate the assigned Read 
codes. However, the close accordance between the scleritis inci-
dence rate we observed and the rates observed in other large data-
bases and epidemiologic surveys in the US was reassuring (5– 9).

The trend toward declining incidence of scleritis, with rising 
prevalence, indicates evolving database maturity. Reasons for this 
include more adults newly making an appointment to be seen by 
a general practitioner at onset or recurrence of scleritis, or patients 
newly volunteering their medical history of previous scleritis. Over 
time, electronic data capture is improving as systems become more 
familiar, easier, and faster to use. As more patients are added at 
birth and followed up during their life span, with resulting stabiliza-
tion of the database age structure, increasing confidence can be 
placed in the estimates of prevalence and age at onset. With higher 
scleritis incidence in older age groups, we anticipate some increase 
in prevalence over time, if population aging continues.

Future research is needed to establish the population- based 
incidence of scleritis in relation to temporal trends in incidence of 
different I- IMIDs (29), and to identify effective treatments. We rec-
ommend that scleritis and episcleritis not be combined in future 
epidemiologic studies, given the important differences between 
them (30). Compared to episcleritis, scleritis can be rapidly and 
directly sight- threatening, is usually more painful, has greater need 
for treatment with systemic therapy, takes longer to resolve, and is 
associated with developing severe ocular sequelae (11,31).

This study highlights how the use of routinely collected, 
large- scale data offers unprecedented opportunity to advance 
understanding of the epidemiology of rare conditions and their 
associations. We identified declining scleritis burden in the UK 
over 22 years, and multiple significant associations with I- IMIDs 
which precede or follow a scleritis diagnosis, providing guidance 
for health policy and clinical management. Most strongly associ-
ated were GPA, BD, SS, RA, SLE, Crohn’s disease, and sarcoido-
sis. The interplay between ophthalmologically managed scleritis 
and I- IMIDs managed by rheumatologists and other specialists 
highlights the need for multispecialty care pathways for patients 
with this disease that can potentially result in blindness.
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Association of Lymphangiogenic Factors With Pulmonary 
Arterial Hypertension in Systemic Sclerosis
Henriette Didriksen,1  Øyvind Molberg,2 Håvard Fretheim,1 Einar Gude,1 Suzana Jordan,3 Cathrine Brunborg,1 
Vyacheslav Palchevskiy,4 Torhild Garen,1 Øyvind Midtvedt,1 Arne K. Andreassen,1 Oliver Distler,3  
John Belperio,4 and Anna- Maria Hoffmann- Vold1

Objective. Pulmonary arterial hypertension (PAH) is a major complication in systemic sclerosis (SSc), a disease 
marked by vascular and lymphatic vessel abnormalities. This study was undertaken to assess the role of the 
lymphangiogenic factors vascular endothelial growth factor C (VEGF- C) and angiopoietin 2 (Ang- 2) and the soluble 
forms of their respective cognate receptors, soluble VEGF receptor 3 (sVEGFR- 3) and soluble TIE- 2, in patients with 
SSc, and to evaluate their predictive ability as markers for PAH development in SSc.

Methods. In this cohort study, we used multiplex bead assays to assess serum levels of lymphangiogenic factors 
in 2 well- characterized SSc cohorts: an unselected identification cohort of SSc patients from Oslo University Hospital 
(n = 371), and a PAH- enriched validation cohort of SSc patients from Zurich University Hospital and Oslo University 
Hospital (n = 149). As controls for the identification and validation cohorts, we obtained serum samples from 100 
healthy individuals and 68 healthy individuals, respectively. Patients in whom SSc- related PAH was identified by right- 
sided heart catheterization (RHC) in both cohorts were studied in prediction analyses. PAH was defined according to 
the European Society of Cardiology/European Respiratory Society 2015 guidelines for the diagnosis and treatment 
of PAH. Associations of serum levels of lymphangiogenic factors with the risk of PAH development were assessed 
in logistic regression and Cox regression analyses. Associations in Cox regression analyses were expressed as the 
hazard ratio (HR) with 95% confidence interval (95% CI).

Results. In the identification cohort, SSc patients had lower mean serum levels of VEGF- C and higher mean 
serum levels of Ang- 2 compared to healthy controls (for VEGF- C, mean ± SD 2.1 ± 0.5 ng/ml in patients versus 2.5 ±   
0.4 ng/ml in controls; for Ang- 2, mean ± SD 6.1 ± 7.6 ng/ml in patients versus 2.8 ± 1.8 ng/ml in controls; each P < 
0.001); these same trends were observed in SSc patients with PAH compared to those without PAH. The association 
of serum VEGF- C levels with SSc- PAH was confirmed in the PAH- enriched RHC validation cohort. For prediction 
analyses, we assembled all 251 cases of SSc- PAH identified by RHC from the identification and validation cohorts. 
In multivariable Cox regression analyses adjusted for age and sex, the mean serum levels of VEGF- C and sVEGFR- 3 
were predictive of PAH development in patients with SSc (for VEGF- C, HR 0.53 [95% CI 0.29– 0.97], P = 0.04; for 
sVEGFR- 3, HR 1.21 [95% CI 1.01– 1.45], P = 0.042).

Conclusion. These findings support the notion that lymphangiogenesis is deregulated during PAH development 
in SSc, and indicate that VEGF- C could be a promising marker for early PAH detection in patients with SSc.
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INTRODUCTION

Systemic sclerosis (SSc) is a rare multiorgan disease charac-
terized by fibrosis, autoimmune features, and progressive vascular 
abnormalities (1). Pulmonary arterial hypertension (PAH) is a major 
vascular complication in SSc, and a leading cause of disease- 
related mortality (2). PAH in SSc is still often diagnosed at late 
stages of the disease, after marked vascular damage has already 
occurred, and thus opportunities for early treatment are missed, 
emphasizing the need for novel markers to aid earlier diagnosis 
(3,4).

Recently, we reported that the chemokine CCL21 is a prom-
ising predictive marker for PAH in SSc (5). We speculated that 
CCL21 is a marker for deregulated immune pathways, driving lung 
vascular damage leading to PAH. As CCL21 modulates lymphatic 
endothelial cells (LECs), and because SSc is marked by abnor-
mal lymphatic vessels, we have focused our investigations on 
lymphangiogenic pathways (6,7). Interestingly, other studies have 
demonstrated that CCL21 appears to often mediate its effects on 
LECs through vascular endothelial growth factor C (VEGF- C) (8,9).

The findings from human genetic studies have revealed that 
VEGF- C and its cognate receptor, VEGF receptor 3 (VEGFR- 3), 
are critical for normal lymphatic vessel development (10,11). Inter-
estingly, the VEGF- C/VEGFR- 3 axis also appears to play a critical 
role in genetically determined human PAH (12,13). The process 
of lymphangiogensis is strictly regulated, with one of the major 

regulators being the growth factor angiopoetin 2 (Ang- 2), which 
acts through the TIE- 2 receptor (14,15). Previous studies have 
indicated that Ang- 2 is critical for VEGFR- 3– related lymphangio-
genesis (16– 18).

Based on these observations linking lymphatic pathways to 
SSc and PAH, we undertook the present study to assess lym-
phangiogenic factors associated with risk of PAH development 
in patients with SSc. Specifically, we aimed to assess whether 
VEGF- C, soluble VEGFR- 3 (sVEGFR- 3), Ang- 2, and soluble TIE- 2 
(sTIE- 2) are associated with and predictive of PAH development 
in SSc.

PATIENTS AND METHODS

SSc identification and validation cohorts. Identifica-
tion cohort. The identification cohort comprised 371 SSc patients 
derived from an unselected, prospective cohort of SSc patients 
from Oslo University Hospital (OUH) (Figure 1). We included 
patients whose diagnosis met the American College of Rheuma-
tology/European Alliance of Associations for Rheumatology 2013 
classification criteria for SSc (19) and who had registered clinical 
data on pulmonary hypertension (PH) (details described below) 
and serum samples available for analysis. As controls, we included 
100 consecutive and random blood bank donors from OUH (nei-
ther age- matched nor sex- matched to the patients) (5).

Figure 1. Schematic overview of the systemic sclerosis (SSc) patients from Oslo University Hospital (OUH) and Zurich University Hospital 
(USZ) included in this study. The identification cohort included 371 unselected SSc patients, of whom 102 had data on right- sided heart 
catheterization (RHC) available for analysis. The validation cohort included 66 SSc patients from USZ and 83 patients from OUH who had 
undergone at least 1 RHC. The assembled RHC cohort included all 251 cohort patients who had RHC data available. For the comparative 
analyses, we focused on the patient groups defined by RHC as having pulmonary arterial hypertension (PAH) compared to those with no 
pulmonary hypertension (PH) (indicated on the right). We excluded patients with a borderline mean pulmonary artery pressure (mPAP), those 
with PH- related interstitial lung disease (PH- ILD), and those with postcapillary PH. Color figure can be viewed in the online issue, which is 
available at http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract.
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Validation cohort. The validation cohort comprised 149 
SSc patients who had undergone at least 1 right- sided heart 
catheterization (RHC) examination based on clinical indications 
and had serum samples available for analysis. We included SSc 
patients from the prospective Zurich University Hospital (USZ) 
SSc cohort (n = 66) and patients from the OUH SSc cohort 
who were not included in the identification cohort (n = 83). As 
controls, we obtained samples from 68 healthy individuals who 
were matched to the SSc patients by age and sex (Figure 1).

Assembled RHC cohort. For association and prediction 
analyses, we set up an assembled RHC cohort in which all included 
cases were SSc patients who had undergone an RHC (n = 251), 
including 1) 102 patients with RHC- verified SSc from the identi-
fication cohort, and 2) all 149 patients from the validation cohort 
(Figure 1). In this RHC cohort, serum samples were collected from 
94 of 251 patients at 2 different time points (>12 months apart) for 
additional serial serum sample analyses (Figure 1).

The study complies with the principles of the Declaration of 
Helsinki and was approved by the Data Protection Authority in 
Norway (approval no. 2006/119) and the Business Administration 
System for Ethics Committees in Zurich (BASEC KEK- ZH approval 
no. 2018- 01873 and BASEC approval no. PB_2016- 02014). 
Informed consent was obtained from all included subjects.

Clinical parameters. Data on SSc subsets, autoantibod-
ies, clinical characteristics, and vital status were available from 
the OUH and USZ SSc databases (5,20,21). Disease onset was 
defined from the time of onset of the first non- Raynaud’s phe-
nomenon symptom, and disease duration was defined as the 
time from disease onset until study end (February 2019) or time 
of death. Extent of lung fibrosis was expressed as the percentage 
of total volume determined on high- resolution computed tomog-
raphy (HRCT) lung images. Pulmonary function tests (PFTs) were 
carried out according to the American Thoracic Society/European 
Respiratory Society (ERS) guidelines (22– 25). Recorded immuno-
suppressive treatments included cyclophosphamide, mycophe-
nolate mofetil, azathioprine, glucocorticoids at a dose of >10 mg, 
rituximab, tocilizumab, and methotrexate.

PH surveillance and diagnosis. Annual PH surveillance 
in the OUH and USZ SSc cohorts included a complete clinical 
examination, per- protocol echocardiography, PFTs, 6- minute 
walk distance (6MWD) test, measurement of N- terminal pro– brain 
natriuretic peptide (NT- proBNP) levels, and evaluation of PAH 
using the DETECT screening algorithm (22,23,26). The thresh-
old for referring a patient to the RHC procedure was low, and 
indicated by clinical suspicion of PH due to increasing dyspnea, 
increasing NT pro- BNP levels, decline in the diffusing capacity 
for carbon monoxide percent predicted (DLco%), systolic pres-
sure of >40 mm Hg on echocardiography, and/or a DETECT 
score of >35  (20,27). We recorded use of PAH monotherapies, 

combination therapies, or triple therapies with phosphodiesterase 
5 inhibitors, endothelin receptor antagonists, and prostacyclins.

We diagnosed PH according to the European Society of Car-
diology (ESC)/ERS 2015 guidelines (28,29), and we differentiated 
SSc- related PAH from PH- related interstitial lung disease (ILD) 
in a manner as previously described (27). Briefly, SSc- PAH was 
defined as 1) evidence of precapillary PH on RHC examination, 
with a mean pulmonary artery pressure (mPAP) of ≥25 mm Hg 
and pulmonary capillary wedge pressure (PCWP) of <15 mm Hg, 
and 2) absence of significant lung fibrosis as determined by HRCT 
(extent of lung fibrosis <10% by quantification in patients at OUH, 
and <20% by visual scoring in patients at USZ) (30). We excluded 
patients who had an mPAP of 20– 25 mm Hg (borderline mPAP). 
Patients with a PCWP of ≥15 mm Hg (indicative of postcapillary 
PH) and other causes of precapillary PH were excluded from the 
PAH group analyses, but were included in the total PH group anal-
yses (31). Patients with PH underwent a follow- up RHC if clinically 
indicated. Additionally, we regrouped the assembled RHC cohort 
according to the recently proposed 6th World Symposium PH 
 criteria (32), and assessed the impact of lymphatic markers on 
PAH based on these criteria (see Supplementary Materials and 
Methods, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41665/ abstract).

Stepwise procedure for identification and validation 
of lymphangiogenic factors. We first assessed VEGF- C and 
Ang- 2 by multiplex bead assay in the identification cohort (371 
unselected SSc cases and 100 healthy controls). We then per-
formed multiplex bead analysis of receptor/ligand pairs (VEGF- C/
sVEGFR- 3 and Ang- 2/sTIE- 2) in the validation cohort of 149 SSc 
patients assessed by RHC (Figure 1).

For multiplex bead assay, we obtained blood samples from 
SSc patients and healthy controls at OUH and USZ using the 
same standardized procedure for processing within 30 minutes 
after collection. The samples were stored at −70°C until analysis, 
following the European Scleroderma Trials and Research Group 
guidelines on biobanking (33). At OUH, samples were stored in 
the Norwegian Systemic Connective Tissue Disease and Vasculi-
tis Registry biobank.

For analysis of the identification cohort, we applied the 
Milliplex Human Angiogenesis/Growth Factor Magnetic Bead 
Panel I (HAGP1MAG- 12K; Merck Millipore) containing Ang- 2 
and VEGF- C. For analysis of the validation cohort, we applied 
the same panel for Ang- 2 and VEGF- C, and the Milliplex Human 
Angiogenesis Magnetic Bead Panel II (HANG2MAG- 12K; Merck 
Millipore) for sTIE- 2 and sVEGRF- 3.

Statistical analysis. All statistical analyses were conducted 
using IBM SPSS version 26 and STATA version 14. Pearson’s chi- 
square test, Fisher’s exact test, independent samples t- test, and 
one- way analysis of variance were used as appropriate. Our out-
come measures were assessed for their association with PAH, for 

http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
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their predictive ability as markers of PAH development, and for 
their association with mortality risk.

For analysis of risk factor associations with PAH, we applied 
logistic regression analyses, with results expressed as the odds 
ratio (OR) with 95% confidence interval (95% CI). We included all 
patients with SSc- PAH from the assembled RHC cohorts whose 
clinical data and serum samples were collected from 1 year before 
to 5 years after PAH diagnosis. For analysis of the predictive ability 
of the outcome measures in predicting the development of PAH, 
we applied Cox regression analysis, with results expressed as the 
hazard ratio (HR) with 95% CI. We included patients whose clinical 
data and serum samples were collected >6 months prior to PAH 
diagnosis.

Variables for the logistic and Cox regression analyses were 
chosen by experts, based on those previously reported in the 
established literature (34). A change in level of 1 ng/ml for any 
of the variables of interest increases the probability of developing 
PAH by 1%. Models were checked by assessing the area under 
the curve (AUC) for logistic regression analysis, and using the Har-
rell’s C- index for Cox regression analysis, in which C- index values 
>0.7 are considered acceptable. Parameters included in the mul-
tivariable analysis were checked for correlation. We determined 
cutoff values for “high” and “low” serum levels using receiver 
operating characteristic (ROC) curves. A stable VEGF- C level was 
defined as low variation (±1 SD) between serial serum samples. 
For correlation analysis, we applied Spearman’s rho correlation 

Table 1. Key demographic and clinical characteristics of the SSc patients from the identification and 
validation cohorts*

Validation cohort

Identification 
cohort (OUH)  

(n = 371)
OUH  

(n = 83)
USZ  

(n = 66)
Age at disease onset, years 51.8 ± 15.5 51.8 ± 13.4 49.3 ± 15.5
Male, no. (%) 59 (15.9) 17 (20.5) 12 (18.2)
Diffuse cutaneous SSc, no. (%) 92 (24.8) 19 (22.9) 9 (13.6)
ACA positive, no. (%) 191 (51.5) 41 (49.4) 30 (45.5)
NYHA functional class, no. (%)

All classes 365 (98.4) 76 (91.6) 65 (98.5)
Class I and II 294 (79.2) 59 (77.6) 47 (72.3)
Class III and IV 71 (19.5) 17 (22.4) 18 (27.7)

NT- proBNP, pg/ml 84.3 ± 347.9 120 ± 489.6 515.6 ± 842.1
DLco, % predicted 67.9 ± 20.2 63.7 ± 17.1 56.5 ± 16.5
Examined by Echo, no. (%) 367 (98.9) 75 (90.4) 57 (86.4)
sPAP, mm Hg 27.0 ± 18.6 32.8 ± 23.7 28.1 ± 12.7
Examined by RHC, no. (%) 102 (27.5) 83 (100) 66 (100)
mPAP, mm Hg 25.8 ± 12.2 28.0 ± 11.3 28.9 ± 8.8
mPCWP, mm Hg 9.6 ± 5.7 10.1 ± 7.6 10.8 ± 3.4
PVR, WU 3.6 ± 3.6 2.8 ± 2.6 2.5 ± 1.9
PAH, no. (%) 25 (6.7) 30 (36.1) 17 (25.8)
Time from disease onset to PH, years 7.6 ± 8.5 6.6 ± 8.3 10.0 ± 12.6
Time from serum sampling to PH, years −1.3 ± 3.1 −1.8 ± 3.1 −0.2 ± 2.1
Treatments, no. (%)

Immunosuppressive treatment 117 (31.5) 28 (33.7) 19 (28.8)
PAH treatment 120 (32.3) 43 (51.8) 20 (30.3)

Monotherapy† 61 (50.8) 14 (32.6) 13 (65.0)
Dual therapy‡ 50 (41.7) 25 (58.1) 5 (25.0)
Triple therapy§ 9 (7.5) 4 (9.3) 2 (10.0)

Calcium channel blockers 113 (30.5) 25 (30.1) 30 (45.5)
ACE inhibitors 42 (11.3) 12 (13.3) 9 (13.6)

Deceased, no. (%) 91 (24.5) 21 (25.2) 9 (13.6)
* The clinical and demographic characteristics of the systemic sclerosis (SSc) patients did not differ 
significantly between the Oslo University Hospital (OUH) and Zurich University Hospital (USZ) cohorts, 
except for the percentage of deceased patients. Except where indicated otherwise, values are the mean ± 
SD. ACA = anticentromere antibody; NYHA = New York Heart Association; NT- proBNP = N- terminal pro– 
brain natriuretic peptide; DLco = diffusing capacity for carbon monoxide; Echo = echocardiography; sPAP = 
systolic pulmonary artery pressure; RHC = right- sided heart catheterization; mPAP = mean pulmonary 
artery pressure; mPCWP = mean pulmonary capillary wedge pressure; PVR = pulmonary vascular 
resistance; WU = Wood units; PAH = pulmonary arterial hypertension; PH = pulmonary hypertension; 
ACE = angiotensin- converting enzyme. 
† Monotherapy involved either phosphodiesterase 5 inhibitors (PD5Is) or endothelin receptor antagonists 
(ERAs). 
‡ Dual therapy involved both PD5Is and ERAs. 
§ Triple therapy involved PD5Is, ERAs, and prostacyclins. 
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coefficients, and calculated the ratio between the serum levels of 
VEGF- C and serum levels of sVEGRF- 3.

RESULTS

Lymphangiogenesis factors in different cohorts. We 
first assessed the serum levels of VEGF- C and Ang- 2 in 371 SSc 
patients from the unselected OUH SSc cohort. In this identifica-
tion cohort, 102 patients (27.5%) had undergone RHC, with 25 
(24.5%) diagnosed as having PAH (Table 1).

In the identification cohort, we found that the mean serum 
levels of VEGF- C were significantly lower in SSc patients than in 
healthy controls (mean ± SD 2.1 ± 0.5 ng/ml versus 2.5 ± 0.4 ng/
ml; P < 0.001). SSc patients with PAH had significantly lower mean 
serum VEGF- C levels (mean ± SD 1.8 ± 0.4 ng/ml) compared to 
the total SSc cohort (P = 0.003) (Figure 2A, panel i).

Regarding Ang- 2, the mean serum levels of Ang- 2 were 
significantly higher in SSc patients compared to healthy controls 
(mean ± SD 6.1 ± 7.6 ng/ml versus 2.8 ± 1.8 ng/ml; P < 0.001), 
and the mean serum levels of Ang- 2 were higher in the PAH sub-
set (mean ± SD 7.7 ± 7.4 ng/ml; P = 0.201) (Figure 2A, panel 
ii). VEGF- C levels in PAH patients were also significantly lower 
in the subset of patients in whom no PH was revealed by RHC 
(n = 34) (i.e., those with a normal- range mPAP on RHC performed 
for clinical indications) compared to those with RHC- identified PH 
(mean ± SD 1.8 ± 0.4 ng/ml versus 2.4 ± 0.5 ng/ml; P < 0.001) 
(Figure 3A, panel i). Serum Ang- 2 levels were higher in SSc patients 
with PAH compared to those with no PH (mean ± SD 7.7 ± 7.4 
ng/ml versus 5.8 ± 5.6 ng/ml; P = 0.21) (Figure 3A, panel ii).

Aiming to validate and extend these preliminary findings 
on VEGF- C and Ang- 2 levels in the identification cohort, we 
 performed testing of these 2 molecules and the soluble forms 
of their cognate receptors (sVEGRF- 3 and sTIE- 2) in a valida-
tion cohort of 149 patients in Oslo and Zurich, all of whom were 
assessed by RHC. We found no differences in the demographic 
and clinical characteristics between the identification cohort 
and the validation cohorts, except in the number of deceased 
patients (Table 1).

Similar to the findings in the identification cohort, SSc 
patients in the validation cohort had significantly lower mean 
serum levels of VEGF- C compared to healthy controls (mean ± SD 
2.0 ± 0.8 ng/ml versus 2.9 ± 0.9 ng/ml; P < 0.001). The serum 
levels of VEGF- C were also significantly lower in SSc patients with 
PAH (mean ± SD 1.7 ± 0.8 ng/ml; P = 0.002) (Figure 2B, panel i).

Regarding Ang- 2 in the validation cohort, we found signifi-
cantly higher mean serum levels of Ang- 2 in SSc patients com-
pared to healthy controls (mean ± SD 7.3 ± 6.6 ng/ml versus 
4.7 ± 2.3 ng/ml; P < 0.001), and levels of Ang- 2 were higher in the 
PAH subset (mean ± SD 8.1 ± 6.6 ng/ml) compared to the total 
SSc cohort (P = 0.061) (Figure 2B, panel ii).

The mean levels of sVEGFR- 3 were widely distributed, but 
were significantly higher in the serum of SSc patients compared to 

healthy controls (mean ± SD 1.3 ± 2.6 ng/ml versus 0.5 ± 0.5 ng/
ml; P = 0.011). The serum levels of sVEGFR- 3 were numeri-
cally highest in the subset of SSc patients with PAH (mean ± SD 
1.9 ± 3.8 ng/ml; P = 0.056) (Figure 2B, panel iii). The mean 
serum levels of sTIE- 2 did not significantly differ between SSc 
patients and healthy controls (mean ± SD 7.9 ± 4.6 ng/ml ver-
sus 6.9 ± 3.5 ng/ml; P = 0.075), nor did they differ between SSc 
patients with PAH (mean ± SD 7.4 ± 3.9 ng/ml) and the total SSc 
cohort (P = 0.765) (Figure 2B, panel iv).

Figure 2. Serum levels of lymphangiogenic factors in patients 
with systemic sclerosis (SSc). A, Mean circulating levels of vascular 
endothelial growth factor C (VEGF- C) (panel i) and angiopoietin 2 
(Ang- 2) (panel ii) were determined in healthy controls, SSc patients, 
and SSc patients with pulmonary arterial hypertension (PAH) verified 
by right- sided heart catheterization (RHC) in the identification cohort. 
B, Mean circulating levels of VEGF- C (panel i), Ang- 2 (panel ii), 
soluble VEGF receptor 3 (sVEGFR- 3) (panel iii), and sTIE- 2 (panel iv) 
were determined in healthy controls, SSc patients, and SSc patients 
with RHC- verified PAH in the validation cohort. Bars show the mean 
± SD. * = P < 0.05; ** = P < 0.001.
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Since demographic and clinical characteristics did not dif-
fer between the identification and validation cohorts (Table 1), 
we found it appropriate to assemble all patients with RHC data 
from the identification and validation cohorts in a combined RHC 
cohort (n = 251). In this cohort, there were 72 patients (48.3%) with 
PAH, while 69 did not have PH (Figure 1). Levels of VEGF- C were 
lower in patients with PAH than in those with no PH (mean ± SD 
1.7 ± 0.8 ng/ml versus 2.1 ± 0.8 ng/ml; P = 0.006) (Figure 3B, 
panel i).

The levels of sVEGRF3 in the RHC cohort were higher in 
patients with PAH than in those with no PH (mean ± SD 1.9 ± 3.7 ng/
ml versus 1.1 ± 1.4 ng/ml; P = 0.049) (Figure 3B, panel ii). The 
levels of Ang- 2 were also higher in those with PAH compared to 
the no PH group (mean ± SD 8.1 ± 6.5 ng/ml versus 5.7 ± 4.9 ng/
ml; P = 0.019), while the levels of sTIE- 2 did not differ between 
these 2 groups (mean ± SD 7.4 ± 3.9 ng/ml versus 7.6 ± 5.6 
ng/ml; P = 0.633) (Figure 3B, panels iii and iv). Serum levels of 
these markers in other forms of PH, including postcapillary PH 
and PH associated with ILD, are shown in Supplementary Figures 
1A– D (available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41665/ abstract).

Outcome measures. We assessed 2 outcome meas-
ures, the association of lymphaniogenic markers with PAH and 
the association of lymphaniogenic markers with prediction of 
PAH development. For both sets of analyses, we applied a no PH 
control group (n = 98), which included 2 subsets of patients from 
the study cohort: 1) patients with no PH by RHC (n = 37) and 2) 
patients who had not undergone RHC, but had a systolic PAP 
(sPAP) of <30 mm Hg and no clinical signs of PH (n = 61). First, 
we assessed the association of circulating lymphaniogenic mark-
ers with PAH in the assembled RHC cohort. For this association 
analysis, we included 56 (77.8%) of the 72 SSc- PAH patients with 
serum samples from 1 year before to 5 years after PAH diagnosis. 
The serum samples were obtained a mean 0.8 years after PAH 
diagnosis. We performed univariable logistic regression analyses 
both for the PAH group and for the total PH group (which con-
sisted of all SSc patients with pre-  or postcapillary PH by RHC) 
(characteristics of the patients are shown in Supplementary Table 1, 
available on the Arthritis & Rheumatology website at http://onlin e   
libr ary.wiley.com/doi/10.1002/art.41665/ abstract). Overall, the major-
ity of variables that were significantly associated with PAH also 
showed a significant association in the total PH group.

We then tested the associations with PAH in 2 multivariable 
logistic regression models (Table 2). The variables that were signif-
icantly associated with PAH in univariable analysis, including New 
York Heart Association (NYHA) cardiovascular functional class III 
or class IV, 6MWD, DLco, Ang- 2 levels, VEGF- C levels based on 
the defined cutoff, and Ang- 2 levels based on the defined cutoff, 
were not significantly associated with PAH in multivariable analy-
sis, and therefore are not included in these models.

In model 1, which included all lymphangiogenesis factors and 
known risk factors for PAH, we found that the serum levels of 
VEGF- C were independently associated with PAH, whereas the 
serum levels of VEGFR- 3, Ang- 2, and sTIE- 2 were not (Table 2).

In model 2, we tested the association between PAH devel-
opment and low VEGF- C levels, defined by ROC analysis based 
on a cutoff level of 2.4 ng/ml (AUC 0.8, P < 0.001) as shown 
in Supplementary Figure 2 (available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41665/ abstract). Using this cutoff, 87.7% of the PAH patients 

Figure 3. Serum levels of lymphangiogenic factors in SSc patients 
with RHC- verified PAH (n = 72) compared to SSc patients with 
no pulmonary hypertension (PH) (n = 68). A, Mean serum levels 
of VEGF- C (panel i) and Ang- 2 (panel ii) were compared between 
groups in the identification cohort. B, Mean serum levels of VEGF- C 
(panel i), sVEGRF- 3 (panel ii), Ang- 2 (panel iii), and sTIE- 2 (panel iv) 
were compared between groups in the validation cohort. Bars show 
the mean ± SD. * = P < 0.05; ** = P < 0.001. See Figure 2 for other 
definitions. Color figure can be viewed in the online issue, which 
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41665/
abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
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had low levels of VEGF- C, while 12.3% had high levels of 
VEGF- C. Since ROC analysis for the sensitivity and specificity of 
sVEGFR- 3, Ang- 2, and sTIE- 2 levels showed an AUC of <0.7, no 
cutoff values were determined for these factors, and they were 
not included in the model. Model 2 showed that low VEGF- C lev-
els were an independent risk factor associated with PAH devel-
opment (Table 2).

Since PAH can be regarded as a vasculature- related out-
come in SSc, we performed association analysis with 2 other 
key vascular SSc outcomes, digital ulcers (DUs) and scleroderma 
renal crisis (SRC), using ever present DU or SRC as outcome var-
iables. We did not find any association between the serum levels 
of VEGF- C or VEGFR- 3 and presence of DUs or SRC. However, 
the Ang- 2 cutoff level was associated with SRC (OR 4.78, 95% CI 
1.59– 14.33; P = 0.005), while the TIE- 2 level was associated with 
DUs (OR 1.72, 95% CI 1.21– 2.44; P = 0.002).

The second outcome measure that was assessed was the 
predictive ability of circulating levels of lymphangiogenic fac-
tors as markers for the development of PAH in SSc. For these 
analyses, we included the 33 patients with SSc- PAH (45.8%) 
from the assembled RHC cohort with serum samples availa-
ble from >6 months before PAH diagnosis. These 33 patients 
developed PAH a mean 3.1 years after the time of serum sam-
ple collection.

Results of univariable analyses in this subset of 33 patients 
with SSc- PAH and in the total PH group are shown in Supplemen-
tary Table 2 (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41665/ abstract). 
Mostly, the same variables were significant in both groups.

In multivariable analyses adjusted for age and sex, we iden-
tified serum levels of VEGF- C and sVEGFR- 3 as predictors for 

PAH development, in addition to traditional risk factors, including 
the sPAP determined on echocardiography, NYHA cardiovascular 
functional class III and class IV, and DLco% (Table 3). Serum levels 
of Ang- 2 and sTIE- 2 were not predictive of PAH in this cohort, and 
neither were the levels of anticentromere antibodies, levels of NT- 
proBNP, and the 6MWD.

We also assessed the difference in VEGF- C levels between the 
NYHA cardiovascular functional classes. The mean serum VEGF- C 
levels in patients in NYHA class I and class II differed significantly 
from the levels in patients in NYHA class III and class IV (mean ± SD 
2.01 ± 0.82 ng/ml versus 1.77 ± 0.68 ng/ml; P = 0.004). The post 
hoc analysis showed a significant difference in the mean VEGF- C 
levels between patients in NYHA class I and patients in NYHA class 
III (mean ± SD −0.29 ± 0.11 ng/ml; P = 0.047).

We also performed a subgroup analysis of patients whose 
serum was collected >1– 2 years before PAH diagnosis. The results 
did not differ substantially from the data in patients whose serum 
was collected >6 months prior to PAH diagnosis (data not shown).

Lastly, we assessed the predictive ability of VEGF- C levels for 
predicting the risk of mortality in PAH patients. For these analyses, 
we used multivariable Cox regression analysis with the same var-
iables as listed in Table 3 and with death as the outcome. NYHA 
cardiovascular functional class III and class IV and sPAP were 
significantly predictive of mortality, while VEGF- C levels, VEG-
FR- 3 levels, and DLco% were not predictive of mortality, when 
the models were adjusted for age and sex (results in Supplemen-
tary Table 3, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41665/ abstract).

Correlation between VEGF- C levels and sVEGFR- 3 
levels. In the assembled RHC cohort, serum levels of VEGF- C 
and serum levels of sVEGFR- 3 had a weak correlation in SSc 
patients (r = 0.061, P = 0.46) and no correlation in healthy con-
trols (r = 0.258, P = 0.04), with no significant difference between 
the correlation coefficients (P = 0.074). Likewise, no correlation 
between VEGF- C and sVEGFR- 3 levels was seen in SSc patients 
with PAH (r = −0.178, P = 0.329) or in those with no PH (r = 0.082, 
P = 0.683), nor were there any differences between the correla-
tion coefficients (P = 0.092). However, in patients with a borderline 
increased mPAP (n = 38), the correlation between VEGF- C and 
sVEGFR- 3 levels was strong (r = −0.850, P = 0.004), with a signifi-
cant difference in the correlation coefficients between patients with 
a borderline increased mPAP and patients with PAH (P < 0.001), 
and between patients with a borderline increased mPAP and 
patients with no PH (P < 0.001).

Correlation analyses were also performed to assess correla-
tions between the serum levels of VEGF- C and VEGFR- 3 and the 
severity of PAH (defined according to the mPAP, cardiac output 
[CO], and cardiac index [CI]). VEGF- C levels correlated weakly 
with the CO (r = 282, P = 0.041) and the CI (r = 329, P = 0.016) 
but showed no correlation with the mPAP. VEGFR- 3 levels did not 
correlate with any of the variables.

Table 2. Factors showing association with PAH development in 
multivariable logistic regression analyses in SSc patients having 
undergone RHC*

Model, variable OR (95% CI) P
Model 1 (AUC 0.85)

Male 1.57 (0.49– 4.97) 0.446
Age (years) at onset 0.99 (0.96– 1.01) 0.380
VEGF- C levels, per 1SD change† 0.48 (0.28– 0.82) 0.007
NYHA functional class III or IV 2.32 (0.73– 7.35) 0.152
sPAP (mm Hg), per 1SD change 3.48 (1.77– 6.86) <0.001
ACA positive 2.41 (0.92– 6.31) 0.074

Model 2 (AUC 0.86)
Male 1.45 (0.46– 4.60) 0.525
Age (years) at onset 0.99 (0.96– 1.01) 0.307
Low VEGF- C, based on cutoff‡ 0.26 (0.08– 0.81) 0.020
NYHA functional class III or IV 2.45 (0.78– 7.74) 0.127
sPAP (mm Hg), per 1SD change 3.44 (1.72– 6.87) <0.001
ACA positive 2.47 (0.96– 6.40) 0.062

* OR = odds ratio; 95% CI = 95% confidence interval; AUC = area 
under the receiver operating characteristic curve (see Table 1 for 
other definitions). 
† Model 1 assessed associations with the per 1SD unit change in se-
rum levels of vascular endothelial growth factor C (VEGF- C) (in ng/ml). 
‡ Model 2 assessed associations with low serum levels of VEGF- C  
(in ng/ml), with “low” defined according to a cutoff of 2.4 ng/ml. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
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Longitudinal VEGF- C data in patients with SSc- PAH. 
In the assembled RHC cohort, 94 (37.5%) of 251 patients had 
serial serum samples available. The clinical characteristics of 
these patients did not differ significantly from those of patients 
without serial serum samples. We defined VEGF- C levels as sta-
ble between 2 time points of serum collection if they varied by 
less than ±0.8 ng/ml (±1SD). We found that 13 patients (13.8%) 
displayed decreasing VEGF- C levels over a mean ± SD 2.0 ± 1.5 
years, 44 (46.8%) had stable VEGF- C levels over a mean ± SD 
2.7 ± 2.5 years, and 37 (39.4%) had an increase in VEGF- C levels 
over a mean ± SD 2.8 ± 2.5 years. Of the 94 patients with SSc, 
23 (24.5%) were diagnosed as having PAH after a mean ± SD 
11.6 ± 14.9 years. Among these patients with PAH, an increase 
in serum VEGF-C levels was seen in 12 patients (52.2%) between 
the sample collected at the time of PAH diagnosis and the sample 
collected after diagnosis (mean ± SD increase 1.04 ± 0.99 ng/ml) 
(see Supplementary Figure 3, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41665/ abstract). All of these patients were receiving specific 
PAH treatment, but we did not observe any apparent correlation 
between the clinical effect parameters and increase in VEGF- C 
levels (data not shown).

Outcomes based on new PH criteria. We repeated all 
analyses in the assembled RHC cohort by applying the recently 
proposed 6th World Symposium PH criteria for PAH diagnosis. 
With these criteria, the number of patients diagnosed as having 
PAH and those with no PAH differed slightly from the numbers 

obtained by applying the ESC/ERS 2015 guidelines, but this had 
only a minor impact on the results (see Supplementary Figure 4 
and Supplementary Tables 4– 6, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41665/ abstract).

DISCUSSION

It appears that early diagnosis and up- front medical treat-
ment is crucial to improve outcomes in SSc- PAH. Thus, there is an 
unmet need for early and specific PAH markers in SSc to identify 
patients prone to early PAH development. In this study, we found 
that circulating VEGF- C levels were associated with the develop-
ment of PAH in patients with SSc, and VEGF- C and sVEGFR- 3 
levels were predictive of the development of PAH. These findings 
indicate that VEGF- C is a promising marker for SSc- PAH, and 
draw attention to the potential roles of lymphatic markers in the 
pathogenesis of SSc- PAH.

Major strengths of this study include the size and composi-
tion of the study cohorts assessed. First, we identified interest-
ing associations between lymphangiogenesis markers and PAH 
in a large, unselected SSc cohort. We then performed validation 
analyses in an independent cohort enriched for PAH cases, con-
sisting of exclusively SSc patients who had undergone at least 1 
RHC examination that was performed due to clinical suspicion of 
PH. In both cohorts, we had comprehensive clinical and demo-
graphic longitudinal data available for all patients. This allowed us 
to conclude that the 2 cohorts had comparable characteristics, 

Table 3. Predictors of PAH development in SSc patients having undergone RHC*

Model, variable HR (95% CI) P
Harrell’s 
C- index†

Model 1
VEGF- C levels (ng/ml), per 1SD change 0.53 (0.29– 0.97) 0.040 0.62
Male 1.77 (0.65– 4.79) 0.263
Age (years) at onset 1.00 (0.98– 1.03) 0.729

Model 2
sVEGFR- 3 levels (ng/ml), per 1SD change 1.21 (1.01– 1.45) 0.042 0.69
Male 2.93 (0.74– 11.63) 0.126
Age (years) at onset 0.98 (0.95– 1.02) 0.273

Model 3
sPAP (mm Hg), per 1SD change 2.26 (1.81– 2.81) <0.001 0.79
Male 2.63 (1.02– 6.77) 0.044
Age (years) at onset 0.99 (0.97– 1.02) 0.701

Model 4
NYHA functional class III or IV 9.19 (4.13– 20.46) <0.001 0.78
Male 1.31 (0.51– 3.35) 0.578
Age (years) at onset 0.99 (0.97– 1.03) 0.887

Model 5
DLco (% predicted), per 1SD change 0.41 (0.26– 0.63) <0.001 0.76
Male 1.62 (0.56– 4.70) 0.373
Age (years) at onset 1.01 (0.99– 1.03) 0.361

* Results were determined in multivariable Cox regression analyses adjusted for age and sex
in 33 SSc patents with serum samples available from >6 months prior to PAH diagnosis for 
measurement of lymphangiogenic factors. HR = hazard ratio; 95% CI = 95% confidence interval 
(see Table 1 for other definitions). 
† The Harrell’s C- index indicates the strength (sensitivity and specificity) of the predictive model. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41665/abstract
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and therefore it was possible to assemble this RHC cohort for 
increasing power in the final, multivariable analyses. The only clin-
ical data that differed substantially between the OUS and USZ 
cohorts were the NT- pro BNP levels, without any obvious reason. 
The results and units have been controlled, and we did not identify 
any systematic error.

The study also has some limitations. Since this was an obser-
vational cohort study, the serum samples were not matched to 
time of PAH diagnosis in all patients. Moreover, the number of 
serial serum samples was low, and there were variations in the 
length of patient observation and disease duration. Another limi-
tation is the low number of RHC- verified PAH cases, despite the 
large number of included patients (n = 520), mirroring the chal-
lenge with rare diseases.

The interaction between VEGF- C and VEGFR- 3 is critical for 
proper development of lymphatic vessels (35), while deregulation 
of the VEGF- C/sVEGFR- 3 axis appears to play a role in disease 
pathogenesis, including the development of PAH involving lym-
phatic vessels (12,36,37). Previous studies showed high expres-
sion levels of VEGFR- 3 and increased lymphangiogenesis in the 
lung tissue from mice with PAH, and recent work implicated the 
axis in genetically determined human PAH (38). The data on poten-
tial roles of VEGF- C in SSc are limited. An early study showed 
associations between serum VEGF- C levels and SSc, but did not 
include analyses of PAH (39). Very recently, in vitro work showed 
that serum from SSc patients displayed down- regulated VEG-
FR- 3 in microvascular endothelial cells, indicating that inhibition of 
SSc- related lymphangiogenesis occurs (40). Taken together, the 
findings from these studies implicate VEGF- C and sVEGFR- 3 in 
SSc and PAH development.

We focused the analyses on patients developing PAH com-
pared to those with no PH. Since PAH patients had lower serum 
levels of VEGF- C when compared to patients with no PH, we 
determined a cutoff value for “low” VEGF- C and “high” VEGF- C. 
With this approach, we were able to show that a low VEGF- C 
level was associated with PAH and was predictive of the devel-
opment of PAH in multivariable regression analysis, in the same 
range as other known clinical variables. This finding indicates that 
a decrease in the levels of VEGF- C may occur prior to the devel-
opment of clinical PAH, and provides rationale for studies on the 
role of lymphatic structure in PAH development.

Interestingly, we observed a strong negative correlation 
between VEGF- C and sVEGRF- 3 in patients with border-
line increased mPAP, indicating that there are time- dependent 
changes in the interactions between VEGF- C and sVEGFR- 3 
during development of PAH. We speculate that the strong cor-
relation in early- phase (borderline) PAH reflects physiologic neg-
ative feedback mechanisms that are lost as PAH manifestations 
become more advanced.

DLco has previously been shown to be significantly associ-
ated with PAH (41). In our analysis, the DLco% value was sig-
nificantly associated with PAH, in combination with the VEGF- C 

serum level, but, somewhat surprisingly, no association was 
observed when other clinical parameters, such as dyspnea and 
echocardiographic findings, were added.

New criteria sets for PH diagnosis were proposed at the 6th 
World Symposium on PH (32), but since these criteria are not 
yet validated, we chose to primarily apply the established ESC/
ERS 2015 criteria (28). We did however perform parallel analyses 
using the new criteria, and found no difference in the results com-
pared to that using the 2015 criteria (Supplementary Tables 4– 6  
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41665/ abstract]).

In the patients for whom we had access to serial serum 
samples from before and after PAH diagnosis, we saw that 
VEGF- C levels often increased after PAH diagnosis. We specu-
late that this increase is related to the initiation of PAH treatment, 
but found no correlation between changes in the VEGF- C level 
and effects of therapy, possibly due to low sample size. How-
ever, the time between measurements was not standardized, 
due to the observational nature of the study potentially influenc-
ing these results.

In conclusion, VEGF- C appears promising as a circulat-
ing marker for PAH development in SSc, but we need prospective 
studies to fully determine its potential. We believe that molecu-
lar work elucidating lymphangiogenesis in SSc- PAH is of impor-
tance and high interest, as this could identify novel targets for PAH 
treatment.
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Expression Quantitative Trait Locus Analysis in Systemic 
Sclerosis Identifies New Candidate Genes Associated With 
Multiple Aspects of Disease Pathology
Martin Kerick,1  David González- Serna,1  Elena Carnero- Montoro,2 Maria Teruel,2 Marialbert Acosta- Herrera,1 
Zuzanna Makowska,3 Anne Buttgereit,3 Sepideh Babaei,3 Guillermo Barturen,2  Elena López- Isac,1 
PRECISESADS Clinical Consortium, Ralf Lesche,3 Lorenzo Beretta,4  Marta E. Alarcon- Riquelme,2  and 
Javier Martin1

Objective. To identify the genetic variants that affect gene expression (expression quantitative trait loci [eQTLs]) 
in systemic sclerosis (SSc) and to investigate their role in the pathogenesis of the disease.

Methods. We performed an eQTL analysis using whole- blood sequencing data from 333 SSc patients and 524 
controls and integrated them with SSc genome- wide association study (GWAS) data. We integrated our findings 
from expression modeling, differential expression analysis, and transcription factor binding site enrichment with key 
clinical features of SSc.

Results. We detected 49,123 validated cis- eQTLs from 4,539 SSc- associated single- nucleotide polymorphisms 
(SNPs) (PGWAS < 10−5). A total of 1,436 genes were within 1 Mb of the 4,539 SSc-associated SNPs. Of those 1,436 genes, 
565 were detected as having ≥1 eQTL with an SSc-associated SNP. We developed a strategy to prioritize disease- 
associated genes based on their expression variance explained by SSc eQTLs (r2 > 0.05). As a result, 233 candidates 
were identified, 134 (58%) of them associated with hallmarks of SSc and 105 (45%) of them differentially expressed in the 
blood cells, skin, or lung tissue of SSc patients. Transcription factor binding site analysis revealed enriched motifs of 24 
transcription factors (5%) among SSc eQTLs, 5 of which were found to be differentially regulated in the blood cells (ELF1 
and MGA), skin (KLF4 and ID4), and lungs (TBX4) of SSc patients. Ten candidate genes (4%) can be targeted by approved 
medications for immune- mediated diseases, of which only 3 have been tested in clinical trials in patients with SSc.

Conclusion. The findings of the present study indicate a new layer to the molecular complexity of SSc, contributing 
to a better understanding of the pathogenesis of the disease.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic rheumatic autoimmune 
disease with a high degree of clinical heterogeneity that affects the 

connective tissue (1), and with one of the highest mortality rates 
among rheumatic diseases (2). The pathogenesis of SSc is often 
characterized by a triad of hallmarks: immune dysfunction, fibro-
sis, and vasculopathy. Immune dysfunction involves autoimmune 
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processes and inflammation as a result of an imbalance in T cell, 
B cell, and macrophage activation (1). Fibrosis occurs as a result 
of the activation of fibroblasts, epithelial– mesenchymal transition, 
and excessive extracellular matrix deposition (3). Vasculopathy 
typically consists of a loss of small vessels followed by impaired 
compensatory vasculogenesis and angiogenesis (4). The relation-
ship between immune dysfunction, vascular damage, and fibrosis 
remains fairly unknown.

Like most autoimmune diseases, SSc has a complex etiol-
ogy and a poorly understood genetic component. In this regard, 
substantial efforts have been made to identify genetic features that 
contribute to disease susceptibility. To date, large- scale genetic 
studies have identified up to 27 loci associated with SSc at the 
genome- wide level of significance (P < 5.0 × 10−8) (5– 7), including 
the HLA region (8). Those studies provide invaluable information 
on disease etiopathogenesis, contributing to drug discovery and 
repurposing (9,10). Nevertheless, most of the single- nucleotide 
polymorphisms (SNPs) associated with SSc map to noncoding 
regions of the genome.

A number of SSc- associated loci could be involved in the 
regulation of gene expression, acting as expression quantita-
tive trait loci (eQTLs), which have a widespread presence in the 
genome (11). Analysis of eQTLs can provide a mechanical link 
between a variant and its effect on gene expression, and mul-
tiple eQTLs can be used to explain or model gene expression 
variance. In this regard, eQTL analyses have been successfully 
conducted in other autoimmune diseases such as systemic lupus 
erythematosus (SLE) and rheumatoid arthritis (RA), among oth-
ers (12,13). Interestingly, variants mapped to noncoding enhancer 
regions across 6 autoimmune diseases led to the development of 
a multiple- enhancer variant hypothesis. According to this theory, 
the contribution of several SNPs in linkage disequilibrium at the 
same loci can influence multiple enhancers and be assigned to 
common pathways (12). Furthermore, eQTLs have been identi-
fied in specific cell subsets (14) and have been applied to autoim-
mune disease prognostics (15), which illustrates the relevance of 
these analyses in understanding the pathogenesis of the autoim-
mune process. In this study, we aimed to explore the cis- genetic 
effects of SSc- associated risk loci on expression and performed 
an eQTL analysis using whole- blood RNA sequencing data from 
857 samples.

PATIENTS AND METHODS

Patients and controls. For additional details regarding 
all methods, see the Supplementary Methods, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41657/ abstract. This study included 333 
patients of European descent who were diagnosed as hav-
ing SSc according to the American College of Rheumatology 
(ACR)/European Alliance of Associations for Rheumatology 
(EULAR) 2013 criteria (16) and were participants in the PRECISE 

Systemic Autoimmune Diseases (PRECISEADS) project (https://
clini caltr ials.gov/ct2/show/NCT02 890134). See Appendix A for  
members of the PRECISESADS Clinical Consortium. A total of 
524 age-  and sex- matched controls without known autoimmune 
disease were selected. Patients and controls were randomly 
grouped into equal size discovery and validation sets, matched 
for age, sex, and medication use. Supplementary Table 1, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41657/ abstract, describes the charac-
teristics of the 2 patient sets. All patients and controls gave written 
informed consent, which was approved by local ethics committees. 
For additional details on ethics approvals, see the Supplementary 
Methods, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41657/ abstract.

RNA sequencing and genotyping. RNA sequencing data 
were obtained and processed as described by Beretta et al (17). 
Genetic data were obtained using the Illumina SNP chip genome- 
wide association study (GWAS) platforms HumanCore- 12- v1, 
Infinium CoreExome- 24v1- 2, and Infinium CoreExome- 24v1- 3. 
Only SNPs typed on all 3 platforms were used for imputation and 
analysis. Samples were subjected to strict quality filtering ana-
lyzed for ancestry and identity. Imputation was performed on the 
Michigan Imputation Server and filtered for quality, minor allele fre-
quency (MAF) > 0.05, and Hardy- Weinberg equilibrium. Raw data 
are the property of the PRECISESADS Consortium. Metadata and 
aggregated data are available upon request from the correspond-
ing author.

Detection of eQTLs. RNA- Seq and genetic data were 
checked to exclude mismatched samples using sex prediction 
and genotype mismatches using an in- house pipeline. Our anal-
ysis was limited to 4,539 candidate SNPs that showed at least a 
suggestive level of association with SSc (PGWAS < 1 × 10−5 in the 
study by López- Isac et al [5]). SNPs with high linkage disequilib-
rium (≥0.8) were added to the candidate SNPs, totaling 13,253 
SNPs. We used the Matrix eQTL R package (18) and fit a lin-
ear regression model that tests the influence of the number of 
risk alleles on gene expression residuals obtained by correcting 
for potential confounders (i.e., population substructure) using the 
strategy described by Westra et al (12) based on principal com-
ponents. For SNPs with a MAF of <0.1, we additionally calculated 
a dominant model to keep in check excessive influence of low 
numbers of homozygotes of the minor allele. The eQTLs of SNPs 
with a MAF of <0.1 were discarded if they were not significant at 
a false discovery rate (FDR) of <0.05 in both the linear and dom-
inant models.

Our analyses were focused on cis- eQTLs in a window of 1 mil-
lion bp around the transcription start site of a gene, which implies 
1,436 genes, given the 13,253 candidate SNPs. The eQTLs were 
identified for the SSc and control groups separately to avoid inter-
action effects, and we split the groups equally into discovery and 

http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
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replication sets. An FDR of <0.05 defined significant genetic effects 
on gene expression. The eQTLs were considered validated if they 
were found in 2 sets, using a stringent cutoff (FDR <0.05) in one set 
and a nominal P value cutoff (P < 0.05) in the other. To expand on 
sensitivity and to aid finding SSc- specific eQTLs we created a “val-
idated across groups” set of eQTLs, using the strategy described 
above, but this time validating eQTLs obtained from all SSc sam-
ples with eQTLs obtained from all control samples and vice versa. 
In the first run, eQTLs and genes whose expression was associ-
ated with ≥1 eQTL (eGenes) were detected for SNPs associated 
with SSc. In the second run, we detected eQTLs for all SNPs within 
a distance of 1 Mb of an eGene detected in the first run, including 
SNPs unrelated to SSc.

SSc eQTLs were identified as “SSc- specific” if the eQTL was 
validated using the 2 SSc subsets and was not found in any of 
the control data sets or the validated- across- groups data set at 
a nominal cutoff level of 0.1. Candidate SSc- specific eQTLs were 
compared to public databases of blood eQTLs from healthy sub-
jects (Genotype- Tissue Expression [GTEx] Project V7) (11,12); 
27% of these eQTLs had proxy SNPs, which were found with their 
respective gene in one of these databases and were no longer 
considered SSc- specific. We repeated eQTL detection for the 
subset of SSc patients who had received no known medication, 
following the discovery and replication strategy described above 
to find additional SSc- specific eQTLs.

Stepwise linear regression (forward selection). Inde-
pendent eQTL signals that influence the expression of a gene 
were determined following a stepwise linear regression procedure. 
Forward selection was repeated until no additional signal was 
detected at a nominal P level of P < 0.05. This was done for SNP– 
eGene combinations obtained from the analysis described above.

Differential expression analysis. The edgeR package 
in R was used to calculate differential expression in the 7 most 
abundant cell types using cellular composition of whole blood as 
a covariate, as estimated from expression profiles using CIBER-
SORT (19). Additional covariates were disease, sex, age, medica-
tion, and age– cell, medication– cell, disease– sex, and disease– age 
interactions. For additional details, see the Supplementary Meth-
ods, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41657/ abstract. Differen-
tial expression data for skin and lung tissues were obtained either 
from published tables (20,21) or by using the default analysis in 
GEO (GEO2R) with the GSE58095 data set comparing all cases 
against all controls.

Transcription factor binding site analysis. Only the 
SSc- associated SNPs (PGWAS < 10−5) that were part of the best 
expression models obtained by stepwise linear regression analy-
sis (forward selection) were analyzed. Using the R package TFB-
STools (22), we obtained all potential transcription factor binding 

sites and scored the effect of each SNP on transcription factor 
binding. If enrichment was significant (FDR <0.1) for ≥3 scores, 
the overall enrichment of the particular transcription factor bind-
ing site was considered significant. To calculate enrichment, Fish-
er’s exact test was performed with a random selection of 50,000 
eQTLs from the GTEx database V7 (matched for MAF and dis-
tance to transcription start site) as background.

Drug target analysis. We retrieved 2,384 different drugs 
and their 1,138 target genes from the Open Targets database in 
October 2019. Medications used for rheumatic and skin- related 
diseases were extracted from the same database, yielding 542 
drugs currently used to treat these diseases.

Tissue enrichment analysis. A baseline enrichment of 
blood eQTLs was calculated in all tissues using the GTEx data-
base V7. Using a z- test, we investigated whether the enrichment 
of blood eQTLs obtained in this study was even higher than the 
baseline enrichment of all tissues.

RESULTS

Study design, gene and eQTL numbers, and com 
parison to external data sets. We aimed to explore the cis- 
genetic effects of SSc- associated risk loci on expression in SSc 
and control data sets to detect potential disease- specific eQTLs 
and to model gene expression variation for gene prioritization. Pri-
oritized genes were analyzed for SSc hallmarks and drug repur-
posing, and selected eQTLs were analyzed for transcription factor 
binding site and tissue enrichment. Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology website at http://onlin e 
library.wiley.com/doi/10.1002/art.41657/ abstract, gives an over-
view of all analyses performed.

A total of 18,507 and 38,600 replicated cis- eQTLs were 
identified in SSc patients and controls, respectively, affect-
ing the expression of 137 and 200 genes (eGenes), respec-
tively. After validating across groups of eQTLs found in all SSc 
patients with eQTLs found in controls, and vice versa, a total 
of 49,123 eQTLs were identified, influencing 236 eGenes with 
a median of 73 eQTLs per gene. The maximum number of 
eGenes detected in any of the data sets at a nominal level 
(P < 0.01) was 565, among them 64 long noncoding RNAs 
like XXbac- BPG181B23.7 (lnc- HLA– B- 2:3), TAPSAR1, or 
HCG11 (see Supplementary Table 2, available on the Arthri-
tis & Rheumatology website at http:// onlin e libr ary.wiley.com/
doi/10.1002/art.41657/ abstract).

The eQTLs (a) of the 2 discovery sets, (b) validated across 
groups, and (c) at the intersection of validated control and vali-
dated SSc eQTLs were compared against the GTEx database, 
and 66%, 15%, and 8% unknown eQTLs, respectively, were 
found, which depicts the different levels of stringency of our setup. 
Of interest, 95% of the eQTLs in our whole- blood data set that 

http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58095
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
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overlapped with the GTEx database were found in multiple tissues 
according to GTEx.

SSc- specific eQTLs. The eQTLs replicated in SSc whole 
blood were compared to eQTLs observed in control data sets 
with low stringency (nominal P < 0.1). We found 59 eQTLs from 
16 genes potentially specific to SSc. Repeating our analysis in 
a subset of patients who did not receive immunomodulating 
drugs revealed 28 additional eQTLs and 6 additional genes. In- 
depth comparison to known blood eQTLs from heathy controls 
(GTEx V7) (11,12) and their proxies (r2 > 0.8) excluded 24 eQTLs 

(27%) from being SSc- specific. Careful examination suggested 
eQTLs from HLA– B, NCR3, RAF1, NEU1, HLA– DQA1, HLA– 
DOB, HID1, and IER3 to be the best candidates for SSc- specific 
eQTLs (Figure 1 and Supplementary Figure 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41657/ abstract).

Enrichment of blood eQTLs in tissues affected by dis
ease. We explored whether the validated blood eQTLs from SSc 
patients could be interpreted in other contexts beyond immunity. 
The GTEx database provides a comprehensive overview of eQTL 

Figure 1. Expression quantitative trait loci found in patients with systemic sclerosis (SSc) (blue) but not in controls (gray). Residual expression 
levels, determined using principal components analysis, of the genes HLA– B (A), NCR3 (B), IER3 (C), and RAF1 (D) are shown for the indicated 
genotypes in controls and SSc patients. The number of minor alleles, the risk genotype, and single- nucleotide polymorphisms are indicated on 
the x- axis. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines 
outside the boxes represent the 10th and 90th percentiles. Circles represent individual subjects.

http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
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sharing among 49 different tissues. Using a meta- analysis pub-
lished by GTEx V7, we found that only 6% of eQTLs are tissue- 
specific, 81% have been detected in ≥5 tissues, and 15% are 
present in >90% of tissues. This clearly shows that eQTLs detected 
in blood can be interpreted functionally in other tissues. Indeed, 
95% of the GTEx- known eQTLs detected in this study are found 
in ≥10 different tissues apart from blood. We investigated whether 
the eQTLs identified in our study were enriched in the GTEx eQTLs 
of non- blood tissues to test our assumptions on interpretability 
beyond the context of whole blood. A significant enrichment was 
found in 19 tissues (Figure 2), the majority of which can readily 
be interpreted in the context of SSc, as the disease affects many 
tissues, such as the lungs, heart, and esophagus.

Expression variance explained (EVE) can be used to 
prioritize SSc eQTLs and SSc eGenes. While many eGenes with 
an SSc- specific eQTL can probably explain the pathogenesis of SSc 
at least partially (Supplementary Table 2, available on the Arthritis & 

Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41657/ abstract), we decided to focus on the candidate eGenes 
that are most affected by SSc genetics.

To measure the influence of genetics on gene expression, 
we used a stepwise modeling procedure to obtain independent 
eQTLs per gene and calculate the EVE. Comparing the EVE using 
only SSc- specific eQTLs (EVESSc) against the EVE using all eQTLs 
(EVEall; including eQTLs unrelated to SSc) we obtained a meas-
ure (ratio) of how much EVE can be attributed to SSc genetics. 
Figure 3A depicts a comparison of the 2 calculated EVE values. 
For 104 eGenes (18%), the EVE differed by <30%. One hundred 
thirty eGenes (23%) showed stronger differences in EVE, but still 
had an EVESSc of >0.05 (r2 > 0.05). The remaining 331 eGenes 
had a low EVESSc (< 0.05), and the EVE differed by >30%. This 
comparison distinguished 3 groups with high, intermediate, and 
low influence of SSc genetics.

Three groups of eGenes were identified based on the impact 
that SSc genetics had on their expression. We analyzed these 

Figure 2. Enrichment of blood expression quantitative trait loci in disease- relevant tissues in patients with systemic sclerosis. Asterisks inside 
the bars indicate the level of significance adjusted for multiple testing (false discovery rate), corresponding to the values shown on the right. 
GTEx = Genotype- Tissue Expression.

http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
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groups for enriched pathways (FDR < 0.05) (Supplementary Tables 
3 and 4, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41657/ abstract), and bio-
logic processes from gene ontology, and found that 52% of eGenes 
in the high-  or intermediate- impact group (122 of 233) were located 
in immune- related pathways, as compared to only 17% of eGenes 
in the low- impact group (Supplementary Table 2). An in- depth review 
of the literature and gene ontologies helped us assign 66 and 31 
eGenes to SSc- related biologic processes linked to fibrosis and vas-
culopathy, respectively. Many of these eGenes belong to the high-  or 
intermediate- impact group (Figures 3B– D). The eGenes for which 
SSc genetics have an intermediate or high impact on expression 
are most likely to shed light on the complex pathology of this disease.

SSc eGenes grouped by the hallmarks of SSc 
 pathogenesis. Three features of SSc pathogenesis can be 
attributed to 134 of the 233 eGenes (58%) for which SSc genetics 
had an intermediate- to- high impact on expression, namely: alter-
ation of immune response, fibrosis, and vasculopathy (Table 1 and 
Supplementary Table 2). The genes implicated in innate and adap-
tive immune cell processes represent the largest subgroup, with 
122 eGenes. Interestingly, 27 HLA eGenes and 8 eGenes related 
to interferon (IFN) pathways were identified, including important 
SSc- associated susceptibility loci dysregulated in SSc (9,23,24). 
Furthermore, there were 27 SSc eGenes associated with biologic 
processes related to fibrosis, and 16 eGenes related to vascu-
lopathy or angiogenesis. These pathways are considered to be 

Figure 3. Gene expression variance explained by expression quantitative trait loci (eQTLs) can distinguish levels of influence of systemic sclerosis 
(SSc) genetics on expression and prioritize genes affected by eQTLs. The expression variance explained (r2) by eQTLs associated with SSc in a recent 
genome- wide association study (using single- nucleotide polymorphisms [SNPs] with association P < 10−5) (5) was plotted against the expression 
variance explained by all eQTLs found within 1 Mb of a gene, whether or not they were associated with SSc. A, Groups of eGenes showing strong (red), 
intermediate (yellow), or weak (blue) influence of SSc genetics. B– D, Same eGenes as shown in A. Highlighted are eGenes related to B, fibrosis (yellow), 
C, vascular processes (red), and D, immunity (blue). The eGenes not related to any of these hallmarks are depicted in black.

http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
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Table 1. Differentially expressed eGenes associated with hallmarks of SSc*

Gene

Impact of SSc 
genetics on 
expression

SSc hallmark
Differential expression 

(log2 fold change)†

Immunity Fibrosis Vascular Blood Skin Lungs
AGER High + − + −5.31 – – 
BLK High + − − – 0.1 – 
C2 High + − − – 0.45 – 
C4A High + − − −19.33 – – 
C4B High + − − −19.57 – – 
CCHCR1 High + − − −4.58 – – 
CFB High + − − – 0.4 – 
DDAH2 High + − + −4.28 – – 
HLA– B High + − − −4.49 – – 
HLA– DPA1 High + − − – 0.34 1.07
HLA– DQA1 High + − − – – 1.04
HLA– DQB1 High + + − – 0.48 – 
HLA– DRA High + − − – 0.29 1.09
HLA– DRB5 High + − − – – 1.25
HLA– DRB6 High + − − – 0.29 – 
HSPA1B High + − − −7.14 – – 
LST1 High + − − −5.72 0.23 – 
LTB High + + − −7.68 0.64 – 
LY6G5C High + − − −9.78 0.11 – 
MICA High + − − −6.29 – – 
MICB High + − − – 0.21 – 
NCR3 High + − − −9.71 – – 
NEU1 High + − − – 0.15 – 
NOTCH4 High + + + – 0.23 – 
RAB2A High + − − – −0.21 – 
RNF5 High + − − −4.84 – – 
TAP1 High + − − – – 1.23
TNXB High + + − −7.01 – – 
AIF1 Intermediate + − − −5.32 – – 
CCDC104 Intermediate + − − −3.71 – – 
CD151 Intermediate + − − −6.94 0.3 – 
CD247 Intermediate + − − −4.27 – – 
CD40 Intermediate + + + – 0.19 – 
CTSB Intermediate + + − – 0.4 1.14
ELMO1 Intermediate + − − 5.56 – – 
ERAP1 Intermediate + − + 5.11 – – 
FLNB Intermediate + + − 3.43 0.13 – 
GTF2H4 Intermediate + − − – 0.19 – 
HLA– A Intermediate + − − – 0.25 1.06
HLA– DMA Intermediate + − − – 0.36 1.05
HLA– DMB Intermediate + − − – 0.32 1.05
HLA– DOA Intermediate + − − 5.42 0.2 – 
HLA– F Intermediate + − − −4.63 – – 
HLA– H Intermediate + − − – 0.23 0.99
HSPA1L Intermediate + − − −4.42 −0.14 – 
IDUA Intermediate + + − – 0.26 – 
IER3 Intermediate + − + – – 1.15
IFI30 Intermediate + + − −3.78 – – 
MPI Intermediate + − − −2.73 – – 
MSRA Intermediate + − − – 0.15 – 
PSMB8 Intermediate + + + −4.49 – – 
PSMB9 Intermediate + − − – 0.29 – 
PXK Intermediate + − − 2.91 – – 
RXRB Intermediate + − − – 0.15 – 
SUMO2 Intermediate + − − – −0.21 – 
TAPBP Intermediate + − − – 0.24 – 
TNPO3 Intermediate + − − 5.64 – – 
TUBB Intermediate + − − – 0.16 – 
UBE2L3 Intermediate + − − −2.25 – – 

 (Continued)
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potential targets of future disease- modifying therapies for SSc 
(25). Of interest, we also found 25 eGenes related to apoptotic 
processes, which support the hypothesis of a relevant role of 
apoptosis in SSc (26).

Differential expression of SSc eGenes in disease- 
affected tissues. Given that the SSc- specific eQTLs detected 
in whole blood were observed to be enriched in other tissues 
affected by the disease, we decided to analyze the expression 
of the prioritized 233 SSc eGenes in the skin, lungs, and 7 blood 
cell types using public data sets (20,21) (GSE58095) and our 
whole- blood data set, with deconvolution of blood cell compo-
sitions. The data are presented in Table 1 and Supplementary 
Table 2.

One hundred five SSc eGenes (45%) were found to be dif-
ferentially regulated in one of the tissues investigated. A total of 
57 SSc eGenes (24%) were down- regulated in 1 of the 3 tissues 
investigated, whereas 55 SSc eGenes (24%) were up- regulated. 
In addition, 40 SSc eGenes (17%) were differentially expressed in 
the skin of SSc patients. A total of 11 eGenes (5%) were found to 
be differentially regulated in the lung samples and lung fibroblast 
cultures from SSc patients. Differential expression analysis of 7 
blood cell types in SSc revealed 72 SSc eGenes (31%), most of 
which (99%) showed a consistent direction of regulation (up or 
down) in ≥5 cell types.

Results of transcription factor binding site analysis. 
We investigated transcription factor binding site enrichment in 
SSc eQTLs. Only the independent eQTLs included in the models 
that best predicted eGene expression, as determined by stepwise 
linear regression, were included. Then, transcription factor bind-
ing site enrichment was estimated, as compared to genome- wide 
eQTLs from the GTEx database, to control for the fact that all 
transcription factor binding site motifs are highly enriched in eQTL 
sites in general.

Of the 537 transcription factor binding site profiles assessed 
(JASPAR database 2018), 24 (5%) were stably enriched (see 
Patients and Methods) in best- model SSc eQTLs (Supplementary 

Table 5, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41657/ abstract). 
The transcription factors were of different classes, with 5 home-
odomain transcription factors, 4 transcription factors of the T- box 
type, 4 C2H2 transcription factors, and 2 GATA transcription fac-
tors, to name only those with multiple members of the same class. 
Of the 24 transcription factors, we found 10 and 16 transcription 
factors expressed in whole blood and skin, respectively, of which 5 
transcription factors were differentially regulated (FDR < 0.1) in the 
skin, lungs, or blood cells from SSc patients (Table 2). KLF4 and 
ID4 were down- regulated in the skin, TBX4 was up- regulated in 
the lungs, and ELF and MGA were up- regulated in almost all of the 
7 blood cell types assessed (Figure 4 and Supplementary Table 5 
and Supplementary Figure 3, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41657/ abstract).

Drug repurposing. We explored whether any of the 233 
eGenes prioritized in the present study encode target proteins 
of drugs being tested in ongoing clinical trials, as reported on 
the Open Targets platform (27). We observed that 15 of the 233 
eGenes (6.4%) overlapped with pharmacologic targets of which 
TNF, BLK, and TUBB have been tested in clinical trials in SSc 
patients.

Gene

Impact of SSc 
genetics on 
expression

SSc hallmark
Differential expression 

(log2 fold change)†

Immunity Fibrosis Vascular Blood Skin Lungs
UNC119B Intermediate + + − 2.33 – – 
CLIC1 Intermediate − + − −2.9 – – 
FLOT1 Intermediate − + − −4.9 0.28 – 
PHF1 Intermediate − + − −3.38 – – 
RPS18 Intermediate − + − −9.34 – – 
SYNGAP1 Intermediate − + − 3.5 – – 
UQCC2 Intermediate − + − −5.03 – – 

* eGenes = genes whose expression was associated with ≥1 expression quantitative trait loci; SSc = systemic
sclerosis. 
† Adjusted P < 0.1 for all values shown. 

Table 1. (Cont’d)

Table 2. Differentially expressed transcription factors with enriched 
binding sites in SSc- associated eQTLs in expression models*

Differential expression 
(log2 fold change)†

Gene Transcription factor class Blood Skin Lung
ELF1 Ets 4.68 – – 
MGA T- box 4.3 – – 
KLF4 C2H2 ZF – −0.36 – 
ID4 basic helix- loop- helix NE −0.23 – 
TBX4 T- box NE – 0.74

* SSc = systemic sclerosis; eQTLs = expression quantitative trait loci;
NE = not expressed (source: European Bioinformatics Institute Gene 
Expression Atlas). 
† Adjusted P < 0.1 for all values shown. 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58095
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
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Next, we tested whether medications used for other immune- 
mediated diseases (105 antibody- targeted, 48 kinase inhibitor– 
targeted, and 195 receptor- targeted drugs; see Patients and 
Methods) addressed the proteins coded by the SSc eGenes, and 
we found 5 additional SSc eGenes: LTA, LTB, IL12A, CD40, and 
RXRB. Further investigation identified ERAP1 and ERAP2, which 
can be addressed by aminopeptidase inhibitors.

Expression analysis in whole blood, skin, and lung tissues 
revealed that 6 of the 10 drug- target SSc- specific eGenes are dif-
ferentially regulated in the blood cells and/or skin of SSc patients 
(Supplementary Table 6 and Supplementary Figure 4, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41657/ abstract). In the blood cells 
of SSc patients, ERAP1 was up- regulated, whereas LTB was 

down- regulated. LTB, CD40, RXRB, BLK, and TUBB were up- 
regulated in the skin of SSc patients. In summary, 7 genes that 
have been considered for the treatment of conditions similar to 
SSc are potential candidates for study in clinical trials for SSc.

DISCUSSION

In this study, the integrated analysis of expression and genetic 
data in a large SSc cohort identified novel eQTLs in the whole 
blood of SSc patients, which are enriched in disease- relevant 
tissues. We found 64 eQTLs potentially specific to SSc, which 
were not found in either our cohort of healthy controls or any of 
the public blood eQTL databases (GTEx V7) (11,12). This find-
ing suggests that additional mechanisms exist that render these 

Figure 4. Differential expression of the transcription factors ELF1, MGA, KLF4, and ID4 in patients with systemic sclerosis (SSc) compared 
to controls. A and B, Residual expression of ELF1 in neutrophils (A) and MGA in monocytes (B) from controls and SSc patients. Values on the 
x- axis are the percentage of cells investigated per patient as obtained from the Cell- type Identification by Estimating Relative Subsets of Known 
RNA Transcripts (CIBERSORT) algorithm. ELF1 and MGA were up- regulated in SSc patient tissues. C and D, Log2 expression of KLF4 (C) and 
ID4 (D) in skin from controls and SSc patients. KLF4 and ID4 were down- regulated in SSc patient tissues. Data are shown as box plots. Each 
box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th and 90th 
percentiles. Circles represent individual subjects.

http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41657/abstract
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eQTLs active in disease and neutral in healthy subjects. The most 
likely explanation is the differential expression of transcription fac-
tors associated with a disease, as has been suggested previously 
(28,29). Indeed, we showed that of 24 transcription factors asso-
ciated with SSc by our analysis of transcription factor binding site 
enrichment, ≥5 were differentially expressed in disease- relevant 
tissues. The eQTL analysis of the most likely associated SSc risk 
loci, prioritizing genes (eGenes) where SSc eQTLs explain >5% 
of expression variance, led to a strong enrichment of immunity- 
related genes, vasculopathy, and fibrosis. Finally, the findings 
were integrated with current knowledge of SSc pathology, thereby 
identifying useful candidates for drug repurposing.

One of the main findings of the present study is that we could 
assign more than half of the eGenes (n = 134) to hallmarks of 
SSc pathogenesis. Interesting candidates were related to immune 
system processes, fibrosis, and vascular pathologies. Immune 
system processes highlighted eGenes like CD247 or BLK, both 
of them previously associated with SSc and several autoimmune 
diseases such as RA or SLE (7,30,31). Regarding IFN- associated 
eGenes, we identified IRF5 and the 2 IL12 receptors, IL12RA and 
IL12RB, which are well- established SSc risk loci, and are also 
associated with other autoimmune diseases such as RA, SLE, 
and myositis (6,32,33). With regard to fibrosis, TNXB is implicated 
in the regulation of the production and assembly of certain types 
of collagen (34). TNXB is also the main causative gene in Ehlers- 
Danlos syndrome, which is characterized by altered skin elastic-
ity, among other symptoms (35). The eGenes associated with 
vasculopathy or angiogenesis included NOTCH4, a non- classic 
HLA gene in the class II region that regulates NOTCH1 and has 
previously been associated with SSc (36,37), and CD151, which 
is linked to vascular stability and neo- angiogenesis (38). Finally, 
regarding inflammatory processes, C4A and C4B are part of the 
complement system affected by active disease in a number of 
autoimmune diseases (39). Interestingly, a recent study demon-
strated the relevance of the copy number and resulting expression 
levels of C4A and C4B, as well as their contribution to sex- biased 
vulnerability in autoimmunity (40). In this regard, the eQTLs 
described in our study could be acting either as a proxy to C4A- 
C4B copy numbers or as an additional mechanism regulating the 
complex variation of complement genes.

Interestingly, we found 25 eGenes related to apoptosis pro-
cesses. Previous genetic studies have indicated that apoptosis is 
an important mechanism of the disease, revealing the association 
of some genes, such as DNASE1L3 or TNFAIP3, with a higher 
risk of SSc (6,41). We confirm here DNASE1L3, which plays an 
important role in DNA fragmentation during apoptosis (42), as an 
interesting candidate. Another eGene observed with a particu-
lar role in apoptosis was BAK1, which encodes for Bcl- 2 antag-
onist or killer (BAK), one of the principal proapoptotic proteins 
of the mitochondrial pathway (43). Interestingly, a recent study 
showed that dermal fibroblasts derived from patients with SSc 
become particularly susceptible to apoptosis induced by mimetic 

drugs of proapoptotic protein Bcl- 2 homology 3, a direct activator 
of BAK, reducing the fibrotic process (44). Thus, even though the 
specific pathogenic process of apoptosis in SSc is still unknown, 
our results support its role in SSc, which could be key to revers-
ing fibrosis as part of the tissue regeneration process.

It is noteworthy that 50% of the SSc eGenes associated with 
SSc hallmarks overlap with >1 group (Supplementary Table 2). 
This is not surprising, given that, for example, fibrosis, angiogen-
esis, and inflammation are closely linked, which demonstrates the 
complexity of the pathogenesis of SSc. Alternatively, there was 
significant enrichment of eQTLs in 19 tissues, most of them inter-
pretable in the context of SSc, which affects tissues such as the 
lungs, cardiac tissue, and esophagus (1).

A total of 24 transcription factor binding sites were stably 
enriched in best- model SSc- specific eQTLs. In this regard, the tran-
scription factor ELF1 (E74- like ETS transcription factor 1) deserves 
special mention, as it was also found to be differentially up- regulated 
in almost all 7 blood cell types assessed. ELF1 belongs to the ETS 
family of transcription factors that regulate the expression of a wide 
range of genes and play an important role in immune cell devel-
opment and function and in angiogenesis (45,46). This transcrip-
tion factor activates the expression of several T cell genes. One of 
them is the gene encoding the ζ chain of the T cell receptor (TCR), 
a molecule with a primary function in the transduction of intracellular 
signals that influence positive and negative selection of T cells upon 
TCR ligation (47). On the other hand, ELF1 also plays an important 
role in B cells by cooperating with members of the activator protein 
1 family of transcription factors to activate the 3′ immunoglobulin 
heavy- chain enhancer upon IgM stimulation, which could contrib-
ute to class- switch recombination (48). Of note, our enrichment 
analysis of transcription factor binding sites has to be interpreted 
with caution as the independence assumption of Fisher’s exact 
test might not be fully met, since stepwise modeling does not nec-
essarily generate independent loci for enrichment analysis.

Candidate eGenes identified here overlap with eQTL anal-
yses performed in other autoimmune diseases, further support-
ing our results and manifesting the shared genetic component of 
autoimmune diseases. Some eGenes, such as BLK, GSDMB, 
and ORMDL3 which have been described to be involved in RA 
(49), KRT8P46, GSDMB, and ORMDL3 in multiple sclerosis (MS) 
(50), ANO9 and BLK in SLE (51), and GSMDA, GSDMB, and 
ORMDL3 in type 1 diabetes mellitus (52), were also significantly 
associated in our study.

Given the surprisingly high amount of candidate genes that 
warrant further studies, it is important to address the limits of this 
study. First, this study focused on bulk RNA- Seq and identified 
eQTLs present in the most abundant blood cell types. Although 
tools like CIBERSORT can successfully estimate the abundance 
of various cell types present, the number of samples needed to 
identify cell- specific eQTLs even in the most abundant cell types 
using bulk RNA- Seq are still prohibitive (12). Second, although 
we highlight genes for which interpretation in the context of the 
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disease is best understood in tissues other than blood, single- cell 
studies in SSc- affected tissues are needed to confirm and expand 
our findings. Last, we did not distinguish between the most com-
mon forms of SSc (limited cutaneous and diffuse cutaneous), nor 
did we analyze data on autoantibodies, as data were only avail-
able for a subset of the samples and would have severely dimin-
ished the sensitivity of our analysis.

The validation of the eQTLs identified from peripheral 
blood mononuclear cells (PBMCs) in other tissues as presented in 
the GTEx database opens the way to cautiously use blood eQTLs 
as a proxy to detect eQTLs that most likely exert their main effect 
in tissues other than blood. Interestingly, Beretta et al recently 
observed a strong enrichment of several IFN- related pathways in 
the first whole- blood transcriptome profiling performed in a large 
cohort of SSc patients (17). Furthermore, a recent analysis of 
whole transcriptome expression in the skin of patients with early 
diffuse SSc revealed a high prevalence of both innate and adap-
tive immune cell activity (53). These results are concordant with 
the clear enrichment of immunity- related eGenes observed in our 
study and represent a support of the use of PBMC expression 
data as surrogate markers of organ disease.

To sum up, this is the first eQTL analysis performed in PBMCs 
of SSc patients, revealing that more than half of the eGenes 
detected were associated with the most important SSc hallmarks 
and highlighting the apoptotic process. Furthermore, we identi-
fied enriched motifs for transcription factors in SSc eQTLs that 
are differentially regulated in blood, skin, or the lungs. Our results 
highlight the role of the clinical features and tissues involved in 
SSc, adding a new layer of complexity and contributing to a better 
understanding of SSc pathogenesis.
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Tocilizumab Prevents Progression of Early Systemic 
Sclerosis– Associated Interstitial Lung Disease
David Roofeh,1  Celia J. F. Lin,2 Jonathan Goldin,3 Grace Hyun Kim,3  Daniel E. Furst,4 Christopher P. Denton,5

Suiyuan Huang,1 and Dinesh Khanna,1  on behalf of the focuSSced Investigators

Objective. Tocilizumab (TCZ) has demonstrated lung function preservation in 2 randomized controlled trials in 
early systemic sclerosis (SSc). This effect has yet to be characterized in terms of radiographically evident quantitative 
lung involvement. We undertook this study to assess the impact of TCZ on lung function preservation in a post hoc 
analysis, stratifying treatment arms according to the degree of lung involvement.

Methods. The focuSSced trial was a phase III randomized placebo- controlled trial of TCZ in patients with SSc 
and progressive skin disease. Participants underwent baseline and serial spirometry along with high- resolution chest 
computed tomography at baseline and at week 48. Quantitative interstitial lung disease (QILD) and fibrosis scores 
were assessed by computer software. We classified QILD into the following categories of lung involvement: mild (>5– 10%), 
moderate (>10– 20%), and severe (>20%).

Results. Of 210 participants recruited for the trial, 136 patients (65%) had ILD. The majority of these patients (77%) 
had moderate- to- severe involvement (defined as >10% lung involvement). The TCZ arm demonstrated preservation 
of forced vital capacity percent predicted (FVC%) over 48 weeks (least squares mean change in FVC% = −0.1) 
compared to placebo (−6.3%). For mild, moderate, and severe QILD, the mean ± SD change in FVC% in the TCZ arm 
at 48 weeks were −4.1 ± 2.5% (n = 11), 0.7 ± 1.9% (n =19), and 2.1 ± 1.6% (n = 26), respectively, and in the placebo 
group were −10.0 ± 2.6% (n = 11), −5.7 ± 1.6% (n = 26), and −6.7 ± 2.0% (n = 16), respectively. Similar treatment- 
related preservation findings were seen independent of fibrosis severity.

Conclusion. TCZ in early SSc– associated ILD with progressive skin disease stabilized FVC% over 48 weeks, 
independent of the extent of radiographically evident QILD.

INTRODUCTION

The majority of systemic sclerosis (SSc) patients will 
develop interstitial lung disease (ILD) (1,2). The disease process 
of SSc- associated ILD (SSc- ILD) usually proceeds through dif-
ferent phases. The initial phase is associated with findings from 

high- resolution computed tomography (HRCT) of the chest that 
predominantly show ground- glass opacity with minimal fibrotic 
changes (considered by some to be immunoinflammatory), fol-
lowed by more dense fibrotic changes with a nonspecific interstitial 
pneumonia pattern on HRCT scans; however, some patients may 
present with findings of usual interstitial pneumonitis (3). Those 
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at risk of progressive disease have an archetype: early, diffuse 
cutaneous systemic sclerosis (dcSSc), with elevated acute- phase 
reactants such as C- reactive protein (CRP) level and topoisomer-
ase I (topo I) antibody positivity (4– 7). Patients with these high- risk 
features, especially those with disease in the initial phase of devel-
opment, represent an important target for early intervention, as 
ILD is largely irreversible in SSc (4,8).

Tocilizumab (TCZ) is an anti– interleukin- 6 (anti– IL- 6) agent 
(IgG1 humanized anti– IL- 6 receptor monoclonal antibody), 
approved for use in rheumatoid arthritis, giant cell arteritis, juve-
nile idiopathic arthritis, Castleman’s disease, and other immune- 
mediated diseases. Two well- designed randomized controlled 
trials of TCZ in early dcSSc demonstrated a significant lung pres-
ervation effect in the treatment arm compared to placebo (9,10). 
This effect has yet to be characterized in terms of radiographically 
evident quantitative lung involvement.

In this post hoc analysis, we comprehensively character-
ized the ILD participants in the focuSSced trial (10), assessed 
the relationship between degree of total lung involvement and 
fibrosis (using well- established quantitative HRCT measurements) 
and lung physiology, and evaluated the treatment effect of TCZ 
compared to placebo on forced vital capacity percent predicted 
(FVC%) and quantitative HRCT. Investigating the treatment effects 
in terms of radiographic changes in this cohort at high risk for 
progression of ILD provides important insight into disease patho-
physiology and potential mechanisms of therapeutic benefit.

PATIENTS AND METHODS

Study design. This phase III trial (ClinicalTrials.gov identi-
fier: NCT02453256) was a multicenter, randomized, double- blind 
placebo- controlled trial with 1:1 randomization to active treatment 
(1 subcutaneous injection of 162 mg TCZ per week) or placebo for 
48 weeks (10). Background immunosuppressive therapy was not 
allowed in the trial, but escape therapy was allowed for prespecified 
skin and lung function progression and SSc- related complications.

Participants. All patients met the 2013 American College 
of Rheumatology/European Alliance of Associations for Rheuma-
tology classification criteria (11), with disease onset <60 months 
from the onset of their first non– Raynaud’s phenomenon sign 
or symptom, and had a modified Rodnan skin thickness score 
(MRSS) (12) between 10 and 35. All patients had early progressive 
skin disease with diffuse cutaneous distribution, because the main 
goal of the trial was to evaluate beneficial impact of TCZ on MRSS 
score. Participants also had elevated acute- phase reactants (≥1 
of the following: CRP level >6 mg/liter, erythrocyte sedimentation 
rate >28 mm/hour, or platelet count >330 × 109/liter), and active 
disease was defined as having >1 of the following at screening: 
disease duration ≤18 months, MRSS increase of ≥3, involvement 
of 1 new body area and MRSS increase of ≥2, or involvement 
of 2 new body areas (each within the previous 6 months), or ≥1 

tendon friction rub. The presence of lung disease was not required 
for enrollment. The study was approved by the institutional review 
boards of all participating sites, written informed consent was 
obtained from all participants, and the study was conducted in 
compliance with the Declaration of Helsinki.

Outcome measures. Serial spirometry plus diffusing ca -
pacity for carbon monoxide corrected for hemoglobin (DLco) was 
conducted at weeks 8, 16, 24, 36, and 48, based on the American 
Thoracic Society/European Respiratory Society Consensus State-
ment recommendations (13). Patients performed 3– 8 exhalations 
into a spirometer, and the highest value was recorded. Patients 
received HRCT scans at baseline and week 48, completed 
at maximal inspiration. Images were acquired from 30 multidetec-
tor CT scanner models from 4 manufacturers, using a standard-
ized procedure and following strict quality control protocols. HRCT 
quantification was performed on all scans based on previous 
publications (14– 16).

The quantitative ILD (QILD) score refers to the summation of 
ground- glass opacities, honeycombing, and fibrotic reticulation, 
while the quantitative lung fibrosis (QLF) score refers to quantita-
tive fibrosis (fibrotic reticulation) alone. Both scores range from 0% 
to 100% involvement of the whole lung (17). All scans had QILD 
and QLF measurements; ILD was identified visually by a thoracic 
radiologist (JG) based on the presence of ground- glass opacifica-
tion and/or fibrosis with a basal predominance. Participants who 
had minimal interstitial changes without defined ILD were charac-
terized as having no ILD; these cases were screened for factors 
other than SSc- ILD and were excluded (factors included body hab-
itus, atelectasis, bronchitis, aspiration, and bronchiectasis). QILD 
cutoff points were set as minimal (≤5%), mild (>5– 10%), moderate 
(>10– 20%), or severe (>20%), based on the following: 1) classifica-
tion by a chest radiologist (JG), and 2) findings from Goh et al that 
demonstrate total lung involvement of >20% was associated with 
higher mortality in a longitudinal cohort (18). Cutoff points for QLF 
were organized in tertiles according to the range (0.1– 18.5%) of 
involvement.

Statistical analysis. Continuous and categorical variables 
were summarized using the mean ± SD and percentages, respec-
tively. We used t- tests to compare baseline FVC% according to 
baseline QILD and QLF cutoffs. Spearman’s correlation coeffi-
cients were calculated for scatterplots of baseline FVC% accord-
ing to numerical baseline QILD and QLF scores, separately. To 
assess how the baseline QILD or QLF score affects the change 
in FVC% over time, we fitted linear mixed- effect models, with 
change in FVC% as the outcome. Covariates included the follow-
ing: 1) baseline FVC%, 2) treatment arm, 3) study time points, 4) 
baseline QILD/QLF group, 5) interaction of baseline FVC% and 
study time point, 6) interaction of treatment arm and study time 
point, 7) interaction of baseline QILD/QLF group and treatment 
arm, 8) interaction of baseline QILD/QLF group and study time 
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point, and 9) 3- way interaction of treatment arm, study time point, 
and baseline QILD/QLF group. We obtained least squares means 
(LSMs) from the models and plotted the LSM to show the FVC% 
change trend. Ninety- five percent confidence intervals (95% CIs) 
were calculated. No data were imputed. All analyses were done 
using SAS software (version 9.4).

RESULTS

Baseline characteristics of patients with ILD.  The 
distribution of patients according to treatment arm and base-
line radiographic assessments are shown in Supplementary 
Figure 1 (available on the Arthritis & Rheumatology website at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41668/abstract). 
Two hundred ten participants were randomized and received 
treatment (placebo arm [n = 106], TCZ arm [n = 104]). Of these 
patients, 136 were confirmed by a thoracic radiologist to 
have ILD based on HRCT imaging performed at baseline. 
Table 1 shows the baseline characteristics of the overall pop-
ulation (n = 210) compared to the subset of patients with 
ILD (n = 136), which was further divided by treatment arm. 
Three participants were confirmed as having ILD based on 
baseline visual assessment of HRCT scans, but the quan-
titative measurements (including QILD and QLF scores) 

were missing. Compared to those without ILD, the remaining 
133 patients with ILD had numerically lower FVC% and DLco 
percent predicted (DLco%), a higher CRP level, and a greater 
proportion of anti– topo I antibody positivity. ILD patients 
had a mean ± SD FVC% of 79.6 ± 14.5% and a mean ± SD 
QILD of 18.7 ± 11.1%; most of the QILD score was made 
up of ground- glass opacities (mean ± SD 14.9 ± 8.3%), with 
a mean ± SD QLF of 3.0 ± 3.6%. There were no significant 
differences between the TCZ and placebo arms in the ILD 
groups at baseline (Table 1).

Moderate- to- severe whole- lung involvement with 
limited fibrosis in majority of ILD patients. Baseline QILD 
scores of 133 patients were stratified into 4 groups corresponding 
to minimal (≤5%), mild (>5– 10%), moderate (>10– 20%), and severe 
(>20%) lung involvement. The majority of patients with ILD (n = 102; 
77%) had moderate or severe lung involvement, as defined by a 
QILD of >10% (range 10.2– 52.6) (Table 2). Higher degrees of QILD 
scores were associated with increasing MRSS scores, percentages 
of anti– topo I antibody positivity, lower baseline FVC% and DLco%, 
and higher QLF scores. Table 2 also shows ILD patients stratified 
according to QLF tertiles (0.1– 1.0%, 1.1– 2.7%, or 2.8– 18.5%), with 
approximately two- thirds of patients (n = 89; 67%) having <2.8% 
fibrosis. Similar to QILD, increasing QLF scores were associated with 

Table 1. Baseline characteristics of the overall focuSSced population and those with ILD detected on HRCT scans*

Total patients  
(n = 210)

ILD patients  
(n = 136)

TCZ group with ILD  
(n = 68)

Placebo group with ILD  
(n = 68)

Demographics
Female, % 81.4 79.4 77.9 80.9
Age, years 48.2 ± 12.4 48.1 ± 12.9 47.6 ± 12.5 48.7 ± 13.3
SSc duration, months 22.6 ± 16.5 22.8 ± 16.8 23.0 ± 17.2 22.6 ± 16.6

Disease features†
Total MRSS 20.3 ± 6.8 20.8 ± 7.0 20.7 ± 6.8 20.9 ± 7.2
CRP, mg/liter 7.9 ± 13.1 9.6 ± 15.4 11.2 ± 17.4 8.0 ± 13.1
ANA positive, no. (%) 183 (92.4) 124 (96.9) 65 (98.5) 59 (95.2)
Anti– topo I positive, no. (%) 103 (51.0) 90 (68.7) 46 (68.7) 44 (68.8)
Anti- RNAP positive, no. (%) 35 (17.3) 19 (14.5) 13 (19.4) 6 (9.4)
ACA positive, no. (%) 17 (8.4) 2 (1.5) 1 (1.5) 1 (1.6)

PFTs
FVC, ml 2,996.7 ± 836.8 2,885.4 ± 835.8 2,826.8 ± 873.7 2,944.1 ± 798.3
FVC% 82.1 ± 14.8 79.6 ± 14.5 77.7 ± 13.9 81.5 ± 14.9
DLco%‡ 75.6 ± 18.9 70.4 ± 16.9 68.7 ± 16.8 72.1 ± 17.0

QILD measurements, whole lung %§
HRCT total QILD 15.9 ± 11.4 18.7 ± 11.1 20.5 ± 12.8 16.8 ± 8.8

Ground- glass opacity 13.0 ± 8.8 14.9 ± 8.3 16.2 ± 9.5 13.6 ± 6.7
QLF 2.3 ± 3.3 3.0 ± 3.6 3.5 ± 4.2 2.5 ± 3.0
Honeycombing 0.4 ± 1.2 0.4 ± 1.3 0.5 ± 1.5 0.3 ± 1.2

* Except where indicated otherwise, values are the mean ± SD. None of the differences between the tocilizumab (TCZ) and placebo groups were 
significant. SSc = systemic sclerosis; MRSS = modified Rodnan skin thickness score; CRP = C- reactive protein; PFTs = pulmonary function tests; 
FVC% = forced vital capacity percent predicted; DLco% = diffusing capacity for carbon monoxide corrected for hemoglobin percent predicted. 
† Data were not available for all patients, as follows: for antinuclear antibody (ANA) positivity (total patients, n = 198; interstitial lung disease 
[ILD] patients, n = 128; TCZ arm, n = 66; placebo arm, n = 62); for anti– topoisomerase I (anti– topo I), anti– RNA polymerase (anti- RNAP), and 
anticentromere antibody (ACA) positivity (total patients, n = 202; ILD patients, n = 131; TCZ arm, n = 67; placebo arm, n = 64). 
‡ Data were not available for all patients, as follows: total patients, n = 208; ILD patients, n = 135; TCZ arm, n = 68; placebo arm, n = 67. 
§ Three patients were confirmed to have ILD based on baseline visual assessment of high- resolution computed tomography (HRCT), but data on 
quantitative measurements (including quantitative ILD [QILD] and quantitative lung fibrosis [QLF] scores) were missing. For these parameters, 
data were not available for all patients, as follows: total patients, n = 202; ILD patients, n = 133; TCZ arm, n = 67; placebo arm, n = 66. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41668/abstract
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higher percentages of anti– topo I antibody positivity and QILD, and 
lower baseline FVC% and DLco%.

Inverse correlation of QILD and QLF with FVC%. 
Figure 1 demonstrates an inverse relationship between baseline 
FVC% and degree of QILD; baseline FVC% significantly declined 
with each escalating QILD cutoff point. The mean baseline FVC% 
in patients with severe QILD was significantly lower (mean ± SD 
73.6 ± 12.9%) compared to those with minimal QILD (mean ± SD 
88.4 ± 18.3%; P = 0.01), mild QILD (mean ± SD 85.4 ± 13.1%; 

P = 0.00), and moderate QILD (mean ± SD 81.1 ± 14.4%; P = 0.01). 
There is an inverse correlation between baseline FVC% and QILD, 
with a correlation coefficient of −0.36 (P = 0.00). Figure 1 also 
demonstrates a similar inverse relationship between baseline FVC% 
and QLF, with the mean baseline FVC% significantly higher in the 
first tertile compared to the third tertile (P = 0.00). The correlation 
coefficient was also −0.36 (P = 0.00).

Stabilization by TCZ of FVC% over 48 weeks for  
 mild- to- severe baseline QILD and all ranges of baseline 
QLF scores. The TCZ arm demonstrated preserved FVC% over 
48 weeks: the LSM of FVC% change was −0.1% for TCZ and 
−6.3% for placebo (Figure 2). The difference between treatment 
groups was 6.2% (P < 0.0001). Figure 2 shows the mean trend 
over 48 weeks of FVC% change, accounting for the covariates 
listed in Methods; the results are separated by treatment arm and 
stratified according to the extent of QILD. As there were only 2 
and 4 evaluable patients with ≤5% QILD in the placebo and TCZ 
groups, respectively, they were excluded from what is depicted 
in Figure 2. Specifically, those with >5% QILD in the TCZ group 
showed FVC% stabilization over 48 weeks; this preservation was 
not influenced by the escalating degree of QILD involvement. 
For mild, moderate, and severe QILD, the mean ± SD change in 
FVC% in the TCZ arm at 48 weeks were −4.1 ± 2.5% (n = 11), 
0.7 ± 1.9% (n =19), and 2.1 ± 1.6% (n = 26), respectively, and 
in the placebo group were −10.0 ± 2.6% (n = 11), −5.7 ± 1.6% 
(n = 26), and −6.7 ± 2.0% (n = 16), respectively. A pairwise com-
parison at week 48 in the TCZ arm showed no significant dif-
ferences between the mild, moderate, and severe QILD strata. 
Those with >5% QILD in the placebo arm showed worsening 

Figure 1. Relationship of forced vital capacity percent predicted 
(FVC%) with increasing severity of baseline quantitative interstitial 
lung disease (QILD) (A) and with increasing severity of baseline 
quantitative lung fibrosis (QLF) (B). Data are shown as box plots. Each 
box represents the upper and lower interquartile range. Lines inside 
the boxes represent the median. Whiskers represent the minimum 
and maximum values. Each symbol represents an individual subject.

Figure 2. Mean trend over time of change in forced vital capacity percent predicted (FVC%) in the interstitial lung disease (ILD) patients, 
according to treatment group and quantitative ILD (QILD) score of the whole lung. The QILD severity category of ≤5% was removed from this 
model, as there were only 2 evaluable patients in the placebo (PBO) group and 4 evaluable patients in the tocilizumab (TCZ) treatment group 
with ≤5% QILD over 48 weeks. LSM = least squares mean.
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FVC% decline, also with no significant pairwise differences in the 
trajectory of decline based on QILD severity.

Figure 3 shows a similar preservation effect in the TCZ arm, 
which was not present in the placebo arm when stratified accord-
ing to QLF severity. The mean trend over time of FVC% change, 
accounting for the covariates listed in Methods, did not differ 
based on the extent of QLF for either the TCZ or placebo arm.

Stabilization by TCZ of QILD and QLF over 48 weeks, 
for all ranges of baseline QILD and QLF scores. Table 3 
shows QILD and QLF scores at baseline and at 48 weeks, sep-
arated by treatment arm and stratified according to baseline QILD 
and QLF cutoff points. As expected, higher baseline QILD and QLF 
scores reflected higher QILD and QLF scores at 48 weeks. At 48 
weeks, the overall QILD scores for the TCZ arm showed significant 
improvement (mean −1.8% [95% CI −3.8, 0.09]; P = 0.02). This 
benefit appears to be largely driven by high degrees of QILD at 
baseline; patients with >20% QILD showed the largest improvement 
of any of the subsets (mean −4.9 [95% CI −8.5, −1.2]; P = 0.01). In 
terms of fibrosis, there was a significant increase in QLF scores at 
48 weeks in the placebo arm (mean 0.7 [95% CI 0.3, 1.2]; P = 0.00) 
that was not seen in the TCZ arm (mean −0.5 [95% CI −1.3, 0.3]; 
P = 0.12). This decline in the placebo arm appears to be driven by 
worsening of QLF scores in the first and second tertiles.

DISCUSSION

In an earlier phase II trial, TCZ showed preservation of FVC% 
compared to the placebo group in a population of patients with 
early dcSSc; fewer patients in the TCZ arm showed a decline in 
FVC% (10% in the TCZ group versus 23% in the placebo group 
had ≥10% absolute decrease in FVC%) (9). Based on these 

preliminary findings, the focuSSced trial was designed showing 
that, in patients with early dcSSc, the effect of lung function pres-
ervation was replicated over 48 weeks (mean decline in the TCZ 
group −0.6% versus −4.0% in the placebo group; P = 0.002) (10). 
In the present study, we performed a post hoc analysis using indi-
vidual patient data from the focuSSced trial and demonstrated 
that ~65% of patients with early dcSSc had HRCT- defined ILD, 
with 77% of participants having >10% total lung involvement (as 
assessed by QILD). The preservation of FVC in the TCZ arm did 
not vary according to baseline QILD or QLF score, emphasiz-
ing the importance of early intervention to retard progression for 
those with even mild lung involvement. In addition, the placebo 
arm showed worsening lung fibrosis on HRCT scans at 48 weeks, 
whereas the TCZ arm showed attenuation of development of pro-
gressive fibrosis.

Our population in the focuSSced trial included an at- risk 
group for progressive ILD:  early dcSSc patients with progres-
sive skin disease and elevated acute- phase reactants. This 
cohort may represent an immunoinflammatory phase, rather 
than advanced- stage fibrotic ILD studied in previous SSc- ILD 
trials. Four large prior studies (e.g., the Scleroderma Lung Study 
I [SLS I] [19] and SLS II [20], the FAST trial [21], and the SENSCIS 
trial [22]) included patients with both limited cutaneous SSc and 
dcSSc, with a median disease duration of ≤7 years, and included 
patients who were categorized as having clinical ILD based on 
respiratory symptoms (grade ≥2 exertional dyspnea according 
to baseline Mahler Dyspnea Index [23] in SLS I and SLS II) and 
fibrosis (≥10% of the lungs in the SENSCIS trial) (4,24,25). Par-
ticipants in these trials had moderate- to- severe fibrotic disease: 
subjects in SLS II had a mean ± SD QLF score of 8.6 ± 6.9%, 
and subjects in the SENSCIS trial had a mean ± SD visual fibro-
sis score of 36.8 ± 21.8 in the treatment arm and of 35.2 ± 20.7 

Figure 3. Mean trend over time of FVC% in the ILD patients, according to treatment group and quantitative lung fibrosis score of the whole 
lung. See Figure 2 for other definitions.
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in the placebo arm (24,26). With the exception of the FAST 
trial (FVC% 80.1% and 81.0% in the treatment and placebo 
arms, respectively), participants in these studies demonstrated 
FVC% impairment: 68.1% in SLS I, 66.5% in SLS II, and 72% 
in SENSCIS (19,20,22).

Placebo- controlled trials and observational cohort studies 
inform our understanding of the natural progression of SSc- ILD; 
these data play an important role in illuminating the pathogene-
sis of SSc- ILD progression in our group with additional clinical 
ILD patients (26– 30). The resulting mean ± SD rate of decline 
of FVC in the focuSSced placebo group was 228.2 ± 394.2 ml 
over 48 weeks, or an FVC% of ~6.5%, which was considerably 
higher than those previously reported. For instance, the FAST trial 
demonstrated a mean decline of 3.0% (21), which was similar to 
that of the SLS I trial (2.6%) (19), and the SENSCIS cohort showed 
a decline of 2.6%, or mean ± SD 93.3 ± 13.5 ml, over 52 weeks 
(22). As such, our current analysis may influence trial design by 
providing a template to target early ILD, in which the participants 
have no or minimal respiratory symptoms, and include more 
patients with progressive fibrotic ILD, where treatment impact may 
be easier to detect (31).

Considerable variability in screening for SSc- ILD with HRCT 
still exists (32). There is increasing consensus that all patients with 
SSc should receive screening with HRCT (33). Our data demon-
strate the value of obtaining HRCT scans at the time of diagno-
sis: pulmonary function tests (PFTs) are not sensitive enough to 
accurately assess the presence of ILD, and delays in treatment 
initiation may lead to irreversible disease (25,34). Recently,  the 
Fleischner Society published a consensus statement on intersti-
tial lung abnormalities (35). They acknowledged that abnormalities 
identified during screening for ILD in high- risk groups (e.g., those 
with SSc) are not considered to be interstitial lung abnormalities 
because they are not incidental (35). Data analysis shows that QILD 
involvement of >5% (with a majority of patients having involvement 
in their lower body areas) was associated with a large decline in 
FVC% in the placebo group over 48 weeks, which was mirrored in 
those with >10% QILD in the placebo group, highlighting the need 
for universal screening with HRCT in early dcSSc.

A unified treatment algorithm does not yet exist for SSc- 
ILD. Recent published work has established evidence- based 
consensus statements on medical management of SSc- ILD; 
however, these do not address the varying subsets of SSc- 
ILD severity that impact clinical treatment decisions in practice 
(4,24,25). Our treatment algorithm classified patients as having 
either subclinical ILD (those with minimal ILD and preserved lung 
function) or clinical ILD (those with moderate- to- severe ILD and/
or decline in PFTs). Based on the current data, we propose to 
treat those with subclinical ILD with at- risk features (4,24,25). 
As evidence accumulates for treatment effects in subsets of 
SSc- ILD, practice guidelines may favor targeted immunomod-
ulatory therapies in early disease versus antifibrotic therapy in 
later disease.

Strengths of our analysis include well- characterized data 
from a clinical trial and utilization of a well- established quantita-
tive lung disease program to provide finer granularity for under-
standing the lung preservation effect of TCZ. This study serves 
as an example of the use of quantitative HRCT measurements 
in understanding SSc- ILD pathophysiology and its response to 
treatment (14,36).

This analysis is not without limitations. First, the analysis is 
post hoc and should be considered as hypothesis- generating. 
Second, while the reduction in FVC reflects fewer functional alve-
olar units (37), it is an indirect measurement of the flow- resistive 
properties of the lung (38), and other factors in early SSc may 
confound the results (e.g., hide- bound chest thickness can cause 
thoracic restriction, poor patient effort, an inability to form a tight 
seal around the mouthpiece). This was addressed by standardiz-
ing spirometry in the clinical trial. Finally, the minimal (≤5%) QILD 
group had too few patients to establish any meaningful assump-
tions. Nevertheless, as the field of quantitative radiomics advances 
its ability to reliably identify interstitial disease changes this small, 
even this low percentage of lung involvement may prove to have 
clinical implications.

In conclusion, early dcSSc is associated with high prev-
alence of ILD, with 77% having moderate- to- severe ILD. TCZ 
was effective in preserving the lung function, irrespective of the 
degree of QILD and QLF at baseline. This likely represents tar-
geting of the immunoinflammatory, early fibrotic phase of the 
disease (39) and may be a window of therapeutic opportunity 
to preserve lung function in early dcSSc. We also highlight the 
natural history of early ILD that may serve as a template for other 
fibrotic diseases.
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Dysfunctional Keratinocytes Increase Dermal Inflammation 
in Systemic Sclerosis: Results From Studies Using 
Tissue- Engineered Scleroderma Epidermis
Barbara Russo,1 Julia Borowczyk,1 Wolf- Henning Boehncke,1 Marie- Elise Truchetet,2 Ali Modarressi,1 
Nicolò C. Brembilla,1 and Carlo Chizzolini1

Objective. Evidence suggests that keratinocyte– fibroblast interactions are abnormal in systemic sclerosis (SSc). 
The present study was undertaken to investigate potential epidermal dysfunction in SSc and its effects on dermal 
homeostasis.

Methods. Epidermal equivalents (EEs) were generated using keratinocytes from 6 healthy donors and 4 
individuals with SSc. Skin and EE expression of markers of proliferation, differentiation, and activation was evaluated 
by immunohistochemistry. The transcriptomic profile of SSc EEs and healthy donor EEs was identified by RNA 
sequencing. EE conditioned medium (CM) was used to stimulate fibroblasts, and their production of interleukin- 6 
(IL- 6), IL- 8, matrix metalloproteinase 1 (MMP- 1), type I collagen, and fibronectin was assessed by enzyme- linked 
immunosorbent assay.

Results. Compared to healthy donor EEs, SSc EEs exhibited aberrant differentiation, enhanced expression of 
activation markers, and a lower rate of basal keratinocyte mitosis, reproducing most of the abnormalities observed in 
SSc epidermis. RNA sequencing analysis revealed that, compared to healthy donor EEs, SSc EEs were characterized 
by lower expression of homeobox gene family members and by enhanced metabolic and oxidative stress molecular 
pathways. EE CM enhanced fibroblast production of IL- 6, IL- 8, MMP- 1, type I collagen, and fibronectin (P < 0.05). 
Except for type I collagen and fibronectin, this effect was 2- fold higher in the presence of CM generated form SSc 
EEs. IL- 1 was responsible, at least in part, for keratinocyte- dependent fibroblast activation.

Conclusion. SSc EEs recapitulate the in vivo characteristics of SSc epidermis, demonstrating that SSc 
keratinocytes have an intrinsically altered differentiation program, possibly due to the dysregulation of genes from 
the homeobox family. The increased metabolic and oxidative stress associated with SSc epidermis may contribute 
to chronic inflammation and fibrosis of the dermis.

INTRODUCTION

Skin fibrosis is the hallmark of systemic sclerosis (SSc) and 
results from an as- yet- imperfectly- understood interplay between 
uncontrolled reparative processes, inflammatory responses, and 
vascular abnormalities leading to excessive accumulation of 

extracellular matrix (ECM). Recent evidence suggests a potential 
role of keratinocytes and epidermis in SSc pathogenesis (for review, 
see ref. 1). Disorganized differentiation, abnormal activation, and 
enhanced interleukin- 1 (IL- 1) production in SSc epidermis have 
been reported, with keratinocytes enhancing α- smooth muscle 
actin expression by fibroblasts (2– 5). Additionally, transcriptome 
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studies have identified a keratin signature in SSc skin, and stud-
ies applying a systems biology approach to SSc transcriptom-
ics revealed that keratinocytes share nodes with inflammatory  
networks (6).

It is challenging to culture primary SSc keratinocytes in vitro, 
and when cultured in monolayers they may lack functions asso-
ciated with a fully stratified epidermis. In this study we used epi-
dermal equivalents (EEs) engineered using SSc keratinocytes to 
investigate the characteristics of epidermis in SSc and their effect 
on dermal homeostasis.

PATIENTS AND METHODS

Ethics approval. This study was approved by the local 
ethical committee (06- 063, Commission cantonale d’éthique de 
la recherche, Geneva, Switzerland) and was conducted accord-
ing to the Declaration of Helsinki. Written informed consent was 
obtained from all study subjects.

Human samples. All SSc patients fulfilled the 2013 Amer-
ican College of Rheumatology/European Alliance of Associations 
for Rheumatology classification criteria (7). Their clinical charac-
teristics are reported in Supplementary Table 1 (on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41659/ abstract). Punch biopsy samples were 
obtained from SSc- affected arm skin. Surgical biopsy specimens 
were obtained from age-  and sex- matched healthy donors under-
going abdominoplasty at the Department of Plastic, Reconstruc-
tive, and Aesthetic Surgery, Geneva University Hospital. None of 
the healthy donors had dermatologic disorders.

Epidermal equivalent engineering. Primary human der -
mal fibroblasts and keratinocytes were isolated from healthy donor 
and SSc skin as previously described (8). Of note, 2 of the patients 
with SSc were not receiving any treatment, and 1 was being 
treated only with low- dose prednisone, at the time keratinocytes 
were obtained. For 3- dimensional generation of EEs, we used 
a modified version of a method previously described (9). Briefly, pri-
mary keratinocytes (5 × 105) from 6 healthy donors and 4 patients 
with SSc were plated onto ThinCert cell culture inserts (Greiner 
Bio- One) and grown to confluence in CnT- Prime medium. After 3 
days, the medium was switched to CnT- Prime 3D Barrier medium 
(Cellntec) and the cells cultured at the air– liquid interface for 11 
days. The medium was changed every other day. On the last day 
of culture, conditioned medium (CM) was collected and immedi-
ately frozen until use. EEs were harvested and used for RNA isola-
tion or prepared for microscopy.

RNA sequencing analysis. RNA was isolated from 6 inde-
pendent healthy donor EEs and 3 independent SSc EEs. The 
transcriptome metrics were evaluated with the Picard tool, version 
1.141. Mapping to each gene feature in the University of California, 

Santa Cruz human hg38 reference was prepared with HTSeq, 
version 0.9.1. Differential expression analysis was performed 
using R/Bioconductor package edgeR, version 3.18.1. Genes 
were filtered on expression levels, and unpaired t- tests were used 
to assess the significance of differential expression. P values were 
corrected for multiple testing errors with a 5% false discovery rate 
(FDR), using the Benjamini- Hochberg method. Gene Set Enrich-
ment Analysis (GSEA), desktop version 3.0 was used to analyze 
the pattern of differential gene expression between SSc and 
healthy donor EEs. The Hallmark gene set from the Molecular Sig-
natures Database was used. Additionally, a gene set associated 
with the SSc skin gene signature was created using a list of genes 
that are differentially expressed in SSc compared to healthy donor 
skin, overlapping in 2 large, publicly available transcriptomic data 
sets (GSE58095, EGAO00000000316). Results of GSEA analysis 
were plotted using R- package ggplot2. Differentially expressed 
genes with an FDR of ≤0.1 were uploaded for the protein– protein 
interaction network using the String, version 11 database, and 
interactions with at least medium confidence (interaction score 
>0.4) were set by default. The Markov cluster algorithm was used 
to identify clusters. The String database was used to perform 
enrichment analysis for Gene Ontology (GO) annotation.

Additional methods. Additional methods are described in 
detail in Supplementary Methods (on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41659/ 
abstract).

RESULTS

SSc epidermal equivalents reproduce the altered 
phe  notype of SSc epidermis. Epidermis homeostasis de -
pends on a tightly controlled balance between keratinocyte pro-
liferation and differentiation, following a precise topography that 
reflects the unique functions of distinct epidermal layers (Sup-
plementary Figure 1, on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41659/ abstract). 
After 14 days of in vitro culture, fully differentiated keratino-
cytes in our EEs formed a polarized human epidermis with 
physiologic suprabasal localization of keratin 10 (Supplementary 
Figure 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41659/ 
abstract). The number of Ki- 67+ cells/mm in the basal layer was 
substantially lower in SSc EEs compared to healthy donor EEs 
(P < 0.0001) (Figures 1A and C), similar to the findings in SSc 
and healthy donor skin (P = 0.001) (Figures 1B and C). Com-
pared to healthy donor EEs, the expression of involucrin, filaggrin, 
and loricrin in SSc EE was deeper and wider. When quantified, 
the mean area occupied by these markers over the total epider-
mis area was >2- fold greater in SSc EEs than in healthy donor 
EEs (P ≤ 0.05) (Figures 1A and C). Notably, similar differences 
were observed in histologic preparations of healthy donor and 
SSc skin (Figures 1B and C).

http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58095
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
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Keratin 6 and keratin 16, considered to be markers of 
keratinocyte activation, are expressed in the epidermis only 
under certain circumstances, such as damage or inflamma-
tion. Accordingly, keratin 6 was almost absent in healthy donor 
skin but highly expressed with a patchy distribution in SSc 
skin, where the number of keratin 6– positive cells (relative to 
the total number of cells) was higher than in healthy donor skin 
(mean ± SEM 9.8 ± 4.4% versus 0.3 ± 0.5%; P = 0.002). Simi-
larly, keratin 16 staining was absent in healthy donor skin kerat-
inocytes and discretely positive in SSc. However, keratin 6 and 
keratin 16 were expressed in both healthy donor EEs and SSc 
EEs, with a tendency for more intense staining in SSc EEs (Sup-
plementary Figure 3, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41659/ abstract).

Taken together, our data indicate that SSc keratinocytes have 
a distinctive distribution pattern of late differentiation and activa-
tion markers concomitant with low mitotic activity. Importantly, the 
SSc EEs displayed most of the histologic abnormalities observed 
in SSc epidermis.

Altered oxidative stress–  and cell differentiation– 
associated pathways in SSc EEs, demonstrated by tran-
scriptomic profile analysis. To explore the characteristics of 
genes expressed in SSc EEs compared to healthy donor EEs 
as detected by RNA sequencing, we performed a threshold- 
free GSEA. The 50 most highly differentially expressed genes are 
shown in Figure 2A. Of interest, pathways that were significantly 
enriched in SSc EEs were particularly involved in oxidative stress 
(oxidative phosphorylation, E2F targets, mechanistic target of 
rapamycin signaling) and metabolism (protein secretion, Myc tar-
gets V1, fatty acid metabolism, DNA repair) (Figure 2B).

To further explore the genes that were differentially expressed 
in SSc EEs versus healthy donor EEs, we compared the expres-
sion levels of these genes. We identified 12 genes that were dif-
ferentially expressed with an FDR of ≤0.1 and a ≥2- fold increase 
or decrease in expression; expression was decreased in 9 of 
these genes and increased in 3. Network analysis of these genes 
revealed 2 clusters of functionally associated genes: one com-
posed of transcription factors from the homeobox gene family and 

Figure 1. Altered differentiation and reduced mitotic rate in systemic sclerosis (SSc) epidermal equivalents (EEs) reproduce SSc skin 
characteristics. A and B, Immunostaining of healthy donor (HD)–  and SSc patient– derived EEs (A) and skin (B) for Ki- 67 and selected epidermis 
differentiation markers. Representative results from 4– 6 healthy donor EE samples, 4 SSc EE samples, 3– 4 healthy donor skin samples, and 
3– 4 SSc skin samples are shown. Arrows denote Ki- 67– positive cells; star denotes melanin deposits in SSc keratinocytes. Positive staining 
for involucrin, filaggrin, and loricrin appears in red- brown. Original magnification × 20. C, Box plots depicting the immunostained area as a 
percentage of the total epidermis area. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines 
outside the boxes represent the minimum and maximum values. * = P ≤ 0.05; *** = P ≤ 0.001, by unpaired t- test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
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the other of proteins from the late cornified envelope family, both of 
which exhibited decreased expression (Figure 2C). These 2 clus-
ters were significantly enriched for GO terms and pathways related 
to epithelial differentiation and proliferation (Figure 2C), consistent 
with the data we obtained in immunohistologic experiments.

We next investigated whether the genes we found to be dif-
ferentially coexpressed in SSc EEs were also identified in publicly 
available transcriptomic data when SSc skin was compared to 
healthy donor skin by GSEA. We used a list of 619 genes that 
were concordantly identified in 2 microarray gene expression 
data sets (GSE58095 and EGAO00000000316). Interestingly, we 

found that 45% of the genes were shared between our present 
data and the publicly available data (Figure 2D and Supplementary 
Table 2, on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41659/ abstract), suggesting 
that SSc EEs mimic the gene signature identified in SSc skin when 
compared to healthy donor skin.

SSc EEs promote strong IL- 6 and IL- 8 production 
by dermal fibroblasts and enhance ECM turnover via 
IL- 1. To investigate whether dysregulation of the epidermis in 
SSc may affect dermal production of cytokines and deposition 

Figure 2. The systemic sclerosis (SSc) epidermal equivalent (EE) transcriptomic profile reveals altered pathways associated with oxidative stress and 
cell differentiation. A, Heatmap of the top 25 genes with increased expression and the top 25 with decreased expression in SSc EEs compared to 
healthy donor (HD) EEs, ranked by Gene Set Enrichment Analysis (GSEA). B, Dot plot of enriched pathways determined using the Hallmark gene set 
from the Molecular Signatures Database. Each dot demonstrates an enriched pathway in SSc. The size of the dot represents the gene count, and the 
color represents the false discovery rate (FDR). C, String network analysis of the differentially expressed genes with an FDR of ≤0.1 and a fold change 
(FC) (increase or decrease: blue and red nodes, respectively) of ≥2. The network displays the prediction of protein interaction and association with 
experimentally determined interactions. The network was enlarged for the prediction of protein interaction with other genes with lower expression in SSc 
EEs compared to healthy donor EEs, but not satisfying the FDR threshold (gray nodes), according to the Markov cluster algorithm. The bar plot (lower 
panel) shows Gene Ontology (GO) biologic processes enriched in the 2 clusters identified by String network analysis. D, Plot showing the frequency of 
genes found by GSEA to be differentially coexpressed in SSc EEs that were also identified in publicly available transcriptomic data. 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.41659/abstract.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58095
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
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of ECM components, we studied the responses of healthy donor 
dermal fibroblasts to CM generated from SSc EEs and healthy 
donor EEs. SSc EE CM enhanced the production of IL- 6 and 
IL- 8 by healthy donor dermal fibroblasts more potently than was 
observed with healthy donor EE CM. Fibroblast production of IL- 6 
and IL- 8 was 4- fold and 2- fold higher, respectively, when induced 
by SSc EE CM compared to healthy donor EE CM (Figure 3). 
Simultaneously, SSc EE CM and healthy donor EE CM enhanced 
the production of fibronectin, type I collagen, and MMP- 1 by 
healthy donor dermal fibroblasts. SSc EEs stimulated 1.5- fold 
higher levels of MMP- 1, and similar levels of type I collagen and 
fibronectin, when compared to healthy donor EEs (Figure 3). IL- 
1α is known to be a critical mediator in keratinocyte– fibroblast 
interactions (3). When we added IL- 1 receptor antagonist (IL- 1Ra) 
to our cultures, we observed that healthy donor EE–  and SSc 
EE– driven production of IL- 6, IL- 8, and MMP- 1 by healthy donor 
dermal fibroblasts was drastically reduced, almost to the levels 
of their spontaneous production (Supplementary Figure 4, http://
onlin e libr ary.wiley.com/doi/10.1002/art.41659/ abstract). The pro-
duction of type I collagen, but not of fibronectin, was also reduced 
in the presence of IL- 1Ra (Supplementary Figure 4). These find-
ings are consistent with enhanced ECM turnover and increased 
inflammatory cytokine production in the presence of SSc EEs, 
possibly reflecting abnormal skin homeostasis in SSc, in which 
IL- 1 plays a significant role.

DISCUSSION

To interrogate the role of SSc epidermis in dermal inflam-
mation, we used SSc keratinocytes to generate EEs. Of major 
interest, SSc EEs recapitulated the phenotype of SSc epider-
mis, mainly characterized by aberrant differentiation and kerat-
inocyte activation, which strongly supports the notion that SSc 
keratinocytes have cell- intrinsic abnormalities. EEs were grown in 

the absence of other cell types present in the skin, particularly 
dermal fibroblasts and endothelial cells, as well as independently 
from matrix components, which may impact keratinocyte prolif-
eration and differentiation. Whether SSc keratinocyte– intrinsic 
abnormalities are primary, i.e., linked with initial events leading to 
SSc, or are acquired secondary to alterations in cells of mesen-
chymal or hematopoietic origin remains to be established.

Our findings regarding the SSc EE phenotype are consistent 
with and extend previous work showing keratinocyte activation 
and altered differentiation in SSc skin (2– 4). Of interest, increased 
and disorganized differentiation has also been described in other 
fibrotic skin disorders, such as keloid or postirradiation scars. This 
highlights the possibility that aberrant epidermal differentiation 
characterizes skin fibrosis and that dysregulation of the epider-
mis may play a role in promoting or maintaining fibrosis.

In contrast to an increased mitotic rate in SSc epidermis 
described by others (4), we observed a reduced mitotic rate as 
assessed by Ki- 67 nuclear staining in the basal layer in both SSc 
skin and SSc EEs. Clinical characteristics, such as shorter disease 
duration and lower modified Rodnan skin score (10), and sub-
tle differences in the normalization of Ki- 67 positivity may explain 
these discrepancies. The unexpected presence of involucrin in the 
basal layer of EEs (much fainter in healthy donor EEs compared to 
SSc EEs) could be due to the high calcium concentration needed 
to enhance keratinocyte differentiation in vitro, as well as to the 
lack of dermal fibroblasts and their influence in EEs. Consistent 
with previous reports (3), we found enhanced expression of ker-
atin 16 in SSc skin reproduced in SSc EEs, which may reflect a 
state of keratinocyte activation, possibly linked to inflammation.

When comparing the transcriptional profiles of SSc EEs and 
healthy donor EEs, we observed that a cluster of transcription fac-
tors from the homeobox family exhibited lower expression in SSc 
EEs. Since homeobox genes are involved in cell proliferation, differ-
entiation, and epidermal development, it is tempting to speculate 

Figure 3. Enhanced dermal fibroblast responses induced by systemic sclerosis (SSc) epidermal equivalents (EEs). Levels of interleukin- 6 
(IL- 6), IL- 8, matrix metalloproteinase 1 (MMP- 1), type I collagen, and fibronectin in the supernatant of human dermal fibroblasts cultured in 
the presence of 12.5% conditioned medium (CM) generated from SSc EEs and healthy donor (HD) EEs were assessed by enzyme- linked 
immunosorbent assay. Tumor necrosis factor (TNF; 1 ng/ml) or transforming growth factor β (TGFβ; 10 ng/ml) was used as a positive control. 
Each circle represents the effect of distinct EE CM on human dermal fibroblasts cultured in triplicate. Horizontal bars show the median. Boxes 
and vertical bars show the mean ± SEM. Median levels of IL- 6, IL- 8, MMP- 1, type I collagen, and fibronectin, respectively, in control cultures 
were as follows: 0.016 ng/ml (range 0.015– 0.029), 0.8 ng/ml (range 0.2– 1.3), 14 ng/ml (range 14– 14.2),13.8 ng/ml (range 11.3– 16.2), and 
240.9 ng/ml (range 201.8– 280.0). § = P ≤ 0.05 versus baseline; ** = P ≤ 0.01, by Mann- Whitney test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41659/abstract
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that their low expression has a role in altered SSc epidermis. For 
instance, among them we found HOXB4, which has been shown 
to regulate keratinocyte proliferation, being hyperexpressed in 
fetal and psoriatic skin, both characterized by hyperproliferation 
(11). Similarly, HOXA5 (see Figure 2C) has been demonstrated to 
inhibit stratification when transfected in the HaCaT keratinocyte 
cell line (12), and HOXA7 (see Figure 2C) to negatively regulate 
keratinocyte differentiation (13). Homeobox gene dysregulation 
has been previously demonstrated in studies investigating the 
transcriptomic profile of SSc endothelial progenitors and keloid 
skin (14). Further investigations are needed in order to elucidate 
the connection between homeobox family transcription factors, 
epidermal dysregulation, and skin fibrosis in SSc and to verify their 
expression at the protein level in SSc and healthy donor EEs.

Analysis of our SSc EE RNA sequencing data by GSEA 
revealed enhanced expression of molecular pathways that 
potentially contribute to oxidative stress. This is consistent with 
the major role attributed to radical oxygen species (ROS) in the 
pathogenesis of SSc and the detection, by a proteomic approach, 
of enzymes involved in oxidative responses in SSc skin (2). Fur-
ther, ROS may also affect epidermal differentiation. In addition, 
our RNA sequencing data provide evidence of altered fatty 
acid metabolism, which is a recently recognized characteristic of 
SSc linked with immune response and fibrosis (15). We speculate 
that increased oxidative stress and altered metabolism in SSc epi-
dermis could contribute to both fibrosis and inflammation, particu-
larly in the underlying dermis.

We have shown that SSc EEs establish a pathologic inter-
action with fibroblasts, increasing their production of inflam-
mation mediators, in which IL- 1 plays a significant role. This is 
in accordance with previous reports highlighting the enhanced 
capacity of SSc keratinocytes to produce IL- 1α (3) and consist-
ent with the enhanced production of IL- 8 and IL- 6 by SSc der-
mal fibroblasts (8). Of interest, IL- 1 blockade in our system model 
resulted in reduced levels of type I collagen and MMP- 1, with no 
differences in findings between SSc EE CM and healthy donor EE 
CM. This supports previously published data indicating that the 
epidermis participates in regulating ECM turnover by affecting the 
production of both type I collagen and MMP- 1. The fine- tuning is, 
however, different in patients with SSc compared to healthy sub-
jects. Indeed, SSc fibroblasts respond to healthy donor keratino-
cyte supernatants with significantly enhanced production of type I 
collagen compared to MMP- 1 (8). In contrast to findings reported 
by others (3,5), we did not observe any differential effect of SSc 
EEs on matrix component production by fibroblasts. Substantial 
differences in the experimental settings, such as the composition 
of the medium in which keratinocytes were grown, their polarization 
and time of fibroblast culture, as well as differences in key parame-
ters chosen for assessment may explain these discrepancies.

The present study has several strengths and limitations. 
It benefited from the use of automated software to analyze and 
quantify the immunostaining of skin biopsy specimens and EEs. 

Furthermore, the immunostaining results from SSc skin and healthy 
donor EEs were consistent with previous reported findings (2,4,9). 
However, this study included only a small number of SSc patients, 
and future larger studies are needed to determine whether simi-
lar changes occur across the range of SSc disease subsets and 
whether the site of biopsy impacts on findings. In addition, stud-
ies of larger cohorts will enable investigation of whether SSc epi-
dermis phenotype may predict disease evolution or response to 
treatment, thus representing a possible biomarker. An additional 
limitation is that we studied EE generated in the absence of der-
mal components, in particular fibroblasts, which may participate 
in shaping the EE characteristics. Studies using healthy dermal 
fibroblasts as well as fibroblasts from patients with early versus 
late SSc and limited versus diffuse SSc, to generate the dermal 
equivalent, should provide empirical data on the role of this cell 
type in shaping keratinocyte proliferation and differentiation.

In conclusion, our results highlight the relevance of epidermal 
abnormalities in SSc skin and their role in participating as a modifier 
of the dermal cytokine milieu and ECM turnover (schematic model 
is shown in Supplementary Figure 5, on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41659/ abstract). Engineering SSc epidermis using primary 
keratinocytes is feasible and reliable for the study of keratinocyte 
dysfunction in this disease. Additionally, this technique could be 
integrated into sophisticated full- thickness skin models to test 
potential antifibrotic interventions (16,17).
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Greater Somatosensory Afference With Acupuncture 
Increases Primary Somatosensory Connectivity and 
Alleviates Fibromyalgia Pain via Insular γ-Aminobutyric 
Acid: A Randomized Neuroimaging Trial
Ishtiaq Mawla,1  Eric Ichesco,1  Helge J. Zöllner,2 Richard A. E. Edden,2 Thomas Chenevert,1 Henry Buchtel,1 
Meagan D. Bretz,1 Heather Sloan,1 Chelsea M. Kaplan,1 Steven E. Harte,1 George A. Mashour,1 Daniel J. Clauw,1 
Vitaly Napadow,3 and Richard E. Harris1

Objective. Acupuncture is a complex multicomponent treatment that has shown promise in the treatment of 
fibromyalgia (FM). However, clinical trials have shown mixed results, possibly due to heterogeneous methodology 
and lack of understanding of the underlying mechanism of action. The present study was undertaken to understand 
the specific contribution of somatosensory afference to improvements in clinical pain, and the specific brain circuits 
involved.

Methods. Seventy- six patients with FM were randomized to receive either electroacupuncture (EA), with 
somatosensory afference, or mock laser acupuncture (ML), with no somatosensory afference, twice a week over 8 
treatments. Patients with FM in each treatment group were assessed for pain severity levels, measured using Brief 
Pain Inventory (BPI) scores, and for levels of functional brain network connectivity, assessed using resting state 
functional magnetic resonance imaging (MRI) and proton magnetic resonance spectroscopy in the right anterior 
insula, before and after treatment.

Results. Fibromyalgia patients who received EA therapy experienced a greater reduction in pain severity, 
as measured by the BPI, compared to patients who received ML therapy (mean difference in BPI from pre-  to 
posttreatment was −1.14 in the EA group versus −0.46 in the ML group; P for group × time interaction = 0.036). 
Participants receiving EA treatment, as compared to ML treatment, also exhibited resting functional connectivity 
between the primary somatosensory cortical representation of the leg (S1leg; i.e. primary somatosensory subregion 
activated by EA) and the anterior insula. Increased S1leg– anterior insula connectivity was associated with both 
reduced levels of pain severity as measured by the BPI (r = −0.44, P = 0.01) and increased levels of γ- aminobutyric 
acid (GABA+) in the anterior insula (r = 0.48, P = 0.046) following EA therapy. Moreover, increased levels of GABA+ in 
the anterior insula were associated with reduced levels of pain severity as measured by the BPI (r = −0.59, P = 0.01). 
Finally, post– EA treatment changes in levels of GABA+ in the anterior insula mediated the relationship between 
changes in S1leg– anterior insula connectivity and pain severity on the BPI (bootstrap confidence interval −0.533, 
−0.037).

Conclusion. The somatosensory component of acupuncture modulates primary somatosensory functional 
connectivity associated with insular neurochemistry to reduce pain severity in FM.
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INTRODUCTION

Fibromyalgia (FM) is a common chronic pain condition affect-
ing 2– 8% of the population and is characterized by widespread 
somatic pain, fatigue, poor sleep, negative mood, and cognitive 
disturbances (1). While peripheral factors, such as small fiber neu-
ropathy (2) and the immune system (3), may play some role in FM, 
the disorder is thought to be associated primarily with aberrant 
physiologic processes in the central nervous system (CNS) which 
amplifies the perception of pain (also known as “centralized” or 
“nociplastic” pain [4]). Notably, neuroimaging research has shown 
that FM patients exhibit increased levels of the excitatory neuro-
transmitter glutamate (5), decreased levels of the inhibitory neu-
rotransmitter γ- aminobutyric acid (GABA) (6), and up- regulated 
GABA type A (GABA)A receptor concentration (7) within the insula. 
Moreover, increased functional brain network connectivity to 
pronociceptive areas of the brain and decreased connectivity to 
antinociceptive areas of the brain have been found in FM (8– 10). 
These results suggest that the CNS is a prime target for therapeu-
tic interventions for FM.

Due to the ongoing opioid public health crisis (11), nonphar-
macologic interventions for FM, such as acupuncture, have been 
gaining attention. However, meta- analyses of acupuncture trials 
have shown mixed results, with some showing that verum (active) 
acupuncture is no more effective than sham controls (12,13), 
whereas other studies have shown that acupuncture is superior 
to both sham and no- acupuncture controls in reducing pain (14). 
One reason for the mixed meta- analysis results may be the inclu-
sion of heterogenous treatment paradigms and sham controls 
across different trials. Acupuncture is a complex procedure that 
consists of multiple methodologic components (e.g., needling 
sensation, location, depth, among others) and contextual com-
ponents (e.g., expectancy, patient– practitioner rapport, treatment 
ritual) (15). Importantly, sham controls used in previous acupunc-
ture trials may not have properly accounted for all of these different 
components of acupuncture.

In the present study, we specifically evaluated CNS mech-
anisms of action underlying the somatosensory afferent compo-
nent of acupuncture, and how such mechanisms may prompt an 
analgesic response in FM. Since verum acupuncture produces 
somatosensory sensation through needling and palpation, we 
designed a comparator sham control procedure to lack all aspects 
of tactile sensation. Many previous trials on acupuncture therapy 
used sham controls with acupoint palpation and tactile stimula-
tion, mimicking real needle insertion and manipulation, thus con-
founding verum and sham acupuncture in terms of somatosensory 
afference (12– 14). We randomized FM patients into 2 separate 
acupuncture therapy groups: electroacupuncture (EA), which has 
somatosensation, and mock laser acupuncture (ML), which has 
no somatosensation. EA therapy has been demonstrated to be 
clinically effective at reducing pain in FM (13). We hypothesized 

that EA therapy would specifically recruit somatosensory path-
ways in the CNS in order to produce greater analgesia compared 
to ML therapy.

PATIENTS AND METHODS

Study protocol. The present study was designed as a sin-
gle center, blinded, sham- controlled, randomized non- crossover 
longitudinal neuroimaging trial, was preregistered with the NIH 
(ClinicalTrials.gov identifier: NCT02064296), and was carried out 
at the University of Michigan (Ann Arbor) from December 2014 to 
November 2019. Study protocols were approved by the Univer-
sity of Michigan Institutional Review Board (IRB) and conducted in 
accordance with the Declaration of Helsinki. All study participants 
provided written informed consent.

Study participants and timeline. Individuals with FM 
were recruited for the study. Full details of inclusion and exclusion 
criteria are provided in the Supplementary Methods, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41620/ abstract. Following screening, par-
ticipants were invited to complete a baseline behavioral assess-
ment (day 0) and baseline magnetic resonance imaging (MRI) 
assessment (occurring sometime between day 1 and day 3), and 
eligible subjects were randomly assigned to 1 of 2 parallel study 
arms (Figure 1A) via computer- generated permuted block rand-
omization (blocks of 4, 6, or 8). An acupuncturist was informed 
of the group allocation of each participant through a sealed enve-
lope, which was not accessible by the principal investigators, 
study staff, or data analysts. The 2 intervention arms were 1) EA 
therapy, with somatosensory afference, and 2) ML therapy, with-
out somatosensory afference. After treatment, a second behavio-
ral assessment (performed sometime between days 33 and 40 of 
the study) and a second MRI assessment (performed sometime 
between days 34 and 43) were collected. Patient- reported out-
comes were collected before and after therapy during the behav-
ioral session. Whole- brain resting state functional MRI (fMRI) and 
right anterior insula proton magnetic resonance spectroscopy  
(1H- MRS) scans were collected during MRI sessions before and 
after therapy.

Acupuncture treatment. Study participants with FM 
received 8 treatments with EA or ML twice a week over 4 weeks. 
During all treatment sessions, participants were positioned 
supine on an examination table and blindfolded. Blindfolding 
ensured masking of the treatments in order to avoid any visual 
afference, as visual afference can also influence acupuncture- 
induced analgesia (16). All treatments were performed by 3 trained 
acupuncturists (HB, MDB, and HS) who had board certification 
from the National Certification Commission for Acupuncture and 
Oriental Medicine.

http://onlinelibrary.wiley.com/doi/10.1002/art.41620/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41620/abstract
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The EA group received low- frequency EA at 3 pairs of acu-
points: right LI- 11 to LI- 4 (large intestine 11 to large intestine 
4), left GB- 34 (gall bladder 34) to SP- 6 (spleen 6), and bilat-
eral ST- 36 (stomach 36). Needles were also inserted in Du- 20 
(Governor meridian), right ear Shen Men, and left LV- 3 (liver 3) 
(Figure 1B), but no electrical current was delivered to these sites. 
EA needles were stimulated with low intensity and frequency using 
a constant- current electroacupuncture device (AS Super 4 Digi-
tal Needle Stimulator), which allowed for flexible setting of pulse 
width (1 msec), frequency (2 Hz), and shape (biphasic rectangular) 
parameters. The current intensity was set at each session for each 
patient individually at the midpoint between sensory and pain 
thresholds that are based on typical cutoff values used in clinical 
practice and our previous EA study on patients with chronic pain 
(17), with stimulation lasting 25 minutes per session. The duration 
and frequency of treatment are based on common clinical prac-
tice and are within the bounds of previous acupuncture trials (18). 
The selection of acupuncture sites was based on predominant 
FM symptoms including multisite pain, headache, gastrointestinal 
pain and  dysfunction, disrupted sleep, and chronic fatigue.

For the ML acupuncture therapy group, a laser acupunc-
ture device (VitaLaser 650; Lhasa OMS) was manually positioned 
approximately 1– 2 cm over all of the same acupoints used in the 
EA treatment group. There was no palpation prior to positioning 
the device, and there was no physical contact between the device 
and skin. The laser light was demonstrated to the participants at 
the first visit to enhance credibility of the intervention; however, the 
laser was turned off during the actual treatment, thus removing any 
potential optically induced or thermal sensation, while maintaining 

all treatment rituals, as previously described (19,20) (Figure 1B). 
ML treatments also lasted 25 minutes.

Participants were not informed about a sham or placebo at 
consent, so all participants were led to believe that both EA and 
ML are viable treatments for FM. These blinded procedures were 
preauthorized by the IRB at the start of the study, and all partici-
pants were fully debriefed after the final MRI visit.

The verbal instructions used by acupuncturists were stand-
ardized across all treatments (Supplementary Methods). After 
each treatment, the Massachusetts General Hospital Acupuncture 
Sensation Scale (MASS) (21) was used to evaluate “De Qi” and 
perceived somatosensory afference. The 13- item questionnaire 
included sensations such as soreness, aching, deep pressure, and 
tingling, among others, on a 0– 10 scale, with 0 indicating “none” 
and 10 indicating “unbearable,” and weighted summation of these 
sensations constituted the MASS Index. This assessment served 
as a fidelity check to assess whether FM patients consistently 
reported increased levels of sensation in response to EA therapy 
compared to ML therapy. In addition, after the first treatment and 
the last treatment, a Credibility Questionnaire (Supplementary Meth-
ods) was administered which assessed the perception of the validity 
and credibility of the treatments. This ensured that any differences in 
clinical or neuroimaging outcomes were not due to differences in the 
perception of credibility among the study participants.

Clinical outcome measures. Short- Form Brief Pain 
Inventory (BPI) severity subscale. The severity subscale of the 
Short- Form BPI was the primary clinical outcome measure. 
The BPI severity subscale assesses worst pain in 24 hours, 

Figure 1. Study overview of non- crossover randomized controlled neuroimaging trial of fibromyalgia (FM) patients with acupuncture intervention. 
A, Behavioral session, resting state functional magnetic resonance imaging (rs- fMRI), and proton magnetic resonance spectroscopy (1H- MRS) 
images were collected at baseline (Pre- tx) and posttherapy (Post- tx). B, Acupuncture locations for EA and ML treatment. All subjects were 
blindfolded and placed in a supine position. In the EA group, stimulation was administered to the large intestine 4 (LI- 4) acupoint of the dorsal 
surface of the right (R) hand and to the LI- 11 acupoint of the crease of the right elbow. Bolt symbols indicate where needles received current 
through the EA device. For ML treatment, a deactivated laser was hovered over the same acupuncture points as in the EA group for the same 
duration of time. Du- 20 = Governor meridian; ST- 36 = stomach 36; SP- 6 = spleen 6; GB- 34 = gall bladder 34; LV- 3 = liver 3.
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least pain in 24 hours, pain on average, and pain right now. 
Pain severity as measured by the BPI was assessed before 
and after therapy. As a secondary clinical outcome measure, 
the severity of anxiety and depression was scored using the  
Patient- Reported Outcomes Measurement Information System 
(PROMIS) (https://www.healt hmeas ures.net/explo re- measu re men t-  
  syste ms/promis). The anxiety and depression scores were also 
used to assess whether neuroimaging outcomes were influ-
enced by these factors. Furthermore, we collected a series of 
exploratory outcome measures, which included pain interfer-
ence as measured by the BPI, the American College of Rheu-
matology 2010 modified criteria for FM (22), pain catastrophizing 
scores measured using the Pain Catastrophizing Scale (23), 
and PROMIS scores of physical function, fatigue, and sleep. 
Descriptive statistics for each exploratory outcome measure are 
available in the Supplementary Results, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41620/ abstract.

Resting state functional connectivity scans of the primary 
somatosensory cortex (mechanistic outcome measure). Rest-
ing state fMRI scans (performed in study participants while in an 
eyes- open resting state) and anatomic T1- weighted MRI scans 
were acquired with a 15- channel head coil in a 3.0T MRI system 
(Philips Ingenia). Minimal preprocessing of resting state fMRI and 
T1 images were performed using fMRIPrep version 1.1.8 (24). 
Full details of the MRI acquisition parameters and preprocessing 
steps are provided in the Supplementary Methods.

Since somatosensory afferent input is encoded in the primary 
somatosensory cortex (S1), we chose the S1 cortical representa-
tion of the legs as the seed region to examine somatosensory cir-
cuits (i.e., communication between S1leg and other brain regions). 
S1leg was the chosen seed as most EA needles were placed on 
the leg (Figure 1B), and our group has previously localized this 
S1leg region in FM patients (centroid Montreal Neurological Insti-
tute [MNI] x,y,z coordinates of ±8,−38, 68) (25). Bilateral spherical 
seeds (4- mm radius) were used to extract fMRI time series, and 
seed- to- voxel correlation analysis was used to evaluate whole- 
brain connectivity maps for S1leg. Time series from the S1leg seed 
(fslmeants) were used as a generalized linear model regressor (fsl_
glm) to obtain whole- brain parameter estimates and associated 
variances for each participant. These parameter estimates and 
variances were then passed on to group level analysis, conducted 
on an FMRIB (Oxford Centre for Functional Magnetic Resonance 
Imaging of the Brain) Local Analysis of Mixed Effects (FLAME 1+2) 
algorithm (26) to improve mixed- effects variance estimation. S1leg 
connectivity was then contrasted between pretreatment and post-
treatment periods using paired sample t- tests for EA and ML ther-
apies separately. Interactive effects between EA and ML therapy 
were evaluated using an independent samples t- test of the paired 
posttreatment– pretreatment difference images. As age influences 
neuroimaging outcomes, it was included as a regressor of no inter-
est in all analyses. Multiple comparisons familywise error correction 

was conducted using a Gaussian random- field cluster threshold 
of Z > 2.3, and corrected P values less than or equal to 0.05 were 
considered significant. 

1H- MRS measurement of Glx and GABA+ in the right ante-
rior insula (mechanistic outcome measure). 1H- MRS spectra 
were acquired from automated voxel placement covering the 
right anterior insula, as our previous study showed differences 
between FM and pain- free controls in this region (6). The 1H- MRS 
voxel dimensions were based on our previous study (6). Single- 
voxel point- resolved spectroscopy (PRESS) was used to meas-
ure Glx. A separate GABA+– edited Mescher- Garwood– PRESS 
(MEGA- PRESS), which co- edits signals from macromolecules 
and homocarnosine, was conducted to estimate GABA+ levels 
(27). Conventional PRESS spectroscopy data were analyzed with 
LCModel (28). MEGA- PRESS spectra were processed in Gannet 
version 3.1.5 (29), a MatLab- based toolbox specifically developed 
for edited MRS. Full details of PRESS and MEGA- PRESS acquisi-
tion parameters, preprocessing, and analysis details are provided 
in the Supplementary Methods. The final GABA+ estimates are 
expressed in institutional units (IU), which approximates millimolar 
concentrations of GABA+, and are also expressed as an integral 
ratio with respect to the creatine signal (GABA+/Cr). Treatment- 
related change in Glx and GABA+ was computed as the difference 
between pretherapy and posttherapy values.

Statistical analysis. Besides the aforementioned image- 
based statistics, statistical analyses were performed in SPSS 
software version 26 (IBM). For comparison of changes in the pri-
mary clinical outcome measure (pain severity measured by the 
BPI) and secondary outcome measures (data in the Supplemen-
tary Results), an analysis of variance (ANOVA) with 2 × 2 mixed 
design (assessing groups [EA or ML] by time [pretreatment or 
posttreatment] interaction) was conducted. An ANOVA with a 2 × 
8 mixed design (assessing group [EA or ML] by time [pretreatment 
or posttreatment] interaction) was used for comparisons of the 
MASS Index. Geisser- Greenhouse correction was used to adjust 
for sphericity assumptions in the repeated- measures ANOVA. 
Mean credibility scores were assessed for group differences using 
an independent samples t- test. Associations between changes 
in extracted values for S1leg connectivity, GABA levels, and pain 
severity as measured by the BPI were conducted using Pearson’s 
correlation adjusted for age.

To determine whether relationships assessed with Pear-
son’s correlation coefficient were directionally different for the EA 
group compared to the ML group, the single- tailed Fisher’s z 
cocor algorithm was used (30). For mediation analyses, bias- 
corrected bootstrapped (×10,000) mediation was conducted 
using the Process Macro with SPSS software (31), and esti-
mates of indirect effects were computed at the 95% confidence 
level (adjusted for age).

All charts were created on GraphPad PRISM version 8.2.1 
software. Scientific images were created using BioRender.com.

https://www.healthmeasures.net/explore-measurement-systems/promis
https://www.healthmeasures.net/explore-measurement-systems/promis
http://onlinelibrary.wiley.com/doi/10.1002/art.41620/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41620/abstract
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RESULTS

Clinical characteristics and demographics. The flow of 
study participants in the protocol is described in the Supplementary 
Results. Full demographic and clinical characteristics and medica-
tion usage for each participant are also listed in the Supplementary 
Results.

Greater posttherapy reduction in pain severity in the 
EA treatment group compared to the ML treatment group. 
For pain severity, as measured by the BPI, results from two- way 
group × time mixed- design ANOVA demonstrated a significant main 
effect of time (degrees of freedom [F] [1, 70] = 25.09, P < 0.001) 
and no main effect of group (F [1, 70] = 0.03, P = 0.861). However, 
there was a significant group × time interaction (F [1, 70] = 4.56, 
P = 0.036), showing that EA treatment reduced pain severity, 
as measured by the BPI, to a greater extent compared to ML treat-
ment (Figure 2A). There was no baseline difference in pain severity 
between the EA and ML treatment groups (t [70] = 0.85, P = 0.396). 
Changes in pain severity were not related to changes in depression  
(r [33] = 0.24, P = 0.165 for the EA group and r [35] = −0.08, P =  
0.65 for the ML group) or anxiety (r [33] = 0.07, P = 0.71 for the  
EA group; r [35] = 0.17, P = 0.31 for the ML group).

Greater somatosensory afference with EA therapy 
compared to ML therapy. For MASS Index scores, the 2 × 8 
(group × time) mixed- design ANOVA demonstrated a significant main 
effect of time (F [4.0, 224.9] = 2.85, P = 0.025), a significant main effect 
of group (F [1, 56] = 31.01, P < 0.001), but no group × time interaction 
effect (F [4.0, 224.9] = 0.35, P = 0.84) (Figure 2B). Treatment credibility 
was equal across both groups (Supplementary Results).

Increased S1leg connectivity posttherapy in the EA 
treatment group versus the ML treatment group. A whole- 
brain seed connectivity analysis of S1leg region showed significant 
posttherapy increases in connectivity for the EA group, notably to 
the bilateral anterior insula, posterior insular, and right non- leg S1 
subregions. Conversely, the ML group showed reductions in S1leg 
connectivity to the left anterior/mid insula. The whole- brain group 
× time interaction effect showed that the magnitude of increase 
in S1leg connectivity for EA treatment was greater than that of ML 
treatment, notably showing increased connectivity in regions such 
as the bilateral anterior insula, posterior insula, and right non- leg 
S1. Relevant contrast images are shown in Figure 3A, and full 
details of the clusters are available in the Supplementary Results. 
We also confirmed that resting state fMRI results were not con-
founded by head motion (Supplementary Results).

Association between increased S1leg connectivity 
and improvements in pain severity scores in the EA 
treatment group. In the EA treatment group, there was a 
significant relationship between change in S1leg– anterior insula 

connectivity and change in pain severity as measured by the BPI  
(r [30] = −0.44, P = 0.01), such that the greater the increase in 
S1leg– anterior insula connectivity, the greater the reduction in 
pain severity, as measured by the BPI, posttherapy (Figure 3B). 
Change in S1leg– anterior insula connectivity was not related to 
change in BPI severity in the ML group (r [35] = −0.02, P = 0.91). 
The correlation between change in S1leg– anterior insula connec-
tivity and change in pain severity scores was significantly stronger 
in the EA treatment group than in the ML treatment group (Fish-
er’s z = −1.78, P = 0.04). Changes in S1leg– anterior insula con-
nectivity were not related to posttherapy changes in depression  
(r [30] = 0.02, P = 0.93 in the EA group; r [35] = −0.14, P = 0.41 in 
the ML group) or anxiety (r [30] = −0.12, P = 0.51 in the EA group; 
r [35] = 0.11, P = 0.50 in the ML group).

Similarly, we found that in the EA treatment group, there 
was a significant relationship between change in S1leg– posterior 
insula connectivity and change in pain severity measured by the 

Figure 2. Pain severity on the Brief Pain Inventory (BPI) and 
Massachusetts General Hospital Acupuncture Sensation Scale 
(MASS) Index response to acupuncture therapy. A, Compared to 
those who received mock laser acupuncture (ML), fibromyalgia 
patients who received electroacupuncture (EA) experienced a sig-
nificantly greater posttherapy (Post- tx) reduction in pain severity 
as measured by the BPI (P for group × time interaction = 0.036). 
B, Patients receiving EA therapy reported significantly higher 
somatosensory afference (MASS Index) compared to those receiv-
ing ML therapy (P < 0.001 for main effect of group). Bars show the 
mean ± SEM.
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BPI (r [30] = −0.43, P = 0.01), such that the greater the increase 
in S1leg– posterior insula connectivity, the greater the reduction in 
pain severity posttherapy (Figure 3B). Change in S1leg– posterior 
insula connectivity was not related to change in pain severity in 
the ML treatment group (r [30] = −0.04, P = 0.84). The correla-
tion between S1leg– posterior insula connectivity and pain severity 
in the EA treatment group was significantly stronger than that in 
ML treatment group (Fisher’s z = −1.70, P = 0.04). Changes in 
S1leg– posterior insula connectivity were not related to posttherapy 

changes in depression (r [30] = −0.19, P = 0.29 in the EA group; 
r [35] = 0.18, P = 0.29 in the ML group) or anxiety (r [30] = −0.24, 
P = 0.18 in the EA group; r [35] = 0.13, P = 0.45 in the ML group).

Association between changes in anterior insula 
GABA+ levels and changes in S1leg– anterior insula con-
nectivity in EA treatment. The average MEGA- PRESS spec-
trum across all subjects is shown in Figure 4A. We found that the 
right anterior insula cluster from the posttreatment– pretreatment 

Figure 3. S1leg connectivity (conn.) response to acupuncture stimulation, comparing pretherapy (Pre- tx) and posttherapy (Post- tx) levels of 
connectivity. A, In the electroacupuncture (EA) treatment group, S1leg connectivity to the right anterior insula (R aINS), right posterior insula  
(R pINS), and non- leg S1 subregion increased with stimulation. In the mock laser acupuncture (ML) treatment group, S1leg connectivity to the 
anterior insula/mid insula (a/mINS) decreased with stimulation. The EA > ML contrast showed that the magnitude of S1leg connectivity increase 
was higher in the EA group compared to the ML group. Bars show the mean ± SEM. B, Within the EA treatment group, as S1leg– anterior insula 
and S1leg– posterior insula connectivity increased, pain severity as measured by the Brief Pain Inventory (BPI) decreased posttherapy. Values 
have been adjusted for age.

Figure 4. Anterior insula (aINS) γ-aminobutyric acid (GABA) response to electroacupuncture (EA) therapy. A, Average spectrum across all 
subjects of the proton magnetic resonance spectroscopy (1H- MRS) voxel of the right (R) anterior insula transformed to Montreal Neurological 
Institute space and the corresponding spectrum frequency in parts per million (ppm) assessed using Mescher- Garwood- single- voxel point- 
resolved spectroscopy. B, Intersection of voxels encompassing both the anterior insula GABA voxel and the anterior insula cluster from the S1leg 
connectivity (conn.) map. C, Greater increase in S1leg– anterior insula connectivity was associated with greater increase in anterior insula GABA+ 
concentration (measured in institutional units [IU]) posttherapy (Post) relative to pretherapy (Pre). D, Greater increase in anterior insula GABA+ 
was associated with greater reduction in clinical pain, measured using the Brief Pain Inventory (BPI), posttherapy in patients with fibromyalgia. 
Values have been adjusted for age.
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S1leg connectivity group map of the EA therapy group overlapped 
with the MNI- transformed anterior insula 1H- MRS voxel place-
ment (Figure 4B). There was no main effect of EA or ML treat-
ment on levels of GABA+ (Supplementary Results). However, we 
found that greater increases in S1leg– anterior insula connectivity 
were associated with greater increases in GABA+ levels (in IU) in 
the anterior insula posttherapy (for GABA+ levels, r [16] = 0.48, 
P = 0.046 [shown in Figure 4C]; for GABA+/Cr, r [16] = 0.46, P for 
trend = 0.052). This relationship between S1leg– anterior insula 
connectivity and anterior insula GABA+ levels was not observed 
in the ML treatment group (for GABA+ levels [in IU], r [23] = −0.17, 
P = 0.43; for GABA+/Cr, r [23] = −0.15, P = 0.47), and the correla-
tion between S1leg– anterior insula connectivity and anterior insula 
GABA+ levels was significantly stronger in the EA group than in 
the ML group (for GABA+ levels [in IU], Fisher’s z = 2.08, P = 0.02; 
for GABA+/Cr, Fisher’s z = 1.94, P = 0.03). Furthermore, we con-
firmed that this relationship was specific to inhibitory, and not 
excitatory, neurotransmitter changes (Supplementary Results).

Association between changes in anterior insula 
GABA+ levels and improvements in pain severity as meas-
ured by the BPI in the EA treatment group. We found that 
greater increases in anterior insula GABA+ levels were associated 
with a greater reduction in BPI pain severity scores (for GABA+ 
levels [in IU], r [16] = −0.59, P = 0.01 [Figure 4D]; for GABA+/Cr, 
r [16] = −0.65, P = 0.004). This relationship was not observed in 
the ML treatment group (for GABA+ levels [in IU], r [16] = −0.16, 
P = 0.44; for GABA+/Cr, r [23] = −0.13, P = 0.53), and the cor-
relation between increased GABA+ levels in the anterior insula 

and reduced pain severity was stronger in the EA group than in 
the ML group (for GABA+ levels [in IU], Fisher’s z = −1.54, P for 
trend = 0.06; for GABA+/Cr, Fisher’s z = −1.92, P = 0.03). Changes 
in anterior insula GABA+ levels in the EA and ML treatment groups 
were not related to posttherapy changes in depression (for GABA+ 
levels [IU], r [16] = 0.12, P = 0.63 in the EA treatment group and  
r [23] = 0.07, P = 0.74 in the ML treatment group; for GABA+/Cr,  
r [16] = 0.23, P = 0.36 in the EA treatment group and r [23] = 0.03, 
P = 0.89 in the ML treatment group) or anxiety (for GABA+ levels 
[in IU], r [16] = −0.21, P = 0.40 in the EA treatment group and  
r [23] = 0.10, P = 0.65 in the ML treatment group; for GABA+/Cr,  
r [16] = −0.06, P = 0.82 in the EA treatment group and r [23] = 0.08, 
P = 0.72 in the ML treatment group). Furthermore, we confirmed 
that this relationship was specific to inhibitory, and not excitatory, 
neurotransmitter changes (Supplementary Results).

Mediation of the effect of S1leg– anterior insula con-
nectivity on pain severity by anterior insula GABA+ in 
the EA treatment group. Finally, we conducted a mediation 
analysis to link S1leg– anterior insula connectivity (X), pain sever-
ity as measured by the BPI (Y), and anterior insula GABA+ lev-
els (in IU) (mediator) in one statistical model. Results showed 
that a greater increase in S1leg– anterior insula connectivity was 
associated with greater reduction in pain severity posttherapy 
indirectly through a greater increase in anterior insula GABA+ lev-
els (in IU) (β = −0.187, bootstrapped SE = 0.130, bootstrapped 
lower limit of the confidence interval = −0.533, bootstrapped 
upper limit of the confidence interval = −0.037) (Figure 5A). The 
direct effect of an increase in S1leg– anterior insula connectivity 

Figure 5. Mediation analysis and proposed mechanistic model. A, Increases in levels of γ-aminobutyric acid (GABA)+ (measured in institutional 
units [IU]) in the right anterior insula (R aINS) mediating the relationship between increased S1leg– anterior insula connectivity (conn.) and 
decreased pain severity, measured using the Brief Pain Inventory (BPI), posttherapy. B, Longitudinally informed mechanistic model proposing 
that somatosensory afference increases communication between the S1leg subregion and the anterior insula, producing an effect of increased 
GABAergic inhibition in the anterior insula, leading to reduced clinical pain in patients with fibromyalgia. BootSE = bootstrap SE; BootCI = 
bootstrap confidence interval.
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on the reduction in pain severity posttherapy was not signifi-
cant (effect = −0.184, SE = 0.186, lower limit of the confidence 
interval = −0.581, upper limit of the confidence interval = 0.212), 
suggesting that the effect of S1leg– anterior insula connectivity on 
pain severity is transmitted through anterior insula GABA+ levels 
(in IU). The R2 value for BPI pain severity in this model was 0.39. 
This effect was also present when GABA+/Cr estimates were 
used as the mediator (Supplementary Results, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41620/ abstract).

DISCUSSION

Our randomized neuroimaging trial evaluated the role of 
somatosensory afference in acupuncture in the reduction of clini-
cal pain in FM. We found that EA treatment (designed to generate 
sustained somatosensory afferent activity) was more effective than 
ML acupuncture (designed to generate no somatosensory affer-
ence) in reducing clinical pain. As the EA intervention was heavily 
directed toward the patient’s legs, we examined brain connectivity 
with the primary somatosensory cortical representation of the leg 
(S1leg). We found that following EA therapy, increased communi-
cation of this S1leg region with the anterior and posterior insula in 
FM patients was demonstrated, as well as non- leg S1 subregions. 
Greater posttherapy increases in S1leg– anterior insula and S1leg– 
posterior insula connectivity were associated with greater reduc-
tion in clinical pain. Moreover, we measured the concentration of 
the inhibitory neurotransmitter GABA in the insula and found that 
a greater posttherapy increase in S1leg– anterior insula connectivity 
was associated with a greater increase in anterior insula GABA+, 
suggesting that S1leg signaling may increase GABAergic inhibition 
in the anterior insula. Furthermore, we found that greater increases 
in anterior insula GABA+ were associated with a greater reduction 
in clinical pain. Finally, increased anterior insula GABA+ medi-
ated the effect of increased S1leg– anterior insula connectivity on 
reduced clinical pain in EA treatment. Cumulatively, these results 
allow us to establish a mechanistic model for the role of somatic 
sensation in acupuncture therapy: somatosensory afference leads 
to increased S1leg– anterior insula signaling, resulting in increased 
GABAergic inhibition in the anterior insula, ultimately reducing clin-
ical pain (Figure 5B).

Our research extends previous work demonstrating somato-
topically specific involvement of the S1 subregion in acupuncture. 
Early research in this field of study showed that EA applied to the ST- 
36 acupoint produced stimulus- evoked blood oxygenation level– 
dependent (BOLD) activation in the contralateral S1leg region (32). 
Later work examined somatotopic specificity of S1 morphology 
and functional involvement in clinical populations, linking S1 met-
rics with therapeutic outcomes. Specifically, in carpal tunnel syn-
drome, longitudinal EA therapy targeting the median nerve at the 
wrist increased the S1 separation distance between median nerve 
innervated digits 2 and 3, and this increase in S1 digit separation 

predicted long- term clinical improvements (17). Another recent 
study that investigated the use of manual acupuncture in treating 
chronic low back pain showed increases in gray matter volume 
and white matter integrity in the back- specific S1 subregion (20). 
However, these studies were limited to local changes within the 
S1 region and did not explore cross- network signaling.

There is some evidence of increased cross- network com-
munication in response to acute EA stimulation. In healthy indi-
viduals, acute EA stimulation produced increased connectivity 
of the “Default Mode” and sensorimotor network to the anterior 
cingulate (a key node of the salience network) (33). In the present 
study, we found evidence for increased connectivity between the 
S1leg subregion and right anterior insula, and the degree of this 
connectivity increase was linked to improvements in clinical pain. 
This result may seem counterintuitive as chronic nociplastic pain is 
often characterized by heightened resting functional connectivity 
of S1 and the anterior insula relative to pain- free controls (34,35). 
However, those studies assessed pathologic- specific S1 subre-
gions (e.g., S1back for lower back pain). In our study, we evaluated 
connectivity of S1 subregions specifically targeted by EA therapy 
(i.e., S1leg). Furthermore, recent work has causally shown that 
GABAergic inhibition is recruited in the anterior insula to reduce 
nocifensive behavior (36). Therefore, our results suggest that 
S1leg may be signaling the anterior insula to reduce clinical pain 
via GABAergic inhibition. Alternately, acupuncture may temporarily 
up- regulate pronociceptive signaling between the S1leg subregion 
and the anterior insula, which may trigger endogenous descend-
ing inhibitory systems to counteract through GABAergic inhibition 
of the anterior insula (i.e., healing processes initiated by tempo-
rary injury) (37). These frameworks need further validation through 
reverse translational studies.

In patients with FM, reduced levels of GABA in the anterior 
insula (6), and a compensatory up- regulation of GABA type A 
receptors, have been reported (7). Pharmacologic interventions 
that enhance GABAergic neurotransmission have been found 
efficacious for FM, as observed in a phase III randomized trial of 
sodium oxybate (a GABA agonist) that showed improvements in 
FM symptoms (38). Based on these observations, reverse trans-
lational research has shown a causal link between anterior insula 
GABA levels and nocifensive behaviors in rats, with decreasing 
endogenous levels of GABA in the agranular insula (rat homolog 
of the anterior insula) and increased thermal and mechanical 
sensitivity (39). Our study extends this literature by showing that 
increases in anterior insula GABA+ were associated with improve-
ments in clinical pain following EA treatment, suggesting that 
somatosensory afference may modulate GABAergic inhibition to 
produce analgesia. The anterior insula is a hyperreactive locus in 
FM patients (40), and patients who have a posttherapy increase 
in anterior insula GABA+ levels may experience a reduction in 
hyperreactivity or hyperactivity in the anterior insula, resulting in 
analgesia. Interestingly, although GABA is a molecular product 
of glutamate, our study did not show any association between 

http://onlinelibrary.wiley.com/doi/10.1002/art.41620/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41620/abstract
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clinical outcomes and Glx, suggesting that specific GABAergic 
pathways may be involved in somatosensation- enhanced acu-
puncture analgesia.

Another notable link established in our study was that 
increased long- range cortico– cortico communication postther-
apy may lead to increased GABAergic inhibition. Although GABAe-
rgic neurons contribute significantly to local energy consumption 
(41), the relationship between BOLD activity and GABA derived 
from 1H- MRS is complex. Some studies in healthy individuals have 
shown that greater levels of GABA are related to greater task- 
based negative BOLD responses (42,43) whereas other research 
across multiple cortical regions has shown no such relationships 
(44). With regard to BOLD functional connectivity, both positive 
and negative correlations with GABA have been noted, with 
greater within- primary motor (M1) connectivity having been shown 
to be negatively correlated with M1 GABA (45), and whereas 
dorsal anterior cingulate GABA was not related to salience net-
work GABA (46). One recent study in healthy individuals meas-
ured GABA in two nodes of traditionally anti- correlated networks, 
the medial prefrontal cortex (mPFC) and the dorsolateral prefrontal 
cortex (dlPFC), and showed that mPFC– dlPFC functional connec-
tivity at rest was positively correlated with dlPFC GABA levels and 
negatively correlated with mPFC GABA levels (47), suggesting 
that intrinsic functional connectivity architecture may be associ-
ated with varying GABAergic tone across the cortex.

Few studies have noted treatment- related changes in GABA 
and functional connectivity. It was found in one study that admin-
istration of Gamma- hydroxybutyrate (a GABA agonist) increased 
right anterior insula functional connectivity (48). Due to the com-
plex relationship between GABA and BOLD functional connec-
tivity demonstrated across previous studies, our results need 
further validation. Nevertheless, our longitudinally informed model 
(Figure 5B) proposes that increased S1leg– anterior insula connec-
tivity influenced GABA+ in the anterior insula to reduce clinical 
pain. The downstream effects of this S1leg– anterior insula path-
way need further investigation. One possibility is that S1 taps into 
anterior insula regulation of sympathetic outflow, as the anterior 
insula is part of the central autonomic network (49). In fact, our 
previous study has shown that during experimental pressure pain 
in FM patients, S1leg– anterior insula connectivity was associated 
with reduced cardiovagal modulation (25). Additionally, GABA is 
not the only neurotransmitter regulating anterior insula function. 
In a subsample of FM participants from this study, we found that 
elevated levels of choline (often involved in neuroinflammation) in 
FM was related to pain interference via anterior insula– putamen 
functional connectivity (50). Future studies should more explicitly 
examine the role of the autonomic nervous system and/or other 
neurotransmitters involved in somatosensation- induced acupunc-
ture analgesia.

While our study demonstrates mechanistic links of acupunc-
ture treatment via S1leg– anterior insula connectivity and anterior 
insula GABA levels, the clinical translation of these brain markers 

warrants further evaluation. For instance, a possible hypothesis is 
that anterior insula GABA levels and S1leg– anterior insula connec-
tivity at baseline is predictive of the therapeutic trajectory of acu-
puncture, which would increase its clinical utility. Future studies 
should be focused on using neuroimaging markers at baseline to 
predict acupuncture treatment outcomes.

Our study was designed to specifically examine somatosen-
sory afference, but other contextual factors (patient– clinician 
rapport, expectations, among others) may have contributed to 
analgesia as well, particularly in the ML comparator group. Thus, 
our results highlight the importance of carefully designed controls 
in acupuncture trials, as various specific and nonspecific compo-
nents contribute toward treatment outcomes. Researchers need 
a thorough understanding of the various factors that might be 
contributing to analgesia while designing an acupuncture trial.

Our study had some limitations. Despite a strong relationship 
between changes in anterior insula GABA+ levels and changes in 
clinical pain/S1leg– anterior insula connectivity, we did not observe 
a main effect of posttherapy GABA+ increase. We reason that 
the anterior insula may be downstream of our proposed pathway 
(Figure 5B) and 4 weeks of treatment may not be sufficient to 
increase GABA+ levels in the anterior insula. Future studies should 
be designed with a longer treatment schedule, including a post-
therapy assessment period to examine long- term effects.

In summary, our study found that the somatosensory  
component of acupuncture specifically modulated functional com  -
munication and inhibitory neurochemistry in the somatosensory– 
insular circuit in order to reduce clinical pain in FM patients. With 
future rigorous mechanistic studies of acupuncture, we may 
be able to discover novel CNS pathways involved in nonphar-
macologically induced analgesia and design new treatments 
that modulate CNS pathways in the pathologic processes lead-
ing to chronic pain.
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Clinical images: Giant iliopsoas bursitis in systemic juvenile idiopathic arthritis

The patient, a 4- year- old boy with systemic juvenile idiopathic arthritis (JIA), experienced a relapse while being treated with tacrolimus and 
tocilizumab (TCZ), and presented with right groin pain and claudication. Physical examination demonstrated mild tenderness and restricted 
range of motion in the right hip joint with no palpable mass. Laboratory testing revealed a highly elevated serum matrix metalloproteinase 
3 (MMP- 3) level (551 ng/dl); however, leukocytosis and C- reactive protein (CRP) elevation (8,700/µl and 0.02 mg/dl, respectively) were 
not observed. Unexpectedly, magnetic resonance imaging demonstrated a giant cyst anterior to the right hip joint and posterior to the 
iliopsoas muscle (arrows in A and B). The cyst appeared to be connected to the right hip joint (arrow in C). Percutaneous cyst aspiration 
yielded yellow turbid fluid with leukocytes (58,200/µl), predominantly with neutrophils. No bacterial organisms were detected on culture. 
Iliopsoas (or iliopectineal) bursitis associated with the relapse of systemic JIA was diagnosed. After treatment was switched from TCZ to 
canakinumab, the patient’s symptoms rapidly improved and one month later serum MMP- 3 level had returned to normal. Iliopsoas bursitis 
is a rare condition that has been reported to occur in the setting of various hip diseases including rheumatoid arthritis and traumatic or 
degenerative conditions, and post– hip replacement (1). Communication between iliopsoas bursa and the hip joint is present in ~14% of 
the general population and can result from chronic inflammation of the hip joint (2,3). In our patient, it was considered that active synovitis 
caused a marked increase of the fluid in the hip joint, decompressed into the bursa, and resulted in giant iliopsoas bursitis. TCZ can mask 
the signs of inflammation, such as fever, pain, local warmth, and CRP elevation. Although iliopsoas bursa is rare, it should be considered in 
children with systemic JIA presenting with groin pain, particularly those being treated with TCZ even with mild symptoms.
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Anti–Cytosolic5′-Nucleotidase1AAutoantibodiesAre
AbsentinJuvenileDermatomyositis
Anke Rietveld,1  Judith Wienke,2  Eline Visser,3 Wilma Vree Egberts,3 Wolfgang Schlumberger,4 
Baziel van Engelen,1 Annet van Royen- Kerkhof,5 Hui Lu,6 Lucy Wedderburn,7  Christiaan Saris,1 Sarah Tansley,6 
and Ger Pruijn,3  on behalf of the Juvenile Dermatomyositis Research Group and the Dutch Myositis Consortium

Objective. To assess anti– cytosolic 5′- nucleotidase 1A (anti– cN- 1A) autoantibodies in children with juvenile 
dermatomyositis (DM) and healthy controls, using 3 different methods of antibody detection, as well as verification of 
the results in an independent cohort.

Methods. Anti– cN- 1A reactivity was assessed in 34 Dutch juvenile DM patients and 20 healthy juvenile controls 
using the following methods: a commercially available full- length cN- 1A enzyme- linked immunosorbent assay (ELISA), 
a synthetic peptide ELISA, and immunoblotting with a lysate from cN- 1A–expressing HEK 293 cells. Sera from juvenile 
DM patients with active disease and those with disease in remission were analyzed. An independent British cohort of 110 
juvenile DM patients and 43 healthy juvenile controls was assessed using an in- house full- length cN- 1A ELISA.

Results. Anti– cN- 1A reactivity was not present in sera from juvenile DM patients or healthy controls when tested 
with the commercially available full- length cN- 1A ELISA or by immunoblotting, in either active disease or disease in 
remission. Additionally, in the British juvenile DM cohort, anti– cN- 1A reactivity was not detected. Three Dutch juvenile 
DM patients had weakly positive results for 1 of 3 synthetic cN- 1A peptides measured by ELISA.

Conclusion. Juvenile DM patients and young healthy individuals did not show anti– cN- 1A reactivity as assessed 
by different antibody detection techniques.

INTRODUCTION

Autoantibodies detected in idiopathic inflammatory myopa-
thies can be divided into myositis- specific autoantibodies (MSAs) 
and myositis- associated autoantibodies. MSAs have a high dis-
ease specificity, which can be used to confirm a subtype of myosi-
tis, are frequently related to a specific clinical phenotype and, in 
some cases, are associated with disease activity or severity (1– 3). 

Anti– cytosolic 5′- nucleotidase 1A (anti– cN- 1A) autoantibodies are 
present in a large subset of inclusion body myositis (IBM) patients 
but not in adults with other forms of myositis. Although anti– cN- 1A 
was initially classified as an MSA (4,5), the relatively frequent sero-
positivity in adults with Sjögren’s syndrome and systemic lupus 
erythematosus has raised questions about the specificity of anti– 
cN- 1A autoantibodies (6). A recent study showed anti– cN- 1A 
autoreactivity in 27% of patients with juvenile dermatomyositis 
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(DM) (7). The use of different methods of detection in various 
cohorts hampers direct comparisons of sensitivity and specific-
ity of anti– cN- 1A autoantibody reactivity. In order to assess the 
presence of anti– cN- 1A autoantibodies in juvenile DM and healthy 
controls, we used 3 different methods of antibody detection and 
substantiated the results in an independent juvenile DM cohort.

PATIENTS AND METHODS

Patients. Anti– cN- 1A autoreactivity was tested in 34 
Dutch patients with juvenile DM (22 with active disease and 12 
with disease in remission, randomly selected from the Dutch 
juvenile DM biomarker study [8]) and in 20 healthy controls. 
Nine of the 22 juvenile DM patients with active disease were 
retested when their disease was in remission. Two juvenile DM 
patients who were initially tested during active disease were 
retested during a flare. Juvenile DM diagnosis was based on 
the Bohan and Peter criteria for definite or probable juvenile DM 
(9,10). Inactive disease was defined according to the updated 
Paediatric Rheumatology International Trials Organisation cri-
teria (11,12). Demographic and disease- related parameters 
from the moment of serum sampling are presented in Table 1. 
Samples were stored for up to 9 years at −80°C, anonymized, 
and the results of enzyme- linked immunosorbent assay (ELISA) 
and immunoblotting were assessed by researchers who were 
blinded with regard to sample identification.

An independent British cohort was used to validate the data, 
consisting of 110 juvenile DM patients and 43 healthy subjects 
ages ≤16 years (randomly selected from the national registry and 
described elsewhere [3]); parameters are summarized in Table 1. 
Serum samples were stored for up to 19 years at −80°C. Ethical 
approval was obtained (regional METC no. 15- 191, 11- 499/C and 
MREC 1/3/22).

Full- length cN- 1A ELISA. The anti– cN- 1A ELISA based 
on recombinant full- length cN- 1A antigen was performed using a 
commercially available kit (EA 1675- 4801G) according to instruc-
tions of the manufacturer (Euroimmun Medizinische Labordiag-
nostika AG). The development and validation of this ELISA has 
been described elsewhere (13). Results were evaluated sem-
iquantitatively as a ratio (optical density [OD] at 450 nm of the 
sample/OD450 of the calibrator [cutoff]); a ratio of ≥1 was deemed 
positive.

Anti– cN- 1A reactivity was determined in the independent 
British cohort using an in- house ELISA at the University of Bath, 
using 0.4 μg/ml recombinant cN- 1A protein (TP32461, cytosolic 
1A [NT5C1A] expressed in HEK 293; OriGene) per well, serum 
samples diluted 1:250, with goat anti- human IgG (Sigma; dilution 
1:30,000) as a secondary antibody. Each plate contained positive 
and negative controls. A cutoff of 5 SD above the mean of nega-
tive controls was deemed positive.

Peptide ELISA. Details on the development and test char-
acteristics of the cN- 1A peptide ELISA have been published 
elsewhere (4,14). Briefly, 3 synthetic peptides of 23 amino acids 
derived from the sequence of cN- 1A were used as target antigens 
in this ELISA, referred to as peptides 1, 2, and 3. We used rab-
bit anti- human IgA, IgG, IgM, kappa, and lambda (Dako P0212; 
1:2,000 dilution) as a secondary antibody. Each plate contained 
a positive control (serum from an IBM patient with anti– cN- 1A 
autoantibodies) and, for each serum sample, background reac-
tivity was determined without a coated peptide. The serum back-
ground value was subtracted from the peptide values. Sera were 
considered to be positive for anti– cN- 1A when OD450 values were 
3 SD above the mean of negative controls.

Preparation of cell lysates and Western blotting. A 
stably transfected cN- 1A– expressing Flp- In T- REx HEK 293 cell 
line was cultured in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco) with 10% fetal calf serum (FCS), 15 µg/ml blasticidin, and 
300 µg/ml hygromycin. Expression of cN- 1A was induced by add-
ing 1 µg/ml doxycycline to the medium. A Flp- In T- REx HEK 293 
control cell line was cultured in DMEM with 10% FCS, 15 µg/ml 
blasticidin, and 100 µg/ml zeocin. Cells were harvested 24 hours 
after induction, and lysates were prepared in sodium dodecyl 
sulfate– polyacrylamide gel electrophoresis (SDS- PAGE) sample 
buffer by sonication for 10 minutes, with 30 second intervals. After 
heating for 5 minutes, proteins were separated in 12% SDS- PAGE 
gels (lysate from 1 T75 flask loaded per 10- cm gel).

After electrophoresis, the separated proteins were blotted 
on a Protran nitrocellulose blotting membrane (GE Healthcare 
Life Science), stained with ponceau S (0.1% ponceau S in 5% 
acetic acid), and cut into 3- mm strips. The blot strips were 
blocked in blocking buffer (5% nonfat dry milk, 5% sheep serum 
in phosphate buffered saline– Tween [PBST]) for 1 hour at room 
temperature and incubated with sera (from juvenile DM patients 
and healthy controls) diluted 1:100 in blocking buffer (1  hour 
at room temperature). Serum from an anti– cN- 1A- positive 
IBM patient and a commercial rabbit anti- NT5C1A antibody 
(Atlas HPA050283) were used as positive controls (both diluted 
1:5,000). Blots were washed 3 times with blocking buffer and 
incubated for 1 hour with the secondary antibody (IRDye 800CW 
goat anti- human IgG or IRDye 800CW goat anti- rabbit IgG), 
diluted 1:5,000 in blocking buffer. Blots were washed twice with 
PBST and once in PBS before visualization of bound antibodies 
using a Li- Cor Odyssey imager.

Anti– cN- 1A reactivity was analyzed in sera by the incubation of 
2 blots in parallel, 1 containing lysate from cN- 1A– expressing cells 
and another containing lysate from the control cells lacking detect-
able levels of cN- 1A, in order to account for possible background 
staining or staining of other proteins. Sera were considered positive 
for anti– cN- 1A when a band appeared at the proper position on 
the blot strip containing cN- 1A but was absent on the control blot.
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Statistical analysis. We used descriptive statistics with 
IBM SPSS Statistics 25 and GraphPad Prism for visualization.

Patient and public involvement statement. Patients 
were not involved in the design of this study, but participants in 
the Dutch juvenile DM biomarker study and the British juvenile DM 
cohort and biomarker study were informed about results of the 
study by regular updates via the national patient organizations.

RESULTS

Anti– cN- 1A autoantibodies were not detected in juvenile DM 
patients or healthy controls by the full- length cN- 1A ELISA (Figure 1) 
or the full- length cN- 1A– containing cell lysate immunoblotting assay 
(data not shown) (see Supplementary Figure 1 for a representa-
tive example, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41660/ abstract). The 

Table 1. Demographic and disease- related parameters at the time of serum sampling*

Dutch cohort British cohort

Active juvenile DM 
(n = 22)

Inactive juvenile DM 
(n = 12)

Healthy controls  
(n = 20)

Juvenile DM 
(n = 110)

Healthy controls  
(n = 43)

Baseline data
Age at diagnosis, median (IQR) 

years
4.8 (3.7– 9.0) 6.4 (4.2– 8.3) – 7.4 (4.2– 10.6) – 

Age at serum sampling, median 
(IQR) years

5.4 (3.8– 11.7) 12.7 (9.4– 15.2) 11.0 (7.3 – 16.0) 9.4 (5.7– 13.8) 13.4 (10.9– 14.8)

Female sex 13 (59.1) 7 (58.3) 14 (70) 71 (64.5) 25 (58)
Time from disease onset to 

sampling, median (IQR) 
months

0  
(0– 2.5)

75.3 
(39.9– 106.5)

– 46.9 (11.3– 132.1) – 

Autoimmune comorbidity 0 0 – 1 – 
Other autoantibodies†  

ANA positive 11 (52.4) 4 (36.4) – – – 
ENA positive 1 (5) 2 (20) – – – 
MSA positive 4 (19) 2 (40) – 52 (47) – 
Anti– NXP- 2 positive 1 (5) 1 (8.3) – 22 (20) – 
Anti-TIF1γpositive 2 (9) 0 – 14 (13) – 
Anti– PL- 12 positive 1 (5) 0 – 0 – 
Anti– Jo- 1 positive 0 1 (8.3) – 1 (1) – 
Anti– MDA- 5 positive 0 0 – 7 (6) – 
Anti- HMGCR positive 0 0 – 3 (3) – 
Anti– Mi- 2 positive 0 0 – 2 (2) – 
Anti– PL- 7 positive 0 0 – 1 (1) – 
Anti- SAE positive 0 0 – 1 (1) – 
Anti- SRP positive 0 0 – 1 (1) – 

Disease activity‡   
CMAS, median (IQR) (range 

0– 52)
28 (12.3– 44.5) 52 (51.3– 52.0) – 45 (31.5– 52.0) – 

PhGA, median (IQR) (range 
0– 10)

6 (2.6– 7.0) 0 (0) – 2.15 (0.7– 5.1) – 

CK, median (IQR) IU/liter§ 374 (112.5– 3,222.8) 118 (97.5– 142.3) – 110.5 (64.0– 824.5) – 
Medication   

Steroids only – – – 4 (4) – 
Steroids + other 

immunomodulatory drug(s)
6 (27) – – 36 (33) – 

Other immunomodulatory 
drug(s) only

1 (5) 4 (33) – 11 (10) – 

None 15 (68) 8 (67) – 14 (13) – 
* Except where indicated otherwise, values are the number (%). IQR = interquartile range; anti- TIF1γ = anti– transcriptional intermediary factor 1γ;
anti- SAE = anti– small ubiquitin- like modifier- 1 activating enzyme; anti- SRP = anti– signal recognition particle. 
† In the Dutch cohort, there were missing data on the following: antinuclear antibody (ANA) testing in 1 juvenile dermatomyositis (DM) patient 
with active disease and 1 with inactive disease, extractable nuclear antigen (ENA) testing in 2 juvenile DM patients with active disease and 2 
with inactive disease, myositis- specific antibody (MSA) testing in 1 juvenile DM patient with active disease and 7 with inactive disease. No data 
were available on ANA and ENA testing in the British cohort. In the Dutch cohort, MSA (Euroimmun DL 1530- 6401- 4 G) and ENA (Euroimmun 
DL1590- 6401- 3 G) were tested by line blot assay. ANA was tested by immunofluorescence on HEp- 2 cells. In the British cohort, MSA was tested by 
immunoprecipitation with confirmation by enzyme- linked immunosorbent assay for anti– melanoma differentiation– associated protein 5 (anti– 
MDA- 5), anti– nuclear matrix protein 2 (anti– NXP- 2), and anti– hydroxymethylglutaryl- coenzyme A reductase (anti- HMGCR). 
‡ In the Dutch cohort, there were missing data on the Childhood Myositis Assessment Scale (CMAS) in 6 juvenile DM patients with active disease 
and on the physician global assessment (PhGA) in 3 juvenile DM patients with active disease. 
§ Reference value for serum creatine kinase (CK) level <170 IU/liter.

http://onlinelibrary.wiley.com/doi/10.1002/art.41660/abstract
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peptide ELISA showed no anti– cN- 1A reactivity in healthy con-
trols, whereas weak, borderline reactivity against synthetic cN- 1A 
peptides was detected in 3 juvenile DM patients with active dis-
ease (1 patient showed reactivity against peptide 1, and 2 patients 
showed reactivity against peptide 3) (Figure 1). In the independent 
validation cohort, we did not detect anti– cN- 1A autoantibodies in 
the juvenile DM patients or healthy controls.

Comparison of repeated sampling in patients with active 
disease followed by disease in remission showed no anti– cN- 1A 
reactivity in any of the 3 detection methods, either in active or 
inactive juvenile DM in 8 of 9 patients. The remission sample from 
1 patient showed weak anti– cN- 1A reactivity in the peptide ELISA 
(peptide 2), while the active disease sample was negative. Two 
juvenile DM patients who were initially tested during active disease 
were retested during a flare, and they were negative for anti– cN- 1A 
autoantibody reactivity according to all 3 methods of detection 
at both moments. The low number of juvenile DM patients with 
weak anti– cN- 1A reactivity made it impossible to make a reliable 

comparison of clinical features between patients who were posi-
tive for anti– cN- 1A and those who were negative.

DISCUSSION

Anti– cN- 1A autoantibodies were not detected by full- length 
cN- 1A ELISA or immunoblotting in juvenile DM patients or healthy 
juvenile controls, a finding that was substantiated in a large inde-
pendent cohort. The absence of anti– cN- 1A autoantibodies in 
juvenile DM was observed both in samples from patients with 
active disease and in those with disease in remission. In 3 of 34 
Dutch juvenile DM patients (8.8%), weak anti– cN- 1A reactivity 
was found using the peptide ELISA. Very low level anti– cN- 1A 
reactivity has previously been detected in up to 5% of disease 
control groups using the same cN- 1A peptide ELISA (13).

Our conclusions contrast with those of a recent study by 
Yeker et al (7), in which a large juvenile DM cohort was assessed 
by immunoblotting with lysates of transfected HEK 293 cells 
expressing cN- 1A. Anti– cN- 1A reactivity was found in 83 of 307 
juvenile DM patients (27%), 11 of 92 healthy controls (12%), 11% 
of polymyositis patients, 35% of patients with overlap syndromes, 
and 27% of juvenile idiopathic arthritis patients. The presence of 
anti– cN- 1A autoantibodies was related to more severe disease in 
juvenile DM. However, our results are consistent with the findings 
of a study that used an addressable laser bead immunoassay with 
a full- length human recombinant protein in a cohort of 40 juvenile 
DM patients (15), showing anti– cN- 1A reactivity in none of these 
patients. An intermediate percentage (2 of 12 patients; 17%) of 
anti– cN- 1A reactivity was observed in an Asian cohort of juvenile 
DM patients using a full- length recombinant ELISA, with confirma-
tion by immunoprecipitation (16).

It remains to be established whether the differences observed 
between juvenile DM cohorts reflect heterogeneity of anti– cN- 1A 
production among cohorts or are due to the different assays 
applied. Generally, studies using immunoblotting to detect anti– 
cN- 1A antibodies have higher sensitivity and lower specificity than 
those that use the full- length cN- 1A ELISA. The full- length cN- 1A 
ELISA might miss linear epitopes, reducing sensitivity. However, 
specificity is higher than with the peptide ELISA, as the second-
ary antibody targets the IgG isotype only. The large differences 
in sensitivity and specificity of anti– cN- 1A autoantibody detection 
between the various methods are summarized by Amlani et al 
(15). A head- to- head comparison of the different methods of anti– 
cN- 1A antibody detection in a large international cohort should 
be performed to establish a well- validated gold standard. In clin-
ical practice, high specificity of anti– cN- 1A autoantibodies in the 
context of idiopathic inflammatory myopathies is more important 
than high sensitivity, as the presence of anti– cN- 1A autoantibod-
ies can provide additional evidence for a diagnosis of IBM instead 
of another idiopathic inflammatory myopathy that would require 
immunosuppressive therapy.

Figure 1. Results of full- length and peptide cytosolic 
5′- nucleotidase 1A (cN- 1A) enzyme- linked immunosorbent assays 
(ELISAs). Dotted lines show cutoff values. The cutoff value for the 
synthetic peptide ELISA was calculated based on the data for 
healthy adult control samples (mean + 3SD). Positivity for cN- 1A 
was defined as a value of >0.80 for peptide 1, >0.13 for peptide 
2, and >0.19 for peptide 3. Each each plate contained a positive 
control (inclusion body myositis [IBM] patient). Symbols represent 
individual subjects (healthy controls [HCs; n = 20]; IBM patient [n = 
1]; juvenile DM patients with active disease [JDM A; n = 22]; juvenile 
DM patients with disease in remission [JDM R; n = 12]). OD450 = 
optical density of 450 nm.
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In conclusion, using a combination of detection methods, 
anti– cN- 1A autoreactivity was not detected in juvenile DM patients 
or healthy subjects. An international gold standard for anti– cN- 1A 
antibody testing should be established, as the large variation in 
specificity of anti– cN- 1A autoantibody detection hampers its use 
in clinical practice.
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Distinct Gene Expression Signatures Characterize Strong 
Clinical Responders Versus Nonresponders to Canakinumab 
in Children With Systemic Juvenile Idiopathic Arthritis
Emely L. Verweyen,1  Alex Pickering,2 Alexei A. Grom,3 and Grant S. Schulert3

Objective. Canakinumab is a human anti– interleukin- 1β (anti– IL- 1β) blocking agent that effectively neutralizes  
IL- 1β– mediated signaling for treatment of systemic juvenile idiopathic arthritis (JIA). While many patients have dramatic 
clinical response to IL- 1 blockade, approximately one- third fail to respond, but there are currently no validated clinical 
or immunologic predictors of response. We undertook this study to characterize distinct gene signatures for treatment 
response and nonresponse to canakinumab in systemic JIA patients.

Methods. We performed a secondary analysis of whole- blood gene expression microarrays using blood samples 
obtained from healthy controls and systemic JIA patients at baseline and on day 3 after canakinumab treatment 
(GEO accession no. GSE80060). Patients were considered strong clinical responders if they met the ACR90 response 
(exhibited ≥90% improvement in the American College of Rheumatology [ACR] JIA response criteria; nonresponders 
were those who met ACR30 [exhibiting ≤30% improvement in the ACR JIA response criteria]). A random- effects 
model with patient identity as the random variable was used for differential expression analysis.

Results. We identified a distinct gene expression signature in patients with a strong clinical response to canakinumab treatment 
as compared to nonresponders, mediated by up- regulation of neutrophil-  and IL- 1– associated genes and characterized by 
increasing divergence from control transcriptomes with increasing clinical response. We also identified a signature including 
up- regulated CD163 expression that was associated with canakinumab nonresponse. Intriguingly, canakinumab treatment 
induced either up-  or down- regulation of type I interferon (IFN) genes, independent of clinical response.

Conclusion. Here, we identify a gene signature in systemic JIA patients prior to receiving treatment that distin-
guishes strong responders to canakinumab from nonresponders. Further prospective studies are needed to assess 
the utility of these insights for treatment decisions in systemic JIA and to track the association of up- regulated 
type I IFN signatures with systemic JIA complications.

INTRODUCTION

Systemic juvenile idiopathic arthritis (JIA) is a chronic inflam-
matory arthropathy characterized by quotidian fevers, rash, arthri-
tis, and hepatosplenomegaly (1). Gene expression studies of the 
immune response in systemic JIA have revealed key features of 
this disorder, including the prominence of autoinflammation (2– 4). 

While some findings diverge, there is consensus about the up- 
regulation of innate immune system processes, including interleu-
kin- 1 (IL- 1) signaling (2), Toll- like receptor (TLR) signaling (2,3), IL- 6 
signaling (4), inflammasome- related genes (2,3), and neutrophil 
activation (2,3,5,6).

Systemic JIA can be accompanied by severe complications, 
including a life- threatening cytokine storm syndrome, macrophage 
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activation syndrome (MAS), which can lead to multiorgan dysfunc-
tion and death. This complication is pathogenically driven by up- 
regulated type II interferon- γ (IFNγ) and IL- 18, and recent evidence 
also points to a role of type I IFNs as drivers of IL- 18 expression in 
systemic JIA– associated MAS (7,8). Children with systemic JIA are 
also at risk for chronic lung disease (systemic JIA– associated LD), 
which has only emerged over the last few years and is temporally 
associated with the introduction of biologic treatments (9,10).

Based on the role of IL- 1 and IL- 6 in systemic JIA, biologic 
drugs that target these up- regulated proinflammatory cytokines 
have been tested and validated, with beneficial outcomes in 
the majority of patients (11,12). First- line therapy for systemic JIA 
includes anakinra (a recombinant human IL- 1 receptor antagonist) 
and canakinumab (a selective monoclonal antibody that binds 
to IL- 1β), which effectively neutralize downstream IL- 1β signal-
ing pathways (13). However, some patients fail to respond to IL- 1 
blockade but instead respond to IL- 6 blockade, and, given the 
emerging evidence for a “window of opportunity” in the treatment 
of systemic JIA, tools such as gene expression profiling to predict 
response (or nonresponse) is of crucial importance.

The previously published clinical trial of canakinumab pro-
vides a unique opportunity to define gene expression signatures 
in a large cohort of patients with a range of clinical responses (14). 
Previous analysis of these gene expression microarrays by Bra-
chat and colleagues highlighted a strong up- regulation of innate 
immune system genes at baseline, with more severely dysregu-
lated profiles that rapidly declined in some canakinumab respond-
ers, while nonresponders in general had more muted dysregulation 
not affected by treatment (15). However, this was not a consistent 
finding and was not further characterized. Here, we reanalyzed the 
gene expression data examining extreme phenotypes of canaki-
numab nonresponse (≤30% improvement in the American College 
of Rheumatology [ACR] JIA response criteria [ACR30] on day 15 
posttreatment [16]) compared to strong clinical response (≥90% 
improvement in the ACR JIA response criteria [ACR90]).

Based on this, we were able to characterize a baseline gene 
signature specific for strong clinical response that was consist-
ent with proinflammatory and neutrophil dysregulation. We also 
defined a signature specific for canakinumab nonresponse, which 
included CD163, a marker of regulatory monocytes and mac-
rophages. Finally, we identified a bimodal IFN response gene 
signature that was activated in a subset of patients treated with 
canakinumab. Taken together, findings about these signatures 
provide key clues to molecular predictors of treatment response 
in systemic JIA patients.

PATIENTS AND METHODS

Patients and study design. This study is a secondary 
analysis of gene expression profiles from patients with systemic 
JIA from 2 phase III trials evaluating canakinumab treatment (Clini-
calTrials.gov identifiers: NCT00886769 [trial 1] and NCT00889863 

[trial 2]), conducted by the members of the Pediatric Rheumatol-
ogy International Trials Organization and the Pediatric Rheumatol-
ogy Collaborative Study Group. Study design, including eligibility 
criteria and ethics approval, has previously been described (14,15). 
Blood samples from 86 systemic JIA patients and 22 healthy con-
trols were collected at baseline and on day 3 after treatment for 
RNA isolation. Neutrophil counts from whole blood were collected 
at baseline and on day 15, and serum IL- 18 levels were measured 
at baseline and on day 29.

Gene transcription profiles and multidimensional 
scaling (MDS) plots. Raw CEL files were downloaded from the 
Gene Expression Omnibus (accession no. GSE80060) and were 
preprocessed and annotated using the crossmeta Bioconductor 
package (17). Mixed- effects differential expression analyses were 
performed using the duplicate correlation function from the limma 
Bioconductor package with subject as a random effect (18,19). 
Differentially expressed probes were identified as those with a 
false discovery rate (FDR) of ≤0.05. Overrepresented gene ontol-
ogies were identified using the goana function from limma (unad-
justed P value <10−5) and further summarized with REVIGO (20). 
For limma MDS plots, the remef R package was used to remove the 
subject effect from limma preprocessed log- expression value (21).

Transcriptional response to canakinumab. The 
early transcriptional response to canakinumab was evaluated 
by comparing gene expression values in patients with systemic 
JIA on day 3 after treatment with the values measured at base-
line. Patient response was previously measured using the ACR 
pediatric criteria response on day 15 after treatment (15). Patients 
with a strong clinical response were defined as meeting ACR90, 
with ≥90% improvement in ≥3 of 6 core criteria, >30% worsening 
in ≤1 core criterion, and no intermittent fever during the last 7 
days. Patients with a nonresponse to treatment were defined as 
those meeting ACR30, with ≤30% improvement in ≥3 of 6 core 
criteria and >30% worsening in ≤1 core criterion (16). In total, 86 
patients were analyzed, of which 26 were categorized as having a 
strong clinical response, 34 as having an intermediate response, 
and 26 as having a nonresponse.

RESULTS

Canakinumab responders characterized by a  dis  tinct 
gene expression signature. Children with systemic JIA and 
a strong clinical response to canakinumab (i.e., those meeting 
ACR90) had a baseline gene signature distinct from nonrespond-
ers (i.e., those meeting ACR30), which highlights molecular differ-
ences in these 2 groups before and after treatment. As previously 
suggested (15), strong clinical responders had a more dysregu-
lated transcriptional profile prior to treatment compared to healthy 
controls (9,629 differentially expressed genes [DEGs] with an 
FDR of ≤0.05). On the other hand, systemic JIA patients who did 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE80060


VERWEYEN ET AL 1336       |

not respond well to canakinumab had only 6,017 DEGs prior to 
treatment.

At baseline, the gene expression signature of strong canaki-
numab responders compared to nonresponders was defined by 
significant up- regulation of transcripts related to neutrophil acti-
vation (such as CD177 and CXCL1), IL- 1 signaling (IL1B, IL1R1, 
IL1RAP, IL1RN) and TNFA, TLR signaling (TLR5, LRG1, TLR8, 
TLR9), and the inflammasome (NLRC4, AIM2, CASP5). The top 
100 significantly up- regulated genes are shown in Supplemen-
tary Table 1 (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41640/ abstract). 
These proinflammatory immune genes are also reflected in the top 
overrepresented Gene Ontology (GO) terms, which include mye-
loid leukocyte activation (GO:0002274), inflammatory response 
(GO:0006954), and cytokine production (GO:0001816) (Figure 1).

After treatment, strong clinical  responders demonstrated 
a significant decrease in the expression of the gene signature 
composed of genes related to IL- 1, TLRs, and inflammasome 
and neutrophil activation. Three days after canakinumab treat-
ment, the gene profile in systemic JIA patients was reduced to 

a level similar to that in healthy controls (Figure 2A). The strongly 
overrepresented neutrophil activation pathways observed on 
day 1 (Supplementary Table 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41640/ abstract) were no longer among the top 
up- regulated GO pathways on day 3 (data not shown). Non-
responders  presented with a much more modest change in 
gene expression, which was barely affected by canakinumab 
treatment. Moderate responders (ACR50– 70), correspondingly, 
showed an intermediate displacement of their gene expression 
profile upon treatment that was more similar to that of healthy 
controls (Figure 2A).

Substantially increased neutrophil counts and 
serum IL- 18 levels in patients with a strong clinical 
response. Strong clinical responders had significantly higher 
numbers of absolute neutrophils at baseline compared to non-
responders, which were substantially decreased by day 15 
after canakinumab treatment (Figure 2B). Neutrophil counts 
varied linearly with ACR response criteria score both at base-
line and after treatment.

Figure 1. REVIGO gene ontology treemap highlights up- regulated pathways in systemic juvenile idiopathic arthritis patients with a strong 
clinical response to canakinumab compared to nonresponders. Colors show superclusters, and box sizes indicate the strength of the P value, 
with larger sizes reflecting higher statistical significance (19).

http://onlinelibrary.wiley.com/doi/10.1002/art.41640/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41640/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41640/abstract
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As noted above, neutrophil activity was also highly rep-
resented within the top 15 GO pathways observed in strong 
clinical re  sponders at baseline, compared to nonresponders 
(Supplemen  tary Table 2, http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41640/ abstract). Consistent with previous findings (15), 
IL- 18, thought to be a key driver of systemic JIA– associated MAS 
and systemic JIA– associated LD, was also significantly increased 
in the serum of responders (though IL18 gene expression was 
unchanged; data not shown) compared to nonresponders on 
day 3 and remained significantly elevated even after 29 days of 
treatment (Figure 2C).

Sustained up- regulation of CD163 gene  expression in 
nonresponders compared to strong clinical  responders. 
Next, we defined the transcriptional signature associated with 
canakinumab nonresponse by identifying genes differentially 
expressed in the same direction in nonresponders versus strong 
responders at baseline and on day 3 (i.e., those genes whose 
expression did not change with canakinumab treatment). This 
approach identified 14 probes, corresponding to 3 genes that 
were consistently down- regulated in nonresponders and 8 genes 
that were consistently up- regulated in nonresponders compared 

to strong clinical responders (Supplementary Table 3, http://online 
libr ary.wiley.com/doi/10.1002/art.41640/ abstract). The most notable 
of these was CD163 (Figure 2D), which is expressed on regula-
tory monocytes after induction by IL- 10 and is also a key marker 
for hemophagocytic macrophage differentiation present in sys-
temic JIA– associated MAS (22). In addition, and in marked con-
trast to the neutrophil signature discussed above, expression of 
CD163 did not significantly change after canakinumab treatment. 
Taken together, this supports the notion of detection of myeloid 
phenotypes present in systemic JIA that can distinguish canaki-
numab nonresponse from strong response.

Up-  or down- regulation of a type I IFN gene 
 signature in canakinumab- treated patients with sys-
temic JIA. Finally, we examined changes in the IFN response 
signature upon canakinumab treatment, using a previously 
established module representing type I IFN genes (23). Previ-
ous studies have suggested a link between IL- 1 blockade and 
up- regulation of type I IFN genes (2,24). Here, when all patients 
were assessed and compared to untreated healthy controls, 
IL- 1β blockade did not significantly up- regulate IFN response 
genes (data not shown). However, when we examined this more 

Figure 2. Canakinumab responders demonstrate a strong shift in their gene signature toward those of healthy controls. A, Multidimensional 
scaling (MDS) plots of gene signatures among patients with an American College of Rheumatology juvenile idiopathic arthritis improvement 
response score between 0 and 30 (ACR0 and 30) (yellow, n = 26 subjects), ACR50 and 70 (red, n = 34 subjects), or ACR90 and 100 (blue, n = 
26 subjects), compared to healthy controls (gray, n = 22 subjects). Arrows indicate the change in MDS coordinates after treatment. B, Absolute 
neutrophil (ABSNEU) counts measured at baseline and on day 15 after treatment, according to ACR response criteria score (from 0 [yellow] to 
100 [blue]). C, Serum interleukin- 18 (IL- 18) levels measured on days 3 and 29 after treatment, according to ACR response criteria score (from 0 
[yellow] to 100 [blue]). D, CD163 gene expression measured by microarray in healthy controls and in canakinumab- treated patients at baseline 
and on day 3, according to ACR response criteria score (from 0 [yellow] to 100 [blue]).

http://onlinelibrary.wiley.com/doi/10.1002/art.41640/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41640/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41640/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41640/abstract
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granularly, we found that irrespective of treatment response, indi-
vidual patient responses diverged, with a subset demonstrating 
an up- regulation of the IFN signature (clusters A and C) and others 
demonstrating down- regulation of the IFN signature (clusters B 
and D) (Figure 3). While both up- regulation and down- regulation 
were observed in canakinumab nonresponders and patients with 
a strong clinical response, the effect was more robust in both 
directions in patients with a strong clinical response (Figure 3). 
The persistence of this up- regulation, and any association with 
disease complications, is unknown.

DISCUSSION

Use of patient gene expression profiling can be a powerful 
tool in identifying molecular mechanisms associated with disease. 
Moreover, comparison of expression profiles in patients before 
and after treatment with a cytokine inhibitor such as canakinumab 
allows for unique insight into the molecular effects of such drugs 
and the potential to identify predictive signatures of strong clinical 
response or failure. Here, we reanalyzed previously collected gene 
expression data from 2 phase III trials evaluating canakinumab in 
systemic JIA patients in order to characterize the signature associ-
ated with extreme phenotypes of clinical response: strong response 
(meeting ACR90) and nonresponse (meeting ACR30) (15).

As previously noted by Brachat and others, we observed 
that the baseline (pretreatment) blood transcriptional profile in sys-
temic JIA patients is strongly enriched for the IL- 1 pathway, vari-
ous TLRs, and inflammasome and neutrophil activation pathways 
(15). However, this gene expression profile was significantly more 

dysregulated pretreatment in those with a strong response to 
canakinumab than in nonresponders. In contrast to the find-
ings of Brachat et al, the transcriptional effects we observed in 
patients with a strong clinical response (meeting ACR90) are con-
sistent and significant. Patients with a strong clinical response 
also showed striking movement of this gene signature toward 
the levels in healthy controls, while expression levels of this gene 
signature in nonresponders barely shifted upon canakinumab 
treatment. These observations highlight that IL- 1 blockade quickly 
normalizes gene expression in systemic JIA patients who have 
the most severely dysregulated IL- 1–  and neutrophil- predominant 
blood gene expression profile at baseline.

In contrast to the IL- 1– driven signature characterizing strong 
clinical response, we found 11 genes that characterized nonre-
sponse, which had not been identified by Brachat and colleagues 
(15). These genes were significantly differentially expressed in 
the nonresponders compared to the patients with a strong clini-
cal response and did not change expression after canakinumab 
treatment. Most genes we found to be functionally unrevealing; 
however, we identified CD163 as being significantly more highly 
expressed at baseline in the nonresponders compared to both 
patients with a strong clinical response and healthy controls. 
CD163 is up- regulated in systemic JIA and is a known marker for 
IL- 10– polarized regulatory macrophages as well as hemophago-
cytic macrophages associated with systemic JIA– associated MAS 
(22). The up- regulation of CD163 in these systemic JIA patients 
suggests that IL- 1– independent pathways induce CD163, includ-
ing the presence of a resolution monocyte phenotype and poten-
tially contributing to hemophagocyte differentiation as a defining 
feature of systemic JIA– associated MAS (25). In fact, previous 
findings have shown that CD163 messenger RNA levels nega-
tively correlate with IL- 1 levels (26). Taken together, these findings 
support a hypothesis that patients defined by this alternative gene 
signature may instead benefit from other biologic treatments that 
target alternative pathways, such as tocilizumab (anti– IL- 6R) or 
JAK/STAT inhibitors (27).

Neutrophils and neutrophil gene signatures are known to be 
elevated in systemic JIA patients (2,3,5), and elevated neutro-
phil counts have previously been suggested to predict treatment 
response to anti– IL- 1 therapy with anakinra (6). Our cohort also 
demonstrated that higher blood neutrophil counts were associated 
with stronger clinical response to canakinumab. Consistent with 
previous findings in anakinra- treated systemic JIA patients (28), 
responders had significantly increased up- regulated neutrophil 
genes (particularly CD177) compared to nonresponders. However, 
it is unlikely that increased cell numbers are solely responsible for 
driving the whole- blood transcriptional profile in systemic JIA, as 
we and others have shown that purified neutrophils demonstrate a 
TLR- driven proinflammatory gene expression signature (3).

We next investigated IL- 18, which is strongly expressed 
in neutrophils and monocytes from systemic JIA patients, with 
corresponding increased serum IL- 18 levels (29). Interestingly, 

Figure 3. Canakinumab- treated systemic juvenile idiopathic 
arthritis (JIA) patients demonstrate either up-  or down- regulation of 
a type I interferon (IFN) gene signature. Heatmap shows the fold 
change (+3 to −3) in expression of type I IFN genes from day 0 
to day 3 after treatment in nonresponders (American College of 
Rheumatology [ACR] JIA improvement response score 0–30) and 
strong clinical responders (ACR JIA improvement response score 
90–100). Most patients, regardless of response, showed either up-  
or down- regulation of this signature.
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serum IL- 18 levels were up- regulated in responders compared 
to nonresponders on both day 3 and day 29 after treatment. 
However, this was not reflected by increased IL18 gene expres-
sion in either the responders or nonresponders compared to 
healthy controls, suggesting that here, IL- 18 may be produced 
primarily by nonhematopoietic cells. Strong elevation of serum 
IL- 18 levels particularly distinguishes the severe complications 
systemic JIA– associated MAS and systemic JIA– associated 
LD (8,10). To date, it remains unclear which pathways drive 
the overproduction of IL- 18 in systemic JIA, though recent 
evidence points to type I IFNs regulating IL- 18 expression (7).

When we investigated a type I IFN signature composed of 
24 genes (23), we found that patients could be divided evenly 
into 2 clusters: regardless of clinical response, canakinumab 
treatment induced either up-  or down- regulation of this IFN sig-
nature. However, strong clinical responders showed a much 
stronger reaction, in either direction, upon treatment compared 
to nonresponders, which was consistent with the low over-
all movement observed in nonresponders. We did not observe 
differences between healthy controls and systemic JIA patients 
at baseline (data not shown).

There is significant cross- talk between IL- 1β and type I IFNs, 
and IL- 1β has been shown to potently antagonize type I IFN 
transcription and translation (30). Thus, it is conceivable that IL- 1 
blockade, which is commonly used to treat systemic JIA, enables 
increased signaling of type I IFN pathways which further increases 
IL- 18 and IFNγ reactivity in some patients.

In fact, previous studies have observed increased type 
I IFN gene expression in patients treated with IL- 1 blockade 
(2,24). Similar to our findings, Rice and colleagues reported 
that only 6 of 10 systemic JIA patients treated with IL- 1 block-
ade showed an up- regulated type I IFN signature. Further eval-
uation is necessary to explore why we and others found that 
only some patients reacted with an increased IFN response. 
As recent evidence associates the development of systemic 
JIA– associated LD with the use of biologic treatment and 
increased IFN- related gene expression in the lungs (10,31), 
understanding why some patients react to canakinumab by 
demonstrating an up- regulation of the type I IFN signature, 
and whether this primes them to develop systemic JIA compli-
cations, will need to be evaluated in future studies.

Taken together, our findings highlight a role for severe dys-
regulation of proinflammatory genes and immune pathways that 
present a target for canakinumab in canakinumab responders. 
However, our findings are limited by the lack of a suitable inde-
pendent validation cohort, and thus further studies are required 
to validate and define this profile for prospective utility in a clinical 
setting. Further studies will also be needed to shed light on the 
association of type I IFN up- regulation upon canakinumab treat-
ment and the onset of systemic JIA– associated MAS and sys-
temic JIA– associated LD.
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Prophylactic anticoagulation therapy: comment on the 
article by Henderson et al

To the Editor:
In the American College of Rheumatology (ACR) guidance 

for the management of multisystem inflammatory syndrome in 
children (MIS- C) in pediatric patients with severe acute respiratory 
syndrome coronavirus 2, the multidisciplinary Task Force provides 
a very rational approach to the management of this condition (1). 
There is, however, one area in which we are in disagreement.

The guidance states that anticoagulation therapy is advised 
only in patients with a coronary artery aneurysm (z- score >10.0) 
and should be considered in patients with moderate or severe 
left ventricular dysfunction (ejection fraction <35%) (1). This 
statement is based on experience with analogous pediatric con-
ditions, such as Kawasaki disease (KD) and myocarditis, and 
does not take into account significant abnormalities in the coag-
ulation cascade observed in patients with MIS- C (2,3). Moreover, 
the guidance does not provide any advice regarding the use of 
prophylactic anticoagulation with low molecular weight heparin 
(LMWH).

The rate of symptomatic venous thromboembolism among 
patients ages 13– 20 years included in the national registry of 
children and adolescents with MIS- C in the US was 7%, and 
anticoagulation therapy was prescribed in 47% of all patients 
(87 of 186) (3). In comparison with KD and myocarditis, wide-
spread endothelial injury, increased platelet– vessel wall inter-
action, and activation of coagulation with increased fibrinogen, 
d- dimer, factor VIII, and thrombin generation may contribute to 
the procoagulant state in MIS- C (3– 5). In addition to hemostatic 
derangements, the presence of systemic inflammatory disease, 
immobility, and central catheterization may further increase the 
risk of thromboembolic events in MIS- C.

In our cohort of 21 patients with MIS- C followed up at the Uni-
versity Children’s Hospital Ljubljana, all patients (21 of 21 [100%]) 
had elevated levels of d- dimer upon admission (median 2,297 µg/
liter [range 1,289– 14,382]). The median highest recorded d- dimer 
level was 3,537 µg/liter (range 1,532– 33,422), and it was reached 
in a mean time of 6.0 days (range 2– 14 days) since the start of 
the disease. Prophylactic anticoagulation treatment was initiated 
in all patients with clinical risk factors for venous thromboembo-
lism or markedly elevated plasma d- dimer levels in the absence 
of contraindications according to the International Society on 
Thrombosis and Haemostasis recommendations (6). In total, 
16 of 21 patients (76.2%) received prophylactic anticoagulation 

therapy, and the d- dimer level normalized in a mean time of 7.8 
days (range 1– 25 days) after initiation of treatment. The prophylac-
tic anticoagulation treatment was safe, and there were no notable 
complications.

Since heparin plays not only an anticoagulant role but also 
antiinflammatory (7) and immunomodulatory roles and has a 
possible protective effect on vascular endothelial cell injury, in our 
opinion, prophylactic anticoagulation with LMWH might play an 
important role in diminishing endothelial damage and activating 
coagulation and should be seriously considered in all patients 
with MIS- C.

We believe that the statement on anticoagulation therapy in 
the ACR guidance for MIS- C should be revised and that a hema-
tologist should be included as a member of the Task Force. Based 
on the published data and our clinical experience, we propose 
the use of prophylactic anticoagulation therapy with LMWH (tar-
get anti– factor Xa level 0.2– 0.3 IU/ml) in all children with MIS- C 
in the absence of contraindications until recovery. In patients with 
extremely elevated d- dimer levels or in cases of rising levels of  
d- dimer, prophylactic anticoagulation therapy should be intensified 
at a target anti– factor Xa level of 0.4– 0.5 IU/ml.
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Reply

To the Editor:
We thank Dr. Kotnik and colleagues for their comments on 

the American College of Rheumatology’s clinical guidance for 
pediatric patients with MIS- C. The use of anticoagulation therapy 
in this population remains an intensely debated topic with little 
clinical evidence to guide treatment decisions. For this reason, 
the Task Force was only able to achieve consensus in recom-
mending anticoagulation therapy in patients with larger coronary 
artery aneurysms (z- score >10) and significant cardiac dysfunc-
tion (ejection fraction <35%) based on the well- established risk 
of thrombosis in patients with these clinical features (1,2).

Panelists reported significant variability in strategies for 
anticoagulation therapy in MIS- C, with some centers adopting 
approaches similar to those recommended by Kotnik et al and 
others avoiding anticoagulation therapy in most cases. Indeed, 
results from a recent survey from the International Kawasaki Dis-
ease Registry highlighted wide interinstitutional variation in use of 
anticoagulation therapy for MIS- C (3).

In part, this heterogeneity stems from the lack of evidence on 
the risk of thrombosis in MIS- C. Complement activation and fea-
tures of thrombotic microangiopathy have been documented in 
MIS- C; however, children with mild symptoms from severe acute 
respiratory syndrome coronavirus 2 infection display these same 
abnormalities. It is unclear if this endothelial dysfunction translates 
into increased rates of macrothrombosis requiring prophylactic or 
therapeutic anticoagulation (4). While in one study 7% of adoles-
cents with MIS- C were reported to have developed deep venous 
thrombosis or pulmonary embolism, other large cohorts have 
demonstrated rates closer to 0– 2% (5– 7). This rate of thrombotic 
events is similar to that observed in children without MIS- C who 
have central venous lines, and many children with MIS- C require 
intensive care measures and central venous access (8). d- dimer 
levels are frequently elevated in MIS- C patients, but it is unclear if 
this laboratory parameter is directly reflective of hypercoagulability 
risk. There is some evidence to suggest that d- dimer levels may 
be elevated in inflammatory conditions without thrombosis (9,10). 
Further, the lack of data on d- dimer levels in children with profound 
inflammation makes it difficult to confidently use this parameter to 
guide anticoagulation therapy. Currently, there are no studies on 
the efficacy and safety of anticoagulation therapy in MIS- C. Thus, 
given the limited evidence and significant practice variability, the 
panel was not able to achieve consensus and provide further rec-
ommendations on anticoagulation therapy in MIS- C. The degree 

for anticoagulant thromboprophylaxis in children hospitalized for  
COVID- 19-  related illness [review]. J Thromb Haemost 2020;18:3099– 105.

 7. Young E. The anti- inflammatory effects of heparin and related
compounds [review]. Thromb Res 2008;122:743– 52.

of uncertainty in this area indicates the need for future compara-
tive research to provide clarity. As Kotnik and colleagues suggest, 
expert opinion from a hematologist will be helpful in addressing 
these questions, and we plan to secure such expertise through a 
consultant role in subsequent versions of the guidance.

The spectrum of MIS- C is broader than originally believed, 
with some patients presenting with mild symptoms, such as 
fever, rash, and elevated levels of inflammation markers. The 
risks of anticoagulation therapy may outweigh the benefits in 
patients with mild disease and no other risk factors for thrombo-
sis. Until further high- quality evidence is available, the approach 
to anticoagulation therapy in MIS- C should be tailored to the 
individual patient, with critical disease, immobility, adolescent 
age, history of predisposing conditions, and indwelling central 
lines all increasing the risk of a thrombotic event and therefore 
emphasizing the likely benefit of anticoagulation therapy.
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tolerance and by the production of multiple autoantibodies. 
Although the mechanism of SLE has remained elusive, accumu-
lating evidence indicates that altered follicular helper T (Tfh) cell 
differentiation, function, and regulation may play important roles 
in SLE pathogenesis (1– 3). Tfh cells are a subset of CD4+ T cells, 
the main function of which is to regulate the clonal selection of 
germinal center B cells and to promote immunoglobulin produc-
tion, isotype switching, and somatic hypermutations in B cells 
(4). Some studies have found that Tfh cells secrete some soluble 
cytokines, including interleukin- 21 (IL- 21) and interferon- γ (IFNγ), 
which contribute to autoantibody production and play a patho-
genic role in lupus (5– 7). However, how IL- 21 and IFNγ are regu-
lated in Tfh cells in lupus remains to be clarified.

We read with great interest the article by Dong et al on the 
role of STAT4 activation in Tfh cell production of IL- 21 and IFNγ in 
lupus (8). The authors present exhaustive data demonstrating that 
type I IFN can maintain STAT4 activation in Tfh cells and Tfh cell 
production of IL- 21 and IFNγ as the disease in lupus- prone mice 
progresses. However, we would like to state that Dong and 
colleagues’ conclusion regarding type I IFN– activated STAT4 
regulation of Tfh cell– dependent cytokine and immunoglobulin 
production in lupus may be exaggerated.

First, in the study by Dong et al (8), we did not see any evidence 
indicating that immunoglobulin production is dependent on type I 
IFN– activated STAT4 regulation of Tfh cells in lupus, although it has 
been accepted that Tfh cells are required for autoantibody produc-
tion (4). Instead, their data showed that blockade of type I IFN sign-
aling by anti– IFNα receptor 1 (anti– IFNAR- 1) decreases percentages 
and numbers of Tfh cells but increases production of immunoglob-
ulin and autoantibodies in lupus- prone mice. These results seem to 
be contradictory with the title and conclusion of this article.

Second, Dong and colleagues found that IFNβ can pro-
mote more significant phosphorylation of STAT4 in splenic Tfh 
cells and Th1 cells at a later stage of disease compared to the 
predisease stage (8). However, we wonder why the authors did 
not further investigate the role of IFNβ in regulating IL- 21 and IFNγ 
production by splenic Tfh cells and Th1 cells by direct stimulation 
with IFNβ. Instead, they used anti– IFNAR- 1 to indirectly reflect the 
effect of type I IFN signaling on Tfh cell production of IL- 21 and 
IFNγ. Furthermore, their data indicated that chromatin accessibility 
at the IL21 and IFng loci is not influenced by the blockade of type 
I IFN signaling. This suggests that down- regulation of IL- 21 and 
IFNγ in Tfh cells by anti– IFNAR- 1 may be mainly due to reduced 
numbers of Tfh cells, but not due to altered STAT activation by type 
I IFN signaling. In addition, Dong et al did not determine if STAT4 
activation is required for Tfh cell production of IL- 21 and IFNγ by 
direct inhibition of STAT4 in lupus, although it has been reported 
that STAT4 and T- bet can regulate Tfh cell production of these 2 
cytokines in viral infections (9). However, as we know, STAT3 is 
also a major signaling molecule for IL- 21 (2). As such, it is unclear 
whether IL- 21 and IFNγ production are dependent on type I IFN– 
activated STAT4 regulation of Tfh cells in lupus.
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To the Editor:
Systemic lupus erythematosus (SLE) is the prototype of 

systemic autoimmune diseases, characterized by loss of self 
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Reply

To the Editor:
We write in response to Ms Chen and colleagues. We would 

first like to address their argument that our conclusions “may 

Taken together, from Dong and colleagues’ results (8), we see 
that type I IFN can promote STAT4 phosphorylation in Tfh cells and 
IFNAR blockade can decrease percentages and numbers of Tfh 
cells, as well as IL- 21 and IFNγ production in lupus- prone mice. Nev-
ertheless, their conclusion that Tfh cell production of IL- 21, IFNγ, and 
immunoglobulin is dependent on type I IFN– activated STAT4 regula-
tion of Tfh cells may be exaggerated and possibly even misleading.
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be exaggerated and possibly even misleading.” We argue that 
the conclusions in our work are scientifically justified by our data 
and previous publications. We have demonstrated that STAT4 is 
required by Tfh cells for the production of IL- 21 and IFNγ during 
a viral infection (1). Ironically, Chen et al “petar” (2) one of their 
central arguments by citing one of our articles (1). Expanding on 
our previously published work, we demonstrated in our current 
study (3) that type I IFN activates STAT4 in Tfh cells, suggest-
ing its role in promoting IL- 21 and IFNγ secretion via STAT4 in 
lupus. We found that although coproduction of IL- 21 and IFNγ 
is maintained in Tfh cells in lupus despite progressive loss of 
Bcl6 and T- bet expression, phosphorylation of STAT4 continued 
to increase upon type I IFN stimulation (3). Furthermore, as dis-
ease progressed, transcriptional analysis revealed that Tfh cells 
up- regulated type I IFN– driven gene transcription and acquired 
an enhanced STAT4 gene signature (3). STAT4 binds and pro-
motes the regulation of IL21 and Ifng during CD4 T cell differ-
entiation (4). We went on to demonstrate, using an assay for 
transposase- accessible chromatin with sequencing analysis of 
Tfh cells after in vivo blockade of type I IFN in lupus- prone mice, 
that the IL21 and Ifng loci remain accessible in the absence of 
type I IFN signaling, yet IL- 21 and IFNγ production was reduced 
(3). This suggested that in the absence of type I IFN, STAT4 could 
not be activated and bind to these open loci to maintain Tfh cell 
cytokine production. Taken together, these findings indicate that 
type I IFN signaling through STAT4 in Tfh cells maintains IL- 21 
and IFNγ production in lupus.

Chen and colleagues also noted that in our study (3), they did 
not find any evidence “indicating that immunoglobulin production is 
dependent on type I IFN– activated STAT4 regulation of Tfh cells in 
lupus”. Tfh cells provide cytokines to B cells, among them IL- 21 and 
IFNγ, the latter of which drives isotype switching to IgG2a(c). Yet, 
in situations where T helper cell IFNγ is limited, IgG1 is produced 
(1,5,6). This concept was recapitulated when we used an anti– 
IFNAR-1 antibody to inhibit type I IFN signaling in lupus- prone mice, 
leading to altered IL- 21 and IFNγ production by Tfh cells and, not 
surprisingly, in turn, altered isotype switching from IgG2c to IgG1 
(3). Anti– IFNAR- 1 blockade reduced Tfh cell percentages and num-
bers, but they were not ablated (3). Despite the reduced numbers 
of Tfh cells and altered cytokine profiles, the persistence of germi-
nal centers (GCs) and IgG1 isotype autoantibodies after treatment 
substantiates the idea that these cells still function in the ongoing 
GC response (3) characteristic of lupus. While IgG2c autoantibodies 
were still produced, these were likely generated by existing plasma 
cells or those reliant on Tfh cells that retained their IFNγ produc-
tion after treatment. Thus, the immunoglobulin and Tfh cell cytokine 
response is regulated by type I IFN signaling.

We believe our previous and current work provide strong 
evidence to support our conclusion that type I IFN continues 
to activate STAT4 in Tfh cells maintaining IL- 21 and IFNγ pro-
duction, thus regulating autoantibody production throughout the 
lupus disease course.
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Temporal arteritis revealing antineutrophil cytoplasmic 
antibody– associated vasculitides: are the visual out  comes 
different from giant cell arteritis? Comment on the article 
by Delaval et al

To the Editor:
The article by Delaval et al clearly highlights the differences in 

clinical manifestations and temporal artery biopsy (TAB) findings 

between patients with temporal arteritis revealing antineutro-
phil cytoplasmic antibody– associated vasculitides (TA- AAV) and 
patients with giant cell arteritis (GCA) (1). However, the differences 
in visual outcomes, if any, are not reported. Since visual outcomes 
in GCA are generally poor and can progress despite treatment, 
it would be interesting to know the visual outcomes in these 
patients (2,3). Two of our patients with early TA- AAV had good 
visual outcomes with treatment.

One patient, a 55- year- old woman, presented with fever, 
frontotemporal headache, jaw claudication, and sequential 
painless vision loss in both eyes over 1.5 months. She had 
no perception of light in the left eye and was able to perceive 
hand movements close to the face in the right eye. Left-side TAB 
showed evidence of arteritis without the presence of giant cells 
(Figure 1). Extracephalic manifestations included nasal crusting, 
sensorineural hearing loss, pauci- immune crescentic glomerulo-
nephritis, and peripheral neuropathy. Titers of myeloperoxidase– 
antineutrophil cytoplasmic antibodies (ANCAs) were high, and 
the erythrocyte sedimentation rate was elevated. Granuloma-
tosis with polyangiitis (GPA) with TA was diagnosed, and the 
patient received steroids and intravenous (IV) cyclophosphamide 
(CYC). Visual acuity in the right eye improved immediately and 
was recorded to be 6/9 at 3 months, but vision loss in the left 
eye persisted. The patient did not experience a relapse of ocular 
symptoms but developed diabetes mellitus with diabetic kidney 
disease and died 8 years later due to complications related to 
chronic kidney disease.

Another patient, a 62- year- old woman, presented with a 
1- month history of jaw claudication, 1- week history of left foot 
drop, and 2- day history of painless vision loss in the right eye. 
She was able to perceive hand movements close to the face and 
had a relative afferent pupillary defect and central retinal arterial 
occlusion on the right side. TAB could not be obtained, but biopsy 

Figure 1. A, Temporal artery biopsy (TAB) specimen showing fibrointimal proliferation, with minimal inflammation and fibrin in the adventitia 
(arrow) and absence of granulomatous inflammation/giant cells with overall features suggestive of arteritis (hematoxylin and eosin stained; original 
magnification × 20). B, TAB specimen showing a break in the internal elastic lamina (arrow) (elastic–van Gieson stained; original magnification × 20).
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of the left sural nerve showed the presence of vasculitis. The 
patient tested positive for ANCAs against proteinase 3. She was 
diagnosed as having GPA with TA. Symptoms were treated with 
steroids and IV CYC, her vision recovered to 6/9, and she has not 
experienced a relapse in 2 years.

Both of our patients were classified as having early TA- AAV, 
and, as highlighted by Delaval and colleagues, the presence 
of extracephalic features and ANCA positivity in both patients 
helped in making an accurate diagnosis and initiating appropri-
ate therapy. It is important to note that both patients had good 
visual outcomes with therapy. It would be interesting to know the 
visual outcomes in TA- AAV patients in the study by Delaval et al, 
since it might also be a factor that helps to differentiate TA- AAV 
from GCA.
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Biologics for eosinophilic granulomatosis with 
polyangiitis— one size does not fit all: comment on the 
article by Canzian et al

To the Editor:
We read with great interest the article by Canzian et al on 

the use of biologics for the treatment of eosinophilic granuloma-
tosis with polyangiitis (EGPA) (1). This study represents the larg-
est contribution to date on biologic drug treatment of EGPA in 

a community setting. Despite increasing evidence on the topic, 
obtained both from clinical trials and from other studies of 
community- based patient populations (2,3), identifying the most 
appropriate biologic treatment for EGPA remains a challenge. The 
response to biologics in different patients is quite heterogene-
ous (1– 3), and probably depends on organ involvement at EGPA 
onset, general EGPA disease characteristics (e.g., antineutrophil 
cytoplasmic antibody status) and comorbidities, dosage and 
timing of biologic treatment initiation in relation to EGPA phase, 
and many other potential determinants.

In the report by Canzian et al, the authors do not mention 
the clinical rationale for prescription of rituximab (RTX) instead of 
omalizumab (OMA), or for prescription of mepolizumab (MEPO) 
at 2 different dosages. The patients’ clinical profiles at the time of 
biologic treatment initiation suggest that RTX was considered in 
the setting of more severe systemic involvement, while patients 
with predominantly respiratory manifestations were treated with 
OMA or MEPO. If this was the case, the choice would be sup-
ported by these treatments’ different mechanisms of action: RTX 
addresses the autoimmunity- mediated inflammation that sustains 
the systemic vasculitis pattern, whereas MEPO and, to a lesser 
extent, OMA, target the eosinophil- driven inflammation typically 
underlying the respiratory tract manifestations. Responses to 
treatment seemed to reflect each biologic agent’s mechanism of 
action. In fact, the authors report persistent severe asthma and/
or rhinosinusitis in patients treated with RTX, whereas MEPO pre-
vented vasculitis flares and demonstrated a higher steroid- sparing 
effect; however, the patients treated with MEPO were mostly 
affected by asthmatic symptoms without much extrarespiratory 
involvement.

In light of the complex pathogenesis of EGPA, involv-
ing numerous factors beyond eosinophils and including more 
than one potential therapeutic target, it is difficult to define 
in advance the most appropriate treatment and dosage for 
each patient. A careful evaluation of both the patient’s clinical 
and laboratory features and the specific mechanism of action 
of the different biologic agents used in EGPA could help in 
achieving the goal.

We recently reported that treatment with MEPO at an 
“asthma- tailored” dosage of 100 mg every 4 weeks, pre-
scribed based on the above approach, prevented vasculitis 
relapse, maintained asthma control, and exerted a steroid/
immunosuppressive- sparing effect in patients with EGPA in 
remission and persistent, severe, steroid- dependent asthma 
(4). Our results need to be confirmed, but we believe that future 
research should be conducted to validate a patient- tailored 
approach, or at least a clinical pattern– tailored approach, beyond 
simply demonstrating a general efficacy of biologic drugs in the 
treatment of EGPA.
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Sjögren’s disease, not syndrome

To the Editor:
Sjögren’s syndrome should henceforth be known as Sjögren’s  

disease. Our call for this change is based on the precedent for 
such name changes in rheumatology, as well as important differ-
ences between syndrome and disease. In addition, the struggle 
faced by Sjögren’s patients to gain recognition for this serious 
autoimmune disease is difficult when some describe it as a collec-
tion of nuisance symptoms.

Sjögren’s is a multisystemic disease that is characterized 
by its targeting of the salivary and lacrimal glands, leading to 
impaired secretion of saliva and tears and occasional salivary 
gland enlargement or recurrent sialadenitis. In 1933, the Swed-
ish ophthalmologist Henrik Sjögren published an analysis of 19 
patients with a dry eye disease that he termed “keratoconjunc-
tivitis sicca” (1). The disease had been recognized earlier, but 
the eponym was earned based on Sjögren’s comprehensive 
description and continued study of the disease throughout his 
lifetime.

Sjögren’s is a distinct autoimmune disease with charac-
teristic autoantibodies, glandular histopathology, and a pattern 
of systemic involvement. Akin to other systemic rheumatic dis-
eases, it has defined genetic susceptibility traits and pathogenetic 

pathways. Accurate diagnosis using protocol- driven labial sali-
vary gland biopsy and interpretation, as well as measures of dry 
eye and salivary hypofunction, is essential in differentiating this 
disease from dryness symptoms present in individuals who do 
not have an underlying autoimmune disease. Accurate diagnosis 
is also a prerequisite for the development of targeted disease- 
modifying therapies.

It is against this background that we call for the abandon-
ment of “Sjögren’s syndrome” in favor of “Sjögren’s disease,” 
or simply “Sjögren’s.” Are the differences between “syndrome” 
and “disease” sufficient to warrant this name change? We 
believe that they are. A syndrome denotes an aggregate of 
symptoms and signs that are associated with a morbid pro-
cess, independent of pathogenesis (2,3). “Flu- like syndrome” 
is a good example. Mikulicz disease (4) and sicca syndromes 
(5) have been used synonymously with Sjögren’s in the past, 
but each is now recognized as having a broad differential diag-
nosis. As the understanding of the etiology and/or pathogen-
esis of a particular condition improves, the term “syndrome” is 
replaced by “disease.” In rheumatology, an example is Kawa-
saki syndrome, which is now properly known as Kawasaki dis-
ease (KD) (2).

We appreciate the counterargument that rheumatic diseases 
are often heterogeneous and specific etiologies may be identified 
in the future for some subsets. This has been exemplified by the 
recent identification of monogenic causes for variants of polyar-
teritis nodosa (6) and relapsing polychondritis (7), as well as the 
recognition of coronavirus disease 2019 as a potential proximate 
cause of KD (8).

However, the adoption of “Sjögren’s disease” in lieu of 
“Sjögren’s syndrome” would solidify the concept that it is a dis-
ease for which targeted therapies are being actively developed. 
For those affected, it also emphasizes that this is a distinct entity 
deserving of accurate diagnosis, careful study, and comprehen-
sive management.
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