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Several studies have been published that link Epstein-Barr virus 
(EBV) infection to rheumatoid arthritis (RA). However, the pres-
ence and role(s) of EBV have not been fully explored in the pre-

-
-

sented by Fechtner et al, the authors hypothesized that EBV 
infection, as evidenced by an altered anti-EBV antibody response, 
could play an important role in RA development. To examine this 
hypothesis, the authors assembled a longitudinal preclinical cohort 
consisting of 83 patients with RA and 83 matched controls from 
the US Department of Defense serum repository.

Anti-EBV antibody levels were modeled using linear mixed 
regression to look for differences in the linear relationship 
between time before diagnosis and the antibody levels among 
the 2 subject groups. The authors showed that RA patients had 

detected when EBV is reactivated, this suggested that EBV reac-
tivation is more prevalent in those who develop RA. The authors 

correlated with other RA-related antibodies. Joint models 

developed in this study allowed for correlation between the 

a random intercept and random slope for each outcome, and 
correlation between the random slopes was the estimate of 
interest. The results from the joint mixed modeling showed that 
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tor (IgM-RF) levels in the subjects that developed RA. This cor-

group, which suggests a potential mechanism by which RF and 
EBV contribute to RA development.

Questions

1.  Which other diseases have been linked to EBV infection 
besides RA?

2.  Which other test groups (i.e., RA versus non-RA) could be 
added to strengthen the conclusions? 

3.  Should the timeframe of sample collection be extended?  What 
additional data could be collected by doing so? 

4.  Could the antibody levels be modeled with nonlinear mixed 
models?  Why did the authors choose linear mixed models?

Antibody Responses to EBV in the Preclinical Period of RA Suggest the 
Presence of Increased Viral Reactivation Cycles
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Clinical Connections
Effect of Impaired T Cell Receptor Signaling 
on the Gut Microbiota in a Mouse Model of 
Systemic Autoimmunity
Shirakashi et al, Arthritis Rheumatol 2022;74:641–653

CORRESPONDENCE 
Motomu Hashimoto, MD, PhD: hashimoto.motomu@med.osaka-cu.ac.jp

SUMMARY  
Abnormalities in T cell receptor (TCR) signaling pathway 
genes are common in systemic lupus erythematosus 
(SLE). Defective TCR signaling contributes to systemic 
autoimmunity via multiple mechanisms, including impaired 
thymic selection of self-reactive T cells and dysfunction of 
Treg cells. Shirakashi et al demonstrated that defective 
TCR signaling promotes SLE development via altering 
the gut microbiota. 

Spontaneous development of SLE in B6SKG mice 
harboring a mutation in ZAP-70 was severely suppressed in 
the germ-free condition. Defective TCR signaling by ZAP-70 
mutation attenuated thymic selection of microbiota-reactive 
T cells, which led to impaired gut follicular helper T cell 
development and reduced gut IgA synthesis. Consequently, 
B6SKG mice showed reduced gut microbial diversity 

B6SKG mice via inducing Th17 cells.   

the TCR signaling pathway as a major determinant of 
systemic autoimmune diseases. Gut dysbiosis has also been 
implicated in systemic autoimmune diseases such as SLE, 
rheumatoid ar thritis, and spondyloar thritis (e.g., over-
representations of Enterococcus gallinarum, Prevotella copri, 
Ruminococcus gnavus, etc.). However, it was not known 
whether these 2 mechanisms are interrelated. The present 
study demonstrated that defective TCR signaling can lead to 
gut dysbiosis and microbiota-driven immune responses, in 
turn, helping to trigger systemic autoimmunity.  

KEY POINTS  

•  TCR signaling defects and gut dysbiosis are closely related 
in SLE patients. 

•  TCR signaling defects lead to gut dysbiosis by impaired 
thymic selection of microbiota-reactive T cells and reduced 
secretary IgA production in the intestine.     

•  Gut dysbiosis promotes systemic autoimmunity via 
inducing Th17 cells.  
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Clinical Connections

Maladaptive Autophagy in the Pathogenesis of 
Autoimmune Epithelitis in Sjögren’s Syndrome
Colafrancesco et al, Arthritis Rheumatol 2022;74:654–664

CORRESPONDENCE 
Roberta Priori, MD PhD: r.priori@policlinicoumberto1.it

SUMMARY  

and salivary glands, with progressive and irreversible loss of secretory function. Salivary gland epithelial cells 
(SGECs) are key cellular drivers in the pathogenesis of primary SS, which is thereby considered “autoimmune 
epithelitis.” Colafrancesco et al revealed profound changes in primary SS SGECs homeostatic mechanisms, 

microenvironment of SS salivary glands mount a “struggle for survival” characterized by a maladaptive activation 
of autophagy, which leads to a dysregulated expression of adhesion molecules (intercellular adhesion molecule 
1 [ICAM-1] and vascular cell adhesion molecule 1 [VCAM-1]) promoting leukocyte recruitment. These 
mechanisms are associated with disease severity, as demonstrated by histology studies.  SGEC apoptosis likely 
occurs as a terminal stage of this struggle, when SGECs can no longer counter incremental stress. This study 
highlights interconnected mechanisms sustaining autoimmune epithelitis, which may be targeted for the 

KEY POINTS  

•  Autophagy is a key cell  
survival mechanism.

•  In SGECs from primary SS 
patients, autophagy is up-
regulated and associated  
with disease severity  
assessed by histology.

•  Maladaptive activation of 
autophagy in SGECs from 
patients with primary SS 
leads to cell activation 
with dysregulated 
expression of adhesion 
molecules promoting 
leukocyte recruitment.

•  Autophagy inhibitors 
might be helpful for the 
treatment of salivary 

primary SS.
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2021 American College of Rheumatology Guideline for the
Treatment of Juvenile Idiopathic Arthritis: Therapeutic
Approaches for Oligoarthritis, Temporomandibular Joint
Arthritis, and Systemic Juvenile Idiopathic Arthritis

Karen B. Onel,1 Daniel B. Horton,2 Daniel J. Lovell,3 Susan Shenoi,4 Carlos A. Cuello,5

Sheila T. Angeles-Han,3 Mara L. Becker,6 Randy Q. Cron,7 Brian M. Feldman,8 Polly J. Ferguson,9

Harry Gewanter,10 Jaime Guzman,11 Yukiko Kimura,12 Tzielan Lee,13 KatherineMurphy,14 Peter A. Nigrovic,15

Michael J. Ombrello,16 C. Egla Rabinovich,6 Melissa Tesher,17 Marinka Twilt,18 Marisa Klein-Gitelman,19

Fatima Barbar-Smiley,20 Ashley M. Cooper,21 Barbara Edelheit,22 Miriah Gillispie-Taylor,23 Kimberly Hays,24

Melissa L. Mannion,7 Rosemary Peterson,25 Elaine Flanagan,26 Nadine Saad,27 Nancy Sullivan,28

Ann Marie Szymanski,29 Rebecca Trachtman,30 Marat Turgunbaev,31 Keila Veiga,32 Amy S. Turner,31

and James T. Reston28

Objective. To provide updated guidelines for pharmacologic management of juvenile idiopathic arthritis (JIA),
focusing on treatment of oligoarthritis, temporomandibular joint (TMJ) arthritis, and systemic JIA with and without mac-
rophage activation syndrome. Recommendations regarding tapering and discontinuing treatment in inactive systemic
JIA are also provided.

Methods. We developed clinically relevant Patient/Population, Intervention, Comparison, and Outcomes ques-
tions. After conducting a systematic literature review, the Grading of Recommendations Assessment, Development
and Evaluation approach was used to rate the quality of evidence (high, moderate, low, or very low). A Voting Panel
including clinicians and patients/caregivers achieved consensus on the direction (for or against) and strength (strong
or conditional) of recommendations.

Results. Similar to those published in 2019, these JIA recommendations are based on clinical phenotypes of JIA,
rather than a specific classification schema. This guideline provides recommendations for initial and subsequent treat-
ment of JIA with oligoarthritis, TMJ arthritis, and systemic JIA as well as for tapering and discontinuing treatment in
subjects with inactive systemic JIA. Other aspects of disease management, including factors that influence treatment
choice and medication tapering, are discussed. Evidence for all recommendations was graded as low or very low in
quality. For that reason, more than half of the recommendations are conditional.

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

The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or endorse any
commercial product or service.
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Conclusion. This clinical practice guideline complements the 2019 American College of Rheumatology JIA and
uveitis guidelines, which addressed polyarthritis, sacroiliitis, enthesitis, and uveitis. It serves as a tool to support clini-
cians, patients, and caregivers in decision-making. The recommendations take into consideration the severity of both
articular and nonarticular manifestations as well as patient quality of life. Although evidence is generally low quality
and many recommendations are conditional, the inclusion of caregivers and patients in the decision-making process
strengthens the relevance and applicability of the guideline. It is important to remember that these are recommenda-
tions. Clinical decisions, as always, should be made by the treating clinician and patient/caregiver.

INTRODUCTION

Reflecting the changing medical landscape, the American
College of Rheumatology (ACR) regularly updates clinical practice
guidelines and plans to review these annually and update as
needed. The process for updating the 2011 and 2013 juvenile idi-
opathic arthritis (JIA) guidelines (1,2) began in 2017. Important
clinical topics for consideration were first identified at a meeting
to define the scope of the guidelines. Advances in the treatment
of JIA and better understanding of pathogenesis dictated sepa-
rating this clinical practice guideline into several parts due to the
breadth of topics. The first part, addressing polyarthritis, sacroilii-
tis, enthesitis, and uveitis, was published in 2 articles in 2019 (3,4).
The second part, presented here in 2 articles, covers 1) oligoar-
thritis, temporomandibular joint (TMJ) arthritis, and systemic JIA,
and 2) nonpharmacologic treatments, patient monitoring, immu-
nizations, and imaging (5). The methods and literature review
described below reflect the unified process used for the second
part of these guidelines, including both articles. Recommenda-
tions were intended to be complementary to the 2019 guidelines
and are grouped based on disease phenotype and severity, not
by specific classification criteria, reflecting decision-making in clin-
ical practice.

Following the selection of topics, we developed clinically rele-
vant Patient/Population, Intervention, Comparison, and Out-
comes (PICO) questions. Using Grading of Recommendations
Assessment, Development and Evaluation (GRADE) methodol-
ogy, recommendations were then developed based on the best
available evidence for commonly encountered clinical scenarios.
Prior to final voting, input was sought from relevant stakeholders,
including a panel of young adults with JIA and caregivers of chil-
dren with JIA, to consider their values and perspectives in making
recommendations. Both the patient/caregiver and guideline Vot-
ing Panels stressed the need for individualized treatment while
being mindful of available evidence.

METHODS

This guideline followed the ACR guideline development
process and ACR policy guiding management of conflicts of
interest and disclosures (https://www.rheumatology.org/Practice-
Quality/Clinical-Support/Clinical-Practice-Guidelines), which include
GRADE methodology (6,7) and adheres to Appraisal of Guide-
lines, Research and Evaluation criteria (8). Supplementary
Appendix 1 (available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42037/abstract)

This article is published simultaneously in Arthritis Care & Research.
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was supported by the National Institute of Arthritis and Musculoskeletal and
Skin Diseases, NIH (grant K23-AR-070286). Dr. Ombrello’s work was sup-
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includes a detailed description of the methods. Briefly, the Core
Leadership Team (KBO, DBH, DJL, SS) drafted clinical PICO
questions. PICO questions were revised and finalized based
on feedback from the entire guideline development group and
the public. The Literature Review Team performed systematic
literature reviews for each PICO (for search terms, see Supple-
mentary Appendix 2, https://onlinelibrary.wiley.com/doi/10.1002/
art.42037/abstract), graded the quality of evidence (high, moderate,
low, or very low), and produced the evidence report (Supplementary
Appendix 3, https://onlinelibrary.wiley.com/doi/10.1002/art.42037/
abstract). It should be noted that GRADE methodology does not
distinguish between lack of evidence (i.e., none) and very low–
quality evidence. The Core Team defined multiple critical study
outcome(s) for PICOs relevant to each JIA phenotype (Supplemen-
tary Appendix 4, https://onlinelibrary.wiley.com/doi/10.1002/
art.42037/abstract).

A panel of 15 members, including young adults with JIA and
caregivers of children with JIA, met virtually (moderated by the
principal investigator [KBO]), reviewed the evidence report, and
provided input to the Voting Panel. Two members of this panel
were also members of the Voting Panel to ensure that the patient
voice was part of the entire process. The Voting Panel reviewed
the evidence report and patient/caregiver perspectives and then
discussed and voted on recommendation statements. Consen-
sus required ≥70% agreement on both direction (for or against)
and strength (strong or conditional) of each recommendation, as
per ACR practice. A recommendation could be either in favor of
or against the proposed intervention and either strong or condi-
tional. According to GRADE, a recommendation is categorized
as strong if the panel is very confident that the benefits of an inter-
vention clearly outweigh the harms (or vice versa); a conditional
recommendation denotes uncertainty regarding the balance of
benefits and harms, such as when the evidence quality is low or
very low, or when the decision is sensitive to individual patient
preferences, or when costs are expected to impact the decision.
Thus, conditional recommendations refer to decisions in
which incorporation of patient preferences is a particularly essential
element of decision-making. Examples of each class of pharmaco-
logic intervention addressed in the recommendations are shown
in Table 1.

Rosters of the Core Leadership Team, Literature Review
Team, and both panels are included in Supplementary Appendix 5
(https://onlinelibrary.wiley.com/doi/10.1002/art.42037/abstract).

Guiding principles

The development of the recommendations presented herein
was guided by the following principles:

1. Consistent with the ACR’s 2019 JIA guidelines, these recom-
mendations are for persons already diagnosed as having JIA.

2. Aside from poor prognostic features specified within the rec-
ommendations themselves (e.g., specific joints for oligoarthri-
tis, macrophage activation syndrome [MAS]), coexisting
extraarticular conditions that would influence disease manage-
ment, such as uveitis, psoriasis, or inflammatory bowel dis-
ease, are not addressed within these guidelines.

3. Recommendations are intended to be used by all clinicians
caring for persons with JIA and assume that patients do not
have contraindications to the recommended pharmacologic
treatments.

4. Longer-term glucocorticoid therapy in childhood is not appro-
priate because of its effects on bone health and growth. Thus,
wherever glucocorticoids are suggested, recommended treat-
ment should be limited to the lowest effective dose for the
shortest duration possible.

5. Shared decision-making with families and patients is important
when considering treatment options.

RESULTS/RECOMMENDATIONS

The initial literature review included topics addressed in this
report and in the second report (9), and identified 4,308 articles
in searches for all PICO questions through August 7, 2019. A July
9, 2020 search update identified 367 more references, for a total
of 4,675 articles after duplicates and non-English publications
were removed. After exclusion of 2,291 titles and abstracts,
2,384 full-text articles were screened. Of these, 1,939 were
excluded (Supplementary Appendix 6, on the Arthritis & Rheuma-
tology website at https://onlinelibrary.wiley.com/doi/10.1002/

Table 1. Classes of interventions

Nonsteroidal antiinflammatory
drugs

Any at therapeutic dosing (ibuprofen, naproxen, tolmetin, indomethacin,
meloxicam, nabumetone, diclofenac, piroxicam, etodolac, celecoxib)

Conventional synthetic disease-
modifying antirheumatic drugs

Methotrexate, sulfasalazine, hydroxychloroquine, leflunomide, calcineurin
inhibitors (cyclosporin A, tacrolimus)

Biologic disease-modifying
antirheumatic drugs

Tumor necrosis factor inhibitors (adalimumab, etanercept, infliximab,
golimumab, certolizumab pegol); other biologic response modifiers
(abatacept, tocilizumab, anakinra, canakinumab)

Glucocorticoids Oral (any); intravenous (any); intraarticular (triamcinolone acetonide,
triamcinolone hexacetonide)
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art.42037/abstract), leaving 445 articles to be considered for the
evidence report. Ultimately, 336 articles were matched to PICO
questions and included in the final evidence report. Quality of
evidence was uniformly low or very low; 17 PICO questions
lacked any associated evidence and as per GRADE methodol-
ogy were categorized as very low (Tables 2–7). The recommen-
dations that follow are based on 62 PICO questions. Several
PICO questions were split into 24 sub-PICO questions to
improve specificity. Nine questions initially posed were dis-
carded by the Voting Panel because of redundancy or lack of
relevance. Final recommendations are described below and in
Tables 3–7, which include reference(s) to which PICO

question(s) in the evidence report correspond to the recom-
mendation statement.

Active oligoarthritis (Figure 1 and Table 3)

Oligoarthritis refers to JIA presenting with involvement of ≤4
joints without systemic manifestations. It may include patients
with different categories of JIA (10) but who share in common lim-
ited numbers of joints involved; guidance for patients with active
uveitis, sacroiliitis, or enthesitis can be found in the 2019 guide-
lines (3,4). TMJ arthritis is discussed separately.

Table 2. Strength of recommendations and quality of supporting evidence*

Strength of recommendation Quality of supporting evidence

No. of recommendations Conditional Strong Very low Low Moderate High

Oligoarthritis 9 5 4 7 2 0 0
TMJ arthritis 7 6 1 7 0 0 0
Systemic JIA 9 5 4 9 0 0 0
Total 25 16 9 23 2 0 0

* TMJ = temporomandibular joint; JIA = juvenile idiopathic arthritis.

Figure 1. Treatment algorithm for oligoarthritis.
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Nonsteroidal antiinflammatory drugs (NSAIDs)

A trial of scheduled NSAIDs is conditionally recom-
mended as part of initial therapy for active oligoarthritis.

NSAIDs have long been the cornerstone of treatment for oli-
goarthritis and can ease discomfort (11–13). However, the initial
NSAID trial should be brief due to potential adverse effects
(e.g., gastritis, bruising) and limited efficacy (unless inactive dis-
ease is achieved). Voting panelists could not agree on the appro-
priate duration of initial use before escalating therapy, as some
panelists prefer that the use of NSAIDs be avoided altogether.

Glucocorticoids

Intraarticular glucocorticoids (IAGCs) are strongly rec-
ommended as part of initial therapy for active oligoarthritis.

Triamcinolone hexacetonide is strongly recommended
as the preferred agent.

Although the evidence is of low quality, IAGCs are strongly
recommended due to low potential of adverse effects and high
likelihood of sustained response (14–16). Patients and care-
givers agreed with regard to the utility of IAGC but voiced

Table 3. Oligoarticular JIA*

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

A trial of scheduled NSAIDs is
conditionally recommended as part
of initial therapy.

Very low PICO 1. In children with oligoarticular JIA,
should a trial of scheduled NSAIDs be
recommended?

6–9

IAGCs are strongly recommended as
part of initial therapy.

Very low PICO 2. In children with oligoarticular JIA,
should adding IAGCs to initial therapy
be recommended?

10–19

Triamcinolone hexacetonide is strongly
recommended as the preferred
agent.

Low PICO 4. In children with oligoarticular JIA,
should a specific steroid type be
recommended for intraarticular
injection?

21–27

Oral glucocorticoids are conditionally
recommended against as part of initial
therapy.

Very low PICO 3. In children with oligoarticular JIA,
should adding oral steroids to initial
therapy be recommended?

19–20

Conventional synthetic DMARDs are
strongly recommended if there is
inadequate response to scheduled
NSAIDs and/or IAGCs. MTX is
conditionally recommended as a
preferred agent over LEF, SSZ, and
HCQ (in that order).

Low (MTX);
Very low (LEF,
SSZ, HCQ)

PICO 5. In children with oligoarticular JIA,
should DMARD therapies be
recommended, and should there be
any preferred order of treatment: MTX
(subcutaneous or oral), LEF, SSZ,
and/or HCQ?

28–41

Biologic DMARDs are strongly
recommended if there is inadequate
response to or intolerance of NSAIDs
and/or IAGCs and at least 1
conventional synthetic DMARD.

There is no preferred biologic DMARD.

Very low PICO 6. In children with oligoarticular JIA,
should biologic therapies be
recommended, and should there be
any preferred order of treatment: TNFi
treatment, biologic treatments with
other mechanisms of action?

42–47

Consideration of risk factors for poor
outcome (e.g., involvement of ankle,
wrist, hip, sacroiliac joint, and/or TMJ,
presence of erosive disease or
enthesitis, delay in diagnosis, elevated
levels of inflammation markers,
symmetric disease) is conditionally
recommended to guide treatment
decisions.

Very low PICO 9. In children with oligoarticular JIA,
should poor prognostic features alter
the treatment paradigm?

PICO 19. In children with JIA with active
TMJ arthritis, should poor prognostic
features alter the treatment paradigm?

51–52

60

Use of validated disease activity
measures is conditionally
recommended to guide treatment
decisions, especially to facilitate treat-
to-target approaches.

Very low PICO 10. In children with oligoarticular JIA,
should disease activity measures alter
the treatment paradigm?

52

* JIA = juvenile idiopathic arthritis; PICO = Patient/Population, Intervention, Comparison, and Outcomes;
NSAIDs = nonsteroidal antiinflammatory drugs; IAGCs = intraarticular glucocorticoids; DMARDs = disease-modifying
antirheumatic drugs; MTX = methotrexate; LEF = leflunomide; SSZ = sulfasalazine; HCQ = hydroxychloroquine;
TNFi = tumor necrosis factor inhibitor; TMJ = temporomandibular joint.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42037/abstract.
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concerns over the need for sedation in younger children and
associated risks.

Despite an overall grading of the evidence as low, the panel
was convinced by published randomized trials and large observa-
tional studies (17–19) that triamcinolone hexacetonide results in
more durable clinical responses than triamcinolone acetonide,
leading to the strong recommendation. Triamcinolone hexaceto-
nide has been unavailable in the US for several years. However,
very recently, the US Food and Drug Administration (FDA) has
allowed the importation of one particular formulation of triamcino-
lone hexacetonide specifically for joint injections in patients with
JIA to address this identified unmet medical need.

Oral glucocorticoids are conditionally recommended
against as part of initial therapy for active oligoarthritis.

If, despite recommendations against, oral glucocorticoids are
given to quickly alleviate severe symptomswhen an IAGC is not avail-
able or feasible, or prior to the onset of action of disease-modifying
antirheumatic drugs (DMARDs), treatment should be limited to the
lowest effective dose for the shortest duration possible (20,21).

Conventional synthetic DMARDs (csDMARDs)

Conventional synthetic DMARDs are strongly recom-
mended if there is an inadequate response to scheduled
NSAIDs and/or IAGCs for active oligoarthritis.

Methotrexate is conditionally recommended as a pre-
ferred agent over leflunomide, sulfasalazine, or hydroxy-
chloroquine (in that order).

Despite an absence of comparator trials, methotrexate is the
preferred agent, given the preponderance of evidence showing its
long-term safety and efficacy in children (22–24). Because the tol-
erability of methotrexate is variable, additional treatment options
are provided (25–28).

With regard to the route of administration of methotrexate, the
2019 JIA guidelines conditionally recommended subcutaneous
over oral administration for polyarthritis (3). This recommendation
was conditional because the supporting evidence was of very
low quality and patient preferences may guide choice of route of
administration. There is little reason to suggest that methotrexate
should be used differently in oligoarthritis than in polyarthritis.

Biologic DMARDs (bDMARDs)

Biologic DMARDs are strongly recommended if there is
inadequate response to or intolerance of NSAIDs and/or
IAGCs and at least 1 csDMARD for active oligoarthritis.

There is no preferred bDMARD.
Biologic DMARDs are preferred over combining

csDMARDs or switching to a different csDMARD, due to a

greater likelihood that bDMARDs will yield rapid and sustained
improvement in JIA (29,30). While combination csDMARDs
have been used for the treatment of rheumatoid arthritis in
adults, in children the combination appears to be less effective
and less tolerable (31). For these reasons, this recommendation
is strong.

Although tumor necrosis factor inhibitors (TNFi) are the most
commonly used bDMARDs in children (32–34), other bDMARDs
of proven efficacy in the treatment of JIA may be used. In the
absence of head-to-head trials in children with oligoarthritis (35),
bDMARD selection may be driven by specific provider and
patient/caregiver preferences and circumstances, with the
exception of interleukin-1 (IL-1) inhibitors, which are preferentially
used for the treatment of systemic JIA (29,36–38).

Risk factors for poor prognosis and disease
activity measures

Consideration of risk factors for poor outcome (e.g.,
involvement of ankle, wrist, hip, sacroiliac joint, and/or
TMJ, presence of erosive disease or enthesitis, delay in
diagnosis, elevated levels of inflammation markers, sym-
metric disease) is conditionally recommended to guide
treatment decisions.

Use of validated disease activity measures is condition-
ally recommended to guide treatment decisions, especially
to facilitate treat-to-target approaches.

Treatment for oligoarthritis can and should be modified
based on the involvement of specific joints or disease features
(39,40). This could include rapid escalation of treatment (e.g., if
there is TMJ involvement or erosive disease at presentation) or
alternative medication choice (e.g., sulfasalazine or bDMARD
rather than methotrexate for sacroiliitis) (3).

Voting panelists conditionally recommended formal assess-
ment of disease activity using validated measures. There are sev-
eral validated disease activity measures for childhood arthritis
(41). The lack of demonstrated superiority of specific measures
and the likelihood of future changes led voting panelists to defer
stating formal preferences for particular measures. Measures that
can be considered include Wallace preliminary criteria for Clinical
Remission, ACR provisional criteria for inactive disease, Juvenile
Arthritis Disease Activity Score (JADAS), and clinical JADAS,
among others (42–46).

Treat-to-target approaches have been strongly endorsed
for polyarticular JIA (47), and preliminary data have demon-
strated feasibility as well as improved outcomes (48,49).
Despite the limited number of studies in oligoarticular disease,
one would expect a similar response. Presence of risk
factors for poor outcomes may justify rapid escalation of
treatment.
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Active TMJ arthritis (Figure 2 and Table 4)

TMJ disease may be isolated or part of generalized arthri-
tis. Treatment of TMJ arthritis is critical, as patients/caregivers
noted high impact on oral health–related quality of life and chal-
lenges with diagnosis and effective pharmacologic treatment
(50,51). In this guideline, therefore, treatment of TMJ arthritis
is recommended regardless of presence of clinical symptoms.
While NSAIDs and/or IAGCs may be sufficient treatment for
some patients, rapid escalation to bDMARDs (potentially in
combination with csDMARDs) is often appropriate despite lim-
ited evidence, given the impact and destructive nature of TMJ
arthritis (52).

NSAIDs

A trial of scheduled NSAIDs is conditionally recom-
mended as part of initial therapy for active TMJ arthritis.

NSAIDs have long been the cornerstone of treatment for JIA
and can ease discomfort (11). However, the initial NSAID trial
should be brief due to potential adverse effects (e.g., gastritis,
bruising) and limited efficacy (unless inactive disease is achieved).
Voting panelists could not agree on the appropriate duration of

initial use before escalating therapy, as some panelists prefer that
the use of NSAIDs be avoided altogether.

Glucocorticoids

IAGCs are conditionally recommended as part of initial
therapy for active TMJ arthritis.

There is no preferred agent.
IAGCs may alleviate joint symptoms and help restore func-

tion. This recommendation is conditional, as there have been
unique TMJ-specific serious adverse events, including hetero-
topic ossification and impaired growth (52–55). Therefore, IAGCs
for TMJ arthritis should be used sparingly for symptomatic chil-
dren, preferably those who are skeletally mature (53–56). There
are no comparative data between different IAGC formulations for
TMJ injections.

Oral glucocorticoids are conditionally recommended
against as part of initial therapy for active TMJ arthritis.

If, despite recommendations against, oral glucocorticoids
are given to quickly alleviate severe symptoms prior to the onset

Figure 2. Treatment algorithm for temporomandibular joint arthritis.
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of action of DMARDs, treatment should be limited to the lowest
effective dose for the shortest duration possible (20).

Conventional synthetic DMARDs

Conventional synthetic DMARDs are strongly recom-
mended for inadequate response to or intolerance of NSAIDs
and/or IAGCs for active TMJ arthritis.

Methotrexate is conditionally recommended as a pre-
ferred agent over leflunomide.

The TMJ is a high-risk joint due to major impact on activities
of daily living, and thus, early use of csDMARD therapy is
encouraged. The limited available evidence supports the use of
methotrexate (57). However, because not all patients tolerate
methotrexate well, leflunomide is recommended as an alterna-
tive, if needed.

Table 4. TMJ arthritis*

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

A trial of scheduled NSAIDs is
conditionally recommended as
part of initial therapy.

Very low PICO 11. In children with JIA with active
TMJ arthritis, should a trial of
scheduled NSAIDs be recommended,
and should there be any preferred
NSAID treatment?

53

IAGCs are conditionally
recommended as part of initial
therapy.

There is no preferred agent.

Very low

Very low

PICO 12. In children with JIA with active
TMJ arthritis, should adding
intraarticular glucocorticoids to initial
therapy be recommended?

PICO 14. In children with JIA with active
TMJ arthritis, should a specific steroid
type be recommended for
intraarticular injection?

53–57

58

Oral glucocorticoids are
conditionally recommended
against as part of initial therapy.

Very low PICO 13. In children with JIA with active
TMJ arthritis, should adding oral
glucocorticoids to initial therapy be
recommended?

58

Conventional synthetic DMARDs are
strongly recommended for
inadequate response to or
intolerance of NSAIDs and/or
IAGCs.

MTX is conditionally recommended
as a preferred agent over LEF.

Very low PICO 15. In children with JIA with active
TMJ arthritis, should DMARD
therapies be recommended, and
should there be any preferred order
of treatment: MTX (subcutaneous
and oral), LEF, SSZ, and/or HCQ?

58–59

Biologic DMARDs are conditionally
recommended for inadequate
response to or intolerance of
NSAIDs and/or IAGCs and at least 1
conventional synthetic DMARD.

There is no preferred biologic agent.

Very low PICO 16. In children with JIA with active
TMJ arthritis, should systemic biologic
therapies be recommended, and
should there be any preferred order
of treatment: TNFi, biologic
treatments with other mechanisms
of action?

59

Consideration of poor prognostic
features (e.g., involvement of ankle,
wrist, hip, sacroiliac joint, and/or
TMJ, presence of erosive disease or
enthesitis, delay in diagnosis,
elevated levels of inflammation
markers, symmetric disease) is
conditionally recommended to
guide treatment decisions.

Very low PICO 19. In children with JIA with active
TMJ arthritis, should poor prognostic
features alter the treatment
paradigm?

60

* TMJ = temporomandibular joint; PICO = Patient/Population, Intervention, Comparison, and Outcomes;
NSAIDs = nonsteroidal antiinflammatory drugs; JIA = juvenile idiopathic arthritis; IAGCs = intraarticular glucocor-
ticoids; DMARDs = disease-modifying antirheumatic drugs; MTX = methotrexate; LEF = leflunomide; SSZ = sulfa-
salazine; HCQ = hydroxychloroquine; TNFi = tumor necrosis factor inhibitor.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42037/abstract.
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Biologic DMARDs

Biologic DMARDs are conditionally recommended for
inadequate response to or intolerance of NSAIDs and/or
IAGCs and at least 1 csDMARD for active TMJ arthritis.

There is no preferred bDMARD.
Voting panelists deferred recommending a specific bDMARD

because current studies of TMJ arthritis have been small and
observational (52,58). TNFi treatment has been most commonly
used. As noted above, the use of IL-1 inhibitors is restricted to
the treatment of systemic JIA.

Systemic JIA with and without MAS (Figure 3)

Systemic JIA is distinct from all other categories of JIA due to
fever, rash, and visceral involvement and is considered by some

to be an autoinflammatory disorder (59). Disease pathogenesis
and cytokine involvement in systemic JIA are different than in
other JIA categories (60–62). Up to 40% of cases of systemic
JIA are associated with MAS, a secondary hemophagocytic syn-
drome that is a life-threatening complication requiring urgent rec-
ognition and treatment. MAS presents with fevers, high ferritin
levels, cytopenias, elevated liver enzyme levels, low fibrinogen
levels, and high triglyceride levels (63,64). As it may occur at any
point during the disease course, careful monitoring is necessary
for children with or without MAS at presentation.

Systemic JIA without MAS: initial therapy (Table 5)

Biologic DMARDs

Biologic DMARDS (IL-1 and IL-6 inhibitors) are conditionally
recommended as initial monotherapy for systemic JIA with-
out MAS.

Figure 3. Treatment algorithm for systemic juvenile idiopathic arthritis.
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There is no preferred agent.
IL-1 and IL-6 inhibitors are extremely effective and well-

tolerated treatments for systemic JIA (60–62) and have been

rapidly adopted in clinical practice (65,66). Use of IL-1 and IL-6

inhibitors to treat systemic JIA has allowed for marked redu-

ction in glucocorticoid use (60,61,67). Patients/caregivers agreed

with this recommendation, given historical delays and limits in clini-

cal response and toxicities from other medications before the

bDMARD era.
Some voting panelists preferred starting with a short-acting

agent such as anakinra, but in the absence of controlled studies,

no preferred agent was endorsed. Patients/caregivers noted pref-

erence for fewer injections, if possible. As response to individual

agents is variable, switching among and between IL-1 and IL-6

inhibitors when needed due to lack of efficacy or poor tolerability

is appropriate.
Concerns were expressed regarding a highly fatal lung dis-

ease observed in some children with systemic JIA, most of whom
were treated with bDMARDs. Observed risk factors include youn-
ger age with MAS, a history of reactions to tocilizumab, and tri-
somy 21 (68,69). The exact etiology of systemic JIA–associated
lung disease and recommendations for screening remain under

Table 5. Systemic JIA without MAS*

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

NSAIDs are conditionally
recommended as initial
monotherapy.

Oral glucocorticoids are conditionally
recommended against as initial
monotherapy.

Very low PICO 20. In patients with treatment-naive,
newly diagnosed systemic JIA without
MAS, should non-DMARD treatment
(NSAIDs, glucocorticoids) be used as
initial therapy?

61–67

Conventional synthetic DMARDs are
strongly recommended against as
initial monotherapy.

Very low PICO 21. In patients with treatment-naive,
newly diagnosed systemic JIA without
MAS, should DMARD treatment (MTX,
calcineurin inhibitor) be used as initial
therapy, and is there a preferred order?

67–68

Biologic DMARDs (IL-1 and IL-6
inhibitors) are conditionally
recommended as initial
monotherapy.

There is no preferred agent.

Very low PICO 22. In patients with treatment-naive,
newly diagnosed systemic JIA without
MAS, should biologic treatment
(anakinra, canakinumab, tocilizumab, or
others) be used as initial therapy, and is
there a preferred order?

69–71

IL-1 and IL-6 inhibitors are strongly
recommended over a single or
combination of conventional
synthetic DMARDs for inadequate
response to or intolerance of NSAIDs
and/or glucocorticoids.

Very low PICO 23. In patients with systemic JIA
without MAS who do not respond to
initial therapy with nonbiologic
treatments (NSAIDs, glucocorticoids,
DMARDs), should nonbiologic
treatments be combined or biologic
treatment started?

72–130

Biologic DMARDs or conventional
synthetic DMARDs are strongly
recommended over long-term
glucocorticoids for residual arthritis
and incomplete response to IL-1 and/
or IL-6 inhibitors.

There is no preferred agent.

Very low PICO 27. In patients with systemic JIA in
whom inactive disease is not achieved
despite treatment with both IL-1 and
IL-6 agents and/or who are chronically
steroid dependent, is long-term stable
steroid treatment superior to
nonsteroid treatments
(cyclophosphamide or abatacept or
rituximab or IVIG or mesenchymal stem
cell transplant or bone marrow
transplant) for achievement of inactive
disease, achievement of partial
response, growth, ability to taper/
discontinue steroids, and minimization
of side effects/medication toxicity?

138

* JIA = juvenile idiopathic arthritis; MAS = macrophage activation syndrome; PICO = Patient/Population, Intervention,
Comparison, and Outcomes; NSAIDs = nonsteroidal antiinflammatory drugs; DMARD = disease-modifying antirheu-
matic drug; MTX = methotrexate; IL-1 = interleukin-1; IVIG = intravenous immunoglobulin.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42037/abstract.
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investigation. Affected children often present with acute digital
clubbing, which should raise immediate concern (68,69). How-
ever, voting panelists noted the need to balance the effectiveness
and relative safety of bDMARDs with the rarity of this serious out-
come. Voting panelists were also motivated by the extent of
morbidity from undertreated systemic JIA and glucocorticoid-
associated toxicities before the bDMARD era (70,71).

NSAIDs

NSAIDs are conditionally recommended as initial mono-
therapy for systemic JIA without MAS.

Studies suggest that a small proportion of patients with sys-
temic JIA will respond to NSAIDs alone (72). Patients/caregivers
agreed with a short trial of NSAIDs for those children. If clinical
response is not rapid and complete, rapid escalation of therapy is

recommended. Voting panelists could not agree on the appropriate
duration of initial use before escalating therapy, as many panelists
prefer that the use of NSAIDs be avoided altogether for systemic JIA.

Glucocorticoids

Oral glucocorticoids are conditionally recommended
against as initial monotherapy for systemic JIA without MAS.

In most cases, oral glucocorticoids should not be used as ini-
tial monotherapy in patients with systemic JIA without MAS and, if
used, should be limited to the lowest effective dosage for the
shortest duration possible. This recommendation is conditional,
as bDMARDs may not always be immediately available, and glu-
cocorticoids may help control systemic and joint manifestations
until IL-1 or IL-6 inhibitors can be started.

Table 6. Systemic JIA with MAS*

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

Formal recommendation deferred Very low PICO 24. In patients with systemic JIA, does
the presence of subclinical MAS alter the
treatment paradigm?

130

IL-1 and IL-6 inhibitors are conditionally
recommended over calcineurin
inhibitors alone to achieve inactive
disease and resolution of MAS.

Glucocorticoids are conditionally
recommended as part of initial
treatment of systemic JIA with MAS.

There is no preferred agent.

Very low PICO 25. In patients with systemic JIA and
overt MAS, is biologic therapy superior to
calcineurin inhibitors for achievement of
inactive disease and resolution of MAS?

131–136

Formal recommendation deferred Very low PICO 26. For nonresponse or partial
response to biologic therapy, is addition
of a calcineurin inhibitor superior to
etoposide or IVIG or plasmapheresis for
achievement of inactive disease and
resolution of MAS?

137–138

Biologic DMARDs or conventional
synthetic DMARDs are strongly
recommended over long-term
glucocorticoids for residual arthritis
and incomplete response to IL-1
and/or IL-6 inhibitors.

There is no preferred agent.

Very low PICO 27. In patients with systemic JIA in
whom inactive disease is not achieved
despite treatment with both IL-1 and IL-6
agents and/or who are chronically
steroid dependent, is long-term stable
steroid treatment superior to nonsteroid
treatments (cyclophosphamide or
abatacept or rituximab or IVIG or
mesenchymal stem cell transplant or
bone marrow transplant) for
achievement of inactive disease,
achievement of partial response, growth,
ability to taper/discontinue steroids, and
minimization of side effects/medication
toxicity?

138

* JIA = juvenile idiopathic arthritis; MAS = macrophage activation syndrome; PICO = Patient/Population, Intervention,
Comparison, and Outcomes; IL-1 = interleukin-1; IVIG = intravenous immunoglobulin; DMARDs = disease-modifying
antirheumatic drugs.
† In Supplementary Appendix 3, on the Arthritis & Rheumatologywebsite at https://onlinelibrary.wiley.com/doi/10.1002/
art.42037/abstract.
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Conventional synthetic DMARDs

Conventional synthetic DMARDs are strongly recom-
mended against as initial monotherapy for systemic JIA with-
out MAS.

This recommendation is strong despite limited evidence, as
the Voting Panel noted multiple small studies of systemic JIA that
documented lack of efficacy at controlling systemic features that
are typically present at onset of disease, leading to a continued
need for glucocorticoids (66,73). Conventional synthetic DMARDs
in combination with bDMARDs can be considered for children with
prominent arthritis (74). In areas where biologic therapy is not rap-
idly attainable, thalidomide has been used to treat systemic JIA
(75). However, given ready bDMARD availability in North America
and risks of thalidomide toxicity, use of thalidomide was not con-
sidered as part of this guideline.

Systemic JIA without MAS: subsequent therapy
(Table 5)

IL-1 and IL-6 inhibitors are strongly recommended over
a single or combination of csDMARDs for inadequate
response to or intolerance of NSAIDs and/or glucocorticoids
for systemic JIA without MAS.

Most physicians and patients/caregivers preferred quickly
starting IL-1 or IL-6 inhibitors for insufficient response to NSAIDs
or glucocorticoids (66). Panel members were persuaded by trials
that documented resolution of systemic signs and ability to dis-
continue glucocorticoids (60,76–78).

Biologic DMARDs or conventional synthetic DMARDs are
strongly recommended over long-term glucocorticoids for
residual arthritis and incomplete response to IL-1 and/or IL-6
inhibitors.

There is no preferred agent.
Given the potential toxicities from long-term use of glucocorti-

coids (20), patients should receive steroid-sparing treatments for
residual arthritis. There aremany options (e.g., addingmethotrexate,
switching to abatacept or a TNFi), and ample evidence supports the
use of DMARDs for systemic JIA–associated synovitis (23,79).

Systemic JIA with MAS: initial therapy (Table 6)

Infections can trigger MAS; therefore, all persons with MAS
should be evaluated for infection concurrently with or prior to initi-
ation of therapy (80,81).

Biologic DMARDs

IL-1 or IL-6 inhibitors are conditionally recommended
over calcineurin inhibitors alone to achieve inactive disease
and resolution of MAS for systemic JIA with MAS.

There is no preferred agent.
IL-1 and IL-6 inhibitors have proven to be very helpful in the treat-

ment of systemic JIA andMAS (82–84). Some voting panelists noted
that monotherapy may not be sufficient for severely ill patients (83).
Biologic DMARDs combined with glucocorticoids and calcineurin
inhibitors may be necessary to control MAS in some patients (85).

Glucocorticoids

Glucocorticoids are conditionally recommended as part
of initial treatment of systemic JIA with MAS.

The benefits of glucocorticoids for MAS often outweigh their
risks, even in patients whose MAS is triggered by infection. Sys-
temic glucocorticoids may be necessary for severely ill patients

Table 7. Systemic JIA with inactive disease*

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

Tapering and discontinuing
glucocorticoids is strongly
recommended after inactive
disease has been attained.

Very low PICO 28. In patients with systemic JIA with
inactive disease treated with oral steroids, is
taper to discontinuation of steroids
superior to continuing long-term stable-
dose steroids for preventing disease flare
and minimizing side effects/medication
toxicity?

139

Tapering and discontinuing biologic
DMARDs is conditionally
recommended after inactive
disease has been attained.

Very low PICO 29. In patients with systemic JIA in clinical
remission with biologic monotherapy, is
tapering by decreasing dosage superior to
tapering dosing interval at preventing
disease exacerbation, preventing
development of antidrug antibodies, and
minimizing medication toxicity?

140–143

* JIA = juvenile idiopathic arthritis; PICO = Patient/Population, Intervention, Comparison, and Outcomes;
DMARDs = disease-modifying antirheumatic drugs.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42037/abstract.
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because they can have a rapid onset of action. However, although
treatment with high-dose glucocorticoids may be required for dis-
ease control, subsequent glucocorticoid therapy should be limited
to the lowest effective dosage for the shortest duration possible.
Longer-term glucocorticoid therapy in children is not appropriate
because of its effects on bone health and growth (20).

Systemic JIA with MAS: subsequent therapy
(Table 6)

Biologic DMARDS or csDMARDs are strongly recom-
mended over long-term glucocorticoids for residual arthritis
and incomplete response to IL-1 and/or IL-6 inhibitors.

Inactive systemic JIA with or without history of
MAS (Table 7)

Tapering and discontinuing glucocorticoids is strongly
recommended after inactive disease has been attained in
systemic JIA.

The risk of flare from systemic JIA that is well controlled is
considerably outweighed by possible harms from long-term glu-
cocorticoid use, even at low doses (86), accounting for this strong
recommendation. If a patient is receiving both DMARDs and glu-
cocorticoids, systemic glucocorticoids should be tapered and
discontinued first before attempting to taper bDMARDs or
csDMARDs. It is unclear how soon or rapidly these can be safely
discontinued in patients with inactive systemic JIA.

Tapering and discontinuing bDMARDs is conditionally
recommended after inactive disease has been attained in
systemic JIA.

In children with systemic JIA whose disease is inactive, it may
be possible to maintain this inactive disease state with lower doses
of, or discontinuation of, bDMARDs (74,87). It is unclear how soon
after achievement of inactive disease these can be tapered. No
method of tapering is specified (e.g., decreasing dosage versus
increasing intervals between doses) given lack of evidence (86),
but patients/caregivers tended to prefer increasing intervals.

DISCUSSION

The recommendations presented herein are a companion to
those published in 2019 (3,4) and cover areas not previously
addressed: oligoarthritis, TMJ arthritis, and systemic JIA with and
without MAS. In many ways, one must view this guideline as a road
map for future study. Most of the available evidence for the relevant
PICO questions was of very low quality, contributing to 16 of the
25 recommendations being conditional. None of the recommenda-
tions were supported by moderate- or high-quality evidence. Simi-
lar to the 2019 guidelines, recommendations are grouped based
on disease phenotype and not by specific classification criteria,

reflecting clinical practice, in which disease characteristics, severity,
and risk of damage generally drive treatment decisions. These rec-
ommendations differ quite substantially from those published in
2011 and 2013 (1,2), reflecting increased experience with and
availability of bDMARDs as well as a deeper understanding of JIA
pathogenesis and long-term risks of undertreatment.

The Voting Panel and Patient/Caregiver Panel both engaged in
vigorous discussions over the use of NSAIDs and oral glucocorti-
coids (88) in the treatment of JIA, regardless of phenotype. Given
the availability of safer, effective alternatives, both panels agreed that
these medications should be used sparingly and largely as a bridge
until more definitive treatment is available. This is a marked change
from previous clinical practice, in which both were mainstays of
treatment and subsequent risk of chronic disability was high (89,90).

Another major change in recommendations for the treatment
of systemic JIA is the use of bDMARDs as initial treatment or upon
inadequate response to a short course of NSAIDs. The addition of
csDMARDs is recommended only for persistent synovitis despite
treatment with bDMARDs. This recommendation reflects growing
understanding about the roles of specific cytokines in systemic
JIA and the ability to induce remission with targeted therapy
against IL-6 and IL-1 (62,74,91). Reports of a highly fatal lung dis-
ease in some bDMARD-treated young children with systemic JIA
(68,69) temper this enthusiasm, and additional investigation is
needed to determine what role, if any, bDMARDs play in the path-
ogenesis of this complication.

This guideline’s focus on oligoarthritis complements previ-
ously published recommendations for polyarthritis (3). However,
it was clear in Voting Panel discussions that the number of
involved joints alone was insufficient to tailor treatment decisions.
Specific involvement of key joints (e.g., TMJ, wrist, sacroiliac, hip,
and ankle) and other features (e.g., erosions) were considered
reasonable justification for early escalation of therapy (92). This
approach is reflected in a distinct set of recommendations specif-
ically addressing TMJ arthritis.

The use of IAGCs was extensively discussed. Recommenda-
tions from 2011 and 2019 to preferentially use triamcinolone hex-
acetonide for oligoarthritis (1,3) were reaffirmed, while no specific
formulation for TMJ IAGC injection was noted. Triamcinolone hex-
acetonide has been shown to be superior to alternative injectable
glucocorticoids in achieving and maintaining remission in children
with JIA (17–19). Triamcinolone hexacetonide has been commer-
cially unavailable in the US for many years, forcing physicians to
consider less effective, more toxic, or more costly alternatives.
However, very recently the FDA allowed the importation of one
particular formulation of triamcinolone hexacetonide specifically
for joint injections in patients with JIA (93) to address an identified
unmet medical need.

There is much that remains to be learned. Studies must
be performed to obtain high-quality data to fill in the evidentiary
gaps (Supplementary Appendix 7, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
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10.1002/art.42037/abstract). There remain important areas with
little or no evidence to guide management, suggesting an agenda
for future research. Head-to-head trials are needed to understand
the optimal order and roles of csDMARDs and bDMARDs for
children with JIA. We need improved understanding of which
class of medication is best for a particular child, allowing for more
precise treatment and less time before remission is attained.
Biosimilars were not addressed in this guideline, as these medica-
tions were not included in the literature review, and there was no
available evidence assessing their use in JIA. More widespread
use of biosimilars will add more questions about their relative
safety and effectiveness in children who start or switch to them
for JIA treatment.

Patient/caregiver input was instrumental in creating these
recommendations. Several major themes emerged from their par-
ticipation. Patients/caregivers stressed the need for individualizing
treatments because what works for one does not work for all (94).
To facilitate individualization, no rigid time frames were required
for an advancement of treatment. Moving quickly may be needed
for a patient whose condition is rapidly worsening, while moving
more slowly may be appropriate for one whose condition has
improved substantially but not fully. Panel participants empha-
sized the critical importance of shared decision-making that con-
siders patients’ and caregivers’ values, goals, and preferences
(95). The depth and breadth of the impact of JIA on the lives and
well-being of affected children and their families cannot be over-
stated (96,97). It is hoped that in the future, more effective, reliable
treatments for this disease will be available (98).

This guideline breaks new ground in recommending treat-
ment withdrawal for children with systemic JIA, who may have
lower risks of flare than are associated with other forms of JIA
(99,100). As we look toward the future, we can only hope that
similar recommendations around tapering medications can be
made for every JIA category. There is a need for biomarkers that
can help distinguish disease that still requires treatment from that
which has completely resolved, as currently the risk of relapse
remains high upon medication tapering.

The low quality of evidence supporting these recommenda-
tions underscores the importance of clinical judgment and shared
decision-making in everyday care of individuals with JIA. Similarly,
this guideline and the many uncertainties acknowledged herein
represent a powerful reminder of the need for more high-quality
evidence to support (or refute) current practices and to improve
the management of JIA and well-being of all individuals living with
the disease.
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Objective. To provide recommendations for the management of juvenile idiopathic arthritis (JIA) with a focus on
nonpharmacologic therapies, medication monitoring, immunizations, and imaging, irrespective of JIA phenotype.

Methods. We developed clinically relevant Patient/Population, Intervention, Comparison, and Outcomes ques-
tions. After conducting a systematic literature review, the Grading of Recommendations Assessment, Development
and Evaluation approach was used to rate the quality of evidence (high, moderate, low, or very low). A Voting Panel
including clinicians and patients/caregivers achieved consensus on the direction (for or against) and strength (strong
or conditional) of recommendations.

Results. Recommendations in this guideline include the use of physical therapy and occupational therapy interven-
tions; a healthy, well-balanced, age-appropriate diet; specific laboratory monitoring for medications; widespread use of
immunizations; and shared decision-making with patients/caregivers. Disease management for all patients with JIA is
addressed with respect to nonpharmacologic therapies, medication monitoring, immunizations, and imaging. Evidence
for all recommendations was graded as low or very low in quality. For that reason, more than half of the recommenda-
tions are conditional.

Conclusion. This clinical practice guideline complements the 2019 American College of Rheumatology JIA and
uveitis guidelines, which addressed polyarthritis, sacroiliitis, enthesitis, and uveitis, and a concurrent 2021 guideline

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

The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or endorse
any commercial product or service.
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on oligoarthritis, temporomandibular arthritis, and systemic JIA. It serves as a tool to support clinicians, patients, and
caregivers in decision-making. The recommendations take into consideration the severity of both articular and nonar-
ticular manifestations as well as patient quality of life. Although evidence is generally low quality and many recommen-
dations are conditional, the inclusion of caregivers and patients in the decision-making process strengthens the
relevance and applicability of the guideline. It is important to remember that these are recommendations. Clinical deci-
sions, as always, should be made by the treating clinician and patient/caregiver.

INTRODUCTION

Reflecting the changingmedical landscape, the American Col-
lege of Rheumatology (ACR) regularly updates clinical practice
guidelines and plans to review these annually and update as
needed. The process for updating the 2011 and 2013 juvenile idio-
pathic arthritis (JIA) guidelines (1,2) began in 2017. Important clini-
cal topics for consideration were first identified at a meeting to
define the scope of the guidelines. Advances in the treatment of
JIA and better understanding of pathogenesis dictated separating
this clinical practice guideline into several parts due to the breadth
of topics. The first part, addressing polyarthritis, sacroiliitis, enthesi-
tis, and uveitis, was published in 2 articles in 2019 (3,4). The sec-
ond part, presented here in 2 articles, covers 1) oligoarthritis,
temporomandibular joint (TMJ) arthritis, and systemic JIA, and 2)
nonpharmacologic treatments, patient monitoring, immunizations,
and imaging (5). The methods and literature review described
below reflect the unified process used for the second part of these
guidelines, including both articles.

We developed clinically relevant Patient/Population, Interven-
tion, Comparison, and Outcomes (PICO) questions. Using Grad-
ing of Recommendations Assessment, Development and
Evaluation (GRADE) methodology, recommendations were then
developed based on the best available evidence for commonly
encountered clinical scenarios. Prior to final voting, input was

sought from relevant stakeholders including a panel of young
adults with JIA and caregivers of children with JIA to consider their
values and perspectives in making recommendations. Both the
patient/caregiver and guideline Voting Panels stressed the need
for individualized treatment while being mindful of available evi-
dence and the need to include recommendations on nonpharma-
cologic therapies.

METHODS

This guideline followed the ACR guideline development pro-
cess and ACR policy guiding management of conflicts of
interest and disclosures (https://www.rheumatology.org/Practice-
Quality/Clinical-Support/Clinical-Practice-Guidelines), which include
GRADE methodology (6,7), and adheres to Appraisal of Guidelines,
Research and Evaluation criteria (8). Supplementary Appendix 1
(available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract) includes
a detailed description of the methods. Briefly, the Core Leadership
Team (KBO, DBH, DJL, SS) drafted clinical PICO questions. PICO
questions were revised and finalized based on feedback from
the entire guideline development group and the public. The Litera-
ture Review Team performed systematic literature reviews for
each PICO (for search terms, see Supplementary Appendix 2,
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https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract),
graded the quality of evidence (high, moderate, low, or very low),
and produced the evidence report (Supplementary Appendix 3,
https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract).
It should be noted that GRADE methodology does not distin-
guish between lack of evidence (i.e., none) and very low–quality
evidence. The Core Team defined multiple critical study
outcome(s) for PICOs relevant to each JIA phenotype
(Supplementary Appendix 4, https://onlinelibrary.wiley.com/doi/
10.1002/art.42036/abstract).

A panel of 15 members, including young adults with JIA
and caregivers of children with JIA, met virtually (moderated by
the principal investigator [KBO]), reviewed the evidence report,
and provided input to the Voting Panel. Two members of this
panel were also members of the Voting Panel to ensure that
the patient voice was part of the entire process. The Voting
Panel reviewed the evidence report and patient/caregiver per-
spectives and then discussed and voted on recommendation
statements. Consensus required ≥70% agreement on both
direction (for or against) and strength (strong or conditional) of
each recommendation, as per ACR practice. A recommenda-
tion could be either in favor of or against the proposed interven-
tion and either strong or conditional. According to GRADE, a
recommendation is categorized as strong if the panel is very
confident that the benefits of an intervention clearly outweigh
the harms (or vice versa); a conditional recommendation
denotes uncertainty regarding the balance of benefits and

harms, such as when the evidence quality is low or very low, or
when the decision is sensitive to individual patient preferences,
or when costs are expected to impact the decision. Thus, con-
ditional recommendations refer to decisions in which incorpora-
tion of patient preferences is a particularly essential element
of decision-making. Examples of each class of intervention
addressed in the recommendations are shown in Table 1.
Rosters of the Core Leadership Team, Literature Review Team,
and both panels are included in Supplementary Appendix 5
(https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract).

Guiding principles

The development of the recommendations presented herein
was guided by the following principles:

1. Consistent with the ACR’s 2019 JIA guidelines, these recom-
mendations are for persons already diagnosed as having JIA.

2. Coexisting extraarticular conditions that would influence dis-
ease management and monitoring, such as uveitis, psoriasis,
or inflammatory bowel disease, are not addressed within these
guidelines.

3. Recommendations for immunizations were evaluated to be
consistent with guidelines from the American Academy of
Pediatrics (AAP) and the Advisory Committee on Immunization
Practices (ACIP) while taking into consideration the unique
needs of persons with JIA.

4. Recommendations are intended to be used by all clinicians
caring for persons with JIA.

5. Shared decision-making with families and patients is critical.

RESULTS/RECOMMENDATIONS

The initial literature review (through August 7, 2019) identified
4,308 articles in searches for all PICO questions pertaining to oli-
goarthritis, TMJ arthritis, systemic JIA, and the topics addressed
in this report, including nonpharmacologic therapies, nutrition,
supplements, medication monitoring, immunizations, and imag-
ing. A July 9, 2020 search update identified 367 more references,
for a total of 4,675 articles after duplicates and non-English publi-
cations were removed. After exclusion of 2,291 titles and
abstracts, 2,384 full-text articles were screened. Of these, 1,939
were excluded (Supplementary Appendix 6, on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42036/abstract), leaving 445 articles to be consid-
ered for the evidence report. Ultimately, 336 articles were
matched to PICO questions and included in the final evidence
report. Quality of evidence was uniformly low or very low; 17 PICO
questions lacked any associated evidence and, as per GRADE
methodology, were categorized as very low (Tables 2–6). The rec-
ommendations that follow are based on 62 PICO questions. Sev-
eral PICO questions were split into 24 sub-PICO questions to

Table 1. Classes of interventions

Nonsteroidal
antiinflammatory drugs

Any at therapeutic dosing
(ibuprofen, naproxen, tolmetin,
indomethacin, meloxicam,
nabumetone, diclofenac,
piroxicam, etodolac, celecoxib)

Conventional synthetic
disease-modifying
antirheumatic drugs

Methotrexate, sulfasalazine,
hydroxychloroquine,
leflunomide, calcineurin
inhibitors (cyclosporin A,
tacrolimus)

Biologic disease-modifying
antirheumatic drugs

Tumor necrosis factor inhibitors
(adalimumab, etanercept,
infliximab, golimumab,
certolizumab pegol); other
biologic response modifiers
(abatacept, tocilizumab,
anakinra, canakinumab)

Targeted synthetic disease-
modifying antirheumatic
drugs

JAK inhibitor (tofacitinib)

Glucocorticoids Oral (any); intravenous (any);
intraarticular (triamcinolone
acetonide, triamcinolone
hexacetonide)

Immunizations Live attenuated; inactivated
Nonpharmacologic therapies Physical therapy; occupational

therapy; dietary changes;
herbal supplements
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improve specificity. Nine questions initially posed were discarded
by the Voting Panel because of redundancy or lack of relevance.
Final recommendations are described below and in Tables 3–6,
which include reference(s) to which PICO question(s) in the evi-
dence report correspond to the recommendation statement.

Nonpharmacologic therapies (Table 3)

Patient/caregiver panelists specifically asked that recom-
mendations for nonpharmacologic treatment be included in this
guideline, although they understood that evidence to support
specific statements is generally lacking.

Physical and occupational therapy (PT/OT)

PT and OT are conditionally recommended regardless of
concomitant pharmacologic therapy.

Reasons for using PT or OT include maintaining or
improving joint range of motion (particularly for contractures),
improving strength, reversing functional deficits, improving
endurance, preventing injury, and promoting improved partici-
pation in activities of daily living, family routines, and occupa-
tions (9,10).

Nutrition

A discussion of healthy, age-appropriate diet is strongly
recommended.

Use of a specific diet to treat JIA is strongly recom-
mended against.

Ample evidence supports the value of a healthy, balanced,
nutrient-dense diet for all children, with consideration of specific
age-appropriate nutritional requirements (e.g., fat, calcium)

Table 2. Strength of recommendations and quality of supporting evidence

Topic

Strength of recommendation Quality of supporting evidence

No. of recommendations Conditional Strong Very low Low Moderate High

Nonpharmacologic therapies 4 2 2 4 0 0 0
Medication monitoring* 20 17 3 17 0 0 0
Infection surveillance/immunizations 7 3 4 5 2 0 0
Imaging 2 1 1 2 0 0 0
Total 33 23 10 28 2 0 0

* Lack of evidence for tofacitinib given the US Food and Drug Administration approval date.

Table 3. Nonpharmacologic therapies*

Recommendation

Certainty
of

evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

A discussion of healthy, age-appropriate diet is
strongly recommended.

Very low PICO 7. In children with oligoarticular JIA, should dietary or
herbal interventions be recommended, in addition to
whatever other therapeutic options are given, versus not
recommending them?

48–49

Use of a specific diet to treat JIA is strongly
recommended against.

Very low PICO 7. In children with oligoarticular JIA, should dietary or
herbal interventions be recommended, in addition to
whatever other therapeutic options are given, versus not
recommending them?

48–49

Use of supplemental or herbal interventions
specifically to treat JIA is conditionally
recommended against.

Very low PICO 17. In children with JIA with active TMJ arthritis, should
dietary or herbal interventions be recommended, in
addition to whatever other therapeutic options are given,
versus not recommending them?

60

Physical and occupational therapy are
conditionally recommended regardless of
concomitant pharmacologic therapy.

Very low PICO 8. In children with oligoarticular JIA, regardless of disease
activity and poor prognostic features, should PT/OT versus
no PT/OT (regardless of concomitant medical therapy) be
recommended?

PICO 18. In children with JIA with active TMJ arthritis,
regardless of disease activity and poor prognostic features,
should PT versus no PT (regardless of concomitant medical
therapy) be recommended?

49–51

60

* PICO = Patient/Population, Intervention, Comparison, and Outcomes; JIA = juvenile idiopathic arthritis; TMJ = temporomandibular joint;
PT = physical therapy; OT = occupational therapy.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract.
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Table 4. Medication monitoring*

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

NSAIDs: Monitoring via CBC counts, LFTs, and renal
function tests every 6–12 months is conditionally
recommended.

Very low PICO 30. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel, and urinalysis) for children receiving long-
term daily NSAID treatment?

144–145

MTX: Monitoring via CBC counts, LFTs, and renal
function tests within the first 1–2 months of usage
and every 3–4 months thereafter is strongly
recommended.

Very low PICO 31. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel) for children being treated with MTX (oral or
subcutaneous)?

145–150

Decreasing the MTX dosage or withholding MTX is
conditionally recommended if a clinically relevant
elevation in LFT results or decreased neutrophil or
platelet count is found.

Very low PICO 32. After MTX (oral or subcutaneous) is initiated, is
there a recommended medication change in
response to elevated LFT results and decreased
neutrophil or platelet count?

150–153

Use of folic/folinic acid in conjunction with MTX is
strongly recommended.

Very low PICO 7. In children with oligoarticular JIA, should dietary
or herbal interventions be recommended, in
addition to whatever other therapeutic options are
used, versus not recommending them?

60

SSZ: Monitoring via CBC counts, LFTs, and renal
function tests within the first 1–2 months of usage
and every 3–4 months thereafter is conditionally
recommended.

Very low PICO 33. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel) for children with JIA being treated with SSZ?

153–155

Decreasing the SSZ dosage or withholding SSZ is
conditionally recommended if a clinically relevant
elevation in LFT results or decreased neutrophil or
platelet count is found.

Very low PICO 34. After SSZ is initiated, is there a recommended
medication change in response to elevated LFT
results and decreased neutrophil or platelet count?

155–157

LEF: Monitoring via CBC counts and LFTs within the
first 1–2 months of usage and every 3-4 months
thereafter is conditionally recommended.

Very low PICO 35. Should children with JIA receiving LEF have
serum creatinine testing, urinalysis, CBC count, and
LFTs before and during treatment, per
manufacturer’s recommendations?

157–158

Altering LEF administration is conditionally
recommended if a clinically relevant elevation in
LFT results occurs (temporary withholding of LEF if
the ALT level is >3 times the upper limit of normal
[ULN]), as per the package insert.

Very low PICO 36. After LEF is initiated, should medication
dosage be altered according to the package insert in
response to elevated LFT results?

158–159

Baseline and annual retinal screening after starting
HCQ are conditionally recommended.

Very low PICO 37. Should children with JIA receiving treatment
with HCQ have annual screening tests with
automated visual fields, if age appropriate, plus
spectral-domain optical coherence tomography,
versus starting annual screening 5 years after
treatment initiation?

159

HCQ: Monitoring via CBC counts and LFTs annually is
conditionally recommended.

Very low PICO 38. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel) for children with JIA being treated with HCQ?

159

TNFi: Monitoring via CBC counts and LFTs annually is
conditionally recommended.

Very low PICO 39. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel, and urinalysis) for children with JIA receiving
TNFi treatment?

160–161

Abatacept: Doing no routine laboratory monitoring is
conditionally recommended.

Very low PICO 40. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel, and urinalysis) for children with JIA receiving
abatacept treatment?

161–162

Tocilizumab: Monitoring via CBC counts and LFTs
within the first 1–2 months of usage and every 3–4
months thereafter is conditionally recommended.

Monitoring of lipid levels every 6 months is
conditionally recommended, as per the package
insert.

Very low PICO 41. Should children with JIA receiving tocilizumab
have serum creatinine testing, urinalysis, CBC count,
and LFTs before and during treatment, per
manufacturer’s recommendations?

162

(Continued)
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(11,12). Therefore, it is worthwhile to address the importance of
an age-appropriate diet (13). However, there is no evidence to
date that supports the use of a specific diet alone to treat JIA
(14,15). Furthermore, some overly restrictive diets (e.g., gluten-
free, dairy-free) may result in nutritional deficits and risk of other
harms (e.g., delay in treatment, cost, inconvenience).

Supplements

Use of supplemental or herbal interventions specifically
to treat JIA is conditionally recommended against.

Voting panelists had concerns about the safety of unreg-
ulated supplements and herbal formulations and stressed the
importance of discussion and transparency regarding their
use. Some evidence of efficacy supports the use of supple-
ments (e.g., fish oils) to treat joint inflammation in adults,
but there are only very limited efficacy and safety data for
JIA (16).

Monitoring

Medications (Tables 4 and 5)

When making decisions regarding laboratory monitoring to
detect medication toxicity, the risk of adverse events and
patients’/caregivers’ desire for safety should be balanced with
the pain, inconvenience, and cost of phlebotomy and laboratory
tests. The following recommendations pertain to specific medica-
tions or medication classes. If a child is receiving >1 medication,
the more frequent schedule for laboratory testing is recom-
mended. In formulating the recommendations below, the Voting
Panel considered the US Food and Drug Administration (FDA)
prescription drug labels (package inserts) in addition to the stud-
ies included in the systematic review.

For medications that are known teratogens (e.g., methotrexate,
leflunomide), when applicable, pregnancy testing should be

considered before usage, and counseling on effective methods

of contraception is recommended (17). When required by the

Table 4. (Cont’d)

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

Altering tocilizumab administration is conditionally
recommended if monitoring reveals elevated
LFT results (if 1–3 times the ULN, decrease the
dosage or increase the interval between doses, if
>3 times the ULN, withhold administration,
if >5 times the ULN, discontinue treatment),
neutropenia (500–1,000/mm3), or thrombocytopenia
(50,000–100,000/mm3), as per the package insert.

Very low PICO 42. After tocilizumab is initiated, should
medication dosage be altered according to the
package insert in response to elevated LFT results,
neutropenia, and/or thrombocytopenia?

163

Anakinra: Monitoring via CBC counts and LFTs within
the first 1–2 months of usage and every 3–4 months
thereafter is conditionally recommended.

Very low PICO 43. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel, and urinalysis) for children with JIA receiving
anakinra treatment?

163–164

Canakinumab: Monitoring via CBC counts and LFTs
within the first 1–2 months of usage and every 3–4
months thereafter is conditionally recommended.

Very low PICO 44. Is there a recommended laboratory screening
schedule (CBC count, comprehensive metabolic
panel, and urinalysis) for children with JIA receiving
canakinumab treatment?

164

Tofacitinib: Monitoring via CBC counts and LFTs
within the first 1–2 months of usage and every 3–4
months thereafter is conditionally recommended.

Monitoring of lipid levels 1–2 months after starting
treatment is conditionally recommended, as per
the package insert.

Altering tofacitinib administration is strongly
recommended if monitoring reveals laboratory
abnormalities of concern. Specifically, medication
should be discontinued if the hemoglobin level is
<8 gm/dl or decreases by >2 gm/dl, or for severe
neutropenia (<500/mm3) or lymphopenia (<500/
mm3), as per the package insert.

‡ ‡ ‡

* PICO = Patient/Population, Intervention, Comparison, and Outcomes; NSAIDs = nonsteroidal antiinflammatory drugs; CBC = complete blood
cell; LFTs = liver function tests; MTX = methotrexate; JIA = juvenile idiopathic arthritis; SSZ = sulfasalazine; LEF = leflunomide; ALT = alanine ami-
notransferase; ULN = upper limit of normal; HCQ = hydroxychloroquine; TNFi = tumor necrosis factor inhibitor.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract.
‡ Given recent approval for JIA and limited experience, recommendations are based on clinical trial, US Food and Drug Administration guid-
ance, and evidence in adults.
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FDA, a Risk Evaluation and Mitigation Strategy should be

applied (18).

Baseline laboratory testing is conditionally recom-
mended prior to treatment initiation, for all medications.

Baseline laboratory evaluation is recommended to identify
potential contraindications to a specific treatment. This should
include complete blood cell count (CBC) with differential cell count
and liver function tests (LFTs) (e.g., alanine aminotransferase [ALT]
and aspartate aminotransferase), plus renal function tests
(e.g., blood urea nitrogen, creatinine, and urinalysis) for patients
being treated with methotrexate, sulfasalazine, or nonsteroidal anti-
inflammatory drugs (NSAIDs) and lipid profiles for patients being
treated with tocilizumab and tofacitinib. Additional laboratory testing
may be performed at the discretion of the treating clinician.

NSAIDs (all)

Monitoring via CBC counts, LFTs, and renal function
tests every 6–12 months is conditionally recommended.

NSAIDs are known to be associated with gastrointestinal
(GI) bleed risk and liver and kidney toxicity in adults with rheumatic
diseases. Although these may be rare in children, the Voting Panel
deemed it important to monitor for laboratory abnormalities peri-
odically in children receiving long-term NSAIDs. Because GI

distress when consistently taking NSAIDs is common, patients/
caregivers strongly suggested that clinicians should inquire about
and potentially treat GI symptoms, which may not always be
spontaneously reported (19,20).

Methotrexate

Monitoring via CBC counts, LFTs, and renal function
tests within the first 1–2 months of usage and every 3–4
months thereafter is strongly recommended.

Voting panelists debated whether frequent methotrexate
toxicity monitoring (as per the package instructions, i.e., CBC
count monthly and renal/liver function every 1–2 months) should
be recommended for children, given the low incidence of liver tox-
icity (21,22). However, rare potential for serious harm in children
and consistency in monitoring schedule during pediatric-to-adult
care transition influenced the panel’s decision to provide a strong
recommendation for frequent monitoring (23).

Decreasing the methotrexate dosage or withholding
methotrexate is conditionally recommended if a clinically rel-
evant elevation in LFT results or decreased neutrophil or
platelet count is found.

The panel did not reach consensus on specific values to
define elevated LFT results or reduced cell counts. Clinically

Table 5. Medication monitoring*

MTX†‡ SSZ† LEF‡
Tocili-
zumab

Ana-
kinra Tofacitinib Canakinumab NSAIDs† HCQ TNFi

Aba-
tacept

CBC/diff. count and LFTs
Baseline
1–2 months after
starting

X X X X X X X – – – –

Every 3–4 months
thereafter§

CBC/diff. count and LFTs
Baseline – – – – – – – X – – –

Every 6–12 months
CBC/diff. count and LFTs
Baseline – – – – – – – – X X –

Once yearly
Lipid panel
Baseline – – – X – – – – – – –

Every 6 months
Lipid panel
Baseline – – – – – X – – – – –

4–8 weeks after
starting

Eye examination
Baseline – – – – – – – – X – –

Once yearly
None required – – – – – – – – – – X

* If the patient is receiving >1 medication, a more restrictive schedule should be used. MTX = methotrexate; SSZ = sulfasalazine;
LEF = leflunomide; NSAIDs = nonsteroidal antiinflammatory drugs; HCQ = hydroxychloroquine; TNFi = tumor necrosis factor inhibitor; CBC/diff.
= complete blood cell with differential; LFTs = liver function tests.
† Include renal function testing with laboratory studies.
‡ Pregnancy testing should be considered before use, and counseling on use of effective methods of contraception is recommended.
§ Should be rechecked sooner if dosage is increased.
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relevant laboratory abnormalities may include repetitive minor
abnormalities or a single major abnormality. LFT results may be
transiently elevated if testing is done within 2 days after adminis-
tration of methotrexate; hence, testing within this window is
discouraged.

Use of folic/folinic acid in conjunction with methotrexate
is strongly recommended.

Use of folic/folinic acid with methotrexate may mitigate
adverse events and improve tolerability (24,25).

Sulfasalazine

Monitoring via CBC counts, LFTs, and renal function
tests within the first 1–2 months of usage and every 3–4
months thereafter is conditionally recommended.

Recommended monitoring is less frequent than sug-
gested in the package insert for sulfasalazine (which suggests
CBC counts and LFTs every second week in the first 3 months,
monthly during the next 3 months, and then every 3 months)
because most children have fewer comorbidities and poly-
pharmacy usage is rare, allowing for fewer drug inter-
actions (26–28).

Decreasing the sulfasalazine dosage or withholding sul-
fasalazine is conditionally recommended if a clinically rele-
vant elevation in LFT results or decreased neutrophil or
platelet count is found.

While adverse reactions can be serious, including
Stevens-Johnson syndrome or drug reaction with eosinophilia
and systemic symptoms syndrome (DRESS) (29), the Voting
Panel thought the data were too limited to make this recom-
mendation strong.

Leflunomide

Monitoring via CBC counts and LFTs within the first 1–2
months of usage and every 3–4 months thereafter is condi-
tionally recommended.

Recommended LFT monitoring is less frequent than sug-
gested in the leflunomide package insert (which recommends
CBC counts and ALT testing monthly for 6 months and then every
6–8 weeks) (30) because most children have fewer comorbidities
and polypharmacy usage is rare, allowing for fewer drug interac-
tions (31).

Altering leflunomide administration is conditionally recom-
mended if a clinically relevant elevation in LFT results occurs
(temporary withholding of leflunomide if the ALT level is >3
times the upper limit of normal [ULN]), as per the package insert.

Elimination of leflunomide can be accelerated with the use of
cholestyramine or activated charcoal (30), when required.

Hydroxychloroquine

Monitoring via CBC counts and LFTs annually is
conditionally recommended.

As per the hydroxychloroquine package insert (32), periodic
laboratory monitoring should be performed if patients are receiv-
ing prolonged therapy.

Baseline and annual retinal screening after starting
hydroxychloroquine are conditionally recommended.

Yearly screening should be performed in pediatric patients,
rather than waiting 5 years between baseline and subsequent
annual screening as recommended for hydroxychloroquine-treated
adults (33). The cumulative and developmental effects of hydroxy-
chloroquine are a concern because children may be receiving treat-
ment for prolonged periods and may not be able to articulate vision
concerns. Baseline retinal screening should be completed as soon
as possible and combined with screening for uveitis when feasible.
Treatment does not need to be delayed for initial retinal screening.

Tumor necrosis factor inhibitors (TNFi) (all)

Monitoring via CBC counts and LFTs annually is condi-
tionally recommended.

As per package inserts, cytopenias and abnormal LFTs have
been reported in association with TNFi treatment. Therefore, eval-
uation yearly at minimum is recommended (34,35).

Abatacept

Doing no routine laboratory monitoring is conditionally
recommended.

In placebo-controlled clinical trials of abatacept for
JIA, children had similar CBC counts and LFT results irrespective
of treatment arm (36), and no laboratory monitoring is suggested
in the package insert (37). The decision to perform laboratory
monitoring may be discussed with patients/caregivers who, like
some of the voting panelists, may prefer routine monitoring to
identify potential adverse events, even if rare.

Tocilizumab

Monitoring via CBC counts and LFTs within the first
1–2 months of usage and every 3–4 months thereafter is con-
ditionally recommended.

Monitoring of lipid levels every 6 months is conditionally
recommended, as per the package insert.
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Altering tocilizumab administration is conditionally
recommended if monitoring reveals elevated LFT results
(if 1–3 times the ULN, decrease the dosage or increase
the interval between doses, if >3 times the ULN, withhold
administration, if >5 times the ULN, discontinue treat-
ment), neutropenia (500–1,000/mm3), or thrombocytopenia
(50,000–100,000/mm3), as per the package insert.

As per the package insert, initiation of tocilizumab treat-
ment is not recommended in patients with elevated LFT results
(>1.5 times the ULN) (38). In patients in whom LFT results
become highly elevated (>5 times the ULN), treatment should
be discontinued. The package insert does state that the
decision to discontinue tocilizumab due to a laboratory
abnormality should be based on the medical assessment of
the individual patient. For that reason, this recommendation is
conditional.

Anakinra

Monitoring via CBC counts and LFTs within the first 1–2
months of usage and every 3–4 months thereafter is condi-
tionally recommended.

Abnormal LFTs and neutropenia may occur with the use of
anakinra (39). For that reason, as well as the severity of the under-
lying disease, regular monitoring should be performed.

Canakinumab

Monitoring via CBC counts and LFTs within the first 1–2
months of usage and every 3–4 months thereafter is condi-
tionally recommended.

Abnormal LFT results and cytopenias were noted during a
phase III clinical trial of canakinumab for systemic JIA (40). For that
reason, as well as the severity of the underlying disease, regular
monitoring should be performed.

Tofacitinib

Monitoring via CBC counts and LFTs within the first 1–2
months of usage and every 3–4 months thereafter is condi-
tionally recommended.

Monitoring of lipid levels 1–2 months after starting treat-
ment is conditionally recommended, as per the package
insert.

Altering tofacitinib administration is strongly recom-
mended if monitoring reveals laboratory abnormalities of
concern. Specifically, medication should be discontinued if
the hemoglobin level is <8 gm/dl or decreases by >2 gm/dl,

or for severe neutropenia (<500/mm3) or lymphopenia
(<500/mm3), as per the package insert.

Data on tofacitinib were not part of the initial literature review,
but the panel considered it important to include this recommen-
dation because in 2020 tofacitinib was approved by the FDA for
treatment of JIA (41). An additional Voting Panel session was
organized for this purpose.

Infection surveillance (Table 6)

Tuberculosis (TB)

TB screening is conditionally recommended prior to
starting biologic disease-modifying antirheumatic drug
(DMARD) therapy and when there is a concern for TB expo-
sure thereafter.

Concern for TB exposure should be interpreted broadly and
could include contact with someone with active TB, travel to
locations where TB is endemic, contact with high-risk individuals
(e.g., prisoners, visitors from TB-endemic areas), or living in
communities with a higher frequency of TB (42,43). The condi-
tional recommendation reflects 2 major concerns: In certain
urgent clinical situations, the harms of waiting for results of TB
screening may outweigh the benefits of treatment. For example,
in a child with active systemic JIA and macrophage activation
syndrome (MAS), treatment should not be delayed pending TB
screening results. Annual screening for TB can pose problems
for children and families. Insurers or institutions may require a
specific method that is potentially problematic (44,45). For
example, TB screening may be done by questionnaire; however,
this depends on knowledge of exposure. The interferon-γ
release assay is expensive, not valid in young children, and sub-
ject to frequent indeterminate results, particularly during anergy.
Tuberculin skin testing is user dependent and inconvenient
because 2 visits are required. In addition, false-positive results
often lead to unnecessary chest radiography and isoniazid treat-
ment. For children living in areas with a low prevalence of TB,
mandatory annual laboratory-based TB screening represents a
high burden of cost, inconvenience, and pain that is not sup-
ported by the literature reviewed.

Viral infections

Voting panelists could not reach consensus on whether all
children with JIA should have antibody titers for specific infec-
tions (e.g., measles, varicella, hepatitis B, hepatitis C) checked
prior to starting immunosuppressive medication, although
more panelists were against this practice than for it. Some pan-
elists believed the information might be useful for risk manage-
ment in case of an outbreak or exposure. Most believed that
screening a fully immunized child was of low benefit and might
delay treatment and incur unnecessary cost. Although
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screening for hepatitis B and C is done in adults prior to treat-
ment with DMARDs, most children are effectively immunized
against hepatitis B as infants (46), and the number of children
below the age of 19 years with hepatitis C in the US remains
exceedingly low (47).

Immunizations (Table 6)

Because some patients/caregivers have concerns about the
safety of vaccines in JIA, clinicians must discuss with families the evi-
dence that strongly supports their benefits and safety. Whenever
possible, immunizations should be administered according to the
schedule recommended by the ACIP and the AAP or corresponding
national recommendations. As immunization schedules are fre-
quently updated, clinicians should ensure that they are using the

most recent versions (48). Multiple cohort studies have demonstrated
that most children with JIA mount a protective response after immu-
nizations and that immunizations do not cause disease flare (49–52).

Annual inactivated influenza immunization is strongly
recommended for all children with JIA

All children with JIA, including children receiving immuno-

suppressive medication, should receive inactivated influenza

immunizations annually (53). This recommendation is strong

despite very low evidence in JIA, given the overwhelming pre-

ponderance of supporting literature in other inflammatory dis-

eases and the risk of severe infection (54–57). Intranasal

influenza immunization is contraindicated for children with JIA

who are receiving immunosuppressive treatment, as it is a live

attenuated immunization.

Table 6. Infection surveillance/immunizations*

Recommendation
Certainty of
evidence PICO evidence report(s) basis

Page no(s). of
evidence
tables†

No consensus achieved. Very low PICO 45. Should all children with JIA have infection
titers (measles, varicella, hepatitis B, hepatitis C)
checked prior to starting immunosuppressive
medication?

164–166

Immunization is conditionally recommended for
children with active non-systemic JIA who have
not yet been immunized for measles, mumps,
rubella, and/or varicella prior to starting
immunosuppressive medications.

Very low PICO 46. Should children with JIA with no evidence of
immunity to important infections have a booster
immunization prior to starting immunosuppressive
medication?

166

TB screening is conditionally recommended prior
to starting biologic DMARD therapy and when
there is a concern for TB exposure thereafter.

Very low

Very low

PICO 47. Should screening for TB be done prior to
starting biologic DMARD therapy and then annually
in children with JIA?

PICO 48. In children with JIA receiving biologic DMARD
therapy, is there a preferred method of TB
screening?

167–169

169–171

Immunizations (live and inactivated) are strongly
recommended for children with JIA who are not
receiving immunosuppressive treatment.

Very low PICO 49. In children with JIA not receiving
immunosuppressive treatment, do inactivated or
live attenuated vaccines result in flare of disease?

172–175

Annual inactivated influenza immunization is
strongly recommended for all children with JIA.

Low PICO 50. In children with JIA not receiving
immunosuppressive treatment, are patients able to
develop protective antibodies against infections
targeted by the vaccine?

PICO 52. In children with JIA receiving
immunosuppressive treatment, are patients able to
develop protective antibodies against infections
targeted by the vaccine?

175–179

184–195

Inactivated vaccines are strongly recommended for
children who are receiving immunosuppressive
treatment.

Very low PICO 51. In children with JIA receiving
immunosuppressive treatment, do inactivated
vaccines result in flare of disease?

180–184

Live attenuated vaccines are conditionally
recommended against in children with JIA who are
receiving immunosuppressive treatment.

Low PICO 53. In children with JIA receiving
immunosuppressive treatment, can treatment with
live attenuated vaccines be given safely (initial dose,
booster dose)?

195–198

Vaccines are strongly recommended for household
contacts of children with JIA who are receiving
immunosuppressive treatment.

Very low PICO 54. Can live attenuated vaccines be used safely in
the households of children with JIA receiving
immunosuppressive treatment?

198

* PICO = Patient/Population, Intervention, Comparison, and Outcomes; JIA = juvenile idiopathic arthritis; TB = tuberculosis; DMARD = disease-
modifying antirheumatic drug.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract.
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Immunizations (live attenuated and inactivated) are
strongly recommended for children with JIA who are not
receiving immunosuppressive treatment

Children with JIA have a higher risk of severe infection
compared to unaffected children, making adequate protec-
tions against infection essential (58). Considerations of the
relative degree of immunosuppression from various immuno-
suppressive medications used for JIA is beyond the scope of
this project. To err on the side of safety, these recommenda-
tions apply equally to any child receiving an immunosuppres-
sive medication for JIA (e.g., DMARDs, long-term systemic
glucocorticoids) (59).

Inactivated vaccines are strongly recommended for chil-
dren with JIA who are receiving immunosuppressive treatment.

Persons with JIA should receive inactivated vaccines as per
location-specific, published age-related schedule. Specifically,
children undergoing immunosuppressive treatment should
receive the 23-valent pneumococcal polysaccharide vaccine in
addition to the 13-valent pneumococcal conjugate vaccine rec-
ommended for all children (60,61).

Live attenuated vaccines are conditionally recom-
mended against in children with JIA who are receiving immu-
nosuppressive treatment.

As reported by the US Centers for Disease Control and Preven-
tion (CDC), severe complications have followed vaccination with
certain live attenuated viral and bacterial vaccines among immuno-
suppressed persons (62). Therefore, guidelines recommend that per-
sons with most forms of altered immunocompetence should not
receive live attenuated vaccines. According to the CDC, live-virus
vaccination should be deferred for 1–6 months after discontinuation
of immunosuppressive treatment, depending on the specific agent
(62). There is some evidence that booster immunization with live
attenuated vaccinesmay be safe for children with JIA who are receiv-
ing certain specific immunosuppressants (52,63). More work is
needed to support a formal recommendation in this setting, as stud-
ies thus far have been underpowered to detect rare, serious harms.

Immunization is conditionally recommended for children
with active non-systemic JIA who have not yet been immu-
nized for measles, mumps, rubella, and/or varicella prior to
starting immunosuppressive medications.

This recommendation excludes active, untreated systemic
JIA in which delaying treatment initiation for vaccinations may be
prohibitive. As per the CDC, immunosuppressive therapy should
not be initiated until 4 weeks after administration of a live vaccine
and ideally 2 weeks after administration of an inactivated vaccine.
If withholding/delaying medication is not feasible, live-attenuated
vaccine immunization should be deferred and given at a later time
when disease is in remission and the child is no longer being
treated (64).

Vaccines are strongly recommended for household con-
tacts of children with JIA who are receiving immunosuppres-
sive treatment.

Immunization of household members of immunosuppressed
children is critical to diminish exposure in the home. Household con-
tacts and other close contacts of persons with altered immunocom-
petence should receive all age- and exposure-appropriate
vaccines, whether inactivated or live, with the exception of smallpox
vaccine (59,65). If a family member has received varicella vaccine
and develops a rash, direct contact should be avoided until the rash
resolves. Likewise, all members of the household should wash their
hands after changing the diaper of an infant who recently received
rotavirus vaccine, to minimize transmission. If concerns remain,
CDC or local guidelines can be reviewed prior to immunization.

Imaging (Table 7)

Use of radiography as a screening test prior to advanced
imaging, for the purpose of identifying active synovitis or
enthesitis, is strongly recommended against.

Radiography is not sensitive enough to assess joint inflam-
mation and enthesitis in children and may delay clinically appropri-
ate imaging and treatment (66–68). Unnecessary radiation can
result in significant harm to developing children (69). Conventional

Table 7. Imaging*

Recommendation

Certainty
of

evidence PICO evidence report(s) basis

Page no(s).
of evidence
tables†

Use of radiography as a screening test prior to
advanced imaging, for the purpose of identifying
active synovitis or enthesitis, is strongly
recommended against.

Very low PICO 55. In children with JIA, is any specific imaging
technique recommended to best detect inflammation
and damage, make a diagnosis, and predict structural
damage, flare, or treatment response?

199–268

Imaging guidance is conditionally recommended for
use with intraarticular glucocorticoid injections of
joints that are difficult to access, or to specifically
localize the distribution of inflammation.

Very low PICO 56. In children with JIA who require intraarticular
glucocorticoid injections, should injections be done
with imaging guidance?

269–279

* PICO = Patient/Population, Intervention, Comparison, and Outcomes; JIA = juvenile idiopathic arthritis.
† In Supplementary Appendix 3, on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract.
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radiography should be restricted to the assessment of JIA-
associated damage or to investigate alternative diagnoses.

Imaging guidance is conditionally recommended for use
with intraarticular glucocorticoid injections of joints that are
difficult to access, or to specifically localize the distribution
of inflammation.

This recommendation includes ultrasound and/or fluoros-
copy. Specific joints that may be difficult to access include sacro-
iliac joints, hips, TMJs, shoulder, midfoot, and subtalar joints. This
recommendation is conditional because it is dependent on the
skill of the practitioner, availability of imaging, costs, and risk of
delay in treatment (70–72).

DISCUSSION

The recommendations presented in this guideline are a com-
panion to those published in 2019 (3,4) and concurrently (73) and
cover areas not previously addressed in JIA: nonpharmacologic
treatments, medication monitoring, immunization, and imaging.
Similar to recommendations made for oligoarthritis, TMJ arthritis,
and systemic JIA with and without MAS, one must view this
guideline as a road map for future study (Supplementary Appen-
dix 7, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42036/abstract).
Most of the available evidence was very low quality for the rele-
vant PICO questions, contributing to 23 of the 33 recommenda-
tions being conditional. None of the recommendations were
supported by moderate- or high-quality evidence.

Nowhere is the discrepancy between patient/caregiver inter-
est and available data more evident than in the consideration of
nonpharmacologic therapies, for which recommendations were
included at patient/parent request. Use of specific diets and sup-
plements was discussed extensively by the patient/caregiver
panel, including sharing of suggested regimens and reference
materials. There was a general belief that disease manifestations
could be ameliorated by changes in foods consumed and great
interest in participating in formal research studies on nutritional
interventions. Most panelists recognized the importance of
PT/OT, and inclusion of PT and OT specialists on the Voting Panel
would allow for more specific recommendations in future
guidelines.

Likewise, patients and caregivers discussed the stress of
dealing with chronic illness and the need for mental health inter-
ventions. As recently as 2017, when the scope of this project
was established, mental health care for children and families
affected by rheumatic diseases was not a major focus. For this
reason, although mental health was recognized by the Voting
Panel as important, it was not formally addressed in this guideline.
Future guidelines should include recommendations addressing
mental health screening and treatments, with input from mental
health professionals on the Voting Panel. This is particularly

important given the impact of the COVID-19 pandemic on the
mental health of persons with chronic disease (74).

Medication monitoring remains especially challenging in JIA,
and balancing safety, cost, pain, and inconvenience can be very
difficult. Some panel members asserted that monitoring was per-
haps less important in a generally healthy pediatric population rel-
ative to adults with comorbidities. Due to the low frequency of
serious comorbidities and interacting medications, and limited-
to-no exposure to alcohol and other toxins, laboratory abnormal-
ities requiring medication discontinuation are rare in children with
JIA. However, other panel members believed strongly that moni-
toring needs to be routinely performed to identify rare but serious
adverse events. Recommendations as written attempted to bal-
ance these concerns. Future research and guidelines should con-
sider altered, less frequent monitoring schedules for younger
children, given the potentially lower risks of toxicity and greater
risks of frequent testing at the youngest ages.

The list of available immunosuppressive medications for JIA
for which monitoring is required has grown substantially and will
continue to expand. Two new agents were recently approved for
use in polyarticular-course JIA: golimumab (a TNFi) and tofacitinib
(a JAK inhibitor) (41,75). With regard to laboratory testing to
detect abnormalities in monitoring for toxicity, voting panelists
could not agree on a single definition of “clinically relevant” abnor-
mal results and left this to the discretion of treating clinicians.
Caregivers and patients expressed the challenges of balancing
the need to ensure medication safety with the cost and inconve-
nience associated with blood withdrawal. It is hoped that in the
future, effective, reliable treatments that require less monitoring
will be available for JIA.

Voting panelists did believe strongly that age must be taken
into consideration in requirements for infection screening in the
US prior to initiation of treatment with DMARDs. TB, hepatitis B,
and hepatitis C are extremely rare in fully immunized nonimmi-
grant children in the US, and annual TB screening presents a large
and unnecessary burden. There were engaged discussions about
screening for viral infections prior to the use of DMARDs; how-
ever, most thought that lack of immunity in a child known to be
immunized was likely to be rare. Even if antibody titers were low
or absent after vaccination, cell-mediated immunity was consid-
ered likely to be present.

In light of the COVID-19 pandemic, discussion of immuniza-
tions in these guidelines proved to be extremely timely. Despite
the potential severity of vaccine-preventable infections in immu-
nosuppressed populations, vaccine hesitancy remains common.
Nonetheless, preventing infectious illnesses in an immunosup-
pressed patient population is critical. Many families have con-
cerns regarding vaccine safety, immunogenicity, risk of flare, and
other potential long-term consequences. Studies in JIA have
consistently demonstrated the safety and effectiveness of vac-
cines to induce protective immune responses. Regarding
immunization for COVID-19, available immunizations vary by
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age, accessibility, and country. There are currently no prefer-
ences for a specific vaccine in a given population of children
with rheumatic disease. Physicians should refer to local recom-
mendations. At the time this manuscript was approved for pub-
lication, the Pfizer-BioNTech COVID-19 vaccine was approved
in the US for adolescents age ≥16 years (76) and authorized for
emergency use in children 5–15 years of age (77,78). No vac-
cines for COVID-19 were yet available for younger children,
although studies are ongoing. As none of the currently available
vaccines against COVID-19 are live vaccines, recommenda-
tions should be similar to those stated above for inactivated
vaccines. While specific guidance on immunizing children with
rheumatic diseases against COVID-19 is still lacking, the ACR
has published guidance on COVID-19 vaccines for adults with
rheumatic and musculoskeletal diseases (79). Patients and
family members have articulated the importance of health care
providers for reliable medical information. We must be mindful
that clinicians are trusted sources of information about this
important public health issue and should discuss immuniza-
tions with their patients.

With regard to imaging, it is clear that different modalities are
appropriate for different indications. Radiographs are not useful
for evaluation of soft tissue disease, and continued third-party
payor requirements for radiographs prior to any and all magnetic
resonance imaging (MRI) are a waste of resources and a potential
hazard to persons with JIA. MRI itself may require sedation, and
there is concern that repeated sedation in young children may
carry risks (80). More research is needed to define and standard-
ize the best approaches to imaging in children with JIA for differ-
ent diagnostic and disease management decision-making
purposes.

Addressing each area of the JIA guidelines at the same time
proved to be a Herculean task. This update of the ACR JIA guide-
lines has taken 4 years to complete, leading to 4 manuscripts;
certain areas are already ready for further updates. Health care
around the world is quickly changing in unforeseen ways, and
rheumatologists have been thrust into the forefront of recent pan-
demic developments in an unparalleled manner (81). The pace of
change will likely only increase, and guidelines will need to be
updated nimbly and more frequently over time.

The low quality of evidence supporting most of the recom-
mendations underscores the importance of clinical judgment
and shared decision-making in everyday care of patients with
JIA. Similarly, these guidelines and the many uncertainties therein
represent a powerful reminder of the need for more high-quality
evidence to support (or refute) current practices and to improve
disease management in—and well-being of—all individuals living
with JIA.

In conclusion, this 2021 updated ACR guideline for JIA rec-
ommends the use of PT and OT interventions; a healthy, well-bal-
anced, age-appropriate diet; specific laboratory monitoring for
different antirheumatic medications; widespread use of

immunizations; and need for shared decision-making with
patients/caregivers. The JIA guidelines will continue to be
updated as new evidence emerges.
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Objective. To provide evidence-based recommendations and expert guidance for the management of Kawasaki
disease (KD), focusing on clinical scenarios more commonly addressed by rheumatologists.

Methods. Sixteen clinical questions regarding diagnostic testing, treatment, and management of KD were devel-
oped in the Patient/Population, Intervention, Comparison, and Outcomes (PICO) question format. Systematic literature
reviews were conducted for each PICO question. We used the Grading of Recommendations, Assessment, Develop-
ment and Evaluation method to assess the quality of evidence and formulate recommendations. Each recommenda-
tion required consensus from at least 70% of the Voting Panel.

Results. We present 1 good practice statement, 11 recommendations, and 1 ungraded position statement to guide the
management of KD and clinical scenarios of suspected KD. These recommendations for KD are focused on situations in
which input from rheumatologistsmay be requested by othermanaging specialists, such as in cases of treatment-refractory,
severe, or complicated KD. The good practice statement affirms that all patients with KD should receive initial treatment with
intravenous immunoglobulin (IVIG). In addition, we developed 7 strong and 4 conditional recommendations for themanage-
ment of KD or suspected KD. Strong recommendations include prompt treatment of incomplete KD, treatment with aspirin,
and obtaining an echocardiogram in the setting of unexplainedmacrophage activation syndrome or shock. Conditional rec-
ommendations include use of IVIG with other adjuvant agents for patients with KD and high-risk features of IVIG resistance
and/or coronary artery aneurysms. These recommendations endorse minimizing risk to the patient by using established
therapy promptly at disease onset and identifying situations in which adjunctive therapy may be warranted.

Conclusion. These recommendations provide guidance regarding diagnostic strategies, use of pharmacologic
agents, and use of echocardiography in patients with suspected or confirmed KD.

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

The ACR is an independent, professional, medical and scientific society that does not guarantee, warrant, or endorse
any commercial product or service.

586

Arthritis & Rheumatology
Vol. 74, No. 4, April 2022, pp 586–596
DOI 10.1002/art.42041
© 2022 American College of Rheumatology. This article has been contributed to by US Government
employees and their work is in the public domain in the USA.

https://orcid.org/0000-0002-2238-2287
https://orcid.org/0000-0001-5075-8846
https://orcid.org/0000-0001-8452-9937
https://orcid.org/0000-0003-2159-8059
https://orcid.org/0000-0002-7394-2862
https://orcid.org/0000-0002-5876-376X
https://orcid.org/0000-0002-3594-0508
https://orcid.org/0000-0002-3594-0508
https://orcid.org/0000-0003-3303-3944
https://orcid.org/0000-0002-8269-9438
https://orcid.org/0000-0002-4907-0304
https://orcid.org/0000-0001-6588-9435
https://orcid.org/0000-0002-3508-9290
https://orcid.org/0000-0002-9638-2992
https://orcid.org/0000-0001-7695-2022
https://orcid.org/0000-0002-2091-0875
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42041&domain=pdf&date_stamp=2022-03-07


INTRODUCTION

Kawasaki disease (KD) is a medium vessel vasculitis as
presented in the Chapel Hill Consensus Conference nomencla-
ture system (1). It is 1 of 2 primary common vasculitis syn-
dromes that predominantly affect children (the other being IgA
vasculitis [Henoch-Schönlein]). KD is seen with relative fre-
quency in young children, at an incidence rate of 25–50 cases
per 100,000 persons per year in the US, similar to that of type
1 diabetes (2,3). It typically presents in children <5 years of
age as an acute, self-limited febrile disease and is character-
ized by a combination of several characteristic clinical signs,
which include polymorphic rash, nonpurulent conjunctival
injection, oropharyngeal and lip mucositis, tongue papillitis,
erythema and edema of the hands and feet, as well as unilateral
cervical lymphadenopathy.

From a histopathologic perspective, KD is characterized
by aggressive neutrophil-mediated panmural vascular necrosis
without granuloma formation, followed by intimal hyperplasia
and subacute lymphocytic inflammation in advanced disease. It
primarily affects the coronary arteries but can also affect
medium-caliber arteries throughout the body (4). Therefore, it
shares some features with polyarteritis nodosa, and prior to the
recognition of KD as a distinct entity, infants with fatal fulminant
forms of KD were considered to have “infantile polyarteritis
nodosa” (5).

When treated appropriately, KD is associated with a low
mortality rate (~0.08% case fatality rate in the largest reported
series) (6). However, in the developed world, it is the most com-
mon cause of acquired cardiac disease in childhood, with 25%
of untreated patients and 5% of treated patients developing coro-
nary artery aneurysms. Among infants <6 months of age, the risk
of a coronary artery aneurysm is 50%, even in KD patients who
received treatment with intravenous immunoglobulin (IVIG) within
the first 10 days of illness (7).

Given increasing options available to treat systemic vasculitis,
the American College of Rheumatology (ACR) and Vasculitis Foun-
dation supported the development of guidelines for the manage-
ment of large, medium, and small vessel vasculitis. This guideline
presents evidence-based recommendations for the diagnostic test-
ing, treatment, and management of KD. Recognizing the compre-
hensive guidelines developed by the American Heart Association
(AHA) for the management of KD (3), the guideline focuses on clini-
cal management questions that are generally posed to rheumatolo-
gists, such as the use of adjunctive therapies for initial treatment of
severe disease and treatment approaches for refractory disease.
Although this guideline may inform an international audience, these
recommendations were developed considering experience with
and availability of treatment and diagnostic options in the US.

METHODS

This guideline followed the ACR guideline development
process (https://www.rheumatology.org/Practice-Quality/Clinical-
Support/Clinical-Practice-Guidelines) using the Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) methodology to rate the quality of evidence and
develop recommendations (8,9). ACR policy guided the man-
agement of conflicts of interest and disclosures (https://www.
rheumatology.org/Practice-Quality/Clinical-Support/Clinical-
Practice-Guidelines/Vasculitis). Supplementary Appendix 1
(available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42041/abstract) presents a
detailed description of the methods.

Sixteen clinical questions addressing the diagnostic testing,
treatment, and management of KD were developed by the Core
Team, initial Voting Panel, and Expert Panel in the Patient/Popula-
tion, Intervention, Comparison, and Outcomes (PICO) format. The
Literature Review Team undertook systematic literature reviews
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for prespecified PICO questions. The Expert Panel, including
rheumatologists and a pediatric cardiologist, provided expert
knowledge to inform discussion of the PICO questions and find-
ings of the literature review. This study did not involve human sub-
jects, and therefore, approval from Human Studies Committees
was not required.

The initial Voting Panel comprised 9 adult rheumatologists
(SAC, AMA, DLC, PCG, PAM, RLR, PS, JHS, AW), 5 pediatric
rheumatologists (LFI, SK, SS, MFI, RPS), and 2 patients (KAF,
OIV). They reviewed the Literature Review Team’s evidence
summaries and formulated and voted on an initial set of recom-
mendations. To incorporate broader expertise from the pediatric
community and validate the results from the initial Voting Panel,
a second Voting Panel was established and comprised 8 pediatric
rheumatologists new to the Voting Panel (MG, KA, BAB, KH, SKL,
MBS, HVM, CY-T), 4 pediatric rheumatologists who participated
in both Voting Panels (LFI, SK, SS, RPS), a pediatric infectious
disease physician with extensive expertise in KD (AHT), and a
pediatric cardiologist with extensive expertise in KD (KF). The sec-
ond Voting Panel also reviewed the Literature Review Team’s
findings and independently formulated and voted on recommen-
dations. Members of the second Voting Panel who were not on
the initial Voting Panel were not provided with the recommenda-
tions formulated by the initial Voting Panel prior to the second
panel’s voting. Each recommendation required consensus from
at least 70% of the Voting Panel.

How to interpret the recommendations

A strong recommendation is typically supported by
moderate- to high-quality evidence (e.g., multiple randomized

controlled trials). For a strong recommendation, the recom-
mended course of action would apply to all or almost all patients.
Only a small proportion of clinicians/patients would not want to
follow the recommendation. For example, an intervention may
be strongly recommended if it is considered low-cost, without
harms, and the consequence of not performing the intervention
may be catastrophic. An intervention may be strongly recom-
mended against if there is high certainty that the intervention will
lead to more harm than the comparison with very low or low cer-
tainty about its benefit (10).

A conditional recommendation is generally supported by
lower-quality evidence or a close balance between desirable and
undesirable outcomes. For a conditional recommendation, the
recommended course of action would apply to the majority of
patients, but the alternative is a reasonable consideration. Condi-
tional recommendations always warrant a shared decision-
making approach. We specify conditions under which the alterna-
tive may be considered.

In one instance, the committee found that the evidence for a
particular PICO question did not support a graded recommenda-
tion, and the Voting Panel did not favor one intervention over
another. However, the Voting Panel believed the PICO question
addressed a commonly encountered clinical question, and thus
felt that providing guidance for this question was warranted. For
this situation, we present an “ungraded position statement”
which reflects general views of the Voting Panel.

In this evidence-based guideline, we explicitly used the best
evidence available and present it in a transparent manner for the
clinician reader/user (10). In some instances, this includes ran-
domized trials in which the interventions under consideration are
directly compared. The GRADE system rates evidence that

Table 1. Definitions of selected terms used in the recommendations/ungraded position statements for KD*

Term Definition

Disease states
KD Fever lasting at least 5 days without any other explanation with at least 4 of the 5 following principal clinical

findings: 1) bilateral bulbar conjunctival injection without exudate, 2) erythema and cracking of lips,
strawberry tongue, and/or erythema of oral and pharyngeal mucosa, 3) erythema and edema of the hands
or feet (acute phase), and/or periungual desquamation (subacute phase), 4) maculopapular, diffuse
erythroderma, or erythemamultiforme–like rash, or 5) cervical lymphadenopathy (at least 1 lymph node >1.5
cm in diameter), usually unilaterally. The diagnosis may be made with only 4 days of fever if ≥4 principal
clinical findings are present.

Incomplete KD Prolonged unexplained fever in an infant or child with <4 of the principal clinical findings of KD (see above), and
compatible laboratory markers (elevated ESR/CRP level, elevated transaminase levels, UA with leukocyte
esterase–negative WBCs) or echocardiographic findings (coronary artery dilatation), defined according to
the algorithm in references 3 and 31

Acute KD Initial febrile phase of KD
Medications
IVIG Single dose of 2 gm/kg (no defined maximum dose, but the reasonable maximum range is 100–140 gm)
Nonglucocorticoid
immunomodulatory
therapy

Anakinra, cyclosporine, or infliximab

Glucocorticoids Prednisone 2 mg/kg/day (maximum dose 60 mg/day) tapered over 15 days, or equivalent
Aspirin High dose: 80–100 mg/kg/day; moderate dose: 30–50 mg/kg/day; low dose: 3–5 mg/kg/day

* KD = Kawasaki disease; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; UA = uric acid; WBCs = white blood cells;
IVIG = intravenous immunoglobulin.
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comes exclusively from the collective experience of the Voting
Panel and Patient Panel members as “very low–quality” evidence.

For each recommendation, details regarding the PICO ques-
tions and the GRADE evidence tables can be found in Supple-
mentary Appendix 2 (http://onlinelibrary.wiley.com/doi/10.1002/
art.42041/abstract).

RESULTS

For the evidence report, the Literature Review Team summa-
rized 275 articles to address 16 PICO questions for KD. Details
regarding the methods utilized for the literature review are pro-
vided in Supplementary Appendix 1 (http://onlinelibrary.wiley.
com/doi/10.1002/art.42041/abstract). Both the initial and sec-
ond Voting Panel utilized the evidence report to formulate their
recommendations. The recommendations formulated by the sec-
ond Voting Panel were consistent with those of the initial Voting
Panel. Clinical considerations for the recommendations were
further expanded by the second Voting Panel, and thus the rec-
ommendations of the second Voting Panel are presented here.

Table 1 presents definitions of selected terms used in the
recommendations, and Table 2 presents the recommendations
with their supporting PICO questions and level of evidence.
Figure 1 shows a schematic highlighting the key recommenda-
tions for the treatment of KD. Conditional recommendations are
indicated as such and are generally conditional due to a lack of
high-quality evidence (e.g., multiple randomized controlled trials)
supporting the recommendation.

Treatment recommendations

Good Practice Statement: IVIG is the standard-of-care
therapy for the initial treatment of KD.

IVIG has been established as the standard-of-care treatment
for KD for the last 4 decades due to the significant reduction in
the rate of coronary artery aneurysms as well as a reduction in
the duration of fever and other symptoms associated with its use
(11). Although no comparative trials of IVIG and glucocorticoids
have been conducted, glucocorticoids alone were considered
inadequate to treat KD based on findings from an early case
series (12,13). Thus, IVIG use is a mainstay of KD therapy. The
mechanisms of the therapeutic effect of IVIG in KD are still under
study (14).

Recommendation: For patients with acute KDwho are at
high risk of IVIG resistance or developing coronary artery
aneurysms, use of IVIG with adjunctive glucocorticoids as
initial therapy is conditionally recommended over treatment
with IVIG alone.

Risk scores have been developed to identify patients at
high risk of IVIG resistance in Japanese populations, but these
scores had poor sensitivity and specificity in a multiethnic US

population (15–17). A recent study of patients in North America
identified the following demographic and clinical characteristics
as predictors for the development of coronary artery aneu-
rysms at 2–8 weeks: a Z score in the left anterior descending
or right coronary artery of ≥2.0, age <6 months, Asian race,
and a C-reactive protein level of ≥13 mg/dl (18). In the US,
features that suggest an increased likelihood of morbidity in
KD include age <6 months or >9 years at diagnosis (19,20). In
patients with giant aneurysms (Z score >10) or multiple
aneurysms, regression of the aneurysms (via remodeling) at
late stages (21) is less likely, and large aneurysms are associ-
ated with the greatest morbidity rate (21,22).

Emerging evidence suggests that adding glucocorticoids to
IVIG as primary therapy can decrease the risk of developing coro-
nary artery aneurysms, although the strongest evidence is from a
Japanese population (16). There is also emerging evidence that
the addition of glucocorticoids can decrease the progression of
coronary artery aneurysms in patients with coronary aneurysms
at the time of diagnosis (23,24).

Thus, the use of glucocorticoids with IVIG is a treatment
option in patients who are at high risk of coronary artery aneu-
rysms. For this recommendation, the Voting Panel defined
high-risk features as a Z score of ≥2.5 (25–27) for the left anterior
descending or right coronary artery at the time of the initial echo-
cardiography and age <6 months. This definition uses the Z
score of 2.5 instead of 2.0, since a score of 2.5 is defined as
representing a true aneurysm. We also do not include patients
>9 years of age, as only a portion of these patients are believed
to be “high-risk.” The Voting Panel acknowledges that further
investigation clarifying the features of “high-risk” KD in a US
population is needed. Optimal dosing and duration of glucocor-
ticoids are still to be determined and will require further study in
a US population, but a typical dosage would be prednisone
starting at 2 mg/kg/day (maximum 60 mg/day), with the dose
tapered over 15 days. The use of IVIG alone is conditionally rec-
ommended when the treating physician is unsure whether a
patient is at high risk of developing coronary artery aneurysms,
or when additional glucocorticoid exposure may be detrimental
to the patient. The use of glucocorticoids is generally not recom-
mended in patients who do not have features suggestive of
high risk.

Recommendation: For patients with acute KDwho are at
high risk of IVIG resistance or developing coronary artery
aneurysms, using IVIG with other nonglucocorticoid immu-
nomodulatory immunosuppressive agents as initial therapy
is conditionally recommended over treatment with IVIG
alone.

For patients with features of high-risk disease, adjunctive
therapy with a nonglucocorticoid immunomodulatory agent, such
as infliximab, anakinra, or cyclosporine, may improve outcomes in
acute disease and may also improve cardiac outcomes
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(21,23,28,29). Thus, adjunctive therapy with a nonglucocorticoid
immunomodulatory agent can be considered in patients with KD
who are at high risk of not responding to IVIG. For any patient
considered to have features of high-risk disease, a rheumatologist
or other clinician with expertise in KD should be consulted before
adding an adjunctive agent (glucocorticoids or nonglucocorticoid
immunomodulatory agents) to ensure correct diagnosis and
appropriate utilization of adjunctive therapies. The Voting Panel
also advocated for a stepwise therapeutic algorithm, in which
either a glucocorticoid or nonglucocorticoid immunosuppressive
agent along with IVIG is initially prescribed in high-risk patients.
Currently, there is more evidence supporting the use of glucocor-
ticoids than nonglucocorticoid immunosuppressive agents in this
patient population, and further study is warranted to compare the
efficacy of glucocorticoid therapy to nonglucocorticoid therapy in
this population. There may be specific situations in which gluco-
corticoids are contraindicated, but the patient exhibits high-risk
features that would indicate the need for adjunctive

nonglucocorticoid immunomodulatory therapy. Once again, use
of IVIG alone is appropriate if the treating physician is unsure
whether a patient has high-risk features, as described in the previ-
ous recommendation, or if using a nonglucocorticoid immuno-
modulatory agent presents a greater risk of an adverse effect to
the patient.

Recommendation: For patients with incomplete KD,
prompt treatment with IVIG at the time of diagnosis is
strongly recommended over delaying treatment until day
10 or later.

Incomplete KD is defined as a condition of suspected KD
that lacks the sufficient number of features to meet criteria for
KD (3,30) (Table 1). Patients with incomplete KD should be evalu-
ated using the algorithm for incomplete KD as outlined in the AHA
guidelines for KD (3,30). The performance of this algorithm for iden-
tifying patients with incomplete KD has been validated (30). The
practice of completing diagnostic testing and initiating treatment

Table 2. Good practice statement, recommendations, and ungraded position statement regarding diagnostic testing for and treatment of KD*

KD PICO question informing
recommendation and

discussion
Level of
evidence

Treatment recommendations
Good practice statement: IVIG is the standard-of-care therapy for the initial treatment of
KD.

3 High

For patients with acute KD who are at high risk of IVIG resistance or developing coronary
artery aneurysms, use of IVIG with adjunctive glucocorticoids as initial therapy is
conditionally recommended over treatment with IVIG alone.

4 Low

For patients with acute KD who are at high risk of IVIG resistance or developing coronary
artery aneurysms, using IVIG with other nonglucocorticoid immunomodulatory
immunosuppressive agents as initial therapy is conditionally recommended over
treatment with IVIG alone.

5 Very low

For patients with incomplete KD, prompt treatment with IVIG at the time of diagnosis is
strongly recommended over delaying treatment until day 10 or later.

1 Low

For patients with acute KD and suspected or diagnosed MAS, treatment with IVIG for KD
and additional agents to treat MAS is strongly recommended.

2 Very low

For patients with acute KD and persistent fevers after initial treatment with IVIG, a second
course of IVIG is conditionally recommended over the use of glucocorticoids.

10 Very low

Ungraded position statement: For patients with acute KD and persistent fevers after
repeated treatment with IVIG, either nonglucocorticoid immunosuppressive therapy or
glucocorticoids may be used.

11 Low

For patients with acute KD, using aspirin is strongly recommended over no aspirin. 6 Very low
For patients with acute KD with subsequent resolution of fevers, continued daily
monitoring for fevers is strongly recommended over not monitoring for fevers.

12 Very low

For patients with acute KD who have arthritis that persists after IVIG treatment and who
do not have coronary artery aneurysms, using NSAIDs to treat arthritis is conditionally
recommended over not using NSAIDS.

13 Very low

Diagnostic imaging
For children with suspected incomplete KD and fever, obtaining an echocardiogram with
coronary artery measurements without delay is strongly recommended over not
obtaining an echocardiogram.

D1 Very low

For children with unexplained shock physiology, obtaining an echocardiogram with
coronary artery measurements is strongly recommended.

D2 Very low

For children with unexplained MAS, obtaining an echocardiogram with coronary artery
measurements is strongly recommended.

D3 Very low

* For the population, intervention, comparator, and outcome (PICO) questions used in the Grading of Recommendations Assessment, Develop-
ment and Evaluation methodology, as developed for Kawasaki disease (KD), please refer to Supplementary Appendix 2 (available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/art.42041/abstract). IVIG = intravenous immunoglobulin;
MAS = macrophage activation syndrome; NSAIDs = nonsteroidal antiinflammatory drugs.
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by day 10 of fever is not based on mechanisms or studies of dis-
ease pathogenesis or treatment outcomes. Instead, this “treat-
ment deadline” was chosen as a research end point in the original
studies in KD (31). It is recognized that prompt treatment prevents
adverse outcomes, and patients should receive treatment as soon
as the diagnosis of incomplete KD is made, rather than waiting until
day 10 to see if they meet criteria for complete KD. Although
delayed IVIG treatment after 10 days of fever is associated with
worse outcomes (32), IVIG treatment should still be administered
to patients even if they present after >10 days of fever. Thus,
patients who meet the criteria for incomplete KD according to the
AHA guidelines should be treated promptly to avoid adverse con-
sequences, since the risk of developing coronary artery dilatation
increases each day without treatment. This is a strong recommen-
dation because this intervention is standard of care, and the
consequence of delaying treatment may lead to significant coro-
nary artery aneurysms or rupture, which are severe adverse out-
comes. In addition, resolution of fever prior to day 10 is not an
indication to withhold treatment in patients meeting criteria for
incomplete or complete KD. In patients with characteristically ele-
vated levels of acute-phase reactants, treatment is recommended,
as these patients remain at high risk of developing adverse
outcomes (3,33).

Recommendation: For patients with acute KD and sus-
pected or diagnosed macrophage activation syndrome
(MAS), treatment with IVIG for KD and additional agents to
treat MAS is strongly recommended.

MAS, a form of secondary hemophagocytic lymphohistiocy-
tosis (HLH), is a potentially underrecognized complication of KD

(34,35). Formal diagnostic criteria for MAS in the setting of KD
have not been developed. However, drawing on experience with
other secondary HLH presentations, MAS may be suspected in
KD patients with persistent fever, splenomegaly, elevated ferritin
levels, and thrombocytopenia (35). Inadequate treatment of either
KD or MAS could result in severe consequences. These include
large coronary aneurysms or coronary artery stenosis, leading to
death via cardiac infarct or coronary rupture in KD, or death due
to multiorgan dysfunction in MAS (36).

Thus, to ensure appropriate therapy, each disease entity
should be considered separately with appropriate targeted ther-
apy. KD should be treated with IVIG as the first-line therapy, and
MAS should also be treated with appropriate agents for targeting
cytokine storm or underlying triggers. Anakinra and glucocorti-
coids are preferred for treatment in these patients over a primary
HLH–directed treatment protocol with cytotoxic agents. Although
no head-to-head comparison trials have been published, primary
HLH–directed therapy, which has considerably more associated
toxicity, may not be warranted in patients without an underlying
genetic predisposition to HLH. This is a strong recommendation
because the consequence of not appropriately treating KD or
MAS may be associated with increased mortality.

Recommendation: For patients with acute KD and per-
sistent fevers after initial treatment with IVIG, a second
course of IVIG is conditionally recommended over the use
of glucocorticoids.

Findings from 6 studies provide indirect evidence for this
recommendation, though no direct comparative studies were
available (37–42). For KD patients with persistent fevers after

Figure 1. Key recommendations for the treatment of Kawasaki disease in patients with and those without clinical features indicating a high risk
for poor outcome.
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the initial course of IVIG, studies suggest that there is no differ-
ence in coronary artery outcomes between repeating the
course of IVIG versus a single dose of pulse glucocorticoids
(i.e., 30 mg/kg with a maximum of 1 gm) (43). A meta-analysis
of 12 studies involving 372 patients whose disease was resis-
tant to treatment with a single course of IVIG failed to demon-
strate significant differences in coronary artery outcomes
between patients treated with a second dose of IVIG versus
glucocorticoids versus infliximab (44). Although current evi-
dence does not clearly indicate the superiority of a second
course of IVIG over glucocorticoids, a second course of IVIG
in patients who have persistent fever for >36 hours after the first
dose is conditionally recommended, as it is the current stan-
dard of care. However, as a conditional recommendation, glu-
cocorticoids are a reasonable alternative (e.g., starting at
2 mg/kg/day and tapering over 15 days or a single dose of
20–30 mg/kg). Repeated doses of IVIG may put patients at risk
of hemolytic anemia, and the results of ongoing studies may
alter this recommendation in the future (45–47). In patients with
risk factors for hemolytic anemia with IVIG, such as non–type O
blood groups, alternative therapies, such as glucocorticoids or
nonglucocorticoid immunomodulatory therapy, should be con-
sidered (45,48). Combination therapy (i.e., multiple anticyto-
kine agents) is not recommended for routine care and
generally should only be considered in patients with extremely
severe disease.

Ungraded Position Statement: For patients with acute
KD and persistent fevers after repeated treatment with IVIG,
either nonglucocorticoid immunosuppressive therapy or glu-
cocorticoids may be used.

In patients with KD and persistent fevers after 2 doses of
IVIG, use of another agent is indicated. Findings from studies of
infliximab and cyclosporine for the treatment of refractory KD sug-
gest some potential benefit of these agents (28,29). Head-to-
head comparisons between these nonglucocorticoid immuno-
suppressive agents and glucocorticoids have not been per-
formed. There is no clinical evidence to suggest superiority of
either glucocorticoids or nonglucocorticoid immunomodulatory
agents, and the Voting Panel was evenly split as to which to rec-
ommend. Thus, the Voting Panel believes that use of either class
of agents would be appropriate based on the specific clinical sce-
nario. Combination therapy (glucocorticoid with a nonglucocorti-
coid immunosuppressive agent) can be considered in severe
cases, such as rapidly expanding aneurysms or imminently life-
threatening disease.

Recommendation: For patients with acute KD, using
aspirin is strongly recommended over no aspirin.

The use of aspirin in patients with KD to reduce inflammation
and prevent thrombosis through its antiplatelet effect is consid-
ered standard of care. However, the optimal dosage is unclear.

Historically, high dosages of aspirin (80–100 mg/kg/day) were
used during the acute phase for antiinflammatory effects, but
there is no evidence of benefit with high- versus low-dose aspirin
(3–5 mg/kg/day) when considering coronary vascular damage
(49–51). The AHA guidelines should be consulted for recommen-
dations regarding anticoagulation in patients with larger aneu-
rysms (3). This is a strong recommendation because aspirin is
recognized to be a low-cost intervention with limited toxicity at
antiplatelet dosing, and also because there are significant conse-
quences of not inhibiting platelet activity, such as coronary artery
thrombosis.

Recommendation: For patients with acute KD with sub-
sequent resolution of fevers, continued daily monitoring is
strongly recommended over not monitoring for fevers.

Patients with KD may experience recurrence of disease or
treatment-refractory disease heralded by returning fever and
other symptoms. In addition, the duration of fever is a predictor
of coronary artery aneurysms (52). Thus, patients should be mon-
itored daily for fevers for 1–2 weeks after discharge, with fever
defined as an oral temperature in older children and a rectal tem-
perature in infants of >38.0�C or an axillary temperature of
>37.5�C. Parents or guardians should be instructed by the dis-
charging physician on how to take a temperature and told to con-
tact the physician should fever recur. Daily fever monitoring is
strongly recommended because it is low cost, without harms,
and may identify recurring KD.

Recommendation: For patients with acute KD who have
arthritis that persists after IVIG treatment and who do not
have coronary artery aneurysms, using nonsteroidal antiin-
flammatory drugs (NSAIDs) to treat arthritis is conditionally
recommended over not using NSAIDS.

Patients with acute and subacute KD can develop arthritis,
but treatment with IVIG decreases the incidence of arthritis in this
setting from 30% to ~2–12% (53). Arthritis in KD is usually short-
lived, lasting between 7 and 21 days (53–55). In general, arthritis
can be treated with NSAIDs, but NSAIDs directly inhibit the ability
of aspirin to acetylate cyclooxygenase 1, thus decreasing aspi-
rin’s protective effects (56). The impact of NSAID use can be par-
tially mitigated by administering aspirin prior to NSAIDs, but
combination therapy is usually not recommended given the
potential increased toxicity (56).

Patients without coronary artery aneurysms generally do not
require long-term treatment with aspirin. The optimal duration of
treatment with aspirin in these patients is not well defined but in
practice is generally 6–8 weeks. Patients with coronary artery
aneurysms require long-term and potentially indefinite aspirin
use (3). For patients without coronary artery aneurysms who do
not require long-term use of aspirin and who have arthritis requir-
ing additional therapy, aspirin can be temporarily suspended and
a short course (3–4 weeks) of NSAIDs can be used as needed.
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Conversely, if indefinite or long-term aspirin use is needed due to
coronary artery aneurysms, then either acetaminophen, a short
course of glucocorticoids, or nonsystemic NSAID pain manage-
ment options (e.g., a topical NSAID) can be used. A pediatric
hematologist or cardiologist should be consulted to consider an
alternative anticoagulant (e.g., clopidogrel) if prolonged use of
systemic NSAIDs is required (i.e., >3 weeks), especially in a
patient with coronary artery aneurysms.

Diagnostic imaging

Recommendation: For children with suspected incom-
plete KD and fever, obtaining an echocardiogram with coro-
nary artery measurements without delay is strongly
recommended over not obtaining an echocardiogram.

Patients with incomplete KD have at least the same or an
increased risk of coronary artery lesions compared to patients
with classic KD (57). Therefore, in patients in whom incomplete
KD is suspected, a diagnosis should be confirmed as soon as
possible so that features associated with high risk of coronary
artery aneurysms can be assessed, treatment can be initiated
without delay, and adverse outcomes can be prevented. Echo-
cardiographic assessment of the absolute dimensions of the
coronary artery and body surface area–adjusted Z scores can
help establish a diagnosis of incomplete KD and should be
obtained promptly when this diagnosis is suspected. The AHA
guidelines for KD management provide an algorithm for the eval-
uation and treatment of suspected incomplete KD (3), which has
been validated (30). Echocardiography is strongly recom-
mended in this scenario because it has minimal potential harms
and may prevent adverse outcomes by prompting the treatment
of incomplete KD.

Recommendation: For children with unexplained shock
physiology, obtaining an echocardiogram with coronary
artery measurements is strongly recommended.

Unexplained shock can be due to Kawasaki shock syn-
drome, a recognized manifestation of KD (58). Echocardio-
grams are often obtained in children with unexplained shock,
especially in those with the prodrome of prolonged fever, to
evaluate cardiac function and help identify the potential etiol-
ogy. We recommend that the coronary arteries be included in
the echocardiographic examination to evaluate for KD as a
potential etiology of shock. This is strongly recommended
because echocardiography has minimal potential harms and
may prevent catastrophic outcomes by facilitating the diagno-
sis and prompt treatment of KD.

Recommendation: For children with unexplained MAS,
obtaining an echocardiogram with coronary artery measure-
ments is strongly recommended.

As noted above, KD is one of the clinical inflammatory entities

that can predispose patients to the development of MAS (59). For
patients with unexplained MAS, KD should be considered as a
potential underlying etiology. Echocardiography with inclusion of
the coronary arteries is one method of identifying KD as a poten-
tial treatable underlying condition. This is strongly recommended
because echocardiography has minimal potential harms and
may prevent adverse outcomes by facilitating the diagnosis and
prompt treatment of KD.

DISCUSSION

This is the first guideline issued by the ACR in conjunction
with the Vasculitis Foundation for the management of KD. These
recommendations constitute a guide to help physicians treat
KD. This guideline should not be used by any agency to restrict
access to therapy or require that certain therapies must be utilized
prior to other therapies.

Patients with KD in the US are often diagnosed and treated
by physicians with expertise in areas other than rheumatology
(e.g., pediatric cardiologists, hospitalists, or infectious disease
specialists). The recommendations in this guideline focus on sit-
uations in which rheumatologists are often consulted, such as in
the management of severe disease, treatment-refractory dis-
ease, arthritis, and MAS with KD. However, these recommenda-
tions are relevant to physicians treating KD regardless of their
area of expertise.

The AHA has presented recommendations for the initial
treatment and long-term management of KD (3). Recommen-
dations presented in this guideline are intended to supplement
the AHA guidelines and serve as an additional reference for
rheumatologists who may be less familiar with KD. Emerging
evidence suggesting that adjunctive therapy decreases the
incidence of severe coronary artery aneurysms and accelerates
regression of these aneurysms provides the basis for the rec-
ommendations concerning “high-risk” KD (23). Although aneu-
rysms that have regressed are affected by endothelial
dysfunction and therefore remain abnormal vasculature, nor-
malized vessel caliber decreases the risk of morbidity from ves-
sel thrombosis (3).

Finally, during the COVID-19 pandemic, a novel multisys-
tem inflammatory syndrome in children (MIS-C) associated with
SARS–CoV-2 infection emerged, with some features sugges-
tive of KD (60,61). While as many as 50% of these patients
could meet criteria for KD, many patients exhibit manifestations
that are unusual for KD, including colitis, myocarditis, and neu-
rologic changes, and often present with or develop shock (62).
Further study is needed to understand the relationship between
MIS-C and KD, especially Kawasaki shock syndrome. Based on
clinical experience, recognition and differentiation of these
patients from patients with classic KD is important. Patients
who fulfill criteria for KD should be treated using the therapies
discussed in this guideline. Additional research is needed to
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determine optimal treatment for MIS-C with and without KD
features.

In summary, the ACR and Vasculitis Foundation present
these recommendations to assist physicians in managing
KD. This guideline can serve as a resource for basic principles of
management and will evolve as new treatment strategies for this
disease are identified.
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B R I E F R E P O R T

Antibody Responses to Epstein-Barr Virus in the Preclinical
Period of Rheumatoid Arthritis Suggest the Presence of
Increased Viral Reactivation Cycles

Sabrina Fechtner,1 Heather Berens,1 Elizabeth Bemis,2 Rachel L. Johnson,2 Carla J. Guthridge,3 Nichole E. Carlson,2

M. Kristen Demoruelle,1 John B. Harley,4 Jess D. Edison,5 Jill A. Norris,2 William H. Robinson,6 Kevin D. Deane,1

Judith A. James,7 and V. Michael Holers1

Objective. Patients with established rheumatoid arthritis (RA) demonstrate altered immune responses to Epstein-
Barr virus (EBV), but the presence and roles of EBV have not been fully explored during the pre–clinical disease period.
This study was undertaken to determine if EBV infection, as evidenced by an altered anti-EBV antibody response,
either plays an important role in driving the development of RA or is a result of expanded RA-related autoimmunity.

Methods. A total of 83 subjects with RA according to the 1987 American College of Rheumatology (ACR) criteria and
83 age-, sex-, and race-matched control subjects without RAwere included in our study. We collected sera from RA sub-
jects and matched controls during the pre–RA and post–RA diagnosis periods and tested the sera for the presence of
5 anti-EBV antibodies (anti–EBV nuclear antigen 1 IgG isotype, anti–viral capsid antigen [anti-VCA] isotypes IgG and IgA,
and anti–early antigen [EA] isotypes IgGand IgA), 7 RA-related autoantibodies (rheumatoid factormeasured by nephelom-
etry [RF-Neph]aswellas isotype-specific IgA-RF, IgM-RF,and IgG-RF,andanti–cycliccitrullinatedpeptide [anti-CCP]anti-
bodies, including anti-CCP2, anti-CCP3, and anti-CCP3.1), 22 cytokines/chemokines, 36 individual anti–citrullinated
protein antibodies, and IgG–cytomegalovirus (CMV) antibodies. Random forest classification, mixed modeling, and joint
mixedmodelingwere used to determine differences in anti-EBV antibody levels between RA subjects and controls.

Results. Random forest analysis identified the presence of preclinical EBV antibodies in the serum that differenti-
ated RA subjects from controls without RA. Specifically, IgG-EA antibody levels were higher in RA subjects
(mean � SD 0.82 � 0.72 international standardized ratio [ISR]) compared to controls (mean � SD 0.49 � 0.28 ISR). In
subjects with RA, elevated serum IgG-EA levels in the preclinical period before seroconversion were significantly cor-
related with increased serum IgM-RF levels (P = 0.007), whereas this correlation was not seen in control subjects with-
out RA (P = 0.15). IgG-CMV antibody levels did not differ between groups.

Conclusion. Subjects whose serum IgG-EA antibody levels are elevated in the preclinical period will eventually
develop RA, which suggests that EBV reactivation cycles are increased during the preclinical period of RA. A combina-
tion of RF and EBV reactivation may play an important role in the development of RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease charac-
terized by joint inflammation and joint destruction that has a
worldwide prevalence of 0.8–1.0% (1). There is growing interest
in studying the etiologies of RA during the prolonged period of
asymptomatic autoimmunity prior to disease onset and classifi-
able RA, termed the “pre-RA” or preclinical period (2). During
the preclinical period of RA, rheumatoid factors (RFs), anti–
citrullinated protein antibodies (ACPAs), and inflammatory cyto-
kines evolve, which culminates in inflammatory arthritis (3–6).
Therefore, identifying risk factors that appear during the preclinical
period of RA may provide insight into the pathogenesis of RA and
potential intervention strategies.

Epstein-Barr virus (EBV) infection is a possible environmental
risk factor for RA. EBV is a human herpesvirus that exhibits lifelong
latent persistence in B cells with intermittent reactivation cycles.
EBV infection status is serologically assessed using antibody
titers against EBV nuclear antigen 1 (EBNA-1), viral capsid antigen
(VCA), and early antigen (EA). During EBV reactivation, IgG-VCA
and IgG-EA antibody levels increase in the continued presence
of the IgG–EBNA-1 antibody.

There have been notable findings since the initial reports link-
ing EBV with RA (7). For instance, ACPA-producing B cells within
the RA synovium were found to have higher rates of EBV infection
(8). One study showed that RF can reactivate EBV in RA synovium
(9). Furthermore, levels of antibodies against citrullinated EBNA-1
and EBNA-2 (VCP-1 and VCP-2, respectively) are higher in
patients during the preclinical period of RA and remain high later
in patients with established RA (10,11).

Although there are >50 years of data linking EBV and RA, the
majority of these analyses were performed using cross-sectional
cohorts of patients with established RA and those without estab-
lished RA, and a causal effect of EBV in RA development is
unproven (12). By utilizing a longitudinal preclinical RA cohort,
we sought to further elucidate the role of EBV in RA and identify
a time point in disease evolution during which EBV could affect
the disease course. We hypothesized that EBV plays a role during
the preclinical period when EBV infection promotes either initiation
of or expansion of RA-related autoimmunity.

PATIENTS AND METHODS

Subjects. A total of 83 subjects with RA were identified at
the Walter Reed Army Medical Center rheumatology clinic. The
date of RA diagnosis in these subjects was verified by chart
review. Serum samples preceding the diagnosis of RA were avail-
able from all 83 subjects, obtained from the Department of
Defense Serum Repository (DoDSR). In addition, serum samples
obtained after RA diagnosis were available for ~50% of subjects
(3,4,13). Another 83 military subjects without RA in the DoDSR
were identified to serve as controls and were matched to the RA

subjects according to age at diagnosis, sex, race, number of
available samples, timing of sample collection/duration of sample
storage, and enlistment region (Supplementary Table 1, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41994).

Ethics considerations. The study protocol was approved
by the appropriate regulatory groups at the DoDSR and Walter
Reed Army Medical Center, and by the Colorado Multiple Institu-
tional Review Board. Identification of specific products or scien-
tific instrumentation is considered an integral part of the scientific
endeavor and does not constitute endorsement or implied
endorsement on the part of the author, Department of Defense,
or any component agency.

Measuring circulating levels of anti–cyclic citrulli-
nated peptide (anti-CCP) and RF autoantibodies. For
determination of RF autoantibodies, we tested subjects’ serum for
RF measured by nephelometry (RF-Neph) as well as for IgA-RF,
IgG-RF, and IgM-RF, as previously described (3,13). Briefly, RF iso-
types were measured using Quanta Lite kits according to the man-
ufacturer’s instructions. Cutoff values for determination of RF serum
positivity were based on the values in 491 control subjects
(i.e., blood donors in whom the RF serum positivity rate was <5%)
(3). These cutoffs included IgA-RF values >10.5I IU/ml, IgG-RF val-
ues >4.9 IU/ml (with >13.1 IU/ml considered high), IgM-RF values
>13.6 IU/ml, and RF-Neph values >15.2 IU/ml.

Enzyme-linked immunosorbent assays (ELISAs) were used
for determination of anti-CCP autoantibodies in the subjects’
serum. IgG-specific anti-CCP2 was measured using a Diastat
ELISA (Axis-Shield Diagnostics), in which the cutoff value for pos-
itivity was ≥5 units/ml. ELISAs for IgG anti-CCP3 and both IgG
and IgA anti-CCP3.1 were performed according to the manufac-
turer’s instructions (Inova Diagnostics), in which the cutoff value
for positivity in both ELISAs was ≥20 units/ml.

Measurement of cytokine/chemokine levels.Cytokine
and chemokine levels were quantitated as previously described (3).
Cytokines/chemokines were measured using a bead-based 14-plex
assay (Beadlyte kit) and a Luminex xMAP 200 system according to
the manufacturer’s instructions, with the addition of 3 μg/ml of Het-
eroBlock (Omega Biologicals). Quantitative levels of cytokines/
chemokines are reported as picograms per milliliter.

ACPA array. Serum ACPA levels were measured using an
array of 17 autoantibodies and 3 native protein controls. The array
was performed as previously described (4). Anti-human IgG anti-
body conjugated to phycoerythrin was added to the beads, and
fluorescence was read using a Luminex 200 system.

EBV antibody assays. IgG-VCA and IgG-EA antibody
levels were measured by ELISA using Zeus Scientific Test
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Systems according to the manufacturer’s instructions, and find-
ings were reported as international standardized ratios (ISRs).
IgG–EBNA-1 antibody levels were measured by ELISA using a
Euroimmun ELISA, and VCA and IgA-EA antibody levels were
measured using Tecan ELISA kits. Results are reported as a cut-
off index. A cutoff index value and/or ISR value of ≥1.10 was con-
sidered to indicate antibody positivity. As a control, IgG–
cytomegalovirus (CMV) was measured by ELISA (Zeus Scientific
Test Systems), with results reported as the ISR (values ≥1.10 con-
sidered positive for IgG-CMV antibodies).

Statistical analysis. Comparison of antibody levels at
different time points.Mean serum levels of antibodies were calcu-
lated over all visits for each group. Additionally, mean serum
antibody levels were determined over all pre-diagnosis visits,
post-diagnosis visits, and at the time of the collection of the first
serum sample for RA subjects and control subjects without RA,

separately. P values were adjusted for multiple comparisons
using the Holm method. Mann–Whitney U test was used to
assess for RA autoantibodies. A P value less than 0.05 was con-
sidered significant.

Mixed-effects random forest analysis. The variables used in
mixed-effects random forest models are listed in Supplementary
Table 2 (http://onlinelibrary.wiley.com/doi/10.1002/art.41994). If
2 variables were strongly correlated, 1 was randomly removed. A
total of 500 decision trees were run using all subject samples with
the package “MEml” in R software version 3.5.0, and these deci-
sion trees accounted for within-subject correlations from longitudi-
nal sampling.

Linear mixed-effects modeling. Linear mixed-effects models
were fitted for each log-transformed antibody level that demon-
strated interaction between cohort and time. For antibodies with-
out evidence of an interaction between group and time (P > 0.05),
linear mixed models were fitted without interaction to determine if

Table 1. Anti-EBV and RA-related antibody levels in cross-sectional cohorts of patients with established RA and non-RA
controls*

Anti-EBV antibodies
RA cases
(n = 83)

Non-RA
controls
(n = 83) P

Holm-
adjusted P

IgG–EBNA-1 (by OD), no. (%) ever positive 82 (98.8) 82 (98.8) 1.00 1.00
IgG–EBNA-1, mean � SD OD level 0.84 � 0.27 0.77 � 0.21 0.05 0.30
Pre-RA visits, mean � SD 0.86 � 0.29 0.79 � 0.23 0.06 0.36
Post-RA visits, mean � SD 0.73 � 0.25 0.68 � 0.20 0.25 1.00

IgG-VCA (by ISR), no. (%) ever positive 79 (95.2) 81 (97.6) 0.68 1.00
IgG-VCA, mean � SD ISR level 4.44 � 1.68 3.88 � 1.27 0.02 0.12
Pre-RA visits, mean � SD 4.39 � 1.68 3.82 � 1.24 0.01 0.06
Post-RA visits, mean � SD 4.88 � 1.89 4.32 � 1.69 0.13 0.78

IgG-EA, (by ISR) no. (%) ever positive 28 (33.7) 9 (10.8) 0.0004 0.002
IgG-EA, mean � SD ISR level 0.82 � 0.72 0.49 � 0.28 0.0002 0.001

Pre-RA visits, mean � SD 0.82 � 0.72 0.49 � 0.29 0.0002 0.001
Post-RA visits, mean � SD 0.86 � 0.61 0.55 � 0.31 0.004 0.02

IgA-VCA, (by ISR) no. (%) ever positive 5 (6.0) 2 (2.4) 0.25 1.00
IgA-VCA, mean � SD ISR level 0.34 � 0.22 0.29 � 0.19 0.14 0.84

Pre-RA visits, mean � SD 0.34 � 0.23 0.29 � 0.19 0.17 1.00
Post-RA visits, mean � SD 0.33 � 0.24 0.24 � 0.17 0.06 0.36

IgA-EA, (by ISR) no. (%) ever positive 52 (62.7) 43 (51.8) 0.16 0.96
IgA-EA, mean � SD ISR level 0.97 � 0.49 0.79 � 0.46 0.02 0.12
Pre-RA visits, mean � SD 1.02 � 0.50 0.82 � 0.48 0.01 0.06
Post-RA visits, mean � SD 0.80 � 0.77 0.67 � 0.62 0.38 1.00

IgG-CMV, no. (%) ever positive 42 (50.6) 46 (55.4) 0.53 1.00
IgG-CMV, mean � SD ISR level 0.95 � 0.81 1.11 � 0.91 0.24 1.00
Pre-RA visits, mean � SD 0.87 � 0.70 1.02 � 0.89 0.26 1.00
Post-RA visits, mean � SD 1.20 � 0.86 1.55 � 1.18 0.15 0.90

RA-related antibodies, no (%) ever positive 0.001
IgA-RF 58 (69.9) 10 (12.1) 0.0001
IgG-RF 38 (45.8) 12 (14.5) <0.0001
IgM-RF 56 (67.5) 10 (12.1) <0.0001
RF-Neph 56 (67.5) 12 (14.5) <0.0001
CCP2 56 (67.5) 0 (0.0) <0.0001
CCP3 56 (67.5) 3 (3.6) <0.0001
CCP3.1 60 (72.3) 14 (16.9) <0.0001

* For pre–rheumatoid arthritis (pre-RA) visits, the mean level was calculated for each subject over all visits then compared by
rheumatoid arthritis (RA) case/non-RA control status. For post-RA visits, there was a maximum of only 1 sample per subject.
Post-RA samples were available for only 94 subjects (1 sample per subject). Anti-EBV = anti–Epstein-Barr virus; IgG–EBNA-1 =
IgG EBV nuclear antigen 1; IgG-VCA = IgG viral capsid antigen; ISR = international standardized ratio; IgG-EA = IgG early antigen;
CMV = cytomegalovirus; IgA-RF = IgA rheumatoid factor; RF-Neph = RF nephelometry; CCP2 = cyclic citrullinated peptide 2.
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there were overall between-group differences in mean antibody
levels, and findings were adjusted for age, sex, and race.

For antibodies with evidence of an interaction between RA
status and time, pointwise comparisons of mean adjusted anti-
body levels were tested 10 years before diagnosis to identify at
what time point antibody levels differed between subject groups.
P values for each antibody were adjusted for multiple compari-
sons using the Holm method (Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.41994).

Analysis of prevalence, incidence, and reversion of EBV anti-
bodies. Prevalence, incidence, and reversion of EBV antibodies
were compared between RA subjects and control subjects with-
out RA using chi-square or Fisher’s exact test. Prevalence was
defined as antibody positivity at the collection of the first serum
sample. Incidence was defined as transitioning from being nega-
tive for antibodies to positive for antibodies at the collection of a
later sample. Reversion was defined as fluctuating from being
positive for antibodies to then becoming negative for antibodies
at a later visit.

Joint effects modeling. To determine if the rate of change for
2 antibodies correlated over time, joint models were fitted in SAS
version 9.4 with PROC NLMIXED. Models were fitted with a ran-
dom slope and intercept, and the correlation between the random
slopes was considered the estimate of inference. SE values were
approximated using the delta method after reparameterizing. Stu-
dent’s t-test values frommodel estimates were used to determine
whether there was a significant correlation between random
slopes.

Comparison of EBV antibody levels in first samples and in
incident RA autoantibody samples. Subjects whose serum devel-
oped positivity for CCP or RF autoantibodies after baseline were
assessed for changes in the serum IgG-EA levels. Paired t-tests
were used for comparisons between antibody-negative serum
samples at baseline and serum samples developing incident anti-
body positivity over follow-up.

RESULTS

Demographic characteristics of the study cohort. As
shown in Supplementary Table 1 (available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41994), 83 RA cases were matched with 83 military
subjects without RA (controls) by age, sex, race, and date of sam-
ple acquisition. A total of 80% of samples were collected during
the period including 9.51 years before diagnosis to 1.21 years
after diagnosis, and 50% of the data were from 6.36–0.85 years
before diagnosis. Therefore, the time frame for subsequent
modeling analyses of the preclinical period was limited to 10 years
before diagnosis through the time of diagnosis.

Increased anti-EBV antibody levels in RA cases.Mean
levels of anti-EBV and RA-related autoantibodies were determined

over all visits as well as separately (pre- and post-diagnosis) in each
group (Table 1). As previously reported (4,5), RA cases exhibited a
higher prevalence of positivity. As a control, we assayed for IgG-
CMV and saw no differences in antibody levels between cohorts,
suggesting that the antibody response is EBV specific and not a
result of generalized immune dysregulation.

Consistent with other studies (7), RA cases had higher levels
of IgG–EBNA-1, IgG-VCA, IgG-EA, and IgA-EA. In the pre-RA time
frame, mean IgG-VCA and IgA-EA levels were also significantly
higher. Mean IgG-EA levels were significantly higher overall in both
the pre- and post-RA diagnosis time periods. Mean IgA-VCA levels
did not differ overall or pre- and post-RA diagnosis.

We also compared antibody positivity in RA cases and non-
RA controls in the first available serum sample (Supplementary
Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.41994).
Almost all subjects were positive for IgG–EBNA-1 and IgG-VCA,
suggesting that most subjects were previously infected with EBV.
IgG-EA positivity was lower overall; however, RA cases again had
significantly higher levels of IgG-EA compared to non-RA controls.

Identification of EBV antibodies using random for-
est analysis. Because our data included ACPA, cytokine, che-
mokine, RF, and CCP results, we used a mixed-effects random
forest analysis to longitudinally determine which analytes signifi-
cantly differed between RA cases and non-RA controls. The top

Figure 1. Mixed-effects random forest model. A total of 500 decision
trees were run on the entire sample set, accounting for within-subject
correlation due to repeated longitudinal samples. Preselected vari-
ables, including demographic characteristics, Epstein-Barr virus anti-
body levels, rheumatoid arthritis (RA)–related clinical markers,
cytokine/chemokine levels, and anti–citrullinated protein antibody array
biomarkers, are included based on their association with the outcome
RA case versus non-RA control at a significance level of P < 0.20, by
Mann–Whitney U test. The top 20most important variables for classify-
ing RA cases versus non-RA controls are presented. CCP2 = cyclic
citrullinated peptide 2; IgM-RF = IgM rheumatoid factor; HuIL2RA13 =
human interleukin-2 receptor antagonist 13; EA = early antigen;
VCA = viral capsid antigen; HuMIF35 = human macrophage inhibitory
factor 35; HuMIG14 = human monocyte induced by interferon-γ 14.
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20 most important variables were recorded (Figure 1), and CCP2
was found to be the most important variable for classifying RA
cases. Interestingly, IgG-EA, IgG-VCA, and IgA-EA were identified
among the top 20 most important variables, further suggesting a
potential role for EBV in preclinical RA development.

Different timing of antibody level elevations in RA
cases. Mixed models were used to determine if anti-EBV anti-
bodies significantly differed over time between RA cases and
non-RA controls. Levels of CCP2, CCP3, CCP3.1, RF-Neph,
and IgM-RF were also modeled, since these antibodies are
known to significantly differ (Supplementary Figures 1A–E, http://
onlinelibrary.wiley.com/doi/10.1002/art.41994). We applied the
same model to IgG–EBNA-1, IgG-VCA, IgG-EA, IgA-VCA, IgA-
EA, and IgG-CMV (Supplementary Figures 2A–F). Among EBV
antibodies tested, only IgG-EA levels were different between RA
cases and non-RA controls at the earliest time point tested
(10 years before diagnosis) and continued to differ 10 years after
diagnosis, suggesting there was an earlier time point during which
the levels of IgG-EA diverged (Supplementary Table 3).

Significant fluctuation of IgG-EA positivity in RA
cases. Because linear mixed modeling results do not fully capture
the fluctuations of anti-EBV antibody levels, the prevalence, inci-
dence, and reversion rates of anti-EBV antibodies were assessed.
After Holm adjustments, incident IgG-EA positivity was more fre-
quent among RA cases compared to non-RA controls
(P = 0.075; see Supplementary Table 5, http://onlinelibrary.wiley.
com/doi/10.1002/art.41994). Together with findings from linear
mixed modeling, these data were consistent with the hypothesis
that there are higher rates of EBV reactivation in RA during the
preclinical disease period.

Joint modeling of IgG-EA to RA-related autoanti-
bodies. Joint modeling was performed to estimate the correlation
over time between IgG-EA and RA-related autoantibodies in
cases and controls during the pre-RA period. IgA-EA was also
modeled as a comparator. Estimates of the correlation between
the anti-EBVmarker and RA-related autoantibodies are presented
in Table 2. In RA cases, IgG-EA was positively correlated with
levels of CCP2, CCP3, and CCP3.1 levels. In controls, IgG-EA
levels also positively correlated with CCP3 and CCP3.1. Since all
controls were CCP2 negative, the CCP2 correlation analysis was
not relevant. Increasing levels of RF-Neph and IgM-RF significantly
correlated with increasing levels of IgG-EA in RA cases but not in
the non-RA controls. No significant correlations were identified
between IgA-EA and the RA autoantibodies in either group.

Elevation of IgG-EA levels as IgM-RF and IgA-RF con-
vert to seropositivity. In RA cases, joint modeling suggested
a unique relationship between RF-Neph, IgM-RF, and IgG-EA.
To examine this relationship further, we compared the levels of
IgG-EA at the time of the collection of the first serum sample to
levels of IgG-EA at the time of the collection of the incident
RA–related seropositive autoantibody sample among subjects
who were initially negative for a given RA autoantibody
(Supplementary Figure 3, http://onlinelibrary.wiley.com/doi/
10.1002/art.41994). We found that among RA cases who ini-
tially tested negative for IgA-RF or IgG-RF, there was a signifi-
cant increase in IgG-EA levels from the time of the collection of
the first serum sample to the time at which the first IgA-RF or
IgG-RF sample was collected.

DISCUSSION

Using a longitudinal RA cohort, we showed that preclinical
anti-EBV antibody titers are altered in those who would later

Table 2. Joint mixed modeling showing the correlation of log levels of IgA-EA or log levels of IgG-EA with each RA-related antibody
during the pre-RA period with subject-specific rate of change*

RA cases Non-RA controls

Random slope,
rate of

change (SE) P Change

Random slope,
rate of change

(SE) P Change

IgA-EA
CCP2 0.089 (0.269) 0.741 Increase –0.202 (0.333) 0.547 Decrease
CCP3 –0.084 (0.268) 0.754 Decrease –0.182 (0.347) 0.601 Decrease
CCP3.1 –0.032 (0.267) 0.905 Decrease –0.334 (0.232) 0.154 Increase
RF-Neph 0.039 (0.356) 0.913 Increase –0.294 (0.181) 0.108 Decrease
IgM-RF 0.112 (0.310) 0.708 Decrease –0.024 (0.210) 0.908 Decrease

IgG-EA
CCP2 0.461 (0.184) 0.014 Increase 0.893 (0.073) <0.001 Increase
CCP3 0.436 (0.182) 0.019 Increase 0.588 (0.250) 0.021 Increase
CCP3.1 0.334 (0.195) 0.090 Increase 0.543 (0.173) 0.002 Increase
RF-Neph 0.557 (0.191) 0.005 Increase 0.031 (0.175) 0.860 Increase
IgM-RF 0.512 (0.183) 0.007 Increase –0.256 (0.178) 0.150 Decrease

* Pvaluesweredeterminedby t-test. IgA-EA= IgAearlyantigen;RA= rheumatoidarthritis; CCP2=cyclic citrullinatedpeptide2;RF-Neph=
rhematoid factormeasured by nephelometry.
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develop RA. We used several analytical techniques, including a
longitudinal random forest approach that included CCP, RFs,
ACPAs, chemokines, and cytokines, to reveal that EBV antibod-
ies are significant variables for identifying RA cases. We used lin-
ear mixed modeling to demonstrate that the timing of RA and
EBV antibody development is altered during the preclinical period
of RA. Of the anti-EBV antibodies we evaluated, IgG-EA exhibited
the most significant changes. IgG-EA levels were higher during
the preclinical period in RA cases and remained high through the
time of RA diagnosis, suggesting that EBV reactivation is associ-
ated with future development of RA.

One novel aspect of our study was the ability to evaluate the
relationship of EBV titers with other RA-related antibodies, such
as RF and CCP. We studied the effects of IgG-EA on RF and
CCP antibodies over time using joint mixed modeling. In RA
cases, levels of IgM-RF significantly increased as IgG-EA
increased. These findings are notable in relation to previous stud-
ies showing that RF from the synovial fluid of RA patients can
increase glycoprotein 350, which is an activation marker of EBV
(9). In the subjects whose antibody levels were available before
and after seroconversion, we saw an increase in IgG-EA levels
that correlated with IgA-RF and IgG-RF seropositivity. Because
IgG-EA is associated with reactivation, RF reactivation of EBV is
a possible contributing or associated mechanism of RA
development.

Because not everyone who is positive for EBV develops
autoimmunity, we hypothesize that there is a particular RA endo-
type that is driven by EBV reactivation. When we performed parti-
tion around medoids clustering in our cohort by anti-EBV
antibody level, we also did not identify a unique subset (data not
shown). However, those who became positive for IgA-RF or
IgG-RF had higher levels of IgG-EA. Since both IgA-RF and IgG-
RF levels are associated with increased risk and more severe
disease, this suggests an EA-related endotype that could be
associated with early-onset or more severe RA (14).

One caveat of this study is that our cohort was derived from
military samples, which include a higher proportion of male sub-
jects than in the general population (a female majority). Indeed, a
previous study using an exclusively female cohort did not reveal
changes in levels of EBV antibodies (15). Since our analyses were
adjusted for sex and age and the time frame of analysis was
restricted to encompass the majority of samples, our findings
are still generalizable to patients with RA.

In conclusion, IgG-EA levels are higher in subjects with higher
RF levels, which has implications regarding the potential role of
EBV reactivation in the development of RA. However, the
mechanism by which this occurs remains unknown. One possible
mechanism suggested by our findings is that autoreactive B cell–
producing autoantibodies, including RF, reactivate EBV, which
then drives RA development. However, the presence of VCP-1
and VCP-2 antibodies in the pre-RA period suggests that molec-
ular mimicry through ACPA cross-reactivity may be involved,

thereby propagating autoimmunity (11). This mechanism should
be further studied in a larger ACPA-positive RA cohort.
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The Effect of Discontinuing Denosumab in Patients
With Rheumatoid Arthritis Treated With Glucocorticoids

Kenneth G. Saag,1 Michele T. McDermott,2 Jonathan Adachi,3 Willem Lems,4 Nancy E. Lane,5 Piet Geusens,6

Robert Kees Stad,2 Li Chen,2 Shuang Huang,2 Robin Dore,7 and Stanley Cohen8

Objective. To evaluate changes in bone turnover and bone mineral density (BMD) in patients with rheumatoid
arthritis (RA) receiving glucocorticoids, after discontinuation of denosumab for 12 months.

Methods. We conducted a randomized, double-blind, placebo-controlled, phase II study of RA patients. Patients
received placebo, denosumab 60 mg, or denosumab 180 mg every 6 months for 12 months and were followed up for
an additional 12 months after discontinuation, during which no bone loss prevention therapy was instituted. Changes
from baseline in serum C-terminal telopeptide of type I collagen (CTX), serum procollagen type I N-terminal propeptide
(PINP), and lumbar spine and total hip BMD were evaluated.

Results. In this post hoc analysis of patients treated with glucocorticoids at study baseline (n = 82), levels of CTX
and PINP decreased significantly from baseline in both denosumab groups. Following denosumab discontinuation,
CTX returned to baseline and was not significantly different from the placebo group 6 and 12 months after discontinu-
ation. Median percentage changes from baseline PINP in those treated with denosumab 60 mg were �0.16% and
15.3% at 6 and 12 months, respectively, after discontinuation (P= 0.062 and P= 0.017, versus placebo); correspond-
ing changes with denosumab 180 mg were 9.0% and 75.8%, respectively (P = 0.018 and P = 0.002 versus placebo).
Compared to placebo, lumbar spine and total hip BMD increased in patients receiving denosumab and returned to
baseline 12 months after discontinuation. No osteoporotic fractures were reported during treatment or in the
off-treatment period.

Conclusion. In this analysis of short-term denosumab use in RA patients receiving glucocorticoids, denosumab
discontinuation resulted in a gradual increase in bone turnover, which was associated with a return to baseline lumbar
spine and total hip BMD.

INTRODUCTION

Patients with rheumatoid arthritis (RA) often experience

bone loss that can be exacerbated by their frequent use of glu-

cocorticoids, leading to an increased risk of fragility fractures

(1–3). Mechanisms underlying the adverse effects of glucocorti-

coids on fracture risk include decreased bone formation and

increased bone resorption, which is driven in part by greater

expression of RANKL and reduced expression of the RANKL

inhibitor osteoprotegerin (4–6). In general, patients receiving glu-

cocorticoids have a higher risk of spine and hip fractures (7),

which may be twice that of RA patients who are not receiving

glucocorticoids (8,9).
Denosumab, a monoclonal antibody that inhibits RANKL, is

approved for the treatment of glucocorticoid-induced osteoporo-

sis in the US and other countries (10). Patients receiving glucocor-

ticoids may have only transient indications for bone therapies,

such as denosumab, if glucocorticoids are stopped. Unlike bis-

phosphonates, denosumab does not bind to bone matrix, and

denosumab’s clearance from the circulation is accompanied by

a loss of its antiresorptive effect (11). Studies involving 2 years of

denosumab therapy show that denosumab discontinuation leads
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to a transient increase in bone turnover markers (BTMs) above
baseline levels, with peak levels occurring ~12months after the last
administered dose and resolution ~12 months later (12,13). This
transient high-turnover state is associated with a reduction in bone
mineral density (BMD) (12,13) and an increased risk of vertebral
fractures, particularly multiple vertebral fractures (14). Therefore, it
is necessary to better understand the effects of denosumab
discontinuation, including bone turnover and BMD responses, in
RA patients receiving glucocorticoid therapy. Further, the optimal
timing and type of subsequent therapy on denosumab discontinu-
ation is an important topic for patients and clinicians.

The primary objective of this post hoc analysis was to assess
BMD and BTM results for a subgroup of patients who were
receiving glucocorticoid therapy at baseline, in a randomized,
placebo-controlled, phase II study of denosumab in patients with
RA (ClinicalTrials.gov identifier: NCT00095498), including assess-
ments of BMD and BTMs after discontinuation of denosumab
treatment for 12 months.

PATIENTS AND METHODS

Study design. The design of this study has previously been
described (15,16). Patients were stratified according to current
use of glucocorticoids and prior use of biologic agents
(e.g., etanercept and infliximab) and were then randomized 1:1:1
to receive placebo, denosumab 60 mg, or denosumab 180 mg
once every 6 months by subcutaneous injection, at baseline
(month 0) and month 6. The 180-mg dose was selected for this
dose-finding study to ensure maximal suppression of bone
turnover in this patient population. All patients were to take daily
supplements of elemental calcium 0.5–1.0 gm and vitamin D
400–800 IU. As part of preplanned analyses, patients were mon-
itored for an additional 12 months after discontinuing their
assigned treatment during a follow-up period that extended from
6 to 18 months after their last treatment, ending at month 24.

Study population. Eligibility criteria for this study have pre-
viously been described (15,16). Recruited patients were included
in the study if they were ages ≥18 years at the time of screening,
were receiving a stable dosage of methotrexate 7.5–25 mg/week
for ≥8 weeks, had active RA (duration ≥24 weeks) and erosive
disease (≥3 erosions of the hands and feet), or had both a
C-reactive serum protein level ≥2 mg/dl and positive test results
for cyclic citrullinated peptide antibodies. Patients were included
in the present subgroup analysis if they had received glucocorti-
coids at baseline.

Patients were excluded from the study if they had received
any biologic agent or leflunomide within 8 weeks before random-
ization (previous use of these agents was allowed). Other exclu-
sion criteria included pregnancy, potential or scheduled surgery
of the hands/wrists or feet, Felty syndrome, any uncontrolled clin-
ically significant systemic disease, a malignancy within 5 years,

and a positive test for hepatitis B surface antigen, hepatitis C
virus, or HIV. Since this was a placebo-controlled study and the
effects of denosumab in preventing glucocorticoid-induced loss
were unknown, patients receiving >15 mg/day of prednisone or
its equivalent were also excluded from the study.

Outcomemeasures. Assessments for this subgroup anal-
ysis included percentage changes from baseline in the bone
resorption marker C-terminal telopeptide of type I collagen
(CTX), the bone formation marker procollagen type I N-terminal
propeptide (PINP), and lumbar spine and total hip BMD during
12 months of denosumab or placebo treatment, and up to
12 months following treatment discontinuation. Fractures were
recorded as adverse events (AEs).

Statistical analysis. Baseline demographic and clinical
characteristics were analyzed descriptively for patients receiving
glucocorticoids at baseline. Percentage changes from baseline
in BTMs and BMD were assessed in this subgroup. Serum CTX
and PINP data were reported as the median and interquartile
range. Data on BMD were reported as the least squares mean
(LSM) and 95% confidence interval (95% CI). Percentage
changes from baseline in BTMs at each time point were assessed
by 2-sided van Elteren stratified rank test, with adjustment for
baseline use of glucocorticoids and previous use of biologic
agents. Percentage changes from baseline in lumbar spine and
total hip BMD at each time point were assessed based on a
repeated-measures model, with adjustment for baseline use of
glucocorticoids, previous use of biologics, and baseline BMD val-
ues. Reported P values were not adjusted for multiplicity.

Data availability. Qualified researchers may request data
from Amgen clinical studies. Complete details are available at
https://wwwext.amgen.com/science/clinical-trials/clinical-data-
transparency-practices/clinical-trial-data-sharing-request/.

RESULTS

Of the 218 patients receiving treatment in the phase II study,
82 patients (placebo, n = 26; denosumab 60 mg, n = 27; and
denosumab 180 mg, n = 29) were receiving glucocorticoids at
baseline and were, therefore, included in the present analysis.
Treatment groups were balanced at baseline for mean age, BTM
levels, prednisolone equivalent dose, and duration of glucocorti-
coid use. The mean PINP level was lowest in the denosumab
180-mg group (Table 1). The denosumab 60-mg group had more
men (n = 12; 44%) compared to the placebo group (n = 8; 31%),
and had fewer women ages ≥55 years (n = 5; 19%) compared to
the denosumab 180-mg group (n = 11; 38%). Fewer patients in
the denosumab 60-mg group had a history of fracture (n = 9;
33%) compared to those in the denosumab 180-mg group
(n = 17; 59%).
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The proportions of patients receiving glucocorticoid therapy
at month 12 were 81%, 85%, and 86% in the placebo, denosu-
mab 60-mg, and denosumab 180-mg groups, respectively, with
corresponding proportions of 54%, 44%, and 55% at month 24.
Overall, the mean � SD duration of glucocorticoid use at the
end of the study period (month 24) was 19.4 � 6.4 months, with
a mean � SD prednisone equivalent dose of 5.8 � 2.6 mg/day,
with no significant difference between treatment groups. At
month 12, the proportions of patients receiving disease-modifying
antirheumatic drug therapy were 89%, 100%, and 93% in the pla-
cebo, denosumab 60-mg, and denosumab 180-mg groups,
respectively, while a corresponding 23%, 11%, and 21% were
receiving biologic treatment for RA.

Throughout the 12-month treatment period, serum CTX in
both denosumab groups was reduced relative to baseline and
placebo (Figure 1A). Median percentage changes from baseline
were �21.4% in the placebo group, �41.6% in the denosumab
60-mg group (P = 0.014), and �56.6% in the denosumab
180-mg group (P = 0.006) at month 12 of the treatment period.
In both denosumab groups, CTX returned to pretreatment levels
by month 6 of the off-treatment period (i.e., month 18) and
remained at those levels until the end of the observation period,

with no significant differences compared to the placebo control
value. Median percentage changes from baseline in serum CTX
in the denosumab 60-mg group were 0% (P = 0.184 versus pla-
cebo) and 22.7% (P = 0.220 versus placebo) at months 6 and
12, respectively, of the off-treatment period. In the denosumab
180-mg group, median percentage changes from baseline CTX
were 10.0% (P = 0.056 versus placebo) and 1.8% (P = 0.677
versus placebo) at months 6 and 12, respectively, of the off-
treatment period.

Serum PINP was decreased in both denosumab groups rel-
ative to baseline and the placebo group, throughout the treatment
period (Figure 1B). Median percentage changes from baseline
were �12.0% in the placebo group, �46.9% in the denosumab
60-mg group (P = 0.028), and �41.6% in the denosumab
180-mg group (P = 0.002) at month 12 of the treatment period.
In the denosumab 60-mg group, PINP returned to baseline levels
at months 6 and 12 during the off-treatment period and was sig-
nificantly higher compared to the placebo group at month 12 off
treatment (median percentage change 15.3%; P = 0.017 versus
placebo). In the denosumab 180-mg group, PINP returned to
baseline levels by 6 months off treatment and increased above
baseline at 12 months off treatment to levels significantly higher

Table 1. Demographic and clinical characteristics at baseline*

Baseline use of glucocorticoids

Placebo Denosumab Denosumab Total
(n = 26) 60 mg (n = 27) 180 mg (n = 29) (n = 82)

Age, years 55.5 � 12.8 53.0 � 12.3 57.2 � 11.5 55.3 � 12.2
Sex, no. (%)
Women 18 (69) 15 (56) 18 (62) 51 (62)
<55 years 10 (38) 10 (37) 7 (24) 27 (33)
≥55 years 8 (31) 5 (19) 11 (38) 24 (29)

Men 8 (31) 12 (44) 11 (38) 31 (38)
<50 years 2 (25) 1 (8) 1 (9) 4 (13)
≥50 years 6 (75) 11 (92) 10 (91) 27 (87)

Fracture history, no. (%)† 12 (46) 9 (33) 17 (59) 38 (46)
Bisphosphonate use, no. (%) 8 (31) 8 (30) 10 (34) 26 (32)
Lumbar spine BMD
T score

�0.48 � 1.3 �0.33 � 1.2 �0.74 � 1.6 �0.52 � 1.4

Lumbar spine T score range, no. (%)‡
≤�2.5 2 (8) 0 5 (17) 7 (9)
>�2.5 to <�1.0 5 (19) 6 (22) 8 (28) 19 (23)
≥�1.0 18 (69) 21 (78) 15 (52) 54 (66)

Total hip BMD T score �0.83 � 1.0 �0.80 � 1.3 �0.80 � 1.4 �0.81 � 1
Total hip T score range, no. (%)§
≤�2.5 1 (4) 2 (7) 2 (7) 5 (6)
>�2.5 to <�1.0 14 (54) 7 (26) 10 (34) 31 (38)
≥�1.0 11 (42) 17 (63) 17 (59) 45 (55)

Serum CTX, ng/ml 0.31 � 0.19 0.37 � 0.23 0.33 � 0.24 0.33 � 0.22
Serum PINP, μg/liter 44.86 � 27.61 43.73 � 22.36 35.29 � 17.09 41.10 � 22.71
DAS28 5.15 � 1.11 4.56 � 0.96 5.30 � 1.11 5.01 � 1.10
CRP, mg/liter 23.65 � 23.87 16.61 � 15.66 31.20 � 38.94 24.00 � 28.56

* Except where indicated otherwise, values are the mean � SD. Treatments were administered every 6 months. BMD = bone mineral density;
CTX = serum C-terminal telopeptide of type I collagen; PINP = procollagen type I N-terminal propeptide; DAS28 = Disease Activity Score in 28
joints; CRP = C-reactive protein.
† Defined as osteoporosis-related fractures.
‡ Missing data on 1 patient in the placebo group and 1 in the denosumab 180-mg group.
§ Missing data on 1 patient in the denosumab 60-mg group.
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than the placebo control value at both time points. Median per-
centage changes from baseline PINP in the denosumab 180-mg
group were 9.0% (P = 0.018 versus placebo) and 75.8%
(P = 0.002 versus placebo) at months 18 and 24, respectively.

During the treatment period, both denosumab groups exhib-
ited lumbar spine and total hip BMD gains relative to baseline and
the placebo group (Figure 2). Gains in lumbar spine BMDwere sig-
nificant for the denosumab 60-mg group at months 1, 6, and 12 of
the treatment period, and for the denosumab 180-mg group at
months 6 and 12, compared to the placebo group. Gains in total
hip BMD were significant for the denosumab 60-mg group at
month 12 of the treatment period, and for the denosumab
180-mg group at months 6 and 12, compared to the placebo
group. By 12months after treatment discontinuation, lumbar spine
BMD in both denosumab groups decreased to the level of the

placebo control value, which was slightly above pretreatment
levels. LSM percentage changes from baseline lumbar spine
BMDwere 2.30% (95% CI�0.35%, 4.94%) in the placebo group,
1.31% (95% CI�1.17%, 3.79%) in the denosumab 60-mg group,
and 0.12% (95% CI �2.45%, 2.68%) in the denosumab 180-mg
group at month 24. Additionally, total hip BMD decreased in both
denosumab groups during the off-treatment period. LSM percent-
age changes from baseline total hip BMD 12 months after treat-
ment discontinuation were �2.20% (95% CI �4.03%, �0.36%)
in the placebo group, �0.54% (95% CI �2.37%, 1.29%) in the
denosumab 60-mg group, and �1.71% (95% CI �3.52%,
0.10%) in the denosumab 180-mg group at month 24. Thus, total
hip BMD in the denosumab 60-mg and denosumab 180-mg
groups reverted to levels similar to or slightly above the placebo
control value (P = 0.210 and P = 0.706, respectively).

Figure 1. Changes in C-terminal telopeptide of type I collagen (CTX) (A) and procollagen type I N-terminal propeptide (PINP) (B) from baseline
(BL) in rheumatoid arthritis patients receiving placebo, denosumab 60 mg, or denosumab 180 mg, during treatment and after discontinuation of
treatment. Includes patients enrolled in the off-treatment phase with observed values at month 0 and the time point of interest. * = P ≤ 0.05;
† = P ≤ 0.001, versus placebo. Q6M = every 6 moths; IQR = interquartile range.
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Overall rates of AEs, serious AEs, treatment-related AEs, and
AEs leading to study discontinuation were balanced between the
denosumab and placebo groups during the treatment and off-
treatment periods. During the treatment period, AEs in RA were
reported in 12 patients in the placebo group (46%), 13 in the den-
osumab 60-mg group (38%), and 9 in the denosumab 180-mg
group (31%); during the off-treatment period, the corresponding
numbers of AEs were 3 (12%), 4 (15%), and 6 (21%), respectively.
Arthralgia AEs were uncommon (≤2 per group) and were bal-
anced between the treatment and off-treatment periods. Infection
AEs reported in both the treatment and off-treatment periods
included sinusitis, upper respiratory tract infection, bronchitis,
influenza, and nasopharyngitis. The incidence of these events
was generally similar among the 3 groups, although more upper
respiratory infections were observed in the denosumab 60-mg

group during the treatment period (n = 4; 15%) and the denosu-
mab 180-mg group during the off-treatment period (n = 4;
14%), compared to the placebo group (n = 1; 3.8%; and n = 0,
respectively). Bronchitis was reported in 7 patients in the denosu-
mab 180-mg group (24%) during the treatment period compared
to 1 (4%) in the placebo group (Table 2). There were no serious
infection AEs reported.

Very few patients required anti–tumor necrosis factor res-
cue therapy after 6 months (2 patients in the placebo group,
1 in the denosumab 60-mg group, and 4 in the denosumab
180-mg group), and thus, no conclusions could be made
regarding the risk of infections with concomitant biologic and
denosumab use. There were no treatment-related serious AEs,
deaths, or fractures in these 3 groups during the treatment or
off-treatment periods.

Figure 2. Changes in lumbar spine bone mineral density (BMD) (A) and total hip bone BMD (B) from baseline (BL) in rheumatoid arthritis patients
receiving placebo, denosumab 60 mg, or denosumab 180 mg, during treatment and after discontinuation of treatment. Includes patients enrolled
in the off-treatment phase with observed values at month 0 and the time point of interest. * = P ≤ 0.05 versus placebo. Q6M = every 6 months;
LS = least-squares; 95% CI = 95% confidence interval.
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DISCUSSION

The results of this subgroup analysis involving RA patients
receiving glucocorticoid therapy indicate that discontinuation of
treatment with denosumab 60-mg or 180-mg (once every
6 months) after 1 year resulted in the reversal of its inhibitory effect
on BTMs and BMD gains. For the clinically approved denosumab
60-mg dose administered every 6 months, serum CTX returned
to pretreatment levels, and PINP levels were slightly above base-
line 12 months after the last denosumab dose. Additionally, lum-
bar spine and total hip BMD gains during the treatment period
decreased to pretreatment levels 18 months after the last dose.
Studies in postmenopausal women with low BMD have also
shown that treatment-related gains in BMD are lost after discon-
tinuing denosumab therapy (12,13). Those findings and the pres-
ent data highlight the need for follow-on osteoporosis therapy to
preserve BMD gains in patients who discontinue denosumab.

The present study in RA patients receiving glucocorticoids
showed that CTX was not increased above baseline when mea-
sured 6 and 12 months after completing a course of 2 doses of
denosumab. This is in contrast to previous studies in postmeno-
pausal women who discontinued denosumab after receiving
4 doses (once every 6 months) (12,13). These discordant
responses during the off-treatment period could have biochemi-
cal or biomechanical bases. Biochemically, patients with RA who
are receiving glucocorticoid therapy may have more bioavailable
RANKL than postmenopausal women, leading to a lesser ability
of denosumab to inhibit osteoclasts for the entire 6-month dosing
interval and thus to a more muted osteoclast response after den-
osumab discontinuation (17). Possible sources of RANKL unique
to the current population include bone cells and synovial cells
expressing RANKL in response to glucocorticoids or proinflam-
matory cytokines (4,6,18–20). Further, glucocorticoids inhibit cel-
lular expression and serum levels of the RANKL inhibitor
osteoprotegerin (4,5,21), which may further increase bioavailable
RANKL. In support of this biochemically based theory, median
CTX reduction at the end of the initial 6-month dosing interval
was <50% in the present study’s denosumab 60-mg group com-
pared to nearly 80% in postmenopausal women receiving the
same dose (12).

From a biomechanical perspective, previous denosumab

discontinuation studies showing increases in CTX above baseline

also showed BMD gains during the treatment period that were

approximately twice those observed in the current study (12,13).

Greater increments in BMD are likely associated with greater

reductions in habitual skeletal strain, which may trigger more

osteocytes to express factors that are positioned to aggressively

increase bone resorption upon denosumab discontinuation. This

“mechanostat-based” theory (22) also aligns with evidence that

BMD tends to return to an individual’s pretreatment baseline level

after discontinuing denosumab (12,13). Serum CTX also

increased above baseline after discontinuing the antiresorptive

agent odanacatib (23) and the dual-acting (bone-forming and

antiresorptive) agent romosozumab (24) after substantial BMD

gains during treatment had accrued.
The bone formation marker serum PINP was slightly above

baseline levels 12 months after discontinuing denosumab 60 mg

and increased above baseline after discontinuing denosumab

180 mg. A study in postmenopausal women showed that serum

PINP increased above baseline after discontinuing denosumab

60 mg following 24 months of treatment (12), and the more muted

PINP discontinuation response in our denosumab 60-mg group

could have similar bases as those previously described for serum

CTX. Mechanisms underlying the increase in serum PINP above

baseline after discontinuing denosumab 180 mg are unclear. Bone

formationmarkers generally increase after discontinuing glucocorti-

coid therapy (25), and although patients in the present denosumab

180-mg group had similar rates of glucocorticoid therapy as the

other groups, it cannot be excluded that theymay have had greater

glucocorticoid dose reductions during the off-treatment period.

The off-treatment PINP response in the denosumab 180-mg group

could also reflect a greater degree of osteoclast inhibition through-

out the treatment period compared to the denosumab 60-mg

group, but the lack of a commensurate increase in CTX above

baseline suggests that the PINP response at month 24 in the den-

osumab 180-mg group may be a chance finding, likely due to the

small sample size and variability in BTM values in this analysis.
The elevated risk of fragility fractures partially decreases

when patients with RA discontinue glucocorticoid therapy (8).

Table 2. Adverse events of infection*

During treatment Off-treatment

Placebo Denosumab 60 mg Denosumab 180 mg Placebo Denosumab 60 mg Denosumab 180 mg
(n = 26) (n = 27) (n = 29) (n = 26) (n = 27) (n = 29)

Sinusitis 4 (15.4) 1 (3.7) 7 (24.1) 2 (7.7) 2 (7.4) 1 (3.4)
URI 1 (3.8) 4 (14.8) 2 (6.9) 0 (0) 2 (7.4) 4 (13.8)
Bronchitis 1 (3.8) 0 (0) 7 (24.1) 0 (0) 1 (3.7) 1 (3.4)
Influenza 0 (0) 2 (7.4) 2 (6.9) 0 (0) 1 (3.7) 1 (3.4)
Nasopharyngitis 3 (11.5) 2 (7.4) 2 (6.9) 1 (3.8) 0 (0.0) 1 (3.4)

* Values are the number (%) of patients. Treatments were administered every 6 months. Percentages were calculated by dividing the number
of patients reporting ≥1 adverse event of interest by the number of randomized patients who had a baseline measurement and ≥1 postbase-
line measurement up to month 12, and then multiplying this by 100. Events were coded using MedDRA version 9.0 and include only
treatment-emergent adverse events that began before the month 12 evaluation. URI = upper respiratory tract infection.
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It may, therefore, be appropriate to discontinue antiresorptive
treatment in coordination with the end of glucocorticoid therapy,
at least in patients without a high underlying risk of fragility frac-
ture. The present findings indicate that although BTMs did not
increase markedly above baseline after discontinuation of deno-
sumab 60 mg, gains in lumbar spine and total hip BMD during
treatment were nonetheless lost within a year of discontinuation,
highlighting the need to follow up with alternative osteoporosis
therapies to preserve prior BMD gains. This guidance would apply
to patients who continue receiving glucocorticoid therapy and to
those who may discontinue glucocorticoid therapy but remain at
high risk of fracture due to underlying osteoporosis or other risk
factors (26). The type, timing, and effects of therapy after denosu-
mab discontinuation, however, remain controversial and require
further study (27).

Strengths of the present analysis include the randomized,
placebo-controlled nature of the trial. The study also involved a
novel experimental denosumab regimen comprising 12 months
of active treatment followed by 12 months with no treatment.
The duration of these periods likely provided sufficient time to
assess major post-discontinuation changes in bone turnover
and BMD in this population under these conditions. Although the
lack of follow-up beyond month 24 limits definitive conclusions
regarding possible longer-term effects of denosumab discontinu-
ation on BMD, the findings are applicable to RA patients in whom
suppression of relatively temporary glucocorticoid-induced bone
turnover is sought. Findings of this analysis provide additional
insights into denosumab discontinuation, which is a timely and
important clinical question given the identified risk of multiple ver-
tebral fractures associated with denosumab discontinuation in
postmenopausal women with osteoporosis who typically receive
longer courses of denosumab therapy (28); however, the baseline
fracture risk was likely higher among such women than for those
in the present analysis.

This study has limitations, including the relatively small sam-
ple size and the post hoc nature of this analysis from a study not
specifically designed to assess denosumab discontinuation. Par-
ticipation in the follow-up extension period was not mandated,
and the lack of bone-sparing therapy may have led to many
patients choosing not to continue beyond the 12-month study
period. Fluctuations in the use of glucocorticoids among patients,
which could have had an impact on fracture risk, were not cap-
tured in this study. Fractures were not systematically evaluated
and were recorded as AEs, which may have missed some
asymptomatic vertebral fractures. The study was not designed
to identify effective follow-on therapies to mitigate reductions in
BMD after denosumab discontinuation, although bisphospho-
nates have been shown to reduce bone loss to varying degrees
in postmenopausal women with osteoporosis who discontinue
denosumab (29–33). Finally, the 12-month treatment duration
may not reflect the benefits or risks of longer-term denosumab
treatment and subsequent discontinuation.

In summary, like all non-bisphosphonate medications for
osteoporosis, the pharmacologic effects of denosumab are read-
ily reversible after discontinuation. In the present subgroup of
glucocorticoid-treated patients with RA, BMD gains achieved
with 12 months of denosumab therapy were lost upon denosu-
mab discontinuation, consistent with previous observations in
postmenopausal women who discontinued denosumab after
24 months of therapy for osteoporosis (12,13). Post-
discontinuation bone loss in the present study was associated
with a return of serum CTX to pretreatment baseline levels in both
denosumab groups and an increase in serum PINP to above
baseline levels, particularly in the denosumab 180-mg group.
These results provide further support for recommendations that
patients discontinuing denosumab should transition to follow-on
osteoporosis therapy to prevent or minimize remodeling-induced
bone loss (26,27).

ACKNOWLEDGMENTS

Paul J. Kostenuik, PhD (Phylon Pharma Services) and Alexandra
Stirling, PharmD (BioScience Communications) provided writing and edi-
torial support, which was funded by Amgen Inc.

AUTHOR CONTRIBUTIONS
All authors were involved in drafting the article or revising it critically

for important intellectual content, and all authors approved the final ver-
sion to be published. Dr. Saag had full access to all of the data in the
study and takes responsibility for the integrity of the data and the accu-
racy of the data analysis.
Study conception and design. Saag, Cohen.
Acquisition of data. Lane, Dore, Cohen.
Analysis and interpretation of data. Saag, McDermott, Adachi, Lems,
Lane, Geusens, Stad, Chen, Huang, Dore, Cohen.

ROLE OF THE STUDY SPONSOR
Amgen funded this study and participated in the study design,

research, analysis, data collection, interpretation of data, and review of
the manuscript. All authors participated in manuscript drafting and revi-
sion, interpreting results, approved the final draft, and had the final deci-
sion to submit the manuscript for publication. Medical writing support
was funded by Amgen.

REFERENCES

1. Choi ST, Kwon SR, Jung JY, Kim HA, Kim SS, Kim SH, et al. Preva-
lence and fracture risk of osteoporosis in patients with rheumatoid
arthritis: A multicenter comparative study of the FRAX and WHO cri-
teria. J Clin Med 2018;7:507.

2. Ozen G, Pedro S, Wolfe F, Michaud K. Medications associated with
fracture risk in patients with rheumatoid arthritis. Ann Rheum Dis
2019;78:1041–7.

3. Xue AL, Wu SY, Jiang L, Feng AM, Guo HF, Zhao P. Bone fracture risk
in patients with rheumatoid arthritis: a meta-analysis. Medicine 2017;
96:e6983.

4. Hofbauer LC, Gori F, Riggs BL, Lacey DL, Dunstan CR, Spelsberg
TC, et al. Stimulation of osteoprotegerin ligand and inhibition of osteo-
protegerin production by glucocorticoids in human osteoblastic

SAAG ET AL610



lineage cells: potential paracrine mechanisms of glucocorticoid-
induced osteoporosis. Endocrinology 1999;140:4382–9.

5. Kondo T, Kitazawa R, Yamaguchi A, Kitazawa S. Dexamethasone
promotes osteoclastogenesis by inhibiting osteoprotegerin through
multiple levels. J Cell Biochem 2008;103:335–45.

6. Piemontese M, Xiong J, Fujiwara Y, Thostenson JD, O’Brien CA. Cor-
tical bone loss caused by glucocorticoid excess requires RANKL pro-
duction by osteocytes and is associated with reduced OPG
expression in mice. Am J Physiol Endocrinol Metab 2016;311:
E587–93.

7. Steinbuch M, Youket TE, Cohen S. Oral glucocorticoid use is associ-
ated with an increased risk of fracture. Osteoporos Int 2004;15:
323–8.

8. Balasubramanian A, Wade SW, Adler RA, Lin CJ, Maricic M, O’Malley
CD, et al. Glucocorticoid exposure and fracture risk in patients with
new-onset rheumatoid arthritis. Osteoporosis Int 2016;27:3239–49.

9. de Nijs RN, Jacobs JW, Bijlsma JW, Lems WF, Laan RF, Houben HH,
et al. Prevalence of vertebral deformities and symptomatic vertebral
fractures in corticosteroid treated patients with rheumatoid arthritis.
Rheumatology 2001;40:1375–83.

10. Saag KG, Wagman RB, Geusens P, Adachi JD, Messina OD, Emkey
R, et al. Denosumab versus risedronate in glucocorticoid-induced
osteoporosis: a multicentre, randomised, double-blind, active-
controlled, double-dummy, non-inferiority study. Lancet Diabetes
Endocrinol 2018;6:445–54.

11. Bekker PT, Holloway DL, Rasmussen AS, Murphy R, Martin SW,
Leese PT, et al. A single-dose placebo-controlled study of AMG
162, a fully human monoclonal antibody to RANKL, in postmeno-
pausal women. J Bone Miner Res 2004;19:1059–66.

12. Bone HG, Bolognese MA, Yuen CK, Kendler DL, Miller PD, Yang YC,
et al. Effects of denosumab treatment and discontinuation on bone
mineral density and bone turnover markers in postmenopausal
women with low bone mass. J Clin Endocrinol Metab 2011;96:
972–80.

13. Miller PD, Bolognese MA, Lewiecki EM, McClung MR, Ding B, Austin
M, et al., on behalf of the AMG 162 Bone Loss Study Group. Effect
of denosumab on bone density and turnover in postmenopausal
women with low bone mass after long-term continued, discontinued,
and restarting of therapy: a randomized blinded phase 2 clinical trial.
Bone 2008;43:222–9.

14. Cummings SR, Ferrari S, Eastell R, Gilchrist N, Jensen JE, McClung
M, et al. Vertebral fractures after discontinuation of denosumab: a
post hoc analysis of the randomized placebo-controlled FREEDOM
trial and its extension. J Bone Miner Res 2018;33:190–8.

15. Cohen SB, Dore RK, Lane NE, Ory PA, Peterfy CG, Sharp JT, et al.,
on behalf of the Denosumab Rheumatoid Arthritis Study Group. Den-
osumab treatment effects on structural damage, bone mineral den-
sity, and bone turnover in rheumatoid arthritis: a twelve-month,
multicenter, randomized, double-blind, placebo-controlled, phase II
clinical trial. Arthritis Rheum 2008;58:1299–309.

16. Dore RK, Cohen SB, Lane NE, Palmer W, Shergy W, Zhou L, et al., on
behalf of the Denosumab RA Study Group. Effects of denosumab on
bone mineral density and bone turnover in patients with rheumatoid
arthritis receiving concurrent glucocorticoids or bisphosphonates.
Ann Rheum Dis 2010;69:872–5.

17. Kearns AE, Khosla S, Kostenuik PJ. Receptor activator of nuclear fac-
tor κb ligand and osteoprotegerin regulation of bone remodeling in
health and disease. Endocr Rev 2008;29:155–92.

18. Hofbauer LC, Lacey DL, Dunstan CR, Spelsberg TC, Riggs BL,
Khosla S. Interleukin-1β and tumor necrosis factor-α, but not interleu-
kin 6, stimulate osteoprotegerin ligand gene expression in human
osteoblastic cells. Bone 1999;25:255–9.

19. Crotti TN, Smith MD, Weedon H, Ahern MJ, Findlay DM, Kraan M,
et al. Receptor activator NF-κB ligand (RANKL) expression in synovial
tissue from patients with rheumatoid arthritis, spondyloarthropathy,
osteoarthritis, and from normal patients: semiquantitative and quanti-
tative analysis. Ann Rheum Dis 2002;61:1047–54.

20. Rooney T, Edwards CK, Gogarty M, Greenan L, Veale DJ, FitzGerald
O, et al. Synovial tissue rank ligand expression and radiographic pro-
gression in rheumatoid arthritis: observations from a proof-of-concept
randomized clinical trial of cytokine blockade. Rheumatol Int 2010;30:
1571–80.

21. von Tirpitz C, Epp S, Klaus J, Mason R, HawaG, Brinskelle-Schmal N,
et al. Effect of systemic glucocorticoid therapy on bone metabolism
and the osteoprotegerin system in patients with active Crohn’s dis-
ease. Eur J Gastroenterol Hepatol 2003;15:1165–70.

22. Frost HM. Bone’s mechanostat: a 2003 update. Anat Rec A Discov
Mol Cell Evol Biol 2003;275:1081–101.

23. Eisman JA, Bone HG, Hosking DJ, McClung MR, Reid IR, Rizzoli R,
et al. Odanacatib in the treatment of postmenopausal women with
low bone mineral density: three-year continued therapy and resolution
of effect. J Bone Miner Res 2011;26:242–51.

24. McClung MR, Brown JP, Diez-Perez A, Resch H, Caminis J, Meisner
P, et al. Effects of 24 months of treatment with romosozumab fol-
lowed by 12 months of denosumab or placebo in postmenopausal
women with low bone mineral density: a randomized, double-blind,
Phase 2, parallel group study. J Bone Miner Res 2018;33:1397–406.

25. Dovio A, Perazzolo L, Osella G, Ventura M, Termine A, Milano E, et al.
Immediate fall of bone formation and transient increase of bone
resorption in the course of high-dose, short-term glucocorticoid ther-
apy in young patients with multiple sclerosis. J Clin Endocrinol Metab
2004;89:4923–8.

26. Buckley L, Guyatt G, Fink HA, Cannon M, Grossman J, Hansen KE,
et al. 2017 American College of Rheumatology Guideline for the Pre-
vention and Treatment of Glucocorticoid-Induced Osteoporosis.
Arthritis Rheumatol 2017;69:1521–37.

27. Tsourdi E, Zillikens MS, Meier C, Body JJ, Gonzalez Rodriguez E,
et al. Fracture risk and management of discontinuation of denosu-
mab: a systematic review and position statement by ECTS. J Clin
Endocrinol Metab 2020. doi: 10.1210/clinem/dgaa756. E-pub ahead
of print.

28. Cummings SR, San Martin J, McClung MR, Siris ES, Eastell R, Reid
IR, et al; for the FREEDOM Trial. Denosumab for prevention of frac-
tures in postmenopausal women with osteoporosis. N Engl J Med
2009;361:756–65.

29. Freemantle N, Satram-Hoang S, Tang ET, Kaur P, Macarios D,
Siddhanti S, et al., on behalf of the DAPS Investigators. Final results
of the DAPS (Denosumab Adherence Preference Satisfaction) study:
a 24-month, randomized, crossover comparison with alendronate in
postmenopausal women. Osteoporos Int 2012;23:317–26.

30. Horne AM, Mihov B, Reid IR. Bone loss after romosozumab/denosu-
mab: effects of bisphosphonates. Calcif Tissue Int 2018;103:55–61.

31. Leder BZ, Tsai JN, Jiang LA, Lee H. Importance of prompt antiresorp-
tive therapy in postmenopausal women discontinuing teriparatide or
denosumab: the Denosumab and Teriparatide Follow-up study
(DATA-Follow-up). Bone 2017;98:54–8.

32. Lehmann T, Aeberli D. Possible protective effect of switching from
denosumab to zoledronic acid on vertebral fractures. Osteoporos Int
2017;28:3067–8.

33. Søling AS, Harsløf T, Langdahl B. Treatment with zoledronate subse-
quent to denosumab in osteoporosis: a randomized trial. J Bone
Miner Res 2020;35:1858–70.

DENOSUMAB DISCONTINUATION IN GLUCOCORTICOID-TREATED RA PATIENTS 611

info:doi/10.1210/clinem/dgaa756


Recreational Physical Activity and Risk of Incident Knee
Osteoarthritis: An International Meta-Analysis of Individual
Participant–Level Data

Lucy S. Gates,1 Thomas A. Perry,2 Yvonne M. Golightly,3 Amanda E. Nelson,3 Leigh F. Callahan,3

David Felson,4 Michael Nevitt,5 Graeme Jones,6 Cyrus Cooper,7 Mark E. Batt,8 Maria T. Sanchez-Santos,2

and Nigel K. Arden2

Objective. The effect of physical activity on the risk of developing knee osteoarthritis (OA) is unclear. We undertook
this study to examine the relationship between recreational physical activity and incident knee OA outcomes using
comparable physical activity and OA definitions.

Methods. Data were acquired from 6 global, community-based cohorts of participants with and those without knee
OA. Eligible participants had no evidence of knee OA or rheumatoid arthritis at baseline. Participants were followed up
for 5–12 years for incident outcomes including the following: 1) radiographic knee OA (Kellgren-Lawrence [K/L] grade
≥2), 2) painful radiographic knee OA (radiographic OA with knee pain), and 3) OA-related knee pain. Self-reported rec-
reational physical activity included sports and walking/cycling activities and was quantified at baseline as metabolic
equivalents of task (METs) in days per week. Risk ratios (RRs) were calculated and pooled using individual participant
data meta-analysis. Secondary analysis assessed the association between physical activity, defined as time (hours
per week) spent in recreational physical activity and incident knee OA outcomes.

Results. Based on a total of 5,065 participants, pooled RR estimates for the association of MET days per week with
painful radiographic OA (RR 1.02 [95% confidence interval (95% CI) 0.93–1.12]), radiographic OA (RR 1.00 [95% CI
0.94–1.07]), and OA-related knee pain (RR 1.00 [95%CI 0.96–1.04]) were not significant. Similarly, the analysis of hours
per week spent in physical activity also showed no significant associations with all outcomes.

Conclusion. Our findings suggest that whole-body, physiologic energy expenditure during recreational activities
and time spent in physical activity were not associated with incident knee OA outcomes.

INTRODUCTION

Osteoarthritis (OA) is a leading cause of global disability and

a major cause of reduced function and pain (1). As life

expectancy increases, along with rising levels of obesity, the

number of people living for prolonged periods with severe OA is

expected to grow (2). Currently, there is a lack of disease-

modifying treatments for OA, and subsequently, attention has
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turned to identifying modifiable risk factors to help alleviate dis-
ease onset and burden.

Physical activity appears to have a positive, long-term influ-
ence on noncommunicable diseases such as coronary heart dis-
ease and type 2 diabetes mellitus (3), and it is clear that efforts
are needed to encourage increases in physical activity for health
(4). In contrast, while there are some well-established risk factors
for knee OA, including joint injury (5), obesity (6), and female sex
(7), the effect of physical activity on the risk of OA is unclear. A sys-
tematic review by Richmond et al (8) demonstrated that physical
activity was deemed a risk factor for OA in 4 studies and seen as
protective in another, with joint injury the potentially mediating fac-
tor. Further, in the same study, cumulative physical activity and
physical activity in midlife were not shown to be risk factors for
incident knee OA; however, a borderline association was
observed for exercise in early adult life. In this systematic review,
published in 2013, it was concluded that a meta-analysis explor-
ing the relationship between physical activity and risk of OA was
not possible using the current published literature due to hetero-
geneity in the definitions of physical activity and OA (8). Addition-
ally, there is evidence to suggest that physical activity in the form
of exercise improves clinical outcomes among those with OA (9).
There is also evidence to suggest that some types of physical
activity are a potential risk factor for the development of structural
change at the knee (10–12). Despite this, “exercise” is recom-
mended as a core treatment for the nonsurgical management of
OA, with “low-impact aerobic exercise” recommended by most
treatment guidelines (13).

Among the likely explanations for the lack of consensus are
the variable definitions of physical activity, differences in assess-
ment of the physical activity constructs (e.g., duration, severity,
intensity), and differences in physical activity domains (e.g.,
leisure, recreation, occupation). Further research is required to
examine the components of physical activity using the different
metrics of physical activity. This may help advance our under-
standing of the biomechanical and pathophysiologic changes that
occur with physical activity which may ultimately help identify and
explain the threshold between risk and protection.

It is important to identify the role of physical activity in dis-
abling diseases such as OA and to inform prevention strategies
targeted to reduce the global burden of OA and encourage,
where appropriate, participation in physical activity for the benefits
of overall health. To overcome the difficulties in synthesizing
aggregate data, which use a variety of definitions for both physical
activity–related exposures and OA outcomes, individual patient–
level meta-analysis provides a method to harmonize original raw
data from cohorts and use standardized statistical methods to
analyze and produce pooled estimates (14). This method also
provides the opportunity to gain a better clinical understanding
of the degree to which different components of knee OA (pain
and/or structure) are affected by physical activity. Therefore, our
aim was to investigate the association between recreational

physical activity and risk of incident knee OA outcomes in 6 pro-
spective cohort studies of adults at risk of developing knee OA.

PATIENTS AND METHODS

Study design. The wider study comprised 2 parts. First,
due to the novel aspect of combining this type of data, 3 separate
expert committees convened to do the following: 1) establish a
common physical activity variable, 2) harmonize knee OA out-
come variables, and 3) establish a statistical strategy. The results
of these consensus studies have previously been published
(15,16). The current study used those previous decisions on out-
come and exposure definitions to examine the relationship
between recreational physical activity and incident knee OA out-
comes (radiographic, painful radiographic [radiographic OA plus
symptoms], and OA-related knee pain).

Cohort selection and participant inclusion criteria.
We identified the appropriate cohorts by searching published litera-
ture for established longitudinal OA cohorts and by liaising with
principal investigators and experts with knowledge of available
data. Cohorts were included according to the availability of detailed
data on physical activity, knee pain, and knee radiographic results.
Specifically, cohorts were selected based on the following inclusion
criteria: 1) presence of self-reported physical activity sufficient to
allow for the calculation of hours per week spent in recreational
physical activity and metabolic equivalent of task (MET) days per
week at baseline, 2) OA-related knee pain and/or radiographic data
at baseline and at follow-up, and 3) recruitment from the commu-
nity (i.e., not identified through clinics, hospitals, or health care pro-
fessionals). Cohorts were not excluded based on whether data on
them regarding the relationship between physical activity and OA
had previously been published.

Six cohorts were identified with appropriate data available for
analysis: 2 US community-based cohorts (Framingham Osteoar-
thritis Study and Johnston County Osteoarthritis Project [JoCo
OA]) (17–19) and 1 US enhanced risk factor cohort (Multicenter
Osteoarthritis Study [MOST]) (20); 2 UK community-based
cohorts (Chingford Women’s Study and Hertfordshire Cohort
Study [HCS]) (21,22); and 1 Australian community-based cohort
(The Tasmanian Older Adult Cohort [TASOAC]) (23). Details on
cohort selection are shown in Figure 1.

Cohorts without radiographic follow-up data were only
included in the OA-related knee pain analysis (TASOAC). Cohorts
without side-specific knee pain at follow-up (HCS) were only
included in the OA-related knee pain and radiographic OA–only
analyses. Across all analyses, participants were included if they
were OA-free at baseline and did not have evidence of rheuma-
toid arthritis at baseline.

Physical activity as a primary risk factor. A number of
questions were used to assess physical activity in each of the
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respective cohorts, resulting in variation in the type of responses.
A more detailed description of the individual variables captured
in each cohort can be found in Supplementary Table 1 (available
on the on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42001). To address these
methodologic differences, an international consensus study
involving experts in physical activity and clinical epidemiology
was conducted to develop an approach to harmonize physical
activity; key results from this have previously been described
(15). Briefly, agreement was reached for the use of METs (24) as
a method for harmonizing physical activity variables among
cohorts. It was agreed that occupation is a less modifiable domain
of physical activity, which may have a greater weighting over our
findings compared to household and sport and leisure domains.
Therefore, occupational physical activity was not included in the
calculation of physical activity (15). Household activity data were

missing in a number of cohorts, and therefore, this domain was
also excluded. The exposure for all cohorts consisted of recrea-
tional physical activity except for Framingham and TASOAC, for
which we could not determine the type of activity as the questions
asked were “hours spent in sedentary/slight/moderate and heavy
activity per day” and “days per week and minutes per day doing
vigorous/moderate activities,” respectively.

Primary and secondary exposures. Primary exposure.
MET days per week were calculated based on time spent in a
given activity (sports and walking/cycling activities) multiplied by
the MET value for that activity (24). OnceMET days per week were
calculated, the original components of this physiologic measure
could not be distinguished.

Secondary exposure. We included a second exposure
based on the amount of time spent in recreational physical

Figure 1. Flow chart of the cohort selection process. MOST = Multicenter Osteoarthritis Study; Chingford = Chingford Women’s Study;
JoCo = Johnston County Osteoarthritis Project; Framingham = Framingham Osteoarthritis Study; HCS = Hertfordshire Cohort Study;
TASOAC = Tasmanian Older Adult Cohort; OA = osteoarthritis; RA = rheumatoid arthritis; BL = baseline; FU = follow-up.
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activity, which was based on hours per week spent in physical
activity at baseline. A lengthy process was undertaken to first
assign a MET value to every activity recorded within each cohort
according to the compendium of physical activity (24). For expo-
sure 1 (MET days per week), MET values were multiplied by dura-
tion spent in the given activity. For exposure 2, each recreational
activity was assigned to 1 of 3 intensity levels (light, moderate, or
vigorous) according to the classification of METs (25). In cohorts
in which physical activity questions were already based on light/
moderate/vigorous physical activity (e.g., Framingham, MOST,
and TASOAC), the cohort thresholds were used.

Incident knee OA outcomes. Comparing and pooling
results between prospective cohorts is relatively rare in the study
of OA. Therefore, a second expert consensus meeting was con-
vened to determine how best to harmonize this variable between
cohorts. Key results from this consensus study have previously
been described (16). Briefly, knee OA was defined using both
self-reported pain and the presence of radiographic OA.

Incident radiographic OA. The presence of radiographic
knee OA was defined using the Kellgren/Lawrence (K/L) scale
(26) in each cohort. Incident radiographic OA was defined as the
occurrence of radiographic OA (K/L grade ≥2) during follow-up
in either/both knee(s) without radiographic OA (K/L grade 0–1) in
both knees at baseline. Person-level OA was calculated by
assessing the OA status for each knee joint and using the “high-
est” level of OA based on this system. For example, if a participant
had no evidence of OA (or data were not available) in their right
knee and radiographic OA in their left knee, their person-level
knee OA status would be radiographic OA. Total knee replace-
ments that occurred during follow-up were included as incident
radiographic OA cases if confirmed by radiography.

Incident OA–related knee pain. Current knee pain sta-
tus was determined using the National Health and Nutrition Exam-
ination Survey (NHANES) (27), in which a positive response to
“have you had pain on most days in the last month in your joint”
would indicate the presence of pain. Alternatively, if a question like
this NHANES question was absent, the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) pain sub-
scale (28) was used (for cohort-specific pain questions, see Sup-
plementary Table 1, https://onlinelibrary.wiley.com/doi/10.1002/
art.42001). Due to known variations in the wording of questions
related to pain (29), an analysis was previously undertaken to deter-
mine the most comparable wording of the variety of NHANES-type
questions and to establish an equivalent threshold to use in the
WOMAC pain subscale to create a binary pain variable (30).

In participants with and those without radiographic OA at
baseline, incident OA–related knee pain was defined as the
occurrence of knee pain during follow-up in participants with no
evidence of knee pain at baseline.

Incident painful radiographic OA. In participants with
no evidence of radiographic OA with knee pain in the same knee
at baseline (participant-level), incident painful radiographic OA
was defined as the occurrence of both knee symptoms and
radiographic OA in the same knee during follow-up. Side-specific
radiographs and knee pain responses were available at baseline
and follow-up in the Framingham, JoCo OA, MOST, and Ching-
ford cohorts and, therefore, painful radiographic OA was calcu-
lated for these cohorts. In HCS, only person-level pain data were
available at follow-up. In TASOAC, only person-level pain data
were available, with no radiographs, at follow-up. Therefore,
2 cohorts were not included in the painful radiographic OA
analysis.

Confounders. Age, sex, race, and body mass index
(BMI) were considered as potential confounders. In all cohorts,
age was defined as age at the time of the clinic visit, as
was BMI (kg/m2), which was based on objective height and
weight measurements. The Chingford, HCS, and Framingham
cohorts comprised predominantly White participants; the
JoCo OA and MOST cohorts comprised both White and
African American participants; and the TASOAC cohort com-
prised a small percentage of Asian and Indigenous Australian
participants.

Statistical analysis.We conducted a complete case anal-
ysis and calculated the percentage, mean � SD, and/or median
and interquartile range for baseline characteristics in all cohorts.
Modified Poisson regression analyses were conducted to assess
the association between baseline recreational physical activity
(hours per week spent in activity and MET days per week) and
incident radiographic OA, painful radiographic OA, and OA-
related knee pain, respectively, at 5–12 years of follow-up. Mod-
els were adjusted for potential confounders. Sex and race were
included in the fully adjusted models only when relevant to the
specific cohort. When the study outcome is considered common,
odds ratios overestimate the relative risk (31). Therefore, we used
a modified Poisson approach to estimate the relative risk and
95% confidence interval (95% CI) using robust variances, as sug-
gested by Zou (32).

Individual participant data (IPD) meta-analysis. IPD
meta-analysis involved estimating an appropriate summary statis-
tic for each study and then calculating a weighted average of
these statistics across studies (33). It allowed for cohorts to be
compared using identical risk factors, outcomes, and confound-
ers. An IPD meta-analysis consisted of 2 distinct stages. First,
each cohort was analyzed individually using identical methodol-
ogy. Risk ratios (RRs) and 95% CIs were calculated for each indi-
vidual cohort. Second, the results of each individual analysis were
pooled using standard meta-analysis statistical methods (34).
Data were pooled using random-effects analysis. The Stata
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admetan command was used to produce the pooled estimates,
in addition to forest plots which graphically demonstrate the
results (35). All analyses were conducted using Stata version
16.1 statistical software.

Sensitivity analysis. Occupational physical activity has
been shown to be an important risk factor in the development
of knee OA (36,37). Within the Framingham and TASOAC
cohorts, it was not possible to isolate the contributions of occu-
pational activity from recreational activity. Therefore, results are
reported both with and without the inclusion of Framingham
and TASOAC data.

Data availability. Requests for access to individual
cohort–level data used within this report should be submitted to
the cohort principal investigators.

RESULTS

The IPD meta-analysis included 5,065 participants. Incidence
of painful radiographic OA at follow-up ranged from 6.1% to
20.3%, radiographic OA from 9.2% to 33.8%, and OA-related
knee pain from 8.6% to 29.2%. The median physical activity in par-
ticipants ranged from 0MET days per week in the Chingford cohort
to 11.4 MET days per week in the Framingham cohort (Table 1).

Figure 2. Forest plots for fully adjusted models showing the association of metabolic equivalents of task (days per week) with OA outcomes,
stratified by cohort study. Results for all cohort studies (A) and all cohort studies excluding the Framingham and TASOAC cohorts (B) are shown.
95% CI = 95% confidence interval (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42001/abstract.
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IPDmeta-analysis of painful radiographic OA, radio-
graphic OA, and OA-related knee pain. Analysis 1. This
analysis examined the association between physical activity
(defined as MET days per week) and incident knee OA as painful
radiographic OA, radiographic OA, and OA-related knee pain at
follow-up, compared to participants who had no OA (pain and/or
radiographic OA) at baseline. Multivariable meta-analyses
adjusted for age, sex, BMI, and race showed a nonsignificant
pooled RR of 1.02 (95% CI 0.93–1.12) for painful radiographic
OA, 1.00 (95% CI 0.94–1.07) for radiographic OA, and 1.00
(95% CI 0.96–1.04) for OA-related knee pain (Figure 2A). Nonsig-
nificant pooled RRs of 1.00 (95% CI 0.75–1.32) for painful radio-
graphic OA, 1.00 (95% CI 0.90–1.12) for radiographic OA, and

0.97 (95% CI 0.85–1.10) for OA-related knee pain were calcu-
lated when the Framingham and TASOAC cohorts were excluded
from the analysis (Figure 2B).

Analysis 2. This analysis examined the association of physi-
cal activity (defined as hours per week spent in physical activity)
with incident painful radiographic OA, radiographic OA, and OA-
related knee pain at follow-up, compared to participants who
had no OA (pain and/or radiographic OA). In the models adjusted
for age, sex, BMI, and race, meta-analyses of the effect of the
duration of physical activity on painful radiographic OA, radio-
graphic OA, and OA-related knee pain showed a nonsignificant
pooled RR of 1.00 (95% CI 0.98–1.02) for painful radiographic
OA, 1.00 (95% CI 0.98–1.01) for radiographic OA, and 1.00

Figure 3. Forest plots for fully adjusted models showing the association of duration (hours per week) of physical activity with OA outcomes, strat-
ified by cohort study. Results for all cohort studies (A) and all cohort studies excluding the Framingham and TASOAC cohorts (B) are shown. 95%
CI = 95% confidence interval (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42001/abstract.
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(95% CI 0.98–1.01) for OA-related knee pain (Figure 3A). Nonsig-
nificant pooled RRs of 1.01 (95% CI 0.96–1.05) for painful radio-
graphic OA, RR 1.01 (95% CI 0.98–1.04) for radiographic OA,
and RR 0.97 (95% CI 0.85–1.10) for OA-related knee pain were
calculated when the Framingham and TASOAC cohorts were
excluded from the analysis (Figure 3B).

DISCUSSION

This multicohort study, utilizing data from 6 national and
international OA cohorts, examined the relationship between rec-
reational physical activity and incident knee OA outcomes. Expo-
sure to recreational physical activity, a composite of leisure
sports and walking/cycling activity, was assessed using MET
days per week to estimate whole-body energy expenditure. While
this overall physiologic measure of recreational physical activity is
useful for the interpretation of the effect of recreational physical
activity on incident knee OA, further information is required to pro-
vide a clearer public health message. Therefore, to consider the
role that duration of physical activity may play, we also investi-
gated the effect of time spent in physical activity.

No association was observed between physical activity
defined as total energy expenditure (MET days per week) and inci-
dent painful radiographic knee OA, radiographic knee OA, or OA-
related knee pain. There was also no association observed
between time spent in physical activity (hours per week) and inci-
dent painful radiographic knee OA, radiographic knee OA, or OA-
related knee pain.

The role of physical activity in knee OA remains questionable,
as demonstrated in the findings of a comprehensive literature
review (8). As the first study to harmonize and analyze original
individual-level OA and physical activity data from multiple
cohorts, our findings suggest that recreational physical activity,
as defined by physiologic energy expenditure and time spent in
physical activity, was not associated with incident knee OA
outcomes.

The variation in physical activity and OA definitions and
follow-up times makes the true comparison between the previous
and current findings difficult. For instance, Felson et al found that
physical activity increased the risk of OA using data from the
Framingham study (38). Physical activity was not limited to
recreational activity but was defined as activity over a period of
24 hours, and OA was based on a radiographic definition. McAlin-
don et al also found an association in the Framingham study, with
vigorous activity only (10). In the current study, physical activity
levels within the Framingham and TASOAC cohorts were mark-
edly higher than all other cohorts. This is likely due to the inability
to differentiate between particular activities (question based on
time spent in slight, moderate, and/or heavy activities), which
meant, unlike all other cohorts, we were unable to exclude house-
hold activities, gardening, or occupation-related activities. Also,
participants self-reporting vigorous activities are perhaps more

likely to consider hours spent in heavy occupations as part of
vigorous activity. Previous evidence suggests that occupations,
particularly manual jobs, are associated with radiographic and
symptomatic knee OA (36,37,39,40).

Hootman et al found that participation in physical activity as
an adult does not increase the risk of knee OA (41). In their study,
physical activity was based on calculation and quantification of
physical activity–related joint stress, and knee OA was based on
self-reported physician-diagnosed OA. The current study aimed
to overcome these variations by harmonizing measures across
cohorts prior to analysis. An early case–control study by Imeok-
paria et al combined the physical activity components of occupa-
tion, sport leisure/recreational, and home-based activities to
derive 4 activity categories in METs (very hard, hard, moderate,
and light activities) (42). They demonstrated gender differences
in high levels of cumulative physical activity as a risk factor in the
development of OA of the knee, with women (but not men) ages
55–64 at increased risk of knee OA. Manual occupation is a well-
known risk factor for knee OA (36,37,39,40), and the combination
of manual occupation with leisure and home-based activities in
the case–control study by Imeokparias and colleagues means it
is possible that these effects were being driven by occupation.

Physical activity is a complex behavior with numerous
components to consider. For example, the ability to measure a
specific type of activity (e.g., running, swimming, gardening)
over a specific volume (e.g., duration per day over the pro-
longed period until incident disease occurs), while capturing all
relevant covariates (e.g., injury, lifestyle factors), would be the
ideal method, but this would be time-sensitive, costly, invasive,
and unrealistic.

There are several potential limitations to this study. First, the
6 cohorts were all drawn fromWestern, and largely White, popu-
lations whose demographics, diet, anthropometry, and types of
physical activity may not be applicable to all societies. The
included cohorts were designed as independent studies and
were not designed for direct comparison. Therefore, recrea-
tional physical activity and knee OA were assessed differently
in each cohort. It is known that self-reported physical activity is
susceptible to reporting bias, including recall and social desir-
ability bias, which may lead to overestimation of physical
activity (43). Moreover, and importantly for this study, there are
indications that social desirability bias is larger in individuals with
lower education levels (44). It is also known that even small
variations in the way a question about pain is worded or the
way radiographs are graded can result in differences in OA
prevalence estimates (16,45). In order to minimize this variation,
we made every effort to harmonize physical activity, pain, and
radiographic OA variables between cohorts by conducting
2 international expert consensus studies (15,16).

Self-reported physical activity provides its own challenges in
terms of potential recall bias. In this instance, while there was an
arguably appropriate temporal proximity between the measure
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of exposure and incident outcome, we cannot be certain that
physical activity, which is mostly based on relatively current activ-
ity, and all other covariates for that matter, remained continuous
throughout the study period. Also, the absence of data on partic-
ular variables, such as previous injury and knee surgery, across
cohorts meant that these variables could not be adjusted for
within the analysis. In addition, weight change may play a role in
incident knee outcomes; unfortunately, capturing BMI data over
multiple time points throughout the study period was not
possible.

In an attempt to identify a global, whole-body physiologic risk
factor for knee OA, we used physiologic energy expenditure (MET
days per week) as our exposure. To our knowledge, this is the first
time METs have been used to describe the relationship between
recreational physical activity and incident knee OA. The use of
METs could be considered a limitation as we could not extrapo-
late the individual contributions of type, frequency (or intensity),
or duration of each respective activity on the risk of developing
knee OA. All of these components are likely to contribute differ-
ently to knee OA development.

To overcome the potential limitations of using an exposure
representative of whole-body energy expenditure, we undertook
a secondary analysis in which we created an exposure based on
time spent in physical activity (hours per week). This in itself was
also limited, as it does not show duration of time spent in particu-
lar activities or activity intensities. We were unable to categorize
duration according to intensity level (light, moderate, or vigorous),
as a number of cohorts did not capture activities representative of
light intensity.

In addition to variation in variable definitions (e.g., OA, physi-
cal activity), the key differences between cohorts were year of
baseline visit, length of follow-up, age of participants at baseline,
and lack of side-specific pain and radiographic follow-up data in
1 cohort. Differences in physical activity observed between
cohorts were also likely due to differences in self-reported ques-
tions. It has been suggested that self-reported physical activity
measures are likely to overestimate or underestimate activity
levels compared to directly measured levels of physical
activity (46). Also, for cohorts in which duration or frequency of
the activity was not reported, a mean value was derived from a
cohort where this information was present and was applied to
the missing values, which may also contribute to over- or under-
estimation of activity levels.

Individual types of activities (e.g., hockey, swimming) would
be a useful exposure to consider in order to provide a clearer pub-
lic health message. We were unable to explore this further given
the limitations in the self-reported physical activity measures avail-
able. However, it would be valuable to understand which specific
activities are associated with knee OA, and ideally via prospective
objective measures of physical activity.

In conclusion, this is the first study to assess the relationship
between physical activity defined as MET days week and knee

OA. It is a comprehensive analysis of 6 well-described observa-
tional studies of knee OA, pooling ~5,000 study participants
who were >45 years of age. These findings suggest that physical
activity as defined by whole-body, physiologic energy expenditure
during sports or walking/cycling activities is not associated with
knee OA. Likewise, time spent in recreational physical activity is
not associated with incident knee OA. Further investigation with
clear disaggregation of all components of physical activity (includ-
ing type of activity, intensity, frequency, and duration) over a life-
time would be of most use, but it is incredibly difficult to obtain
such robust data. Given what we also know about the effects of
a manual occupation on knee OA, it would be useful to under-
stand the association between activities according to loading,
along with relative lifetime volume (intensity and duration), and
knee OA, using prospective investigation.
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Clinical and Preclinical Evidence for Roles of Soluble Epoxide
Hydrolase in Osteoarthritis Knee Pain

Peter R. W. Gowler,1 James Turnbull,1 Mohsen Shahtaheri,1 Sameer Gohir,1 Tony Kelly,1 Cindy McReynolds,2

Jun Yang,2 Rakesh R. Jha,1 Gwen S. Fernandes,1 Weiya Zhang,1 Michael Doherty,1 David A. Walsh,1

Bruce D. Hammock,2 Ana M. Valdes,1 David A. Barrett,1 and Victoria Chapman1

Objective. Chronic pain due to osteoarthritis (OA) is a major clinical problem, and existing analgesics often have
limited beneficial effects and/or adverse effects, necessitating the development of novel therapies. Epoxyeicosatrie-
noic acids (EETs) are endogenous antiinflammatory mediators, rapidly metabolized by soluble epoxide hydrolase
(EH) to dihydroxyeicosatrienoic acids (DHETs). We undertook this study to assess whether soluble EH–driven metabo-
lism of EETs to DHETs plays a critical role in chronic joint pain associated with OA and provides a new target for
treatment.

Methods. Potential associations of chronic knee pain with single-nucleotide polymorphisms (SNPs) in the gene-
encoding soluble EH and with circulating levels of EETs and DHETs were investigated in human subjects. A surgically
induced murine model of OA was used to determine the effects of both acute and chronic selective inhibition of soluble
EH by N-[1-(1-oxopropy)-4-piperidinyl]-N0-(trifluoromethoxy)phenyl]-urea (TPPU) on weight-bearing asymmetry, hind
paw withdrawal thresholds, joint histology, and circulating concentrations of EETs and DHETs.

Results. In human subjects with chronic knee pain, 3 pain measures were associated with SNPs of the soluble EH
gene EPHX2, and in 2 separate cohorts of subjects, circulating levels of EETs and DHETs were also associated with
3 pain measures. In the murine OA model, systemic administration of TPPU both acutely and chronically reversed
established pain behaviors and decreased circulating levels of 8,9-DHET and 14,15-DHET. EET levels were unchanged
by TPPU administration.

Conclusion. Our novel findings support a role of soluble EH in OA pain and suggest that inhibition of soluble EH
and protection of endogenous EETs from catabolism represents a potential new therapeutic target for OA pain.

INTRODUCTION

Osteoarthritis (OA) is a common musculoskeletal condition

estimated to affect ~27 million adults in the US, and chronic pain

is the predominant symptom (1). Chronic pain is a maladaptation

of a vital sensory modality, involving increased peripheral nocicep-

tor drive and plasticity in the central nervous system, which results

in increased spinal and supraspinal excitability and collectively

maintains persistent pain (2). Sustained peripheral inflammatory

signaling appears to be a key driver of pain in a large subset of

OA patients (3–5). Current analgesic drugs include nonsteroidal

antiinflammatory drugs and opioids, neither of which alter pro-

gression of disease or are adequately efficacious over the long

time frame of chronic pain states, and both drug therapies can

be associated with severe adverse effects (6,7). Thus, there is a

clear need for novel treatments for OA pain that have improved

side-effect profiles.
Over the last decade, the importance of resolution pathways,

which curtail inflammatory signaling and limit the progression

of chronic illnesses, has become increasingly evident (8).
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Augmenting endogenous antiinflammatory processes may pro-
vide alternative strategies to conventional analgesics for effective
long-term pain relief. Polyunsaturated fatty acids (PUFAs), includ-
ing the omega-6 arachidonic acid (AA), are critical starting points
for pro- and antiinflammatory mediators and subsequent pain
signaling (9). Previous studies have predominantly focused on
the contributions of proinflammatory molecules such as the pros-
taglandins (10), rather than the antiinflammatory pathways which
remain relatively underexplored to date.

Epoxyeicosatrienoic acids (EETs), derived from AA via the
cytochrome P450 pathway, have antiinflammatory effects via inhi-
bition of NF-κB signaling (11,12) and antinociceptive effects in a
rodent model of inflammatory pain (13). These effects are short-
lived due to metabolism by soluble epoxide hydrolase (EH) (14) to
dihydroxyeicosatrienoic acids (DHETs). Inhibition of soluble EH
reverses pain responses in rodent models of inflammatory
(13,15–17) and neuropathic (16,18,19) pain. Until recently, clinical
evidence of a role for this pathway in OA was limited. Our demon-
stration that synovial fluid levels of the DHETswere positively asso-
ciated with both OA severity and progression (20), and the
demonstration of beneficial effects of a soluble EH inhibitor in spon-
taneous canine OA pain (21) have uncovered potential opportuni-
ties for exploiting the pathway for the treatment of OA pain.

We hypothesized that soluble EH–driven metabolism of EETs
to DHETs plays a critical role in chronic joint pain associated with
OA and provides a new target for treatment. Our aim was to pro-
vide clinical evidence for potential associations between OA pain
and this pathway, which was achieved by measurement of
single-nucleotide polymorphisms (SNPs) in the gene-encoding
soluble EH and circulating levels of EETs and DHETs in subjects
with OA pain. We then sought evidence of therapeutic benefit
using a clinically validated murine model of surgically induced
OA. The effects of selective inhibition of soluble EH on established
pain behavior and joint pathology were quantified, and potential
associations with changes in plasma ratios of EETs and DHETs
were determined.

SUBJECTS AND METHODS

Full characteristics of the participants are provided in Supple-
mentary Table 1 (on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42000). The Knee
Pain in the Community (KPIC) cohort (22) was used for this study
(approved by Nottingham University Hospitals NHS Trust and
the Nottingham Research Ethics Committee 1 [ref 14/EM/0015]
and registered with ClinicalTrials.gov [identifier: NCT02098070]).
The participants included both those with and those without
radiographic knee OA. Pressure pain detection thresholds
(PPTs) and PainDETECT questionnaire (23) scores were avail-
able for 318 KPIC participants (Supplementary Table 1, https://
onlinelibrary.wiley.com/doi/10.1002/art.42000). Plasma samples
were collected from a separate cohort of 92 participants

(Supplementary Table 1) from the internet-based exercise pro-
gram aimed at treating OA (iBEAT-OA) cohort (ClinicalTrials.gov
identifier: NCT03545048). Ethical approval was obtained from
the Research Ethics Committee (reference no. 18/EM/0154) and
the Health Research Authority (protocol no. 18021). Another sep-
arate cohort of 62 participants with radiographic knee OA (24)
was recruited from existing databases of previous studies at the
University of Nottingham, and approval for recruitment was
obtained from the research ethics committees of Nottingham City
Hospital.

Genetic association analysis. DNA samples from the
KPIC cohort underwent genome-wide genotyping using the Illu-
mina Global BioIT array. Genetic associations with the presence
of neuropathic pain features and PPTs were carried out using
the PLINK software package (http://zzz.bwh.harvard.edu/plink/).
Further details including the SNPs analyzed and their minor allele
frequencies are provided in Supplementary Methods (https://
onlinelibrary.wiley.com/doi/10.1002/art.42000).

Analysis of circulating levels of EETs and DHETs and
their association with clinical OA pain. Plasma samples
were collected from 3 separate cohorts for targeted liquid chro-
matography tandem mass spectrometry (LC-MS/MS) analysis of
levels of EETs and DHETs. The cohorts included a subset of the
KPIC cohort (n = 129), 92 participants from the iBEAT-OA cohort,
and a third cohort with 62 participants (Supplementary Table 1).
Baseline pain data from the iBEAT-OA cohort (25) used in this
study included quantitative sensory testing measurement of
PPTs, temporal summation, and conditioned pain modulation. In
the third cohort of 62 individuals with radiographic knee OA (24),
participants were asked if they were currently experiencing knee
pain at the time of blood donation, and pain was assessed using
the Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) (26).

Destabilization of the medial meniscus (DMM)
model of OA pain. All experiments using adult male C57BL/6
mice were performed in accordance with the Animals (Scientific
Procedures) Act (1986). The experimenter was blindedwith regard
to experimental groups throughout. Mice were randomly allocated
to either the DMMmodel or the sham group by a third party. Mice
were habituated to the behavioral test environments prior to pain
assessment. DMM or sham surgery was performed on the ipsilat-
eral hind limb as previously described (27). Pain behavior was
measured at baseline and then once a week for 16 weeks after
surgery. Weight-bearing asymmetry between the ipsilateral (left)
and contralateral (right) hind limbs was assessed with an incapaci-
tance meter (Linton Instrumentation) (27). Fifty-percent hind paw
withdrawal thresholds were measured using the 50% maximum
response correlation (EC50) of log-transformed responses to a
battery of von Frey hairs, as previously described (28).

GOWLER ET AL624

https://onlinelibrary.wiley.com/doi/10.1002/art.42000
http://clinicaltrials.gov
https://onlinelibrary.wiley.com/doi/10.1002/art.42000
https://onlinelibrary.wiley.com/doi/10.1002/art.42000
http://clinicaltrials.gov
http://zzz.bwh.harvard.edu/plink/
https://onlinelibrary.wiley.com/doi/10.1002/art.42000
https://onlinelibrary.wiley.com/doi/10.1002/art.42000


Inhibition of soluble EH. At 16 weeks postsurgery,
mice received an intraperitoneal (IP) injection of 3 mg/kg N-[1-(1-
oxopropy)-4-piperidinyl]-N0-(trifluoromethoxy)phenyl]-urea (TPPU)
(category no. 5918; Tocris) (n = 10) or vehicle (50% polyethylene
glycol 400 [PEG 400] in 0.9% saline) (n = 20). Pain behavior was
assessed at 1 and 3 hours postinjection. Plasma was collected
at terminal time points for analysis by LC-MS/MS.

In a separate study, DMM-operated mice and sham-
operated mice received TPPU in 1% PEG 400 (n = 15) in filtered
water or 1% PEG 400 (n = 13) in filtered water, at 12 weeks post-
surgery for 4 weeks. Based on the average volume of water con-
sumed by mice per day, the estimated dose was 3 mg/kg per day
of TPPU. Ten microliters of blood were collected from the tail vein
of mice before treatment and at 2 and 4 weeks after TPPU or
vehicle treatment commenced, to measure circulating concentra-
tions of TPPU. At 16 weeks postsurgery, mice were euthanized
and plasma was collected for analysis by LC-MS/MS.

Histologic assessment of joint pathology. At the con-
clusion of all TPPU studies, knee joints were collected postmortem.
Sections were stained, and histopathologic features of the joints
were assessed by 2 independent scorers using a previously pub-
lished scoring system (27).

Statistical analysis. All murine data were analyzed using
GraphPad Prism version 7. Data were assessed for normality
using the D’Agostino-Pearson normality test.

Concentrations of EET and DHET were log-transformed in
order to achieve a normal distribution necessary for parametric
methods. Associations between bioactive lipids and pain mea-
sures were tested using linear regressions with pain measures as
the outcome and with adjustment for age, sex, body mass index
(BMI), and Kellgren/Lawrence (K/L) grade (29). The association
between SNPs and bioactive lipids in the KPIC cohort was
assessed using the log-transformed EET or DHET concentrations
as outcomes and additive SNP models (0, 1, or 2 copies of the
minor allele) as the independent variable, with adjustment for age,
sex, BMI, and K/L grade. Adjustment for multiple testing was per-
formed using a false discovery rate (FDR) correction, and significant
values are indicated in the text. Linear regression analyses were
performed using the R software package (www.r-project.org).

Data availability. All preclinical data generated or ana-
lyzed during this study are available herein and in the Supplemen-
tary Tables and Figures (https://onlinelibrary.wiley.com/doi/10.
1002/art.42000). The clinical data generated and analyzed in this
study are held by the Division of Rheumatology, Orthopaedics,
and Dermatology. These data can be released to bona fide
researchers using the normal procedures overseen by the Univer-
sity of Nottingham and the Nottingham NIHR BRC and its ethics
guidelines. Please contact the corresponding authors to receive
the application form.

RESULTS

Association of SNPs in EPHX2 with chronic knee
pain. Genome-wide genotyping was carried out on samples
from 318 subjects with knee pain from the KPIC cohort (22). The

Figure 1. Single-nucleotide polymorphisms (SNPs) of EPHX2 are
associated with 3 pain measures in subjects with OA. Genome-wide
genotyping was carried out on samples from 318 subjects with knee
OA. Locus zoom plots show the location of SNPs of EPHX2 and
associations with current pain (A), medial knee pain pressure thresh-
olds (B), and PainDETECT scores (C). SNPs above the red line are
significantly associated (P < 0.05) with the respective pain measure.
Chr8 = chromosome 8. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.
42000/abstract.
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presence of 6 EPHX2 SNPs (rs10503812 [r = 0.13, P = 0.02],
rs2741348 [r = 0.13, P = 0.02], rs1316801 [r = 0.12, P = 0.03],
rs111659883 [0.12, P = 0.04], rs7844965 [r = 0.11, P = 0.04],
and rs35236974 [r = 0.14, P = 0.02]) were positively nominally
associated with the presence of pain at the time of sample collec-
tion (n = 318) (Figure 1A). There were also nominal associations
between 5 EPHX2 SNPs (rs10503812 [r = −0.12, P = 0.03],
rs78336300 [r = 0.13, P = 0.02], rs11135999 [r = 0.13,
P = 0.02], rs73229090 [r = −0.11, P = 0.05], and rs35236974
[r = −0.11, P = 0.04]) and PPTs at the medial aspect of the knee
(Figure 1B). Neuropathic-like pain symptoms as measured by
the PainDETECT questionnaire were also positively nominally
associated with 8 EPHX2 SNPs (rs10503812 [r = 0.15,
P = 0.008], rs2741348 [r = 0.15, P = 0.009], rs75560813
[r = 0.14, P = 0.01], rs1316801 [r = 0.11, P = 0.05],
rs73229090 [r = 0.13, P = 0.02], rs17057426 [r = 0.15,
P = 0.008], rs12680584 [r = 0.11, P = 0.05], and rs35236974
[r = 0.15, P = 0.006]) (Figure 1C).

One SNP (rs10503812) was nominally associated with
PPTs at the lateral aspect of the knee (r = −0.12, P = 0.02) and
PPTs at the sternum (r = −0.11, P = 0.049) (Supplementary
Table 2, https://onlinelibrary.wiley.com/doi/10.1002/art.42000).
After adjustment for multiple tests using an FDR correction,
none of the SNPs remained significantly associated with cur-
rent pain. However, rs8065080 was associated with both
medial and lateral PPTs (FDR-corrected P < 0.01), and
rs10503812 was associated with lateral PPTs (FDR-corrected
P = 0.026) and with PainDETECT scores (FDR-corrected
P = 0.056). An association was also observed between Pain
Disability Questionnaire (23) scores and rs7844965 and

rs17057426 (FDR-corrected P = 0.056). All association data
can be found in Supplementary Table 2. In a subset of these
participants for whom plasma samples were available
(n = 129), significant associations between plasma EET:DHET
ratios and pain-associated SNPs were investigated but not
detected (Supplementary Figure 1, https://onlinelibrary.wiley.
com/doi/10.1002/art.42000).

In a separate cohort of participants with knee OA (n = 92),
levels of EETs and DHETs were associated with different mea-
sures of pain (in models adjusted for age, sex, BMI, and K/L
grade). Higher plasma concentrations of 5,6-EET (β = 0.96,
P = 0.009), 8,9-EET (β = 0.89, P = 0.003), and 11,12-EET
(β = 0.75, P = 0.03) were associated with higher numerical rating
scale (NRS) scores for pain (Figure 2). A positive association was
also evident for associations between the NRS score of pain and
the corresponding ratios of the EETs:DHETs (5,6-EET:DHET
[β = 0.94, P = 0.02]; 8,9-EET:DHET [β = 0.9, P = 0.004];
11,12-EET:DHET [β = 0.78, P = 0.02]). Higher plasma concen-
trations of 11,12-DHET (β = −190, P = 0.04) and 14,15-DHET (β
= −190, P = 0.03) were associated with lower conditioned pain
modulation (Figure 2), the impairment of which may contribute to
increased pain in individuals with OA (30). In the third clinical
cohort, we observed significant associations between plasma
concentrations of 5,6-DHET and 8,9-DHET and the presence of
knee pain (5,6-DHET [r = 0.26, P = 0.006]; 8,9-DHET [r = 0.2,
P = 0.04]) and WOMAC pain scores (5,6-DHET [r = 0.29,
P = 0.002]; 8,9-DHET [r = 0.19, P = 0.04]) (Supplementary
Table 3, https://onlinelibrary.wiley.com/doi/10.1002/art.42000).
Data from these cohorts of subjects with OA pain demonstrate
associations between this EET/DHET pathway and OA knee

Figure 2. Regression analysis of plasma levels of the epoxyeicosatrienoic acids (EETs) and dihydroxyeicosatrienoic acids (DHETs) in relation to pain
measures in subjects with osteoarthritis (OA) knee pain. Heatmap of regression analysis results between log10-normalized lipid concentrations and
quantitative pain phenotypes. Pain was assessed in 92 OA patients using numerical rating scale (NRS) score, temporal summation (TS), conditioned
pain modulation (CPM), and pressure pain thresholds at the mediotibial joint line and at both the lateral (SL) and medial (SM) aspects of the patella. β
values and P values (in parentheses) are shown. Red indicates a positive β value, whereas blue indicates a negative β value.
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pain, supporting further investigation of therapeutic potential in
an experimental model.

Attenuation of establishedmurineOA pain by acute
inhibition of soluble EH. We first determined the effects of a
soluble EH inhibitor on established behavioral pain responses in
the DMM model in mice. TPPU is a potent inhibitor of soluble EH
and attenuates experimental neuropathic pain (18).

Sixteen weeks following DMM surgery, there was signifi-
cant cartilage damage at the medial tibial plateau (Figure 3A)
as well as increased severity of synovitis (Figure 3B) in DMM-
operated mice compared to sham-operated controls
(Supplementary Figure 2, https://onlinelibrary.wiley.com/doi/10.
1002/art.42000). At this time point, the significant decrease in
the percentage of weight borne on the ipsilateral hind limb
(Figure 3C) and the lowering of ipsilateral hind paw withdrawal
thresholds (Figure 3D) in DMM-operated mice (compared to
sham-operated controls) indicates the presence of pain
responses in this model. IP injection of TPPU (3 mg/kg) at
16 weeks significantly reversed the DMM-induced pain behavior,
as evidenced by a significant increase in the amount of weight
borne on the ipsilateral hind limb, compared to the vehicle-
injected DMM group (Figure 3C). TPPU treatment also signifi-
cantly reversed the decrease in ipsilateral hind paw withdrawal
thresholds in the DMM group, compared to the vehicle-injected
DMM group (Figure 3D).

Plasma samples collected 4 hours following TPPU treatment
were analyzed using LC-MS/MS for a range of bioactive lipids
including EETs and DHETs (Figure 4A and Supplementary
Table 4, https://onlinelibrary.wiley.com/doi/10.1002/art.42000).
TPPU had no significant effect on the concentration of 8,9-EET
or 14,15-EET in DMM-operated mice (Figures 4B and C), but sig-
nificantly decreased levels of 8,9-DHET (Figure 4D) and
14,15-DHET (Figure 4E), compared to the vehicle-injected DMM
group. These effects were paralleled by a significant increase in
the ratios of 8,9-EET:8,9-DHET (Figure 4F) and
14,15-EET:14,15-DHET (Figure 4G) in TPPU-treated DMM-
operated mice, compared to the vehicle-injected DMM group.
Effects of TPPU appeared to be substrate-selective as, at the
dose used, concentrations of 5,6-EET, 5,6-DHET, 11,12-EET, or
11,12-DHET were not altered (Supplementary Table 4). Levels
of AA were reduced by TPPU, compared to vehicle-treated
DMM-operated mice (Supplementary Table 4). Overall, TPPU
acutely reversed both pain on loading and referred pain in the
DMM model and altered circulating levels of some DHETs.

Reversal of OA pain behavior by chronic inhibition
of soluble EH.We next investigated whether inhibition of soluble
EH can produce a sustained inhibition of pain behavior in the
DMMmodel, indicating potential therapeutic benefit over a longer
window of treatment. TPPU treatment (via drinking water) com-
menced 12 weeks after DMM or sham surgery and lasted
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Figure 3. Effects of acute administration of N-[1-(1-oxopropy)-
4-piperidinyl]-N0-(trifluoromethoxy)phenyl]-urea (TPPU) on chronic
osteoarthritis (OA) pain behavior in mice. Adult male C57BL/6 mice
underwent either destabilization of the medial meniscus (DMM) sur-
gery (n = 20) or sham surgery (n = 10). A and B, At 16 weeks postsur-
gery, metatarsophalangeal (MTP) cartilage damage (A) and severity of
synovitis (B) were assessed. Symbols represent individual mice. Bars
show the mean � SEM. ** = P < 0.01 by unpaired t-test. C and D,
The effects of intraperitoneal (IP) injection of TPPU (3 mg/kg) or vehi-
cle (50% polyethylene glycol 400 in 0.9% saline) on weight-bearing
asymmetry (C) and ipsilateral hind paw withdrawal thresholds (D)
were assessed at 16 weeks postsurgery. Bars show the mean �
SEM. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001 for the DMM-
operated vehicle-treated group versus the sham-operated vehicle-
treated group; # = P < 0.05; ### = P < 0.001; #### = P < 0.0001
for the DMM-operated vehicle-treated group versus the DMM-
operated TPPU-treated group, all by two-way analysis of variance
with Bonferroni-adjusted multiple corrections.
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4 weeks. Prior to treatment, DMM-operated mice exhibited a sig-
nificant decrease in the weight borne on the ipsilateral hind limb,
compared to sham-operated controls, which was consistent with
the model in the acute treatment study (Figure 5A). TPPU signifi-
cantly reversed weight-bearing asymmetry at 24 hours posttreat-
ment, compared to the vehicle-treated DMM group. This reversal
in weight-bearing asymmetry was sustained for the 4-week
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Figure 4. Effects of acute administration of TPPU on circulating
plasma levels of 8,9–dihydroxyeicosatrienoic acid (DHET) and
14,15-DHET in mice with OA pain. A, Representative chromato-
grams show the peak expression intensities of the DHETs and
epoxyeicosatrienoic acids (EETs) in plasma from mice. B–E, Cir-
culating plasma levels of 8,9-EET (B), 14,15-EET (C), 8,9-DHET
(D), and 14,15-DHET (E) were analyzed 3 hours after injection
of TPPU or vehicle (50% polyethylene glycol 400 in 0.9% saline).
Groups included the following: sham-operated and vehicle-
treated mice (n = 8), DMM-operated and vehicle-treated mice
(n = 9), and DMM-operated and TPPU-treated mice (n = 10).
Symbols represent individual mice. Bars show the mean �
SEM. F and G, The ratios of circulating 8,9-EET:DHET (F) and
14,15-EET:DHET (G) were also analyzed 3 hours after injection
of TPPU or vehicle. Bars show the mean � SEM. ** =
P < 0.01; *** = P < 0.001, by one-way analysis of variance with
Tukey’s multiple comparison test. CPS = counts per second
(see Figure 3 for other definitions). Color figure can be viewed
in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42000/abstract.
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Figure 5. Effects of chronic administration of TPPU on chronic OA
pain behavior in mice. Adult male C57BL/6 mice underwent either
DMM surgery (n = 17) or sham surgery (n = 7). At 16 weeks postsur-
gery, the effects of chronic administration of TPPU (3 mg/kg per day)
or vehicle (1% polyethylene glycol 400 in 0.9% saline) delivered in the
drinking water on weight-bearing asymmetry (A) and ipsilateral
hind paw withdrawal thresholds (B) were assessed. Groups included
the following: sham-operated and vehicle-treated mice (n = 2), sham-
operated and TPPU-treated mice (n = 5), DMM-operated and vehicle-
treated mice (n = 7), and DMM-operated and TPPU-treated mice
(n = 10). The 2 sham groups were combined as a single group
(n = 7). Bars show the mean � SEM. ** = P < 0.01; *** = P < 0.001;
**** = P < 0.0001 for the DMM-operated vehicle-treated group versus
the sham-operated vehicle-treated group; # = P < 0.05; ## =
P < 0.01; ### = P < 0.001; #### = P < 0.0001 for the DMM-operated
vehicle-treated group versus the DMM-operated TPPU-treated
group, all by two-way analysis of variance with Bonferroni-adjusted
multiple corrections. See Figure 3 for definitions.
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period of treatment and was significant at weeks 2–4 (Figure 5A).
TPPU also produced a steady reversal in the lowered hind paw
withdrawal thresholds during the 2 weeks after administration.

This effect peaked at 2 weeks post–TPPU treatment and signifi-
cantly differed from the vehicle-treated DMM group, but was not
maintained for the duration of the study (Figure 5B). Concentra-
tions of TPPU in the blood were confirmed at 2 and 4 weeks fol-
lowing treatment and were compared to samples collected prior
to the commencement of treatment (Supplementary Figure 3,
https://onlinelibrary.wiley.com/doi/10.1002/art.42000). Average
concentrations of TPPU in the blood were 324 ng/ml and
243 ng/ml at 2 and 4 weeks post-dosing, respectively. These
concentrations far exceed the reported 50% maximal inhibitory
concentration of TPPU (17).

Plasma samples for LC-MS/MS analysis were collected from
mice 4 weeks after treatment with TPPU or vehicle. There was no
significant difference in circulating lipid levels between sham-
operated mice and DMM-operated mice at 16 weeks postsur-
gery (Supplementary Table 5, https://onlinelibrary.wiley.com/
doi/10.1002/art.42000). Four-week treatment with TPPU in
DMM-operated mice did not alter plasma concentrations of
8,9-EET (Figure 6A) or 14,15-EET (Figure 6B), but significantly
decreased plasma concentrations of 8,9-DHET (Figure 6C) and
14,15-DHET (Figure 6D), compared to vehicle treatment. There
were, therefore, significant increases in the ratios of 8,9-EET:
DHET (Figure 6E) and 14,15-EET:DHET in the DMM-operated
mice treated with TPPU (Figure 6F). Correlation analysis of all
samples revealed that plasma levels of 8,9-DHET were signifi-
cantly higher in mice with more pain on loading (weight-bearing
asymmetry) (Figure 6G), but not in mice with lowered ipsilateral
hind paw withdrawal thresholds (Figure 6H).

This study was not powered to study potential disease-
modifying effects of inhibitors of soluble EH, but data provided in
Supplementary Figures 4 and 5 (https://onlinelibrary.wiley.com/
doi/10.1002/art.42000) support the design of further studies to
investigate the effects of this treatment on OA-like joint pathology.

DISCUSSION

In the present study, we report for the first time that SNPs of
the soluble EH gene EPHX2 are associated with 3 different mea-
sures of knee pain in subjects with OA, substantially adding to
our previous evidence that plasma levels of some DHETs are
associated with OA joint pathology and progression (20). Evi-
dence of a role for this pathway is strengthened by the demon-
stration of associations between plasma levels of EETs and
DHETs and multiple measures of pain in 2 separate cohorts of
patients with knee OA. In a clinically relevant murine model of
OA, acute and chronic administration of a selective inhibitor of sol-
uble EH reversed established OA pain behavior. These functional
changes occurred in parallel with increased ratios of 8,9-EET:
DHET and 14,15-EET:DHET, which is consistent with a mode of
action via inhibition of soluble EH.

Our genome-wide association study analysis of clinical sam-
ples from subjects with knee pain revealed associations between
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Figure 6. Effects of chronic administration of TPPU on circulating
plasma levels of epoxyeicosatrienoic acids (EETs) and dihydroxyeico-
satrienoic acids (DHETs) in mice with OA pain. A–D, Circulating plasma
levels of 8,9-EET (A), 14,15-EET (B), 8,9-DHET (C), and 14,15-DHET
(D) were analyzed after 4 weeks of TPPU or vehicle administration in
the drinking water. * = P < 0.05; ** = P < 0.01, by one-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons test. E and F,
The ratios of circulating 8,9-EET:DHET (E) and 14,15-EET:DHET (F)
were also analyzed by one-way ANOVA with Tukey’s multiple compar-
isons test. Groups included the following: sham-operated and vehicle-
treated mice (n = 2), sham-operated and TPPU-treated mice (n = 5),
DMM-operated and vehicle-treated mice (n = 7), and DMM-operated
and TPPU-treated mice (n = 10). The 2 sham groups were combined
as a single group (n = 7). Symbols represent individual mice. Bars show
themean� SEM.G andH, Analysis of correlations between circulating
levels of 8,9-DHET and weight-bearing (G) and ipsilateral hind paw
withdrawal thresholds (H) in all mice was performed using Pearson’s
correlation test. See Figure 3 for other definitions.
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several EPHX2 SNPs and pain outcomes, supporting the notion
that differences in this gene may contribute to the amount of knee
pain experienced. Previously, polymorphisms of the EPHX2 gene
have been associated with coronary artery calcification, risk of
ischemic stroke, and insulin resistance in type 2 diabetes melli-
tus patients (31–33). The SNPs we identified to be associated
with OA pain are noncoding intronic variants, consistent with a
previous association between intron variants and subclinical car-
diovascular disease (34). Although it is unknown whether varia-
tions in the noncoding regions of EPHX2 alter the expression
and function of the protein, in a rat model of heart failure, varia-
tion in a noncoding region of the EPHX2 gene associated with
heart failure had altered soluble EH protein expression and
activity (35), which suggests functional consequences.

In the data reported here, a separate cohort of subjects with
knee OA demonstrated that circulating levels of the EETs were
positively associated with visual analog scale pain scores, and cir-
culating levels of 11,12-DHET and 14,15-DHET were associated
with lowered conditioned pain modulation, a surrogate measure
of the function of the descending inhibitory control pathways
(30). In another cohort of participants, knee pain at the time of
sample collection and WOMAC-assessed pain were significantly
associated with levels of 5,6-DHET and 8,9-DHET. The associa-
tion of changes in the levels of EETs and their metabolites
(DHETs) with multiple measures of OA supports the notion that
there is a perturbation of this pathway in individuals with chronic
OA pain. The association between higher concentrations of the
antiinflammatory EETs and increased pain outcomes may repre-
sent increased production of EETs in an attempt to ameliorate
heightened chronic pain responses. This is consistent with the
known increase in other endogenous inhibitory control pathways,
such as endocannabinoids (36) and endogenous opioids (37), in
chronic pain states. This finding is important as it supports the
rationale of protecting levels of EETs, via inhibition of soluble EH,
to realize the potential of this novel therapeutic target for OA pain.

The future translational development of potential treatments
acting via soluble EH requires robust mechanistic knowledge of
the consequences of altering enzymatic activity on OA pain. To
this end, we back-translated our clinical findings to the DMM
model of OA, a clinically relevant model characterized by slowly
developing histopathologic changes within the joint and pain
behavior (38). Here, we have demonstrated that acute systemic
injection of the soluble EH inhibitor TPPU reversed both types of
DMM-induced pain behavior from 1 hour postinjection. These
data extend the published literature reporting acute effects of sol-
uble EH inhibitors in models of inflammatory and neuropathic pain
(16,17) to a clinically relevant model of OA pain. Our data build
upon the finding that acute soluble EH inhibition is analgesic in
naturally occurring OA in aged canines (21).

Single administration of soluble EH inhibitors produces a
transient analgesia for up to 5 hours in models of inflammatory
and neuropathic pain (18,19). Here, we investigated whether

continuous dosing of TPPU produced a sustained analgesia.
Importantly, chronic TPPU treatment resulted in a sustained and
robust reduction in DMM-induced weight-bearing asymmetry.
Hind paw withdrawal thresholds were also reduced, although
effects were more robust for weight-bearing asymmetry. The
reduction in paw withdrawal thresholds was not sustained for
the duration of the study, unlike the effects on weight-bearing
asymmetry. This may reflect the different mechanisms that under-
lie these pain behaviors, with lowered paw withdrawal thresholds
being partially mediated by changes in spinal processing of noci-
ceptive inputs. Although we did not measure joint levels of TPPU,
soluble EH inhibitors administered systemically were detected in
the synovial fluid of canines and horses, supporting a possible
local site of action (21,39). The sustained inhibitory effects of
TPPU on weight-bearing asymmetry suggest no tolerance to their
effects, unlike opioid analgesics (40).

TPPU treatment did not affect weight bearing or hind paw
withdrawal thresholds in sham-operated mice (Supplementary
Figure 6, https://onlinelibrary.wiley.com/doi/10.1002/art.42000),
supporting earlier findings that soluble EH inhibitors do not alter
baseline nociceptive responses (13,15). Thus, it appears that sol-
uble EH inhibitors only exhibit biologic effects in the presence of
pathologic changes, in this case associated with chronic pain
states; furthermore, soluble EH inhibitors are more effective in
response to greater nociceptive insults (41). Our study was
designed and powered to detect differences in pain behavior
between groups, rather than effects on joint pathology. Neverthe-
less, chronic dosing with TPPU led to a small but nonsignificant
decrease in cartilage damage, synovitis, and osteophytosis, com-
pared to vehicle-treated controls. The potential chondroprotec-
tive effects of soluble EH inhibition are worthy of future
investigation. Both acute and chronic administration of TPPU
was associated with significant decreases in circulating levels of
8,9-DHET and 14,15-DHET, without altering levels of the respec-
tive EETs, when compared to vehicle treatment. These data are
consistent with the effects of the soluble EH inhibitor, APAU, in a
rodent model of inflammatory pain (16).

Local injection of EETs can reduce inflammatory pain
responses (13), which may reflect EET actions at peroxisome
proliferator–activated receptor γ (PPARγ) (11,42), the activation of
which attenuates both inflammatory and neuropathic pain (43,44).
EETs also have an affinity for translocator protein (TSPO) (19) and
TSPO ligands have antinociceptive effects in an inflammatory
model of pain (45). It should be noted, however, that high concen-
trations of 8,9-EET induce calcium influx in a small subset of cul-
tured dorsal root ganglia neurons (46). Although the DHETs have
been considered inactive products of soluble EH–mediatedmetab-
olism of the EETs (47), there is some indication of biologic activity
(48–50). Whether the analgesic effects of soluble EH inhibition arise
from the stabilization of EET levels or the decreased DHET levels is
yet to be elucidated. Our finding that the reduction in pain behavior
by both acute and chronic TPPU administration occurred while
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levels of 8,9-DHET and 14,15-DHET were reduced and corre-
sponding levels of EETs were stable may be interpreted as DHETs
having potential pronociceptive effects under certain conditions.

Future development of treatments targeting soluble EH war-
rants consideration that soluble EH can also metabolize the epox-
yoctadecenoic acids, epoxyeicosatetraenoic acids (EpETEs), and
epoxydocosapentaenoic acids (EpDPEs) (48). EpDPEs and the
EpETEs can reduce carrageenan-induced pain in rats (51). These
compounds were not measured in our LC-MS/MS analysis, limit-
ing our ability to explore their potential contributions further. Out-
side of potential direct effects on epoxy fatty acids, treatment
with a soluble EH inhibitor reduced levels of prostaglandins in
models of inflammatory pain (13,16), but this finding was not rep-
licated in our study.

Limitations of this study include the fact that lipid concentra-
tions, which provide a measure of the flux in the EET/DHET path-
way, were only measured at a single time point in both humans
and murine OA. In addition, there were some inconsistencies
between the associations of different measures of OA knee pain
and the EETs/DHETs measured in human subjects. Nevertheless,
overall, our data support the view that this enzymatic pathway is
perturbed in individuals with chronic OA knee pain, and they sup-
port further investigation of the contribution of this pathway to OA
pain. Our preclinical studies were performed in young male mice,
and effects in female mice merit further study. Previously, TPPU
was shown to have antinociceptive effects in both male and female
mice in a model of neuropathic pain (52). Although the DMMmodel
is acknowledged as having translational value (53), species differ-
ences may also have an important bearing on our findings.

The burden of OA pain to society is significant, and current
therapeutic options are limited due to concerns over safety and
efficacy (4,6,7). We provide substantive new clinical and preclini-
cal evidence that soluble EH is an important mediator of OA pain
and that targeting this enzyme may be a new route for treatment
of OA pain. Our preclinical data build upon the analgesic effects
of a soluble EH inhibitor described in a spontaneous model of
OA in canines (21). Soluble EH inhibition is already being per-
formed in clinical trials for neuropathic pain (ClinicalTrials.gov
identifier: NCT04228302), supporting the therapeutic targeting
of this enzyme for OA pain. Future work investigating the potential
interactions between soluble EH inhibitors and diet, including
omega-3 PUFAs, may reveal further benefits of targeting this
enzymatic pathway for the treatment of arthritic pain.
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Clinical Images: Two distinct magnetic resonance imaging findings in polyarteritis nodosa

The patient, a 43-year-old woman, was admitted to our hospital with a 5-month history of myalgia in both calves and thighs. She had
erythematous nodules on her left lower legs and swelling of the right first metatarsophalangeal joint. Laboratory investigations revealed a
C-reactive protein level of 1.24 mg/dl (normal <0.14), a normal creatine kinase level, and negative results for antinuclear antibodies, anti-
neutrophil cytoplasmic antibodies against myeloperoxidase and proteinase 3, rheumatoid factor, and anti–cyclic citrullinated peptide anti-
bodies. STIR magnetic resonance imaging (MRI) showed diffuse hyperintensity indicating edema in the gastrocnemius muscles bilaterally,
but particularly on the right medial head (arrowheads in A), and myositis or vasculitis was suspected. However, contrast-enhanced, fat-
suppressed T1-weighted MRI revealed enhancements localized to blood vessels (arrowheads inB), remarkably different from the findings
obtained on STIR MRI. Polyarteritis nodosa (PAN) was diagnosed based on fibrinoid necrotizing arteritis identified by skin and gastrocne-
mius muscle biopsies (arrowheads in C and D, respectively). The patient’s clinical symptoms improved after treatment with prednisolone
(40 mg/day). Symmetric muscle edema appearing as increased signal intensity on fluid-sensitive sequences (e.g., STIR and T2-weighted
images) is the most common abnormality in inflammatory diseases such as idiopathic inflammatory myopathies (IIMs) and PAN, whereas
asymmetric or focal muscle edema is found in infection, radiation, myonecrosis, and compartment syndrome (1,2). In our previous study,
areas of hyperintensity within the muscle on STIR MRI showed various distributions (e.g., peripheral, diffuse, and patchy distributions) in
patients with IIMs (3). A contrast-enhanced MRI also showed findings similar to those obtained with STIR (3), but enhancements confined
only to muscular vessels, as in the case of our patient with PAN, were not shown in patients with IIMs. In patients with PAN, characteristic
fluffy enhancing lesions centered on muscular vessels are observed on contrast-enhanced MRI (2). In our patient, STIR MRI for detecting
edema showed diffuse hyperintensity in the gastrocnemius muscle, whereas contrast-enhanced MRI for detecting inflammation sites
revealed fluffy perivascular contrast enhancement within the muscle. In the setting of such extensive edema, focal perivascular inflamma-
tion can be obscured by diffuse interstitial muscle edema due to vasculitis when imaged with fluid-sensitive sequences. When fluid-
sensitive MR images show diffuse hyperintensity in the muscle, contrast-enhanced MRI may help in detecting locations of inflammatory
cell infiltrates and distinguishing vasculitis from myositis.
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Maladaptive Autophagy in the Pathogenesis of Autoimmune
Epithelitis in Sjögren’s Syndrome
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Saviana Gandolfo,5 Saba Nayar,6 Francesca Barone,6 Roberto Giacomelli,7 Salvatore De Vita,5

Cristiano Alessandri,1 and Fabrizio Conti1

Objective. Salivary gland epithelial cells (SGECs) are key cellular drivers in the pathogenesis of primary Sjögren’s
syndrome (SS); however, the mechanisms sustaining SGEC activation in primary SS remain unclear. We undertook this
study to determine the role of autophagy in the survival and activation of SGECs in primary SS.

Methods. Primary SGECs isolated from the minor SGs of patients with primary SS or sicca syndrome were evalu-
ated by flow cytometry, immunoblotting, and immunofluorescence to assess autophagy (autophagic flux, light chain
3 IIB [LC3-IIB], p62, LC3-IIB+/lysosome-associated membrane protein 1 [LAMP-1] staining), apoptosis (annexin
V/propidium iodide [PI], caspase 3), and activation (intercellular adhesion molecule, vascular cell adhesion molecule).
Focus score and germinal center presence were assessed in the SGs from the same patients to assess correlation with
histologic severity. Human SG (HSG) cells were stimulated in vitro with peripheral blood mononuclear cells (PBMCs)
and serum from primary SS patients in the presence or absence of autophagy inhibitors to determine changes in auto-
phagy and epithelial cell activation.

Results. SGECs from primary SS patients (n = 24) exhibited increased autophagy (autophagic flux [P = 0.001];
LC3-IIB [P = 0.02]; p62 [P = 0.064]; and as indicated by LC3-IIB/LAMP-1+ staining), increased expression of antiapop-
totic molecules (Bcl-2 [P = 0.006]), and reduced apoptosis (annexin V/PI [P = 0.002]; caspase 3 [P = 0.057]), compared
to samples from patients with sicca syndrome (n = 16). Autophagy correlated with histologic disease severity. In vitro
experiments on HSG cells stimulated with serum and PBMCs from primary SS patients confirmed activation of auto-
phagy and expression of adhesion molecules, which was reverted upon pharmacologic inhibition of autophagy.

Conclusion. In primary SS SGECs, inflammation induces autophagy and prosurvival mechanisms, which promote
SGEC activation and mirror histologic severity. These findings indicate that autophagy is a central contributor to the
pathogenesis of primary SS and a new therapeutic target.

INTRODUCTION

Primary Sjögren’s syndrome (SS) is an autoimmune disease

characterized by inflammation of exocrine glands. Tissue inflam-

mation in primary SS is driven by aberrantly activated resident epi-

thelial cells. Specifically, activated salivary gland epithelial cells

(SGECs) in primary SS express a range of immune-related pro-

teins, including major histocompatibility complex classes I and II,

costimulatory molecules, chemokines, and cytokines, which

prompt local recruitment, activation, and survival of autoreactive

lymphocytes (1,2). In turn, inflammatory mediators produced by

infiltrating lymphocytes subvert the homeostatic regulation of
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epithelial cells, which results in deficient secretory ability. The

cross-talk between SGECs and infiltrating lymphocytes is exten-

sively documented (3), and the peculiar role of SGECs in disease

pathogenesis has earned primary SS the definition of “autoim-

mune epithelitis” (4). However, the cell-intrinsic mechanisms sus-

taining aberrant activation of SGECs in primary SS remain

undetermined. Maladaptive activation of survival pathways is a

candidate mechanism, which might allow activated SGECs to

escape cellular turnover and perpetuate microenvironmental

inflammation.
Autophagy is a key survival, cell-protective mechanism (5).

During autophagy, intracellular exhausted proteins are included
in vesicles termed “autophagosomes” and directed to lysosomes
for degradation, thus enabling recycling of metabolic and anabolic
substrates. Maladaptive activation of autophagy is a feature of
epithelial cells in several cancers (6,7), and preliminary evidence
indicates that it also occurs in inflamed SGECs (8,9).

In this study, we hypothesized that maladaptive activation of
autophagy might promote survival and proinflammatory activation
of SGECs in primary SS. We tested this hypothesis in primary
SGECs isolated directly from tissue biopsy specimens from a
large cohort of patients with primary SS, and revealed marked
up-regulation of autophagy pathways, resistance to apoptosis,
and expression of adhesion molecules. These findings were reca-
pitulated in human SG (HSG) cells exposed to the serum of pri-
mary SS patients and were reverted upon pharmacologic
inhibition of autophagy. Maladaptive autophagy thereby emerges
as a key driver of SGEC survival and proinflammatory activation,
as well as a new therapeutic target for primary SS.

PATIENTS AND METHODS

Patient recruitment and data collection. Consecutive
patients with sicca symptoms undergoing minor SG biopsy for
diagnostic purposes were enrolled in the Sjögren Clinics of the
Sapienza University of Rome, University of L’Aquila, and Univer-
sity of Udine, all tertiary referral centers for primary SS that belong
to the Italian Working Group on SS. Exclusion criteria included
other concomitant autoimmune diseases and/or treatment with
glucocorticoids, hydroxychloroquine, immunosuppressants, or
pilocarpine (within 3 months). Patients were classified as having
primary SS if they met the American-European Consensus Group
(AECG) criteria for SS (10). Demographic, clinical, and laboratory
data included the following: age; sex; presence of antinuclear
antibodies, anti-Ro/SSA antibodies, anti-La/SSB antibodies,
and/or rheumatoid factor; hypergammaglobulinemia (gamma
globulins >16 gm/liter); hypocomplementemia (C3 <80 mg/dl
and/or C4 <15 mg/dl); leukopenia (neutrophils <1,500 mm3 or
lymphocytes <1,000 mm3); recurrent swelling of major SGs; his-
tory of purpura and lymphoma. The European Alliance of Associ-
ations for Rheumatology (EULAR) Sjögren’s Syndrome Disease

Activity Index (ESSDAI) and the EULAR Sjögren’s Syndrome
Patient-Reported Index (11) were calculated at the time of biopsy.

Minor SG collection. After surgical removal, minor SG
biopsy specimens were formalin-fixed and paraffin-embedded
for histologic analyses. One minor SG per patient was frozen in
DMSO enriched with 10% fetal bovine serum (FBS) and stored
in liquid nitrogen for subsequent studies.

Histologic analysis of minor SG. Paraffin-embedded
minor SGs were cut and stained by hematoxylin and eosin and
immunohistochemistry (anti-CD3, anti-CD20, anti-CD21, and
anti–Bcl-6 antibodies for the detection of T and B lymphocytes,
follicular dendritic cells, and follicle center B cells, respectively)
(Dako). Staining procedures and methods for the histologic analy-
sis are described in the Supplementary Methods (on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42018). Focus score and germinal center (GC)–like
structures, defined as foci with clearly segregated T and B cell
areas and concomitant CD21+/Bcl-6+ staining (12), were
assessed.

SGEC culture. After dissection, minor SG biopsy speci-
mens were cultured on collagen-treated plates in supplemented
basal epithelial medium (Dulbecco’s modified Eagle’s medium/
Ham’s F12), supplemented with 1% glutamine, 1% antibiotic
solution, epidermal growth factor (10 ng/ml), hydrocortisone (0.4
μg/ml), and insulin (0.5 μg/ml). Detailed procedures are described
in the Supplementary Methods (https://onlinelibrary.wiley.com/
doi/10.1002/art.42018). Following cell confluence (~70–80%),
cells were detached for Western blotting and flow cytometric
analysis.

Western blotting and determination of autophagy.
Autophagy was assessed by immunoblotting for LC3-IIB (anti-
LC3B; no. 2775; Cell Signaling) in combination with p62 (anti–
sequestosome 1/p62; no. 5114; Cell Signaling). Interpretation of
autophagy was conducted according to published guidelines
(13,14). Specifically, LC3-II reflects autophagosome formation
following activation of autophagy and conjugation of the
microtubule-associated protein 1A/1B LC3-I with phosphatidyl-
ethanolamine (15), and p62 is a substrate whose degradation
has been observed during activation of autophagy (16). Dynamic
activation of autophagy may emerge as either an increase in
LC3-II (autophagosome formation) or a decrease in LC3-II (autop-
hagosome degradation upon fusion with lysosomes), both in the
presence of a concomitant reduction of p62 (15).

Apoptosis was assessed byWestern blotting evaluating cas-
pase 3 (anti–caspase 3; no.ab32351; Abcam) and the antiapop-
totic molecule Bcl-2 (anti–Bcl-2; no. GTX100064; GeneTex).
Beta-actin was used as a loading control (no. SAB5600204;
Sigma-Aldrich). Western blotting procedures are described in
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the Supplementary Methods (https://onlinelibrary.wiley.com/
doi/10.1002/art.42018).

Flow cytometry. Anti-CD326 (epithelial cell adhesion mol-
ecule [EpCAM]; BioLegend) staining was performed to determine
the purity of SGEC cultures. Autophagy was assessed by evaluat-
ing the autophagic flux (the active fusion between autophago-
somes and lysosomes) using a Cyto-ID kit (Enzo Life Sciences), which
allows for the identification and quantification of autophagosome–
lysosome fusion (17) (Supplementary Methods, https://onlinelibrary.
wiley.com/doi/10.1002/art.42018). Apoptosis was assessed by detec-
tion of annexin V/propidium iodide (PI) (Annexin V-FITC Kit, MBL kit).
Expression of adhesion molecules was determined with anti-CD54
(intercellular adhesion molecule 1 [ICAM-1]; eBioscience) and anti-
CD106 (vascular cell adhesion molecule 1 [VCAM-1]; eBioscience).
Flow cytometry procedures are described in the Supplementary
Methods (https://onlinelibrary.wiley.com/doi/10.1002/art.42018).

Immunofluorescence. Immunofluorescence was per-
formed on primary SGECs cultured on collagen-coated slides.
Autophagy was evaluated by detection of the autophagosome
marker LC3-IIB and colocalization with lysosome-associated
membrane protein 1 (LAMP-1) (anti-CD107a; eBioscience), as
previously described (18). Image analysis was performed by an
expert pathologist who remained blinded with regard to patient
diagnoses. Details are described in the Supplementary Methods
(https://onlinelibrary.wiley.com/doi/10.1002/art.42018).

Cocultures of HSG cells with peripheral blood
mononuclear cells (PBMCs) and serum. After confluence,

HSG cells (HeLa derivative; Sigma-Aldrich) were detached and
cultured in collagen-treated plates for 5 days in complete culture
medium (10% FBS), in the presence or absence of PBMCs and
serum from either healthy donors or primary SS patients.
Spautin-1 (Cayman Chemical Company), an upstream inhibitor
of the autophagy pathway, was added at a concentration of
10 nM for 24 hours to evaluate the therapeutic effect of auto-
phagy inhibition on HSG phenotypic changes.

Three independent experiments were performed using
PBMCs and sera obtained from 3 different patients with active
primary SS (according to AECG criteria [10], an ESSDAI
score >4, and increased markers of inflammation) and 3 healthy
donors. Detailed coculture experiments are described in
the Supplementary Methods (https://onlinelibrary.wiley.com/
doi/10.1002/art.42018). Following cocultures, HSG cells were
evaluated by flow cytometry (autophagic flux, apoptosis
[annexin V/PI], and activation [ICAM]) or by Western blotting
(LC3-IIB and p62).

Statistical analysis. The mean � SD and frequency and
proportion were reported for continuous or categorical variables,
respectively. T-test or Mann-Whitney test was used to compare
differences in the distribution of continuous variables between
primary SS and sicca patients, according to normal versus non-
normal distribution (Shapiro–Wilk test). Differences in categorical
variables were assessed by chi-square tests, while correlations
among homeostatic/activation molecules were assessed by
Spearman’s rank correlations. Using logistic regression models,
the predicted probability of primary SS and GC formation in minor
SGs was evaluated according to the expression of homeostatic

Table 1. Clinical, histologic, and laboratory features of the patients*

Primary SS (n = 24) Sicca syndrome (n = 16) P

Age, mean � SD years 52.2 � 14.0 52.1 � 14.4 0.966
Female sex 22 (92) 15 (94) 0.806
ESSDAI, mean � SD 1.6 � 2.3 0.8 � 1.0 <0.0001
ESSPRI, mean � SD 5.5 � 2.4 5.8 � 3.0 0.885
Focus score, mean � SD 2.4 � 2.1 0.23 � 0.34 <0.0001
Germinal centers 12 (50) 0 (0) <0.0001
ANA 19 (79.1) 9 (56.2) 0.121
Anti-Ro/SSA 16 (66.6) 0 (0) <0.0001
Anti-La/SSB 7 (29.1) 0 (0) <0.0001
RF 8 (33.3) 0 (0) <0.0001
Hypergammaglobulinemia† 12 (50) 0 (0) <0.0001
Hypocomplementemia‡ 4 (16.6) 1 (6.2) 0.329
Leukopenia§ 4 (16.6) 0 (0) <0.0001
Recurrent SG swelling 4 (16.6) 0 (0) <0.0001
Purpura 2 (8.3) 0 (0) <0.0001
Lymphadenopathy 5 (20.8) 0 (0) <0.0001

* Except where indicated otherwise, values are the number (%) of patients. SS = Sjögren’s syndrome; ESSDAI =
European Alliance of Associations for Rheumatology (EULAR) Sjögren’s Syndrome Disease Activity Index;
ESSPRI = EULAR Sjögren’s Syndrome Patient-Reported Index; ANA = antinuclear antibodies; RF = rheumatoid factor;
SG = salivary gland.
† Gamma globulins >16 gm/liter.
‡ C3 <80 mg/dl and/or C4 <15 mg/dl.
§ Neutrophils <1,500/mm3 or lymphocytes <1,000/mm3.
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and activation molecules. Odds ratios (ORs) and 95% confidence
intervals (95% CIs) were calculated. Two-sided P values less than
0.05 were considered significant. Analyses were performed using
the RStudio graphical interface, version 0.98, for R software envi-
ronment, version 3.0.2.

RESULTS

Clinical, laboratory, and histologic findings in
patients with primary SS and those with sicca syndrome.
A total of 40 patients underwent a biopsy of minor SGs. Of these,
24 patients fulfilled the criteria for primary SS, whereas 16 had
sicca syndrome. Clinical and laboratory features are described in
Table 1.

Demonstration, via phenotypic characterization, of
increased autophagy, reduced apoptosis, and up-
regulation of adhesion molecules in SGECs in primary
SS compared to sicca syndrome. To assess autophagy, apo-
ptosis, and activation in SGECs from patients with primary SS
and those with sicca syndrome, we performed flow cytometry
and Western blotting. The purity of SGECs (EpCAM-positive)
approached 100% (Figure 1 and Supplementary Figure 1,

https://onlinelibrary.wiley.com/doi/10.1002/art.42018). Western
blot studies confirmed the increased activation of autophagy in
primary SS, as determined by higher LC3-IIB levels and lower
p62 levels (Figures 1A–C); see Patients and Methods for interpre-
tation. Flow cytometry revealed a significantly increased autopha-
gic flux in primary SS compared to sicca syndrome (Figures 1D
and E). Since autophagy is a survival mechanism, we evaluated
pro- and antiapoptotic pathways in SGECs. Flow cytometry
revealed a lower expression of the apoptotic molecule annexin
V/PI (Figures 1F and G), paralleled by higher expression of the
antiapoptotic mediator Bcl-2 (Figures 1A and H) and a nonsignifi-
cant decrease in caspase 3 (Figures 1A and I) in primary SS. To
assess the proinflammatory activation of SGECs, we determined
the expression of adhesion molecules ICAM and VCAM using
flow cytometry. The expression of these markers was increased
in SGECs from primary SS patients compared to those from sicca
syndrome patients (Figures 1J–M); for fluorescence minus one
control, see Supplementary Figure 2 (https://onlinelibrary.wiley.
com/doi/10.1002/art.42018).

To test the hypothesis that autophagy acts as a survival
mechanism to avoid or delay SGEC death in primary SS, we eval-
uated correlations between autophagic and apoptotic mecha-
nisms and found an inverse relationship. Specifically, both

Figure 1. Western blotting and flow cytometry reveal increased autophagy, reduced apoptosis, and up-regulation of adhesion molecules in sal-
ivary gland epithelial cells (SGECs) in primary Sjögren’s syndrome (pSS) compared to sicca syndrome.A, RepresentativeWestern blot experiments
for detection of p62, light chain 3 IIB (LC3-IIB), caspase 3, and Bcl-2. B andC, Relative expression of LC3-IIB (B) and p62 (C) determined by West-
ern blotting in SGECs from primary SS patients compared to sicca syndrome patients. D and E, Flow cytometry detection of autophagic flux in
SGECs from primary SS patients compared to sicca syndrome patients (D), with details from 1 representative experiment (E). F andG, Flow cytom-
etry detection of apoptotic cells using staining with annexin V/propidium iodide [PI] in SGECs from primary SS patients compared to sicca syn-
drome patients (F), with details from 1 representative experiment (G). H and I, Relative expression of Bcl-2 (H) and caspase 3 (I) determined by
Western blotting in SGECs from primary SS patients compared to sicca syndrome patients. J–M, Flow cytometry detection of adhesion molecules
intercellular adhesion molecule (ICAM) (J) and vascular cell adhesion molecule (VCAM) (L) in SGECs from primary SS patients compared to sicca
syndrome patients, with details on representative experiments (K andM). Data are shown as box plots. Each box represents the upper and lower
interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. Each symbol rep-
resents an individual patient. P values were determined using the unpaired 2-tailed Mann-Whitney U test. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42018/abstract.
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autophagic flux and LC3-IIB levels negatively correlated with
annexin V and caspase 3 and positively correlated with the survival
mediator Bcl-2 (Supplementary Figure 3, https://onlinelibrary.wiley.
com/doi/10.1002/art.42018).

Finally, logistic regression analysis was performed to calcu-
late the predicted probability of primary SS based on these phe-
notypic changes in SGECs. The predicted probability of primary
SS increased with increasing levels of autophagy (OR 1.07 [95%
CI 1.02–1.13] for autophagic flux; OR 13.3 [95% CI 1.3–131.2]
for LC3-IIB) (Figures 2A and B) and antiapoptotic markers
(OR 21.8 [95% CI 1.9–244.8] for Bcl-2) (Figure 2C) and
decreased with increasing levels of apoptotic markers (OR 0.85
[95% CI 0.76–0.94] for annexin V/PI; OR 0.14 [95% CI 0.01–
1.27] for caspase 3) (Figures 2D and E), although this trend was
not statistically significant for caspase 3. A reduction in p62,
which indicates activation of autophagy, was also predictive of
primary SS (OR 0.05 [95% CI 0.004–0.72]) (Figure 2F); the pre-
dicted probability of primary SS increased with increasing expres-
sion of ICAM (OR 1.42 [95% CI 1.11–1.81] and VCAM (OR 1.55
[95% CI 1.04-2.3]) (Figures 2G and H).

Increased autophagy in SGECs from primary SS
patients confirmed by immunofluorescence. To visually
confirm activation of autophagy in primary SS, SGECs from
patients with primary SS or sicca syndrome (n = 3) were analyzed
by immunofluorescence. The lysosome marker LAMP-1 was dif-
fusely detectable in SGECs from both patients with sicca syn-
drome and those with primary SS (Figures 3A–F). Conversely,
compared to sicca syndrome patients, the autophagosome
marker LC3-IIB was more highly expressed in SGECs from pri-
mary SS patients (Figures 3G–L). Autophagolysosomes (LC3-IIB
+/LAMP-1+ colocalization, indicating activated autophagy) were
also more frequently present in SGECs from primary SS patients
compared to those with sicca syndrome (Figures 3M–R).

Autophagy in SGECs is induced by primary SS serum
and PBMCs and correlates with histologic disease
severity defined by the focus score. Since autophagy is
increased in SGECs from primary SS patients, we conducted
in vitro experiments with HSG cell lines to test the hypothesis that
PBMCs and serum from patients with active primary SS, which

Figure 2. Predicted probability of primary SS based on phenotypic changes in SGECs increases with increasing levels of autophagic, antiapop-
totic, and activation molecules. Logistic regression models were used to calculate predicted probability of primary SS based on the following pre-
dictors: autophagic flux (A) or presence of LC3-IIB (B), Bcl-2 (C), annexin V/PI (D), caspase 3 (E), p62 (F), ICAM (G), and VCAM (H). The odds ratio
(OR), 95% confidence interval (95% CI), and P value are displayed in each graph. See Figure 1 for other definitions. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42018/abstract.
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contain proinflammatory cytokines and chemokines (19–22), can
induce autophagy and activation of epithelial cells.

In untreated HSGs (10% FBS), the mean densitometry read-
ings/intensity ratio for LC3-IIB and p62 were 1.9 (range 1.9–2)
and 1.2 (range 1.1–1.4), respectively (Figure 4A). The levels of
autophagy in HSGs were unaffected by exposure to PBMCs
and serum from healthy donors. Specifically, in HSGs treated with
PBMCs from healthy donors, the mean densitometry readings/
intensity ratio for LC3-IIB and p62 were 1.8 (range 1.7–1.9) and
1 (range 0.8–1.2), respectively, and in HSGs treated with PBMCs
and serum from healthy donors, the mean densitometry readings/
intensity ratio for LC3-IIB and p62 were 1.9 (range 1.9–2) and 1.1
(range 0.9–1.3), respectively (Figure 4A).

In HSGs treated with PBMCs from primary SS patients, acti-
vation of autophagy was detectable as a concomitant decrease in
LC3-IIB and p62 (mean 1.5 [range 1.5–1.6] for LC3-IIB; mean 0.8
[range 0.7–0.9] for p62). However, the addition of serum from pri-
mary SS patients resulted in more marked autophagy activation,
as the mean for LC3-IIB and p62 decreased to 1 (range 0.9–1.2)
and 0.5 (range 0.4–0.6), respectively (Figure 4A); see Patients
and Methods for interpretation.

Flow cytometry confirmed the increased autophagic flux
in HSG cells stimulated with PBMCs and serum from primary
SS patients compared to that of healthy donors (Figure 4B).
This finding was paralleled by a reduction in the apoptotic

marker annexin V/PI and by an increase in ICAM (Figures 4C
and D).

Since serum, and to a lesser extent PBMCs, from primary SS
patients induced autophagy in HSG cells, we hypothesized that
autophagy in primary SGECs might also reflect primary SS histo-
logic severity. To test this hypothesis, we conducted histologic
studies on SG biopsy specimens from all enrolled patients in
order to determine the following: 1) correlations between the
focus score and activation of autophagy in SGECs; and 2) the
predicted probability that GCs (CD21+/Bcl-6+) (Figures 4E and
F) would be identified in biopsy specimens based on the activa-
tion of autophagy in SGECs. Data on focus scores and GCs are
reported in Table 1. Activation of autophagy in SGECs, as well
as the expression of the antiapoptotic molecule Bcl-2, moderately
correlated with the focus scores (r = 0.414, P = 0.0007 for
autophagic flux; r = 0.363, P = 0.021 for LC3-IIB; r = 0.401,
P = 0.010 for Bcl-2) (Figures 4G and H, and data not shown).
Despite a positive trend, the correlation between autophagy and
GC formation was not significant (OR 1.02 [95% CI 0.98–1.07]
for autophagic flux; OR 6.06 [95% CI 0.74–49.3] for LC3-IIB)
(Figures 4I and J).

Similarly, despite a negative trend, the correlations between
apoptosis and both focus score (r = 0.296, P = 0.06 for annexin
V/PI; r = 0.215, P = 0.193 for caspase 3) and GC formation
(OR 0.93 [95% CI 0.84–1.00] for annexin V/PI; OR 0.22 [95% CI

Figure 3. Immunofluorescence staining shows activated autophagy in SGECs from primary SS patients, as indicated by the increased expres-
sion of autophagosomes and autophagolysosomes. A–F, Lysosome-associated membrane protein 1 (LAMP-1) staining (green) was used to
detect lysosomes in SGECs from patients with sicca syndrome and those with primary SS. G–L, LC3-IIB staining (red) was used to detect autop-
hagosomes in SGECs from patients with sicca syndrome and those with primary SS.M–R, LAMP-1 (green), LC3-IIB (red), and DAPI (blue) staining
was used to detect autophagolysosomes in SGECs from patients with sicca syndrome and those with primary SS. In A, B, D, E, G, H, J, K,M, N,
P, and Q, original magnification × 100. In C, F, I, L, O, and R, original magnification × 50. See Figure 1 for other definitions.
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0.02–1.91] for caspase 3) were not significant (Figures 4K–N).
Weak significant correlations were observed between the expres-
sion of ICAM and VCAM and both focus score (r = 0.337,
P = 0.033 for ICAM; r = 0.367,P = 0.023 for VCAM) and GC forma-
tion (OR 1.37 [95% CI 1.09–1.72] for ICAM; OR 1.33 [95% CI
1.00–1.77] for VCAM) (Figures 4O-R).

Autophagy is required for SGEC activation. We next
hypothesized that maladaptive activation of autophagy as a sur-
vival mechanism might eventually promote the activation of
SGECs. To test this hypothesis, we first determined correlations
between autophagy/apoptosis and expression of adhesion mol-
ecules in SGECs ex vivo, and then conducted in vitro experi-
ments to determine the mechanistic connection between
autophagy and activation. In SGECs, both the autophagic flux

and LC3-IIB levels were positively correlated with the expression
of ICAM (Figures 5A and B). The antiapoptotic molecule Bcl-2
was also positively correlated with ICAM (Figure 5C), whereas
apoptotic markers were negatively correlated (Figures 5D and
E). To investigate the role of autophagy in epithelial cell activa-
tion, HSG cell lines were then cultured in vitro with sera from pri-
mary SS patients (which emerged as a potent inductor of
autophagy in the previous experiment) in the presence or
absence of autophagy inhibitor spautin-1. As shown in
Figure 5F, stimulation of HSG cells with primary SS sera induced
autophagy (reductions in LC3-IIB and p62 on Western blot),
whereas treatment with the upstream inhibitor of autophagy
pathway spautin-1 effectively inhibited autophagy (disappear-
ance of LC3-IIB and increase in p62 on Western blot). Flow
cytometry confirmed that stimulation of HSG cells with primary

Figure 4. Autophagy and activation in SGECs are induced by peripheral blood mononuclear cells (PBMCs) and serum from primary SS patients,
consistent with the histologic severity of SGs. A, Western blot experiments were performed to detect LC3-IIB and p62 in the human SG (HSG) cell
line under 5 different culture conditions. Bars show the mean (range). Each symbol represents an individual experiment (n = 3). FBS = fetal bovine
serum. B–D, Flow cytometry experiments were performed to detect autophagic flux (B), annexin V/PI (C), and ICAM (D) in HSG cells treated with
PBMCs and serum from either healthy donors (HD) or primary SS patients. Data are shown as box plots. Each box represents the upper and lower
interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. Each symbol rep-
resents an individual experiment (n = 3). E and F, Minor SG immunohistochemistry was performed for detection of germinal center (GC)–like struc-
tures with CD21+ staining (brown) (E) or Bcl-6+ staining (brown) (F). G, H, K, L, O, P, Correlation and linear regression analysis was performed to
assess associations between the focus score and autophagic markers (autophagic flux [G] and LC3-IIB [H]), apoptotic markers (annexin V/PI [K]
and caspase 3 [L]), and activation markers (ICAM [O] and VCAM [P]). In scatterplots, each symbol represents an individual patient with either pri-
mary SS (blue) or sicca syndrome (gray). Spearman’s correlation coefficient and P values are shown. I, J, M, N, Q, R, Logistic regression models
were conducted to calculate the predicted probability of having GC-like structure in SGs based on the following predictors: autophagic flux (I) and
presence of LC3-IIB (J), annexin V/PI (M), caspase 3 (N), ICAM (Q), and VCAM (R). The odds ratio (OR), 95% confidence interval (95% CI), and
P value are displayed in each graph. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42018/abstract.
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SS sera induced autophagic flux (Figure 5G) as well as increased
expression of ICAM (Figure 5H). Treatment with spautin-1
reverted both events, indicating that activation of autophagy is
required for the expression of adhesion molecules in epithelial
cells (Figures 5G and H).

DISCUSSION

This study indicates that maladaptive autophagy, induced by
inflammation, is a driver of SGEC activation in primary
SS. Specifically, autophagy in SGECs sustains cell activation
and survival by prevailing upon apoptosis and is associated with
disease severity assessed by histology. In vitro experiments pro-
vided functional validation of these findings and demonstrated
that pharmacologic inhibition of autophagy dampens the expres-
sion of activation molecules by SGECs, thus delineating

autophagy as a causal and targetable pathogenic mechanism in
primary SS.

Since the classic view is that apoptosis of SGECs is patho-
genic in primary SS (23–25), our findings appear to contradict
the traditional understanding of primary SS. However, previous
studies have challenged the prevailing role of SGEC apoptosis in
the pathogenesis of primary SS. For example, studies have indi-
cated that apoptosis in primary SS SGECs is a relatively rare
event (26); others have demonstrated either a down-regulation
of some proapoptotic genes (27) or the activation of antiapoptotic
pathways (28). Also of note, a previous study showed an activa-
tion of prosurvival mechanisms (e.g., induced by endoplasmic
reticulum stress) in HSG cells following stimulation with proinflam-
matory cytokines (29). Based on these previous works and on our
present findings, we propose a pathogenic model in which tissue
inflammation in primary SS induces SGEC stress and autophagy,
resulting in chronic and protracted SGEC activation with

Figure 5. In SGECs from primary SS patients, autophagy is required for the expression of adhesion molecules. A–E, Correlation and linear
regression analyses were performed to assess associations between the presence of ICAM and autophagic markers (autophagic flux [A] and
LC3-IIB [B]), antiapoptotic markers (Bcl-2 [C]), and apoptotic markers (annexin V/PI [D] and caspase 3 [E]) in cultures of SGECs from patients with
primary SS (blue) or patients with sicca syndrome (gray). Spearman’s correlation coefficient and P values are shown. F, Representative Western
blot experiments show detection of autophagy based on the expression of LC3-IIB and p62 in the human SG (HSG) cell line cultured under 3 dif-
ferent conditions: 10% fetal bovine serum (FBS) (mean 2.1 [range 2–2.2] densitometry readings/intensity ratio for LC3-IIB; mean 2.3 [range 2.2–
2.4] densitometry readings/intensity ratio for p62); serum from primary SS patients (mean 1.0 [range 0.9–1.2] densitometry readings/intensity ratio
for LC3-IIB; mean 1.1 [range 1.1–1.4] densitometry readings/intensity ratio for p62); or serum from primary SS patients and the autophagy inhibitor
saputin-1 (mean 0 [range 0–0] densitometry readings/intensity ratio for LC3-IIB; mean 1.8 [range 1.6–2] densitometry readings/intensity ratio for
p62). Bars show the mean (range). G and H, Representative flow cytometry experiments show detection of autophagic flux (G) and ICAM (H) in
the HSG cell line cultured with either 10% FBS, serum from primary SS patients, or serum from primary SS patients and spautin-1. Data are shown
as box plots. Each box represents the upper and lower interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent
1.5 times the upper and lower IQRs. Each symbol represents an individual experiment (n = 3). See Figure 1 for other definitions. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42018/abstract.
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expression of adhesion molecules. It is worth specifying that up-
regulation of prosurvival mechanisms (i.e., autophagy) does not
imply that apoptosis does not eventually occur in primary SS
SGECs; indeed, marked expression of pro-autophagic and antia-
poptotic molecules in our study did not result in full prevention of
apoptosis. Rather, apoptosis likely represents the terminal stage
of a “struggle for survival” of SGECs characterized by maladap-
tive autophagy and detrimental cellular activation and occurs
when SGECs can no longer counteract incremental stress.

The notion of activation of autophagy in primary SS SGECs is
supported by previous studies, ranging from preclinical animal
models of dry eye (30) to human studies evaluating the tear film,
conjunctival epithelial cells, and salivary epithelial cells (31–35). In
contrast to these findings and our own findings, a recent study
suggested that autophagy is down-regulated in primary SS
SGECs (36); however, since this study evaluated entire SGs
rather than isolated primary SGECs, the assessment was
restricted to SGs with very low focus scores to prevent lympho-
cyte contamination. Therefore, our findings are more representa-
tive of primary SGECs isolated from the inflammatory primary SS
microenvironment.

Our study has some limitations. Since minor SGs cannot
be obtained from healthy subjects for ethical reasons, our com-
parison is represented by patients with sicca syndrome, who
cannot be considered truly healthy controls. Nevertheless, pri-
mary SS and sicca syndrome differ remarkably in the extent of
tissue inflammation. Furthermore, many primary SS patients
from our cohort also had GC-like structures, which indicates
high disease activity (37); thus, our comparison still provides
reliable insight into the interconnectedness of inflammation and
autophagy. Another inherent limitation is the fact that the sever-
ity of inflammatory infiltration may vary between minor SGs
obtained from the same patient. Given the need to digest entire
minor SGs to isolate primary SGECs in sufficient numbers for
our studies, histology and focus score determinations were
conducted on different homologous SGs. Inter-SG variability in
inflammatory infiltration may, in part, explain why only a weak/
moderate correlation was observed between autophagy and
focus scores, as well as the lack of an association between
autophagy and GCs. Finally, although our investigation reveals
mechanisms of disease development, the complex experimen-
tal setup and the lack of a single clearcut biologic readout may
hinder the use of findings for the development of diagnostic/
prognostic bioassays.

Strengths of this study include the large sample size, the use
of a non-artefactual model based on direct ex vivo isolation of pri-
mary SGECs from primary SS and sicca syndrome patients, and
the use of different methodologies to assess autophagy and to
capture the complexity of interactions between autophagy, apo-
ptosis, and cell activation. Indeed, the dynamic and physiologic
nature of autophagy is notoriously complex, and erroneous inter-
pretation may occur when results from single experiments are

interpreted without considering the entire context. Specifically,
evaluating single molecules can yield findings that achieve statisti-
cal significance but lack biologic plausibility, and this approach is
more subject to biologic variability between samples. To minimize
these risks, our methodologic approach comprised multiple tech-
niques as well as combined determination of various molecules
involved in different stages of the autophagy pathway in a large
number of samples, as recommended by current guidelines (13).
This polyfunctional evaluation straightforwardly revealed activa-
tion of autophagy as a survival mechanism in SGECs of patients
with primary SS.

In previous studies, we have investigated autophagy in the
pathogenesis of primary SS focusing on lymphocytes infiltrat-
ing minor SGs (38,39). In the present study, we investigated
the role of autophagy in the survival and activation of SGECs,
which represent the main constituent of the SG microenviron-
ment and the pivot of “autoimmune epithelitis” in primary
SS. Notably, SGECs isolated from primary SS and sicca syn-
drome patients retained clear differences in autophagy even
after ex vivo isolation and culture, which typically tend to dilute
differences in biologic mechanisms. Therefore, it is possible
that the levels of autophagy in SGECs from primary SS patients
in vivo are even higher than those observed in our ex vivo
assays. Explanations for protracted activation of autophagy
in vivo and for the retention of this property ex vivo likely involve
epigenetic regulation (40,41), and future studies are warranted
to clarify this aspect.

This study is notable in its novelty and uniqueness. To
date, it represents the first prospective study on SGECs from
primary SS and sicca syndrome patients in an investigation of
autophagy, its balance with apoptosis, its requirement for
SGEC activation, and the therapeutic potential of innovative
strategies disrupting this mechanistic connection. As such, it
holds clear translational relevance for patients with primary
SS. Despite the availability of biologic and targeted synthetic
disease-modifying antirheumatic drugs for nearly all rheumatic
diseases, effective therapies in primary SS remain an unmet
need. Therapeutic use of selective autophagy inhibitors is
being evaluated for the treatment of cancer (6,7), and require-
ments for the interleukin-6/JAK/STAT pathway in autophagy
have also been demonstrated (42–44). By establishing a mech-
anistic link between autophagy and survival and activation of
SGECs in primary SS, this study provides proof of concept for
the clinical evaluation of autophagy inhibitors or JAK/STAT
inhibitors in primary SS.

In conclusion, this study indicates that maladaptive activation
of autophagy promotes the survival and activation of SGECs in
primary SS, and that pharmacologic inhibition of autophagy can
effectively disrupt this vicious cycle and quench epithelial cell
inflammation. Present and previous findings of aberrant activation
of autophagy in T and B cells infiltrating SGs from primary SS
patients suggests that inhibition of autophagy is a broad-
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reaching, novel therapeutic option with the potential to target all
causative cells in the inflamed microenvironment of primary
SS. The therapeutic use of drugs targeting not only immune cells
but the microenvironment might yield incremental clinical benefit
in primary SS.
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B R I E F R E P O R T

VEXAS Syndrome: A Case Series From a Single-Center Cohort
of Italian Patients With Vasculitis

Francesco Muratore,1 Chiara Marvisi,2 Paola Castrignanò,2 Davide Nicoli,1 Enrico Farnetti,1 Orsola Bonanno,1

Rosina Longo,1 Piera Zaldini,1 Elena Galli,2 Nicholas Balanda,3 David B. Beck,3 Peter C. Grayson,4

Nicolò Pipitone,1 Luigi Boiardi,1 and Carlo Salvarani2

Objective. To identify patients with VEXAS syndrome (vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic
syndrome) from a single-center cohort of Italian patients with vasculitis, using a clinically oriented phenotype-first
approach.

Methods. We retrospectively reviewed the clinical records of 147 consecutive male patients followed up in our vas-
culitis clinic from 2013 to date. All patients with a diagnosis of vasculitis and treatment-resistant manifestations of
inflammation, persistently elevated inflammation markers, and hematologic abnormalities were identified. Bone mar-
row aspirates were examined for the presence of vacuoles. Sequencing of ubiquitin-activating enzyme E1 (UBA-1)
was performed using genomic DNA from peripheral blood leukocytes or bone marrow tissue.

Results. Seven patients with vasculitis and concomitant features of VEXAS syndrome were identified. A final diag-
nosis of VEXAS syndrome was made in 3 of the 5 patients who underwent sequencing of UBA-1 (diagnosis was made
postmortem for 1 patient). In all 3 patients, examination of the bonemarrow aspirate revealed vacuoles characteristic of
VEXAS syndrome, and all 3 patients met the definitive World Health Organization criteria for myelodysplastic syn-
drome. Cytogenetic analysis showed normal karyotypes in all 3 patients.

Conclusion. To our knowledge, this is the first report of VEXAS syndrome associated with antineutrophil
cytoplasmic antibody (ANCA)–associated vasculitis. Our data emphasize the need to consider VEXAS syndrome when
evaluating patients with various forms of systemic vasculitis. The novel association between VEXAS syndrome and
ANCA-associated vasculitis reported herein warrants further investigation.

INTRODUCTION

Using a genotype-first approach, researchers recently identi-

fied somatic mutations affecting methionine 41 in the X-linked

gene UBA1, which encodes ubiquitylation initiating E1 enzyme,

in men with late-onset, treatment-refractory inflammatory syn-

drome and hematologic abnormalities. Clinical findings included

recurrent fever, skin involvement, pulmonary infiltrate, ear and

nose chondritis, venous thromboembolism, hematologic abnor-

malities, and bone marrow vacuoles. Most of the patients in this

population met the diagnostic criteria for various inflammatory

syndromes and/or hematologic conditions, including relapsing

polychondritis, myelodysplastic syndrome (MDS), polyarteritis

nodosa, and giant cell arteritis. This disorder was named VEXAS

syndrome (vacuoles, E1 enzyme, X-linked, autoinflammatory,

somatic syndrome) (1). Since the initial description of the syn-

drome, pathogenic UBA-1 variants have been identified in

2 cohorts of patients with relapsing polychondritis (7.6% and

69% of cases, respectively) (2,3). The aim of the present study

was to use a clinically oriented, phenotype-first approach to
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identify patients with VEXAS syndrome in a single-center cohort of
Italian patients with vasculitis.

PATIENTS AND METHODS

Study subjects. To identify patients with suspected/
confirmed vasculitis and clinical features of VEXAS syndrome,
the clinical records of all consecutive male patients followed up
in our vasculitis clinic from 2013 to date were retrospectively
reviewed. The vasculitis clinic is part of the division of rheumatol-
ogy at the Hospital of Reggio Emilia, which is a large tertiary care
referral center for Italian patients with vasculitides.

Patients satisfying all the following criteria were included in
the study: 1) recurrent fever and at least 1 of the following: skin
involvement, pulmonary infiltrate, ear or nose chondritis, or
venous thromboembolism; 2) a C-reactive protein (CRP) level
of >20 mg/liter and at least 1 of the following: macrocytic ane-
mia (hemoglobin value <12 gm/dl and mean corpuscular vol-
ume [MCV] >100 fl), thrombocytopenia (platelet count
<130.000/mm3), neutropenia (neutrophil count <1.500/mm3),
or a hematologic diagnosis of myelodysplastic syndrome
(MDS); and 3) failure to respond to at least 1 synthetic or bio-
logic disease-modifying antirheumatic drug (DMARD) and
ongoing need for glucocorticoid therapy. Bone marrow aspi-
rates from all patients included in the study were reviewed for
the presence of the characteristic vacuoles restricted to mye-
loid and erythroid precursor cells (1). Sequencing of UBA1
was performed using genomic DNA from peripheral blood leu-
kocytes or bone marrow tissue.

Ethics considerations. The study was approved by the
Reggio Emilia Provincial Ethics Committee. Written informed con-
sent was obtained from all patients or their legal guardians.

Genetic screening. Genomic DNA was obtained from
peripheral whole blood and formalin-fixed paraffin-embedded
slides from bone marrow biopsies according to the standard pro-
cedures of the Maxwell 16 DNA extraction kit (Promega). We
designed a new primer pair using Primer3Plus software to amplify
a 251-bp region of UBA1 exon 3 containing a mutation at
p.Met41* (50-TGGGTGGGAAAGTCTTTTGT-30 [forward] and 50-
CTGCCAGGTTAGGGGGTACT-30 [reverse]). Sequencing was
performed on an Applied Biosystems 3500 Dx Series DNA ana-
lyzer using an ABI Prism BigDye Terminator v3.1 kit.

To verify our findings, additional whole blood and bone
marrow samples from the patients were sent to the National
Human Genome Research Institute laboratory at the National
Institutes of Health. All UBA1 mutations we found were
confirmed.

In 1 individual (patient 2) who was not shown to have a UBA1
mutation by Sanger sequencing, exome sequencing was per-
formed to an average coverage of 100× (1). DNA raw reads were

aligned to the human genome reference GRCh38 using BWA-
MEM2 (4). Somatic variant calling was performed on aligned
reads using the Genome Analysis Toolkit Mutect2 (5). Germline
variant assessment in UBA1 was performed using the Integrative
Genomics Viewer.

RESULTS

During the study period, 147 male patients were followed up
in our vasculitis clinic. Of the 147 patients, 142 received the
following diagnoses: large vessel vasculitis (55 patients),
antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis
(36 patients), Behçet’s syndrome (30 patients), primary central
nervous system vasculitis (7 patients), cryoglobulinemic vasculitis
(5 patients), polyarteritis nodosa (4 patients), IgA vasculitis
(3 patients), and relapsing polychondritis (2 patients). Five addi-
tional patients referred for suspected vasculitis (3 for suspected
Behçet’s syndrome and 2 for suspected polyarteritis nodosa)
received a final diagnosis of undifferentiated inflammatory syn-
drome with vasculitis features (6) when a vasculitis diagnosis
could not be confirmed.

Seven of the 147 patients satisfied the inclusion criteria and
were included in the study. Demographic and clinical character-
istics of these patients are reported in Table 1. Patient 1 died
before VEXAS syndrome had been described, and no bone
marrow tissue or peripheral blood samples were available for
genetic screening. Bone marrow aspirates from patient 2 did
not show evidence of vacuolization, and genetic screening,
both by Sanger and exome sequencing, did not reveal the pre-
viously reported pathogenic UBA1 variant (2) or any candidate
disease-causing variants. Examination of bone marrow aspi-
rates from both patient 3 and patient 4 revealed evidence of
vacuolization restricted to myeloid and erythroid precursor
cells. Genetic screening by Sanger sequencing did not reveal
the previously reported pathogenic UBA1 variants in patient
3, and exome sequencing was not performed in this patient
because there was not enough DNA available. Genetic screen-
ing was not performed in patient 4 because samples of bone
marrow tissue or peripheral blood were not available. Mosai-
cism in other tissues was not investigated for patients 3 and
4. Finally, examination of bone marrow aspirates and genetic
screening revealed vacuolization and UBA1 somatic mutations
in patients 5, 6, and 7. These patients received a final diagnosis
of VEXAS syndrome (the diagnosis of patient 5 was made
postmortem).

Case series. Patient 5. Patient 5, a 71-year-old man, was
admitted to our vasculitis clinic with relapsing superficial and deep
venous thrombosis, arthritis of the wrists, recurrent fever, weight
loss, dyspnea, skin lesions, and testicular pain. These symptoms
had begun 2 years prior and responded to high doses of gluco-
corticoids, but recurred each time the prednisone dosage was
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reduced to <15 mg/day. Laboratory tests revealed increased
levels of acute-phase reactants and macrocytic anemia
(Table 1). Skin lesions on the lower leg and upper thigh of both
legs were found to be erythematous purpuric, slightly infiltrated
macules. Skin biopsy showed mild lymphocytic and granulocytic
infiltration of the upper dermis without vasculitis. Computed
tomography (CT) scan of the chest revealed diffuse bilateral opac-
ities in the lungs. Bronchoalveolar lavage fluid cultures were nega-
tive. Examination of bone marrow aspirate revealed findings
consistent with MDS with multilineage dysplasia. An initial diagno-
sis of undifferentiated inflammatory syndrome with vasculitis fea-
tures was made, and treatment with prednisone (50 mg/day)
and azathioprine (2 mg/kg/day) was started.

After 1 year, anakinra at 100 mg/day was added to the
patient’s treatment regimen due to the recurrence of inflammatory
symptoms with prednisone dosages of <25 mg/day. Treatment
with anakinra was stopped after a few injections because the
patient experienced a severe cutaneous reaction. A course of
2 gm of rituximab (2 doses of 1 gm given 2 weeks apart) was sub-
sequently started with no clinical response; thus, high doses of

glucocorticoids were maintained. The patient died in 2019 at
the age of 74 years as a result of pulmonary complications. After
the description of VEXAS syndrome in 2020 (1), reexamination
of the bone marrow aspirate revealed numerous vacuoles in the
myeloid and erythroid precursor cells, and DNA sequencing using
bone marrow tissue revealed a pathogenic UBA1 somatic
mutation.

Patient 6. Patient 6, a 75-year-old man with a diagnosis of
microscopic polyangiitis (MPA), was referred to our vasculitis
clinic with persistent fever, weight loss, and dyspnea. MPA had
been diagnosed 3 years prior based on renal biopsy showing
necrotizing and crescentic glomerulonephritis, the presence
of myeloperoxidase-ANCAs (MPO-ANCAs) (28 units/ml [normal
range <3.5]), chest CT scan showing diffuse ground-glass opaci-
ties, and systemic symptoms. At the onset of symptoms, labora-
tory evaluations revealed rapidly progressive renal failure,
increased levels of acute-phase reactants, and macrocytic ane-
mia (Table 1). Examination of bone marrow aspirate revealed
MDS with single-lineage dysplasia. The patient was started
on prednisone (1 mg/kg/day) and oral cyclophosphamide

Table 1. Demographic and clinical characteristics of the identified patients*

Patient

Characteristic 1 2 3 4 5 6 7

Age at onset, years 76 46 53 72 67 72 64
Death (age at death, years) + (79) – + (59) + (74) + (75) – –

UBA1 mutation NT – – NT c.122 T>C,
p.Met41Thr

c.121 A>G,
p.Met41Val

c.122 T>C,
p.Met41Thr

Key features
Fever + + + + + + +
Skin involvement + – + + + – +
Pulmonary infiltrates – + + + + + +
Ear/nose chondritis – – – – – – +
DVT + + – + + – +
Bone marrow vacuoles NT – + + + + +
Macrocytic anemia + – + + + + +
Other Lobular

panniculitis,
testicular pain

Genital
aphthosis

Testicular
pain

Arthritis,
testicular
pain

Arthritis

Laboratory findings
CRP, mg/liter 180 41 153 120 180 250 140
ESR, mm/hour 83 63 50 133 112 137 78

Treatment
sDMARDs AZA AZA, CYC MTX, AZA AZA AZA CYC, MMF MTX, AZA
b/tsDMARDs ADA, IFX, ANK IFX RTX – ANK, RTX RTX upadacitinib
GCs + + + + + + +

Clinical diagnosis
Behçet’s syndrome – + – – – – –

RP – – – – – – +
LCV – – – + – – –

AAV – – – – – + –

UIS + – + – + – –

MDS – – + + + + +

* NT = not tested; DVT = deep venous thrombosis; CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; sDMARDs = synthetic
disease-modifying antirheumatic drugs; AZA = azathioprine; CYC = cyclophosphamide; MTX = methotrexate; MMF = mycophenolate
mofetil; b/tsDMARDs = biologic/targeted synthetic disease-modifying antirheumatic drugs; ADA = adalimumab; IFX = infliximab; ANK =
anakinra; RTX = rituximab; GCs = glucocorticoids; RP = relapsing polychondritis; LCV = leukocytoclastic vasculitis; AAV = antineutrophil cyto-
plasmic antibody–associated vasculitis; UIS = undifferentiated inflammatory syndrome with vasculitis features; MDS = myelodysplastic
syndrome.
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(1.5 mg/kg/day). After 3 months, MPO-ANCAs disappeared,
treatment with cyclophosphamide was stopped, and the predni-
sone dosage was tapered to a maintenance regimen of 5 mg/day.

Two years later, when the patient first presented to us, he
was still taking prednisone 5 mg daily and he reported recur-
rence of fever, weight loss and dyspnea in the last 3 months.
Laboratory tests showed increased levels of acute-phase
reactants and pancytopenia and results of ANCA testing
remained negative. An extensive evaluation excluded
infections. Examination of a second bone marrow aspirate
revealed findings consistent with MDS with multilineage dys-
plasia with ring sideroblasts. The prednisone dosage was
increased to 1 mg/kg/day and a course of rituximab (2 doses
of 1 gm given 2 weeks apart) was given because an MPA flare
was suspected. Systemic symptoms recurred at each reduc-
tion of the prednisone dosage to <25 mg/day. The patient
remained ANCA negative.

After 9 months, the patient was started on mycophenolate
mofetil (2 gm/day) and intravenous immunoglobulin (0.4 gm/kg/
day for 5 consecutive days every 4 weeks). Six months later, he
developed fever and dyspnea became more severe. Chest CT
scan showed worsened ground-glass opacities and pleural effu-
sion. Intravenous cyclophosphamide was started (7.5 mg/kg)
according to the European Vasculitis Study Group protocol, with-
out clinical response. The patient remained dependent on high-
dose glucocorticoids (25 mg/day of prednisone). After the
description of VEXAS syndrome in 2020 (1), the 2 bone marrow
aspirates from the patient were reviewed and both revealed
numerous vacuoles in the myeloid and erythroid precursor cells.
DNA sequencing using the last bone marrow aspirate showed a
pathogenic mutation in the UBA1 region and confirmed the diag-
nosis of VEXAS syndrome.

Patient 7. Patient 7, a 66-year-old man, was referred to our
vasculitis clinic in 2019 with fever, deep venous thrombosis,
arthritis of the wrists, dyspnea, painful migratory subcutaneous
nodules, skin lesions, and recurrent episodes of ear and nose

chondritis. These symptoms had begun 2 years prior and
responded to high doses of glucocorticoids, but recurred each
time the prednisone dosage was reduced to <15 mg/day. Labo-
ratory tests revealed increased levels of acute-phase reactants
and macrocytic anemia (Table 1). Examination of bone marrow
aspirate revealed features suggestive of MDS with multilineage
dysplasia. Skin lesions on the upper thighs were found to be ery-
thematous purpuric, slightly infiltrated macules. A diagnosis of
relapsing polychondritis was made, and the patient was started
on prednisone (0.5 mg/kg/day) and methotrexate (15 mg/week).
The patient’s systemic and cutaneous manifestations recurred
each time the prednisone dosage was reduced to <15 mg/day.
A skin biopsy showed lymphocytic and granulocytic infiltration of
small vessels with fibrinoid necrosis. CT scan of the chest
revealed diffuse pulmonary infiltrates. Treatment with methotrex-
ate was stopped and the patient was started on azathioprine
(2 mg/kg/day).

In December 2020, a few months after azathioprine treat-
ment was begun, he was admitted to our rheumatology depart-
ment with swelling of the neck, periorbital edema, diffuse
cutaneous nodules, and fever. Examination of bone marrow
aspirate revealed vacuoles in the erythroid and myeloid precur-
sors and findings consistent with MDS with multilineage dyspla-
sia (Figures 1A and B). DNA sequencing of the peripheral blood
showed a pathogenic mutation in the UBA1 region and con-
firmed the diagnosis of VEXAS syndrome. The patient was
started on upadacitinb (15 mg/day) and prednisone
(50 mg/day). The prednisone dosage was progressively
reduced, and in June 2021 the patient had a flare of nasal chon-
dritis while being treated with upadacitinb 15 mg/day and pred-
nisone 10 mg/day. Prednisone was increased to 25 mg/day
and symptoms resolved rapidly. At the patient’s last follow-up
(July 2021), his disease was in remission with upadacitinib
15 mg/day and prednisone 12.5 mg/day. The CRP level was
18 mg/liter, the hemoglobin level was 12.2 gm/dl (MCV 113 fl),
and the ferritin level was 361 ng/ml.

Figure 1. A, Bone marrow aspirate from patient 7, showing evidence of dysplasia and cytoplasmic vacuolization of the erythroid and myeloid
precursor cells. B, Higher-magnification view of the bone marrow aspirate from patient 7, showing dysplasia (neutrophils with pseudo Pelger-Huët
anomaly) and cytoplasmic vacuolization of the erythroid precursor cells (blue arrows) and myeloid precursor cells (red arrow). Stained with May-
Grünwald-Giemsa stain; original magnification × 400 in A; × 1,000 in B.

MURATORE ET AL668



DISCUSSION

Using a clinically oriented phenotype-first approach, we
identified 7 patients with vasculitis and concomitant treatment-

resistant systemic manifestations and hematologic abnormalities

consistent with MDS. A final diagnosis of VEXAS syndrome was
made in 60% of patients (3 of 5) who underwent sequencing of

UBA1. In all 3 patients, examination of bone marrow aspirate
revealed evidence of the characteristic vacuoles. The 2 patients

who were not shown by genetic sequencing to have previously

reported pathogenic UBA1 variants were younger than the
patients with a UBA1 mutation, and only 1 patient (patient 3) had

evidence of vacuoles indicative of VEXAS syndrome upon exami-
nation of bone marrow aspirate.

Somatic mutations in UBA1 outside of codon 41 have
recently been reported as a cause of VEXAS syndrome, but we

could not test for these mutations in patient 3 because there

was not enough DNA available to perform exome sequencing
(7–9); therefore, the diagnosis of VEXAS syndrome cannot be

completely ruled out. Examination of bone marrow tissue from
another patient (patient 4) also showed the presence of vacuoles

characteristic of VEXAS syndrome, but a DNA sample was

unavailable, so the presence of pathogenic UBA1 variants could
not be determined. Our data confirmed that, in the right clinical

setting, the presence of vacuoles in bone marrow aspirate is quite
specific for VEXAS syndrome. Genetic sequencing for somatic

UBA1 mutations should be performed in all patients with

treatment-resistant inflammatory syndrome, hematologic abnor-
malities, and evidence of vacuoles.

In the present study, definitive World Health Organization

criteria for MDS were met by all 5 patients with evidence of vacu-

oles and by all 3 patients with a final diagnosis of VEXAS syn-
drome, and MDS diagnosis was confirmed by an expert

hemopathologist (10). Investigations for mosaicism in other tissues
were not performed in the 2 patients with MDS without VEXAS

syndrome. Cytogenetic analysis showed normal karyotypes in all

5 patients. The higher proportion of MDS among patients in the
present study compared with the original series described by Beck

et al (6 of 25 patients [24%]) (1) may denote the progressive nature
of hematologic abnormalities that can evolve into overt hemato-

logic malignancy. Early detection of UBA1 mutations may there-

fore identify patients with rheumatic diseases who may benefit
from increased hematologic surveillance (2).

Our study confirms that patients with VEXAS syndrome were
resistant to multiple DMARDs, and high-dose glucocorticoids
were the only treatment that ameliorated severe inflammatory
symptoms in the patients studied. Nevertheless, most of the
patients died of disease-related causes or complications related
to treatment. Transcriptome analysis of the peripheral blood and
analysis of cytokines in the serum of patients with VEXAS syn-
drome showed highly activated inflammatory signatures in multi-
ple pathways, including tumor necrosis factor, interleukin-6, and

interferon-γ (1). Components of the JAK/STAT pathway have
been shown to be mutated or up-regulated in several hemato-
logic malignancies, and JAK inhibitors have been approved for
use in the treatment of some blood disorders (8). JAK inhibitors
target multiple inflammatory cytokines simultaneously, and thus
in complex inflammatory states such as VEXAS, JAK inhibitors
may be more effective than inhibitors of a single cytokine. We
therefore decided to treat patient 7 with the selective JAK1 inhib-
itor upadacitinib. The drug showed a steroid-sparing effect and a
good safety profile. Further studies evaluating the efficacy and
safety of JAK inhibitors in the treatment of patients with VEXAS
syndrome are needed.

Because VEXAS syndrome is a newly identified genetic dis-
ease, knowledge of the complete clinical spectrum of the disease
is continuously expanding. To our knowledge, patient 6 in our
study represents the first reported case of VEXAS syndrome
associated with ANCA-associated vasculitis. Patient 6 had
concomitant manifestations of rapidly progressive renal failure,
pulmonary involvement, inflammatory manifestations, anti–MPO-
ANCA positivity, and myelodysplastic features. A diagnosis of
MPA and MDS was made. Despite an initial period of remission,
the patient developed inflammatory manifestations resistant to
multiple immunosuppressants and requiring high doses of gluco-
corticoids. Reexamination of the 2 bone marrow aspirates (the
first aspiration performed when the MPA diagnosis was made
and the second 3 years later when systemic manifestations
recurred) revealed numerous vacuoles in the myeloid and ery-
throid precursor cells. The pathogenic UBA1 somatic mutation
was found using a DNA sample from the second bone marrow
aspirate. Unfortunately, the first bone marrow aspirate was
unavailable for testing UBA1 mutations.

Taken together, these findings support the hypothesis of a
connection between ANCA-associated vasculitis and VEXAS
syndrome, and in our patient a unique evolving condition cannot
be excluded, particularly since necrotizing and crescentic glomer-
ulonephritis has not been described in VEXAS syndrome. The link
between these 2 conditions may be related to proinflammatory
neutrophil activation with dysregulated neutrophil extracellular
trap (NET) formation. Increasing research evidence suggests that
dysregulated NET formation is central to ANCA-associated vas-
culitis pathogenesis (11), and functional studies of neutrophils
obtained from patients with VEXAS syndrome have recently
shown enhanced spontaneous NET formation, findings that con-
firm that proinflammatory neutrophil activation is also dysregu-
lated in VEXAS syndrome (1).

The main limitation of this study is its retrospective nature.
There may have been some selection bias related to the inclusion
criteria we used. First, because more than half of the reported
patients with VEXAS syndrome do not meet criteria for MDS
(12), we could have excluded some patients who did not have
significant hematologic abnormalities. Furthermore, since all
patients were identified within a vasculitis clinic, there was likely
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selection bias toward identification of VEXAS syndrome patients
with severe inflammatory disease.

In conclusion, our findings emphasize the need to consider
VEXAS syndrome when evaluating patients with many different
forms of systemic vasculitis. The novel association between
VEXAS syndrome and ANCA-associated vasculitis warrants fur-
ther investigation.
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Identification of Novel Risk Loci for Behçet’s
Disease–Related Uveitis in a Chinese Population
in a Genome-Wide Association Study

Guannan Su,1 Zhenyu Zhong,1 Qingyun Zhou,1 Liping Du,2 Zi Ye,1 Fuzhen Li,2 Wenjuan Zhuang,3 Chaokui Wang,1

Liang Liang,1 Yan Ji,1 Qingfeng Cao,1 Qingfeng Wang,1 Rui Chang,1 Handan Tan,1 Shenglan Yi,1 Yujing Li,1

Xiaojie Feng,1 Weiting Liao,1 Wanyun Zhang,1 Jia Shu,1 Shiyao Tan,1 Jing Xu,1 Su Pan,1 Hongxi Li,1 Jing Shi,1

Zhijun Chen,1 Ying Zhu,1 Xingsheng Ye,1 Xiao Tan,1 Jun Zhang,1 Zhangluxi Liu,1 Fanfan Huang,1 Gangxiang Yuan,1

Tingting Pang,2 Yizong Liu,2 Jiadong Ding,2 Yingnan Gao,2 Meifen Zhang,4 Wei Chi,5 Xiaoli Liu,6 Yuqin Wang,7

Ling Chen,8 Akira Meguro,9 Masaki Takeuchi,9 Nobuhisa Mizuki,9 Shigeaki Ohno,10 Xianbo Zuo,11 Aize Kijlstra,12

and Peizeng Yang1

Objective. To explore susceptibility loci associated with uveitis in Behçet’s disease (BD).
Methods. We conducted a 2-stage study, consisting of a genome-wide association study (GWAS) stage and a rep-

lication stage, in a Chinese population. The GWAS stage included 978 cases with BD-related uveitis and 4,388 con-
trols, and the replication stage included 953 cases with BD-related uveitis and 2,129 controls. Luciferase reporter
analysis and chromatin immunoprecipitation assay were performed to explore the functional role of susceptibility
genetic variants near ZMIZ1.

Results. Three independent HLA alleles (HLA–B51 [3.75 × 10−190], HLA–A26 [1.50 × 10−18], and HLA–C0704
[3.44 × 10−16]) were identified as having a genome-wide association with BD-related uveitis. In the non-HLA region,
in addition to confirming 7 previously reported loci, we identified 22 novel susceptibility variants located in 16 loci.
Meta-analysis of the Chinese cohort consisting of 1,931 cases and 6,517 controls and a published Japanese cohort
of 611 cases and 737 controls showed genome-wide significant associations with ZMIZ1, RPS6KA4, IL10RA,
SIPA1-FIBP-FOSL1, and VAMP1. Functional experiments demonstrated that genetic variants of ZMIZ1 were associ-
ated with enhanced transcription activity and increased expression of ZMIZ1.

Conclusion. This GWAS study identified a novel set of genetic variants that are associated with susceptibility to
uveitis in BD. These findings enrich our understanding of the contribution of genetic factors to the disease.

INTRODUCTION

Behçet’s disease (BD) is a systemic inflammatory disease

that typically manifests with recurrent oral and genital ulcers,

uveitis, skin lesions, and even inflammation in the nervous and

gastrointestinal systems (1). BD has an estimated prevalence

of 14.0 per 100,000 persons in China, 13.5 per 100,000

persons in Japan, and 80–420 per 100,000 persons in

Turkey. The disease has a much lower prevalence in Europe

and the US, estimated to be 0.27–5.2 per 100,000 persons

(1–3). Although the etiology of BD is far from being fully under-

stood, it is currently recognized that environmental factors com-

bined with a susceptible genetic background are responsible

for its development (4).
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Studies of the immunogenetic association with BD started
with the identification of HLA–B*51 (originally named HL–A5) in
1973 (5). Recent genome-wide association studies (GWAS) and
ImmunoChip studies revealed numerous loci located in both
HLA and non-HLA regions, including HLA–A*03, HLA–B*49,
HLA–B*15, ERAP1, IL23R, IL12RB2, IL10, and GIMAP (6–11).
Nevertheless, the susceptibility loci identified could only explain a
limited proportion of variance in the disease risk, and current
understanding of the genetic background of BD, especially in the
Chinese population, is still far from complete.

We previously reported the results of a GWAS study in Han
Chinese patients with BD, which included 149 patients and
951 healthy controls in the discovery stage and 554 patients and
1,159 controls in the replication stage, in which we identified
STAT4 as a susceptibility locus (12). That study was, however,
limited by the small sample size and therefore had insufficient sta-
tistical power (12). Here we performed a larger GWAS, recruiting
1,015 patients and 4,502 controls (978 cases and 4,388 controls
passed quality control and were included in subsequent analysis),
followed by a replication stage with 953 patients and 2,129 con-
trols. Besides confirming a number of previously identified loci,
we identified a set of novel susceptibility genes.

PATIENTS AND METHODS

Recruitment of patients and healthy controls. We
conducted a 2-stage study comprising a GWAS stage and a val-
idation stage. The GWAS stage included 1,015 BD patients with
uveitis and 4,502 controls, and the validation stage included a
separate set of 953 BD patients and 2,129 controls. Patients
were diagnosed as having BD based on the criteria of the Interna-
tional Study Group for BD (13). All BD patients had uveitis. Partic-
ipants were recruited from the First Affiliated Hospital of
Chongqing Medical University, the First Affiliated Hospital of
Zhengzhou University, Peking Union Medical College Hospital,
the First Affiliated Hospital of Anhui Medical University, and the
Zhongshan Ophthalmic Center of Sun Yat-sen University
between April 2008 and October 2019. Participant enrollment in
the Japanese cohort of 611 cases and 737 controls has been
described previously (7).

All participants provided written informed consent, and the
study was approved by the Ethics Committee of the First Affiliated
Hospital of Chongqing Medical University (permit number

2009-201008) and local research ethics committees. The study
was conducted in accordance with the Declaration of Helsinki.

Genomic DNA was obtained from peripheral blood samples
using a QIAamp DNA Blood Mini kit (Qiagen) and Magnetic Bead
DNA extraction kit (Bio-Base) and was stored at −80�C
until used.

GWAS genotyping and analysis. The discovery GWAS
stage genotyping was performed using a Human Omni
ZhongHua-8 Bead Chip (Illumina). Single-nucleotide polymor-
phisms (SNPs) were excluded if they had 1) a call rate of <98%
in cases or controls; 2) a minor allele frequency (MAF) of <1%;
or 3) significant deviation from Hardy-Weinberg equilibrium in
healthy controls, with P < 10−4. Samples were removed if they
1) had an overall call rate of <98%, as assessed by GenomeStu-
dio Software Modules V2.0; 2) were duplicates or showed famil-
ial relationships based on pairwise identity by state (PI_HAT
>0.25 for second-degree relatives; the sample with a lower call
rate was excluded); or 3) showed genetic gender inconsistent
with clinical data. We did not analyze variants on the X
chromosome.

Principal components analysis (PCA) was performed using
EIGENSTRAT software, and linkage disequilibrium pruning was
performed with the parameters R2 = 0.25 and a window size of
200 kb. SNPs (on chromosomes 1–22) that passed quality con-
trol were included in the calculation of genomic inflation
factor (λGC). The λGC value was calculated using R programming
language using the formula: λGC = round(median((qnorm
(p_value/2))^2, na.rm = TRUE)/0.454, 3). Ungenotyped SNPs
were imputed using the IMPUTE program (v2.0; https://
mathgen.stats.ox.ac.uk/impute/impute.html) according to the
Han Chinese in Beijing, China (CHB) and Japanese in Tokyo,
Japan data from the 1000 Genomes Project integrated phase
3 release (http://www.internationalgenome.org/).

Analyses of HLA amino acid variation were performed as
previously described (14). Briefly, HLA typing was based on an
independent analysis pipeline that used all currently known HLA
gene sequences in the IMGT/HLA database (database release
3.13.1). We thus substituted the called genotypes for sites
located in the exonic regions of the 29 HLA genes with the HLA
typing results. Imputation of the HLA region was performed
using SNP2HLA software (http://software.broadinstitute.org/
mpg/snp2hla/). The reference panels were provided by HIBAG
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(https://github.com/zhengxwen/HIBAG) (the 4-digit resolution of
multiple GlaxoSmithKline clinical trials of Asian ancestry, east and
south Asia), HapMap Phase 3, and a Han Chinesemajor histocom-
patibility complex database (14). Imputed SNPs were excluded if
they had 1) a call rate of <95% in cases or controls; 2) a MAF of
<5%; or 3) a significant deviation from Hardy-Weinberg equilibrium
in healthy controls, with P < 10−4.

SNP selection and genotyping in the replication
stage. Non-HLA region SNPs with valid genotype scatter plots
and P < 10−4 were selected for validation using a Sequenom
MassARRAY system (https://support.agenabio.com/s/online-tools).
Genotyped SNPs were excluded if they had 1) a call rate of <90%
in cases or controls; 2) a significant deviation fromHardy–Weinberg
equilibrium in healthy controls, with P < 10−4; or 3) a significant
deviation from the frequency of CHB.

Genome-wide pathway association analysis. The
pathways related to susceptibility genes were analyzed using the
DAVID functional annotation tool (v6.7) (https://david.ncifcrf.gov/
tools.jsp). The associated genes found in our study as well as pre-
viously reported genes were all included in this analysis.

Expression quantitative trait locus (eQTL) analyses.
Expression data for specific tissues were obtained from the GTEx
Portal (http://www.gtexportal.org/home/) and filtered using a
false discovery rate of ≤0.05.

Real-time polymerase chain reaction (PCR). Total
RNA was extracted from peripheral blood mononuclear cells
(PBMCs) using TRIzol (Invitrogen), followed by reverse transcrip-
tion and amplification with SYBR Green Real-time PCR Master
Mix (Bio-Rad). β-actin was used as an internal normalization con-
trol. The assays were performed on an ABI 7500 real-time PCR
instrument. Comparative quantification was calculated using the
2−ΔΔCt method.

Luciferase reporter analysis. The construction of vec-
tors was performed by Wuhan GeneCreate Biological Engineer-
ing. Haplotypes (2,569 bp length) and 201-bp–long DNA
sequences harboring the wild-type or risk allele of candidate
SNPs were cloned into pGL3 plasmid vectors. These constructed
vectors and pRL-TK were cotransfected into HEK 293T cells.
Cells were harvested 48 hours after transfection and luciferase
activities were analyzed using a Dual-Luciferase Reporter Assay
system (Promega).

Chromatin immunoprecipitation (ChIP) assay.
PBMCs (>2 × 107cells) were crosslinked with 1% formaldehyde
for 10 minutes at room temperature, and protein/DNA crosslink-
ing was stopped by incubating in 0.125M glycine for 5 minutes.
Cells were lysed in ChIP lysis buffer for 10 minutes. After

centrifugation, the pellet was lysed in lysis buffer and subjected
to sonication. Sheared chromatin was immunoprecipitated
overnight at 4�C with specific antibodies bound to the Pierce
TM Protein A/G Agarose Beads (ThermoFisher Scientific), fol-
lowed by elution and reverse crosslinking at 65�C overnight.
DNA was isolated and purified subsequently. Quantitative
reverse transcriptase–PCR was performed to calculate the per-
centage of input. The following antibodies were used: ELF4 (cat-
alog no. ab13581; Abcam), IRF1 (catalog no. ab186384;
Abcam), GABPA (catalog no. sc-28312; Santa Cruz Biotechnol-
ogy), ELF3 (catalog no. sc-376055; Santa Cruz Biotechnology),
IRF7 (catalog no. sc-74472; Santa Cruz Biotechnology), ETV3
(catalog no. ab176717; Abcam), PAX6 (catalog no. ab5790;
Abcam), TEAD1 (catalog no. ab133533; Abcam), H3K27ac (cat-
alog no. ab4729; Abcam), and H3K4me1 (catalog
no. ab176877; Abcam).

Statistical analysis. The association of each SNP with BD
in the GWAS, replication, and meta-analysis stages was
analyzed using an additive model in logistic regression using
PLINK v1.07 (http://zzz.bwh.harvard.edu/plink/) and SNPTEST
v2.5.4-beta3 (http://mathgen.stats.ox.ac.uk/genetics_software/
snptest/snptest.html) (15). Odds ratios (ORs) and 95% confidence
intervals (95% CIs) were adjusted for the top 10 eigenvectors in the
logistic regression analysis. PCA implemented in the EIGENSOFT
package (http://genetics.med.harvard.edu/reich/Reich_Lab/
Software.html) was used to evaluate ancestry and population
stratification. Regional plots were generated using LocusZoom31
(http://csg.sph.umich.edu/locuszoom/). R was used to create
quantile–quantile plots to evaluate the overall significance of the
GWAS results (http://www.r-project.org/). Heterogeneity was
examined using Cochran’s Q and I2 statistics. A fixed-effects
(Mantel–Haenszel) model was applied if I2 ≤30%; a random-
effects model was adopted if I2 >30%.

RESULTS

We performed a GWAS study in 1,015 cases with BD-
related uveitis and 4,502 controls in a Chinese population. After
sample and SNP quality control, 753,745 SNPs were genotyped
in 978 cases with BD-related uveitis and 4,388 controls
(Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41998). PCA results showed that patients and healthy controls
were well matched (Supplementary Figure 1, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41998). Quantile–quantile plot analysis
showed that the genomic inflation factor value (λ) without the
HLA region was 1.04 (Supplementary Figure 2, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41998), demonstrating no substantial pop-
ulation stratification effects.
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The strongest association was found within the HLA region
(Figure 1). We further performed an imputation analysis within
the HLA region (chromosome 6; 29–34 Mb), and then analyzed
HLA alleles, amino acids, and SNPs for their association with BD
(Supplementary Tables 2 and 3, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41998). HLA–B51 was the most strongly associated allele
(P = 3.75 × 10−190; OR 5.86) (Table 1 and Supplementary
Figure 3, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41998). An HLA
allele previously reported to be associated with BD, HLA–A26
(16), was also found to be of independent genome-wide signifi-
cance in our study, and, for the first time, we identified a
genome-wide significant association of HLA–C0704 with BD-
related uveitis (Table 1).

A stepwise conditional logistic regression analysis was next
performedon theaminoacidsandSNPs, respectively.We identified

6 independent amino acid variations (AA_B_67_31432515_F,
AA_A_-15_30018338_L, AA_C_1_31347624_C, AA_C_156_
31346909_D, AA_B_80_31432476_I, and AA_A_76_3001
8738_A) and 8 independent SNPs (rs41546114, rs9277724,
rs2245961, rs17195089, rs2395031, rs6920323, rs9261403, and
rs2022539) in genome-wide association with BD (Table 1). These
independent amino acids and SNPs were next conditioned on the
effect of HLA–B51, HLA–A26, and HLA–C0704, respectively
(Table 1). The variant rs6920323, located between HLA–B and
MICA, lost significance after conditioning on HLA–B51. In the non-
HLA region, we confirmed 7 previously reported loci, including
IL23R-IL12RB2, IL10, STAT4, ERAP1, IFNGR1, LACC1, and
CEBPB-PTPN1, showing a consistent direction of effect on risk
(Table 2).

A total of 98 unreported SNPs with suggestive evidence of
an association (P < 0.0001) were selected for a further replication
study in an additional set of 953 cases and 2,129 controls. Data

Figure 1. Manhattan plot of P values on a –log10 scale for 753,745 genotyped single-nucleotide polymorphisms (SNPs) in a genome-wide asso-
ciation study consisting of 978 cases with Behçet’s disease and 4,388 healthy controls. The red line represents P = 1 × 10−4 and the blue line rep-
resents P = 5 × 10−8. SNP locations are from build 37/hg19. MHC = major histocompatibility complex.
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from both stages were included in a meta-analysis, and 22 novel
variants achieved (or nearly achieved) the genome-wide
significance threshold (P < 5 × 10−8). These variants were
located within the following loci: RHOH, PRDM1, MTHFD1L,
KLF4, ZMIZ1, RPS6KA4-PRDX5, SIPA1-FIBP-FOSL1, IL10RA,
VAMP1, AGBL1 (P = 1.17 × 10−7), CMIP, CDH15-ZNF778,
TCF4, MRPL39-JAM2, GART, and MIS18A (Table 3 and Sup-
plementary Figure 4, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41998). For further validation, we analyzed these 16 novel loci
by direct genotyping using a GeneChip Human Mapping 500K
array set (Affymetrix) or imputation (imputation R2 > 0.85) in a pub-
lished Japanese cohort involving 611 cases and 737 controls (7). In
a meta-analysis of the Chinese and Japanese populations, the loci
within ZMIZ1, RPS6KA4, IL10RA, VAMP1, and SIPA1-FIBP-
FOSL1 exceeded genome-wide significance (Table 4).

We performed pathway enrichment analysis using all newly
identified susceptibility genes from this study along with earlier
reported associated genes and found that genes in these loci
contribute to the pathways involved in JAK/STAT signaling, cyto-
kine receptor activity, and immune response (Supplementary
Table 4, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41998).

The aforementioned result identified a strong association of
rs1250569 of ZMIZ1with BD. To analyze the functional signifi-
cance of this SNP, we measured the expression of ZMIZ1 in
PBMCs derived from 36 healthy individuals with a known
rs1250569 genotype. The mean expression of ZMIZ1 in GG car-
riers was 2.69-fold higher and 1.59-fold higher than that in AA
carriers (P = 0.001) and GA carriers (P = 0.028), respectively
(Figure 2A).

Furthermore, we explored whether the BD susceptibility SNPs
within ZMIZ1 had potential regulatory functions. The SNP
rs1250569 is located in the intron 8 region of ZMIZ1. There are
2 SNPs, rs1250568 and rs2802372, in strong linkage disequilibrium
(r2 = 0.82, D0 = 1; and r2 = 0.8, D0 = 1, respectively) with rs1250569
in Asian (ASN) populations as shown in the 1000 Genomes Project
using HaploReg v4.1. Interestingly, rs2802372 in ZMIZ1 was also
identified in our GWAS-stage data as having a strong association
with BD (PGWAS = 1.67 × 10−10) (second only to rs1250569
[PGWAS = 9.77 × 10−11]), although the rs2802372 association lost
significance in the analysis combining data from both stages. There-
fore, markers located within approximately �2 Mb of these 2 SNPs
(rs1250569 and rs2802372) were selected for imputation (https://
mathgen.stats.ox.ac.uk/impute/impute.html). Imputation identified
another 3 SNPs (rs1250568, rs1250564, and rs1250565) that were
in high linkage disequilibrium with rs1250569 or rs2802372
(r2 ≥ 0.8), and showed genome-wide significant associations
(P < 5 × 10−8) (Supplementary Table 5, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41998). To validate whether these 5 SNPs lead to an
allele-specific functional effect on transcription, we cloned haplo-
types comprising the 5 SNPs and 201-bp–long DNA fragments har-
boring non-risk and risk alleles of the 5 SNPs (Supplementary
Table 6, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41998), respectively,
into pGL3 vectors and performed a luciferase reporter assay. We
observed significant differences in transcription activity between
the haplotypes and between the risk and non-risk alleles of
rs1250569, rs1250568, and rs1250565 (Figure 2B).

Transcription factors are considered to be the major mediator
of sequence-dependent regulation of gene expression (17,18).

Table 2. Results for loci previously reported as having a genome-wide significant or suggestive association with BD in the non-HLA region*

SNP BP Gene A1

MAF

A2 P OR (95%CI)†Chr. Cases Controls

1 rs11209032 67740092 IL23R-IL12RB2 G 0.4179 0.5104 A 1.50 × 10−13 0.6886 (0.6235–0.7605)
1 rs34426521‡ 67745768 IL23R-IL12RB2 A 0.4169 0.5081 G 3.24 × 10−13 0.6922 (0.6268–0.7645)
1 rs12119179 67747415 IL23R-IL12RB2 A 0.4174 0.5056 C 1.83 × 10−12 0.7004 (0.6342–0.7736)
1 rs1495965 67753508 IL23R-IL12RB2 A 0.4056 0.4959 G 5.36 × 10–13 0.6938 (0.628–0.7665)
1 rs3021094 206944952 IL10 C 0.5215 0.471 A 5.40 × 10−5 1.224 (1.109–1.35)
2 rs7572482 192015072 STAT4 G 0.3901 0.4452 A 8.90 × 10−6 0.7972 (0.7212–0.8811)
5 rs1065407§ 96112083 ERAP1 C 0.09151 0.05864 A 8.93 × 10−8 1.617 (1.354–1.932)
5 rs10050860 96122210 ERAP1 A 0.07495 0.05117 G 3.38 × 10−5 1.502 (1.238–1.823)
5 rs2287987¶ 96129535 ERAP1 G 0.07566 0.051 A 1.66 × 10−5 1.523 (1.256–1.847)
5 rs2013717¶ 96134175 ERAP1 C 0.07566 0.05136 A 2.29 × 10−5 1.512 (1.247–1.833)
6 rs9376268 137532751 IFNGR1 A 0.3456 0.4267 G 4.41 × 10−11 0.7095 (0.6405–0.786)
13 rs3764147 44457925 LACC1 G 0.2336 0.3199 A 6.71 × 10−14 0.6481 (0.5782–0.7264)
13 rs1373904 44475398 LACC1 G 0.2359 0.321 A 1.60 × 10−13 0.653 (0.5828–0.7317)
20 rs913678 48955424 CEBPB-PTPN1 A 0.2669 0.3165 G 1.72 × 10−5 0.7863 (0.7045–0.8775)

* BP = base position; MAF = minor allele frequency; A2 = major allele.
† Odds ratio (OR) and 95% confidence interval (95% CI) for the minor allele (A1).
‡ The single-nucleotide polymorphism (SNP) rs34426521 in IL23R-IL12RB2 is in strong linkage disequilibrium (r2 = 0.99, D0 = 0.99) with the SNP
rs11209032, which was previously reported to have an association with Behçet’s disease (BD) in a Japanese genome-wide association study (7).
§ The SNP rs1065407 was previously reported to have an association with BD in our ERAP1 gene polymorphisms study (34).
¶ The SNPs rs2287987 and rs2013717 in ERAP1 are in strong linkage disequilibrium with the SNP rs10050860 (r2 = 0.85, D0 =0.92).
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Therefore, we next predicted whether these 3 SNPs (rs1250569,
rs1250568, and rs1250565) overlap with transcription factor bind-
ing sites using the JASPAR (2018) database (19) and found that
8 transcription factors (PAX6, ELF5, IRF1, GABPA, ELF3, IRF7,
ETV3, and TEAD1) were predicted to bind to only 1 of the alleles
with a score of >9 (Supplementary Table 7, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41998). To further validate the transcription factor
binding prediction and explore whether risk alleles and non-risk
alleles manifest with differential binding activities, we performed
ChIP assays for these 8 transcription factors. We detected a signif-
icant recruitment of PAX6 to rs1250569 and ETV3 to rs1250568
(both with preferential recruitment to the non-risk allele G com-
pared to the risk allele A) (Figures 2C and D).

Other transcription factors were not found to bind rs1250568,
and no transcription factor was identified to bind rs1250565
(Supplementary Figure 5, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41998).
The ENCODE database showed that rs1250565 was located in
gene regions with high H3K27ac expression, and database anno-
tations primarily showed that the highest H3K27ac Z-scores in this

gene region were associated with the KMS-11 cell line, a human
multiple myeloma cell line. This locus might also regulate other
genes in cis configuration, such as PPIF, ZCCHC24, and
RP11-342M3.5. Subsequently, we performed ChIP assays in
PBMCs for H3K27ac and H3K4me1, 2 markers for enhancers,
and detected significant enrichments in the region covering
rs1250569-G or rs1250568-G (Figures 2E–H and Supplementary
Table 8, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41998).

DISCUSSION

This study included 1,931 BD cases and 6,517 controls in a
Chinese population and identified 22 novel disease susceptibility
variants. In addition, meta-analysis of the Chinese cohort and a
published Japanese cohort showed genome-wide significant
associations with novel loci in ZMIZ1, RPS6KA4, IL10RA,
SIPA1-FIBP-FOSL1, and VAMP1. Functional experiments indi-
cated that the risk allele of variants within ZMIZ1 may affect the
expression of ZMIZ1 by altering enhancer activities and transcrip-
tion factor binding activities.

Table 4. Results of association tests and meta-analysis of new susceptibility loci for BD identified in this study*

SNP/population BP Gene A1 A2 P OR (95% CI)† I2, % P for heterogeneity

rs1250569 81045207 ZMIZ1 G A
Chinese – – – – 8.75 × 10−16 0.73 (0.67–0.78) – –

Japanese – – – – 0.0006 0.76 (0.6–0.89) – –

Chinese and Japanese – – – – 3.40 × 10−18 0.73 (0.68–0.79) 0.0 0.585
rs6591843 64147083 RPS6KA4 G A
Chinese – – – – 1.76 × 10−16 1.37 (1.27–1.48) – –

Japanese – – – – 0.0008 1.30 (1.12–1.52) – –

Chinese and Japanese – – – 6.96 × 10−19 1.36 (1.27–1.45) 0.0 0.543
rs7130280 64156585 RPS6KA4 G A
Chinese – – – – 1.66 × 10−21 1.43 (1.32–1.53) – –

Japanese – – – — 0.0024 1.27 (1.09–1.48) – –

Chinese and Japanese – – – 1.35 × 10−8‡ 1.37 (1.31–1.49)‡ 46.2 0.173
rs2228055 117864846 IL10RA G A
Chinese – – – – 3.22 × 10−14 0.70 (0.64–0.77) – –

Japanese – – – – 0.0026 0.79 (0.67–0.92) – –

Chinese and Japanese – – – – 1.07 × 10−8‡ 0.73 (0.67–0.78)‡ 35.67 0.213
rs2228054 117864113 IL10RA A G
Chinese – – – – 1.41 × 10−13 0.71 (0.65–0.78) – –

Japanese – – – – 0.0023 0.78 (0.67–0.92) – –

Chinese and Japanese – – – 3.24 × 10−15 0.73 (0.67–0.79) 16.76 0.273
rs10791830 65661291 SIPA1-FIBP-FOSL1 A G
Chinese – – – – 8.24 × 10−9 0.80 (0.75–0.87) – –

Japanese – – – – 0.0223 0.83 (0.71–0.97) – –

Chinese and Japanese – – – – 5.85 × 10−10 0.81 (0.76–0.86) 0.0 0.699
rs568617 65653242 SIPA1-FIBP-FOSL1 A G
Chinese – – – – 1.27 × 10−9 0.80 (0.74–0.86) – –

Japanese – – – – 0.0212 0.83 (0.71–0.97) – –

Chinese and Japanese – – – – 1.04 × 10−10 0.80 (0.75–0.86) 0.0 0.607
rs1034969 6573856 VAMP1 A C
Chinese – – – – 3.82 × 10−9 0.79 (0.73–0.86) – –

Japanese – – – – 0.0141 0.82 (0.69–0.96) – –

Chinese and Japanese – – – – 2.12 × 10−10 0.80 (0.74–0.85) 0.0 0.741

* BD = Behçet’s disease; SNP = single-nucleotide polymorphism; BP = base position; A2 = major allele.
† Odds ratio (OR) and 95% confidence interval (95% CI) for the minor allele (A1).
‡ In terms of heterogeneity, the OR and P value were estimated using a random-effects model.
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Our study confirmed the significant association of BD with
HLA–B51 and HLA–A26 and showed a novel independent asso-
ciation with HLA–C0704. We also identified a series of

independent amino acid variations and SNPs in HLA regions
associated with BD-related uveitis. Current understanding of
these associations is largely limited, and further replications and

Figure 2. A, ZMIZ1 expression in peripheral blood mononuclear cells (PBMCs) from healthy controls with the GG, GA, and AA genotypes of the
single-nucleotide polymorphism (SNP) rs1250569. The y-axis represents relative ZMIZ1 expression level, determined by real-time polymerase chain
reaction. B, Transcription activity of the SNPs rs1250569, rs1250568, rs1250565, rs1250564, and rs2802372, determined by luciferase gene
reporter assay. C and D, Differential allele transcription factor binding activities of PAX6 in the regions containing the A allele or G allele of rs1250569
(C) and of ETV3 in the regions containing the A allele or G allele of rs1250568 (D) in PBMCs from healthy controls, determined by chromatin immuno-
precipitation (ChIP) assay. The relative abundance of PAX6 and ETV3 was normalized to the input controls. E and F, Enrichment of the enhancer-
specific H3K4me1 (E) and H3K27ac (F) in the region containing the G allele of rs1250569, determined by ChIP assay. The relative abundance of
H3K4me1 and H3K27ac was normalized to the input control. G and H, Enrichment of the enhancer-specific H3K4me1 (G) and H3K27ac (H) in the
region containing the G allele of rs1250568, determined by ChIP assay. The relative abundance of H3K4me1 and H3K27ac was normalized to the
input control. Symbols represent individual subjects; horizontal lines and error bars show themean � SD. * = P < 0.05; ** =P < 0.01; *** =P < 0.001.
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biologic studies are therefore needed to explore their underlying
causal role in the development of BD.

Outside the HLA region, Chinese GWAS showed a strong
association with genetic variants of ZMIZ1. ZMIZ1 encodes a
member of the protein inhibitor of activated STAT family of pro-
teins and has been found to be involved in thymocyte and T cell
development (20). ZMIZ1 polymorphisms are associated with
46 traits or diseases recorded in the GWAS catalog database,
including psoriasis, Crohn’s disease, inflammatory bowel disease,
and multiple sclerosis (21–23). These associations suggest that
ZMIZ1 may play a role in inflammatory responses and that it might
be a common target for a wide range of inflammatory diseases.
The non-risk allele of the susceptibility locus within ZMIZ1 leads
to an increased expression of ZMIZ1 in PBMCs. Luciferase
reporter experiments and ChIP assays indicated that the non-risk
allele G of the SNP within the ZMIZ1 gene could play a functional
role with enhancer and transcription activities, thereby promoting
the expression of ZMIZ1. These findings suggest that ZMIZ1 var-
iants may have a causal association with BD.

Other susceptibility genes outside the HLA region that were
found in our study are also involved in the regulation of the
immune response and include KLF4, IL10RA, and IFNGR1.
KLF4 is an evolutionarily conserved zinc finger–containing tran-
scription factor involved in the regulation of diverse cellular pro-
cesses such as cell growth, proliferation, and differentiation (24).
It has been shown that KLF4 is implicated in T cell development
and Th17 cell differentiation (25). IL10RA is a receptor for
interleukin-10 (IL-10) that has been reported to mediate the
immunosuppressive signal of IL-10, thus inhibiting the synthesis
of proinflammatory cytokines (26). The newly identified suscepti-
bility locus rs2228054 within IL10RA, which is in strong linkage
disequilibrium with rs2228055 (r2 = 1, D0 = 1), was shown to be
correlated with the expression of IL10RA in the eQTL analysis.
Our study confirms the results of earlier GWAS analyses and sup-
ports the hypothesis that dysregulated IL-10 signaling is involved
in the pathogenesis of BD (7,27,28).

We also identified susceptibility loci within IFNGR1, the
gene encoding the ligand-binding chain (alpha) of the
interferon-γ (IFNγ) receptor (29). This finding is consistent with a
previous GWAS study that also identified another susceptibility
locus (rs4896243) within IFNGR1 (30). Data from the eQTL data-
base showed an association between the IFNGR1 susceptibility
locus (rs9376268) and the expression of IFNGR1. Various stud-
ies have shown increased expression of IFNγ as well as
enhanced IFNγ/T helper 1 cell immune response activity in BD
(31–33). BD is thought to be caused by an aberrant immune
reaction against certain triggers, and taken together, the newly
discovered susceptibility genes we report here may provide a
genetic basis to explain the dysregulated response in this
disease.

Our GWAS data are consistent with previously reported sus-
ceptibility loci within IL23R-IL12RB2, IL10, ERAP1, IFNGR1,

STAT4, LACC1, and CEBPB-PTPN1 (6,7,9,11,12). Pathway
enrichment analyses indicated that these genes are involved in
JAK/STAT signaling, cytokine receptor activity, and immune
response. These findings extend our knowledge concerning the
role of multiple genetic factors in the triggering of complex dis-
eases, and may lead to the development of small-molecule drugs
targeting these pathways in BD. Further replication in populations
of other ethnicities as well as functional experiments are needed
to evaluate the exact biologic role of these susceptibility genes
as well as their relative contribution to the pathogenesis of BD.

One of the limitations of our study is that all Chinese BD
patients included had uveitis and that new loci identified are to
be considered risk loci for uveitis in BD and may not be general-
ized for all BD types. Further large sample validations in other BD
subtypes and ethnic groups are therefore needed.

In conclusion, based on larger genomic data from an East
Asian population, this GWAS identified a novel set of genetic var-
iants that are associated with susceptibility to BD. Future research
is needed to investigate whether some of these genes may func-
tion as a potential therapeutic target for BD.
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Association Between Gut Microbiota and Elevated Serum
Urate in Two Independent Cohorts

Jie Wei,1 Yuqing Zhang,2 Nicola Dalbeth,3 Robert Terkeltaub,4 Tuo Yang,1 Yilun Wang,5 Zidan Yang,6

Jiatian Li,5 Ziying Wu,5 Chao Zeng,7 and Guanghua Lei7

Objective. Hyperuricemia is a precursor to gout and is often present in other metabolic diseases that are promoted
by microbiome dysbiosis. We undertook this study to examine the association of gut microbiota with hyperuricemia
and serum urate levels in humans.

Methods. Study participants were derived from a community-based observational study, the Xiangya Osteoarthri-
tis Study (discovery cohort). Hyperuricemia was defined as the presence of a serum urate level >357 μmoles/liter in
women and >416 μmoles/liter in men. Gut microbiota were analyzed using 16S ribosomal RNA sequencing of stool
samples. We examined the relationship of microbiota dysbiosis (i.e., richness, diversity, composition, and relative
abundance of microbiota taxa) and predicted functional pathways to prevalent hyperuricemia and serum urate levels.
We verified the associations in an independent observational study, the Step Study (validation cohort).

Results. The discovery cohort consisted of 1,392 subjects from rural areas (mean age 61.3 years, 57.4% women,
17.2%with hyperuricemia). Participants with hyperuricemia had decreased richness and diversity, altered composition
of microbiota, and lower relative abundances of genus Coprococcus compared to those with normouricemia.
Predicted KEGG metabolism pathways including amino acid and nucleotide metabolisms were significantly altered in
subjects with hyperuricemia compared to those with normouricemia. Gut microbiota richness, diversity, and low rela-
tive abundances of genus Coprococcuswere also associated with high levels of serum urate. These findings were rep-
licated in the validation cohort with 480 participants.

Conclusion. Gut microbiota dysbiosis is associated with elevated serum urate levels. Our study examines the pos-
sibility that microbiota dysbiosis may modulate these levels.

INTRODUCTION

Elevation of serum urate (SU) levels, termed hyperuricemia, is

a precursor for the development of gout (1). Hyperuricemia often

co-occurs with other metabolic diseases, such as obesity, hyper-

tension, and type 2 diabetes mellitus, which are common comor-

bid disorders in gout (2–6). Such associations have been

observed among children and adolescents (7), suggesting the

possibility that hyperuricemia and metabolic diseases may share

common risk factors (2).
An increasing body of evidence has indicated that the gut

microbiome plays an important role in the development of meta-

bolic diseases (8). For example, gut microbiome dysbiosis pro-

motes dysregulation of host synthesis of essential amino acids

and altered fat metabolism that contributes to the development

of obesity and insulin resistance (8). Some rat model studies have
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shown that gut microbiome dysbiosis promotes hyperuricemia
(9,10), and in turn, elevated uric acid levels may also cause gut
microbiome dysbiosis (11,12). To the best of our knowledge, no
study published to date has examined the association between
gut microbiota and hyperuricemia in humans. Elucidation of the
relationship between the microbiota dysbiosis and the elevation
of SU levels could have a translational impact on gout and multiple
comorbid metabolic disorders.

Using data collected from 2 population-based studies, we
first examined the association of gut microbiota dysbiosis with
hyperuricemia and SU levels in a study conducted among rural
residents in China (i.e., the discovery cohort). We then verified
these associations in another study conducted among urban res-
idents in China (i.e., the validation cohort).

SUBJECTS AND METHODS

Study participants. The Xiangya Osteoarthritis (XO) Study
(discovery cohort) is a community-based longitudinal study con-
ducted in a rural area of China (ClinicalTrials.gov identifier:
NCT04033757) (13–15). Participants in the XO Study were a ran-
domly selected sample of subjects ages 50 years or older from
rural mountainous villages of Longshan County in Hunan Prov-
ince, China. We performed a cross-sectional study to analyze
the relationship of the microbiota profile to the prevalence of
hyperuricemia and SU levels, using 16S ribosomal RNA (rRNA)
sequencing of 1,392 fecal samples. We replicated the findings
from the XO Study among 240 participants with hyperuricemia
and 240 age- and sex-matched controls without hyperuricemia
selected from the Step Study (validation cohort). The Step Study
is a longitudinal study conducted among residents in urban
Changsha, China (ChiCTR1800017977) (16). Participants in the
Step Study comprised urban residents ages 40–70 years who
had their annual physical checkup at Xiangya Hospital of Central
South University in Changsha, China.

Ethics approval. This study received approval from the
medical ethics committee at Xiangya Hospital (the XO Study,
no. 201510506; the Step Study, no. 201806910). All participants
provided written informed consent.

Stool sample collection and DNA extraction. Stool
samples collected at the recruitment site were immediately frozen
and transported on dry ice within 20minutes. Samples were stored
in freezers at −80�C until analysis. A 200-mg stool sample was
obtained for DNA extraction using a Magen Hipure Soil DNA Kit,
according to the protocols of the manufacturer, and subsequent
DNA samples were quantified using a Qubit 2.0 Fluorometer.

Use of 16S rRNA gene sequencing. The 16S rRNA gene
was amplified using the 341F/806R primer set targeting the V3–V4
hypervariable region, and DNA was sequenced using the Illumina

MiSeq platform. Microbiota bioinformatics were performed with
QIIME 2 2020.11 (https://qiime2.org/). Low-quality, merged, and
chimeric reads were excluded. The remainder of the reads were
normalized using theminimum number of reads per sample for sub-
sampling (rarefication). We determined the richness, diversity, and
overall composition of the gut microbiota using the q2-diversity plu-
gin in QIIME2. Specifically, we estimated the richness by the number
of observed features, and measured the diversity (i.e., abundance
and evenness of the amplicon sequence variants [ASVs]) using the
Shannon index (17). We analyzed the similarities and differences in
microbiota composition (i.e., phylogenetic distance between sets
of taxa in a phylogenetic tree) using unweighted UniFrac distance
(18). We assigned taxonomy to ASVs using the q2-feature-classifier
classify-sklearn naive Bayes taxonomy classifier (19) against the
Greengenes reference sequences (20).

SU measurement. An overnight fast of 12 hours was
required before blood samples were drawn. All samples were stored
at 4�C prior to analyses. SU level was measured using the uricase-
PAP method with a Beckman Coulter AU 5800 analyzer. Based on
several large population-based epidemiologic studies (21–23) and
the Hyperuricemia/Gout Patient Practical Guideline in China (24),
we defined hyperuricemia as an SU level of >416 μmoles/liter
(7.0 mg/dl) in men or >357 μmoles/liter (6.0 mg/dl) in women.

Statistical analysis. We used the Wilcoxon rank sum test
for comparison of the number of observed features (i.e., richness)
and the Shannon index (i.e., diversity) and used the permutation
multivariate analysis of variance (25) test for comparison of
unweighted UniFrac distance between participants with and those
without hyperuricemia. We conducted principal coordinates analy-
sis (PCoA) to exploremicrobiota similarities and differences between
the 2 comparison groups. We used the linear discriminant analysis
effect size to compare the features of microbiota taxa between par-
ticipants with and those without hyperuricemia (26,27). Finally, we
performedmultivariate linear regression analysis (28,29) with adjust-
ment for age, sex, body mass index (BMI), serum creatinine level,
smoking status, alcohol consumption, diabetes, and hypertension
to identify microbiota taxa at the genus level. We also evaluated lin-
ear associations of microbial richness, diversity, and relative abun-
dance of genera with SU levels.

We imputed bacterial metagenomes from 16S rRNA data
using the Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PICRUSt) (30,31) software pack-
age and applied functional annotation using the KEGG catalog
(32). We examined differences in KEGG level 3 pathways between
subjects with and those without hyperuricemia. P values were cor-
rected for multiple testing with the Benjamini and Hochberg false
discovery rate criterion. P values less than 0.05 or corrected
P values (q values) less than 0.2, usingmultiple testing, were consid-
ered significant. Moreover, 2 sensitivity analyses were performed to
assess the robustness of our study findings. First, we examined the
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relationship of microbiota dysbiosis (i.e., richness, diversity, compo-
sition, and relative abundance of microbiome genera) to the preva-
lence of hyperuricemia, which was defined using a uniform
standard SU level of >404 μmoles/liter (6.8 mg/dl) in both men and
women (33). Second, we compared the relative abundance of
microbiome genera by excluding individuals who reported current
medication use that may impact SU levels, either by increasing them
(i.e., diuretics, aspirin, antitubercular drugs, and immunosuppres-
sive drugs [34]) or decreasing them (i.e., allopurinol, febuxostat, pro-
benecid, and benzbromarone). We used the same approach to

examine associations of microbiota dysbiosis with hyperuricemia
and SU levels among participants in the Step Study (i.e., the valida-
tion cohort). This method is further detailed in the Supplementary
Methods (available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42009).

RESULTS

The XO Study. Flow charts depicting the selection process
for participants in the XO Study are shown in Figure 1A. Baseline

Figure 1. Selection process for the inclusion of participants from the Xiangya Osteoarthritis (XO) Study (A) and the Step Study (B).

Table 1. Basic characteristics of the included participants*

Subjects with
hyperuricemia Controls P

The XO Study
No. of participants 239 1,153
SU, mean � SD μmoles/liter 452.3 � 72.4 284.1 � 58.8 <0.001
Age, mean � SD years 65.5 � 9.7 63.2 � 9.0 <0.001
Male sex 45.6 40.4 0.14
BMI, mean � SD kg/m2 24.4 � 3.7 23.8 � 3.4 0.01
Serum creatinine, mean � SD μmoles/liter 93.1 � 25.6 72.6 � 21.6 <0.001
Current smoker 21.3 20.0 0.63
Current alcohol consumption 39.3 40.0 0.85
Diabetes mellitus 6.3 4.8 0.33
Hypertension 35.2 23.2 <0.001
Ethnicity 0.62
Han Chinese 39.3 40.4
Tujia Chinese 45.6 46.8
Miao Chinese 10.9 8.2
Other ethnic groups 4.2 4.6

The Step Study
No. of participants 240 240
SU, mean � SD μmoles/liter 469.5 � 52.5 339.9 � 50.3 <0.001
Age, mean � SD years 51.6 � 8.4 51.6 � 8.2 1.00
Male sex 92.9 92.9 1.00
BMI, mean � SD kg/m2 25.5 � 2.6 24.4 � 2.7 <0.001
Serum creatinine, mean � SD μmoles/liter 89.3 � 12.6 85.1 � 11.1 <0.001
Current smoker 30.0 31.7 0.69
Current alcohol consumption 23.3 22.9 0.91
Diabetes mellitus 5.8 6.3 0.85
Hypertension 37.5 23.8 0.001

* Except where indicated otherwise, values are the percentage of participants. The XO Study = the Xiangya Osteoar-
thritis Study; SU = serum urate; BMI = body mass index.
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characteristics of the study participants are shown in Table 1.
Subjects with hyperuricemia (n = 239 [17.2%]; mean SU level
452.3 μmoles/liter) tended to be older (mean 65.5 years versus
63.2 years), were more likely to be men (45.6% versus 40.4%),
and had higher BMIs (mean 24.4 kg/m2 versus 23.8 kg/m2) than
those with normouricemia (n = 1,153 [82.9%]; mean SU level
284.1 μmoles/liter). Participants in the XO Study consisted of
Han Chinese (40.2%), Tujia Chinese (45.6%), Miao Chinese
(10.9%), and other ethnic groups (4.2%) which were equally dis-
tributed among individuals with hyperuricemia and those with
normouricemia.

After quality filtering and removal of contaminants, there
were 61,500,179 high-quality reads that were used for analysis
(mean reads per sample 41,350). Among all samples, 31,477
different ASVs were discovered. Compared to participants with
normouricemia, those with hyperuricemia had a significantly
lower number of observed features (standardized mean

difference [SMD] −0.14, P = 0.013) (Figure 2A) and a lower
Shannon index (SMD −0.14, P = 0.023) (Figure 2B), indicating
moderately decreased richness of microbiota and less diversity
(35). A PCoA analysis plot constructed by unweighted UniFrac
distances also showed a significant difference between the
2 groups (P = 0.003) (Figure 2C). Microbial richness and diver-
sity were both associated with lower SU levels (β = −0.054,
P < 0.001 for richness; β = −0.001, P < 0.001 for diversity)
(Figures 2D and E).

Linear discriminant analysis effect size analysis identified
16 discrepant microbial taxa between the hyperuricemia and non-
hyperuricemia groups (Figure 3A). Genera Prevotella, Gemmiger,
Ruminococcus, Roseburia, Mitsuokella, Coprococcus, Collinsella,
Catenibacterium, and Succinivibrio were less abundant among
participants with hyperuricemia than those with normouricemia.
After adjusting for potential confounders, hyperuricemia was asso-
ciated with a decreased relative abundance of genusCoprococcus

Figure 2. Gut microbiota profile of participants in the Xiangya Osteoarthritis Study, determined using 16S ribosomal RNA sequencing. A, Micro-
biota richness, measured by number of observed features, in the hyperuricemia group (n = 239) and the control group (n = 1,153). B, Diversity,
measured by the Shannon index, in the hyperuricemia group and the control group. In A and B, data are shown as box plots. Each box represents
the upper and lower interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower
IQRs. C, Principal coordinates analysis (PCoA) plot showing overall composition of the hyperuricemia group compared to the control group, con-
structed by unweighted UniFrac distance. D, Scatterplot showing the linear association between serum urate level and the number of observed
features. E, Scatterplot showing the linear association between serum urate level and the Shannon index.
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(β = −0.020, P = 0.002, q = 0.027) (Figure 3B). Moreover, less rel-
ative abundance of genus Coprococcus was strongly associated
with higher levels of SU after adjusting for potential confounders
(β = −7.70 × 10−5, P = 0.004, q = 0.045) (Figure 3C). A full sum-
mary of associations of genera with hyperuricemia and SU levels,
after adjusting for potential confounders, is presented in Supple-
mentary Tables 1 and 2 (https://onlinelibrary.wiley.com/doi/10.
1002/art.42009).

Results of a sensitivity analysis using a uniform standard SU
level (>404 μmoles/liter in both men and women) to define hyper-
uricemia also showed decreased richness, less diversity, and

altered composition of gut microbiota in individuals with
hyperuricemia when compared to those with normouricemia
(Supplementary Figures 1–4, https://onlinelibrary.wiley.com/doi/
10.1002/art.42009). A similar inverse association was also
observed between hyperuricemia and genus Coprococcus
(β = −0.018, P = 0.012, q = 0.120) (Supplementary Table 3,
https://onlinelibrary.wiley.com/doi/10.1002/art.42009). The results
did not materially change after excluding individuals who reported
medication use that may either increase or decrease SU levels
(n = 28) (Supplementary Table 4, https://onlinelibrary.wiley.com/
doi/10.1002/art.42009).

Figure 3. Significant associations of microbiota genera and microbial function with hyperuricemia and serum urate level in the Xiangya Osteoar-
thritis Study. A, Linear discriminant analysis (LDA) effect size results of pairwise analysis for participants with hyperuricemia compared to controls.
B, Differentiated gut bacterial genus Coprococcus between participants with hyperuricemia and controls, after adjusting for potential confounders
(i.e., age, sex, body mass index, serum creatinine level, alcohol consumption, smoking status, diabetes mellitus, and hypertension). Each box rep-
resents the 25th to 75th percentiles; notches show the 95% confidence interval for the median, given by median � 1.58 × the interquartile range/
sqrt (number of observations). Lines outside the boxes represent the smallest and largest value of 1.5 × the interquartile range. Circles represent
individual subjects; to avoid overlap and display the circles clearly, random variation was added to the × variable using the jitter function in R. C,
Linear association between relative abundance of genus Coprococcus and serum urate level after adjusting for potential confounders. D, Differ-
ence between groups in relative abundances of predicted functions (KEGG level 3) based on phylogenetic investigation of communities by recon-
struction of unobserved states (PICRUSt) data sets. CoA = coenzyme A.
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The results of a functional analysis comparing the relative
abundance of KEGG level 3 pathways between participants with
hyperuricemia and those with normouricemia are shown in
Figure 3D. After adjusting for potential confounders, KEGGmetab-
olism pathways including amino acid metabolisms (phenylalanine,
tyrosine and tryptophan biosynthesis, D-glutamine and D-glutamate
metabolism, and phosphonate and phosphonate metabolism) and
nucleotide metabolisms (purine metabolism) were still significantly
altered in participants with hyperuricemia compared to those with
normouricemia. Microbial function related to replication and repair
(DNA replication) in KEGG genetic information processing path-
ways also differed between the two groups. A full summary of sta-
tistics using multivariate linear regression analysis is presented in
Supplementary Table 5 (https://onlinelibrary.wiley.com/doi/10.
1002/art.42009).

The Step Study. To replicate findings from the XO Study, we
conducted an age- and sex-matched case–control study among
participants in the Step Study. The selection process for participants

in the Step Study is shown in Figure 1B, and baseline characteristics
are shown in Table 1. Participants with hyperuricemia (n = 240;
mean SU level 469.5 μmoles/liter) had higher BMIs (mean 25.5
kg/m2 versus 24.4 kg/m2) than those with normouricemia (n = 240;
mean SU level 339.9 μmoles/liter). The mean age (51.6 years) and
proportion of men (92.9%) were the same in these 2 groups due to
matching. Based on the 6th National Population Census of China,
Han Chinese account for nearly 99% of the residents in Changsha
city, which is the source population of the Step Study.

Results from the validation cohort were consistent with the
findings from the discovery cohort. Compared to participants with
normouricemia, those with hyperuricemia had a moderately lower
number of observed features (SMD −0.24, P = 0.014) (Figure 4A)
and moderately less diversity (SMD −0.21, P = 0.016) (Figure 4B).
A PCoA analysis plot showed a significant difference in the micro-
bial composition between the 2 groups (P = 0.008) (Figure 4C).
Microbial richness and diversity were both negatively associated
with SU levels (β = −0.071, P = 0.005 for richness; β = −0.001,
P = 0.010 for diversity) (Figures 4D and E).

Figure 4. Gut microbiota profile of participants in the Step Study, determined using 16S ribosomal RNA sequencing. A, Microbiota richness,
measured by number of observed features, in the hyperuricemia group (n = 240) and the control group (n = 240). B, Diversity, measured by the
Shannon index, in the hyperuricemia group and the control group. In A and B, data are shown as box plots. Each box represents the upper and
lower interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. C, Principal
coordinates analysis (PCoA) plot showing overall composition of the hyperuricemia group compared to the control group, constructed by
unweighted UniFrac distance. D, Scatterplot showing the linear association between serum urate level and the number of observed features. E,
Scatterplot showing the linear association between serum urate level and the Shannon index.
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A total of 27 microbiota taxa differed between the 2 com-
parison groups (Figure 5A). The decreased relative abundance
of genera Ruminococcus, Roseburia, and Coprococcus identi-
fied among those with hyperuricemia in the discovery cohort
was also observed in the validation cohort. After adjusting for
potential confounders, the association between genus Copro-

coccus and hyperuricemia was slightly attenuated (β = −0.017,
P = 0.020, q = 0.313) (Figure 5B). Less relative abundance
of genus Coprococcus was also strongly associated with
higher levels of SU after adjusting for potential confounders

(β = −1.59 × 10-4, P = 0.001, q = 0.060) (Figure 5C). A full sum-
mary of associations of genera with hyperuricemia and SU level,
adjusting for potential confounders using multivariate linear
regression analysis, are presented in Supplementary Tables 6
and 7 (https://onlinelibrary.wiley.com/doi/10.1002/art.42009).
Similar associations were observed when we defined hyperuri-
cemia using a uniform standard SU level of >404 μmoles/liter
in both men and women (Supplementary Figures 4–6 and Sup-
plementary Table 8, https://onlinelibrary.wiley.com/doi/10.
1002/art.42009).

Figure 5. Significant associations of microbiota genera andmicrobial function with hyperuricemia and serum urate level in the Step Study. A, Lin-
ear discriminant analysis (LDA) effect size results of pairwise analysis for participants with hyperuricemia compared to controls. B, Differentiated
gut bacterial genus Coprococcus between participants with hyperuricemia and controls, after adjusting for potential confounders (i.e., age, sex,
body mass index, serum creatinine level, alcohol consumption, smoking status, diabetes mellitus, and hypertension). Each box represents the
25th to 75th percentiles; notches show the 95% confidence interval for the median, given by median � 1.58 × the interquartile range/sqrt (number
of observations). Lines outside the boxes represent the smallest and largest value of 1.5 × the interquartile range. Circles represent individual sub-
jects; to avoid overlap and display the circles clearly, random variation was added to the × variable using the jitter function in R. C, Linear associ-
ation between relative abundance of genus Coprococcus and serum urate level after adjusting for potential confounders. D, Difference between
groups in relative abundances of predicted functions (KEGG level 3) based on phylogenetic investigation of communities by reconstruction of
unobserved states (PICRUSt) data sets. CoA = coenzyme A.
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The functional analysis identified that 19 KEGG level 3 path-
ways were altered between participants with and those without
hyperuricemia (Figure 5D). After adjusting for potential confound-
ers, KEGG metabolism pathways including amino acid metabo-
lisms (valine, leucine, and isoleucine biosynthesis, D-glutamine
and D-glutamate metabolism, tyrosine metabolism, and phenylal-
anine metabolism), nucleotide metabolisms (pyrimidine metabo-
lism), and microbial function related to replication and repair
(DNA replication, nucleotide excision repair) were still found to dif-
fer between subjects with hyperuricemia and controls. A full sum-
mary of statistics using multivariate linear regression analysis is
presented in Supplementary Table 9 (https://onlinelibrary.wiley.
com/doi/10.1002/art.42009).

DISCUSSION

Using a large rural community-based cohort, we showed
that individuals with hyperuricemia have altered overall composi-
tion of microbiota with decreased richness and diversity, with a
low relative abundance of genus Coprococcus, as well as altered
KEGG pathways related to the amino acid and nucleotide metab-
olisms compared to subjects with normouricemia. Similar associ-
ations were observed between microbiota dysbiosis and SU
levels. These findings were replicated in an independent validation
cohort with subjects from an urban area.

Many human studies have demonstrated that the prevalence
of hyperuricemia is much higher among people with a metabolic
syndrome than those without it (2–6). As such, hyperuricemia
has been considered a component of metabolic syndrome (2).
Previous studies have shown that a high relative abundance of
genus Coprococcus is associated with a low prevalence of meta-
bolic diseases, such as type 2 diabetes, hyperlipemia, and obe-
sity (36–38). Findings from our 2 independent study samples are
consistent with previous reports, suggesting that a low relative
abundance of genus Coprococcus may play a role in hyperurice-
mia. Previous studies have shown that dysregulated purine
metabolism contributes to hyperuricemia (39) and several plasma
amino acids (i.e., cysteine, glutamine, phenylalanine, and threo-
nine) are positively associated with incident hyperuricemia (40).
Similarly, we identified several altered KEGG metabolism path-
ways linking gut microbiota to hyperuricemia. Taken together,
these findings suggest that metabolic dysfunction of gut micro-
biota may affect SU levels through its effect on levels of the host
metabolites.

Biologic mechanisms linking gut microbiota to hyperuricemia
have previously been postulated. Normally, approximately one-
third of SU is excreted through intestinal uricolysis (41), indicating
that gut microbiota may play an important role in metabolization of
SU (e.g., Lactobacillus gasseri strains have the ability to decrease
intestinal absorption of purines) (42). Studies have shown that
Coprococcus may have beneficial effects through the production
of short-chain fatty acids (SCFAs), the vital metabolites for the

maintenance of intestinal homeostasis (43,44). For example,
studies have demonstrated that 2 SCFAs (propionate and buty-
rate) provide ATP to the cells of the intestinal wall to promote UA
excretion (45). Moreover, SCFAs may improve insulin sensitivity
and increase energy expenditure via directly activating G
protein–coupled receptors (46). As a result, SCFA production
has a direct effect on SU levels by reducing insulin resistance, a
potential causal factor of hyperuricemia and gout (47). A few ani-
mal studies have suggested that elevated uric acid levels may also
cause gut microbiome dysbiosis by impairing the intestinal barrier
(12) and inducing inflammation in the gastrointestinal tract (11).
Thus, we hypothesized that there might be an interplay between
hyperuricemia and gut microbiota.

Several strengths of our study are noteworthy. First, the find-
ings generated from the discovery cohort were verified in the vali-
dation cohort. Participants from the discovery and validation
cohorts were recruited from considerably different environments
(i.e., rural versus urban areas), supporting the robustness of the
study findings. Second, our study showed that genus Coprococ-
cus was associated with SU levels and hyperuricemia, and it
revealed several KEGG metabolism pathways with hyperurice-
mia. These findings provide empirical evidence that gut micro-
biota may play a role in SU metabolism. Finally, we focused on
the relationship of microbial dysbiosis to hyperuricemia, not to
gout; thus, the potential effect of gout medication on gut micro-
biota could be minimized.

Nevertheless, our study had some limitations. First, the gut
microbiota were profiled by 16S rRNA gene sequencing.
Although this technology can identify microbial taxonomies and
composition, the approach is unable to pinpoint specific microbial
species and strains. Future studies using metagenomic
approaches are needed to evaluate the relationship of a specific
bacterial gene(s) and its function to hyperuricemia. Second, the
current cross-sectional study cannot assess the temporal
sequence between gut microbiota and the occurrence of hyper-
uricemia. Third, even though the findings from both the discovery
and validation cohorts aligned well, we cannot rule out residual
confounding from these observational studies. Finally, our find-
ings may not be generalizable to other populations due to different
dietary and/or environmental exposures.

To conclude, gut microbiota dysbiosis is associated with ele-
vated SU levels. Our findings suggest that gut microbiota may
influence SU levels and may guide the development of novel
potential targeted therapies for hyperuricemia in gout.
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First Description of Late-Onset Autoinflammatory Disease
Due to Somatic NLRC4 Mosaicism

Daniela Ionescu,1 Alejandro Peñín-Franch,2 Anna Mensa-Vilar�o,3 Paola Castillo,4 Laura Hurtado-Navarro,2

Cristina Molina-L�opez,2 Silvia Romero-Chala,1 Susana Plaza,3 Virginia Fabregat,3 Segundo Buj�an,5 Joana Marques,5

Ferran Casals,6 Jordi Yagüe,4 Baldomero Oliva,7 Luis Miguel Fern�andez-Pereira,1 Pablo Pelegrín,8

and Juan I. Ar�ostegui4

Objective. Autoinflammatory diseases are inherited disorders of innate immunity that usually start during child-
hood. However, several recent reports have described an increasing number of patients with autoinflammatory disease
starting in adulthood. This study was undertaken to investigate the underlying cause of a case of late-onset uncharac-
terized autoinflammatory disease.

Methods. Genetics studies were performed using Sanger sequencing and next-generation sequencing (NGS)methods.
In silico, in vitro, and ex vivo analyses were performed to determine the functional consequences of the detected variant.

Results. We studied a 57-year-old woman who at the age of 47 years began to have recurrent episodes of fever,
myalgias, arthralgias, diffuse abdominal pain, diarrhea, adenopathies, and systemic inflammation, which were relatively
well controlled with anti–interleukin-1 (anti-IL-1) drugs. NGS analyses did not detect germline variants in any of the known
autoinflammatory disease–associated genes, but they identified the p.Ser171PheNLRC4 variant in unfractionated blood,
with an allele fraction (2–4%) compatible with gene mosaicism. Structural modeling analyses suggested that this mis-
sense variant might favor the open, active conformation of the NLRC4 protein, and in vitro and ex vivo analyses confirmed
its propensity to oligomerize and activate the NLRC4 inflammasome, with subsequent overproduction of IL-18.

Conclusion. Our findings indicate that the postzygotic p.Ser171Phe NLRC4 variant is a plausible cause of the dis-
ease in the enrolled patient. Functional and structural studies clearly support, for the first time, its gain-of-function
behavior, consistent with previously reported NLRC4 pathogenic variants. These novel findings should be considered
in the diagnostic evaluation of patients with adult-onset uncharacterized autoinflammatory disease.

INTRODUCTION

Autoinflammatory diseases encompass a group of immune

disorders characterized by recurrent episodes of sterile inflamma-

tion. The genetic basis of ~40 monogenic autoinflammatory dis-

eases has been identified, with inflammasomopathies representing

the largest subgroup. They are a consequence of gene defects

affecting the sensing proteins of the inflammasome (1). Cryopyrin-

associated periodic syndromes (CAPS) and NLRC4-associated

autoinflammatory disease are 2 inflammasomopathies that are a

consequence of gain-of-function mutations in the NLRP3 and

NLRC4 genes, respectively. The 2 diseases are different but share

some features, such as onset during childhood, cutaneous lesions,

fever, and systemic inflammation (1–3). Both germline and postzygotic

variants in the respective genes have been identified as causes of dis-

ease. Postzygotic variants in the NLRP3 gene were first identified in

Dr. Mensa-Vilar�o’s work was supported by the Instituto de Salud Carlos III
(grant PI19/01567). Dr. Hurtado-Navarro’s work was supported by Fundaci�on
Séneca, Regi�on de Murcia, Spain (fellowship 21214/FPI/19). Dr. Molina-L�opez’s
work was supported by Ministerio Economía y Competitividad (fellowship
PRE2018-087063). Dr. Casals’ work was supported by the Spanish Ministry of
Science, Innovation and Universities co-financed by the European Regional
Development Fund (grant RTI2018-096824-B-C22). Dr. Pelegrín’s work was sup-
ported by the Spanish Ministry of Science, Innovation and Universities co-
financed by the European Regional Development Fund (grant
SAF2017-88276-R), Fundaci�on Séneca (grants 20859/PI/18, 21081/PDC/19, and
0003/COVI/20), and the European Research Council (grants ERC-2013-CoG
614578 and ERC-2019-PoC 899636). Dr. Ar�ostegui’s work was supported by
the Spanish Ministry of Science, Innovation and Universities co-financed by the
European Regional Development Fund (grant RTI2018-096824-B-C21).

1Daniela Ionescu, MD, Silvia Romero-Chala, PhD, Luis Miguel
Fern�andez-Pereira, MD, PhD: Hospital San Pedro de Alc�antara, C�aceres,
Spain; 2Alejandro Peñín-Franch, BSc, Laura Hurtado-Navarro, BSc, Cris-
tina Molina-L�opez, BSc: Instituto Murciano de Investigaci�on Biosanitaria
IMIB-Arrixaca and Hospital Clínico Universitario Virgen de la Arrixaca, El
Palmar, Murcia, Spain; 3Anna Mensa-Vilar�o, PhD, Susana Plaza, AS, Vir-
ginia Fabregat, AS: Hospital Clínic de Barcelona, Barcelona, Spain;
4Paola Castillo, MD, PhD, Jordi Yagüe, MD, PhD, Juan I. Ar�ostegui, MD,
PhD: Hospital Clínic de Barcelona, Institut d’Investigacions Biomèdi-
ques August Pi i Sunyer, and Universitat de Barcelona, Barcelona,
Spain; 5Segundo Buj�an, MD, PhD, Joana Marques, MD: Hospital Univer-
sitari Vall d’Hebron, Barcelona, Spain; 6Ferran Casals, PhD: Universitat
Pompeu Fabra and Parc de Recerca Biomèdica de Barcelona, Barce-
lona, Spain; 7Baldomero Oliva, PhD: Structural Bioinformatics Lab

692

Arthritis & Rheumatology
Vol. 74, No. 4, April 2022, pp 692–699
DOI 10.1002/art.41999
© 2021 The Authors. Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or
adaptations are made.

https://orcid.org/0000-0002-9688-1804
https://orcid.org/0000-0003-4757-504X
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41999&domain=pdf&date_stamp=2022-02-14


children with severe CAPS (4) and subsequently in adult

patients with late-onset CAPS (5–7). In contrast, only 2 children

carrying postzygotic NLRC4 variants have been reported, and

there are no known patients whose disease began during

adulthood (8–9).
In this study, we evaluated a patient with a late-onset unchar-

acterized autoinflammatory disease partially controlled with
interleukin-1 (IL-1) blockade. Genetics investigations detected
the p.Ser171Phe NLRC4 variant with a mutant allele fraction of
2–4%. To demonstrate the functional consequences of this vari-
ant, different in silico, in vitro, and ex vivo analyses were per-
formed, which showed NLRC4 inflammasome hyperactivation
comparable with that provoked by previously reported NLRC4
mutations.

PATIENTS AND METHODS

Patients. Data were collected through individual inter-
views and medical chart review. Samples from the patient,
healthy controls, and disease controls were collected after
obtaining written informed consent and approval of the Ethi-

cal Review Boards of Hospital San Pedro de Alc�antara and
Hospital Clínic. All investigations were performed in accor-
dance with the 1964 Declaration of Helsinki and its later
amendments.

Genetics and functional analysis. Analyses of autoin-
flammatory disease–associated genes were performed by
next-generation sequencing (NGS) methods (see the Supple-
mentary Methods, available on the Arthritis & Rheumatologyweb-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.41999, for
a detailed explanation). In silico structural modeling was
performed with the NLRC4 protein in the UniProt database and
different programs (MODELLER, Chimera, Prosa2003, and
SPserver). Functional studies of the NLRC4 inflammasome were
performed both in vitro with transfection of cells with mutant or
wild-type NLRC4 gene, and ex vivo with fresh blood samples from
the patient, healthy controls, and CAPS patients carrying the
p.Ala439Thr NLRP3 variant. Circulating cytokines were measured
using a bead-based Luminex immunoassay (Supplementary
Table 1, available on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.41999). See the
Supplementary Methods, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.41999,

for a detailed description of the methods used for all of these
procedures.

RESULTS

Clinical description. The patient, a 57-year-old woman,
was born to a nonconsanguineous Spanish couple, with no rele-
vant family history of disease (Figure 1A). Her medical history
included left renal agenesis with normal renal function, late-onset
sensorineural hearing loss, and hypothyroidism. At the age of
47 years, she began to experience episodes of fever (39–40�C)
and systemic inflammation (Figure 1B and Supplementary
Figure 1, Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.41999), which lasted 2–3 days and
recurred every 6–8 weeks. Infectious, autoimmune, and malignant
causes were ruled out. Colchicine (1 mg once daily) and ibuprofen
(600 mg every 8 hours) were ineffective in controlling the disease.
At the age of 53 years, the frequency of the episodes increased,
with associated sweating and shivering. At that time, prednisone
(1mg/kg once daily) was started, but the fever did not resolve. Ana-
kinra (100 mg subcutaneously once daily) was then started, which
led to clinical improvement and a decrease in, but not normalization
of, inflammatory parameters (Figure 1B and Supplementary
Figure 1).

At the age of 55 years, despite anakinra treatment, the
patient’s clinical status worsened, presenting with high fever,
sweating, shivering, weakness, myalgias, arthralgias, asthenia,
diffuse abdominal pain, diarrhea, and mesenteric adenopathies.
Laboratory tests performed at that time revealed increased levels
of acute-phase reactants and anemia, but no hyperinflammatory
episodes resembling macrophage activation syndrome (MAS)
have ever been detected. An endoscopic study revealed gastritis
and amyloid deposits in biopsy specimens from the colon, stom-
ach, and duodenum. To characterize the concrete type of amy-
loidosis, serum and urine proteinogram and immunofixation,
serum free light chain quantification, TTR gene analyses, cardiac
magnetic resonance imaging, and immunohistochemistry of amy-
loid deposits were performed. All of these tests yielded normal or
negative results, with the exception of immunohistochemistry
studies, which revealed the presence of AA-type amyloid
deposits (Supplementary Figure 2, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.41999). At that time, anakinra was up-titrated
(200 mg subcutaneously once daily), leading to a normalization
of inflammatory markers as well as the disappearance of
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mesenteric adenopathies. At the end of 2019, canakinumab
(150 mg subcutaneously every 4 weeks) was started due to pain
and subcutaneous nodules at sites of anakinra injections, with a
good clinical and analytical control of the disease, with the only
exception being hearing loss, which did not improve.

Genetics. Based on clinical history, a genetics study for
autoinflammatory disease was performed using targeted gene
panel sequencing (Supplementary Table 2, available on the Arthri-
tis & Rheumatologywebsite at https://onlinelibrary.wiley.com/doi/
10.1002/art.41999). Analyses for germline variants did not detect
any variant in any gene. In contrast, when the sequence reads
were specifically filtered for postzygotic variants, the c.512C>T
transition in the NLRC4 gene was identified with a mutant allele

fraction of ~3% in peripheral blood (PB), with a 2,865× deep cov-
erage. To confirm the presence of the postzygotic variant,
amplicon-based deep sequencing (ADS) studies were performed
in PB samples collected during the last 3 years. These studies
detected the variant in all samples with a relatively stable mutant
allele fraction (2–4%) (Supplementary Table 3, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.41999).

The c.512C>T NLRC4 variant is predicted to lead to
the p.Ser171Phe variant, which may be classified as patho-
genic by its absence from public databases, the results of
bioinformatics analyses (Supplementary Table 4, available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.41999), and its location in an

Figure 1. Laboratory and genetic features of the patient with somatic NLRC4mosaicism. A, Familial pedigree of the patient with somatic NLRC4
mosaicism (red arrow). The solid symbol represents an affected subject, open symbols represent unaffected subjects, and the symbol with a diag-
onal line represents a deceased subject. Asterisks indicate subjects in whom a genetics analysis was performed. B, The patient’s leukocyte
counts prior to and during treatment with the anti–interleukin-1 (anti–IL-1) agents anakinra (red) and canakinumab (blue). Each circle represents
the value obtained at each blood collection; horizontal lines represent the mean. Blue shading indicates the normal range. ** = P < 0.005. C,
Sanger chromatograms for the patient and a healthy subject. Arrows indicate the position of the detected nucleotide exchange. D, Serum levels
of IL-18 in healthy controls (HCs; n = 10), the patient with somatic NLRC4mosaicism (NLRC4-mos; n = 2 serum samples from 1 patient), patients
with a germline p.Ser445Pro NLRC4 variant (NLRC4-germ; n = 5 serum samples from 3 patients), and patients with NLRP3 variants (NLRP3;
n = 6). Green indicates germline variants, and red indicates postzygotic variants. Each circle represents the mean value of duplicate experiments;
bars show the mean � SD. * = P < 0.05; *** = P < 0.0005.
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evolutionarily conserved amino acid residue (Supplementary
Figure 3, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.41999), as well
as according to a previous study (9). Sanger chromatograms
revealed a very small peak at position c.512 corresponding to
the variant allele (Figure 1C). ADS studies also detected the
NLRC4 variant in cells of both hematopoietic and nonhemato-
poietic lineages, suggesting an early occurrence of the
mutational event. Genetics investigations performed in the
patient’s relatives did not detect the p.Ser171Phe NLRC4
variant (Figure 1A). When the p.Ser171Phe NLRC4 variant
was first described, no data about its functional consequences

were available (9). Consequently, we performed additional
experiments to address this issue.

Structural modeling. The in silico structural studies were
performed using murine NLRC4 without the caspase recruitment
domain (UniProt code Q9NPP4), which is highly homologous to
human NLRC4. These studies showed that the location of
p.Ser171 was completely buried in both the closed (monomeric)
and open (oligomeric) conformations (Supplementary Figure 4,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.41999). However, the
environment of residue side chains around p.Ser171 is markedly

Figure 2. Structural analysis of the environment of Ser171 in the closed and open conformations of NLRC4 without the caspase recruitment
domain. A, Ribbon plot of the closed conformation of NLRC4, highlighting the side chains of Ser171 (red) and the side chains of the closest resi-
dues in contact (yellow), Glu280, Thr282, Ser445, and Glu448, all of which have a polar character. B and C, Energy score profiles of the difference
between the mutant form S171F and the wild-type form of NLRC4 in the closed conformation, calculated using Prosa2003 (B) and SPserver (C).
D, Ribbon plot of the open conformation of NLRC4, highlighting the side chains of Ser171 (red) and the side chains of the closest residues in con-
tact, Cys428 (yellow) and Phe442 (green). E and F, Energy score profiles of the difference between the mutant form S171F and the wild-type form
of NLRC4 in the open conformation, calculated using Prosa2003 (E) and SPserver (F).

SOMATIC NLRC4 MOSAICISM AND LATE-ONSET AUTOINFLAMMATORY DISEASE 695

https://doi.org/10.1002/art.41999
https://doi.org/10.1002/art.41999
https://doi.org/10.1002/art.41999


different between the 2 conformations. While the environment of
p.Ser171 in the closed conformation is composed of polar and
charged residues (p.Thr280, p.Glu282, p.Ser445 and p.Glu448)
(Figure 2A), the environment in the open conformation is less polar
(p.Cys428 and p.Phe442) (Figure 2D).

The p.Ser171Phe substitution largely destabilizes the con-
tacts of the side chain in the closed conformation, as is shown
by the difference in Prosa2003 and SPserver scores between
the mutant and the wild-type forms (>4 with Prosa2003 and >1
with SPserver) (Figures 2B and C). In contrast, this substitution
stabilizes the local contacts of the open conformation according

to the SPserver scores. The Prosa2003 score shows that the
p.Ser171Phe substitution in the open conformation is less stable
than the native form (Figures 2E and F), with the overall effect
being less stressful than for the closed conformation. Conse-
quently, these models strongly suggest that the p.Ser171Phe
variant might favor the open conformation of NLRC4 that is found
in active oligomers, which either stabilizes or preserves the stabil-
ity of the oligomerization, yielding the inflammasome complex.

Functional analyses. In vitro expression of the
p.Ser171Phe NLRC4 variant in HEK 293T cells resulted in a

Figure 3. The p.Ser171Phe NLRC4 variant induces increased inflammasome activation. A, Percentage of cells with NLRC4 oligomers among
HEK 293T cells expressing wild-type NLRC4 or the p.Ser171Phe NLRC4 variant. B, Percentage of cells with ASC oligomers among HEK 293T
cells expressing ASC alone, ASC and wild-type NLRC4, or ASC and the p.Ser171PheNLRC4 variant.C, Percentage of ASC-specking monocytes
in healthy controls, the patient with the p.Ser171Phe NLRC4 variant, and patients with cryopyrin-associated periodic syndromes (CAPS) with the
p.Ala439Thr NLRP3 variant, determined by time-of-flight assay. Samples were left untreated, treated with lipopolysaccharide (LPS) alone, or
primed with LPS and stimulated with ATP. D and E, Interleukin-18 (IL-18) (D) and IL-1β (E) release in cell-free supernatants from peripheral blood
mononuclear cells from healthy controls without autoinflammatory disease, the patient with the p.Ser171Phe NLRC4 variant, and CAPS patients
with the p.Ala439Thr NLRP3 variant. Samples were left untreated, treated with LPS alone, or primed with LPS and stimulated with ATP. Circles
represent individual samples; bars show the mean � SD. * = P < 0.05; ** = P < 0.005; *** = P < 0.0005; **** = P < 0.00005. NS = not significant.
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higher number of cells with NLRC4 oligomers when compared to
cells expressing wild-type NLRC4 (Figure 3A and Supplementary
Figures 5A and B, available on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.41999). To
gain insight into whether these oligomers were functional, both
wild-type and mutant NLRC4 were expressed together with
ASC, which showed that the p.Ser171Phe variant induces a
higher number of cells with ASC specks (Figure 3B and Supple-
mentary Figure 5C).

Similarly, the proportion of monocytes with ASC specks was
constitutively increased in a single sample from the patient when
compared to healthy controls, similar to the increase seen in CAPS
patients (Figure 3C). Lipopolysaccharide (LPS) treatment increased
the percentage of monocytes with ASC specks from the patient
compared to healthy controls (Figure 3C). These differences disap-
peared when the canonical NLRP3 inflammasome was activated
with LPS and ATP (Figure 3C). The patient’s peripheral blood
mononuclear cells (PBMCs) released higher amounts of IL-18
when compared to healthy controls (Figure 3D), but they failed to
release IL-1β, even after canonical NLRP3 inflammasome activa-
tion (Figure 3E). The similar release of LPS-induced tumor necrosis
factor (TNF) and IL-6 seen in both the patient and healthy controls
ruled out a potential defect in LPS priming (Supplementary
Figure 6A, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.41999). However,
we found that PBMCs from the patient with the p.Ser171Phe
NLRC4 variant failed to increase IL1B messenger RNA after LPS
stimulation, but presented an induction of IL6 (Supplementary
Figure 6B). The deficiency in IL-1β production was not dependent
on a deficient number of monocytes in the patient’s PBMC sam-
ples (Supplementary Figure 6C). Finally, NLRC4 activation in the
patient’s PBMCs did not result in a significant increase in the per-
centage of ASC-specking monocytes, IL-18, or IL-1β release
(Supplementary Figure 6D), suggesting that mutant NLRC4 is not
potentiated with specific NLRC4 stimuli.

The results of these ex vivo assays were consistent with the
pattern of cytokines quantified in different serum samples from
the patient. Despite these samples being obtained at different
times during treatment with anti–IL-1 agents, an increased serum
level of IL-18 was persistently detected. These IL-18 levels were
similar to those detected in patients carrying the p.Ser445Pro
NLRC4 pathogenic variant, and significantly higher than those
detected in healthy controls and CAPS patients (Figure 1D). In
contrast, no differences were detected in the remaining cytokines
quantified (Supplementary Figure 7, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.41999 and data not shown).

DISCUSSION

NLRC4 is a cytosolic nucleotide-binding oligomerization
domain–like receptor that cooperates with neuronal apoptosis

inhibitor protein to detect flagellin and bacterial type 3 secretion
system components (10). Once detected, NLRC4 oligomerizes,
forms an inflammasome complex, activates caspase 1, and pro-
motes the production of inflammatory cytokines of the IL-1 family.
Gain-of-function NLRC4 pathogenic variants have been
described as the cause of a dominantly inherited autoinflamma-
tory disease with variable phenotype presentations. The first
described phenotype was characterized by early-onset cutane-
ous lesions, enterocolitis, arthritis, and recurrent MAS episodes
(2,3). Subsequently, novel phenotypes were reported, including
a familial form of cold-induced autoinflammatory syndrome and
painful erythematous nodules (11,12). Increasing evidence sug-
gests a major role of IL-18, and not IL-1β, in disease pathogene-
sis, including persistently elevated serum levels of total and free
IL-18, and clinical efficacy of IL-18 blockade (13). From a genetics
point of view, most reported cases are a consequence of germline
NLRC4 variants, with only 2 cases with postzygotic variants and
starting during childhood described to date (8,9).

In the patient described herein, recurrent fever and systemic
inflammation were the main features detected at disease onset,
with no cutaneous lesions. As the disease progressed, additional
manifestations appeared, including gastrointestinal and musculo-
skeletal features as well as changes in the frequency of episodes.
Interestingly, all of these manifestations improved, but did not nor-
malize, with IL-1 blockade. Overall, the clinical picture strongly
suggested an uncharacterized late-onset autoinflammatory dis-
ease, but the concrete features did not fit well with any of the
monogenic autoinflammatory diseases (14). Despite the low
probability of finding a genetic defect, the genetics study per-
formed identified the p.Ser171Phe NLRC4 variant, with a mutant
allele fraction compatible with that expected for postzygotic vari-
ants causing mosaicism (15). Interestingly, this NLRC4 variant
has previously been reported as mosaic in a 2-month-old infant
with a fatal disease with laboratory features of MAS (9). The differ-
ences in clinical manifestations, results of laboratory tests, and
outcomes between these 2 cases are enormous, and we specu-
late that this may be mainly attributable to the differences in the
degree of mosaicism. In the patient described herein, the mutant
allele fraction remained stable at 2–4% during the most recent
years, whereas a mutant allele fraction of 25% was reported in
the previously described fatal case (9).

The lack of investigations addressing the functional conse-
quences of the p.Ser171Phe NLRC4 variant in a previous study
was the major difficulty in unequivocally establishing its pathoge-
nicity (9). To address this, different in silico, in vitro, and ex vivo
analyses were performed. The results of structural modeling anal-
yses strongly suggested that a Ser-to-Phe amino acid exchange
at residue 171 might favor an open conformation of the NLRC4,
either stabilizing or preserving the stability of the polymerization
yielding the assembly of the NLRC4 inflammasome complex.
These results are consistent with the data obtained in both
in vitro and ex vivo studies. In vitro analyses clearly showed a
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higher degree of NLRC4 oligomerization and ASC speck forma-
tion when mutant NLRC4 was expressed in HEK 293T cells in
comparison with cells transfected with wild-type NLRC4, a
behavior expected for a gain-of-function variant.

The data obtained by ex vivo assays were also consistent
with gain-of-function for the NLRC4 variant and support hyperac-
tivation of the NLRC4 inflammasome as the mechanism of dis-
ease, with increased ASC specks and IL-18 overproduction,
similar to previous studies of NLRC4-associated MAS (3). How-
ever, IL-1β release from the patient’s PBMCs was decreased
when compared to healthy controls and to patients with CAPS,
contrasting with previous data on NLRC4-associated MAS that
indicated exacerbated IL-1β production (3). The low IL-1β pro-
duction by the patient’s cells could not be attributed to a
decrease in monocytes in the PBMCs or impaired LPS priming
and NF-κB activation, since the percentage of monocytes or
TNF and IL-6 release was similar among the patients and healthy
controls, which indicates a normal priming of the cells by LPS.
However, LPS failed to increase IL1B gene expression, but not
IL6 gene expression, suggesting that this failure could be respon-
sible for the lack of IL-1β release from the patient’s cells.

Therefore, this patient is differentiated from patients in other
studies where enhanced release of IL-1β and IL-6 was found from
LPS-treated monocytes from patients with NLRC4-associated
MAS (3). These differences could be due to the use of positively
isolated monocytes versus whole PBMCs used for ex vivo stimu-
lation in this study, the duration of LPS stimulation (4 hours less in
our study), or different phenotype responses due to distinct
NLRC4 variants. The results of our ex vivo functional experiments,
as well as the pattern of circulating cytokines, support the treat-
ment of our patient, and potentially other autoinflammatory
disease patients with NLRC4 gain-of-function mutations, with
IL-18–blocking therapies, some of which have already been suc-
cessfully employed in a patient with severe NLRC4-associated
MAS (13).

In conclusion, the evidence here summarized clearly sup-
ports a gain-of-function behavior of the p.Ser171Phe variant in a
manner similar to other NLRC4 variants previously reported as
disease-causing mutations. To the best of our knowledge, this
patient represents the first case of late-onset NLRC4-associated
autoinflammatory disease as a consequence of somatic NLRC4
mosaicism, raising the question of whether inflammatory manifes-
tations starting during adulthood in other patients may be a
consequence of a similar genetic defect. In this sense, it is appro-
priate to consider using NGSmethods with high coverage depths
and adequate filtering strategies in the reads analyses during the
search for postzygotic variants. Despite the partial control of
inflammatory manifestations with IL-1 blockade, the high serum
levels of IL-18 detected and the overproduction of IL-18 from
the patient’s cells strongly suggest that she may benefit from
treatment with novel anti–IL-18 drugs. Additional studies addres-
sing this particular point are without doubt warranted.
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Dynamic Functional Brain Connectivity Underlying
Temporal Summation of Pain in Fibromyalgia

Joshua C. Cheng,1 Alessandra Anzolin,2 Michael Berry,1 Hamed Honari,3 Myrella Paschali,4 Asimina Lazaridou,4

Jeungchan Lee,2 Dan-Mikael Ellingsen,1 Marco L. Loggia,1 Arvina Grahl,2 Martin A. Lindquist,3 Robert R. Edwards,4

and Vitaly Napadow5

Objective. Abnormal central pain processing is a leading cause of pain in fibromyalgia (FM) and is perceptually
characterized with the psychophysical measure of temporal summation of pain (TSP). TSP is the perception of increas-
ingly greater pain in response to repetitive or tonic noxious stimuli. Previous neuroimaging studies have used static
(i.e., summary) measures to examine the functional magnetic resonance imaging (fMRI) correlates of TSP in
FM. However, functional brain activity rapidly and dynamically reorganizes over time, and, similarly, TSP is a temporally
evolving process. This study was undertaken to demonstrate how a complete understanding of the neural circuitry
supporting TSP in FM thus requires a dynamic measure that evolves over time.

Methods. We utilized novel methods for analyzing dynamic functional brain connectivity in patients with FM in
order to examine how TSP-associated fluctuations are linked to the dynamic functional reconfiguration of the brain.
In 84 FM patients and age- and sex-matched healthy controls, we collected high-temporal-resolution fMRI data during
a resting state and during a state in which sustained cuff pressure pain was applied to the leg.

Results. FM patients experienced greater TSP than healthy controls (mean � SD TSP score 17.93 � 19.24 in FM
patients versus 9.47 � 14.06 in healthy controls; P = 0.028), but TSP scores varied substantially between patients. In
the brain, the presence versus absence of TSP in patients with FM was marked by more sustained enmeshment
between sensorimotor and salience networks during the pain period. Furthermore, dynamic enmeshment was noted
solely in FM patients with high TSP, as interactions with all other brain networks were dampened during the pain period.

Conclusion. This study elucidates the dynamic brain processes underlying facilitated central pain processing in
FM. Our findings will enable future investigation of dynamic symptoms in FM.

INTRODUCTION

Pain and nociceptive processing are altered in many

chronic pain disorders. In fibromyalgia (FM), the clinical symp-

toms of pain are recognized to be debilitating and widespread,

and it is often dynamic and fluctuating, both temporally and

spatially (1). Current understanding of the etiology of FM is that

disease development may be attributable to abnormal amplifica-

tion of pain within the central nervous system (1). This is

supported by findings indicating that FM patients often experi-

ence elevated temporal summation of pain (TSP) (2,3)—the per-

ception of increasingly greater pain intensity in response to

repetitive or prolonged noxious stimuli (4). TSP may be centrally

mediated by the “wind-up” phenomenon which has been exten-

sively characterized in the dorsal horn of the spinal cord (5,6) in

preclinical models. “Wind-up” refers to the progressive excitabil-

ity of dorsal horn neurons when C-nociceptive afferents are

repetitively stimulated by noxious stimuli, a process mediated
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by the N-methyl-D-aspartate (NMDA) receptor (7). Notably, the
clinical use of NMDA receptor antagonists, such as ketamine,
in FM has been shown to reduce not only TSP, but also muscle
pain at rest (8).

The use of neuroimaging techniques in FM has demon-
strated alterations in brain structure (9), functional stimulus–
evoked activation (10–13), and functional connectivity (14–16).
Functional connectivity assesses the degree of correlation in
activity in different regions of the brain, with a higher correlation
signifying greater functional connectedness. Using this
approach, we previously linked intersubject variability in TSP
scores in FM to variability in functional connectivity between sen-
sorimotor and salience network regions (e.g., cross-network
enmeshment) (15). The traditional approach of measuring func-
tional connectivity involves a prolonged period of functional
magnetic resonance imaging (fMRI) data acquisition for which
the entire time series is used to generate a summary metric,
termed static functional connectivity (SFC). However, brain con-
nectivity is known to vary substantially over time (17,18), and
the perception of TSP is similarly a temporally dynamic experi-
ence. Therefore, a complete characterization of how abnormal
central pain processing in FM is functionally represented in
the brain must be sensitive to these temporal dynamics. As a
means to ascertain a complete picture of central pain process-
ing, use of refined methods to analyze dynamic FC (DFC) in the
brain (17,18) can capture how connectivity transiently changes
over time and how the brain functionally reorganizes as TSP
evolves.

In this study, we investigated how temporal fluctuations in
TSP are linked to dynamic changes in brain organization in FM.
Of note, we utilized recent advances in multiband, simultaneous
multislice fMRI to enhance the temporal resolution of the data
set. Our results demonstrate how previously published SFC
results in FM can be replicated and contextualized within this
novel dynamic framework.

PATIENTS AND METHODS

Experimental subjects.We recruited a total of 84 female
patients meeting the American College of Rheumatology criteria
for a diagnosis of FM (19) (mean � SD age 39.8 � 12.3 years)
and 38 female healthy controls (mean � SD age 38.8 � 12.9
years) using clinical trials listings hosted by Partners HealthCare
(more details available at www.clinicaltrials.partners.org) and
via physician referral. A complete list of the eligibility criteria
is provided in Supplementary Materials and Methods
(available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42013). All participants
were recruited as a part of a trial evaluating the effects of
cognitive–behavioral therapy on the brain circuitry involved in
the perception of chronic clinical pain (NIH grant R01-AR-
064367), and all data in this analysis were collected prior to any

intervention. The protocol was approved by the Human
Research Committee of Partners HealthCare and Massachu-
setts General Hospital. All participants provided written informed
consent prior to the beginning of the study.

Behavioral visit. All study participants attended a behav-
ioral session on a separate day from the date of the MRI scan.
During this visit, both FM patients and healthy controls were pro-
vided with an explanation of the study procedures, including the
use of a 0–100 pain rating scale, and underwent a calibration pro-
cedure to determine appropriate pain stimulus intensities for the
fMRI procedures (see Supplementary Materials and Methods,
http://onlinelibrary.wiley.com/doi/10.1002/art.42013).

MRI. The responses of the brain to deep-tissue pain were
examined using cuff pressure algometry, consistent with our
previous studies in chronic pain populations, including FM
(13,15). During the MRI session, participants underwent a
6-minute resting state fMRI run (“REST”) and a 6-minute sus-
tained cuff pressure–elicited pain fMRI run (“PAIN,” hereafter
referred to as “pressure–pain fMRI”). All MRI data were obtained
using a 3.0T Skyra (Siemens Medical) equipped with a
32-channel head coil. MRI data were collected at the Athinoula
A. Martinos Center for Biomedical Imaging, Massachusetts
General Hospital between 2015 and 2019. T1-weighted struc-
tural images were acquired using a 3-dimensional
magnetization-prepared rapid gradient-echo pulse sequence
(MPRAGE; repetition time [TR] 2,530 msec, echo time
[TE] 1.64 ms, flip angle 7�, field of view [FOV] 256 × 256 mm,
spatial resolution 1 × 1 × 1 mm). We collected fMRI data using
a simultaneous multislice pulse sequence (acceleration factor
5, TR 1,250 msec, TE 33 msec, flip angle 65�, approximate
FOV 196 × 196 mm; voxel dimensions 2 × 2 × 2 mm, 75 axial
slices with no gap, 288 volumes, total acquisition time 6 minutes)
(20). During both the resting state fMRI run and the pressure–
pain fMRI run, subjects were instructed to relax and lie still with
their eyes open while viewing a blank screen.

Physiologic data. Physiologic data, including cardiac
activity (finger pulse) and respiration (pneumatic belt), were col-
lected using an MRI-compatible recording system (Biopac Sys-
tems) during all fMRI scans. These data were used to correct for
cardiorespiratory artifacts in the fMRI scans (see Supplementary
Materials and Methods, http://onlinelibrary.wiley.com/doi/10.1002/
art.42013).

Preprocessing fMRI data. Non-modular preprocessing
of the fMRI data was used to avoid reintroducing noise through
sequential steps (21). Additional details are reported in Supple-
mentary Materials and Methods (http://onlinelibrary.wiley.com/
doi/10.1002/art.42013). Several subjects were excluded from
various analyses following quality control of the psychophysical
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data and the image acquisition, or because they did not meet
the healthy subject inclusion criteria (see Supplementary Materi-
als and Methods).

Analysis of TSP. The stimulus intensity was percept-
matched to elicit a 40 of 100 pain intensity level for each subject
prior to the PAIN scan on a scale where 0 means “no pain” and
100 represents “the most intense pain imaginable.” However,
when subjects reported their recalled cuff pain intensity for the
first, second, and third tertile of the pressure–pain fMRI scan,
many subjects reported experiencing TSP throughout the
course of the scan. Specifically, since previous cuff algometry
studies have indicated that the self-reported sensations of pain
are relatively consistent over a 2-minute period (22,23), sub-
jects provided verbal pain intensity ratings on a scale of 0–100
for each of the 2-minute periods at the beginning, middle, and
end of the 6-minute pain scan. The pain ratings were assessed
retrospectively immediately after the pressure–pain fMRI scan
to exclude any confounding neural activation related to rating
procedures.

To define a TSP score for each individual, the change in
pain rating between the last 2 minutes versus the first 2 minutes
of the pressure–pain fMRI scan was calculated—i.e., positive
values denote TSP, while negative values suggest habituation.
To exclude recall bias resulting from the use of retrospective
pain ratings, we conducted additional analyses comparing
moment-by-moment and retrospective pain ratings collected
outside of the MRI scan (detailed data shown in Supplementary
Materials and Methods, http://onlinelibrary.wiley.com/doi/
10.1002/art.42013), demonstrating that these pain ratings are
indeed highly correlated. To test for a group-by-time interac-
tion effect on the pain rating, a mixed analysis of variance
(ANOVA) was performed. A 1-sample t-test was then con-
ducted to determine statistically significant differences in TSP
measures within the FM group and healthy control group sepa-
rately, and a t-test for independent samples was used to com-
pare the 2 groups.

In some of the following analyses, FM patients were orga-
nized into 3 subgroups according to whether they had no sum-
mation (TSP score ≤0), low summation (TSP score between
0 and the median value [computed considering positive TSP
scores only]), and high summation (TSP score greater than the
median value [computed considering positive TSP scores only])
(see Supplementary Figure 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.42013). From 54 subjects, the median value was
21.25. Since stimulus intensities used to percept match during
the pressure–pain fMRI scan could differ across groups, we
conducted further analyses to determine any differences
between groups and the implications of these between-group
differences in terms of brain connectivity measures (see Sup-
plementary Materials and Methods, http://onlinelibrary.wiley.
com/doi/10.1002/art.42013).

S1leg to whole-brain SFC analysis. To replicate our previ-
ous findings demonstrating altered static S1leg connectivity during
the sustained cuff pain state (15), SFC was calculated between
each subject’s contralateral S1leg region and the whole brain dur-
ing PAIN and during REST separately (Pearson’s correlation).
Nonparametric testing was used at the group level to contrast
the conditions PAIN and REST (FSL Randomise tool [24]), and
between FM and healthy control groups. Family-wise error
(FWE)–corrected P values less than 0.05 were considered statis-
tically significant, with clusters determined using threshold-free
cluster enhancement (TFCE). Additional details are shown in Sup-
plementary Materials and Methods (http://onlinelibrary.wiley.com/
doi/10.1002/art.42013).

S1leg to whole-brain DFC analysis. Instantaneous phase
synchrony analysis (IPSA) (25) was used to determine DFC
between the S1leg region and all other voxels throughout the brain
(see Supplementary Materials and Methods, http://onlinelibrary.
wiley.com/doi/10.1002/art.42013). Themean values of the instan-
taneous DFC estimates from the last 2 minutes and first 2 minutes
of the 6-minute PAIN scan for each subject were calculated on a
voxelwise basis and were subtracted to identify meaningful varia-
tions in S1leg connectivity over time (ΔDFC). A higher-level regres-
sion analysis was then performed for all subjects using TSP as a
regressor of interest to determine where changes in S1leg DFC
during the tonic pain state correlated with TSP (Randomise; FSL).
FWE-corrected P values less than 0.05 were considered statisti-
cally significant, using TFCE to determine clusters.

Brain parcellation and regions of interest (ROI)–to-
ROI DFC analysis. Schaefer 200-area parcellation of the brain
(26) was used to extend beyond a seed-based functional connec-
tivity approach toward an approach with estimated connectivity
between pairs of ROIs. The right S1leg ROI was separated out as
its own parcel using the same 4-mm radius spherical seed as
was used in the previous voxelwise analyses. Therefore, a total
of 201 parcels were used in this approach. The IPSA method
was then applied pairwise to the mean voxelwise time series
between each parcel, generating a 201 × 201 × 285 DFC matrix
for each subject.

Multislice community detection analysis. A multislice
community detection approach was then used on DFC matrices
to determine how brain networks are organized in communities
that dynamically evolve over time (27–30). The partition estimation
accounted for both the intraslice connections between brain
regions at a single time point and the connections between adja-
cent slices at a specific time (see Supplementary Materials and
Methods, http://onlinelibrary.wiley.com/doi/10.1002/art.42013).

Network properties and community dynamics. The
output of a multilayer community detection algorithm is a partition
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for each slice (each node/parcel is assigned to a community).
Specific synthetic indices have been identified in order to quantify
the main properties of the estimated communities and how they
change over time.

Weighted agreement. The agreement matrix has a dimen-
sion of 201 × 201 nodes, and each element indicates how many
times a pair of parcels belongs to the same community over the
course of the scan. We calculated the agreement and weighted
agreement index during the tonic pain state and the resting state
in each subject (see Supplementary Materials and Methods,
http://onlinelibrary.wiley.com/doi/10.1002/art.42013). Group-level
paired t-tests were subsequently conducted using data from all
FM patients and healthy control subjects separately to determine
which ROIs spent a greater amount of time in the same commu-
nity as the right S1leg region during PAIN versus REST. A t-test for
independent samples was used to compare healthy controls and
FM patients. Results were corrected for multiple comparisons
using a false discovery rate correction (31), with a statistical
threshold set at q < 0.05.

To relate this measure with temporal summation of pain in
FM patients, changes in S1leg–temporoparietal junction (TPJ)
weighted agreement (ΔAgreement) were correlated (Pearson’s
correlation) with the TSP score. ΔAgreement was defined as
the difference between the S1leg/TPJ weighted agreement in
the last 2 minutes and first 2 minutes of the PAIN scan.

Recruitment and integration. These measures, recently
applied to brain network analyses (32), quantify how frequently
regions from conventional resting-state networks are assigned
to the same module (community) (33,34). Whereas recruitment
represents the tendency of regions within the same network to
remain in the same community over time, integration measures
the tendency of regions from 2 different networks to be part of
the same community over time. We divided the 201 parcels from
the lateralized 17-network Schaefer parcellation (26) into 8 net-
works by combining each network across hemispheres. These
networks included the visual network, sensorimotor network,
temporal parietal network, dorsal attention network, salience net-
work, control network, default network, and limbic network. We
then calculated the recruitment of each network and the integra-
tion between each pair of networks (see Supplementary Materials
and Methods, http://onlinelibrary.wiley.com/doi/10.1002/art.
42013).

Time series of S1leg–salience community structure.
To visualize the differences between the no TSP group, low TSP
group, and high TSP group in terms of the evolution of community
structure throughout the scan, we focused our analyses on S1leg–
ROI pairs where there was a statistically significant difference in
terms of agreement between the data acquired during the tonic
pain state and the data acquired during the resting state. For each
pair of ROIs and for each subgroup, we plotted the percentage of
subjects over time whose S1leg region and a given ROI were

assigned to the same community. This was assessed using data
acquired during the tonic pain state and the resting state, sepa-
rately (see Supplementary Materials and Methods, http://
onlinelibrary.wiley.com/doi/10.1002/art.42013).

Salience and sensorimotor integration during
sustained pain versus rest. Integration and recruitment indi-
ces were computed separately in each of the 3 FM subgroups
(no TSP, low TSP, and high TSP). The values obtained for the
tonic pain state and the resting state were compared using a t-
test for independent samples. Moreover, one-way ANOVA was
performed to demonstrate the variation of salience and sensori-
motor integration across subgroups (calculated as the values
obtained during the tonic pain state minus values obtained during
the resting state). The salience and sensorimotor integration indi-
ces were obtained considering data from all other non-salience
and non-sensorimotor networks. These measures were then cor-
related with TSP scores in all FM patients (Pearson’s correlation
coefficient α = 0.05).

RESULTS

Greater TSP scores in FM patients compared to
healthy controls. The mean � SD pain ratings reported by
FM patients in the first, second, and third 2-minute windows of
the pressure–pain fMRI scan were 37.67 � 16.19 in the first
2-minute window, 49.13 � 18.53 in the second 2-minute win-
dow, and 55.60 � 19.09 in the last 2-minute window. The
mean � SD pain ratings reported by healthy controls in the first,
second, and third 2-minute windows of the pressure–pain fMRI
scan were 42.85 � 16.29 in the first 2-minute window,
47.69 � 15.47 in the second 2-minute window, and
52.32 � 21.48 in the third 2-minute window. There were no sta-
tistically significant differences in terms of mean pain rating
between FM patients and healthy controls for any of the
2-minute time windows during the pressure–pain fMRI scan.
However, many subjects experienced TSP quantified as the
change in pain rating from the beginning to the end of the
pressure–pain fMRI scan (reported mean pain rating during last
2 minutes – first 2 minutes). Specifically, 78% of FM patients
and 74% of healthy controls reported a TSP score of >0 over
the course of the pressure–pain fMRI scan.

Findings from a mixed ANOVA revealed a statistically signifi-
cant main effect of time over the course of the pressure–pain fMRI
scan (F [1,111 df] = 52.16, P < 0.001), no significant main effect
of group (F [1,111 df] = 0.08, P = 0.77), and a significant time-
by-group interaction (F [1,111 df] = 804.85, P = 0.028). Sepa-
rately, both FM patients and healthy controls reported significant
TSP over the course of the pressure–pain fMRI scan (Figure 1)
(in FM patients, mean � SD TSP score 17.93 � 19.24, t = 8.44
[81 df], P < 0.001; in healthy controls, mean � SD TSP score
9.47 � 14.06, t = 3.75 [30 df], P < 0.001). However, FM patients
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as a group reported a greater degree of TSP compared to that of
healthy controls (Figure 1) (t = 2.23 [111 df], P = 0.028).

Increased S1leg connectivity to salience regions dur-
ing sustained pain in FM. Since our previous study showed
altered static S1leg connectivity during a sustained cuff pain state
in an independent FM cohort (15), we created an S1leg seed
around the somatotopic leg area of S1 on the right hemisphere
(contralateral site of noxious cuff stimulation). A paired, whole-
brain voxelwise analysis was conducted to investigate the alter-
ations in S1leg SFC during the tonic pain state compared to the
resting state (S1leg to whole-brain SFC maps in healthy controls
and FM patients, separately obtained for the tonic pain and the
resting state, are shown in Supplementary Figures 2 and 3,
http://onlinelibrary.wiley.com/doi/10.1002/art.42013). In both
healthy controls and FM patients, the S1leg SFC values revealed
that the S1leg region was less connected to other S1 areas of
the brain during the tonic pain state compared to the resting state
(Figure 2A). In healthy controls, there were no brain regions that
were more highly connected to S1leg during pain compared to
during rest. In contrast, FM patients had greater SFC between

the S1leg and the brain regions known to be nodes of the salience
or ventral attention network (Figure 2A). These regions included
the midcingulate cortex, right anterior insular cortex, right anterior
TPJ, and right inferior frontal gyrus (35,36). Notably, these find-
ings were consistent with those of our previous study in another
FM data set with different subjects, image acquisition parameters,
and preprocessing steps (15), supporting their generalizability.
When S1leg connectivity at PAIN versus REST was contrasted
between healthy controls and FM patients, no statistically signifi-
cant clusters were identified.

Association of greater TSP score with changes in
S1leg–TPJ and secondary somatosensory cortex DFC
during sustained pain. Although both FM patients and healthy
controls experienced a statistically significant TSP throughout the

Figure 2. Functional connectivity of the S1leg somatosensory
region (right [R] hemisphere) on functional magnetic resonance (fMRI)
data acquired during a state of pressure cuff–elicited pain (PAIN) ver-
sus a resting state (REST). A, Static functional connectivity (FC). In
healthy controls (HC) and fibromyalgia (FM) patients, static FC
between S1leg and other somatotopic areas of S1 was greater during
REST than during PAIN (blue). In healthy controls, there were no brain
regions in which S1leg connectivity was greater during PAIN than dur-
ing REST. In FM patients, the S1leg region was more highly connected
to regions involved with salience or ventral attention (anterior insular
cortex, midcingulate cortex, anterior temporoparietal junction [TPJ],
inferior frontal gyrus) during PAIN compared to during REST (yellow).
B, Dynamic FC. Change in dynamic FC was calculated as dynamic
FC values from the last 2-minute interval minus dynamic FC values
from the first 2-minute interval of the scan (ΔDFC). In FM patients, a
greater ΔDFC between the S1leg and the right S2 and/or anterior
TPJ throughout the pressure–pain fMRI scan was associated with
greater temporal summation of pain (TSP). In A and B, coordinates
are in Montreal Neurological Institute space (mm). Color figure can
be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42013/abstract.

Figure 1. Temporal summation of pain (TSP) reported by patients
with fibromyalgia (FM) and healthy controls (HC). TSP was calculated
as the mean pain rating from the last 2 minutes minus the mean pain
score from the first 2 minutes of the pressure–pain functional magnetic
resonance imaging scan. FM patients had higher TSP scores than
healthy controls (mean � SD 17.93 � 19.24 versus 9.47 � 14.06).
Symbols represent individual subjects. The horizontal dotted line indi-
cates the cutoff for positive TSP versus no TSP. * = P < 0.05 between
groups; ** = P < 0.01 between subjects within each group.
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PAIN scan, healthy controls experienced a very low magnitude of
TSP (mean score 9.47) and comprised a smaller sample for the
correlational analysis. As such, the DFC analysis of TSP focused
on the FM patient group. Specifically, we wanted to determine
whether TSP in FM was dynamically tracked by S1leg functional
connectivity. We estimated the DFC between the S1leg and every
other voxel. We then found the mean DFC estimates within both
the first and last 2 minutes of the pressure–pain fMRI scan for
each region pair separately, corresponding to the pain rating
periods used to calculate TSP. Next we generated a linear regres-
sion model to evaluate the association between TSP and the DFC
difference between the final and initial 2-minute windows (final –
initial; ΔDFC), for each region pair (Figure 2B). We found that in
FM patients, greater ΔDFC between S1leg and the right second-
ary somatosensory cortex (S2) anteriorly, and anterior TPJ poste-
riorly was associated with greater TSP. As confirmation that the
posterior extent of the cluster overlapped with the anterior TPJ,
a TPJ parcellation map was used to demonstrate overlapping
with the cluster (see Supplementary Figure 4, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42013).

Dynamics in S1leg community structure. As shown in
Figure 3, we estimated the DFC between region pairs, followed
by the use of multislice community detection to show how the

brain regions are organized into different communities over
time (28,29) (i.e., how they evolve differently over time during
the tonic pain state versus the resting state). To relate this
approach to SFC findings, we first evaluated whether there
was evidence of alterations in ROI pairs involving the S1leg
region. We found that for both healthy controls and FM
patients, S1leg spent a greater proportion of time in the same
communities with other S1 areas during rest versus during
sustained pain (Figure 4A and Supplementary Figures 5 and
6, http://onlinelibrary.wiley.com/doi/10.1002/art.42013). How-
ever, in FM patients only, the S1leg region spent a greater pro-
portion of time in the same community as the salience/ventral
attention network brain regions (anterior insular cortex, midcin-
gulate cortex, anterior TPJ, inferior frontal gyrus) during the
tonic pain state compared to during the resting
state. Notably, these findings were generally consistent with
those obtained from the SFC analyses, but a greater spatial
extent of this effect was demonstrated within S1 and the
salience network.

The community involving S1leg and anterior TPJ had a similar
spatial extent as that of the S1leg to TPJ and/or SIleg–S2 DFC clus-
ter found to be associated with TSP in FM (Figure 2B). Hence, we
performed a similar correlation analysis using S1leg agreement
and found that a greater increase in time spent by the S1leg in
the same community as anterior TPJ and/or S2 (ΔAgreement

Figure 3. Overview of the pipeline for dynamic brain network construction and multislice community analysis. A and B, After dividing the brain
into parcels and adding the S1 parcel to the Schaefer 200 model (A), dynamic FC was estimated using instantaneous phase synchrony analysis
(IPSA) (B). C, A multislice community detection approach was used with dynamic FC matrices (Louvain-like algorithm adapted for positive and
negative values of FC) to identify a partition per time point. D and E, Synthetic indices were also computed in order to understand how often 2 par-
cels belonged to the same community (agreement [D]) and the relationship between networks and communities (recruitment and integration [E]).
The described pipeline was applied on data acquired from FM patients both during rest and during sustained pain in order to compare the network
organization (E) in these 2 experimental conditions. Cont = control; DorsAttn = dorsal attention; Sal = salience; SenMot = sensorimotor;
TempPar = temporal parietal; Vis = visual (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.42013/abstract.
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from the last to the first 2-minute time periods) was associated
with greater TSP in FM patients (Figure 4B).

Both groups, healthy controls and FM patients, had
decreased agreement between the S1leg and other S1 areas
during the pressure–pain fMRI scan compared to during rest.
However, there was a greater decrease in agreement between
these regions in healthy controls compared to FM patients. The
brain maps obtained during this analysis are shown in Supple-
mentary Figure 7 (http://onlinelibrary.wiley.com/doi/10.1002/art.
42013).

More sustained S1leg–salience community structure
in the TSP group versus the no TSP group. Next, we exam-
ined whether differences in TSP within the FM group were

reflected in different temporal dynamics of the community
structure of the S1leg. We organized the FM patients into 3 sub-
groups according to no TSP (n = 15), low TSP (n = 27), or high
TSP (n = 27) (see Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.42013). We then focused our anal-
yses on those S1leg–ROI pairs that were shown to have a
statistically significant contrast when comparing the pressure–
pain state and the resting state (Figure 4A). For each S1leg–
ROI pair and for each subgroup separately, we plotted the
proportion of FM patients that had shared community structure
between S1leg and each ROI, both during the tonic pain state
and the resting state over time (Figure 5). Patients who
reported summation of pain (both low and high TSP) were
found to have persistent community structure between the
S1leg and salience regions throughout the pressure–pain fMRI
scans (see results for the low TSP group in Supplementary Fig-
ure 8 at http://onlinelibrary.wiley.com/doi/10.1002/art.42013),
whereas patients for whom there was no TSP showed intermit-
tent gaps in this community structure. We defined gaps as time
segments of at least 5 TRs during which none of the subjects
had a given brain region in the same community as the S1leg
region. These intermittent gaps were also observed during rest,
regardless of the subgroup (Figure 5 and Supplementary
Figure 8).

High TSP marked by integration of the sensorimotor
and salience networks at the exclusion of other
networks. To examine interactions between communities of
brain regions over time, we assessed measures of recruitment
and integration separately in each group (no TSP, low TSP,
high TSP). We found that during sustained pain versus during
rest, integration between sensorimotor and salience network
regions was increased across all 3 TSP subgroups of FM
patients (Figure 6A). However, in the high TSP subgroup only,
on average, the salience and sensorimotor networks demon-
strated decreased integration with all other networks except
for each other during the pressure–pain fMRI scan. For exam-
ple, when contrasting pain versus rest, the integration of the
dorsal attention network with the salience and sensorimotor
networks increased in both the no summation TSP group
and the low summation TSP group, but not the high TSP
group. Therefore, high TSP was marked by increased integra-
tion between the sensorimotor and salience networks at the
exclusion of other networks.

In order to quantify this behavior, we performed a one-way
ANOVA to compare the 3 groups (Figure 6B). The decrease in
salience network integration was significantly greater in the high
TSP group (F = 4.1, P = 0.02). The same trend was also
observed regarding integration of the sensorimotor network
(F = 2.25, P = 0.11). A decrease in salience integration was nega-
tively correlated with TSP score in FM patients (Figure 6C), sug-
gesting that a more isolated salience/sensorimotor cluster was

Figure 4. S1leg dynamic community structure. A, S1leg dynamic
connectivity underpins static connectivity results. The proportion of
time that the S1leg region spent within the same community as every
other brain region (agreement) was contrasted between the tonic pain
state and resting state. In healthy controls and FM patients, the S1leg
region spent a greater proportion of time with other sensorimotor
areas during REST versus during PAIN. In FM patients only, the
S1leg region shared a greater proportion of time in the same commu-
nity with brain regions involved in salience/ventral attention (anterior
insular cortex, midcingulate cortex, anterior TPJ, inferior frontal gyrus)
during PAIN compared to during REST. B, Changes in S1leg–TPJ
agreement and S1leg–S2 during the tonic pain state are positively cor-
related with TSP scores in FM patients. ΔAgreement was calculated
as the S1leg agreement from the last 2 minutes minus the S1leg agree-
ment from the first 2 minutes of the pressure–pain fMRI scan. Greater
ΔAgreement represents a greater proportion of time that the S1leg
region spent in the same communities as TPJ and/or S2 regions at
the end compared to the beginning. 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.42013/abstract.
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associated with higher TSP. A similar correlation was observed for
sensorimotor integration, as shown in Supplementary Figure 9
(http://onlinelibrary.wiley.com/doi/10.1002/art.42013).

DISCUSSION

In this study, we demonstrated how TSP-related fluctuations
are associated with concurrent dynamic brain changes in FM. We
initially demonstrated that FM patients experience abnormal cen-
tral pain processing, as they have increased TSP compared to
healthy controls (2,3,15). We then replicated our previous findings
from an independent FM cohort (15) that showed that SFC
between the S1leg and salience network brain regions was
increased by tonic pressure pain in a large cohort of FM patients.
As a novel extension, we contextualized these prior SFC findings
within a dynamic framework by demonstrating that the corollary
of increased SFC between these regions is a greater proportion
of time spent within the same communities throughout the course
of the scan.

Using a DFC approach, we also showed that increased
S1leg–anterior TPJ connectivity at the end compared to the
beginning of the pressure–pain fMRI scan was associated with
a higher TSP score in FM. Whereas anterior TPJ is a cardinal
node of the salience or larger “ventral attention network,” the
posterior TPJ is known to be involved in mental state predictions
(37,38). Prolonged activation of the anterior TPJ and ventral
attention network has been observed in response to tonically
salient stimuli, such as the activation occurring with a prolonged

painful stimulus (39). Within this conceptual framework, greater
increases in sensory–salience connectivity, as reflected by
somatotopically specific S1leg and anterior TPJ connectivity
throughout the pressure–pain fMRI scan, indicates greater TSP
in response to processing of increasing and highly salient
perception–tonic pain in the leg.

By applying a community-based DFC approach, we demon-
strated how the presence versus absence of TSP in FM patients
is associated with more consistent S1leg–salience network com-
munity structure during the tonic pain state. In fact, in the “no sum-
mation” FM group, we noted frequent temporal gaps during which
there was a distinct lack of S1leg–salience network community
structure. Early psychophysical research using repetitive noxious
stimuli showed that a short break from stimulation “reset” pain per-
ception back to baseline levels, relieving any temporal summation
(40). Furthermore, electrophysiologic studies in the dorsal horn of
the spine demonstrated that spinothalamic tract neurons whose
activity “winds up” with TSP also exhibited the same reset phe-
nomenon in activity during a gap in repeated pain provocation (41).

In our study, no breaks in stimulation were provided during
the pressure–pain fMRI scan. However, the representation of pain
in the brain can shift spatially over the course of a scan/stimulation
set. Therefore, the sustained sensorimotor and salience commu-
nity structure observed in individuals who experienced temporal
summation may reflect a perceptual corollary of the wind-up
action occurring in the dorsal horn. In contrast, in individuals in
whom there is no TSP, breaks in the sensorimotor–salience com-
munity structure may reflect dynamic reconfigurations of brain

Figure 5. Proportion of patients with shared S1leg/other region community structure over time during sustained pain and during resting state.
Within the FM group (n = 69), patients who had temporal summation (both high TSP and low TSP score subgroups) demonstrated persistent
community structure between the S1leg and salience regions throughout the PAIN scan, whereas patients without summation had notable inter-
mittent gaps (gaps with duration >5 TR, i.e., >6.25 seconds; indicated by arrows). L = left hemisphere; R = right hemisphere; MCC = midcingu-
late cortex; aINS = anterior insular (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.42013/abstract.
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organization toward other states, e.g., those associated with top-
down pain or attentional modulation. Indeed, in differentiating FM
patients who experienced high TSP from those who experienced
low/no TSP, a defining feature was the decrease in integration
between the salience network and all other networks except for
the sensorimotor network. For example, in FM patients who expe-
rienced low/no TSP but not those experiencing high TSP, we
observed increased integration between the salience/ventral
attention and dorsal attention networks during the pressure–pain
fMRI scan. Communication between both the ventral and dorsal
attention networks plays an integral role in attentional selection
(42), and their interaction in patients who had low/no TSP may
represent greater ability to modulate attention away from pain.

A limitation of this study is that pain ratings were acquired
retrospectively for each 2-minute block instead of continuously
during the scan. Although this prevented confounding from

rating-related brain activity, continuous ratings would have allowed
for the regression of DFC estimates against the pain ratings using
every single time point. In addition, inclusion of a subcortical parcel-
lation should be considered for future dynamic community struc-
ture analyses, and how results may differ with higher resolution
parcellations should be examined.

In conclusion, we showed that the dynamic community
structure between the sensorimotor and salience networks dur-
ing tonic pain was heightened in FM patients compared to healthy
controls. Our findings further demonstrated that FM patients with
increased TSP scores demonstrated longer and more consistent
integration of the aforementioned networks during pain and
down-regulated interactions with all other brain networks. These
results elucidate the brain dynamics involved in TSP and suggest
specific time-resolved alterations in pain processing underlying
chronic pain.

Figure 6. A, Changes in salience network integration during the pressure–pain scan versus during the resting state scan are linked with TSP
scores in FM patients. A, Changes in recruitment (on the diagonal) and integration (non-diagonal elements) between brain networks during PAIN
compared to during REST. In all 3 subgroups (no TSP, low TSP, high TSP), sensorimotor–salience integration was increased during PAIN versus
REST. FM patients with high TSP had a significant decrease in integration between the salience network and all the other networks except for the
sensorimotor network (yellow squares). B, Mean � SD degree of integration between the salience network and every other network except for the
sensorimotor, computed for the high TSP, low TSP and no TSP groups. For no TSP/low TSP, no TSP/high TSP, and low TSP/high TSP, P = 0.94,
0.035, and 0.01, respectively by analysis of variance with Tukey’s post hoc text. C, Salience network integration correlated with TSP in the entire
FM group. Cont = control; DorsAttn = dorsal attention; Sal = salience; SenMot = sensorimotor; TempPar = temporal parietal; Vis = visual (see
Figure 2 for other definitions).
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Birth Outcomes in Women Who Have Taken
Hydroxycholoroquine During Pregnancy: A
Prospective Cohort Study

Christina D. Chambers,1 Diana L. Johnson,1 Ronghui Xu,1 Yunjun Luo,1 Robert Felix,1 Minh Fine,1 Chloe Lessard,1

Margaret P. Adam,2 Stephen R. Braddock,3 Luther K. Robinson,4 Leah Burke,5 Kenneth Lyons Jones,1

and the OTIS Collaborative Research Group

Objective. Findings from previous small studies have been reassuring regarding the safety of treatment with hydro-
xychloroquine (HCQ) during pregnancy. In one recent study, it was demonstrated that the frequency of major birth
defects was increased in women who had received HCQ at a dose of ≥400 mg/day during pregnancy. This study
was undertaken to examine pregnancy outcomes among women following the use of HCQ.

Methods. The study cohort comprised pregnant women who were prospectively enrolled in the MotherToBaby/
Organization of Teratology Information Specialists Autoimmune Diseases in Pregnancy Study and were receiving treat-
ment with HCQ. For the control groups, disease-matched women without HCQ exposure and healthy women were ran-
domly selected from the same source, with subject matching using a 1:1 ratio. Data were collected through interviews,
medical records, and dysmorphology examinations. Pregnancy outcome measures included the presence or absence
of major and minor birth defects, rates of spontaneous abortion, rates of preterm delivery, and infant growth measures.

Results. Between 2004 and 2018, 837 pregnant women met the criteria for study inclusion, including 279 women
exposed to HCQ during pregnancy and 279 women in each unexposed control group. Sixty pregnant women (7.2%)
were lost to follow-up. Among the women with live births, major birth defects occurred as a pregnancy outcome in
20 (8.6%) of 232 women with HCQ exposure in the first trimester, compared to 19 (7.4%) of 256 disease-matched
unexposed controls (odds ratio [OR] 1.18, 95% confidence interval [95% CI] 0.61–2.26) and 13 (5.4%) of 239 healthy
controls (adjusted OR 0.76, 95% CI 0.28–2.05). Risks did not differ in women who were receiving an HCQ dose of
≥400mg/day. No pattern of birth defects was identified. There were no differences in the rates of spontaneous abortion
or preterm delivery between groups. Occurrence of infant growth deficiencies did not differ in the HCQ-exposed group
compared to the disease-matched unexposed control group, except in the infant’s head circumference at birth
(adjusted OR 1.85, 95% CI 1.07–3.20).

Conclusion. In this study, there was no evidence of an increased risk of structural birth defects or other adverse
outcomes among women receiving HCQ during pregnancy, with the exception of infant head circumference at birth.
For pregnant women being treated with HCQ, these findings are reassuring.

INTRODUCTION

Hydroxychloroquine (HCQ), a medication originally devel-
oped for the treatment of malaria, has been used for more than

40 years as an oral disease-modifying antirheumatic drug for the
treatment of discoid lupus and systemic lupus erythematosus as
well as rheumatoid arthritis. When used for any indication in
adult patients, the drug has previously been associated with a
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dose-dependent risk of irreversible retinal damage and severe
cardiomyopathy, including ventricular arrhythmias and torsade
de pointes (1).

HCQ is used for the treatment of rheumatic conditions in
women during pregnancy, as these diseases occur relatively fre-
quently in women of reproductive age. Thus, there is a need to
establish fetal safety. Several small studies, with results summa-
rized in 3 partially overlapping meta-analyses (2–4), have
addressed the risks associated with prenatal exposure to HCQ.
None of the 3 studies demonstrated an increased risk of major
congenital anomalies, stillbirths, reduced birth weight, or preterm
delivery among women receiving HCQ (2–4). One study of
114 HCQ-exposed pregnant women and 455 unexposed preg-
nant women showed an increased risk of preterm birth and
reduced birth weight following treatment with HCQ (2). However,
the comparator group in that study consisted of pregnant women
without the same underlying rheumatic conditions. The authors
concluded that the findings could be attributed to the maternal
diseases themselves, which are known to be associated with
adverse pregnancy outcomes (3,4).

In contrast, some studies have shown decreased risks of
certain pregnancy complications in women treated with HCQ,
and have suggested that discontinuation of treatment in preg-
nancy may increase the risk of disease flares and fetal loss (5,6).
In a review of the data specifically related to prenatal treatment
exposure and risk of retinal abnormalities in the offspring, it was
concluded that there was no evidence of a likely risk conferred
by exposure to antimalarial medications, including HCQ, when
used during pregnancy (7); however, there has been no definitive
study addressing this issue to date.

With respect to the risk of major congenital anomalies, one
recently published claims database study is the largest study to
date to assess this risk in women receiving HCQ (8). Using data
on pregnancies from both commercial and public insurance
sources, 1,867 HCQ-exposed pregnant women were compared
to 19,080 unexposed pregnant women who were matched on
the basis of maternal disease and other covariates. The authors
observed that the risk of all congenital anomalies combined was
modestly increased among pregnant women receiving HCQ,
specifically among those treated with a dose of ≥400 mg per
day (relative risk [RR] 1.33, 95% confidence interval [95% CI]
1.08–1.65). However, there was no specific constellation of major
birth defects associated with maternal exposure to HCQ.

To further address these issues, we examined the risks of
major structural birth defects, pregnancy loss, preterm delivery,
birth size, and postnatal growth deficiency in women who had
been treated with HCQ for a range of rheumatic diseases during
pregnancy, using data from the ongoing MotherToBaby/
Organization of Teratology Information Specialists (OTIS) Autoim-
mune Diseases in Pregnancy Study (members of the OTIS Collab-
orative Research Group are listed in Appendix A). We compared
these risks to those in 2 control groups of unexposed pregnant

women, including disease-matched and healthy women. We fur-
ther evaluated prenatal exposure to HCQ with respect to deter-
mining whether there was a discernible pattern of minor
structural birth defects, an outcome that has not been previously
addressed. The results of this study add to the limited and con-
flicting evidence to date regarding the risk of adverse pregnancy
outcomes across indications in women treated with HCQ.

PATIENTS AND METHODS

Design and setting. The MotherToBaby Pregnancy Stud-
ies conducted by OTIS are prospective cohort studies of preg-
nant women from across the US and Canada. The methods
used in the MotherToBaby/OTIS cohort studies have been
described previously (9,10). Briefly, MotherToBaby services,
located in academic institutions or hospitals throughout the US
and Canada, provide counseling to those women and their health
care providers who contact the services with questions about the
risks of exposures in pregnancy. Pregnant women who meet the
criteria for these studies are referred to the OTIS Research Center
at the University of California San Diego, where informed consent
is obtained from all subjects and all subsequent data collection
takes place. Participants are also recruited through physician
referrals and direct-to-consumer marketing, such as announce-
ments on social media.

Participants. The MotherToBaby/OTIS Autoimmune Dis-
eases in Pregnancy Study was initiated in 1999, and has been
continuously open for enrollment of pregnant women in the US
and Canada up to the present time. Women with diagnoses of
various autoimmune diseases with or without specific prenatal
exposures to disease-modifying antirheumatic medications were
prospectively recruited into the cohort study. An additional cohort
of healthy women without autoimmune diseases was also
recruited as a control group, and these women were followed up
in the same manner as for the HCQ-exposed cohort. Women
met the inclusion criteria if they were currently pregnant, if they
did not have a prenatal diagnosis prior to study enrollment with a
pregnancy involving a fetus with a major structural birth defect,
and if they had not enrolled in the study with a previous
pregnancy.

Selection of the sample for analysis. Among the preg-
nant women who were prospectively enrolled in the MotherTo-
Baby/OTIS Autoimmune Diseases in Pregnancy Study between
2004 and 2018, all of those who reported having been exposed
to treatment with HCQ at any dose and for any indication from
the first day of the last menstrual period to the end of pregnancy
were selected. A total of 279 pregnant women met the criteria
for inclusion. Those selected were grouped by underlying mater-
nal disease, including the following 9 categories: rheumatoid
arthritis, juvenile idiopathic arthritis, discoid lupus or systemic
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lupus erythematosus, psoriatic arthritis, Sjögren’s syndrome,
ankylosing spondylitis, connective tissue disease, antiphospho-
lipid syndrome, and Behçet’s disease and other autoimmune
diseases. For participants who reported having more than 1 auto-
immune disease, the disease indicated as “primary” by the
mother was selected for categorization.

To construct a disease-matched control group, an initial pool
of 1,276 pregnant women who were prospectively enrolled in the
MotherToBaby/OTIS study between 2004 and 2018 with a diag-
nosis of at least 1 of the 9 disease categories defined above but
with no exposure to HCQ at any time during pregnancy was iden-
tified. This disease-matched unexposed control group of preg-
nant women was then randomly selected to approximate
frequency matching by disease category to the exposed group,
yielding a total of 279 disease-matched unexposed controls. As
the numbers of disease-matched unexposed pregnant women
in the lupus category were insufficient, the shortfall of 23 subjects
was replaced with 23 unexposed pregnant women with rheuma-
toid arthritis.

As a secondary control group, we constructed a group of
healthy pregnant women who did not have any autoimmune dis-
eases and were not exposed to HCQ. These subjects were identi-
fied from an initial pool of 1,186 women prospectively enrolled in
the MotherToBaby/OTIS study between 2004 and 2018. Among
this pool of women, 279 were randomly selected as healthy con-
trol subjects.

Maternal interviews and abstraction of medical
records.Women enrolled in the study completed up to 3 prenatal
interviews and 1 postnatal telephone interview, which was admin-
istered by trained study staff in English or Spanish. Information on
demographic and clinical characteristics, health history, and pre-
natal test results was obtained. In addition, interviewers captured
the following detailed information: all prescription and over-the-
counter medications, vitamin or mineral supplements, herbal
products, recreational substances, history of infections, history
of fever, and vaccines used during pregnancy, including dosages,
dates, and indications. The Slone Epidemiology Center’s Drug
Dictionary was used to code exposures (11).

The outcome interview captured data on pregnancy and
neonatal complications, mode of delivery, hospital stay, major
structural birth defects, sex of the infant(s), gestational age at
delivery, birth size, and pregnancy weight gain. In addition,
mothers were asked to release medical records from their obstet-
ric provider, hospital of delivery, pediatrician, and rheumatologist
or any other specialty physician. Information on diagnoses, expo-
sures, pregnancy and newborn complications, and pregnancy
outcomes was abstracted from these records. Live-born children
were routinely followed up for 1 year postpartum, at which point
additional medical records from the pediatrician were abstracted
for documentation of major structural birth defects and postnatal
growth. In addition, for the present study, a review of 1-year

pediatric medical records was conducted for any evidence of
ophthalmologic abnormalities in HCQ-exposed infants.

Dysmorphology examination. For those women whose
pregnancies ended with at least 1 live-born infant, participants were
offered a specialized physical examination, which was typically con-
ducted in the participant’s home by one of the study pediatric dys-
morphologists/geneticists (MPA, SRB, LKR, LB, or KLJ). The
examiner, who was blinded with regard to the mother’s exposures
or underlying diseases, utilized a study-specific checklist to docu-
ment the presence or absence of 132 minor structural birth defects
in the live-born infant (12). In addition, infant length and head cir-
cumference were measured during this visit, and photographs of
the infant were obtained if the parent provided specific consent.

Outcome measures. Data on the outcome status of each
pregnancy (live birth, stillbirth, spontaneous abortion, or elective
termination), gestational age at outcome, mode of delivery, sex
and number of infants, and infant birth weight, length, and head
circumference were collected. In addition, the presence or
absence of major structural birth defects was noted.

Major structural defects were classified using the US Centers
for Disease Control and Prevention Metropolitan Atlanta Congen-
ital Defects Program coding system (13), and classifications were
reviewed by one of the study pediatric dysmorphologists/geneti-
cists (KLJ). Microcephaly was defined as the presence of at least
2 postnatal head circumference measurements that were lower
than the third centile for infant age and sex.

Minor structural defects were defined as those identified in
the subset of infants who received the study-related physical
examination. The overall prevalence of any 3 or more minor anom-
alies was captured, as well as the prevalence of clusters of spe-
cific minor anomalies, in the HCQ-exposed group.

Spontaneous abortion was defined as spontaneous preg-
nancy loss at <20.0 gestational weeks. Preterm delivery was
defined as delivery at <37.0 gestational weeks. Ultrasound dat-
ing, using a standard algorithm, was performed to correct the
gestational age (in weeks), as necessary, for discrepant dates or
if the date of the last menstrual period was unknown. Small for
gestational age infants, as determined based on weight, length,
and head circumference, was defined as less than or equal to
the tenth centile for sex and gestational age in live-born infants,
with reference to standard US growth charts for full and preterm
infants. Postnatal growth deficiency, as determined based on
weight, length, and head circumference at ~1 year of age, was
defined as less than or equal to the tenth centile for sex and age,
using standard growth charts, with correction for preterm birth if
the latest measurement was conducted in an infant who was
<12 months of age (14–16).

All participants provided informed consent. Institutional
review board approval for the study was obtained through the
University of California San Diego in La Jolla, California.
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Table 1. Characteristics of women exposed to HCQ during pregnancy compared to disease‐matched unexposed women and healthy women*

Controls

Maternal
characteristic†

HCQ‐

exposed
(n = 279)

Disease‐
matched

unexposed
(n = 279)

P versus
HCQ‐

exposed‡
Healthy
(n = 279)

P versus
HCQ‐

exposed‡

Age at estimated due date <0.05 <0.05
Category
<25 years 14 (5.0) 14 (5.0) 31 (11.2)
25–29 years 52 (18.6) 44 (15.8) 69 (24.8)
30–34 years 109 (39.1) 85 (30.5) 80 (28.8)
>34 years 104 (37.3) 136 (48.7) 98 (35.3)

Years, mean ± SD 32.9 ± 4.7 33.5 ± 4.6 31.9 ± 5.3
Ethnicity NS NS
Non‐Hispanic 245 (88.1) 243 (87.1) 232 (83.5)
Hispanic 33 (11.9) 36 (12.9) 46 (16.5)

Race NS <0.05
White 223 (79.9) 231 (82.8) 194 (69.5)
Non‐White 36 (12.9) 27 (9.7) 50 (17.9)
Missing 20 (7.2) 21 (7.5) 35 (12.5)

Years of education NS NS
>15 years 199 (71.3) 196 (70.3) 184 (65.9)
≤15 years 80 (28.7) 83 (29.7) 95 (34.1)

Hollingshead SES category§ NS <0.05
Low 19 (6.9) 21 (7.7) 43 (15.6)
High 258 (93.1) 253 (92.3) 232 (84.4)

Pre‐pregnancy height, 165.8 ± 7.5 166.2 ± 7.1 NS 164.7 ± 7.4 NS
mean ± SD cm

Pre‐pregnancy body 71.3 ± 20.0 70.8 ± 18.3 NS 66.3 ± 16.3 <0.05
weight, mean ± SD kg

Pre‐pregnancy BMI category¶ NS NS
Underweight or normal 165 (59.1) 165 (59.1) 184 (66.4)
Overweight 56 (20.1) 61 (21.9) 54 (19.5)
Obese 58 (20.8) 53 (19.0) 39 (14.1)

Gravidity category NS NS
1 106 (38.0) 84 (30.1) 96 (34.4)
>1 173 (62.0) 195 (69.9) 183 (65.6)

Parity category NS NS
0 143 (51.3) 126 (45.2) 140 (50.2)
>0 136 (48.7) 153 (54.8) 139 (49.8)

Previous spontaneous 76 (27.2) 89 (31.9) NS 83 (29.7) NS
abortion category

Previous preterm 25 (9.0) 29 (10.4) NS 18 (6.5) NS
delivery

Any previous child with 17 (6.1) 11 (3.9) NS 12 (4.3) NS
birth defect

IVF with current pregnancy 21 (7.5) 20 (7.2) NS 11 (3.9) NS
Gestational age at time of

maternal enrollment
NS <0.05

Weeks, mean ± SD 15.6 ± 8.4 15.0 ± 8.4 16.4 ± 7.8
Age category
<13 weeks 134 (48.0) 140 (50.2) 106 (38.0)
13–19.9 weeks 77 (27.6) 81 (29.0) 103 (36.9)
≥20 weeks 68 (24.4) 58 (20.8) 70 (25.1)

Year of enrollment <0.05 <0.05
2004–2008 49 (17.6) 98 (35.1) 32 (11.5)
2009–2013 119 (42.7) 107 (38.4) 138 (49.5)
2014–2018 111 (39.8) 74 (26.5) 109 (39.1)

Referral source <0.05 NS
Pharmaceutical company
or health care
professional

148 (53.0) 144 (51.6) 11 (3.9)

Internet, patient support
group

75 (26.9) 98 (35.1) 66 (23.7)

OTIS member service 56 (20.1) 37 (13.3) 202 (72.4)

(Continued)
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Table 1. (Cont’d)

Controls

Maternal
characteristic†

HCQ‐

exposed
(n = 279)

Disease‐
matched

unexposed
(n = 279)

P versus
HCQ‐

exposed‡
Healthy
(n = 279)

P versus
HCQ‐

exposed‡

Geographic area of residence NS NS
US 243 (87.1) 257 (92.1) 240 (86.0)
Canada 36 (12.9) 22 (7.9) 39 (14.0)

Maternal comorbidities NS <0.05
Thyroid disease 37 (13.3) 49 (17.6) 25 (9.0)
Asthma 38 (13.6) 42 (15.1) 19 (6.8)
Preeclampsia in pregnancies
ending in live birth

10 (3.9) 15 (5.9) 7 (2.9)

Psychiatric conditions 62 (22.2) 55 (19.7) 21 (7.5)
Pregestational hypertension 19 (6.8) 16 (5.7) 3 (1.1)
Infection 182 (65.2) 184 (65.9) 185 (66.5)

Antidepressant medication use 37 (13.3) 32 (11.5) NS 5 (1.8) <0.05
in any trimester

Prenatal multivitamin
or folic acid supplements

NS <0.05

Prior to conception 205 (73.5) 195 (69.9) 172 (61.6)
Postconception only, or not 74 (26.5) 84 (30.1) 107 (38.4)
taken

Alcohol use during pregnancy 127 (45.5) 115 (41.4) NS 125 (44.8) NS
Tobacco use during pregnancy 14 (5.0) 11 (3.9) NS 11 (3.9) NS
Exposure to known or 11 (3.9) 24 (8.6) <0.05 1 (0.4) <0.05
suspected human teratogens

Prenatal diagnostic tests
performed prior to
enrollment

NS NS

Ultrasound
Level 1 225 (80.6) 224 (80.3) 225 (80.6)
Level 2 78 (28.0) 60 (21.5) 71 (25.4)

Chorionic villus sampling 5 (1.8) 5 (1.8) 1 (0.4)
Amniocentesis 3 (1.1) 7 (2.5) 3 (1.1)

Prenatal diagnostic tests <0.05 NS
performed anytime in
pregnancy

Ultrasound
Level 1 275 (98.6) 276 (98.9) 268 (96.1)
Level 2 230 (82.4) 202 (72.4) 214 (76.7)

Chorionic villus sampling 7 (2.5) 7 (2.5) 4 (1.4)
Amniocentesis 8 (2.9) 27 (9.7) 8 (2.9)

Intended pregnancy 208 (75.1) 205 (74.5) NS 193 (69.2) NS
Number of autoimmune <0.05 NS

diseases per subject
1 214 (76.7) 205 (73.5) 0
2 43 (15.4) 54 (19.4) 0
3 20 (7.2) 11 (3.9) 0
>3 2 (0.7) 9 (3.2) 0

Receiving prednisone and/or 151 (54.1) 136 (48.7) – 4 (1.4) <0.05
systemic oral glucocorticoid

Dose of prednisone and/or 28.0 ± 43.4 34.1 ± 123.2 NS 0.7 ± 8.1 <0.05
systemic oral glucocorticoid
per treatment week,
mean ± SD mg/week

Daily dose of HCQ per 324.8 ± 111.1 – – – –

treatment week, mean ± SD [100–800]
mg/day [range]

Maximum daily dose of HCQ – – – –

in first trimester
≥400 mg 165 (60.2)
<400 mg 109 (39.8)

(Continued)
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Statistical analysis. The primary statistical comparison
performed was between the group of pregnant women exposed
to HCQ and the group of unexposed pregnant women in the
disease-matched control cohort, with subsequent comparisons
to pregnant women in the healthy control cohort. The data set
for major structural birth defects in the HCQ-exposed cohort
was restricted to women with HCQ exposure at any time within
the first trimester. The unit of analysis for major structural birth
defects was a pregnancy, i.e., either a singleton or multiple preg-
nancy, that ended in 1 or more malformed infants, and this was
considered to be a single major birth defect outcome.

For minor structural birth defects, the analysis was restricted
to infants, including twins, for whom the study-related physical
examination was completed. The prevalence of any 3 or more
minor structural birth defects was compared between the HCQ-
exposed infants and the unexposed infants. Clusters of any 2 or
more infants with 3 or more of the exact same minor structural
defects were identified in the HCQ-exposed cohort, and if

present, the prevalence of those patterns was compared to the
same specific clusters in each of the control cohorts. Although
twins were included, no twin pair themselves could meet the cri-
teria for a pattern of 3 or more minor structural defects.

Exact statistical methods were used to calculate crude RRs
and their 95% CIs for the pregnancy outcomes of major birth
defects overall, small for gestational age infants, and postnatal
growth deficiency. Adjusted RRs and their 95% CIs were esti-
mated when the numbers of cases permitted using logistic regres-
sion analysis, with the adjusted odds ratios (ORs) used as an
approximation of the adjusted RRs. For analyses of the occurrence
of minor structural defects, since the sample included women with
a singleton or multiple pregnancy who had undergone the dysmor-
phology examination, generalized estimating equations were used
to estimate the RRs (with 95% CIs) and ORs (with 95% CIs).

For analyses of the rates of spontaneous abortion, the sample
was restricted to those women enrolled with pregnancies prior to
20 weeks’ gestation, and in the HCQ-exposed cohort the sample

Table 1. (Cont’d)

Controls

Maternal
characteristic†

HCQ‐

exposed
(n = 279)

Disease‐
matched

unexposed
(n = 279)

P versus
HCQ‐

exposed‡
Healthy
(n = 279)

P versus
HCQ‐

exposed‡

Timing of HCQ use in – – – –

pregnancy
First day last menstrual 2 (0.8) – – – –

period to date of
conception only

Trimester – – – –

First only 58 (22.0)
First and second 13 (4.9)
First and third 1 (0.4)
First, second, and third 169 (64.0)
Second only 1 (0.4)
Second and third 14 (5.3)
Third only 6 (2.3)

Autoimmune disease NS – –

Rheumatoid arthritis 215 (77.1) 238 (85.3) – –

Discoid lupus or SLE 37 (13.3) 14 (5.0) – –

Juvenile idiopathic arthritis 9 (3.2) 9 (3.2) – –

Psoriatic arthritis 3 (1.1) 3 (1.1) – –

Sjögren’s syndrome 5 (1.8) 5 (1.8) – –

Ankylosing spondylitis 2 (0.7) 2 (0.7) – –

Connective tissue disease 6 (2.2) 6 (2.2) – –

Antiphospholipid syndrome 0 0 – –

Behçet’s disease, other 2 (0.7) 2 (0.7) – –

autoimmune diseases

* Except where indicated otherwise, values are the number (%) of subjects. NS = not significant; IVF = in vitro fertilization; OTIS = Organization of
Teratology Information Specialists; SLE = systemic lupus erythematosus.
† Missing values were as follows: in the hydroxychloroquine (HCQ)–exposed group, 1 for ethnicity, 2 for Hollingshead socioeconomic status
(SES), 2 for intended pregnancy, 16 for dose of prednisone, 20 for daily dose of HCQ, 15 for timing of HCQ, 5 for maximum dose of HCQ in first
trimester; in the disease‐matched unexposed control group, 1 for maternal age, 5 for Hollingshead SES, 1 for alcohol use during pregnancy, 2
for preeclampsia, 15 for dose of prednisone; in the healthy control group, 4 for Hollingshead SES, 2 for body mass index (BMI), 1 for intended
pregnancy, 2 for dose of prednisone, 1 for infection.
‡ Two‐sample t‐test was used for continuous variables; chi‐square test (or Fisher’s exact test, when the expected number was <5) was used for
categorical variables.
§ Hollingshead SES categories are defined as categories 1–5, in which high SES = categories 1, 2, or 3 and low SES = category 4 or 5.
¶ The pre‐pregnancy BMI categories were defined based on specific ranges of BMI (in kg/m2).
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was restricted to those also exposed to HCQ for some period of
time in the pregnancy prior to 20 weeks’ gestation. Kaplan–Meier
estimates were used to estimate the probability of occurrence of
spontaneous abortion, accounting for left truncation due to varying
gestational timing of enrollment, and data were censored at
20 weeks’ gestation (17). Cox proportional hazards models were
used to estimate hazard ratios (HRs) and their 95% CIs.

Similar methods were used for analyses of the rates of
preterm delivery, in which data were restricted to those preg-
nancies ending in a singleton live birth, assessed among
women enrolled and exposed to HCQ prior to 37 weeks’
gestation. Data were censored at 37 weeks’ gestation. Preg-
nancies resulting in twins or higher-order multiple births were
excluded in the analyses of preterm delivery, small for gesta-
tional age infants, and postnatal growth deficiency, due to
the inherent higher risk of these adverse outcomes in multiple
gestations.

Control for confounding was conducted in those analyses in
which the numbers permitted it. A minimum of 30 events for a
binary outcome was considered the threshold for conducting
adjusted analyses. A minimum of 20 events was required for
Cox regression analysis, as it does not contain an intercept. All
relevant covariates for each specific outcome were considered
to be possible confounders, including maternal age (categorical
according to standard age groupings), race, ethnicity, socioeco-
nomic status (categorical based on high versus lower Hollings-
head categories of socioeconomic status), year of enrollment
(categorical based on distribution of enrollment years), referral
source, country of residence, tobacco and alcohol use in preg-
nancy, pre-pregnancy body mass index (categorical using stan-
dard groupings), use of vitamin/mineral supplements containing
folic acid, pregnancy history, infection, fever, psychiatric condi-
tions, use of glucocorticoids (any, average dose across weeks
taken, number of weeks used), exposure to known human terato-
gens (e.g., methotrexate), and comorbid autoimmune diseases.
In order to select potential confounders for each outcome, a crite-
rion of ≥10% change in the estimate of the OR or the HR for the
outcome under consideration with the addition of each covariate
in a model containing exposure to HCQ (yes versus no) was used
(18,19).

If one confounder was identified, direct adjustment was per-
formed. If 2 or more confounders were identified for a particular
outcome, a propensity score approach was used. In this approach,
the selected confounders for each outcome were used to build the
propensity score model using R package ‘twang’. Balance of
confounders between the exposed and unexposed groups was
assessed by computing standardized mean differences. The logit
of the propensity score for each woman was then used as a single
adjustment factor in the logistic regression or Cox regression
models, to obtain the adjusted ORs or HRs and their 95% CIs.

Missing values were excluded from each analysis. However,
for the outcome of spontaneous abortion, if the exact gestational

age at the time of pregnancy loss was missing, multiple imputa-
tion was used for the date of the event. All analyses were con-
ducted using R open-source statistical software or
StatXact (2011).

RESULTS

A total of 837 pregnant women enrolled in the MotherTo-
Baby/OTIS Autoimmune Diseases in Pregnancy Study between
2004 and 2018were selected for the analysis. Of these, 279 preg-
nant women were exposed to HCQ, 279 were disease-matched
unexposed pregnant women, and 279 were healthy pregnant
women. The most common rheumatic disease was rheumatoid
arthritis (81.2%) followed by lupus (9.1%). Women in the
HCQ-exposed cohort compared to the disease-matched control
group were significantly younger, were more likely to enroll in later
years of the study, and were less likely to have been exposed to a
known human teratogen. The majority of women in the HCQ-
exposed cohort (169 [64.0%]) received the drug throughout their
pregnancy, while 58 (22.0%) discontinued use of HCQ in the first
trimester (Table 1). The average daily dose of HCQ per treatment
week was 324.8 mg per day, with a range of 100 mg to 800 mg
per day (Table 1).

The pregnancies of 750 women (89.6% of the enrolled
cohort) ended in at least 1 live-born infant, and 23 of these preg-
nancies (3.1% of the 837 enrolled women) comprised twin gesta-
tions. There was 1 stillbirth reported in the healthy control cohort,
and 1 elective termination each in the HCQ-exposed and healthy
control cohorts, both performed for medical reasons due to pre-
natal diagnosis of a major birth defect. In total, 60 enrolled preg-
nant women (7.2%) across all 3 cohorts were lost to follow-up
(Table 2). The frequency of missing values for any of the covari-
ates was typically <5%.

Among the pregnancies ending in at least 1 live birth, the out-
come was a major structural birth defect in 20 (8.6%) of
232 women who had any first-trimester HCQ exposure, as com-
pared to 19 (7.4%) of 256 women in the disease-matched unex-
posed group (unadjusted OR 1.18, 95% CI 0.61–2.26). In the
healthy control group, a major structural birth defect occurred in
the live-born infants of 13 (5.4%) of the 239 healthy women (rela-
tive to the HCQ-exposed group, adjusted OR 0.76, 95% CI
0.28–2.05) (Table 3). Among all of the enrolled pregnant women
excluding those lost to follow-up, comparison of the HCQ-
exposed cohort to the 2 control cohorts again resulted in adjusted
ORs (and 95% CIs) for major birth defects that crossed the null
(Table 3). There was no specific pattern of major structural defects
identified in the HCQ-exposed cohort (Table 4).

Furthermore, when the exposed group was stratified based
on an HCQ dose of ≥400 mg/day, there were no significant
differences in the rates of major structural birth defects in the
HCQ-exposed cohort as compared to the disease-matched
unexposed group (adjusted OR 1.20, 95% CI 0.55–2.61) or the
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healthy control group (adjusted OR 1.50, 95% CI 0.67–3.38)
(Table 3). A sensitivity analysis for major birth defects among
pregnancies ending in live birth excluding those defects of known
chromosomal or genetic etiology was also conducted. Findings
were comparable to those of the primary analysis for the compar-
ison of the HCQ-exposed cohort to the disease-matched control
cohort (data not shown).

A total of 395 infants received the study dysmorphology
examination for minor structural defects. Of the 138 infants of
women who were in the first-trimester HCQ-exposed cohort,
39 (28.3%) had ≥3 minor birth anomalies/malformations. The
prevalence of any 3 or more minor anomalies did not differ in the
HCQ-exposed cohort compared to the control cohorts
(OR 0.87, 95% CI 0.53–1.42 versus the disease-matched control
cohort; adjusted OR 1.34, 95% CI 0.61–2.93 versus the healthy
control cohort) (Table 3).

For identification of a specific pattern of minor anomalies in
the HCQ-exposed group, 3 infants were excluded, as they had
known chromosomal deficiencies (trisomy 21), genetic abnormal-
ities (Noonan’s syndrome), or another syndrome related to the
underlying maternal disease (chondrodysplasia punctata) (20).
Two of the remaining infants had the same 3 minor anomalies,
one of which had an associated major structural birth defect,
pyloric stenosis (Tables 3 and 4).

With regard to the rates of spontaneous abortion, the HR for
occurrence of spontaneous abortion in the HCQ-exposed cohort
compared to the disease-matched control cohort was 1.09 (95%

CI 0.41–2.91), and the HR was 0.77 (95% CI 0.28–2.14) com-
pared to the healthy control cohort (Table 5). The HR for occur-
rence of preterm birth in the HCQ-exposed cohort compared to
the disease-matched unexposed group was 0.63 (95% CI 0.39–
1.03). In comparison to the healthy group, the adjusted HR for
preterm delivery was 1.44 (95% CI 0.63–3.31) (Table 5).

Rates and risks of infant growth deficiencies, in terms of birth
size and progression of postnatal growth based on infant weight,
length, and head circumference, did not differ in the HCQ-
exposed cohort compared to the disease-matched unexposed
control cohort, except with regard to head circumference at birth.
For the subset of infants for whom birth head circumference mea-
surements were available, the adjusted OR for a deficiency in birth
head circumference in the HCQ-exposed cohort compared to the
disease-matched control cohort was 1.85 (95% CI 1.07–3.20)
(Table 6). There were also differences in birth weight and postna-
tal length in the HCQ-exposed group compared to the healthy
control cohort; however, the HCQ-exposed infants were generally
within the 10% range of values expected for infants considered to
be small for gestational age at birth or at 1 year of age (Table 6).

Pediatric medical records were available for 220 (86.3%) of
255 live-born infants in the HCQ-exposed cohort. However, in
reviewing the records for vision screening or ophthalmologic find-
ings, only the 187 infants (73.3%) for whom data were available at
1 year of age were included. Of these, 33 had any mention of an
eye evaluation. No cases of retinopathy were identified in the
available records (data not shown).

Table 2. Pregnancy outcomes in each cohort*

Outcome
HCQ-exposed

(n = 279)

Disease-matched
unexposed controls

(n = 279)
Healthy controls

(n = 279)

Live birth 255/279 (91.4) 256/279 (91.8) 239/279 (85.7)
Twin 6/255 (2.4) 13/256 (5.1) 4/239 (1.7)
Twin with like sex 2/6 (33.3) 4/13 (30.8) 3/4 (75.0)
Sex (male) 2/2 (100.0) 2/4 (50.0) 0/3 (0.0)

Twin with non-like sex 3/6 (50.0) 6/13 (46.2) 1/4 (25.0)
Twin with only 1 surviving 1/6 (16.7) 3/13 (23.1) 0/4 (0.0)
Sex (male) 0/1 (0.0) 3/3 (100.0) –

Singleton 249/255 (97.6) 243/256 (94.9) 235/239 (98.3)
Sex (male) 139/248 (56.0) 114/241 (47.3) 127/235 (54.0)

Cesarean section 99/255 (38.8) 113/256 (44.1) 54/239 (22.6)
Ectopic pregnancy 0/279 (0.0) 0/279 (0.0) 0/279 (0.0)
Spontaneous abortion 8/279† 9/279† 7/279†
Twin 0/8 (0.0) 0/9 (0.0) 0/7 (0.0)
Stillbirth 0/279 (0.0) 0/279 (0.0) 1/279 (0.4)
Termination 1/279 (0.4) 0/279 (0.0) 1/279 (0.4)
Social reason – – –

Medical reason 1 (100.0) – 1 (100.0)
Lost to follow-up 15/279 (5.4) 14/279 (5.0) 31/279 (11.1)
No contact 5/15 (33.3) 11/14 (78.6) 20/31 (64.5)
Withdrew 10/15 (66.7) 3/14 (21.4) 11/31 (35.5)

* Values are the number/total number (%), or number/total number in the subcategory (%) for subjects under the live birth, spontaneous abor-
tion, stillbirth, termination, and lost to follow-up outcome categories. HCQ = hydroxychloroquine.
† Only the subset of women who enrolled prior to 20 weeks’ gestation were at risk of spontaneous abortion. In addition, the rates of spontane-
ous abortion are affected by the gestational week (prior to 20 weeks) at the time of enrollment in the study. Estimated rates of spontaneous
abortion using survival methods are shown in Table 5.
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DISCUSSION

In this prospective US and Canada–wide cohort study com-
paring birth outcomes in HCQ-exposed pregnant women to
those in disease-matched unexposed pregnant women, the over-
all risk for major structural birth defects was not found to be
increased among live births (OR 1.18, 95% CI 0.61–2.26). Fur-
thermore, among the major structural birth defects identified in

the HCQ-exposed group, there was no evidence of a consistent
pattern of defects (Table 4).

We identified 2 infants with the same 3 specific minor anom-
alies in the subset of infants who received the dysmorphology
examination in the HCQ-exposed cohort, one of whom also had
a major structural defect, pyloric stenosis. The minor defects eval-
uated in the study examination, in and of themselves, have no
clinical or cosmetic importance and could be familial. The purpose

Table 4. Specific major structural birth defects in each live-born infant, underlying maternal disease, and maximum dose of HCQ received by
pregnant women in the exposed groups compared to disease-matched unexposed women and healthy women*

HCQ-exposed in first trimester
1. Malrotation (RA) (200 mg every other day)
2. Congenital hypertrophic pyloric stenosis (JIA)
(200 mg per day)

3. Congenital hypertrophic pyloric stenosis (RA/lupus)
(400 mg per day, reduced to 200 mg per day
in third trimester)

4. Left multicystic dysplastic kidney (JIA) (200 mg per day)
5. Horseshoe kidney (RA/lupus) (400 mg per day)
6. Undescended left testicle (lupus) (400 mg per day)
7. Muscular ventricular septal defect (RA) (400 mg per day)
8. Patent foramen ovale, peripheral pulmonary artery stenosis, mild
dysplastic pulmonary valve with mild stenosis (RA) (400 mg
per day)

9. Patent foramen ovale, trace mitral regurgitation and physiologic
branch pulmonary artery stenosis, cavernous hemangioma
(3 × 3 cm in midline of forehead) (RA) (400 mg per day)

10. Multiple hemangiomas (RA) (200 mg per day)
11. Multiple hemangiomas (RA) (200 mg per day)
12. Microcephaly (CTD) (300 mg per day)
13. Microcephaly (RA) (400 mg per day)
14. Microcephaly (RA) (600 mg per day)
15. Anomaly of the spinal cord: mild syrinx from T5 to conus without

evidence of Chiari malformation or birth trauma (RA) (200 mg
per day)

16. Anencephaly (JIA) (200 mg per day)
17. Abnormal structure of the tear duct requiring reconstructive

surgery (RA) (300 mg per day)
18. Noonan’s syndrome, pulmonary valve stenosis, patent foramen

ovale (RA) (400 mg per day)
19. Chondrodysplasia punctata, Pierre Robin sequence,

congenital heart block, cleft of the soft palate alone, spina
bifida occulta, patent ductus arteriosus (RA/lupus) (400 mg
per day)

20. Trisomy 21, microcephaly, primum atrial septal
defect, patent foramen ovale, mitral valve cleft (RA)
(400 mg per day)

21. VATER association, congenital penial torsion and penile
chordee, preaxial polydactyly, ventricular septal defect,
developmental delay (RA) (400 mg per day)

HCQ-exposed post–first trimester only
1. Duplex/duplicating collecting system (RA) (400 mg 5x per week,
200 mg 2x per week)

2. Polycystic kidneys, adult type (RA/panniculitis) (200 mg per day)
3. Total anomalous pulmonary venous return, secundum atrial
septal defect, patent ductus arteriosus, congenital
hydronephrosis (lupus/antiphospholipid syndrome)
(400 mg per day)

Disease-matched unexposed controls
1. Transverse stomach, epispadias, persistent hyperplastic primary

vitreous, abnormal growth on optic nerve that did not regress
and caused rupture of the lens, developmental delay (JIA)

2. Muscular ventricular septal defect, mild pulmonic stenosis (RA)
3. Left aortic arch with probable aberrant right subclavian artery

(JIA, AS)
4. Muscular ventricular septal defect, fenestrated atrial septal
defect (RA)

5. Coarctation of the aorta (RA)
6. Congenital chordee (RA)
7. Undescended right testicle (RA)
8. Vesicoureteral reflux, congenital hydronephrosis, albinism (RA)
9. Cleft of the soft palate (RA)
10. Submucous cleft palate and cleft larynx (JIA)
11. Multiple hemangiomas (RA)
12. Multiple hemangiomas (RA)
13. Multiple hemangiomas (IBD-related spondyloarthropathy)
14. Coloboma of the optic disc right eye and coloboma of the

fundus, infantile and juvenile cortical/lamellar/zonular cataract,
right eye, duplicating renal collecting system with
hydronephrosis, esotropia, myopia of the right eye,
developmental delay (RA)

15. Strabismus, unspecified abnormality of the right optic nerve,
limited or no vision from the right eye, patent foramen ovale,
nystagmus (RA, Sjögren’s)

16. Microcephaly, multiple hemangiomas (PsA)
17. Microcephaly (JIA)
18. Choroid plexus cyst, aberrant right subclavian artery, multiple

hemangiomas, patent foramen ovale (RA)
19. Trisomy 13, holoprosencephaly (twin) (RA)
Healthy controls
1. Congenital hypertrophic pyloric stenosis
2. Congenital hypertrophic pyloric stenosis
3. Hypospadias, second degree
4. Communicating hydrocele/indirect inguinal hernia requiring

surgery, patent ductus arteriosus
5. Patent foramen ovale
6. Left branchial cleft fistula
7. Muscular ventricular septal defect
8. Cataract
9. Microcephaly
10. Microcephaly
11. Microcephaly
12. Unspecified hydrocephaly, seizures of unknown etiology,

tracheomalacia
13. Trisomy 21
14. Pierre Robin sequence, cleft palate

* HCQ = hydroxychloroquine; RA = rheumatoid arthritis; JIA = juvenile idiopathic arthritis; CTD = connective tissue disease; VATER = cluster of
vertebral abnormalities, anal atresia, cardiac defects, tracheal anomalies, esophageal abnormalities, renal or kidney problems, and radial
abnormalities; AS = ankylosing spondylitis; IBD = irritable bowel syndrome; PsA = psoriatic arthritis.
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of this level of evaluation was to identify potential patterns of major
and minor defects that may represent a teratogenic effect. No
child with the same cluster of minor anomalies was identified in
either control group. The finding of 2 infants with the same 3minor
anomalies in the exposed group could be potentially attributable
to chance.

In the current study, we did not find significantly increased
risks of spontaneous abortion, preterm delivery, and pre- or post-
natal growth restriction when comparing HCQ-exposed pregnant
women to disease-matched unexposed controls, with the one
exception of differences in the birth head circumference. Similarly,
there were no differences in comparisons for these same out-
comes between the HCQ-exposed group and the healthy control
group, with the exception of birth weight and postnatal length.

With respect to major birth defects, our findings are consis-
tent with several previously published studies that did not find an
increased risk of congenital abnormalities in HCQ-exposed preg-
nancies compared to unexposed pregnancies (2,21–25).
A recent case–control study using combined data from the
National Birth Defects Prevention Study and the Slone Epidemiol-
ogy Center Birth Defects Study identified 30 exposed malformed
cases and 12 exposed nonmalformed controls. The authors
described higher-than-expected numbers of certain specific birth
defects, particularly oral clefts. However, in some cases, there
was co-exposure to known teratogenic medications such as
methotrexate and mycophenolate mofetil, and confidence inter-
vals were wide with no lower bound above 1.0. No specific pat-
tern of malformations was noted.

Our findings are somewhat inconsistent with those of the
recent large claims database study in which it was found that the risk
of major birth defects overall was increased, specifically in women
receiving HCQdoses of ≥400mg/day (8). With respect to the under-
lying maternal conditions, women in the claims database were pre-
dominantly being treated for lupus, whereas in our study,

rheumatoid arthritis was themost common indication for HCQ treat-
ment. In both studies, point estimates for the RR were very modest
at <1.5, and the 2 estimates had overlapping confidence intervals.

In the claims study, oral clefts and urinary malformations were
noted as subgroups of major structural birth defects with significantly
higher risks identified in exposed pregnancies. However, in the pres-
ent study, we did not find increased risks of these specific groups of
birth defects or evidence of any other specific pattern of major
defects. Importantly, we did not see a differential effect in women
who had received an HCQ dose of ≥400 mg/day during pregnancy.

With respect to the rates of spontaneous abortion and pre-
term delivery, our findings are consistent with those of previous
studies in which no difference in risk was observed between
HCQ-exposed pregnant women and unexposed pregnant
women (26,27). In previous studies, one being a study that dem-
onstrated an increased risk of spontaneous abortion in an HCQ-
exposed cohort and the other being a meta-analysis that included
those same data, the differences could be explained by not
accounting for differential gestational age at initial contact (2,27).

With respect to pre- and postnatal growth outcomes, we
noted an isolated finding of a higher prevalence of small for gesta-
tional age infants based on the infant’s head circumference at
birth in the HCQ-exposed group compared to the disease-
matched control group. This has not been reported previously,
to our knowledge. However, missing values for head circumfer-
ence at birth were common across groups, with 15–17% of mea-
surements not available. Bias in reporting of head circumference
may account for this finding.

Increases in the number of small for gestational age infants
based on birth weight and postnatal length in the HCQ-exposed
group relative to the healthy control group could be attributed to
the mother’s underlying disease. This would be consistent with a
previous meta-analysis, in which a 2.5-fold increased risk (95%
CI 1.41–4.45) of small for gestational age infants based on birth

Table 5. Rates and risks of spontaneous abortion and preterm birth in women exposed to HCQ during preg-
nancy compared to disease-matched unexposed women and healthy women*

HCQ-exposed
Disease-matched

unexposed controls
Healthy
controls

Spontaneous abortions
No./total no. assessed 8/193† 8/211† 7/196†
Left truncation–accounted rate, % (95% CI) 11.4 (5.3–23.3) 8.6 (4.2–17.1) 9.3 (4.5–18.8)
Unadjusted HR (95% CI) Referent 1.09 (0.41–2.91) 0.77 (0.28–2.14)
Adjusted HR (95% CI) – – –

Preterm births
No./total no. assessed 27/245‡ 40/239‡ 13/230‡
Left truncation–accounted rate, % (95% CI) 11.3 (7.9–16.1) 17.3 (13.0–22.9) 5.8 (3.4–9.9)
Unadjusted HR (95% CI) Referent 0.63 (0.39–1.03) 2.02 (1.04–3.92)
Adjusted HR (95% CI) Referent – 1.44 (0.63–3.31)§

* HCQ = hydroxychloroquine; 95% CI = 95% confidence interval; HR = hazard ratio.
† Restricted to the subset of women who enrolled prior to 20 weeks’ gestation and therefore were at risk of
spontaneous abortion, and women who had at least 1 day of follow-up after enrollment.
‡ Restricted to the subset of women who enrolled prior to 37 weeks’ gestation and therefore were at risk of
preterm delivery, and women who had at least 1 day of follow-up after enrollment.
§ Adjusted for propensity score, composed of socioeconomic status, psychiatric conditions, and referral
source.
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weight was observed among infants born to mothers with sys-
temic lupus erythematosus compared to mothers without the dis-
ease (3). In another meta-analysis, the data demonstrated a
1.38-fold increased risk (95% CI 1.04–1.82) of small for gesta-
tional age infants based on birth weight in pregnancies compli-
cated with antiphospholipid syndrome compared to those
without antiphospholipid syndrome (4).

There are several limitations to this study. First, the sample
size available for this analysis was insufficiently powered to rule
out elevated risks for most specific individual major birth defects.
However, specific patterns of major structural birth defects are
characteristic of known human teratogens (28). Therefore, it is
reassuring that no such pattern was identified in this study. Sec-
ond, we relied on volunteers as subjects, most of whom were
white and of higher socioeconomic status, which could introduce
bias and affect generalizability of the study results. However,
pregnant women were enrolled in all 3 cohorts before the known
outcome of pregnancy, and similar data collection was completed
for the comparison groups, thereby supporting the internal validity
of the study. We did not follow up infants beyond 1 year of age,
and therefore we were unable to assess longer term child neuro-
development. We also did not conduct a study-related formal
ophthalmologic evaluation.

In summary, in this study we found no evidence of an
increased risk of major structural birth defects or a wide range of
other pregnancy outcomes attributable to prenatal exposure to
HCQ. For women being treated with HCQ for rheumatoid arthritis,
lupus, or other autoimmune conditions during pregnancy, the
study findings were reassuring and generally consistent with what
has been observed in previous studies.
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Factors influencing severe COVID-19 in systemic
vasculitis patients: comment on the article by
Rutherford et al

To the Editor:
We read with great interest the article by Dr. Rutherford and

colleagues on the risk factors for severe COVID-19 in patients

with systemic vasculitis (1). This has been the first report to

describe the features of COVID-19 among a vasculitis-specific

cohort. We would like to address several points of interest.
First, 9% of patients with COVID-19 in this study had a nega-

tive SARS–CoV-2 polymerase chain reaction test result. Viral

(including influenza) (2,3) and bacterial (4) coinfections and various

opportunistic superinfections (5) have been reported in the litera-

ture. Were these cases investigated for other causes of respira-

tory infections?
Second, vasculitis disease activity was determined using the

physician’s global assessment of disease activity. Given that the

majority (85%) of the COVID-19 cases were among patients with

antineutrophil cytoplasmic antibody–associated vasculitis, vali-

dated scoring systems such as the Birmingham Vasculitis Activity

Score (6) and its modification for granulomatosis with polyangiitis

(7) could have been used to denote the level of disease activity.
Finally, no further information regarding the patients who died

was provided in the report. For instance, given that the rate of

active disease was high among these patients, did any of them

die due to the complications of active vasculitis (rather than

COVID-19)?
Author disclosures are available at https://onlinelibrary.wiley.com/

action/downloadSupplement?doi=10.1002%2Fart.42022&file=art42022-
sup-0001-Disclosureform.pdf.
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Reply

To the Editor:
We are grateful to Drs. Kardaş and Küçük for the interest

shown in our article and for their comments. We are happy

to supply additional information to address the questions

posed.
First, we would like to provide clarification on the comment

“9% of patients with COVID-19 in this study had a negative

SARS–CoV-2 polymerase chain reaction result.” Of the patients

in our study population, 9% (6 of 65 patients) were reported as

having clinical or radiologic evidence supporting the diagnosis of

COVID-19, but information regarding whether a polymerase chain

reaction (PCR) test was undertaken for these patients was not

available to us except in the case of 1 patient who did have a neg-

ative test result at the time of case report form submission. How-

ever, the reporting physicians were confident in the diagnosis

based on relevant features identified by clinical examination and

computed tomography scan.
Regarding whether cases were investigated for other causes

of respiratory infections, reporting physicians were asked about

the presence of concomitant respiratory tract infection. In the

28% of patients (18 of 65) who did not have a definite PCR-

confirmed diagnosis, no other specific respiratory pathogens

were reported. Of those patients, 4 of 18 had secondary, pre-

sumed bacterial pneumonia. However, data in this section of the

case report form were missing for approximately one-half of the

patient population.
The Birmingham Vasculitis Activity Score (BVAS) instrument

(1) was available for the reporting physician to complete, but it

was an optional component of the case report form due to the
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clinical pressures of the pandemic. Of the 65 patients included in

the cohort, BVAS data were provided for 28 (43%), but this was

not included in the analysis as the proportion of missing data

was deemed too high.
Of the patients who died, 11 of 18 were deemed to be in

remission by the treating clinician at the time of COVID-19 diagno-
sis, 5 of 18 had moderate disease activity, and 2 of 18 had mini-
mal disease activity. The cause of death in all patients was
deemed likely, or highly likely, to be attributable to COVID-19.
Clinical information was incomplete for 1 patient; this patient’s
death was presumed to be attributable to COVID-19, and there
was no mention of active vasculitis at any point in the case report
form. In 1 other patient, active vasculitis was considered to be the
possible cause of death, but on balance, COVID-19 was deemed
the more likely cause.

Matthew A. Rutherford, MBChB, MRCP
University of Glasgow
and Queen Elizabeth University Hospital

Neil Basu, MD, PhD
University of Glasgow
Glasgow, UK

1. Mukhtyar C, Lee R, Brown D, Carruthers D, Dasgupta B, Dubey S,
et al. Modification and validation of the Birmingham Vasculitis Activity
Score (version 3). Ann Rheum Dis 2009;68:1827–32.
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Rapid attenuation of anti–SARS–CoV-2 antibodies in
patients with musculoskeletal diseases in whom
intensive immunosuppressive therapies were
reinitiated after COVID-19: comment on the article
by Curtis et al

To the Editor:
We read with great interest the recently published, updated

guidance from the American College of Rheumatology on
COVID-19 vaccination in patients with rheumatic and musculo-
skeletal diseases (RMDs) (1). Because the expected response to
vaccination was deemed likely to be blunted in many RMD
patients receiving treatment with certain systemic immunomodu-
latory therapies (2–4), interrupting or otherwise optimizing the tim-
ing of some immunomodulatory therapies was recommended.
However, the impairment of long-term immunologic memory of
SARS–CoV-2 (5) remains a concern in RMD patients requiring
continuous immunomodulatory therapies after infection.

We recently assessed the longitudinal antibody response in
patients with RMDs who experienced natural SARS–CoV-2
infection, and we report the results herein. Patients were
infected with SARS–CoV-2 during a COVID-19 outbreak in the
Daini Osaka Police Hospital in Japan. A post–COVID-19

monthly follow-up serosurvey was conducted using an anti–
SARS–CoV-2 spike S1 protein and nucleocapsid protein immu-
noassay (Elecsys; Roche) 2–11 months postinfection in
10 patients with RMDs (Table 1). The patients were receiving
intensive immunomodulatory therapies prior to SARS–CoV-2
infection, and immunosuppressive therapy was reinitiated after
recovery from the infection. The severity of COVID-19 was
determined based on the World Health Organization Clinical
Progression Scale (6). All patients exhibited a sufficient antibody
response to SARS–CoV-2 at 2–3 months postinfection. The ini-
tial antibody response to the spike S1 protein was maintained
until 9–11 months in most patients. Antibody retention in these
patients was comparable to that reported in healthy individuals
in previous studies (7,8).

However, the initial favorable spike S1 protein antibody
titer decreased in 2 patients in whom intensive immunosup-
pressive therapies were reinitiated after COVID-19 (Table 1).
One of the patients resumed cyclosporin A (CSA) therapy
(Supplementary Figure 1A, available on the Arthritis & Rheuma-
tology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42003), and the other patient, who had thrombocytopenia,
anasarca, fever, reticulin fibrosis, and organomegaly (TAFRO;
a variant of multicentric Castleman’s disease [8]), resumed
weekly treatment with subcutaneous tocilizumab with CSA
(Supplementary Figure 1B). Intensive immunosuppressive ther-
apy, such as treatment with CSA, may alter immunologic mem-
ory that contributes to long-term protective immunity.
Conversely, the spike S1 protein antibody response remained
stable in a patient in whom intensive immunosuppressive ther-
apy was suspended after COVID-19 infection (Supplementary
Figure 1C).

This report presents the findings from a longitudinal sero-
survey of natural SARS–CoV-2 infection in patients with RMDs
who were receiving immunomodulatory therapies. In all
patients, treatment with immunomodulatory therapy was with-
held during infection and resumed after the patients recovered.
At 9 months after infection with SARS–CoV-2, the serum
retained <40% of the neutralizing antibodies arising from infec-
tion among those patients who continued to receive aggressive
immunosuppressive therapy following the onset of COVID-19.
The shorter-duration immunity conferred by natural SARS–
CoV-2 infection in patients with RMDs receiving immunomodu-
latory therapies suggests that the estimated duration of
vaccine-induced protection against COVID-19 might be shorter
in these patients than in the general population, potentially
necessitating reimmunization. A third dose of a COVID-19 vac-
cine is being considered for solid organ transplant recipients
who are receiving immunosuppressive therapy (9,10). Further
large-scale studies are warranted to confirm the influence of
immunomodulatory therapies on the maintenance of immunity
against COVID-19.
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Risk of nonserious infections in rheumatoid arthritis:
comment on the article by Bechman et al

To the Editor:
We read with interest the article by Dr. Bechman and col-

leagues in which they reported that nonserious infections occur
frequently in patients with rheumatoid arthritis (1). As experts in
respiratory viral infections, we see some problems with their
study.

The definition of “nonserious infection” is diffuse and too het-
erogenous. Dr. Bechman and colleagues use the term to refer to
a wide range of bacterial and viral infections, including opportunis-
tic herpes zoster and fungal infections. Upper respiratory tract
viral infections (the common cold) were not obviously included in
the study. Acute respiratory infection is the most common acute
illness in humans, accounting for 43% of the total burden of dis-
eases (2). A recent study including 204 countries indicated that
the incidence of the common cold was 2.25 episodes per individ-
ual per year (2). This incidence is consistent with that found in sev-
eral earlier studies (3–5). The common cold is not a nonsignificant
nonserious infection. The mean duration of symptoms is 10 days,
and symptoms may significantly impair life quality and productiv-
ity (2,6).

In the 3-year study conducted by Dr. Bechman and colleagues,
the information was collected using questionnaires that were
returned every 6 months. For reliable information, weekly online
symptom diaries or internet-based syndrome monitoring should
have been used (4,5). The questionnaire items were not specified,
and we wonder whether questions regarding acute onset of sore
throat, rhinorrhea, nasal congestion, and cough (common cold)
were included (6). The authors asked details only about new pre-
scriptions (including antibiotics) and hospital attendance. With these
limited questions the data collection was selective. Only 63% of
patients returned more than two-thirds of the required diaries, which
weakens the generalization of the observations.

The authors state that they demonstrated a high frequency of
nonserious infections in patients with rheumatoid arthritis. For
every 100 patients, they reported a rate of 14 nonserious respira-
tory and ear, nose, and throat infections per year, meaning that
86 of 100 patients annually experienced no respiratory infections.
This observation is hard to believe, given that the mean annual
incidence of acute respiratory illness in adults is 1–4 (2–5).

We think that the uncontrolled study by Dr. Bechman and
colleagues does not reliably answer the question of the risk of
nonserious infections in patients with rheumatoid arthritis. It only
reliably compares the occurrence of the specific illnesses asked
about between different treatment groups.
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Reply

To the Editor:
We are grateful for the comments from Drs. Ruuskanen and

Waris. Strong critique of published literature is vital to stimulate
academic discourse. We acknowledge their group’s expertise in
the field, and they raise important points.

They highlight the issue of the heterogeneity of the definition
of “nonserious” infection. We wholeheartedly agree that the defi-
nitions of infection are limited, and we have a parallel workstream
exploring coding used in trials and pharmacovigilance studies that
focus on binary categories of serious/nonserious. The impact of
“nonserious” events is substantial, and unless clinical studies
actively capture more granular information, ascertaining robust
estimates of risks and outcomes remains a challenge.

With respect to the specific question of inclusion of certain
infection types, we would like to clarify that our study did include
upper respiratory tract viral infections. These were reported
512 times during the study. We appreciate this may be a vast

underreporting of these very common events, and this has limita-
tions on generalizability—which we acknowledge in our discussion.

The idea of weekly symptoms diaries using internet-based
monitoring would be far superior as a means of data collection.
The British Society for Rheumatology Biologics Register for Rheu-
matoid Arthritis commenced in 2001, and unfortunately, such
technologies were not widely available. The study began in the
era of fax machines, and at its inception, few of the investigators
and even fewer of the patients owned a mobile phone! However,
the registry is actively developing online data capture systems,
as technology advances. Emphasizing the importance of using
digital strategies to capture disease outcomes in the future is vital.
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Possible confounding factors explaining data on heart
failure risk in patients with polymyositis/
dermatomyositis: comment on the article by Lin et al

To the Editor:
We read with great interest the report by Lin et al (1),

describing their study whose results indicated a significantly
increased risk of hospitalized heart failure (HF) in patients with
polymyositis/dermatomyositis (PM/DM), with the risk being high-
est during the first year following PM/DM diagnosis. However,
some questions need to be addressed.

First, we are concerned about possible confounding by
concomitant treatment and comorbidity. Cyclophosphamide, for
instance, was demonstrated to have cardiotoxicity in a study in
which congestive heart failure was identified in 9 of 32 patients
with hematologic malignant neoplasm (2). A significantly
increased risk of coronary artery disease has been found among
patients with inflammatory myopathies (3). Subjects should be
matched for, or adjustment made for, comorbidities such as cor-
onary artery disease and interstitial lung disease.

Second, the chronic kidney disease (CKD) subgroup among
patients with PM/DM in Lin and colleagues’ study exhibited an
uncharacteristically lower adjusted hazard ratio for HF than sub-
groups without CKD, whereas a likelihood ratio test showed a sig-
nificant interaction between atrial fibrillation and CKD in the risk of
HF. These results do not correlate with evidence from studies
indicating that HF is highly prevalent in the population with CKD,
suggesting a strong association (4).

Webelieve these possible explanations for the results obtained
by Lin et al require consideration, and further sensitivity tests should
be performed to clarify interactions between these comorbidities.
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Heart failure among patients with polymyositis/
dermatomyositis: comment on the article by Lin et al

To The Editor:
We read with great interest the report by Lin et al discussing

heart failure (HF) in polymyositis and dermatomyositis (PM/DM).
The authors found that risk of subsequent HF was increased in
PM/DM patients (1). Although many chronic inflammatory dis-
eases have been studied in relation to HF (2), PM/DM has not pre-
viously been addressed, and the article by Lin and colleagues
provides important information for clinical practice.

We appreciate that the authors present the data in two differ-
ent ways (unmatched and propensity score matched), which is
infrequent but welcome in observational studies. While the latter
minimizes potential selection bias, unmatched analyses will present
a "natural" appearance of demographic and covariate distribution.

Second, we would like to call attention to possible residual
confounders for HF. There has been rising concern linking chronic
inflammatory diseases to valvular heart disease (3,4). Further,
observational studies have indicated that muscle strength is a
powerful predictor of cardiovascular health (5). It would be infor-
mative if the authors could evaluate the interaction between phys-
ical fitness and the risk of HF.

Third, Lin et al used hospitalized HF, rather than HF in the
ambulatory setting, as the primary outcome measure. They also

addressed both sensitivity and specificity, using specific diagnos-
tic codes representing HF. This methodology could minimize the
risk of misclassification. Since they indicated that HF risk remains
elevated for up to 10 years, it would be of interest to longitudinally
assess the HF phenotype among patients with PM/DM (6).

Finally, we wonder whether, as further research on the topic
is performed, detection bias may occur, with physicians ordering
more testing for subclinical HF in patients with chronic inflamma-
tory diseases including PM/DM (7).

We appreciate the work done by the authors and are looking
forward to their response.
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Reply

To the Editor:
We would like to thank Dr. Yang and colleagues and

Dr. Chang and colleagues for their interest in our recent study on
the risk of incident HF in patients with PM/DM.
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Yang et al suggest that concomitant treatment, such as
cyclophosphamide (CYC), should have been adjusted for in the
regression analysis. However, the cardiotoxicity of CYC has been
reported mostly in case reports, and its mechanism remains
unknown. In addition, the negative effects of CYC on the heart
were observed only at very high doses. In the reference they cite
(Gottdiener et al [1]), the dose of CYC was as high as 180 mg/kg
over 4 days. This dose of CYC would never be administered to
patients with inflammatory myopathies. Therefore, the information
presented in Gottdiener and colleagues’ report may not be
directly relevant to our study.

Yang and colleagues further suggest that our analyses
should have included adjustment for coronary artery disease.
However, we captured and adjusted for the comorbidity of
“ischemic heart disease,” which has the same implications as
coronary artery disease. Therefore, any confounding effect of cor-
onary artery disease was minimized in our study.

Finally, Yang et al argue that our subgroup analyses do not
correlate with evidence from studies indicating that HF is highly
prevalent in the population with CKD, suggesting a strong associ-
ation. It appears they believe that the subgroup of PM/DM
patients with CKD must have a higher risk of HF, considering the
evidence that CKD was a risk factor for HF. We would like to
emphasize that the goal of subgroup analyses was to assess the
moderating effect of subgrouping variables (effect modification
or interaction) and not to determine whether subgrouping vari-
ables are risk factors for HF. This basic concept of subgroup anal-
ysis should be kept in mind when interpreting our study results.

We appreciate the positive comments by Chang et al. They
also suggest that it would have been useful to further assess mus-
cle strength and evaluate the interaction between physical fitness
and the risk of HF. However, when addressing study limitations in
the Discussion section of our article, we stated that we were
unable to evaluate disease activity measures, such as muscle
enzyme levels or muscle power. In addition, the operational defini-
tion of “physical fitness” being suggested in the comment, and
how it can be further measured, is not clear.

Chang and colleagues also suggest that HF phenotype should
be further assessed. We do state in the Discussion that we were
not able to ascertain whether the increased rate of HF observed in
PM/DM patients was a result of systolic or diastolic dysfunction.

Finally, with regard to Chang and colleagues’ statement that
detection bias may occur, with physicians ordering more testing
for subclinical HF in patients with chronic inflammatory diseases
including PM/DM, we believe this was unlikely with our study
design as HF hospitalization was used as the primary outcome
measure rather than the diagnosis of HF in the ambulatory setting,
and HF hospitalization is an acute event and a more objective
evaluation than HF diagnosis in the outpatient setting. Moreover,
the date of hospitalization for HF is likely to be more precise than
that of diagnosis during outpatient care, which is particularly
important as we used the Cox method to model the time-to-event

data. With the use of this approach, our study was immune to
detection bias.
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Are salivary gland epithelial cells the main source
of increased interleukin-7 levels in primary Sjögren’s
syndrome? Comment on the article by Rivière et al

To the Editor:
We read with great interest the article by Dr. Rivière et al (1),

in which the authors present exhaustive data demonstrating that
in primary Sjögren’s syndrome (SS), salivary gland epithelial cells
(SGECs) are the primary source of increased levels of
interleukin-7 (IL-7) under the influence of type I and type II inter-
feron (IFN). IL-7 secreted by SGECs activates T cells that in turn
secrete IFNγ, thus forming a vicious circle. However, we wonder
whether SGECs are in fact the main source of increased levels of
IL-7 in primary SS. Indeed, Rivière and colleagues found that
SGECs can produce IL-7 after stimulation with IFNα, IFNγ, and
poly(I-C).

Furthermore, in another study, Rivière and colleagues
observed up-regulation of the IL-7 gene in SGECs from patients
with primary SS (2). However, they did not identify IL-7 protein
expression in SGECs. Instead, we note a study in which Bikker
et al conducted an immunochemical analysis of labial SG (LSG)
IL-7 protein expression (3). Their results showed that several
kinds of cells in LSGs other than acinar or ductal epithelial cells
express the IL-7 protein. To date, there have been 3
reported studies investigating SG IL-7 protein expression in pri-
mary SS (3–5), and among these studies there were consistent
results of increased IL-7 expression in the SGs of patients with
primary SS. However, no study except the one mentioned above
(3) identified the type of cells expressing IL-7.
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Accordingly, it is necessary to further confirm whether SGECs
are the main source of increased IL-7 expression in primary SS,
which would require analysis of a larger sample of patients with pri-
mary SS in order to demonstrate whether expression of IL-7 is
increased primarily in the SGs of patients, since the study by Bikker
et al included only 15 patients (3). Otherwise, the results of studies
using SGECs to investigate the role of IL-7 in primary SS patho-
physiology may be of no value and may even be misleading for
understanding the association between IL-7 and primary SS.
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action/downloadSupplement?doi=10.1002%2Fart.42005&file=art42005-
sup-0001-Disclosureform.pdf.

Caiqun Chen
Huangyan Hospital of Wenzhou Medical University
Taizhou First People’s Hospital
Zhejiang, China
Yan Liang, MD
Shanghai Changzheng Hospital
Shanghai, China

Zaixing Yang, MD
Huangyan Hospital of Wenzhou Medical University
Taizhou First People’s Hospital
Zhejiang, China

1. Rivière E, Pascaud J, Virone A, Dupré A, Ly B, Paoletti A, et al. Interleu-
kin-7/interferon axis drives T cell and salivary gland epithelial cell inter-
actions in Sjögren’s syndrome. Arthritis Rheumatol 2021;73:631–40.

2. Rivière E, Pascaud J, Tchitchek N, Boudaoud S, Paoletti A, Ly B, et al. Sal-
ivary gland epithelial cells frompatients with Sjogren’s syndrome induce B-
lymphocyte survival and activation. Ann Rheum Dis 2020;79:1468–77.

3. Bikker A, van Woerkom JM, Kruize AA, Wenting-van Wijk M, de
Jager W, Bijlsma JW, et al. Increased expression of interleukin-7 in
labial salivary glands of patients with primary Sjögren’s syndrome cor-
relates with increased inflammation. Arthritis Rheum 2010;62:969–77.

4. Bikker A, Kruize AA, Wenting M, Versnel MA, Bijlsma JW, Lafeber FP,
et al. Increased interleukin (IL)-7Rα expression in salivary glands of
patients with primary Sjogren’s syndrome is restricted to T cells and
correlates with IL-7 expression, lymphocyte numbers and activity. Ann
Rheum Dis 2012;71:1027–33.

5. Jin JO, Shinohara Y, Yu Q. Innate immune signaling induces
interleukin-7 production from salivary gland cells and accelerates the
development of primary Sjögren’s syndrome in a mouse model. PLoS
One 2013;8:e77605.

DOI 10.1002/art.42004

Reply

To the Editor:
We thank Ms. Chen and colleagues for their interest in our

study and for their comments concerning how our recent study
shows that the IL-7 axis is involved in primary SS pathophysiol-
ogy. We demonstrated that IL-7, secreted by SGECs stimulated
by IFNs, may activate T cells that, in turn, secrete IFNγ, thus
amplifying this vicious circle.

Chen et al raise an interesting question regarding the source
of IL-7 in SGs and the relevance of the IL-7 axis in primary

SS. With regard to the question of the cellular source of IL-7, we
used a culture method in which we worked with purified epithelial
cells, the presence of which were confirmed on the basis of their
surface marker expression of CD326 and absence of CD90,
thereby ensuring exclusion of fibroblasts from the culture. How-
ever, we agree that SGECs are most likely not the only source of
IL-7. Of note, IL-7 is a pleiotropic cytokine produced by non-
hematopoietic cells, such as bone marrow stromal cells (1) and
lymphatic endothelial cells (2), as well as by epithelial cells, such
as small intestinal epithelial cells (3) or enterocytes (4).

The category of stromal cells, as described by Asam et al,
includes endothelial cells, epithelial cells, nerve cells, and fibro-
blasts (5). Since epithelial cells play an active role in primary SS
pathophysiology, our work focuses on SGECs.

Interestingly, studies have demonstrated that the IL-7/epithelial
axis plays a role in pathophysiology of other autoimmune diseases,
such as inflammatory bowel disease (IBD). Oshima et al showed that
intestinal epithelial cells produce IL-7 after IFNγ stimulation (6). In this
context, IL-7 receptor (IL-7R) inhibition decreased T cell homing in
the digestive tract in a humanized mouse model. Thus, in IBD, IL-7R
is of therapeutic interest and has been assessed in a phase II study
that includes patients with active ulcerative colitis (ClinicalTrials.gov
identifier: NCT04882007) (7). The fact that the IL-7 pathway may be
involved in the pathophysiology of other diseases involving epithelial
cells can be interpreted as additional evidence supporting the role of
this cytokine in the pathophysiology of autoimmune epithelitis.

Thus, we agree with Chen and colleagues that several other
cell subtypes, such as stromal cells, may secrete IL-7 in the SG
tissue. The combined action of these stromal cells and epithelial
cells could result in a pathogenic microenvironment leading to
the T cell infiltration observed in SGs during primary SS. Our data,
as well as findings from other studies (8) demonstrating the role of
IL-7 in the pathogenesis of primary SS, have been used to justify
the initiation of a phase II clinical trial evaluating the effect of a
monoclonal anti–IL-7R antibody in primary SS (ClinicalTrials.gov
identifier: NCT04605978).
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Additional points to consider before incorporating the
Food and Drug Administration–approved therapies for
systemic sclerosis–associated interstitial lung disease:
comment on the article by Khanna et al

To the Editor:
We congratulate Dr. Khanna and colleagues on their excel-

lent review, not restricted to only recently approved therapies, on
the treatment of systemic sclerosis–associated interstitial lung
disease (SSc-ILD) (1). However, it is our opinion that some
aspects that currently affect our medical practice merit further
commentary.

The COVID-19 pandemic has generated unique challenges in
the treatment of SSc-ILD, especially impacting the decision to start
treatment. While there is no evidence suggesting that cyclophos-
phamide or rituximab can reduce mortality in SSc-ILD (2), these
drugs have been associated with a higher incidence of serious out-
comes and mortality in COVID-19 patients (3,4). Both drugs may
also reduce the response to the COVID-19 vaccine and, even for
patients vaccinated before immunosuppression, there are no guar-
antees that enough protection will be achieved to overcome the
potential risks. Mycophenolate mofetil has also been associated
with severe disease (adjusted odds ratio [OR] 6.5) and higher
mortality (adjusted OR 14.2) in COVID-19 (3). Tocilizumab, which
has not been associated with worse outcomes in COVID-19 (3)

and does not significantly impair the response to the vaccine, may
be a safer option in the present situation, but may not be readily
accessible to all patients who might need it.

Nintedanib is not considered an immunosuppressive medi-
cation, but its effects in COVID-19 have not been extensively
studied. Nintedanib modulates the activation of macrophages
(5), which could potentially be beneficial by reducing the hyperac-
tivated state of macrophages in COVID-19, but may have delete-
rious consequences by downgrading host defense mechanisms.
A reanalysis of extended data from the Safety and Efficacy of
Nintedanib in Systemic Sclerosis (SENSCIS) trial showed a
significantly higher risk of serious infections (11.8% versus 4.9%)
(risk ratio 2.43; P = 0.003), especially pneumonia, with nintedanib
compared with placebo in SSc-ILD (6,7). Serious hepatobiliary
adverse events (2.1% versus 0.3%), lower gastrointestinal bleed-
ing (2.8% versus 0.3%), hypertension (4.9% versus 1.7%), fatigue
(10.8% versus 6.9%), and severe adverse events (18.1% versus
12.5%) were also more frequent with nintedanib than with
placebo (7,8).

The decision of which patients should receive a particular
treatment, and when and how, has always been puzzling in
SSc-ILD. Considering the present context of a global pandemic,
discussing benefits and risks is essential to deliver the best possi-
ble treatment to our patients.
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Objective. To provide guidance on the management of Multisystem Inflammatory Syndrome in Children (MIS- C), 
a condition characterized by fever, inflammation, and multiorgan dysfunction that manifests late in the course of 
SARS– CoV- 2 infection. Recommendations are also provided for children with hyperinflammation during COVID- 19, 
the acute, infectious phase of SARS– CoV- 2 infection.

Methods. The Task Force is composed of 9 pediatric rheumatologists and 2 adult rheumatologists, 2 pediatric 
cardiologists, 2 pediatric infectious disease specialists, and 1 pediatric critical care physician. Preliminary statements 
addressing clinical questions related to MIS- C and hyperinflammation in COVID- 19 were developed based on 
evidence reports. Consensus was built through a modified Delphi process that involved anonymous voting and 
webinar discussion. A 9- point scale was used to determine the appropriateness of each statement (median scores 
of 1– 3 for inappropriate, 4– 6 for uncertain, and 7– 9 for appropriate). Consensus was rated as low, moderate, or high 
based on dispersion of the votes. Approved guidance statements were those that were classified as appropriate with 
moderate or high levels of consensus, which were prespecified before voting.

Results. The guidance was approved in June 2020 and updated in November 2020 and October 2021, and 
consists of 41 final guidance statements accompanied by flow diagrams depicting the diagnostic pathway for MIS- C 
and recommendations for initial immunomodulatory treatment of MIS- C.

Conclusion. Our understanding of SARS– CoV- 2– related syndromes in the pediatric population continues to 
evolve. This guidance document reflects currently available evidence coupled with expert opinion, and will be revised 
as further evidence becomes available.

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 adherence 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

Since its initial description in December 2019 in Wuhan, 
China, COVID- 19, caused by infection with SARS– CoV- 2, has 
rapidly evolved into a worldwide pandemic affecting millions of 
lives (1). Unlike adults, the vast majority of children with COVID- 19 
have mild symptoms. However, there are children who have sig-
nificant respiratory disease, and some children may develop a 
hyperinflammatory response similar to what has been observed 
in adults with COVID- 19. Furthermore, in late April 2020, reports 
emerged of children with a different clinical syndrome resembling 
Kawasaki Disease (KD) and toxic shock syndrome; these patients 
frequently had evidence of prior exposure to SARS– CoV- 2 (2,3). 
Subsequent to these initial reports from Italy and the United King-
dom, multiple case series from Europe and the United States have 
surfaced describing a similar phenomenon (4– 10). While this con-
stellation of symptoms has been given many names, for the pur-
poses of this discussion we refer to it as multisystem inflammatory 
syndrome in children (MIS- C).

For a number of reasons, there is an urgent need to pro-
vide guidance to healthcare providers evaluating patients in whom 
MIS- C is a diagnostic consideration. These reasons include the 
fact that 1) there are variable case definitions for MIS- C, 2) clinical 
features of MIS- C may also be seen in other types of infections 
and malignant entities and in other rheumatic diseases in child-
hood, 3) suggested treatment strategies have relied on extrap-
olation from other inflammatory or rheumatic conditions with 
similar clinical presentations and comparative cohort studies, and 
4) myocardial dysfunction may present insidiously but is a major 
source of morbidity and mortality in MIS- C. In addition, pediatric 
rheumatologists are often asked to recommend immunomodu-
latory therapy for patients with hyperinflammation as a result of 
acute SARS– CoV- 2 infection.

Therefore, the American College of Rheumatology (ACR) con-
vened the MIS- C and COVID- 19– Related Hyperinflammation Task 
Force on May 22, 2020, which was charged by ACR leadership to 

provide guidance to clinicians in the evaluation and management 
of MIS- C and COVID- 19– related hyperinflammatory syndromes in 
children. Clinical guidance generated from this effort is intended to 
aid in the care of individual patients, but it is not meant to supplant 
clinical decision- making. Modifications to treatment plans, par-
ticularly in patients with complex conditions, are highly disease- , 
patient- , geography- , and time- specific, and therefore must be 
individualized as part of a shared decision- making process.

METHODS

Task force. Panelists were selected by the Task Force lead-
ership (LAH and JJM) based on their clinical expertise in rheu-
matology, infectious diseases, cardiology, cytokine storm– related 
syndromes, and KD, as well as their experience in managing 
MIS- C and hyperinflammation in acute SARS– CoV- 2 infection. 
The multidisciplinary Task Force was composed of clinicians from 
the United States and Canada and included 9 pediatric rheu-
matologists, 2 adult rheumatologists, 2 pediatric cardiologists, 2 
pediatric infectious disease specialists, and 1 pediatric critical care 
physician. All individuals who were approached to develop this 
guidance agreed to participate.

Initial guidance. Prior to the first meeting, Task 
Force members were subdivided into 4 work groups to address 
the following clinical topics related to MIS- C and hyperinflamma-
tion in COVID- 19: 1) diagnostic evaluation of MIS- C (led by SKL); 
2) cardiac management of MIS- C (led by KGF); 3) treatment of 
MIS- C (led by MG); and 4) management of hyperinflammation 
in COVID- 19 (led by SWC). During the first webinar on May 22, 
2020, participants agreed with the importance of addressing 
these 4 overarching topics and the structure of the work groups. 
The first webinar was used to confirm the target audience for 
the guidance, which focuses on clinicians in North America man-
aging inflammatory syndromes in children related to recent or 
concurrent infections with SARS– CoV- 2. Notably, the Task Force 
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deliberately did not attempt to create a new case definition for 
MIS- C, as several already exist (8– 10) (Table 1). Instead, the 
Task Force elected to leverage consensus building to identify 
the most appropriate diagnostic and therapeutic steps that pro-
viders should consider at the present time. All panelists agreed 
to develop consensus through a modified Delphi process, which 
involved 2 rounds of asynchronous, anonymous voting and 2 
webinars to discuss voting results.

Evidence review. From May 22 to May 29, 2020, the 
work groups developed preliminary recommendation statements 
within their assigned topic, based on expert opinion and evidence 
reviewed from publications listed in PubMed, scientific briefings 
from the World Health Organization, health alerts from the Centers 
of Disease Control and Prevention, and guidance provided by the 
Royal College of Paediatrics and Child Health. Each work group 
generated an evidence report supporting the recommendations, 
which was shared with the entire Task Force.

Voting. Round 1. The Task Force voted virtually and anon-
ymously using the RAND/University of California at Los Angeles 
(UCLA) Appropriateness Method (11). A 9- point scale was used 
by panelists to rate the appropriateness of each of the state-
ments. A score of 9 was considered to be the highest level of 
appropriateness, while a score of 1 indicated that the statement 
was entirely inappropriate. Prior to voting, median scores of 1– 3 
were defined as inappropriate, 4– 6 as uncertain, and 7– 9 as 
appropriate. Consensus was prespecified as high if all 16 votes 
coalesced within the same tertile, while low consensus was rec-
ognized when voting was dispersed widely along the 9- point 
scale (with ≥5 votes in the 1– 3 score range and ≥5 votes in 
the 7– 9 score range). Moderate consensus encompassed all 
other scenarios. The votes of each Task Force member were 
counted equally and tallied. The results of the initial voting were 
distributed to the Task Force and reviewed during a 90- minute 
webinar on June 4, 2020. Statements that were rated as uncer-
tain (median score 4– 6) and/or characterized by moderate or 

Table 1. Case definitions of MIS- C*

Criteria RCPCH† CDC WHO‡
Age All children (age not defined) <21 years 0– 19 years
Fever Persistent fever (≥38.5°C) Temperature ≥38.0°C for ≥24 hours or 

subjective fever for ≥24 hours
Fever for ≥3 days

Clinical symptoms Both of the following:
1. single or multiorgan 

dysfunction; and
2. additional features

Both of the following:
1. severe illness (hospitalized); and
2. ≥2 organ systems involved

At least 2 of the following:
1. rash, conjunctivitis, and

mucocutaneous 
inflammation;

2. hypotension or shock;
3. cardiac involvement;
4. coagulopathy;
5. acute GI symptoms

Inflammation All 3 of the following:
1. neutrophilia; and
2. increased CRP; and
3. lymphopenia

Laboratory evidence of inflammation 
including, but not limited to, 1 or more of the 
following:

1. ↑CRP;
2. ↑ESR;
3. ↑fibrinogen;
4. ↑procalcitonin;
5. ↑d- dimer;
6. ↑ferritin;
7. ↑LDH;
8. ↑IL- 6;
9. neutrophilia;

10. lymphopenia;
11. hypoalbuminemia

Elevated inflammation 
markers, including any of 
the following:

1. ↑ESR;
2. ↑CRP;
3. ↑procalcitonin

Link to 
SARS– CoV- 2

Positive or negative by PCR Current or recent findings of the following:
1. positive by PCR;
2. positive by serology;
3. positive by antigen test; or
4. COVID- 19 exposure within prior 4 weeks

Evidence of COVID- 19 by the 
following:

1. positive by PCR;
2. positive by antigen test;
3. positive by serology; or
4. likely COVID- 19 contact

Exclusion Other infections No alternative diagnosis No obvious microbial cause
* Case definitions of multisystem inflammatory syndrome in children (MIS- C) are adapted from recommendations from the World 
Health Organization (WHO) (8) and Centers for Disease Control and Prevention (CDC) (10) for MIS- C, as well as the Royal College of 
Paediatrics and Child Health (RCPCH) for pediatric inflammatory multisystem syndrome temporally associated with SARS– Cov- 2 (9). For 
laboratory parameters, ↑ indicates elevated levels. GI = gastrointestinal; CRP = C- reactive protein; ESR = erythrocyte sedimentation rate; 
LDH = lactate dehydrogenase; IL- 6 = interleukin- 6; PCR = polymerase chain reaction. 
† In the RCPCH case definition, additional features include abdominal pain, confusion, conjunctivitis, cough, diarrhea, headache, 
lymphadenopathy, mucous membrane changes, neck swelling, rash, respiratory symptoms, sore throat, swollen hands and feet, 
syncope, and vomiting. 
‡ In the WHO case definition, cardiac involvement is defined as the presence of myocardial dysfunction, pericarditis, valvulitis, or coronary 
abnormalities (including findings on echocardiogram or elevated levels of troponin/N- terminal pro– B- type natriuretic peptide). 
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low consensus were addressed first. The panelists were then 
encouraged to discuss the remaining statements.

Round 2. Input from the initial voting and discussion was 
incorporated (by LAH and JJM) into the draft guidance state-
ments, and the document was redistributed to the entire Task 
Force for a second round of voting. Voting in this phase was 
conducted in the same manner as described above, and results 
were reviewed at a third webinar on June 10, 2020. Guidance 
statements that earned a median score of 7– 9 with moderate 
or high levels of consensus were approved by the panel.

Guidance approval. Following the final webinar, approved 
statements were refined and, in some instances, combined to 
reduce redundancy. A preliminary guidance document was gen-
erated, and the entire Task Force was given an opportunity to 

review and edit the document. Approval was obtained from each 
panelist on June 14, 2020 and by the ACR Board of Directors 
on June 17, 2020 (12). After further review, the authors decided 
to include measurement of C- reactive protein (CRP) levels in the 
laboratory evaluation of hyperinflammation in severe COVID- 19 
(Table 7) and the entire Task Force then re- voted on the guidance 
statements and approved the modifications to this recommenda-
tion statement.

Guidance revisions. For subsequent versions of the 
guidance, work group leaders were asked to identify guidance 
statements that should be modified based on clinical experience 
and newly available evidence in the literature. Revised statements 
along with the supporting literature were provided to the pan-
elists before a webinar was held on October 13, 2020 to discuss 

Figure 1. Diagnostic pathway for multisystem inflammatory syndrome in children (MIS- C). Moderate- to- high consensus was reached by 
the Task Force in the development of this diagnostic pathway for MIS- C associated with SARS– CoV- 2. 1Due to the difficulty in establishing 
an epidemiologic linkage to a preceding SARS– CoV- 2 infection given the evolving COVID- 19 pandemic, the diagnosis of MIS- C must be 
determined based on the totality of the history, examination, and laboratory studies. Patients may have MIS- C even in the absence of preceding 
COVID- 19– like illness or a clear history of exposure to SARS– CoV- 2, especially in the setting of high community prevalence. 2Suggestive clinical 
features include rash (polymorphic, maculopapular, or petechial, but not vesicular), gastrointestinal symptoms (diarrhea, abdominal pain, or 
vomiting), oral mucosal changes (red and/or cracked lips, strawberry tongue, or erythema of the oropharyngeal mucosa), conjunctivitis (bilateral 
conjunctival infection without exudate), and neurologic symptoms (altered mental status, encephalopathy, focal neurologic deficits, meningismus, 
or papilledema). 3The complete metabolic panel (CMP) includes measurement of sodium, potassium, carbon dioxide, chloride, blood urea 
nitrogen, creatinine, glucose, calcium, albumin, total protein, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, and 
bilirubin. 4Procalcitonin, cytokine panel, and blood smear test results should be sent, if available. 5Serologic test results should be sent if not sent 
in Tier 1 evaluation, and if possible, SARS– CoV- 2 IgG, IgM, and IgA test results should be sent. CRP = C- reactive protein; ESR = erythrocyte 
sedimentation rate; ALC = absolute lymphocyte count; CBC = complete blood cell count; BNP = B- type natriuretic peptide; PT = prothrombin 
time; PTT = partial thromboplastin time; LDH = lactate dehydrogenase; u/a = urinalysis; EKG = electrocardiogram.
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the proposed changes to the second version of the guidance. 
A similar process was followed in preparation for a webinar on 
September 9, 2021 for the third version of the guidance. Dr. 
Christina VanderPluym, a pediatric cardiologist with expertise in 
antithrombosis management, joined the Task Force in September 
2021. After the webinar, anonymous voting was conducted in the 
same manner as described above. Revised guidance statements 
that were voted as being appropriate (median score of 7– 9) with 
a moderate or high degree of consensus were approved.

RESULTS

In the first round of voting, the Task Force evaluated a total of 
125 statements that addressed the management of MIS- C and 
hyperinflammation in pediatric patients with COVID- 19. Of these, 
112 statements met the criteria for approval with a median score 
of 7– 9 and moderate or high consensus, while 13 statements 
were rated as uncertain (median score of 4– 6). After refining the 
statements based on the input from the initial phase, 128 guid-
ance statements were approved in the second round of voting 
(see Supplementary Tables 1– 4, available on the Arthritis & Rheu-
matology website at http://onlin  e libr ary.wiley.com/doi/10.1002/
art.42062/  abstract). These statements were organized into 40 
final guidance statements as well as a flow diagram depicting the 
diagnostic pathway for MIS- C (Figure 1), which were approved by 
the entire Task Force and the ACR Board of Directors (12). For 
the second version of the guidance, the Task Force approved 22 
revised statements (see Supplementary Table 5, available on the 
Arthritis & Rheumatology website at http://onlin  elibr  ary.wiley.com/
doi/10.1002/art.42062/  abstract) as well as a second flow dia-
gram on treatment of MIS- C (Figure 2). An additional 33 revised 
statements were approved by the Task Force for the third version 
of the guidance (see Supplementary Table 6, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41616/ abstract). Topics covered in the guidance 
include the following: 1) diagnostic evaluation of MIS- C (Table 2 and 
Figure 1); 2) MIS- C and KD phenotypes (Table 3); 3) cardiac man-
agement of MIS- C (Table 4); 4) treatment of MIS- C (Tables 5 and 
6 and Figure 2); and 5) hyperinflammation in COVID- 19 (Table 7).

Our understanding of SARS– CoV- 2– related syndromes in 
the pediatric population continues to evolve. The recommenda-
tions provided by the Task Force reflect expert opinion and cur-
rently available evidence. Thus, this guidance is meant to be a 
“living document” and will be modified as additional data become 
available. The recommendations provided in the guidance docu-
ment do not replace the importance of clinical judgment tailored to 
the unique circumstances of an individual patient.

Diagnostic evaluation of MIS- C. Maintaining a broad 
differential diagnosis. Multiple case definitions for MIS- C 
have been proposed (8– 10), some of which are broader than 
others (Table 1). Common clinical features of MIS- C include 

fever, mucocutaneous findings (rash, conjunctivitis, edema of 
the hands/feet, red/cracked lips, and strawberry tongue), myo-
cardial dysfunction, cardiac conduction abnormalities, shock, 
gastrointestinal symptoms, and lymphadenopathy (2,4– 7, 

Figure 2. Algorithm for initial immunomodulatory treatment 
of multisystem inflammatory syndrome in children (MIS- C). 
Moderate- to- high consensus was reached by the Task Force in the 
development of this treatment algorithm for MIS- C associated with 
SARS– CoV- 2. 1Intravenous immunoglobulin (IVIG) dosing is 2 gm/
kg based on ideal body weight, with maximum dose of 100 gm. 
Cardiac function and fluid status should be assessed before IVIG is 
given. In some patients with cardiac dysfunction, IVIG may be given 
in divided doses (1 gm/kg daily over 2 days). 2Methylprednisolone or 
another steroid at equivalent dosing may be used. 3In select patients 
with mild disease or contraindications to glucocorticoids, IVIG alone 
may be appropriate as first- line treatment for MIS- C. These patients 
should be monitored closely and intensification therapy should be 
added at the first signs of clinical worsening. 4Refractory disease 
is defined as persistent fevers and/or ongoing and significant end- 
organ involvement. 5Infliximab should not be used in patients with 
MIS- C and features of macrophage activation syndrome.

http://onlinelibrary.wiley.com/doi/10.1002/art.42062/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.42062/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.42062/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.42062/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41616/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41616/abstract
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13– 22). Neurologic involvement is also reported, manifesting 
as severe headache, altered mental status, seizures, cranial 
nerve palsies, meningismus, cerebral edema, and ischemic 
or hemorrhagic stroke in select patients (5– 7,13,14,19– 23). 
These findings are nonspecific and can occur in other infec-
tions, as well as in non– infection- related conditions such as 
oncologic or inflammatory conditions (24). In the midst of the 
COVID- 19 pandemic, there is potential for cognitive bias with 
anchoring on a diagnosis of MIS- C when children present with 
unexplained fevers. Therefore, it is imperative that a diagnos-
tic evaluation for MIS- C include investigation for other possi-
ble causes, as deemed appropriate by the treating provider. 

MIS- C is temporally associated with SARS– CoV- 2 infections, 
and clusters of cases have been reported in geographic areas 
with dense COVID- 19 disease burden, typically being identified 
within 2– 6 weeks after the peak incidence of acute, infectious 
COVID- 19 (4,13,14,17,19– 21). Thus, the prevalence and chro-
nology of SARS– CoV- 2 infection in a given location, which may 
change over time, should also inform the diagnostic evaluation.

The incidence of MIS- C is unknown; however, it appears to be 
a rare complication of SARS– CoV- 2 infection, with some estimates 
indicating that MIS- C occurs in 5.1 out of 1,000,000 person- months 
in individuals under the age of 21 years (20). The relative rarity of 
MIS- C should also be considered in the diagnostic approach (25).

Table 2. Diagnostic evaluation of MIS- C*

Guidance statement
Level of 

consensus
The vast majority of children with COVID- 19 present with mild symptoms and have excellent outcomes. MIS- C remains 

a rare complication of SARS– CoV- 2 infections.
High

MIS- C is temporally associated with SARS– CoV- 2 infections. Therefore, the prevalence of the virus in a given geographic 
location, which may change over time, should inform management decisions.

Moderate

Given the high prevalence of COVID- 19 in certain communities, seropositivity to SARS– CoV- 2 (nucleocapsid or spike 
protein) may no longer adequately distinguish between MIS- C and other overlapping syndromes, although a negative 
finding on antibody test should prompt consideration of alternative diagnoses.

Moderate

A child “under investigation” for MIS- C should also be evaluated for other possible infections and non– infection- related 
conditions (e.g., malignancy) that may explain the clinical presentation.

High

Patients “under investigation” for MIS- C may require additional diagnostic studies (not described in Figure 1), including, 
but not limited to, imaging of the chest, abdomen, and/or central nervous system and lumbar puncture.

High

Outpatient evaluation for MIS- C may be appropriate for assessing well- appearing children with stable vital signs and 
for ensuring that physical examinations provide close clinical follow- up.

Moderate

Patients “under investigation” for MIS- C should be considered for admission to the hospital for further observation 
while the diagnostic evaluation is completed, especially if the patient displays any of the following symptoms:

1. abnormal vital signs (tachycardia, tachypnea);
2. respiratory distress of any severity;
3. neurologic deficits or change in mental status (including subtle manifestations);
4. evidence of renal or hepatic injury (including mild injury);
5. marked elevations in inflammation markers;
6. abnormal EKG findings or abnormal levels of BNP or troponin T.

High

Children admitted to the hospital with MIS- C should be managed by a multidisciplinary team that includes pediatric 
rheumatologists, cardiologists, infectious disease specialists, and hematologists. Depending on the clinical 
manifestations, other subspecialties may need to be consulted as well; these include, but are not limited to, pediatric 
neurology, nephrology, hepatology, and gastroenterology.

Moderate to high

* MIS- C = multisystem inflammatory syndrome in children; EKG = electrocardiogram; BNP = B- type natriuretic peptide; KD = Kawasaki disease. 

Table 3. MIS- C and KD phenotypes*

Guidance statement
Level of 

consensus
MIS- C and KD may share overlapping clinical features, including conjunctival infection, oropharyngeal findings (red and/

or cracked lips, strawberry tongue), rash, swollen and/or erythematous hands and feet, and cervical 
lymphadenopathy.

High

Several epidemiologic, clinical, and laboratory features of MIS- C may differ from KD in the following ways:
1. There is an increased incidence of MIS- C in patients of African, Afro- Caribbean, and Hispanic descent, but a lower 

incidence in those of East Asian descent.
2. Patients with MIS- C encompass a broader age range, have more prominent GI and neurologic symptoms, present 

more frequently in a state of shock, and are more likely to display cardiac dysfunction (ventricular dysfunction and 
arrhythmias) than children with KD.

3. At presentation, patients with MIS- C tend to have lower platelet counts, lower absolute lymphocyte counts, and 
higher CRP levels than patients with KD.

4. Ventricular dysfunction is more frequently associated with MIS- C whereas KD more frequently manifests with 
coronary artery aneurysms; however, MIS- C patients without KD features can develop CAA.

Moderate to high

Epidemiologic studies of MIS- C suggest that younger children are more likely to present with KD- like features, while 
older children are more likely to develop myocarditis and shock.

Moderate

* MIS- C = multisystem inflammatory syndrome in children; KD = Kawasaki disease; GI = gastrointestinal; CRP = C- reactive protein; CAAs = coronary 
artery aneurysms. 
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Tier 1 screening. Based on our review of the literature and 
diagnostic algorithms that are publicly available, the Task Force 
chose to cast a broad net with respect to the evaluation of 
patients with possible MIS- C, while simultaneously balancing the 

need to reduce indiscriminate overtesting and to prevent unnec-
essary use of resources in the treatment of pediatric patients 
who have unrelated causes of fever (2,4,5,7,13– 16,26,27). To 
date, there are no clear data indicating the pretest positive or 

Table 4. Cardiac management of MIS- C*

Guidance statement
Level of 

consensus
Patients with MIS- C and abnormal BNP and/or troponin T levels at diagnosis should have these laboratory parameters 

trended over time until they normalize.
High

EKGs should be performed at a minimum of every 48 hours in MIS- C patients who are hospitalized and during follow- up 
visits. If conduction abnormalities are present, patients should be placed on continuous telemetry while in the 
hospital, and Holter monitors should be considered during follow- up.

Moderate to high

Echocardiograms conducted at diagnosis and during clinical follow- up should include evaluation of ventricular/valvular 
function, pericardial effusion, and coronary artery dimensions with measurements indexed to body surface area using 
z- scores.

High

Echocardiograms should be repeated at a minimum of 7– 14 days and 4– 6 weeks after presentation. For those patients 
with cardiac abnormalities occurring in the acute phase of their illness, an echocardiogram 1 year after MIS- C diagnosis 
could be considered. Patients with LV dysfunction and/or CAAs will require more frequent echocardiograms.

Moderate to high

Cardiac MRI may be indicated 2– 6 months after MIS- C diagnosis in patients who presented with significant transient LV 
dysfunction in the acute phase of illness (LV ejection fraction <50%) or persistent LV dysfunction. Cardiac MRI should 
focus on myocardial characterization, including functional assessment, T1/T2- weighted imaging, T1 mapping and 
extracellular volume quantification, and late gadolinium enhancement.

High

Cardiac CT should be performed in patients with suspected presence of distal CAAs that are not well seen on 
echocardiogram.

Moderate

* MIS- C = multisystem inflammatory syndrome in children; BNP = B- type natriuretic peptide; EKGs = electrocardiograms; LV = left ventricular;
CAAs = coronary artery aneurysms; MRI = magnetic resonance imaging; CT = computed tomography. 

Table 5. Immunomodulatory treatment in MIS- C*

Guidance statement
Level of 

consensus
Patients under investigation for MIS- C without life- threatening manifestations should undergo diagnostic evaluation for 

MIS- C as well as other possible infections and non– infection- related conditions before immunomodulatory treatment is 
initiated.

Moderate

Patients “under investigation” for MIS- C with life- threatening manifestations may require immunomodulatory treatment for 
MIS- C before the full diagnostic evaluation can be completed.

High

After evaluation by specialists with expertise in MIS- C, some patients with mild symptoms may only require close monitoring 
without immunomodulatory treatment. The panel noted uncertainty around the empiric use of IVIG to prevent CAAs in this 
setting.

Moderate

A stepwise progression of immunomodulatory therapies should be used to treat MIS- C, with IVIG and low- to- moderate– dose 
glucocorticoids considered first- tier therapy in most hospitalized patients (Figure 2).

Moderate

High- dose glucocorticoids, anakinra, or infliximab should be used as intensification therapy in patients with refractory 
disease (Figure 2).

Moderate

IVIG should be given to MIS- C patients who are hospitalized and/or fulfill KD criteria. High
IVIG (typically 2 gm/kg, based on ideal body weight, maximum 100 gm) should be used for treatment of MIS- C. High
Cardiac function and fluid status should be assessed in MIS- C patients before IVIG treatment is provided. Patients with 

depressed cardiac function may require close monitoring and diuretics with IVIG administration.
High

In some patients with cardiac dysfunction, IVIG may be given in divided doses (1 gm/kg daily over 2 days). Moderate
Low- to- moderate– dose glucocorticoids (1– 2 mg/kg/day) should be given with IVIG as dual therapy for treatment of MIS- C in 

hospitalized patients.
Moderate

In patients with refractory MIS- C, despite a single dose of IVIG, a second dose of IVIG is not recommended given the risk of 
volume overload and hemolytic anemia associated with large doses of IVIG.

High

In patients who do not respond to IVIG and low- to- moderate– dose glucocorticoids, high- dose, IV pulse glucocorticoids 
(10– 30 mg/kg/day) should be considered, especially if a patient requires high- dose or multiple inotropes and/or 
vasopressors.

Moderate

High- dose anakinra (>4 mg/kg/day IV or SC) should be considered for treatment of MIS- C refractory to IVIG and 
glucocorticoids in patients with MIS- C and features of MAS or in patients with contraindications to long- term use of 
glucocorticoids.

Moderate

Infliximab (5–10 mg/kg/day IV x 1 dose) may be considered as an alternative biologic agent to anakinra for treatment of MIS- C 
in patients refractory to IVIG and glucocorticoids, or in patients with contraindications to long- term use of glucocorticoids. 
Infliximab should not be used to treat patients with MIS- C and features of MAS.

Moderate

Serial laboratory testing and cardiac assessment should guide immunomodulatory treatment response and tapering. 
Patients may require a 2– 3- week, or even longer, taper of immunomodulatory medications.

High

* MIS- C = multisystem inflammatory syndrome in children; IVIG = intravenous immunoglobulin; KD = Kawasaki disease; CAAs = coronary artery 
aneurysms; SC = subcutaneous; MAS = macrophage activation syndrome. 
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Table 6. Antiplatelet and anticoagulation therapy in MIS- C*

Guidance statement
Level of 

consensus
Low- dose aspirin (3– 5 mg/kg/day; maximum 81 mg/day) should be used in patients with MIS- C and continued until the 

platelet count is normalized and normal coronary arteries are confirmed at ≥4 weeks after diagnosis. Treatment with 
aspirin should be avoided in patients with active bleeding, significant bleeding risk, and/or a platelet count of ≤80,000/μl.

Moderate

Central venous catheterization, age >12 years, malignancy, ICU admission, and D- dimer levels elevated to >5 times the 
upper limit of normal are independent risk factors for thrombosis in MIS- C. Higher- intensity anticoagulation should be 
considered in children with MIS- C on an individual basis, taking into consideration the presence of these risk factors 
balanced with the patient’s risk of bleeding.

Moderate

MIS- C patients with CAAs should receive anticoagulation therapy according to the American Heart Association 
recommendations for KD. MIS- C patients with a maximal z- score of 2.5– 10.0 should be treated with low- dose aspirin. 
Patients with a z- score of ≥10.0 should be treated with low- dose aspirin and therapeutic anticoagulation with 
enoxaparin (anti– factor Xa level 0.5– 1.0) for at least 2 weeks, and then can be transitioned to VKA therapy (INR 2– 3) or 
DOAC as long as the CAA z- score exceeds 10.

Moderate

MIS- C patients with an EF <35% should receive low- dose aspirin and therapeutic anticoagulation (defined as enoxaparin 
administered subcutaneously, with target anti– factor Xa levels of 0.5– 1.0 or warfarin/VKA (INR 2– 3) or DOAC Moderate) 
until EF exceeds 35%.

High

MIS- C patients with documented thrombosis should receive low- dose aspirin and therapeutic anticoagulation (see 
definition above) for 3 months, pending resolution of thrombosis. Repeat imaging of thrombosis at 4– 6 weeks 
post- diagnosis should be acquired, and anticoagulation can be discontinued if resolved.

High

For MIS- C patients who do not meet the above criteria, the approach to antiplatelet and anticoagulation therapeutic 
management should be tailored to the patient’s risk for thrombosis.

High

* MIS- C = multisystem inflammatory syndrome in children; ICU = intensive care unit; KD = Kawasaki disease; VKA = vitamin K antagonist; DOAC = 
direct- acting oral anticoagulant; CAA = coronary artery aneurysm; EF = ejection fraction; LV = left ventricular. 

Table 7. Hyperinflammation in COVID- 19*

Guidance statement
Level of 

consensus
Children, particularly infants, with medical complexity including type I diabetes, complex congenital heart disease, 

neurologic conditions, obesity, or asthma and those receiving immunosuppressive medications may be at higher risk 
for severe COVID- 19. Racial and ethnic minorities may also be at higher risk.

Moderate

Children and adults admitted to the hospital with COVID- 19 present with similar symptoms, including fever, upper 
respiratory tract symptoms, abdominal pain, and diarrhea.

Moderate

Hospitalized children requiring supplemental oxygen or respiratory support due to COVID- 19 should be considered for 
immunomodulatory therapy. Substantial elevation in inflammation markers (including LDH, D- dimer, IL- 6, IL- 2R, CRP, 
and/or ferritin, and depressed lymphocyte count, albumin level, and/or platelet count) may support this decision and 
prove useful in monitoring.

High

Dexamethasone (0.15– 0.3 mg/kg/day, maximum 6 mg, for up to 10 days) should be used as first- line 
immunomodulatory treatment in children with persistent oxygen requirement due to COVID- 19, although other 
glucocorticoids may be equally effective.

Moderate

Children with increasing oxygen requirements and elevated inflammation markers due to COVID- 19 who have not 
improved with glucocorticoids alone should receive secondary immunomodulatory therapy.

High

Tocilizumab and baricitinib have both demonstrated efficacy in clinical trials of adults with COVID- 19 and should be 
considered as agents for secondary immunomodulatory therapy in children, and the decision of which to choose will 
depend on availability, patient age, and comorbidities (such as renal failure or thrombosis).

High

Tofacitinib can be considered as an alternative medication for secondary immunomodulatory therapy if tocilizumab and 
baricitinib are not available or contraindicated.

Moderate

The benefit of secondary immunomodulatory therapy in COVID- 19 appears to be greatest when given early in the 
course of clinical deterioration (within 24 hours of escalation to high- flow oxygen, noninvasive ventilation, or ICU 
admission).

High

Secondary immunomodulatory therapy should be used in combination with glucocorticoids. Tocilizumab may be given 
at a dose of 8 mg/kg IV (maximum 800 mg) and may be re- dosed ≥8 hours later if there is insufficient clinical 
response. Baricitinib may be given orally for up to 14 days to children with normal renal function, at a dose of 2 mg 
daily in children age 2 years to <9 years , and 4 mg daily in children age ≥9 years.

Moderate

Children with COVID- 19 treated with secondary immunomodulatory therapy should be monitored for secondary 
infections and LFT abnormalities. Children receiving tocilizumab should also be monitored for hypertriglyceridemia 
and infusion reactions. Children receiving baricitinib should also be monitored for thrombosis and thrombocytosis.

Moderate to High

There is insufficient experience in adults with COVID- 19, along with extremely limited performance history in the 
pediatric population, to recommend for or against the use of other IL- 6 or JAK inhibitors in children with COVID- 19.

Moderate

Given the conflicting data from clinical trials of anakinra in adults with COVID- 19 pneumonia, there is insufficient 
evidence to recommend for or against the use of anakinra in children with COVID- 19 and hyperinflammation.

Moderate

* LDH = lactate dehydrogenase; IL- 6 = interleukin- 6; IL- 2R = interleukin- 2 receptor; CRP = C- reactive protein; IV = intravenous; SC = subcutaneous;
LFT = liver function test. 
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negative predictive probabilities for each clinical symptom or 
laboratory value in diagnosing MIS- C. It should be noted that 
due to the paucity of data, our recommendations reflect a multi-
disciplinary consensus that is likely to be revised as these data 
become available.

Fever is a key manifestation of MIS- C, with affected children 
presenting with significantly higher temperatures and longer fever 
duration than children with other routine pediatric illnesses (28). 
Thus, children with unremitting fever, an epidemiologic link to 
SARS– CoV- 2, and suggestive clinical symptoms should be con-
sidered “under investigation” for MIS- C, while alternative diagno-
ses that could explain the patient’s clinical presentation are also 
explored (Figure 1). A tiered diagnostic approach is recommended 
in patients without life- threatening manifestations; this includes 
performing an initial screening evaluation (Tier 1), and thereafter 
proceeding to a complete diagnostic evaluation (Tier 2) only in 
patients with laboratory results from the Tier 1 screening that are 
concerning. Tier 1 consists of laboratory studies that are eas-
ily obtained at most clinical facilities (complete blood cell count 
with manual differential, complete metabolic panel, erythrocyte 
sedimentation rate [ESR], CRP measurement, and testing for 
SARS– CoV- 2 by polymerase chain reaction [PCR] or serology). 
Among MIS- C cases reported in the literature, the overwhelm-
ing majority involve elevated levels of inflammation markers, par-
ticularly CRP, as values higher than 10 mg/dl or even 20 mg/dl 
are common (2,4– 6,13,14,17,19– 22). Thus, to enter the sec-
ond stage of testing, children should have elevated ESR and/
or CRP levels and at least 1 other suggestive laboratory feature: 
lymphopenia, neutrophilia, thrombocytopenia, hyponatremia, or 
hypoalbuminemia (2,4– 6,13,14,17,19– 22).

Tier 2 evaluation. Tier 2 encompasses more complex test-
ing that typically requires additional time to complete. Reports 
in the literature and unpublished observations by members of 
the panel both note that some patients with MIS- C can decom-
pensate rapidly (7,13). Accordingly, children with abnormal vital 
signs, concerning physical examination findings, or signs of car-
diac involvement will need to be admitted to the hospital for sup-
portive care while Tier 2 testing is completed. In addition, there 
is emerging evidence that the degree of lymphopenia, throm-
bocytopenia, and CRP elevation may predict severe disease, 
and children with these laboratory findings should be monitored 
closely (29,30).

The panel also noted that MIS- C appears to be a continuum 
of disease that encompasses milder phenotypes that have not 
been fully described in the published literature (31). Some patients 
present with fever, rash, and systemic inflammation and no other 
organ damage. While these children require close monitoring, 
they do not always need to be hospitalized. Thus, in some cases, 
well- appearing children with reassuring vital signs and physical 
examination findings may be considered suitable for outpatient 
diagnostic evaluations as long as close clinical follow- up can be 
ensured.

Prominent cardiac involvement has been reported in a pro-
portion of MIS- C patients in every retrospective cohort study pub-
lished to date (2,4– 6,13,14,17,19– 22,32– 34). These include left 
ventricular (LV) dysfunction, coronary artery dilation or coronary 
artery aneurysm (CAA), and electrical conduction abnormalities. 
Valvular dysfunction and pericardial effusion are less frequently 
described. Among the initial descriptions of MIS- C, LV dysfunction 
was present in 20– 55% of cases, and coronary artery dilation or 
CAA in ~20% (2,4,13). The early reports appear to have overesti-
mated the incidence of cardiac features as they likely represented 
the most severe component of the MIS- C spectrum. In larger 
cohorts reported later in the course of the COVID- 19 pandemic, it 
was observed that the rate of CAAs was closer to 13% (35). At 30 
days of follow- up, most patients with MIS- C have normalization of 
their LV ejection fraction regardless of the degree of LV dysfunction 
at the initial presentation (35). Further, CAAs regress in close to 
80% of patients, which is not as commonly demonstrated in pre- 
pandemic KD (35). While LV dysfunction and CAAs are salient and 
frequently described features of MIS- C, arrhythmias have been 
less well characterized. Recently, atrioventricular block was identi-
fied in up to 20% of children with MIS- C, including progression to 
second-  and third- degree block in some (33).

For these reasons, EKG and echocardiogram are key com-
ponents of the full diagnostic evaluation. The echocardiogram 
should include quantification of LV size and systolic function 
using end- diastolic volume (and z- score) and ejection fraction 
(EF) (36,37). Detailed evaluation of all coronary artery segments 
and normalization of coronary artery measurements to body sur-
face area using z- scores is necessary (37,38). Cardiac laboratory 
values at the time of diagnosis, specifically levels of troponin T 
and B- type natriuretic peptide (BNP)/N- terminal proBNP (NT- 
proBNP), may help identify patients with cardiac sequelae from 
MIS- C (4– 6,13,14,17). In particular, highly elevated BNP/NT- 
proBNP levels may be helpful in distinguishing between MIS- C 
patients with and those without LV dysfunction; however, mild 
and transient elevations in these laboratory parameters are likely 
to be nonspecific, and do not necessarily indicate cardiac involve-
ment (14,39,40). BNP, in particular, is an acute- phase reactant, 
and therefore may be elevated in inflammatory conditions without 
cardiac involvement (40).

Tier 2 testing should also include further assessment for 
systemic inflammation. In addition to changes in the ESR and 
CRP level, MIS- C patients typically demonstrate other markers of 
inflammation, including high d- dimer levels, moderately elevated 
ferritin levels (often ranging from 500 to 2,000 ng/dl), profoundly 
increased procalcitonin levels in the absence of bacterial infection, 
and increased lactate dehydrogenase (LDH) levels (5– 7,13,14,17). 
Cytokine and chemokine measurements, when available, can 
assist in the diagnostic evaluation, as levels of interleukin- 6 (IL- 
6), tumor necrosis factor (TNF), or IL- 10 are often increased 
(5,6,13,21,22,41– 44). In addition, IL- 18 and IFNγ- related markers 
are associated with severe disease in MIS- C (45,46). However, 
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cytokine and chemokine levels measured in this manner should 
not dictate treatment choices and are not required to determine 
treatment plans. Along with systemic inflammation, endothelial 
dysfunction is a feature of MIS- C, and a peripheral blood smear 
can be used to identify microangiopathic changes in red blood 
cells, although the sensitivity and specificity of using a peripheral 
blood smear for the diagnosis of MIS- C is unknown (42).

Finally, a greater proportion of MIS- C patients have been 
found positive for SARS– CoV- 2 by serologic testing (80– 90%) 
than by PCR testing (20– 40%), and both tests should be sent to 
evaluate the epidemiologic link to the infection (4– 6,13,17,20,21). 
The use of serologic testing will become more complicated as the 
COVID- 19 pandemic evolves, because seropositivity for SARS– 
CoV- 2 IgG may not be indicative of a recent infection. Vaccination 
will also complicate the measurement of anti- spike antibodies. It is 
important to interpret serologic testing in the context of the prev-
alence of viral transmission in the patient’s community, although a 
negative finding on antibody test should prompt consideration of 
alternative diagnoses.

MIS- C and KD phenotypes. In an early sentinel report 
from Bergamo, the Italian epicenter of the COVID- 19 pandemic, 
KD and KD- like illnesses were observed at a rate 30 times higher 
than that observed in the pre- pandemic era (4). Since this obser-
vation, the clinical symptoms of MIS- C have frequently been 
compared to those of KD given their similarity in profiles, which 
includes fevers, mucocutaneous features, and cardiac sequelae 
(2,4– 7,13– 17,21,36,41,47). However, a closer examination of the 
literature shows that only about one- quarter to one- half of patients 
with a reported diagnosis of MIS- C meet the full diagnostic criteria 
for KD (4– 6,13,14,19,20,41).

Several epidemiologic, clinical, and laboratory features of 
MIS- C that differ from KD unrelated to SARS– CoV- 2 are worthy 
of mention. First, the incidence of KD is highest in Japan and East 
Asia. In contrast, non- Hispanic Black children are more likely to 
develop MIS- C when compared to pediatric patients with acute 
COVID- 19 (2,5,6,14,19,20,35,48). It is unclear whether genetic 
or biologic factors could explain this racial/ethnic distribution of 
MIS- C or whether socioeconomic status and structural inequality 
are more causative.

Second, the age distribution of MIS- C is broad, ranging from 
infancy to adulthood, with children ages 6 to 12 years at increased 
risk (2,4– 7,13,14,17,19– 21,35,41,49). In contrast, the majority 
of children with KD present with symptoms before age 5 years 
(4,14,21,41,50,51).

Third, as discussed above, the clinical presentations of LV 
dysfunction and shock that are characteristic of patients with 
MIS- C are considerably less common in patients with KD, with 
fewer than 10% of KD patients presenting with KD shock syn-
drome (52). Close to one- quarter of untreated KD patients develop 
CAAs (53). Coronary artery aneurysms have been documented in 
~13% of MIS- C patients and tend to regress within 30 days in 

a majority of children (2,4,13,14,17,19,20,35,41). Importantly, it 
is clear that MIS- C patients without KD symptoms can develop 
CAAs, highlighting the need for cardiac evaluation in all patients 
with MIS- C regardless of phenotypic features, and providing sup-
port for the treatment rationale discussed below (14).

Fourth, although gastrointestinal and neurologic symptoms 
are reported in KD patients, the panel agreed that these findings 
were more frequently encountered in the MIS- C population.

Finally, the laboratory parameters that have been found to 
differ in retrospective cohorts of MIS- C patients compared to 
historical cohorts of KD patients include a lower platelet count, 
lower absolute lymphocyte count, and higher CRP level in MIS- C 
patients (4,14,21,41). There is emerging evidence that age may 
impact the clinical phenotype of MIS- C. Epidemiologic studies 
suggest that younger children are more likely to present with KD- 
like features, while older children are more likely to develop myo-
carditis and shock (19,20).

Cardiac management of MIS- C. Children with MIS- C 
will need close clinical follow- up with cardiology. Extrapolating 
data from KD, another condition that can be complicated by 
CAA, the panel recommended that repeat echocardiograms be 
obtained from all children with MIS- C at a minimum of 7– 14 days 
and then 4– 6 weeks after the initial presentation (36). For those 
patients with cardiac involvement noted during the acute phase of 
illness, another echocardiogram at 1 year after MIS- C diagnosis 
could be considered. Children with LV dysfunction and CAAs will 
require more frequent echocardiograms.

Although LV function improves rapidly in most MIS- C patients, 
the long- term complications of myocardial inflammation in this 
syndrome are not known and may include myocardial fibrosis and 
scarring, representing features that have been seen in other forms 
of pediatric myocarditis (6,13,54). Cardiac magnetic resonance 
imaging at 2– 6 months post– acute illness in those patients who 
had moderate- to- severe LV dysfunction will allow for evaluation 
of fibrosis and scarring. Electrical conduction abnormalities are 
increasingly noted in MIS- C patients and may develop after the 
initial presentation; therefore, EKGs should be obtained at a min-
imum of every 48 hours in patients who are hospitalized and at 
each follow- up visit (5,6,13,14,33). If conduction abnormalities are 
present, the patient should be placed on telemetry while in the 
hospital, and may need Holter monitoring at clinical follow- up.

Treatment of MIS- C. Immunomodulatory treatment in 
MIS- C. Goals of treatment in the MIS- C population are to stabi-
lize patients with life- threatening manifestations such as shock, 
and to prevent long- term sequelae that may include CAAs, myo-
cardial fibrosis/scarring, and fixed cardiac conduction abnor-
malities. There are no randomized controlled clinical trials that 
directly compare therapeutic approaches in MIS- C. Recommen-
dations approved by the Task Force are derived from experience 
in managing MIS- C in children, as well as from nonrandomized 
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comparative cohort studies and higher quality data from other 
pediatric conditions with similar features. Initiation of treatment 
will often depend on the severity of the patient’s presentation. 
There was consensus among the panelists that patients under 
investigation for MIS- C without life- threatening manifestations 
should undergo a diagnostic evaluation for MIS- C as well as 
other possible infections and non– infection- related conditions 
before immunomodulatory treatment is initiated. This is to pre-
vent the use of therapies that could be potentially harmful in 
patients who do not have MIS- C.

Further, a subgroup of patients with MIS- C will develop pro-
gressive cardiac involvement rapidly; therefore, hospital admission 
and sequential monitoring of inflammation markers, including BNP/
NT- proBNP and troponin T levels, without instituting treatment can 
sometimes inform the diagnostic evaluation (7,13). Children with a 
life- threatening presentation such as shock will clearly require sup-
portive care and may benefit from early initiation of immunomodu-
latory treatment, sometimes before a full diagnostic evaluation can 
be completed. In such cases, ongoing diagnostic evaluation should 
be pursued in parallel with treatment by a multidisciplinary team.

Finally, the current recommendations address the treatment 
of MIS- C that is uncomplicated by macrophage activation syn-
drome (MAS). Importantly, there is a subgroup of patients with 
MIS- C who may also develop overt MAS. The treatment of those 
patients may need to deviate from the recommendations pre-
sented herein (4).

Initial immunomodulatory therapy. A stepwise approach to 
immunomodulatory treatment in MIS- C is recommended, with 
dual therapy with intravenous immunoglobulin (IVIG) and gluco-
corticoids considered as first- line treatment for most hospitalized 
patients (Figure 2). Both IVIG and glucocorticoids are the most 
commonly used immunomodulatory medications in MIS- C 
patients reported to date (2,4– 7,13– 15,17,19– 21,41,55). Initially, 
IVIG and glucocorticoids were used to treat patients with MIS- C 
based on their track record in KD and fulminant myocarditis, 
two conditions that resemble MIS- C in some aspects. IVIG at a 
dose of 2 gm/kg prevents CAAs in KD while the benefit of IVIG 
in myocarditis remains unclear; however, case reports of suc-
cessful use of IVIG in coronavirus- associated myocarditis have 
been published (36,53,56– 62). Glucocorticoids reduce rates of 
CAA development when used in KD patients at high risk for IVIG 
resistance (63,64).

Several comparative cohort studies have demonstrated 
favorable outcomes for children with MIS- C treated initially with 
IVIG in combination with glucocorticoids compared to IVIG mon-
otherapy (65– 68). This benefit was initially shown in a study by 
Belhadjer et al in a retrospective, single- center study that showed 
faster cardiac recovery in 22 MIS- C patients who received IVIG in 
combination with methylprednisolone (0.8 mg/kg/day for 5 days) 
compared to IVIG alone (n = 18) (65). Shortly thereafter, a small 
(n = 96) propensity score–matching analysis from a retrospec-
tive surveillance system cohort in France showed that patients 

treated with IVIG and methylprednisolone (most treated with 1.6– 
2.0 mg/kg/day) had a lower risk of treatment failure, improved 
cardiac function, shorter duration of ICU stay, and reduced rates 
of treatment escalation compared to children who received IVIG 
alone (66). The larger Overcoming COVID- 19 and Best Available 
Treatment Study (BATS) also addressed this question. Son et al 
showed that compared to IVIG alone, initial combination IVIG and 
glucocorticoid treatment (most treated with methylprednisolone 
2.0 mg/kg/day) was associated with a lower risk of cardiovascular 
dysfunction and need for adjunctive immunomodulatory therapy 
on day 2 (67). In the BATS study, McArdle et al demonstrated 
significantly lower rates of treatment escalation with IVIG and glu-
cocorticoids versus IVIG alone; however, there was no difference 
between these groups in the primary end points, a composite 
score of inotropic support or mechanical ventilation by day 2 or 
reduction in disease severity at day 2 (68). There is also some evi-
dence to suggest that faster initiation of IVIG and glucocorticoids 
in MIS- C is associated with a reduction in intensive care unit (ICU) 
admissions and length of hospital stay (69).

There remains uncertainty about the use of glucocorti-
coid monotherapy as initial treatment in MIS- C. To date, BATS 
is the only study to compare IVIG versus glucocorticoids and 
showed no differences in primary outcomes between these treat-
ment groups (68). IVIG in combination with glucocorticoids was not 
compared to glucocorticoids alone. Outcomes for this study were 
short- term and primarily measured at day 2. There is uncertainty 
about long- term outcomes, particularly CAAs, in MIS- C patients 
treated with glucocorticoids alone. In addition, a large number of 
children in the glucocorticoids alone group ultimately received IVIG 
(n = 47). Feldstein et al reported largely favorable outcomes in a 
large cohort of MIS- C patients, with normalization of LV dysfunction 
in 91% and regression of CAAs in 79.1% of patients at 30 days; 
however, the majority of children in this cohort received IVIG (35). 
Given the lack of reported longer- term outcomes in MIS- C patients 
treated with glucocorticoid monotherapy, the panel was unable to 
recommend glucocorticoids alone as initial therapy in MIS- C. The 
panel made this recommendation for the care of children in North 
America, the target audience provided by the ACR for this guid-
ance, and recognizes that IVIG may not be as freely available in 
other clinical settings.

Upon review of the totality of evidence from these studies, 
the Task Force reached consensus that IVIG in combination 
with glucocorticoids should be used as first- line therapy to treat 
a majority of hospitalized patients with MIS- C. In a select group 
of patients with mild disease or contraindications to glucocorti-
coids, IVIG alone may be appropriate as first- line treatment for 
MIS- C. These patients should be monitored closely and inten-
sification therapy should be added at the first signs of clinical 
worsening.

IVIG should be given at a dose of 2 gm/kg based on ideal body 
weight, with a maximum dose of 100 gm. Low- to- moderate– dose 
glucocorticoids (1– 2 mg/kg/day) should be used as adjunctive 
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therapy with IVIG. Before IVIG is given, cardiac function and fluid 
status should be assessed. If abnormal, the rate of IVIG infu-
sion may be slowed, the treatment may be given in divided doses 
over 2 days, and/or diuretics may be considered to avoid volume 
overload.

Intensification of immunomodulatory therapy. A patient with 
MIS- C is considered to have refractory disease when the child 
has persistent fevers and/or significant end- organ involvement 
despite initial immunomodulatory treatment. Typically, MIS- C 
patients demonstrate a response to IVIG and glucocorticoids 
within the first 24 hours of treatment, and intensification therapy 
should be strongly considered in patients who lack such clini-
cal improvement. Compared to pre– COVID- 19 pandemic KD, 
MIS- C patients display more cardiac dysfunction and require 
larger doses of IVIG due to the age and size of these patients. 
Thus, patients with MIS- C are at greater risk for IVIG complica-
tions such as hemolytic anemia and volume overload. Further-
more, MIS- C patients are more likely to decompensate rapidly 
and may benefit from faster intensification of therapy than chil-
dren with non– SARS– CoV- 2– related KD. Accordingly, a second 
dose of IVIG is not recommended in patients with refractory 
disease. Instead, intensification therapy is recommended with 
either high- dose (10– 30 mg/kg/day) glucocorticoids, anakinra, 
or infliximab. The evidence for selecting a specific agent for 
intensification therapy is limited, with no available comparative 
studies for this clinical scenario.

Thus, recommendations from the panel are based on expert 
opinion, clinical experience, and available data in other pediatric 
hyperinflammatory syndromes. Several panelists have found that 
some children with shock, requiring multiple inotropes and/or 
vasopressors, have responded best to high doses of intravenous 
glucocorticoids (10– 30 mg/kg/day). High- dose intravenous glu-
cocorticoids have been used safely in patients with KD and have 
been used successfully in patients with MIS- C and shock (7,69– 
72). Adjunctive glucocorticoids have also been shown to shorten 
the duration of shock in patients with sepsis (73).

High- dose anakinra (recombinant human IL- 1 receptor antag-
onist) (>4 mg/kg/day and often 5– 10 mg/kg/day) can also be con-
sidered for MIS- C patients with refractory disease despite having 
received IVIG and steroid treatment. In addition, anakinra may also 
be considered as a steroid- sparing agent in patients with contrain-
dications to long courses of glucocorticoids. These recommen-
dations are based on the relative safety of anakinra in pediatric 
patients with hyperinflammatory syndromes and active infection, 
the experience of panel members in using anakinra to treat MIS- C 
patients, and case descriptions of a small number of MIS- C 
patients reported in the literature (13,14,17,19,21,22,41,55,74– 
77). In addition, anakinra has been used successfully in a small 
number of patients with IVIG- resistant KD (78– 81).

Infliximab may also be used for intensification therapy or as 
a steroid- sparing agent in children with MIS- C without evidence 
of macrophage activation syndrome (MAS). A single- center 

retrospective study comparing IVIG alone (n = 20) with IVIG and 
infliximab (10 mg/kg IV x 1 dose) (n = 52) showed that the combi-
nation treatment group was less likely to require additional immu-
nomodulatory therapy, had a shorter length of stay in the ICU, and 
demonstrated less left ventricular dysfunction (82). At baseline, the 
IVIG and infliximab group had more severe disease, making these 
results even more notable. Other groups have also reported pos-
itive results for infliximab in a small number of children with MIS- C 
(83). Infliximab has also been shown to reduce fever in patients 
with IVIG- resistant KD (84,85).

Tapering immunomodulatory therapy. Serial laboratory testing 
and cardiac assessment should guide decisions to decrease immu-
nomodulatory treatment. Children with MIS- C require a prolonged 
course of immunomodulatory treatment that may need to extend 
for 2– 3 weeks, or even longer, to avoid rebound inflammation.

Treatment of non- hospitalized patients. Treatment with 
immunomodulatory agents may not always be required in MIS- 
C. Whittaker et al reported that 22% of MIS- C patients recovered 
with supportive care (14). In close coordination with specialists 
who have expertise in MIS- C, some patients with mild symp-
toms may require only close monitoring, without the use of IVIG 
and/or glucocorticoids. The panel noted uncertainty around the 
empiric use of IVIG in this setting to prevent CAAs.

Antiplatelet and anticoagulation therapy in MIS- C. Rec-
ommendations for antiplatelet and anticoagulation therapy in 
MIS- C are largely based on experience in analogous pediatric 
conditions, specifically KD and myocarditis, and the emerging 
data from adults with COVID- 19. Antiplatelet agents such as 
aspirin (ASA) are recommended in KD due to platelet activation, 
thrombocytosis, altered flow dynamics in abnormal coronary 
arteries, and endothelial damage characteristic of this disease 
(36). Accordingly, low- dose ASA (3– 5 mg/kg/day, up to 81 mg 
once daily) is recommended in all MIS- C patients without active 
bleeding or significant bleeding risk. ASA should be continued 
until normalization of the platelet count and confirmed normal 
coronary arteries at ≥4 weeks after diagnosis. Anti- acid treat-
ments should be used to prevent gastrointestinal complications 
in MIS- C patients taking steroids and ASA.

Risk of coronary artery thrombosis is directly related to 
the size of the CAA, with exponentially increased probability 
in coronary arteries with dimensions above a z- score of 10.0 
(36,86,87). Thus, MIS- C patients with a coronary artery z- score 
greater than or equal to 10.0 should be treated with enoxaparin 
(anti– factor Xa level 0.5– 1.0) for at least 2 weeks, and then can 
be transitioned to warfarin or a direct- acting oral anticoagulant. 
Patients with more than mild LV dysfunction are at risk for intracar-
diac thrombosis (88,89). Given the lack of clarity about the exact 
risk of hypercoagulability in MIS- C, the Task Force recommended 
considering anticoagulation for MIS- C with moderate or severe LV 
dysfunction (EF <35%).

There is substantially more uncertainty about the use of antico-
agulation in MIS- C patients without CAAs or severe LV dysfunction. 
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Published reports of patients with MIS- C describe marked abnor-
malities in the coagulation cascade, including prominent elevations 
in d- dimer and fibrinogen levels, a variable effect on the platelet 
count, and a high clot strength as determined by thromboelastog-
raphy (2,4– 6,13,14,19,20,22). An increased risk of thrombosis is a 
concern in patients with MIS- C, based on the data outlined above 
as well as the hypercoagulability noted in adults with COVID- 19 
(90– 93). Thrombotic events have been reported in as many as 
7– 19% of adolescents with MIS- C; however, a much lower inci-
dence of thrombosis has been reported in other case series (0– 
2%) (19,20,34,94). Thus, it remains unclear if MIS- C patients have 
a higher risk for thrombosis compared to other critically ill children 
with systemic inflammation. In one analysis of pediatric patients 
with acute COVID- 19 and MIS- C, central venous catheterization, 
age >12 years, malignancy, ICU admission, and D- dimer levels 
elevated >5 times the upper limit of normal were all independent 
risk factors for thrombosis (94). The bleeding risk in children with 
MIS- C is not well understood but there have been reports of major 
bleeding events in MIS- C patients receiving anticoagulation (94). 
It remains unclear if the experience in adults with acute COVID- 19 
can be extrapolated to children with MIS- C; further, the data in 
this group are somewhat difficult to reconcile. Several clinical trials 
have demonstrated improved outcomes with therapeutic antico-
agulation in non–critically ill adults with COVID- 19, but no benefit 
was demonstrated in critically ill individuals (95– 98). Thus, there is 
a high degree of uncertainty around the thrombotic and bleeding 
risks in children with MIS- C and the benefit of anticoagulation, be 
it prophylactic or therapeutic. As a result, there is wide variability 
in the approach to anticoagulation in this population reported in 
the literature and by members of the panel (99). Consensus could 
only be achieved in agreeing that the approach to anticoagula-
tion management should be tailored to the patient’s individual risk 
factors.

Hyperinflammation in children with COVID- 19. 
Severe COVID- 19 in children. The Task Force also addressed 
immunomodulatory treatment in severe COVID- 19, a condition 
that panelists deemed to be readily distinguishable from MIS- C. 
A vast majority of children with COVID- 19 have mild symptoms 
in the acute, infectious phase of the disease, but a small minority 
of patients become severely ill (100– 105). MIS- C patients who 
are often previously healthy may present with fever, inflamma-
tion, and multiorgan dysfunction that manifests late in the course 
of SARS– CoV- 2 infection (most are positive for SARS– CoV- 2 
IgG). In contrast, children who develop severe COVID- 19 during 
their initial infection often have a complex medical history (101– 
104,106,107). Shekerdemian and colleagues reported that 40% 
of patients admitted to the ICU for COVID- 19 had developmental 
delay or a genetic anomaly, or were dependent on technological 
support (e.g., tracheostomy) for survival (102). In addition, chil-
dren with chronic medical conditions such as obesity, asthma, 
neurologic disorders, type I diabetes, sickle cell disease, and 

complex congenital heart disease may be at higher risk for 
severe COVID- 19 (106,107). Hospitalization rates for COVID- 19 
are highest in Hispanic and Black children (106,107). The reason 
for this disparity is not entirely clear but may be related to risk of 
exposure to SARS–CoV- 2 due to structural inequalities in society 
as well as the higher rates of preexisting conditions in this popu-
lation (106,107). Healthy children can develop severe illness with 
SARS–CoV- 2 infection, particularly young infants (0– 2 months 
of age) (106).

There is no definitive evidence suggesting that children with 
rheumatic diseases treated with immunosuppression are also at 
risk of developing poor outcomes from COVID- 19. Extrapolating 
from adults with inflammatory bowel disease and rheumatic con-
ditions, glucocorticoid use (>10 mg/day), rituximab, and sulfasala-
zine may be associated with worse outcomes in COVID- 19 while 
treatment with TNF inhibitors may actually be protective against 
severe COVID- 19 (108,110). Importantly, moderate- to- high dis-
ease activity in adults was associated with a higher risk of death 
from COVID-19, highlighting the importance of controlling inflam-
mation in patients with rheumatic conditions (110). In addition, 
among cohorts of pediatric patients in this population receiving 
immunosuppressive medications, an increased risk of severe COV-
ID- 19 has not been identified (111– 113).

Immunomodulatory treatment in children with hyperin-
flammation and COVID- 19. Rheumatologists may be called 
upon to provide recommendations on immunomodulatory 
treatments for children with COVID- 19. This guidance focuses 
on such immunomodulatory therapies and does not cover the 
use of antivirals, anti– SARS– CoV- 2 antibodies, anticoagulation, 
or other modalities of treatment. Data to guide the treatment 
of pediatric patients with severe illness during the early phase 
of SARS– CoV- 2 infection are limited. In adults, certain labora-
tory parameters associated with an exaggerated inflamma-
tory response (hyperinflammation) portend worse outcomes in 
COVID- 19, including elevated levels of LDH, d- dimer, IL- 6, IL- 2 
receptor, CRP, and ferritin, and a decreased lymphocyte count, 
albumin level, and platelet count (87– 90). In at least one case 
series of pediatric patients with COVID- 19, increased CRP lev-
els, elevated procalcitonin levels, and decreased platelet counts 
were significantly more common in children requiring ICU admis-
sion compared to those receiving floor- level hospital care; how-
ever, further studies are needed to identify laboratory parameters 
that could serve as predictors of poor outcomes in the pediatric 
population (118). These results suggest that patients with COV-
ID- 19 and hyperinflammation have poor outcomes, and that the 
host immune response to SARS– CoV- 2 may contribute to dis-
ease severity. The panel agreed that hospitalized children with 
COVID- 19 requiring supplemental oxygen or respiratory support 
should be considered for immunomodulatory therapy in addition 
to supportive care and antiviral medications. Substantial ele-
vation in inflammation markers may support this decision and 
prove useful in monitoring.
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First- line immunomodulatory therapy in pediatric COVID- 19. 
Glucocorticoids are a readily available and inexpensive option for 
immunomodulation. Results from a large randomized controlled 
trial (the RECOVERY trial) indicate that low- to- moderate– dose 
dexamethasone significantly reduced mortality in COVID- 19 
patients requiring mechanical ventilation (119). A meta- analysis of 
7 randomized clinical trials that studied glucocorticoid treatment 
in adults with COVID- 19 supports the results of the RECOVERY 
trial and also demonstrates a reduction in mortality in the treat-
ment group (120). Based on these studies in adults, the Task 
Force achieved consensus in recommending that dexametha-
sone should be used as first- tier immunomodulatory treatment in 
pediatric patients with persistent oxygen requirement due to COV-
ID- 19. Dexamethasone should be given as 0.15 to 0.3 mg/kg/day 
(maximum 6 mg)* for up to 10 days. If dexamethasone is unavail-
able, equivalent doses of other glucocorticoids can be used.

Secondary immunomodulatory therapy in pediatric COVID- 19.  
Since publication of the second version of this guidance, several 
randomized controlled trials in adults with COVID- 19 demon-
strated that a subgroup of patients with progressive respiratory 
involvement despite dexamethasone administration benefit from 
additional immunomodulatory treatment (121– 125). IL- 6 recep-
tor antagonists and JAK inhibitors are the most commonly stud-
ied secondary immunomodulators in adults with COVID- 19, and 
both drug classes have produced positive results in more than 
one high- quality study (121– 125).

REMAP- CAP and RECOVERY are the largest published stud-
ies of tocilizumab in adults with COVID- 19 pneumonia (121,122). In 
REMAP- CAP, patients within 24 hours of ICU admission for COV-
ID- 19 were randomized to receive an IL- 6 receptor antagonist (tocili-
zumab, n = 353; sarilumab, n = 48) compared to standard of care 
(122). The IL- 6 receptor antagonist group had significantly improved 
survival and increased number of organ support–free days (122). In 
the RECOVERY study, patients already receiving dexamethasone 
with ongoing hypoxia and elevated CRP levels (≥75 mg/liter) were 
randomized to receive tocilizumab and had reduced mortailty com-
pared to those receiving standard of care (121).

The ACTT- 2 trial compared remdesivir with and without baric-
itinib (patients receiving glucocorticoids were excluded) and showed 
that the addition of baricitinib resulted in faster recovery in adults with 
COVID- 19 (124). In the COV- BARRIER trial, adults with COVID- 19 
and elevated inflammation markers who received baricitinib had 
reduced mortality rates at days 28 and 60 compared to standard 
of care (~80% of patients received glucocorticoids). In both studies 
of baricitnnib, the effect was most pronounced in patients receiving 
high- flow oxygen or noninvasive ventilation. A single additional study 
(STOP- COVID) evaluated tofacitinib versus placebo in a smaller 
number of patients (n = 289) and showed significant reduction in 
the primary outcome of death or respiratory failure at day 28 (125).

Upon review of the studies that support the use of IL- 6 blockade 
or JAK inhibitors in adult COVID- 19, the patients who appeared to 
benefit most from such treatments were not yet mechanically venti-
lated and were early in the course of clinical deterioration (122– 124). 
The COVID- 19 Treatment Guidelines from the NIH recommend the 
addition of either baricitinib or tocilizumab to dexamethasone “for 
recently hospitalized patients with rapidly increasing oxygen needs 
and systemic inflammation.” The NIH panel states that sarilumab 
or tofacitinib can be used as alternatives for adults with COVID- 19 
if baricitinib and tocilizumab are unavailable (126).

Based on the results observed in adults, the Task Force rec-
ommends that children with increasing oxygen requirements and 
elevated inflammation markers due to COVID- 19 who have not 
improved with glucocorticoids alone should receive secondary 
immunomodulatory therapy. As in the adult population, it is likely 
that children will benefit most from secondary immunomodulatory 
therapy when it is given early in the course of clinical deterioration 
and before mechanical ventilation. Both tocilizumab and baricitinib 
can be considered for this purpose, and the decision of which 
to choose will depend on availability, patient age, and comorbid-
ities. It should be emphasized that either one of these medica-
tions should be given in combination with glucocorticoids. There 
are no studies in adults comparing IL- 6 receptor antagonists and 
JAK inhibitors, and there is insufficient evidence to recommended 
one medication before the other. There are also no data to support 
the safety of using tocilizumab and baricitinib in combination.

Tocilizumab has an established track record in children with 
juvenile idiopathic arthritis, including FDA approval for individuals as 
young as 2 years of age (127– 131). This medication has also been 
used safely in pediatric patients with cytokine storm and hyper-
inflammatory conditions (127,132). Several members of the panel 
expressed a preference to use tocilizumab in young children with 
COVID- 19; however, shortages in the supply of tocilizumab may 
limit accessibility to this drug. Tocilizumab should be given at a dose 
of 8 mg/kg IV (maximum 800 mg) and may be re- dosed more than 
8 hours later if there is an insufficient clinical response.

There is substantially less clinical experience in using baric-
itinib in the pediatric population. Accordingly, this medication 
should be given in consultation with subspecialists who have sub-
stantial experience in treating pediatric patients with immunosup-
pression. The emergency use authorization (EUA) from the FDA 
recommends that in children with normal renal function, baricitinib 
be given orally up to 14 days at a dose of 2 mg daily in children 
age 2 years to <9 years, and 4 mg daily in children age ≥9 years.

While only one trial has demonstrated efficacy for tofacitinib 
in adults with COVID- 19, the safety and pharmacokinetics of this 
drug have been studied in children as young as 2 years of age 
(133). Tofacitinib is FDA approved for use in polyarticular juve-
nile idiopathic arthritis. Therefore, tofacitinib can be considered 
as an alternative medication for secondary immunomodulation 
in children with COVID- 19 when tocilizumab and baricitinib are 
not available or contraindicated. There is insufficient experience 

* Correction added after online publication 5 May 2022: The maximum 
dexamethasone dose has been changed from “(maximum 6 gm)” to 
“(maximum 6 mg).” 
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in adults with COVID- 19 and a limited performance history in the 
pediatric population to recommend for or against the use of other 
IL- 6 or JAK inhibitors in children with COVID- 19.

Children receiving secondary immunomodulation should 
be monitored closely for secondary infections and liver function 
test abnormalities. Children receiving tocilizumab should also 
be monitored for hypertriglyceridemia and infusion reactions. Chil-
dren receiving baricitinib should also be monitored for thrombosis 
and thrombocytosis.

Prior versions of this guidance have recommended anak-
inra for children with COVID- 19 and hyperinflammation. Since 
that initial recommendation, several randomized controlled trials 
evaluating IL- 1 inhibition in adults with COVID- 19 have been pub-
lished, with conflicting results. The CAN- COVID study showed 
no benefit of canakinumab compared to placebo in adults with 
COVID- 19 pneumonia and systemic inflammation who were not 
yet mechanically ventilated (134). The CORIMUNO- ANA- 1 trial 
evaluating anakinra for adults with mild- to- moderate COVID- 19 
and elevated CRP levels was stopped for futility (135). Alternately, 
the SAVE- MORE study showed a benefit with anakinra in patients 
with COVID- 19 and elevated soluble urokinase plasminogen acti-
vator receptor, a laboratory parameter that is not readily available 
in most clinical settings. Given these conflicting data, the Task 
Force could not recommend for or against the use of anakinra in 
children with COVID- 19 and elevated inflammation markers.

DISCUSSION

There has been an evolution in our understanding of SARS– 
CoV- 2 infections in children. Initially, it was believed that COVID- 19 
was almost entirely benign and of little consequence in the pediat-
ric population. There has been a sudden reversal from this stance 
in the context of the emergence of MIS- C cases. The goal of this 
ACR Task Force was to synthesize available data and expert opin-
ion to provide a resource for clinicians on the frontlines caring for 
children with inflammatory syndromes associated with recent or 
concurrent infections with SARS– CoV- 2.

Recognizing the need to address the unique challenges 
facing children with inflammatory conditions triggered by SARS– 
CoV- 2 infections, the ACR convened the Task Force to provide 
guidance in a short period of time. To accomplish this charge, 
a multidisciplinary panel was assembled that included clinicians 
from North America with expertise encompassing pediatric 
rheumatology, cardiology, infectious disease, and critical care. 
Well- established methodology in the form of the RAND/UCLA 
Appropriateness Method was used to achieve consensus.

There are limitations inherent in our approach. Given the need 
for expedited decision- making, we were unable to provide guid-
ance on all topics of interest. In particular, the Task Force focused 
its efforts on providing diagnostic and treatment recommenda-
tions for MIS- C instead of developing a new case definition for this 
condition. This choice was made because several case definitions 

of MIS- C exist, and the data needed to develop a sensitive and 
specific set of criteria are not yet available. The guidance provided 
in this document is targeted to clinicians with access to complex 
diagnostic tools and biologic treatments. Thus, some of the rec-
ommendations are not practical in less resource- rich settings. In 
addition, the work product of the Task Force is considered guid-
ance, instead of formal treatment guidelines that must adhere to 
the strict methodology endorsed by the ACR.

The guidance provided in this document is supported by 
reports from the scientific literature and recommendations from 
public health institutions. Yet, the available data remain restricted to 
nonrandomized studies in children and often must be extrapolated 
from the experience in adults. This approach is particularly problem-
atic when confronting clinical questions regarding MIS- C, which, to 
date, has been reported primarily in children. This unique manifes-
tation of COVID- 19 in children and adolescents highlights the need 
to prioritize and fund rigorous research in the pediatric population. 
For now, our understanding of pediatric SARS– CoV- 2 infections 
is rudimentary and will continue to change as higher- quality evi-
dence becomes available. Thus, the recommendations contained 
in this document should be interpreted in the setting of this shifting 
landscape and will be modified prospectively as our understand-
ing of COVID- 19 improves. For these reasons, this guidance does 
not replace the critical role of clinical judgment that is essential to 
address the unique needs of individual patients.

As the SARS– CoV- 2 pandemic continues to unfold, the ACR 
will support clinicians caring for children with COVID- 19 by ena-
bling this Task Force to continue the work of reviewing evidence 
and providing expert opinion through revised versions of this guid-
ance document. It is the ultimate goal of both the ACR and the 
Task Force panelists to disseminate knowledge quickly in an effort 
to improve outcomes for children with SARS– CoV- 2 infections.
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