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Clinical Connections
Extramucosal Formation and Prognostic Value of 
Secretory Antibodies in Rheumatoid Arthritis
Martinsson et al, Arthritis Rheumatol 2022;74:801–809

CORRESPONDENCE 
Klara Martinsson, PhD: klara.martinsson@liu.se
Alf Kastbom, MD, PhD: alf.kastbom@liu.se

SUMMARY  
Recent advances suggest that mucosal surfaces are important early in the development of rheumatoid arthritis (RA), 
particularly in anti–citrullinated protein antibody (ACPA)–positive disease. Martinsson et al studied patients in different 
phases of RA—from at-risk to established disease—and investigated levels and possible extramucosal formation of 
secretory Ig, including ACPA. 

Serum levels of secretory IgA and secretory IgM were increased in both patients with early RA and at-risk patients 
compared to healthy controls. In addition, disease activity was higher in patients with early RA with elevated total 
secretory Ig compared to those without increased levels.  At-risk patients who were developing arthritis during the 
follow-up period (39 of 82 patients) had higher baseline secretory IgA levels compared to those who did not. In 

authors also present evidence that secretory autoantibodies can be formed in vitro in the presence of free SC, 

KEY POINTS  

•  Levels of secretory IgA and IgM in 
serum are increased in patients with 
early RA and at-risk patients.

•  Disease activity is higher in patients 
with early RA with elevated 
secretory IgA and IgM levels.

•  At-risk patients progressing to 
arthritis show higher secretory IgA 
levels relative to nonprogressors.

•  Secretory ACPA can be formed  
in the presence of free SC and  
IgA/IgM ACPA, potentially outside  
the mucosa.
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Clinical Connections

Urine Proteomics and Renal Single-Cell 
Transcriptomics Implicate IL-16 in Lupus Nephritis
Fava et al, Arthritis Rheumatol 2022;74:829–839

CORRESPONDENCE 
Andrea Fava, MD: afava1@jhu.edu

SUMMARY  

increased immune activation, neutrophil and platelet degranulation, and extracellular matrix disruption among 
other pathways. Upon concurrent kidney biopsy, the immunologic activity (according to the National Institutes 
of Health Activity Index) of proliferative LN, the most aggressive form of LN, was most strongly associated with 

biomarkers decreased in patients who were responding to treatment.

to the kidney.  Kidney single-cell transcriptomics revealed that IL16 was expressed by most immune cells, and 

KEY POINTS  

•  Urinary IL-16 correlates with  
LN histologic activity.

•  
chemokine, is one of the 
most abundant cytokines in 
proliferative LN kidneys.

•  IL-16 is a novel urinary 
biomarker and potentially 
treatable target.
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The 2021 European Alliance of Associations for
Rheumatology/American College of Rheumatology
Points to Consider for Diagnosis and Management
of Autoinflammatory Type I Interferonopathies:
CANDLE/PRAAS, SAVI, and AGS

Kader Cetin Gedik,1 Lovro Lamot,2 Micol Romano,3 Erkan Demirkaya,3 David Piskin,4 Sofia Torreggiani,5

Laura A. Adang,6 Thais Armangue,7 Kathe Barchus,8 Devon R. Cordova,9 Yanick J. Crow,10 Russell C. Dale,11

Karen L. Durrant,12 Despina Eleftheriou,13 Elisa M. Fazzi,14 Marco Gattorno,15 Francesco Gavazzi,16

Eric P. Hanson,17 Min Ae Lee-Kirsch,18 Gina A. Montealegre Sanchez,1 Bénédicte Neven,19 Simona Orcesi,20

Seza Ozen,21 M. Cecilia Poli,22 Elliot Schumacher,8 Davide Tonduti,23 Katsiaryna Uss,1 Daniel Aletaha,24

Brian M. Feldman,25 Adeline Vanderver,26 Paul A. Brogan,13 and Raphaela Goldbach-Mansky1

Objective. Autoinflammatory type I interferonopathies, chronic atypical neutrophilic dermatosis with lipodystrophy
and elevated temperature/proteasome-associated autoinflammatory syndrome (CANDLE/PRAAS), stimulator of inter-
feron genes (STING)–associated vasculopathy with onset in infancy (SAVI), and Aicardi-Goutières syndrome (AGS) are
rare and clinically complex immunodysregulatory diseases. With emerging knowledge of genetic causes and targeted
treatments, a Task Force was charged with the development of “points to consider” to improve diagnosis, treatment,
and long-term monitoring of patients with these rare diseases.

Methods. Members of a Task Force consisting of rheumatologists, neurologists, an immunologist, geneticists,
patient advocates, and an allied health care professional formulated research questions for a systematic literature
review. Then, based on literature, Delphi questionnaires, and consensus methodology, “points to consider” to guide
patient management were developed.

Results. The Task Force devised consensus and evidence-based guidance of 4 overarching principles and
17 points to consider regarding the diagnosis, treatment, and long-term monitoring of patients with the autoinflamma-
tory interferonopathies, CANDLE/PRAAS, SAVI, and AGS.

Conclusion. These points to consider represent state-of-the-art knowledge to guide diagnostic evaluation, treat-
ment, and management of patients with CANDLE/PRAAS, SAVI, and AGS and aim to standardize and improve care,
quality of life, and disease outcomes.

This article is published simultaneously in Annals of the Rheumatic Diseases.
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INTRODUCTION

Autoinflammatory type I interferonopathies are genetically
defined (monogenic or digenic) immunodysregulatory disorders
characterized by the presence of a type I interferon (IFN) signature
in peripheral blood and variable systemic inflammation (1–3). In
this expanding group of ultra-rare diseases, chronic atypical neu-
trophilic dermatosis with lipodystrophy and elevated temperature/
proteasome-associated autoinflammatory syndrome (CANDLE/
PRAAS), stimulator of interferon genes (STING)–associated
vasculopathy with onset in infancy (SAVI), and Aicardi-Goutières
syndrome (AGS) are the most common.

Patients with type I interferonopathies present early in life
often within the first week of life; prenatal onset has been reported
in patients with AGS. However, late-onset cases presenting at
ages 14, 18, and 5.6 years with CANDLE/PRAAS, SAVI, and
AGS, respectively, have been reported (4–11). Despite CANDLE/
PRAAS, SAVI, and AGS having distinct clinical phenotypes of
varying disease severity, the individual clinical manifestations of
these diseases can overlap, and all are associated with high mor-
bidity and mortality if untreated (4–12). Recent advances in the
genetic description of these disorders permit better characteriza-
tion of disease-specific clinical manifestations, and provide evi-
dence supporting the pathogenic role of type I IFN signaling
(1,2,12,13). These developments prompted the Task Force led
by the steering committee (2 convenors [PAB, RG-M], a neurolo-
gist [AV], 2 methodologists [BMF, ED], and 3 pediatric rheumatol-
ogists/European Alliance of Associations for Rheumatology
[EULAR] fellows [KCG, LL, MR] and a rheumatologist [ST]) to
review the existing data and develop consensus statements, with
the aim of formulating state-of-the-art guidance on the diagnosis,
treatment, and long-term monitoring of patients with these rare
diseases.

Thus, the objective of this project was to develop points to
consider for the diagnosis, treatment, and long-term monitoring
of patients with CANDLE/PRAAS, SAVI, and AGS.

The Task Force targets its guidance to pediatricians, inter-
nists, and subspecialists involved in the care of patients with auto-
inflammatory type I interferonopathies and to patients and
caregivers. These points to consider were developed not only to
provide a resource for physicians to facilitate management but
also for policy makers governing who has a role in authorizing

patients’ access to various diagnostic tools and treatment
options, all with the ultimate goal to harmonize the level of care
and to improve quality of life and disease outcomes in this patient
population.

METHODS

The EULAR (14) and the American College of Rheumatology
(ACR) standardized operating procedures were followed during
the project period (see Supplementary Methods, on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42027). With approval from the EULAR and ACR
Executive Committees, an international Task Force consisting of
worldwide recognized experts from North America, South Amer-
ica, Europe, and Australia convened to develop points to consider
for the diagnosis, treatment, and long-term monitoring of 3 type I
interferonopathies: CANDLE/PRAAS, SAVI, and AGS. The Task
Force members were selected based on expertise in treatment
and care of these patients.

A face-to-face meeting in August 2019 defined the goal of
the project and the target population. Then, the Task Force devel-
oped research questions related to diagnosis, treatment, and
long-term monitoring of these diseases using the Population,
Intervention, Comparison, Outcome (PICO) format. Search terms
were derived from PICO questions and a systematic literature
review (SLR) was performed by 3 research fellows (KCG, MR,
LL), with support from a librarian (Darren Hamilton, London Health
Sciences Center, London, Ontario, Canada), an epidemiologist
(DP), and a senior methodologist (ED) to identify relevant literature
published before September 2020.

Two rounds of pre–consensus meeting questionnaires,
using the Delphi technique (15), including questions pertaining to
diagnosis, treatment, and long-term monitoring, were sent to all
Task Force members to indicate their agreement with each ques-
tion or statement with yes/no using the Delphi technique; the Del-
phi questionnaire was sent to 28 Task Force members, of whom
22 were voting members. The Task Force members were asked
to indicate their agreement with each statement, and a free text
option was provided to capture every member’s comment for
each statement. Draft statements and items in questions with
80% or higher agreement were retained for voting at the
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consensus meetings. Statements and items in questions that did
not reach a greater than 80% consensus were reviewed and
reworded and sent out in a second round of the Delphi question-
naire. The original and the revised/modified draft statements with
the previously achieved level of agreement and the participants’
comments were included in the second survey. A free text option
to capture comments and additional items was again included.
Draft statements with 80% or higher agreement were retained
for voting at the consensus meetings, and statements which did
not achieve 80% agreement were marked for further discussion
and refinement at the 2 consensus meetings. Responses were
anonymous.

Based on the SLR findings and 2 pre–consensus meeting
Delphi questionnaires, draft statements were refined by the steer-
ing group and were sent to the voting members prior to the con-
sensus meetings. These draft statements were reviewed,
discussed, revised, and voted on in 2 consensus meetings that
were held online in October 2020 due to the COVID-19 pan-
demic, one for CANDLE/PRAAS and SAVI, and one for AGS.

Two conveners (RG-M, PAB), 3 methodologists (BMF, ED,
DA), 3 fellows, an allied health professional, and 3 disease experts
attended both consensus meetings and, otherwise, participation
was based on disease-specific expertise. The voting panel included
19 experts, 1 allied health professional, and 1 patient representative
for each disease. The joint statements addressing all 3 interferono-
pathies were voted on by the entire voting panel; CANDLE/
SAVI-specific statements were voted on by 10 experts, 1 allied
health professional, 1 SAVI, and 1 CANDLE/PRAAS patient presen-
tative, and AGS-specific statements were voted on by 14 experts,
1 allied health professional, and 1 AGS patient representative. Dur-
ing the meetings, statements that achieved at least 80% agree-
ment were accepted; statements with <80% were discussed a
final time in a Nominal Groups round robin discussion (https://
www.cdc.gov/healthyyouth/evaluation/pdf/brief7.pdf) and were
only accepted if the revised statement reached an 80% agreement.

The Oxford Levels of Evidence (LoE) were applied to each
point to consider (16). The strength of each statement ranged
from A (directly based on level I evidence) to D (directly based on
level IV evidence or extrapolated recommendations from level I,
II, or III evidence) (16). Finally, the finalized statements were circu-
lated in a post–consensus meeting Delphi questionnaire to deter-
mine level of agreement (LoA). Members of the Task Force were
asked to provide their final LoA for each point to consider using
a scale of 0 (completely disagree) to 10 (completely agree), which
is reported in the tables below.

RESULTS

Systematic literature review

A summary of the literature search strategy and results is
provided in the Supplementary Methods (https://onlinelibrary.

wiley.com/doi/10.1002/art.42027). Based on SLR and consen-
sus conferences, 4 overarching principles and 17 disease-
specific points to consider pertaining to the genetically defined
interferonopathies (Table 1) with their respective LoE, grade of
recommendation, and LoA were generated (17).

Overarching principles guiding the management
of patients with CANDLE/PRAAS, SAVI, and AGS

The systemic inflammatory multiorgan involvement in
patients with CANDLE/PRAAS, SAVI, or AGS can ultimately result
in progressive organ injury and early mortality (4). Damage
accrues over time, often manifesting later in life, thus highlighting
the importance of early diagnosis and treatment (1,12).

Autoinflammatory syndromes may present with phenotypic
overlap early in life, which poses diagnostic challenges (12). In
addition, mutations in individual genes may be associated with
considerable phenotypic heterogeneity and variable disease
severity (18,19). Genetic confirmation is thus essential for making
a precise diagnosis which then facilitates targeted therapy and ini-
tiation of genetic counseling with the goal of achieving better clin-
ical outcomes. Patients, their parents, and siblings should have
access to formal genetic counseling. Genetic counseling can initi-
ate the risk assessment process depending on the type of inheri-
tance for specific disease-causing mutations and help patients
understand their test results, including the medical implications
for themselves, their reproductive health concerns, and impact
on their relatives. Patients with clinical symptoms of CANDLE/
PRAAS, SAVI, or AGS who do not harbor any of the disease-
causing mutations described here should be referred to spe-
cialty/research centers that can guide further workup and
treatment. There is no cure for type I interferonopathies. Current
treatment options therefore aim to prevent development or pro-
gression of end organ damage by controlling systemic and organ
inflammation (20,21), to improve quality of life, and to improve dis-
ease outcomes (1). Given the paucity of long-term outcome data
on newly available treatments, monitoring of disease activity and
development of organ-specific and treatment-related complica-
tions is essential (1,22,23). A multidisciplinary team is required to
provide optimal care in the context of multiorgan system involve-
ment (24,25).

Points to consider 1–8: diagnostic evaluation
focuses on raising an early suspicion and on
facilitating genetic testing, appropriate clinical
and laboratory workup, and early treatment

Diagnostic evaluation. The presence of a chronically ele-
vated peripheral blood IFN signature is a common finding in
patients with the type I interferonopathies CANDLE/PRAAS,
SAVI, and AGS. In contrast, traditional inflammatory markers such
as C-reactive protein and erythrocyte sedimentation rate are
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Table 1. Points to consider for the diagnosis, treatment, and long-term monitoring of patients with type I interferonopathies, CANDLE/PRAAS,
SAVI, and AGS*

LoE and GoR,
C/S/AGS†

LoA (0–10),
mean � SD

Overarching principles
A. Patients with autoinflammatory interferonopathies CANDLE/PRAAS, SAVI, or AGS present with
chronic systemic and organ-specific inflammation; when untreated, chronic inflammation results
in progressive organ damage, early morbidity, and increased mortality.

4C/4C/4C 9.8 � 0.7

B. A confirmed genetic diagnosis is required to make the diagnosis of CANDLE/PRAAS, SAVI, and
AGS, which facilitates initiation of targeted treatments, genetic counseling, screening for
complications, and informs prognosis.

5D/5D/4C 9.5 � 1.0

C. The goal of treatment of type I interferonopathies is to reduce systemic and organ inflammation
to prevent or limit the development of and/or the progression of organ injury and damage, and to
improve quality of life.

2B/2B/2B 9.8 � 0.5

D. In CANDLE/PRAAS, SAVI, or AGS, long-term monitoring of disease activity, organ-specific injury/
damage and of treatment related complications is required and involves a multidisciplinary team.

5D/5D/4C 9.9 � 0.3

Individual points to consider
I. Points to consider for diagnostic evaluation

1. Patients presenting with unexplained systemic inflammation (including elevations of CRP, ESR,
and/or an IFN signature) and clinical features‡ that include rashes, lipodystrophy,
musculoskeletal, neurologic, pulmonary, and metabolic findings should receive a prompt
diagnostic workup for CANDLE/PRAAS, SAVI, and AGS comprising:
• Genetic evaluation.
• Clinical evaluation focusing on the extent of inflammatory organ involvement.
• Screening for disease-related comorbidities.

4C/4C/4C 9.8 � 0.7

2. Patients with clinical symptoms of CANDLE/PRAAS, SAVI, or AGS who do not carry any of the
disease-causing mutations described here should be referred to specialty/research centers
that can guide further workup and treatment.

5D/5D/5D 9.8 � 0.5

Genetic evaluation
3. Mutations in the following disease-causing genes should be included in the genetic analyses:

• CANDLE/PRAAS: PSMB8, PSMA3, PSMB4, PSMB9, PSMB10, POMP, and PSMG2.
• SAVI: STING1 (previously TMEM173).
• AGS: TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR1, IFIH1, LSM11§, and RNU7-1§.

4C/4C/4C 9.8 � 0.6

4. Genetic mimics of CANDLE/PRAAS, SAVI, and AGS are recognized and should be included in the
diagnostic workup (a non-exhaustive list is below for reference):
• For CANDLE-like conditions: splice variants in IKBKG, frameshift mutations in SAMD9L, and

recessive mutations in RNASEH2 (A, B, C).
• For SAVI-like conditions: TREX1, ADA2, and COPA.
• For AGS-like conditions: RNASET2.

4C/4C/4C 9.4 � 0.9

Clinical evaluation (see also Tables 3 and 4)
5. In patients with suspected CANDLE/PRAAS, SAVI, or AGS, assessment for disease- and

treatment-related comorbidities should include screening for:
• Skin manifestations: nodular rashes, violaceous annular rashes, panniculitis, lipodystrophy,

or vasculopathic skin lesions.
• Neurologic manifestations: intracerebral calcifications, leukoencephalopathy, progressive

microcephaly, or cerebral atrophy.
• Pulmonary manifestations: interstitial lung disease/pulmonary hypertension.
• Hepatic manifestations: hepatic steatosis, hepatitis, hepatosplenomegaly.
• Metabolic manifestations: hypertension, hyperlipidemia, glucose intolerance

(=metabolic syndrome).
• Musculoskeletal manifestations: arthritis, contractures, and myositis.
• Growth and development: growth retardation, osteoporosis, bone development delay,

pubertal delay.
• Hematologic manifestations: cytopenias (e.g., more specifically lymphopenia,

thrombocytopenia).
• Ophthalmologic manifestations: episcleritis, keratitis, retinopathy, glaucoma.
• Cardiac manifestations: cardiomyopathy.

4C/4C/4C 9.7 � 0.6

6. Neuroimaging should be performed in individuals with suspected neurologic symptoms.
• MRI best identifies white and grey matter changes.
• CT is generally more sensitive for detecting cerebral calcification and can be considered

when calcium-sensitive modalities on MRI are not available or do not detect calcifications.

4C/4C/4C 9.8 � 0.4

7. In patients with presumed CANDLE/PRAAS, SAVI, or AGS, tissue sampling as appropriate (e.g.,
CSF if neurologic involvement is suspected, or lesional skin biopsies) may support the diagnosis.

4C/4C/4C 9.4 � 1.1

8. All patients should undergo a basic immunodeficiency workup that includes a history of
infections, lymphocyte subsets, and immunoglobulin levels, as a minimum.

4C/4C/4C 9.3 � 1.5

(Continued)
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typically elevated in CANDLE/PRAAS and SAVI but rarely in
patients with AGS (2,7,12,18,26–30). A peripheral blood IFN sig-
nature may be measured using different methodologies, including
a 28-gene IFN scoring system using NanoString technology or by
quantitative reverse transcriptase polymerase chain reaction
methods. Gene subsets should be measured repeatedly to
establish chronic elevation (13). Scores may be negative in the
diagnostic phase in patients with milder disease, or in response
to glucocorticoid treatment. In addition, patients with AGS with
RNASEH2B mutations may have a negative IFN signature even
with active disease (31). A practical barrier is the limited number
of centers with the ability to check an IFN signature. Thus, a
chronically elevated peripheral blood IFN signature is not required

for diagnosis but can be very useful in raising the suspicion of an
interferonopathy. For most IFN signatures, sensitivity and speci-
ficity data are not available. However, in a retrospective study,
the IFN signature at a set cut-off score was helpful in differentiat-
ing patients with an interferonopathy from healthy controls and
from patients with cryopyrin-associated periodic syndrome
(an interleukin-1–mediated autoinflammatory disease). The IFN
signature demonstrated an area under the receiver operator char-
acteristic curve of 0.98, with sensitivity and specificity exceeding
0.8 (12). Currently, the IFN signature should be interpreted in the
context of normal values of the laboratory that conducts the test,
since no internationally standardized methodologies or reference
ranges are currently available.

Table 1. (Cont’d)

LoE and GoR,
C/S/AGS†

LoA (0–10),
mean � SD

II. Points to consider for treatment
9. Treatment of patients with CANDLE/PRAAS, SAVI, and AGS should be aimed at achieving disease
control or low disease activity to prevent progression of organ damage.
For patients with SAVI and CANDLE/PRAAS, disease control should be maintained with the
lowest possible dose of glucocorticoids.

2B/2B/2B

4C/4C/NA

9.4 � 1.2

10. JAKIs are of benefit for improving symptoms¶ in CANDLE/PRAAS, SAVI, and AGS. 2B/2B/2B 9.3 � 0.9
11. In patients with CANDLE/PRAAS, SAVI, or AGS on JAKI, screening for treatment-related

comorbidities is important. We currently recommend monitoring for BK viral loads in urine and
blood to prevent viral organ injury such as nephropathy.

4C/4C/5D 9.3 � 1.6

12. Glucocorticoids are of benefit for improving symptoms¶ in CANDLE/PRAAS or SAVI. Chronic
glucocorticoids do not improve the neurologic features of AGS although acute courses of
glucocorticoids may be useful for the treatment of non-CNS inflammatory conditions.

4C/4C/5D 9.0 � 1.3

III. Points to consider for long-term monitoring and management
Disease related comorbidities and disease progression
13. A multidisciplinary management team is required for optimal care of patients with CANDLE/

PRAAS, SAVI, and AGS, that is customized based on patient’s disease manifestations.
5D/5D/5D 9.9 � 0.3

14. Disease activity and burden of disease should be monitored regularly depending on disease
activity and severity (see Table 4).
• Symptom control can be monitored by assessing disease-specific symptoms¶ using validated

patient reported outcome and quality of life assessments, and by recording missing school or
workdays.

5D/5D/5D

5D/5D/5D

9.3 � 1.8

15. Disease and development of children should be monitored at each visit. 5D/5D/5D 9.8 � 0.4
Risk of COVID-19
16. At the time of writing, there is no evidence to suggest that risks to patients with CANDLE/PRAAS,

SAVI, or AGS of COVID-19 are any different from the healthy population. Therefore, treatment
for interferonopathy should not be stopped unless a specific contraindication to ongoing
treatment arises.

5D/5D/5D 9.5 � 0.8

Vaccinations
17. Generally, for CANDLE/PRAAS and SAVI all routine vaccines (live and killed) are indicated when

not receiving immunosuppressive treatments or glucocorticoids, although this should be
considered on a case-by-case basis.

5D/5D/5D 9.4 � 0.9

* CANDLE/PRAAS = chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature/proteasome-associated autoinflam-
matory syndrome; SAVI = STING-associated vasculopathy with onset in infancy; AGS = Aicardi-Goutières syndrome; LoA = level of agreement;
CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; IFN = interferon; MRI = magnetic resonance imaging; CT = computed tomogra-
phy; CSF = cerebrospinal fluid; NA = not applicable; JAKIs = Janus kinase inhibitors; CNS = central nervous system.
† Level of evidence (LoE) is classified as follows: 1a = systematic review of randomized controlled trials (RCTs); 1b = individual RCT;
2a = systematic review of cohort studies; 2b = individual cohort study (including low-quality RCT); 3a = systematic review of case–control stud-
ies; 3b = individual case–control study; 4 = case-series (and poor-quality cohort and case–control studies); 5 = expert opinion without explicit
critical appraisal, or based on physiology, bench research, or “first principles.” Grade of recommendation (GoR) is classified as follows:
A = based on consistent level 1 studies; B = based on consistent level 2 or 3 studies or extrapolations from level 1 studies; C = based on level
4 studies or extrapolations from level 2 or 3 studies; D = based on level 5 studies or on troublingly inconsistent or inconclusive studies of any
level. LoE and GoR are reported separately for CANDLE/PRAAS (C), SAVI (S), and AGS (A).
‡ Disease-characteristic clinical features are listed in Table 3.
§ These 2 genes were published after the consensus meeting occurred.
¶ Clinical symptoms are listed in Table 3 and Table 4.
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Genetic evaluation. As there can be significant overlap of
clinical features across several autoinflammatory disorders, a
confirmed genetic diagnosis is critical to facilitating a precision
medicine approach and targeted therapy. Next-generation
sequencing (e.g., targeted gene panel, whole exome or whole
genome sequencing) to screen for pathogenic variants rather
than single-gene Sanger sequencing is recommended. Sanger
sequencing of individual genes may still be cost effective in
patients with known familial disease, and may be the only avail-
able option if next-generation sequencing is not yet available to
the patient. However, this increasingly outdated “gene by gene”
approach ultimately may result in diagnostic delay and may not
be cost-effective (32). In addition to the known disease-causing
genes (1,2,5,7,12,18,31,33–39) (Table 1), screening should be
considered for diseases that can mimic one of these disorders;
their genetic causes (8,12,40–45) are listed in Table 2. Allelic,
monogenic or digenic, double heterozygous mutations in genes
encoding proteasome or immunoproteasome subunits are the
cause for CANDLE/PRAAS, with biallelic pathogenic PSMB8 var-
iants being the most common cause. Digenic disease-causing
mutations including PSMB8, PSMA3, PSMB4, and PSMB9

(1,2,26), compound heterozygous mutations including PSMB4,
PSMB8i, and PSMG2 (2,12), and autosomal dominant loss-of-
function mutations in POMP (2) also cause CANDLE/PRAAS but
are rarer. However, novel disease-causing genes are being added
as causes for CANDLE/PRAAS. All proteasome genes should be
specifically assessed in a patient with a suggestive clinical

phenotype. Both parents may need to be tested to confirm
digenic inheritance. The inheritance of SAVI is mostly autosomal
dominant, and most patients harbor a de novo heterozygous mis-
sense mutation in the STING1 gene that confers a gain-of-
function by increasing TANK-binding kinase 1–mediated IRF3
phosphorylation and IFNB1 transcription (7,46). Liu et al also
reported somatic mosaic mutations in one patient (OMIM-
615934). So far only additive STING1 gain-of-function mutations
in p.R284W require homozygosity to confer disease (47). Further-
more, mostly loss-of-function mutations in genes encoding pro-
teins that regulate nucleic acid metabolism or signaling cause
AGS (34). These include biallelic null mutations in TREX1 and
SAMHD1; biallelic null mutations in the disease-causing genes,
RNASEH2A, RNASEH2B, RNASEH2C, or ADAR1 have not been
reported. Disease-causing IFIH1 variants are all heterozygous
gain-of-function mutations that increase type I IFN signaling (34).
Recently, biallelic mutations in LSM11 and RNU7-1, which
encode components of the replication-dependent histone pre-
mRNA–processing complex, extend defects in nucleic acid
metabolism to histone mRNAs (48). It is important to note that
large deletions, such as deletions in AGS-related genes including
SAMHD1, may be missed on exome sequencing and need to be
reviewed using other testing modalities (31,49,50). If, following
routine genetic workup, a molecular diagnosis is not established
in a patient with suggestive phenotypic features, referral to a
research center of excellence for further evaluation should be
considered.

Table 2. List of genetically defined diseases and genes that should be considered in the differential diagnosis of
CANDLE/PRAAS, SAVI, and AGS*

Genetically defined diseases Genes

CANDLE/PRAAS mimics/overlaps
Differential diagnoses:
• NEMO deleted exon 5 autoinflammatory syndrome (NEMO-NDAS)
• SAMD9L associated autoinflammatory disease (SAAD)
• Other

IKBKG (exon 5 deletion/splice variant)
SAMD9L (frameshift mutations)
RNASEH2B

SAVI mimics/overlaps
Differential diagnoses:
• Deficiency of the enzyme adenosine deaminase 2 (DADA2)
• Familial chilblain lupus (CHBL)
• COPA syndrome

ADA2
TREX1, SAMHD1
COPA

AGS mimics/overlaps
Differential diagnoses:
• Other RNASET2

Other disorders with partially overlapping phenotypes
Differential diagnoses:
• Spondyloenchondrodysplasia (SPENCD)
• Singleton Merten syndromes
• Retinal vasculopathy with cerebral leukodystrophy (RVCL)
• Trichohepatoenteric syndrome (THES)
• Lipopolysaccharide responsive and beige-like anchor protein (LRBA) deficiency
• Monogenic early onset lupus

ACP5
IFIH1, DDX58
TREX1
TTC37, SKIV2L
LRBA
e.g., C1Q (A, B, C), several others

* Based on current evidence, all type I interferonopathies, including but not limited to the genetically defined diseases listed in
the table, should be considered in the differential diagnosis of chronic atypical neutrophilic dermatosis with lipodystrophy and
elevated temperature/proteasome-associated autoinflammatory syndrome (CANDLE/PRAAS), STING-associated vasculopathy
with onset in infancy (SAVI), or Aicardi-Goutières syndrome (AGS) because of overlapping clinical and laboratory features.
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Clinical evaluation. In patients with undifferentiated auto-
inflammatory diseases or otherwise unexplained systemic inflam-
mation, certain clinical features are suggestive of CANDLE/
PRAAS, SAVI, or AGS (Tables 1 and 3).

The following clinical features are relevant to the workup of
patients with suspected interferonopathies:

Cutaneous manifestations. Inflammatory skin lesions are
present in all 3 diseases; however, the nature of the rash dif-
fers. Nodular rashes or violaceous annular rashes should
prompt a diagnostic workup for CANDLE/PRAAS. Another
specific cutaneous finding for CANDLE/PRAAS is panniculitis
(particularly neutrophilic panniculitis) and panniculitis-induced
lipodystrophy, which are hallmarks of the disease (1,2,9,12,
18,36,37,51).

The presence of vasculopathic skin lesions such as pernio
(“chilblain lesions”) or acral ischemia presenting as Raynaud’s phe-
nomenon, and/or “purple toes” is suggestive of SAVI (7,44,47) and
AGS (33,52–55); the development of gangrene with prolonged
ischemic attacks is a feature of SAVI (1,7,44) (Table 3). Skin involve-
ment is the most common symptom in patients with SAVI at pre-
sentation (1,7,56–59) but some patients can present with severe
lung disease and only minimal skin involvement (8,46,60,61).

In addition to chilblain-like lesions and acrocyanosis, other
skin manifestations, such as periungual erythema, or necrotic
lesions of the toes, fingers, and outer helix, can be seen in patients
with AGS (33,52–55). Moreover, some patients with AGS can
have panniculitis as well (34). Finally, some patients with AGS
have recurrent oral ulcers (50,62).

Table 3. Clinical features suggestive of CANDLE/PRAAS, SAVI, and AGS*

Systemic inflammation
CANDLE/PRAAS, SAVI, AGS Clinical features: Recurrent fever, hepatosplenomegaly

Laboratory features: Elevated CRP, ESR, and IFN signature
Skin manifestations
CANDLE/PRAAS Neutrophilic panniculitis, nodular rashes, violaceous annular rashes, lipodystrophy
SAVI Vasculopathy (i.e., chilblain lesions, acral ischemia ranging from Raynaud’s phenomenon to

gangrene), loss of digits
AGS Chilblain lesions, acral lesions (including Raynaud’s phenomenon), panniculitis

Neurologic manifestations
CANDLE/PRAAS Clinical features: Headache, cognitive impairment

Lumbar puncture: Sterile pleocytosis
Neuroimaging: Basal ganglia calcifications

SAVI Neuroimaging: Basal ganglia calcifications (rare)
AGS Clinical features: Subacute or acute onset of neurologic symptoms including developmental

delay, irritability, neurologic impairment or regression, dystonia and spasticity, focal motor
findings, progressive microcephaly, seizures

Lumbar puncture: Sterile pleocytosis, elevated CSF neopterin and tetrahydrobiopterin, elevated
IFNα

Neuroimaging: leukoencephalopathy, cerebral calcifications, early and rapid cerebral atrophy
with or without calcification, Moyamoya disease†

Pulmonary manifestations
CANDLE/PRAAS Pulmonary hypertension without fibrosis
SAVI Interstitial lung disease with or without secondary pulmonary hypertension
AGS Pulmonary hypertension

Hepatic manifestations
CANDLE/PRAAS Elevated transaminases, hepatic steatosis
AGS Elevated transaminases, autoimmune hepatitis

Metabolic and endocrine manifestations
CANDLE/PRAAS Hypertension, hyperlipidemia, glucose intolerance (=metabolic syndrome)
AGS Hypothyroidism, diabetes insipidus, diabetes

Musculoskeletal manifestations
CANDLE/PRAAS, SAVI, AGS Myositis
CANDLE/PRAAS, SAVI, AGS Arthritis, joint contractures

Growth and development
CANDLE/PRAAS, SAVI, AGS Growth retardation, osteoporosis, bone development delay, pubertal delay

Hematologic manifestations
CANDLE/PRAAS, SAVI, AGS Anemia, leukopenia, lymphopenia, and/or thrombocytopenia

Ophthalmologic manifestations
CANDLE/PRAAS Episcleritis and keratitis
SAVI, AGS Retinopathy, glaucoma

Cardiac manifestations
AGS Cardiomyopathy, valve calcifications

* CANDLE/PRAAS = chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature/proteasome-associated autoinflam-
matory syndrome; SAVI = STING-associated vasculopathy with onset in infancy; AGS = Aicardi-Goutières syndrome; CRP = C-reactive protein;
ESR = erythrocyte sedimentation rate; IFN = interferon; CSF = cerebrospinal fluid.
† Vasculopathy characterized by progressive narrowing of the terminal intracranial portion of the internal carotid artery and circle of Willis.
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Table 4. Evaluation of inflammatory disease manifestations and organ involvement with proposed interval monitoring*

Follow-up frequency

A. Monitoring of systemic
inflammation and
development

ESR, CRP, CBC with differential (cytopenias), IFN signature when
available

At each visit†

Urinalysis (proteinuria, renal disease)
Renal ultrasound

At each visit†
To consider at baseline

Hepatosplenomegaly and lymphadenopathy At each visit†
Height and weight
DEXA scan‡ (BMD)
Sexual development

At each visit†
As clinically indicated
As clinically indicated

B. Monitoring of clinical disease
signs and symptoms

CANDLE/PRAAS
Fever, rash, progressive lipodystrophy, headache, musculoskeletal
symptoms (joint pain, contractures, weakness), shortness of
breath, weight changes, developmental assessment, fatigue

At each visit†

SAVI
Fever, rash, peripheral acral vasculitis and dystrophic changes,
respiratory symptoms (shortness of breath, tachypnea, digital
clubbing), fatigue

At each visit†

AGS
Developmental assessment, changes in neurologic tone affecting
joint integrity, skin findings, musculoskeletal findings, clinical
evidence of cytopenias, endocrine disturbance, ocular
abnormalities, or cardiomyopathy

At each visit†

C. Monitoring of organ
manifestations

CANDLE/PRAAS
Skin disease Skin exam, assessment of lipodystrophy

Lesional skin biopsy (neutrophilic panniculitis)

Every 3–6 months till stable then
every 6–12 months

Baseline only
Musculoskeletal disease Arthritis, contractures, weakness

CK, aldolase, LDH for myositis
Every 6-12 months

Endocrine, metabolic disease‡ Metabolic syndrome

Lipid profile (dyslipidemia), fasting glucose, hemoglobin A1C, serum
insulin (insulin resistance)

BP measurement (systemic hypertension)

Every 12–36 months depending
on symptoms

At each visit†

At each visit†
Hepatic disease‡ ALT, AST, GGT, liver elastography, or screening for hepatic steatosis

with the best available method
Every 6–12 months

Pulmonary arterial
hypertension‡

Echocardiography, cardiology and/or pulmonology referral if signs of
PAH

Every 6–12 months, if PAH then
as clinically indicated

CNS disease‡ Lumbar puncture (if headaches), brain MRI Every 12–36 months depending
on symptoms

Eye disease‡ Scleritis, episcleritis, keratitis Yearly or based on clinical need
Dental disease Tooth abnormalities (tooth agenesis, hypodontia), delayed tooth

eruption
Yearly or based on clinical need

SAVI
Skin disease Wound care (including wound culture as necessary) As needed
Pulmonary disease‡ Low radiation chest CT

PFTs
Pulmonology referral

At baseline and then as needed
Every 3–6 months
If signs of ILD: as needed

AGS
Neurologic damage/
progression‡

Brain MRI (cerebral white and grey matter changes)
MRI/MRA in patients with SAMHD1-associated AGS (intracerebral
vasculitis)

Electroencephalogram (epilepsy)
Muscle MRI or ultrasound (myositis)

At baseline and then as needed
At baseline and then as needed

Yearly
As needed

Hepatic disease‡ ALT, AST, GGT, bilirubin total and direct, albumin, and INR
(autoimmune hepatitis)

Every 6–12 months

(Continued)
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Lesional skin biopsies in areas that can safely be biopsied
can be beneficial in revealing the neutrophilic dermatosis, small
vessel vasculitis (from necrotic area), fasciitis (57), and granuloma-
tous nodular dermatitis (59), thus supporting the diagnosis of
SAVI while in AGS specifically, a lesional biopsy can demonstrate
deposition of immunoglobulin and complement in the walls of
small vessels (63).

Neurologic manifestations. Although CANDLE/PRAAS-
affected patients present with headaches and may develop asep-
tic meningitis (24), neurologic findings are most common and
severe in AGS and include subacute or acute neurologic decline,
unexplained developmental delay, progressive microcephaly,
dystonia, spasticity, encephalopathy, irritability, and focal motor
findings. A lumbar puncture typically shows sterile cerebrospinal
fluid (CSF) pleocytosis (11,64,65).

Neuroimaging should be performed in individuals with a sus-
pected diagnosis of an interferonopathy in the presence of neuro-
logic symptoms. The initial workup may include magnetic
resonance imaging (MRI) of the brain which identifies best white
and grey matter changes (41). Head computed tomography
(CT) should be considered when calcium-sensitive modalities on
MRI are not available or not able to detect calcifications, since it
is more sensitive for the detection of cerebral calcification (66).
Risks and benefits of sedating a child for brain MRI should be
considered (67). It is useful to have a baseline brain MRI to assess
the severity and to monitor disease-associated complications;
however, this is not a diagnostic prerequisite, especially for SAVI

and CANDLE/PRAAS. Neuroimaging may be particularly helpful
in patients with suspected AGS due to the dominant neurologic
phenotype which should be differentiated from mimickers of
interferonopathies.

Basal ganglia or other intracerebral calcifications are overlap-
ping neuroimaging findings for all 3 diseases (68); they are more
common, more severe, and typically start earlier in life in patients
with AGS compared with CANDLE/PRAAS, while calcifications
are rare in SAVI (8,41,68,69). In addition, the presence of leukoen-
cephalopathy is suggestive of AGS and typically starts early in life
in AGS patients with severe disease; it is unusual in CANDLE/
PRAAS or SAVI (11,70,71). Other supportive neuroimaging char-
acteristics for AGS are early and rapid cerebral atrophy with or
without calcifications, cerebral white and grey matter changes,
and Moyamoya disease (12,41,69,70,72–74). Intracerebral large
vessel vasculitis or Moyamoya can be seen and is associated with
SAMHD1 mutations (49,74–77).

Additional workup for neurodegenerative diseases in
patients with suspected AGS may also be considered. Lumbar
punctures are not required to make the diagnosis of AGS but
may support the diagnosis (72) and characterize the immunologic
features of the central nervous system (CNS) inflammation,
including the presence of lymphocytosis and raised levels of IFNα,
CXCL10, and CCL2 in the CSF (31,54,69). The CSF studies are
most beneficial if a molecular diagnosis of AGS is not confirmed
by genetic testing and provide support for additional molecular
testing (72).

Table 4. (Cont’d)

Follow-up frequency

Endocrinopathies TSH (hypothyroidism)
GH testing and glucose tolerance test

Yearly
As needed based on symptoms

Renal disease Urinalysis Every 6–12 months
Eye disease‡ Ophthalmologic evaluation (glaucoma) Yearly
Cardiorespiratory Echocardiogram (cardiomyopathy and PAH) Every 1–2 years
Scoliosis, hip dislocation‡ Hip x-rays and spine screening in non-ambulatory patients

(hip dislocation)
Every 6–12 months

D. Monitoring of autoimmunity,
cytopenias, immuno-
deficiency, and JAKI-related
complications

Autoimmunity and cytopenias
and immunodeficiency

Screening for autoimmunity (autoantibodies as indicated), CBC with
differential (screening for anemia, thrombocytopenia, leukopenias)

History of infections, lymphocyte subsets, immunoglobulin levels

Consider immunology or hematology referral

Every 6–12 months and when
indicated

At baseline and then every 3–6
months

Infections Clinical history, viral reactivation (on JAKIs), opportunistic infections At each visit
JAKI monitoring CBC with differential, LFTs, urinalysis, renal function, creatinine

clearance, BK viral loads in urine and blood, urine β2-microglobulin
At each visit

* ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; CBC = complete blood count; IFN = interferon; DEXA = dual-energy x-ray absorp-
tiometry; BMD = bone mineral density; CANDLE/PRAAS = chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature/
proteasome-associated autoinflammatory syndrome; SAVI = STING-associated vasculopathy with onset in infancy; AGS = Aicardi-Goutières syn-
drome; CK = creatinine kinase; LDH = lactate dehydrogenase; BP = blood pressure; ALT = alanine aminotransferase; AST = aspartate aminotrans-
ferase; GGT = gamma glutamyl transferase; PAH = pulmonary arterial hypertension; MRI = magnetic resonance imaging; CT = computed
tomography; PFTs = pulmonary function tests; ILD = interstitial lung disease; MRA =magnetic resonance angiography; INR = international normal-
ized ratio; TSH = thyroid-stimulating hormone; GH = growth hormone; JAKI = Janus kinase inhibitor; LFTs = liver function tests.
† The visit frequency is set according to clinical need and the patient’s disease activity. If there is no active disease, then patients should be fol-
lowed every 3 months to assess disease activity and monitor drug toxicity.
‡ Requires subspecialty evaluation.
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Pulmonary manifestations. The presence of early onset inter-
stitial lung disease (ILD) raises suspicion for SAVI, in particular in
the context of unexplained systemic inflammation (1,7,46,56,61).
Many patients with SAVI are reported to have lung involvement,
mostly manifested as ILD, ranging from mild ILD with no respira-
tory symptoms to lung fibrosis. Also, alveolar hemorrhage is
reported as the presenting feature in a few cases with SAVI
(47,60). Although ILD is a major concern for patients with SAVI, it
is rarely present in patients with CANDLE/PRAAS (1,18,51) and
not reported in AGS. Low radiation chest CT and pulmonary func-
tion tests are recommended modalities to screen for ILD (8). Lung
biopsies may distinguish infectious from inflammatory disease but
are not required to make the diagnosis of SAVI (7,46,60,61).

Another significant pulmonary manifestation is pulmonary
hypertension, which is a potentially life threatening and possibly
underdiagnosed complication of CANDLE/PRAAS and AGS
(1,12,78). While CANDLE/PRAAS and AGS are known to affect
the vascular system, the full impact of systemic vasculopathy is
currently undercharacterized. All patients with suspected CAN-
DLE/PRAAS and AGS should undergo regular evaluation for pul-
monary hypertension; echocardiography is recommended as a
screening and monitoring tool.

Hepatic manifestations. Forty to eighty percent of patients
with CANDLE/PRAAS develop metabolic syndrome and hepatic
steatosis, often in the first decade of life (1). In addition, patients
may develop hepatosplenomegaly which could be due to exten-
sive metabolic disturbance in fat processing (2,5,9,36,37,39,51).
In an open-label trial in CANDLE/PRAAS, it is reported that barici-
tinib did not significantly improve hepatic steatosis in 2 patients
with hepatic steatosis prior to baricitinib treatment nor prevent it
in 3 patients with hyperlipidemia at baseline, pointing to the role
of proteasome dysfunction in the etiology of hepatic steatosis (1).

In AGS, hepatosplenomegaly and/or transaminitis can be an
initial presentation in the neonatal period when it resembles con-
genital viral infection (31,33,72,79). Patients can develop autoim-
mune hepatitis; the presence of liver-specific antibodies has
been described (34,62,80).

Transaminases should be evaluated at presentation and may
bemonitored as amarker for hepatic disease activity in patientswith
type I interferonopathies, although it should be noted they can also
be elevated in CANDLE/PRAAS and AGSdue tomyositis (12).

Information about the clinical features of hepatic involvement
in patients with SAVI is limited. However, case reports of patients
with SAVI presenting with hepatic disease, such as necrotizing
granulomatous hepatitis, cholestatic hepatitis, and cholangitis
and multiple biliary cysts, are presented (58,81).

Metabolic manifestations.Metabolic abnormalities are signifi-
cant concerns in patients with CANDLE/PRAAS and patients
can develop metabolic syndrome defined by Ford et al (presence
of at least 3 of the following 5 criteria: hypertriglyceridemia
≥110 mg/dl, low high-density lipoprotein cholesterol ≤40 mg/dl,
abdominal obesity with waist circumference ≥90th percentile [sex

specific], hyperglycemia ≥110 mg/dl, systolic or diastolic blood
pressure ≥90th percentile [age, height, sex specific]) (82). In addi-
tion, these patients can have increased abdominal girth secondary
to intra-abdominal fat deposition (1,51). The workup in CANDLE/
PRAAS should include screening for metabolic abnormalities.

Patients with AGS may have hypothyroidism, often requiring
replacement therapy, and insulin-dependent diabetes mellitus is
reported (34,49,53,54,77,83–85). Other endocrine manifesta-
tions include central diabetes insipidus, growth hormone defi-
ciency, and adrenal insufficiency (34,83).

Musculoskeletal manifestations.Myositis is a common feature
of patients with CANDLE/PRAAS. It is usually patchy in distribution
and can be demonstrated by muscle MRI (1,39,51). In addition,
most patients with CANDLE/PRAAS will develop variable degrees
of joint contractures in the handsand feet; these canbeseverely dis-
abling (1,2,9,37,51). Myopathy is described in individual case
reports in AGS (86). In AGS-affected patients, joint involvement can
include a lupus-like arthritis, or progressive arthropathy with joint
contractures (50,87,88). Articular involvement in SAVI is seen in
one-third of the patients (8). Rheumatoid factor (RF) positivity was
reported in amajority of cases (57%) (8)while anti–cyclic citrullinated
peptide (anti-CCP) was not common in patients with SAVI but sys-
tematic testing has not been performed. Interestingly, the course of
the arthritis in SAVI canbedestructive, especially in childhood,when
associatedwith RF and anti-CCP antibodies (7,43).

Growth and development. Many children with chronic inflam-
mation, including patients with type I interferonopathies, have
lengths/heights and bonemineral density (BMD) that are below that
of age-matched controls. Height and BMD are further decreased in
the context of treatment with glucocorticoids. Weight percentiles
can increase sharply with high doses of glucocorticoids, and this
should be taken into consideration when evaluating weight (1).

In addition to abnormalities in stature, patients with AGS can
have significant developmental delay; after a subacute onset most
individuals develop profound neurologic regression and present
with severe impairment in psychomotor development (22,23,34).
Patients with AGS and CANDLE/PRAAS may also present with
mild developmental delay (5,22,51); these delays are not reported
in patients with SAVI (8).

Hematologic manifestations. Cytopenias can occur in all
3 diseases due to temporary bone marrow suppression or hom-
ing changes and may correlate with disease activity (1,12). Cyto-
penias including autoimmune cytopenias occur more frequently
in patients with CANDLE/PRAAS and AGS but are also seen in
patients with SAVI (1,8,18,33,50,52,54,60,79,83,89). Thrombo-
cytopenia in patients with AGS can be present during the neona-
tal period mimicking congenital infection, but also later during the
course of the disease associated with other hematologic abnor-
malities such as anemia and leukopenia (19,79). Complete blood
count with differential should be evaluated at presentation and
may be monitored as a marker for disease activity in patients with
type I interferonopathies.
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Ophthalmologic manifestations. Patients with type I interfero-
nopathies can develop different types of ophthalmologic manifes-
tations. While patients with CANDLE/PRAAS can present with
keratitis and/or episcleritis (2,18,51), patients with SAVI and AGS
can develop glaucoma (8,54,76). Glaucoma has been reported
in 6.3% of patients with AGS (up to 20.8% of patients with
SAMHD1 mutations), with most cases presenting in the first
6 months of life, in patients who were not receiving glucocorti-
coids (34,76). Retinopathy has been described in AGS and SAVI
but it remains unclear whether this occurs in the context of
secondary mutations (90).

Cardiac manifestations. Patients with AGS, especially those
with mutations in TREX1, are prone to develop infantile-onset
hypertrophic cardiomyopathy (31,34). There is an important risk
of cardiac valve calcification in disease related to mutations in
IFIH1 and ADAR (91).

Other considerations

Immunodeficiency workup. Patients with known type I
interferonopathies may have some degree of immunodeficiency,
either due to chronic disease and cytopenias or due to treatment
with immunosuppressants (92). Early manifestations may overlap
with non–type I interferonopathy immunodeficiencies. Therefore,
a basic immunologic workup should be considered even in the
context of a confirmed diagnosis. The workup should include a
history of infections and assessment of lymphocyte subsets and
immunoglobulin levels, as a minimum (1,12,93).

Infections in patients with CANDLE/PRAAS can be associ-
ated with the development of macrophage activation syndrome.
Opportunistic infections in patients with other CANDLE/PRAAS
mutations or SAVI and AGS are rare, although pneumocystis
infection has been reported in a patient with SAVI who was not
on any immunosuppressive treatment (89). Furthermore,
defects in maturation of CD8+ cells are identified in patients with
CANDLE/PRAAS (2,94), and in some patients with SAVI
(8,57,89). Severe infections are reported in 2 patients with
POMP mutations (94), which may be modified by additional
genetic variants.

Points to consider 9–12: treatment focus on
optimizing inflammatory disease control

The goal of treatment is the control of the systemic and
organ-specific disease manifestations and to manage complica-
tions of existing organ damage that are consequences of
untreated disease.

Pharmacologic treatment with Janus kinase inhibitors (JAKI),
particularly baricitinib, is widely used to treat patients with type I
interferonopathies (1,95–98). The JAKIs are reported to be bene-
ficial in controlling inflammatory symptoms and in preventing pro-
gression of end organ damage. Specifically, treatment with

baricitinib resulted in a significantly lower daily diary score as well
as significant reduction in glucocorticoid use in patients with type
I interferonopathies in different open-label trials (1,95). In the study
by Sanchez et al, none of the patients had achieved remission
before initiating baricitinib treatment, and 50% of patients with
CANDLE/PRAAS achieved lasting remission with no clinical
symptoms and normalization of inflammatory markers on bariciti-
nib; all discontinued glucocorticoids. In addition, patients with
CANDLE/PRAAS had improvement in myositis and cytopenias
(hemoglobin, lymphocytes, and platelets). Moreover, significant
clinical improvement, including fewer vasculitis flares, prevention
of skin involvement/progression of spontaneous amputations/
the development of gangrene, and stabilization of ILD by preserv-
ing pulmonary function, was achieved in patients with SAVI (1).
However, to date, no patient with SAVI treated with JAKI achieved
complete remission. Furthermore, JAKIs reduce IFNα-mediated
STAT-1 phosphorylation in a dose-dependent manner in patients
with interferonopathy (26,56), thus demonstrating an in vivo effect
of the JAKIs on type I IFN signaling. The JAKIs ruxolitinib and tofa-
citinib are also reported as potential treatment options
(44,56,59,98). Population pharmacokinetics and pharmacody-
namic analyses in children treated with baricitinib showed a sub-
stantially shorter half-life in pediatric than in adult populations
requiring more frequent dosing, and led to a proposed weight-
based and estimated glomerular filtration rate–based dosing reg-
imen to guide dose adjustments in the growing child (26). Doses
of JAKI used to treat these conditions that were published are
summarized in Supplementary Table 4, on the Arthritis & Rheu-
matology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42027. A beneficial effect of JAKI on inflammatory disease
manifestations is also observed in patients with AGS, including in
an open-label trial. The treatment led to a decrease in interferon
signaling gene expression scores and improvement of AGS-
related symptoms, including neurologic disability, crying, sleep
disturbances, irritability, seizures, fever, and skin inflammation of
the trunk, arms, and legs (95–97). In all instances, preexisting
organ damage is irreparable (e.g., the neurologic manifestations),
stressing the need for early treatment. In patients with AGS, treat-
ment with HIV-1 reverse-transcriptase inhibitors reduced IFN
scores; however, clinical benefit was not demonstrated (99) and
thus it is unclear if these drugs can be recommended.

Viral reactivation including BK viral reactivation has been
reported in type I interferonopathy patients treated with JAKI
(1,59). BK polyomavirus reactivation caused by therapeutic
immunosuppression is a commonly reported complication in
renal transplant patients that can result in nephropathy and renal
allograft loss. There is no proven treatment for BK nephropathy
and management is limited to early detection and to controlling
BK viral load by reducing the dose of immunosuppressive medi-
cations (100,101). Monitoring for BK viral load in blood and urine
and renal function prior to initiation of JAKI, at baseline, and then
routinely at each visit is recommended.
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Other viral reactivations, such as herpes, are reported in
CANDLE/PRAAS and SAVI (1); however, there are insufficient
data to routinely recommend anti-viral drug prophylaxis for
patients with CANDLE/PRAAS and SAVI treated with JAKI. Simi-
larly, in AGS, viral prophylaxis for patients on JAKI is not currently
recommended.

Finally, the data from an open-label trial indicated that
patients with AGS who are receiving baricitinib should be moni-
tored closely for thrombocytosis, leukopenia, and infection, espe-
cially those with underlying thrombotic risk factors or those who
are receiving systemic glucocorticoids or immunosuppressive
regimens (95), while no such events were reported in 2 other
reports (96,97).

Glucocorticoids are generally considered useful in CANDLE/
PRAAS and SAVI patients with systemic inflammation, although
their use is limited by toxicity (1). When used for a prolonged time,
glucocorticoids cause serious side effects including growth
arrest, truncal obesity, hypertension, glucose intolerance, and
osteopenia (102). Therefore, the lowest possible dose of gluco-
corticoids should be targeted for disease control.

There is generally no role for chronic glucocorticoids in AGS, as
glucocorticoids do not improve the long-term neurologic features
nor outcome of AGS. However, short courses of glucocorticoids to
treat acuteCNSand non-CNS inflammatorymanifestations, such
as cytopenias and hepatitis, may be beneficial.

Points to consider 13–17: long-term monitoring
and management focus on assessing
inflammatory organ manifestations, minimizing
treatment-related toxicities, and encouraging
general health measures, including vaccines, and
fostering of self-management skills and medical
decision-making

A multidisciplinary team approach to regular clinical follow-
up is recommended and may include access to medical subspe-
cialists, including a rheumatologist, geneticist, neurologist,
ophthalmologist, pulmonologist, cardiologist, hepatologist, gas-
troenterologist, hematologist, immunologist, dermatologist,
endocrinologist, nephrologist, and access to supportive ser-
vices including a physiatrist, wound care specialist, psycholo-
gist, bone health specialist, physical therapist, dental/oral
surgeon, dietitian, psychiatrist, rehabilitation care, orthopedic
care, and social support services. With current treatment strate-
gies the ultimate treatment goal in inflammatory diseases,
namely inflammatory remission, can only be achieved in a subset
of patients. Remission is mainly described in patients with CAN-
DLE/PRAAS (1). The current treatment goal is therefore to
reduce systemic and organ inflammation and to prevent or limit
the development or progression of organ injury/damage. This
requires treatment adjustments and close monitoring of disease
progression. Table 4 provides general and disease-specific

guidance for the monitoring of disease activity and assessment of
organ damage. The monitoring should include 1) assessment of
the level of systemic inflammation, and of growth and sexual devel-
opment, 2) the assessment of general and disease-specific clinical
signs and symptoms including the use of validated instruments
when available (1,22,23), 3) monitoring of disease-specific organ
manifestations, and 4) monitoring of the development of autoim-
mune features (see Supplementary Table 5 [https://onlinelibrary.
wiley.com/doi/10.1002/art.42027] for autoantibody associations
with organ-specific autoimmune manifestations in CANDLE/
PRAAS, SAVI, and AGS), cytopenias, treatment-related complica-
tions, and infections (immunodeficiencies). Preliminary guidance
regarding the monitoring of JAKI treatment (Table 4) is provided
but may need to be adjusted as experience with treatment of inter-
feronopathies grows.

All patients should be evaluated at each visit for the presence
of disease-specific symptoms and presence of systemic inflam-
mation (Table 4).

Chronic inflammation and chronic glucocorticoid treatment
negatively affect bone health (e.g., osteoporosis), growth (stunt-
ing), and development (1). These parameters should be moni-
tored regularly, as well as cardiac (e.g., hypertension) and
ophthalmologic complications of chronic glucocorticoid use.

Patients with CANDLE/PRAAS should also be monitored for
headaches, skin and musculoskeletal disease, development of
metabolic syndrome (hypertension, hyperglycemic and hepatic
steatosis), and for development of primary pulmonary hyperten-
sion. Pulmonary hypertension can be insidious in onset. Although
ILD is rare, it should be screened for at baseline and monitored as
indicated by pulmonary function tests and low radiation chest
CT. Ophthalmologic and dental assessment may be required in
patients with eye inflammation and hypodontia and tooth eruption
problems (1,2,5,9,18,36,37,39,51).

Patients with SAVI may require wound care (including wound
culture as necessary) and close assessment of ILD and the devel-
opment of secondary pulmonary hypertension. Patients should
be screened for systemic hypertension, otolaryngology, ophthal-
mology, and dental disease at baseline and be followed as indi-
cated. Patients should be instructed in self-care, including
keeping peripheries warm, and in emergency management of
acute ischemic digits (e.g., with, but not limited to, intravenous
fluids, pentoxyphylline, or intravenous vasodilators), prompt use
of antibiotics if infection is suspected, and meticulous wound care
(1,8,103).

Patients with AGS aremonitored for progression of neurologic
disease including gross and fine motor function and cognitive func-
tion using validated scales when available (22,23). Patients with
SAMHD1mutations require yearly MRI and MR angiography stud-
ies to screen for intracerebral artery disease (e.g., Moyamoya)
(49,74,77). Patients should be monitored for the development of
systemic hypertension, pulmonary hypertension, and cardiomyop-
athy (78). Other complications include autoimmune hepatitis
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(25,83) and autoimmune endocrinopathies, most frequently hypo-
thyroidism (34). Other manifestations that can develop insidiously
include glaucoma and epilepsy, and should be monitored as clini-
cally indicated (76,104). Neurologic tone abnormalities in non-
ambulatory patients can lead to joint dislocation and scoliosis and
should be monitored. Families should be instructed in prevention
of skin complications, physical therapy, management of disturbed
sleep–wake patterns, and irritability commonly seen in AGS. Fami-
lies can also participate in home stretching programs, and appro-
priate positioning of children with tone abnormalities.

The heightened type I interferon–mediated autoimmune
response contributes to the development of autoantibodies and
autoimmune diseases (105) (see Supplementary Table 5, https://
onlinelibrary.wiley.com/doi/10.1002/art.42027). Antinuclear anti-
bodies are seen in up to 62.5% of patients with SAVI (8), in up to
42% of patients with CANDLE/PRAAS (1,2,5,9,18,39,51,93),
and 23% of patients with AGS (62). Moreover, antiphospholipid
antibodies are present in patients with CANDLE/PRAAS, SAVI,
and AGS (1,7,62). Antineutrophil cytoplasmic antibodies are,
intermittently, elevated in up to 71% of patients with SAVI and
18% of patients with AGS (8,62), and RF positivity is reported in
patients with SAVI (see above). Urinalysis for kidney dysfunction
and screening for autoimmunity based on the disease symptoms
are recommended as kidney disease is reported mostly in
patients with AGS (50,62,79) and SAVI (8,106,107). Antibodies
associated with specific autoimmune diseases including autoim-
mune arthritis, pauci-immune glomerulonephritis, autoimmune
cytopenias, thyroiditis, and/or hepatitis have been described in
CANDLE/PRAAS, SAVI, or AGS with variable frequencies
(Supplementary Table 5). As it remains difficult to diagnose these
diseases based on clinical symptoms, regular screening for auto-
antibodies as outlined in Table 4 is currently recommended. Renal
pathology prior to treatment with JAKI should be assessed by a
baseline renal ultrasound and urine protein/creatinine ratio
(or albumin/creatinine ratio).

All patients and families should have access to formal genetic
counseling and may require social and other support. Supportive
care, including adaptive equipment (e.g., orthoses, walkers,
wheelchairs, seating equipment), may be required.

Treatment during infections including COVID-19.
Disease flares and progression can occur if immunosuppressive
treatment is held (108) and disease can flare in the context of an
infection. Thus, any patient who develops an acute infection
(or other complications) may require adjustment of immuno-
suppressive treatment (and/or institution of other supportive
treatment), which should be conducted only under expert
supervision. In line with these suggestions, recently published
ACR guidance recommends continuing or initiating immuno-
suppressants when indicated in patients with pediatric rheu-
matic diseases in the context of exposure to SARS–CoV-2
or if experiencing asymptomatic SARS–CoV-2 infection.

Immunosuppressants may be temporarily delayed or withheld
if a patient has symptomatic COVID-19 (109).

Vaccination. Whether vaccination may trigger disease
flares in interferonopathies is an important and currently unan-
swered question. There are no data suggesting that patients with
CANDLE/PRAAS and SAVI develop disease flares with routine
childhood vaccinations and the Task Force therefore recom-
mended compliance with local regulations when patients are not
treated with immunosuppressive treatments or glucocorticoids.
No such consensus was achieved for AGS: the safety of vaccines
in this population is not fully evaluated, and anecdotal reports of
vaccine-induced neurologic regression were concerns debated
by the Task Force. No specific recommendation on vaccination
for AGS was therefore possible. In line with the general EULAR
guidance, the Task Force recommends avoiding live vaccines in
patients with CANDLE/PRAAS, SAVI, and AGS while on treat-
ment with JAKI or other immunosuppressive medications
(110). Treatment discontinuation can result in withdrawal flares.
In general, we suggest following recommendations for other
autoimmune and inflammatory rheumatic diseases (110,111);
we however currently do not advise treatment adjustments for
treatments recommended for the type I interferonopathies
including JAKI.

RNA-based SARS–CoV-2 vaccines are not live vaccines, sug-
gesting that they may be safe for immunosuppressed patients.
Whether vaccines against COVID-19 have the potential to provoke

Box 1: Research agenda

To define autoinflammatory disease outcomes, including:
Develop validated remission criteria for each disease 

including patient reported outcome measures.
Develop minimal disease activity criteria.
Identify sensitive biomarkers of progression of organ 

disease (including central nervous system).

To further assess efficacy of Janus kinase inhibitors (JAKI) and 
other type I IFN targeted therapies.

To assess long-term safety with treatment of JAKI.
Assess long-term effect of chronic BK viral reactivation.
Recommend monitoring guidance including frequency 

of BK viral load measurements and management of BK 
viremia.

To assess requirement of viral prophylaxis on JAKI.

To identify novel therapeutic targets and better treatments.

To validate an interferon signature to diagnose and monitor 
patients (e.g., number of interferon response genes to include, 
sensitivity and specificity of score).

To evaluate the effect of vaccination in triggering or exacerbating 
disease activity in patients with type I interferonopathies while 
on or off treatments with immunosuppressive medications and/or 
glucocorticoids.

To identify new genetic causes for interferonopathies.
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a disease flare is unknown; theoretical concerns about disease
flare in type I interferonopathies caused by RNA vaccines exist.
There are currently no data to back specific recommendations.

CONCLUSION

The aim of these points to consider is to address the unmet
need to provide guidance for health care professionals involved
in the care of patients with the recently characterized type I inter-
feronopathies, CANDLE/PRAAS, SAVI, and AGS. A lack of high-
level evidence is a limitation to these points to consider and
reflects the challenges of studying novel, ultra-rare diseases. To
address these challenges, the Task Force generated guidance
statements based on results from a thorough SLR and on special-
ists’/experts’ opinions where evidence was lacking or was insuffi-
cient. The Task Force included various specialists with broad
expertise in relevant clinical areas and representing different
regions, disease interests, and practice environments.

Important areas of future research are outlined in Box 1. The
cost and availability of genetic testing, interferon signature assays,
and JAKI treatment are substantial barriers that currently prevent
optimized care for patients with interferonopathies. Furthermore,
patients with the autoinflammatory interferonopathies CANDLE/
PRAAS, SAVI, and AGS live in many different countries and are
managed in different health care systems. These points to con-
sider address the multiple challenges of managing patients with
these ultra-rare diseases, by providing guidance on improving
clinical recognition, support for decision-making on genetic test-
ing, as well as treatment and long-term management. These
points to consider were developed to increase awareness of
these diseases, and to standardize the level of care by character-
izing the diagnostic and therapeutic tools that can improve care.
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R E V I EW

Safety and Efficacy of Mesenchymal Stromal Cells and
Other Cellular Therapeutics in Rheumatic Diseases in 2022:
A Review of What We Know So Far

Gary S. Gilkeson

Although a number of new immunosuppressive agents and biologics have been approved for treating various
autoimmune inflammatory rheumatic diseases, there remains a substantial number of patients who have no
clinical response or limited clinical response to these available treatments. Use of cellular therapies is a novel
approach for the treatment of autoimmune inflammatory rheumatic diseases, with perhaps enhanced efficacy
and less toxicity than current therapies. Autologous hematopoietic stem cell transplants were the first foray
into cellular therapies, with proven efficacy in scleroderma andmultiple sclerosis. Newer, yet unproven, cellular
therapies include allogeneic mesenchymal stromal cells, which have been shown to be effective in graft-ver-
sus-host disease and in healing Crohn’s fistulas. Chimeric antigen receptor T cells are effective in various
malignancies, with possible application in rheumatic diseases, as shown in preclinical studies in murine lupus
and recently in human lupus. Treg cells are one of the master controllers of the immune response and are
decreased in number and/or effectiveness in specific autoimmune diseases. Expansion of autologous Treg
cells is an attractive approach to controlling autoimmunity. There are a number of other regulatory cells in the
immune system, including Breg cells, dendritic cells, macrophages, and other T cell types, that are in early
stages of development as treatments. In this review, the current evidence for the efficacy and mechanisms of
actions of cellular therapies already in use or in clinical trials in human autoimmune diseases will be discussed,
including the limitations of these therapies and potential side effects.

Introduction

A number of therapeutic agents were recently approved for

treating autoimmune diseases, including biologics and immuno-

suppressive agents (1). Even with the availability of these new

drugs, a number of patients do not adequately respond, or expe-

rience significant side effects from the medications. Thus, new

treatment modalities in autoimmune diseases are needed.
A novel approach to treating autoimmune diseases is cell-based

therapies, both autologous and allogeneic (2). Autologous hematopoi-

etic stem cell transplantation (HSCT) resets the bone marrow, estab-

lishing a non-autoimmune immune system (3). Chimeric antigen

receptor T cells (CAR T cells), which utilize the patient’s T cells, adding

targeting and therapeuticmolecules to the cells, constitute an expand-

ing method of treatment in cancer, with potential applications in auto-

immunity (4,5). Allogeneic mesenchymal stromal cells (MSCs), due to

their immunomodulatory effects and repair abilities, are of increasing

interest in autoimmunity (6). Enhancing Treg cell function may improve

autoimmunity by expanding Treg cells to keep autoreactivity in check

(7,8). There is therapeutic potential for the use of Breg cells, T follicular

cells, dendritic cells, induced pluripotent stem cells, andmonocytes as

therapeutics. The development of potential treatments using these cell

types is in the very early stages. This review is focused on cellular ther-

apies that are already in human trials or being used in practice. Table 1

contains an overview of the different cellular therapies discussed.
This review is focused primarily on lupus, scleroderma, and

rheumatoid arthritis (RA), where there is the most human experi-

ence in cellular therapies. Cellular therapies are being pilot tested

in other autoimmune diseases, such as myositis, vasculitis, Sjög-

ren’s syndrome, ankylosing spondylitis, and psoriatic arthritis;

however, there are very limited data in humans (9–11). Autolo-

gous cellular therapies are currently used for reparative purposes
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in wound healing, fracture healing, and osteoarthritis, but discus-

sion of these uses is outside the intent of this review.

Hematopoietic stem cell transplantation

The initial foray into cellular therapies in rheumatic diseases
involved allogeneic HSCT in cancer patients with preexisting
autoimmune diseases (12). It was noted that patients who sur-
vived the cancer and transplantation often had remission of their
rheumatic disease (13). The morbidity and mortality associated
with allogeneic transplantation in autoimmunity, however, pre-
cluded its use unless there was a coexisting malignancy (12).
Autologous HSCT was first used for treating solid tumors, allow-
ing more aggressive chemotherapy. The morbidity and mortality
associated with autologous HSCT is significantly less than that
associated with allogeneic HSCT, and with experience, outcomes
have improved, with the risk/benefit ratio being acceptable in life/
organ-threatening autoimmune diseases such as scleroderma
and lupus (13).

There are a number of case reports and series describing suc-
cessful suppression of autoimmunity with autologous transplants.
There are 3 published randomized controlled trials (though not
blinded for ethical reasons) comparing standard of care with cyclo-
phosphamide to autologous HSCT in scleroderma (Autologous
Stem Cell Transplantation International Scleroderma [ASTIS], Autol-
ogous Stem Cell Systemic Sclerosis Immune Suppression Trial
[ASSIST], and Scleroderma Cytoxan or Transplant [SCOT]) and a
recent retrospective review of 80 patients undergoing HSCT (Non-
interventional Systemic Sclerosis 1 [NISSCI]) (14,15). Although con-
ditioning regimens varied, with later trials using non–marrow ablative
conditioning, each trial demonstrated that the patients who under-
went transplantation had significantly improved survival compared
to those who received standard of care (14–16). Skin disease
improved themost, with notable improvements 1month after trans-
plantation. Lung function also either stabilized or improved in more
patients undergoing autologous bone marrow transplantation
(BMT) than in those receiving standard of care (14). Meta-analyses
indicate that autologous HSCT is superior to standard of care in
patients with progressive life-threatening disease, and it is

recommended as an intervention by the European HSCT group
(15). In Europe, more autologous HSCTs are performed for multiple
sclerosis and scleroderma than other autoimmune indications (15).
A recent review by Snowden et al (17) described the primarily
European 20-year experience with HSCT in autoimmune disease
from 1995–2015. There was a chronological increase in
progression-free survival through the 5-year time intervals. Overall,
there is an increase in the number of autologous HSCTs being done
for multiple sclerosis, scleroderma, and Crohn’s disease. The num-
ber of HSCTs performed in patients with lupus or RA have fallen sig-
nificantly, to only 1–2 per year, perhaps due to the availability of
other therapies. Overall, HSCT survival was the worst in sclero-
derma, but this preceded prescreening for cardiac disease (17).

The primary difficulty with regard to HSCT is choosing the right
time and the right patient for this aggressive, expensive, and poten-
tially fatal treatment. Patients with advanced disease, especially
those with scleroderma heart involvement, do poorly (18). An
in-depth cardiac evaluation prior to transplantation (magnetic reso-
nance imaging, volume loading) to prove lack of cardiac involve-
ment in scleroderma is recommended, as most deaths were due
to cardiac toxicity of the conditioning regimen (19). The European
HSCT group recently published guidelines for determining which
scleroderma patients are candidates for HSCT, with cardiac testing
being a primary recommendation (19). There are a few published
uncontrolled trials of allogeneic HSCT in lupus. None of the lupus
trials were placebo-controlled or included a comparison with stan-
dard of care; thus, the efficacy of allogeneic HSCT compared to
standard of care is unknown (20) (Table 2). Patient selection is also
a major hurdle in lupus. As conditioning regimens evolve, with less
morbidity and mortality, allogeneic HSCT will likely become more
widely used in select patients with severe disease. It is clear that
HSCT for autoimmune diseases should only be done in select cen-
ters of excellence where HSCT experts work together with rheu-
matologists to enhance patient outcomes.

Mesenchymal stromal cells

Mesenchymal stem cells were first described by Friedenstein
in 1966 (21). They were called “mesenchymal stem cells” based

Table 2. Trials of autologous HSCT for treating lupus*

Author, year (ref.)
No. of
patients Conditioning

Mortality,
no. (%)

Transplant-
related
mortality,
no. (%)

SLE-related
mortality,
no. (%)

Overall
survival, %

Relapse-free
survival, %
(no. of years
of follow-up) Country

Farge et al, 2010 (78) 85 Multiple 18 (21) 11 (13) 5 (6) 79† 44 (5) Europe
Burt et al, 2006 (79) 50 CYC + ATG 8 (16) 2 (4) 4 (8) 84 50 (5) US
Song et al, 2011 (80) 18 TLI + CYC + ATG Unknown 0 (0) Unknown Unknown 72 (1) China
Rosen et al, 2000 (81) 7 CYC + ATG 2 (29) 1 (14) 1 (14) 71 72 (5) Germany
Goklemez et al, 2021 (82) 8 CYC + FL + RTX 2 (25) 0 (0) 2 (25) 75 75 (4) US

* HSCT = hematopoietic stem cell transplantation; SLE = systemic lupus erythematosus; CYC = cyclophosphamide; ATG = antithymocyte globu-
lin; TLI = total lymphoid irradiation; FL = fludarabine; RTX = rituximab.
† After 5 years of follow-up.
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on their ability to differentiate into chondrocytes, adipocytes, and
osteoblasts. The nomenclature was recently changed, when it
was acknowledged that MSCs were not truly stem cells, as their
differentiation potential is limited. “Mesenchymal stromal cells” is
proposed as a more applicable name, though others use the term
“medicinal signaling cells” based on their therapeutic potential,
while maintaining the MSC abbreviation (22).

There are 3 criteria for classifying cells as MSCs according to
the International Society of Stem Cell Therapeutics (23). First, they
must be plate adherent in culture. Second, they must have the
capacity to differentiate into osteoblasts, chondrocytes, and adi-
pocytes in culture. Third, they must not express endothelial cell,
hematopoietic cell, or class II antigen–presenting cell markers
(CD31, CD45, and HLA–DR), while expressing stromal cell
markers (CD73, CD90, and CD105). MSCs express major histo-
compatibility complex (MHC) class I molecules and can present
MHC class I epitopes to CD8+ T lymphocytes. CD80, CD86,
CD28, and inducible costimulator ligand, key costimulatory mole-
cules in T cell activation, are not expressed on MSCs; however,
MSCs do express low levels of other costimulators, which can
lead to T cell costimulation (24).

Allogeneic MSCs are not approved for any disease in the
US. Allogeneic MSCs are approved for childhood acute graft-
versus-host disease (GVHD) resistant to steroids in Japan,
New Zealand, and Canada (25). A US Food and Drug Administra-
tion application for the use of MSCs in childhood acute steroid-
resistant GVHD is under review. MSCs are approved for refractory
anal/rectal fistulas in patients with Crohn’s disease in the
European Union and South Korea (26). The route of administra-
tion for the treatment of fistulas in Crohn’s disease is local injection
and not intravenous (IV) administration.

MSCs are a heterogeneous group of cells. Although MSCs
can be derived from most human tissues, MSCs from 3 sources
are used most in human therapeutics: allogeneic bone marrow–
derived MSCs (BM-MSCs), adipose tissue–derived MSCs (AD-
MSCs), and umbilical cord–derived MSCs (UC-MSCs). Bone
marrow, though obtainable, requires a painful procedure and yields
limited numbers of cells. MSCs do not circulate in the peripheral
blood so cannot be harvested by apheresis. Large numbers of
MSCs can be derived from adipose tissue or umbilical cords. There
are conflicting reports regarding the immunosuppressive ability of
MSCs from the 3 sources. Available data suggest that AD-MSCs
and UC-MSCs are more immunosuppressive, both in vitro and
in vivo, than BM-MSCs (27,28). In our experience in murine lupus,
UC-MSCs and BM-MSCs had similar in vivo efficacy in suppres-
sing lupus nephritis and in in vitro T cell and B cell suppression
assays (29). Most MSC trials at this point are using either UC-
MSCs or AD-MSCs due to the ease of obtaining a large number
of cells derived from a single source.

Screening of donors is required to ensure that no infectious
vectors are present in the donor cells. Cytomegalovirus (CMV)
and herpes simplex virus (HSV) can infect MSCs, though MSCs

from healthy CMV/HSV-seropositive donors do not contain virus
detectable by polymerase chain reaction, unless the viral disease
is active (30). Epstein–Barr virus (EBV) cannot infect MSCs due
to their lacking the EBV receptor (30). An unanswered question
is the difference in effectiveness between MSCs from one individ-
ual and those derived from another individual. It is assumed such
differences exist, but the proper validating procedures have not
yet been determined. Given that women are more prone than
men to most autoimmune diseases, could MSCs derived from
men be more immune effective? There are reports of global gene
expression differences in UC-MSCs derived from men versus
those derived from women, but there is no evidence these differ-
ences are clinically relevant (31).

Early studies found that MSCs derived from autoimmune
patients are ineffective and dysfunctional. BM-MSCs from lupus
patients are not as effective as allogeneic BM-MSCs in suppres-
sing murine models of lupus and inflammatory arthritis. MSCs
derived from lupus patient bone marrow have an altered endo-
skeleton, slow growth, poor migration, and early loss of viability
and do not protect against the development of disease in animal
models or in humans (32). They also have altered microRNA
(miRNA) expression, altered RNA-Seq profiles, and enhanced
type I interferon (IFN) production, all resulting in decreased effi-
cacy in in vitro suppression assays and in vivo animal and human
trials (33). Similar defects are found in BM-MSCs from patients
with other autoimmune diseases.

A multitude of mechanisms of action for MSCs have been
proposed from in vitro experiments and in vivo animal models.
Increased Treg cell numbers and altered T cell and B cell subsets
are repeat findings. MSC effects can be divided into 6 different
mechanisms (34–36) (Figure 1). First is direct cell-to-cell contact
with immune cells or endothelial cells, resulting in functional
impacts through cell receptor interactions and/or mitochondrial
transfer (37). Second are paracrine effects through the release of
mediators with immunomodulatory, antiapoptotic, angiogenic,
and antioxidant effects (38) (Figure 2). MSCs produce basal levels
of chemokines, cytokines, and antiinflammatory mediators. These
include CXCL12, interleukin-6 (IL-6), prostaglandin E2 (PGE2),
and transforming growth factor β (TGFβ) (35,39,40). CXCL12 is
found in sites of inflammation and is an important chemoattrac-
tant for MSCs (40). Exposure of MSCs to inflammatory cytokines
and Toll-like receptor (TLR) ligands increases production of antiin-
flammatory mediators (41). MSC-derived TGFβ is a major driver of
the differentiation of FoxP3− CD4+ T cells to FoxP3+ Treg cells
(42). MSCs express COX-2 and secrete low levels of PGE2 (35).
PGE2 is important in T cell immunosuppression mediated by
MSCs. Human MSCs express other immune effectors, including
galectins and nitric oxide (43). Indoleamine dioxygenase is pro-
duced by human MSCs and is immunosuppressive by limiting
availability of tryptophan to T cells (44) (Table 2).

A third cellular action of MSCs is by impacting the differentia-
tion of monocytes to IL-10–producing alternatively activated (M2)
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macrophages (34). Apoptosis of MSCs and engulfment by mac-
rophages leads to a switch in tissue macrophages from inflamma-
tory (classically activated [M1]) to antiinflammatory (M2) (34).
Absorption of MSC apoptotic bodies decreases the development
of conventional dendritic cells (34). A fourth cellular effect of MSCs
is via production of extracellular vesicles and other microparticles
(45). The extracellular vesicles are able to fuse to the cell mem-
brane of target cells and release proteins and miRNAs impacting
target cell function. Similar to the extracellular vesicle fusion, dur-
ing cell-to-cell contact, MSCs can transfer mitochondria to target
cells, a fifth cellular action (45). The sixth and final cellular action is
via MSCs integrating into the target tissue. This is a key feature for
tissue repair of MSCs, but it is not clear this is a mechanism for
immune modulation.

MSCs are often described as being “immune privileged”
since they lack MHC class II, as well as specific costimulatory mol-
ecules. Thus, the donor and recipient do not need to be HLA
matched. An allogeneic reaction can develop, though not in all
patients, and does not appear clinically significant regarding
future blood transfusions or pregnancies, but does likely decrease

MSC lifespan. It has been postulated that HLA mismatch may be
advantageous in that the immune interactions may activate
MSCs. How well and how long “immune privilege,” if it is present,
lasts is an unresolved issue.

What happens to MSCs once they are injected IV is an area
of incomplete understanding (46). Upon IV administration, the
cells immediately go to the lungs where, due to their size, they
cannot traverse lung capillary beds. Most are detained in the
lungs, where they presumably undergo apoptosis and are taken
up by resident lung macrophages. A small percentage of the cells
do get beyond the lungs and migrate to sites of inflammation. This
is likely via MSCs adhering to the endothelium and crossing
through the vessel wall into the local tissues. Alternatively, the cells
may migrate into the lung tissue where they encounter lung resi-
dent macrophages or enter the systemic circulation. Cells can be
detected in regions of inflammation such as skin and kidneys in
mice 2–4 weeks after infusion (29). Others reported finding no cells
2–3 days postinfusion. Other methods of infusion are being tested
to bypass the lung, including subcutaneous, intraperitoneal, and
intra-organ administration (in the heart, kidney, or joint).

Figure 1. Schematic illustration of mechanisms of action of mesenchymal stromal cells (MSCs). There are multiple proposedmechanisms bywhich
MSCs exert their immune effects. The figure illustrates the following mechanisms of action: 1) MSCs secrete a number of factors, including cytokines,
angiogenic factors, and antiapoptotic factors as a paracrine effect. 2) MSCs undergo apoptosis and are engulfed by tissue macrophages, altering
macrophage function. 3) MSCs extrude extracellular vesicles that are taken up by target cells and impact cellular function. 4) MSCs can differentiate
and integrate into target tissues. 5) MSCs can act by cell-to-cell contact either by intercellular receptor interactions or via transfer of mitochondria. This
contact can occur between MSCs and immune cells, MSCs and endothelial cells, and MSCs and other target organ cells.
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MSCs, used in a variety of clinical settings, are well tolerated.
There are a minimal number of mild infusion reactions that are
short-lived (47). There is a theoretical risk of the cells turning
malignant, which is minimized by using low passage number cells
(47). MSCs are considered immunosuppressive, but there are no
data indicating that patients receiving MSCs have higher infection
rates than patients receiving placebo. There are a couple of
reports of patients having thromboses develop upstream from
the infusion site. Both patients were undergoing hemodialysis,
which perhaps contributed to a prothrombotic state (48).

Efficacy of MSCs in lupus

MSCs derived from mice or humans were used to treat
murine models of lupus over 15 years ago. A number of different
lupus-prone strains were studied, and the majority showed
improvement in renal disease and life expectancy in mice pre- or
post-development of lupus nephritis (29,49,50). Different infusion
methods were used, including IV and intraperitoneal, with similar

results. The optimum dose of MSCs is unclear at this time. Multi-
ple dosing does not appear to impact outcomes as much as the
total dose of cells given does. The source of the MSCs (bone mar-
row, adipose tissue, or umbilical cord) was also not a differentiating
factor. From the murine studies and prior human studies in non-
lupus patients, a dose of 1 million cells per kilogram was selected
for the initial human studies by Dr. Sun’s group in Nanjing. This is
the dose used in most trials in humans to date (51). Some trials
used set numbers of cells (70 million or 140 million), while most
infused based on weight (1 million cells per kilogram). In trials in
pediatric Crohn’s disease and in GVHD, doses of up to 10 million
cells per kilogram were infused, with no adverse effect (52).

To date, 9 studies on the use of MSCs for the treatment of
refractory lupus have been published (51,53–57). There are ongo-
ing trials, though only one in the US (Table 3). The one report
describing autologous MSC treatment involved 2 patients who
received an infusion of autologous MSCs (58). There was no clin-
ical change in the patients’ lupus; however, an increase in the
number of peripheral blood Treg cells was found. Early trials used

Figure 2. Schematic illustration of the paracrine effects of mesenchymal stromal cells (MSCs). MSCs are activated by cytokines and/or by Toll-
like receptor (TLR) activation in the local tissues. They then migrate to target tissue or undergo apoptosis to be phagocytosed by resident macro-
phages (Mθ), leading to differentiation into alternatively activated (M2) macrophages. The many cytokines and other mediators they excrete have
effects on nearly all active immune cells, enhancing Treg cell development and activity, modifying B cell subsets, and decreasing function and dif-
ferentiation of CD8 effector cells, Th17 cells, and conventional dendritic cells (cDCs). IDO = indoleamine dioxygenase; PGE2 = prostaglandin E2;
NO = nitric oxide; TGFβ = transforming growth factor β; PDL-1 = programmed death ligand 1; IL-10 = interleukin-10; DN = double negative;
Tr = transitional.
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allogeneic BM-MSCs, including those from first-degree relatives
(FDRs). Later trials excluded FDRs from being donors due to
questions of their MSC functionality. Most recent trials used UC-
MSCs. The majority of the published trials were done at Nanjing
Drum Tower Hospital (Table 3).

Patients had disease refractory to 6 months of cyclophos-
phamide, and their disease activity ranged from moderate to
severe (pulmonary hemorrhage, progressive renal failure, or
transverse myelitis). Approximately 60% of the patients experi-
enced either clinical remission or significant disease improvement.
Some patients have minimal to no disease 5 years after treatment
(59). Some patients received 1 infusion, while others received
2 infusions, 1 month apart. There was no difference in efficacy
with regard to the number of infusions. None of these trials, unfor-
tunately, were placebo-controlled. In reviewing the data on >400
patients treated in Nanjing, the characteristics defining patients
less likely to respond were young age and arthritis as their primary
disease manifestation (56). There was a trend toward patients
who were receiving hydroxychloroquine being less responsive.
These trials included only Asian patients, so examining efficacy in
other ethnicities is needed. Patients who experienced a relapse
were treated again, many with a repeat response. In these trials,
immunosuppressive agents were continued following the MSC
infusions.

The one trial of allogeneic MSCs that did not report benefit
was a placebo-controlled trial of MSCs in new-onset lupus
nephritis (57). Patients received either cyclophosphamide or
mycophenolate, with 12 assigned to the MSC group and
6 assigned to the placebo group. The trial was stopped after only
18 patients, since the investigators saw no difference between the
patient groups. There was an extremely high 85% response rate
(defined as decreased proteinuria) in both arms. The inordinately
high response rate and the lack of details regarding cellular origin,
passage number, freezing and thawing, or validation of the
immune activity of the cells were weaknesses of this trial. It is
important to know the methods of derivation of the MSCs. Gali-
peau et al showed that passaging the cells beyond the fifth pas-
sage leads to early differentiation of the cells and lessened
efficacy. If the cells are frozen and thawed without culturing for
2–3 days prior to infusion, the cells are also ineffective (60).

In summary, there are suggestive data from uncontrolled
trials on the efficacy of MSCs for patients with refractory lupus.
There are currently 2 trials listed as ongoing in ClinicalTrials.gov
(Table 3). Two are small case series, while the third is the MSC in
Systemic Lupus Erythematosus (MiSLE) trial of 81 patients, a mul-
ticenter, double-blind, placebo-controlled trial in the US.

MSCs in rheumatoid arthritis

As with lupus, there were preclinical studies of MSCs in ani-
mal models of arthritis. These animal trials showed promise, lead-
ing to initiation of human trials of MSCs in RA (61). There are 9

published trials of MSCs for the treatment of refractory RA, with
2 being placebo-controlled trials (Table 4). Six of the trials used
allogeneic MSCs (5 used UC-MSCs and 1 used AD-MSCs)
(62,63). The other 3 trials used bone marrow autologous cells,
with one of them being a placebo-controlled trial, though not
blinded. In these trials, the patients had failed to respond to stan-
dard immunosuppression and most had failed to respond to at
least one biologic. The number of cells infused ranged from 1
million to 2 million cells per kilogram. Two of the allogeneic MSC
trials were phase I safety trials, though they reported efficacy
measures. Full remission was not achieved in any of the patients.
Among those who did respond, the length of response varied
from a few months to 3 years. In the largest trial of 63 patients
(uncontrolled), there was a 53.3% response, as measured by
the American College of Rheumatology criteria for 20% improve-
ment in disease activity (ACR20) (64). If the cells were “licensed”
by pretreatment with IFNγ, the response increased to 93.3%. In a
phase II controlled trial of allogeneic AD-MSCs injected in the
knees of RA patients, the ACR20 response was 20% in the pla-
cebo group versus 45% in the MSCs group at 1 month and 0%
in the placebo group versus 25% in the MSCs group at 3 months
(65). Most of the trials, whether of autologous or allogeneic
cells, showed decreased erythrocyte sedimentation rate, Health
Assessment Questionnaire, and Disease Activity Score in 28
joints. Overall, the response rates were significant, though not
seemingly better than those for approved biologics, raising the
question as to where MSCs might fit into the current RA treatment
landscape. The benefits (ACR20 achieved in 45–53.3% of patients)
can be balanced against the very low toxicity in defining the niche
for MSCs in RA therapy if further larger trials indicate efficacy.

MSCs in scleroderma

Scleroderma is another autoimmune disease in which
MSCs are being investigated, as treatments for digital ulcers,
non-healing tissue loss, gastrointestinal (GI) issues, and pulmo-
nary disease (66). Trials of allogeneic MSCs infused systemically
in patients with scleroderma are in progress in France and about
to begin in Canada. Local application of autologous or allogeneic
MSCs has shown impressive efficacy in healing refractory digital
ulcers or improving skin ulcers. Effects on skin disease, GI dis-
ease, and pulmonary disease will need to be addressed by further
controlled trials assessing the best source of MSCs, the need for
licensing of the MSCs prior to infusion, and patient groups most
likely to respond (67).

MSCs in pediatric rheumatic disease

If MSCs are effective in adult patients with ulcerative colitis, RA,
or lupus, then what is their efficacy in pediatric diseases (68)? There
is extensive experience using MSCs in pediatric GVHD disease,
implying the safety of such an approach in pediatric rheumatic
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diseases. A recent publication from a single center in California sum-
marized a case series of 3 patients, each of whom had a different
autoimmune disease (68). Each of these individuals received MSCs
outside of approved US medical settings. A patient with dermato-
myositis did not respond, while a patient with mixed connective tis-
sue disease/lupus and a patient with juvenile idiopathic arthritis (JIA)
had significant improvement in their disease activity, and each are
continuing to receive the infusions as their only therapy. There is a
plan to expand studies done in children with specific types of JIA.
There are a few case reports in other rheumatic diseases, but these
are insufficient to draw conclusions as to whether they are a reason-
able target for MSC therapy (69).

MSC microparticles

It is unclear whether the presumed efficacy of MSCs in auto-
immune diseases is mediated by paracrine secretions of MSCs,
microparticles of MSCs, or whether cell-to-cell contact is needed
(Figure 1). Due to the questions and concerns regarding trapping
of MSCs in the lung, use of microparticles is appealing, as their
size would allow passage through the lungs. Microparticles from
MSCs contain many of the antiinflammatory molecules expressed
by MSCs. Microparticles can also fuse in the membranes of other
cells or be phagocytosed.

Pretreatment MSC manipulation

Even before knowing if unmanipulated MSCs are effective in
treating disease, various methods of manipulating the cells are

under investigation. Would preactivating the MSCs via pretreat-
ment with IFNγ enhance efficacy? Priming does enhance in vitro
immunosuppressive properties and has enhanced efficacy in ani-
mal models of inflammatory bowel disease and in renal ischemia–
reperfusion models. There are no reports of priming of MSCs in
human trials thus far. Alternatively, using molecular techniques,
MSCs can be transfected with different DNA cassettes to
enhance MSC homing to sites of inflammation and to express
the effector molecule of choice.

Future of MSC therapy

Despite the promising reports of MSC therapy in autoim-
mune diseases, almost all of the trials were unblinded, and those
that were not, were small. It is very important moving forward that
investigators and funding agencies work together to develop trials
using MSCs with standard operating procedures regarding cell
preparation, patient selection, outcome measures, and mecha-
nistic studies. There is significant inherent bias in unblinded trials
since both the patient and the investigator want to see improve-
ment, introducing unintentional bias in grading subjective
outcomes. The risk of not performing large multicenter placebo-
controlled trials is that a potentially useful therapy will be underuti-
lized due to a lack of convincing data showing efficacy.

TREG cell therapy

Many patients with autoimmune disease either have low
numbers of CD4+CD25+FoxP3+CD127− Treg cells or the Treg

Table 4. Trials of MSCs in RA*

Study phase MSC source

Number of
patients with
refractory RA Outcome

Completed studies, by author,
year (ref.)

Liang et al, 2012 (87) Phase I Allogeneic UC 4 Improved ESR and DAS28
Yang et al, 2018 (88) Phase I/II randomized Allogeneic UC 105 Good response with increased

Treg cells
Park et al, 2018 (89) Phase I Allogeneic UC 9 Improved ESR and DAS28
He et al, 2020 (64) Phase I/II Allogeneic UC 63 53.3% reached ACR20
Wang et al, 2013 (62) Phase I/II Allogeneic UC 64 Decrease in HAQ and DAS28
Ghoryani et al, 2019 (90) Phase I Autologous BM 9 Decrease in DAS28; increased

Treg cells
Ghoryani et al, 2020 (91) Phase I Autologous BM 13 Increased Treg cells
Shadmanfar et al, 2018 (65) Phase I/II randomized Autologous BM

(intraarticular)
30 Improved WOMAC and VAS

�Alvaro-Gracia et al, 2017 (92) Phase I/II randomized Allogeneic AD 53 ACR20 improved, though
short-lived

Studies in progress, by country
US Phase I dose escalation BM (type unknown)

vs. UC
20 Ongoing

China Phase I Allogeneic UC 9 Ongoing

* There are currently 59 trials ofmesenchymal stromal cells (MSCs) for rheumatoid arthritis (RA) listed on ClinicalTrials.gov. UC = umbilical cord;
ESR = erythrocyte sedimentation rate; DAS28 = Disease Activity Score in 28 joints; ACR20 = American College of Rheumatology criteria for 20%
improvement; HAQ = Health Assessment Questionnaire; BM = bone marrow; WOMAC = Western Ontario and McMaster Universities Osteoar-
thritis Index; VAS = visual analog scale; AD = adipose tissue.
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cells they have are not active in suppressing immune activity (70).
The first delineation of Treg cells was between Treg cells that
develop in the thymus (natural Treg cells) and those induced in
the periphery (induced Treg cells) (71). The natural Treg cells
are immune inhibitory and important for maintaining immune
balance. Induced Treg cells are in the peripheral tissues and
inhibit inflammatory responses by secreting IL-10 and TGFβ.
IL-2 is a key cytokine for the induction of Treg cell development
and activity. Expression of the molecule Helios by Treg cells
inhibits IL-2 activity, thus limiting Treg cell development and
inhibitory activity. Helios-negative cells have increased activity
due to their IL-2 axis being uninhibited. The identification of dif-
ferent Treg cell groups initiated interest in expanding, manipulat-
ing, and genetically modifying Treg cells for use in treating
autoimmune diseases.

The first disease in which ex vivo IL-2–expanded Treg cells
were investigated was type 1 diabetes mellitus. In the trials pub-
lished to this point, there was a demonstrated effect on the main-
tenance of insulin levels and C peptide up to 2 years after
treatment in phase I studies (72). The only rheumatic disease
studied to this point is lupus. A phase I dose-escalation trial was
initiated for the use of expanded Treg cells in patients with lupus.
Unfortunately, only 1 patient, a woman with discoid lupus erythe-
matosus, was enrolled. She received a single infusion of autolo-
gous Treg cells at a low dose. There was no improvement in her
skin disease, though migration of the cells to the skin and a
change in the skin T cell profile from Th1 dominant to Th17 dom-
inant was demonstrated (7). At this time, efforts are directed at
developing techniques for enhancing Treg cell efficacy. Current
results indicate safety of the infusions and long-term (>3 months)
effects on immune function, primarily in the target organs. Using
CAR T technology as described below may allow more precision
targeting of Treg cells.

CAR T cells in autoimmune diseases

CAR T cells, along with immune checkpoint inhibitor ther-
apy, have markedly altered the landscape for treatments of pre-
viously difficult-to-treat cancers. An excellent review of CAR T
cells in autoimmunity was recently published in this journal, so I
will summarize this area briefly (73). CAR T cells express a
single-chain antibody for a given cell surface receptor, with ini-
tial endeavors targeting CD19 to treat B cell lymphomas and
acute lymphoblastic leukemia. The receptor is linked to intracel-
lular domains that activate the T cell into killing the target cells
(i.e., B cells). Due to targeting CD19, which is expressed earlier
in B cell development than CD20, there is near complete dele-
tion of B cells that lasts for years (74). CAR T cells were used
in animal models of lupus and RA with demonstrated efficacy
(75). CD19 CAR T cell–directed therapy was completed in a sin-
gle patient with refractory lupus. She had an impressive
response to treatment, with decreased proteinuria and

improved serologic features. She had complete B cell depletion
with follow-up to 44 weeks (76). More advanced CAR T cells are
being developed to enhance their efficacy by secretion of
cytokines.

The downside to CAR T cells is that other antigen targeting
is not as effective as targeting CD19, although with further
development this temporary road bump will be overcome. The
other more important downside is the cytokine release syn-
drome that develops in many patients (4). This syndrome can
be serious and life-threatening (77). There is concern that
patients with autoimmune diseases may have a higher preva-
lence and worse outcome from this cytokine release syndrome.
Other off-target toxicities occur with CAR T cells as well. Treg
cells are also now being used in CAR T cell therapy to suppress
the targeted antigen-expressing cell. A further issue with treat-
ing autoimmunity with CAR T cells is that the antigen/cells lead-
ing to disease are not as clear as in cancer. There are a number
of other hurdles to overcome with regard to CAR T cell treat-
ment for autoimmune diseases, including rate of relapse of dis-
ease, manufacturing difficulties, lack of data regarding dosage
and scheduling, and the high cost of this therapeutic approach.
These questions will need to be addressed in clinical trials. As
with BMT, CAR T cell therapies should only be performed in
centers with extensive CAR T cell experience and a group of
multidisciplinarian physicians collaborating to enhance patient
outcomes.

Other cellular therapies

There are other potential cellular therapies being evaluated in
preclinical in vivo and in vitro experiments. Each of these potential
cellular targets are either increased, decreased, or have
decreased function in autoimmune diseases. Breg cells, dendritic
cells, natural killer (NK) cells, macrophages, and T follicular cells
are all of potential use in treating autoimmune diseases. There
are “suppressor/regulatory” phenotypes for each of these cell
types that can be expanded, or their efficacy enhanced such as
the Breg cells and M2 macrophages. Another approach is to
enhance targeting and/or effector function of immune cells,
including Treg cells, NK cells, and MSCs. Induced pluripotent
stem cells offer a more boutique personalized approach; how-
ever, there is sparse literature on their use in the treatment of
autoimmune diseases.

Comparing cellular therapies

It is difficult to compare the relative efficacy of these cellular
therapies given the limited number of placebo-controlled trials at
this time. There is proven efficacy of HSCT in severe scleroderma,
though the morbidity and mortality associated with BMT is still an
issue for most other autoimmune diseases. Newer approaches to
marrow ablative therapies may allow expanded use of this
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therapy. CAR T cells may lead to cytokine storm, though treat-
ment regimens for it are known and effective. Data on efficacy in
human lupus is from one patient. Experience with Treg cells in
human trials is limited, though thus far they appear safe. The vast
literature on MSCs, though not definitive as to efficacy, clearly
demonstrate the safety of this approach. MSCs are by far the eas-
iest to produce and administer. An ongoing multicenter placebo-
controlled trial will hopefully provide insight into the efficacy of
MSCs compared to standard of care in lupus. The need to derive
alternative targets for CAR T cells, other than CD19, remains a
limitation of this therapeutic approach. Registries of trials of these
cellular therapies should be established, similar to the European
BMT registry, that would serve as a repository for all trial results
in cellular therapies in autoimmune diseases. This registry would
allow for a broader understanding of factors that impact efficacy
and toxicity as well as establishing standing operating procedures
for future trials to use.

Conclusions

Use of cellular therapies for the treatment of autoimmune dis-
eases is in its infancy and not proven to be of benefit by double-
blind placebo-controlled trials thus far, other than trials of HSCT
in scleroderma. Case reports of success of HSCT in other autoim-
mune diseases, primarily lupus, suggest efficacy, but ongoing
morbidity/mortality associated with this therapy limits its use.
Phase I and limited phase II studies suggest safety, and possible
efficacy, of MSCs in scleroderma, RA, lupus, Sjögren’s syn-
drome, ankylosing spondylitis, and childhood dermatomyositis.
The major issue is the lack of placebo-controlled trials to defini-
tively prove the efficacy of MSC therapy. MSCs are also being
used to engineer extracellular vesicles to transport a given tar-
geted payload to the tissue being targeted. Treg cells and CAR
T cells are in early phases of testing in human autoimmune dis-
eases. Placebo-controlled trials of all cellular therapies are needed
to establish safety and efficacy.
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SARS–CoV-2 Infection and COVID-19 Outcomes in Rheumatic
Diseases: A Systematic Literature Review and Meta-Analysis
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Objective. The relative risk of SARS–CoV-2 infection andCOVID-19 disease severity among people with rheumatic and
musculoskeletal diseases (RMDs) compared to those without RMDs is unclear. This study was undertaken to quantify the
risk of SARS–CoV-2 infection in those with RMDs and describe clinical outcomes of COVID-19 in these patients.

Methods. We conducted a systematic literature review using 14 databases from January 1, 2019 to February 13, 2021.
We included observational studies and experimental trials in RMD patients that described comparative rates of SARS–
CoV-2 infection, hospitalization, oxygen supplementation/intensive care unit (ICU) admission/mechanical ventilation, or
death attributed to COVID-19. Methodologic quality was evaluated using the Joanna Briggs Institute critical appraisal
tools or the Newcastle-Ottawa scale. Risk ratios (RRs) and odds ratios (ORs) with 95% confidence intervals (95% CIs)
were calculated, as applicable for each outcome, using the Mantel-Haenszel formula with random effects models.

Results. Of the 5,799 abstracts screened, 100 studies met the criteria for inclusion in the systematic review, and 54 of
100 had a low risk of bias. Among the studies included in the meta-analyses, we identified an increased prevalence of
SARS–CoV-2 infection in patients with an RMD (RR 1.53 [95%CI 1.16–2.01]) compared to the general population. The odds
of hospitalization, ICU admission, and mechanical ventilation were similar in patients with and those without an RMD,
whereas themortality rate was increased in patients with RMDs (OR 1.74 [95%CI 1.08–2.80]). In a smaller number of studies,
the adjusted risk of outcomes related to COVID-19 was assessed, and the results varied; some studies demonstrated an
increased risk while other studies showed no difference in risk in patients with an RMD compared to those without an RMD.

Conclusion. Patients with RMDs have higher rates of SARS–CoV-2 infection and an increased mortality rate.
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INTRODUCTION

The SARS–CoV-2 pandemic has resulted in unprecedented
morbidity and mortality due to COVID-19. In the general popula-
tion, risk factors associated with poor COVID-19 outcomes
include older age, sex, and chronic diseases (1,2).

Patients with rheumatic diseases may be at an increased risk
of infection as a result of underlying disease, associated comor-
bidities, and use of potentially immunosuppressive treatments
(3). Furthermore, concern exists regarding whether individuals
with rheumatic diseases potentially experience more severe
COVID-19 disease and poorer outcomes. However, 1 year after
the first cases of COVID-19 were described, the applicability of
this heuristic to SARS–CoV-2 infection, and the magnitude of
any such heightened risk in these patients, remains unclear. Data
directly addressing these questions are limited and lack clarity
because of the rapid publication of many small studies during
the pandemic, and these studies are frequently underpowered
to show clinically significant effects.

The present systematic review and meta-analysis are aimed
at quantifying the risk of contracting SARS–CoV-2 infection and
describing COVID-19 outcomes in patients with rheumatic and
musculoskeletal diseases (RMDs).

PATIENTS AND METHODS

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement for reporting was used in this study
(4). The study protocol was registered with PROSPERO a priori
(no. CRD42020205668).

Data sources and literature search. A systematic
search of the literature was conducted by a medical librarian
(AAG and a second librarian) in the BioRxiv, China National
Knowledge Infrastructure, Cochrane Library, Disaster Lit, Global
Health, Google Scholar, LitCovid, medRxiv, Ovid Embase, Ovid
Medline, PubMed, Scopus, Wanfang Data, and Web of Science
Core Collection databases to find relevant articles published from
January 1, 2019 to February 13, 2021. Databases were searched
using a combination of controlled vocabulary and free-text terms

for COVID-19 and rheumatic diseases. The search was peer
reviewed by a second medical librarian using Peer Review of Elec-
tronic Search Strategies (5). Details of the full search strategy are
listed in Supplementary Table 1 (available on the Arthritis & Rheu-

matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42030). Details regarding included RMDs are shown in Sup-
plementary Table 2 (http://onlinelibrary.wiley.com/doi/10.1002/
art.42030). The bibliographies of included studies were reviewed
to identify additional relevant literature.

Study selection eligibility criteria. Citations from all
databases were imported into an EndNote x9 Library (Clarivate Ana-
lytics), where duplicates were removed. The unduplicated results
were imported into Covidence v2627 for screening and data extrac-
tion. Two independent screeners reviewed titles and abstracts, and
a third screener resolved disagreements. The full texts of the col-
lected articles were then reviewed for inclusion by 2 independent
screeners with a third screener to resolve disagreements.

Observational studies and experimental trials were eligible for
inclusion if data regarding adult and/or pediatric patients with
rheumatic diseases were reported and SARS–CoV-2 infection or
the subsequent clinical course were included as outcomes. Pub-
lications were excluded if they did not include quantifiable data
regarding patients with rheumatic diseases, did not include origi-
nal primary data, did not focus on human subjects, did not report
data regarding outcomes related to SARS–CoV-2 infection or its
associated clinical course, included duplicate or retracted data,
were case reports or series, or were not yet published as a full-
text study. There were no restrictions regarding language, and
individuals fluent in a particular foreign language reviewed the arti-
cles in that language. Outcomes of interest included SARS–
CoV-2 infection and COVID-19 outcomes (hospitalization, oxygen
supplementation, intensive care unit [ICU] admission, mechanical
ventilation, or death).

Data collection process. Two reviewers independently
extracted data using Qualtrics software version Oct–May
2020–2021. A third reviewer assessed the forms to resolve any
conflicts. Extracted data included study characteristics (first
author, year of publication, country of origin, study design, sample
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size, and study sponsor), baseline demographic and clinical char-
acteristics of the participants (age, sex, race or ethnicity, and
comorbidities [each comorbidity individually reported as well
as grouped into categories of diabetes, respiratory, cardiovascu-
lar, smoking, or other]), SARS–CoV-2 infection status, and
COVID-19 outcomes (hospitalization, oxygen supplementation,
ICU admission, mechanical ventilation, or death).

Risk of bias in individual studies. Two reviewers inde-
pendently assessed the risk of bias using the Joanna Briggs Insti-
tute (JBI) checklists for prevalence and analytical cross-sectional
studies (3–5) and the Newcastle-Ottawa scale for case–control
and cohort studies (6–8). The JBI checklists for prevalence and
cross-sectional analytical studies are divided into 3 categories for
assessment of bias (for prevalence studies, scores 0–3 = high risk
of bias, scores 4–6 = some concerns, and scores 7–9 = low risk
of bias; for cross-sectional analytical studies, scores 0–3 = high
risk of bias, scores 4–6 = some concerns, and scores 7–8 = low
risk of bias). In this context, the comparability domain of the
Newcastle-Ottawa scale was primarily used to differentiate risk of
bias and was used to determine the global risk of bias (global risk
of bias on a scale of 0–2, where score 0 = high risk of bias, score
1 = some concerns, and score 2 = low risk of bias) (9,10). Dis-
agreements were resolved by a third reviewer.

Data analysis. Studies included in the systematic review
were further evaluated for their suitability in the meta-analyses if
comparative data were reported for patients with and those with-
out RMDs. Regarding COVID-19 prevalence, studies were
included if the number of COVID-19 cases among patients in the
RMD group was reported, and if the number of COVID-19 cases
within the overall regional populations was reported. Regarding
hospitalization, ICU admission, mechanical ventilation, and death,
studies were included if they provided raw data demonstrating
the rate of each outcome among patients with RMDs who were
clinically diagnosed as having COVID-19 as well as the rate of
each outcome among a comparator group of patients without
RMDs who were clinically diagnosed as having COVID-19. Data
were insufficient to meta-analyze the risk of oxygen supplementa-
tion. Studies were excluded if the non-RMD comparator group
was selected from a nonrepresentative sample, such as those
with similar diseases (e.g., inflammatory bowel disease patients)
or family members.

Meta-analyses were performed using R version 4.1.0 and the
meta package version 4.18-1. Risk estimates were calculated
using the Mantel-Haenszel formula with random effects models.
Risk estimates with 95% confidence intervals (95% CIs) are
reported as risk ratios (RRs) for prevalence of COVID-19, and as
odds ratios (ORs) for risk of hospitalization, oxygen supplementa-
tion, ICU admission, mechanical ventilation, or death. Heteroge-
neity among studies was assessed using I2 and Cochran’s chi-
square tests. We performed sensitivity analyses to evaluate the

effect of the study design (limited to cohort studies or cross-
sectional studies), risk of bias (limited to studies with a low risk of
bias), country of origin, and study size (limited to studies with
>20 RMD patients). Funnel plots and Egger’s regression tests
were used to evaluate publication bias. P values less than 0.05
were considered significant.

RESULTS

The literature search resulted in identification of 13,076
articles; after duplicates were removed, 5,799 articles remained
for title/abstract screening. We undertook a full text review of
534 articles (Figure 1). Of these, 98 articles met the inclusion cri-
teria. Two additional studies were identified via review of the bibli-
ographies of included articles, resulting in the inclusion of
100 studies (see Supplementary Table 3 and Supplementary
References 1–100, http://onlinelibrary.wiley.com/doi/10.1002/art.
42030). Studies were excluded due to having an incorrect study
design, not having original data, having irrelevant outcomes,
examining an incorrect study population, being duplicates,
including irrelevant exposures, being conference abstracts, and
containing duplicate study data (Supplementary Table 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.42030). The majority of
single region/country studies were from Europe (63%), with the
rest from Asia (14%), North America (13%), worldwide (6%), or
South America (1%). The majority (75%) focused on adult popu-
lations; however, 14% of studies included pediatric and adult
populations, and 1% included only pediatric populations. In
10% of studies, the age range was unspecified.

Risk-of-bias assessment. Overall, the majority of studies
had a low risk of bias. Of the 4 studies assessed using the
Newcastle-Ottawa scale for case–control studies, 2 had a low risk
of bias, 1 had some concerns, and 1 had a high risk of bias (Sup-
plementary Table 5, http://onlinelibrary.wiley.com/doi/10.1002/
art.42030). Of the 46 studies assessed using the Newcastle-
Ottawa scale for cohort studies, 33 had a low risk of bias, 6 had
some concerns, and 7 had a high risk of bias (Supplementary
Table 6, http://onlinelibrary.wiley.com/doi/10.1002/art.42030).
Of the 37 studies assessed using the JBI checklist for prevalence
studies, 25 had a low risk of bias, 8 had some concerns, and
4 had a high risk of bias (Supplementary Table 7, http://
onlinelibrary.wiley.com/doi/10.1002/art.42030). Of the 13 studies
assessed using the JBI checklist for analytical cross-sectional
studies, 8 had a low risk of bias, 2 had some concerns, and
3 had a high risk of bias (Supplementary Table 7).

SARS–CoV-2 infection. In 46 studies, comparative rates
of SARS–CoV-2 infection in patients with RMDs were re-
ported (Supplementary Table 8, http://onlinelibrary.wiley.com/
doi/10.1002/art.42030). A total of 15 studies showed increased
rates of SARS–CoV-2 infection, 27 showed no difference, and
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4 showed decreased rates. A total of 23 studies met the
inclusion criteria for the meta-analysis (Supplementary Table 9,
http://onlinelibrary.wiley.com/doi/10.1002/art.42030). The pooled
relative risk based on unadjusted data demonstrated an

increased risk of COVID-19 infection among patients with
RMDs (RR 1.53 [95% CI 1.16–2.01]) (Figure 2). We observed
moderately high heterogeneity (I2 = 73% [95% CI 59–82%];
P < 0.01) but did not detect evidence of publication bias

Figure 1. Flow chart of the methods used for identification of studies in patients with rheumatic and musculoskeletal diseases in which compar-
ative rates of SARS–CoV-2 infection, hospitalization, oxygen supplementation, intensive care unit admission, mechanical ventilation, and death
attributed to COVID-19 are reported. The flow chart is designed in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.
42030/abstract.

Figure 2. Studies identified in the systematic literature review and meta-analysis in which the risk of COVID-19 among populations of patients
with rheumatic and musculoskeletal diseases (RMDs) compared to those without RMDs was reported. The risk of COVID-19 is assessed as risk
ratios (RRs) with 95% confidence intervals (95% CIs). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42030/abstract.
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(Supplementary Figure 1, http://onlinelibrary.wiley.com/doi/
10.1002/art.42030).

In 8 studies, adjusted comparative risk measures were
reported, with 2 outcomes reported in 2 of these studies. The
5 studies that demonstrated an increased risk of COVID-19
among patients with RMDs were the study by Pablos et al
(OR 1.3 [95% CI 1.15–1.52]) (14), the study by Zhong et al
(OR 2.68 [95% CI 1.14–6.27]) (13), the study by Francesconi
et al in patients with rheumatoid arthritis (RA) (OR 1.64 [95% CI
1.32–2.05]) (12), the study by Topless et al in patients with RA
(OR 1.34 [95% CI 1.02–1.77]) (18), and the study by Chen et al in
patients with RA (OR 10.90 [95% CI 5.43–21.89]) (11). The 5
studies that showed no difference in risk of COVID-19 were the
study by Topless et al in patients with gout (OR 1.01 [95% CI
0.83–1.23]) (18), the study by Jung et al (OR 1.13 [95% CI 0.57–
2.24]) (15), the study by Francesconi et al in patients with connec-
tive tissue disease (CTD) (OR 1.09 [95% CI 0.72–1.66]) (12), the
study by Salvarani et al (OR 0.94 [95% CI 0.66–1.34]) (17), and
the study by Kipps et al (RR 0.32 [95% CI 0.05–2.28]) (16). Unless

specified otherwise, risk in patients with multiple RMDs was
reported as a combined group.

Hospitalization. In 70 studies, hospitalization rates were
reported among patients with RMDwho were clinically diagnosed
as having COVID-19 and/or who were diagnosed as having
COVID-19 by polymerase chain reaction (PCR) testing (Supple-
mentary Table 10, http://onlinelibrary.wiley.com/doi/10.1002/
art.42030). Among these, 11 studies compared hospitalization
rates among patients with RMDs to those among the general
population (n = 2) or those among other non-RMD comparator
populations (n = 9) (Supplementary Table 11 http://onlinelibrary.
wiley.com/doi/10.1002/art.42030). Three studies showed an
increased risk of hospitalization among patients with RMDs
and 7 showed no significant effect. None of the 70 studies
demonstrated a decreased risk of hospitalization among patients
with RMDs. In a meta-analysis of 10 comparative studies that
included unadjusted hospitalization rates, the risk of hospitaliza-
tion was not increased among patients with RMDs when

Figure 3. Studies showing the likelihood of hospitalization (Hosp.) (A), intensive care unit (ICU) admission (B), and mechanical ventilation (MechVet)
(C) following the development of COVID-19 among populations of patients with RMDs relative to thosewithout RMDs. Values are the odds ratios (ORs) with
95%CIs. 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.
42030/abstract.
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compared to non-RMD comparators (OR 1.25 [95% CI 0.68–
2.31]) (Figure 3A).

Among the 5 studies in which adjusted risk estimates were
reported, 3 of the studies included patients with clinical
symptom–based or PCR-confirmed COVID-19 diagnoses,
whereas 2 included patients whose COVID-19 diagnosis was
confirmed by PCR only. Data from 2 studies demonstrated an
increased risk of hospitalization: the study by Cordtz et al
(adjusted HR 1.46 [95% CI 1.15–1.86]) (19) and the study by Rei-
lev et al (adjusted OR 1.5 [95% CI 1.1–1.9]) (20). D’Silva et al
reported an increased risk of hospitalization in 1 matched model
(RR 1.14 [95% CI 1.03–1.26]) and a neutral risk in an extended
matched model (RR 1.06 [0.96–1.17]) (21). Finally, in 2 studies,
no significant difference in risk of hospitalization was reported: in
the study by Serling-Boyd et al, adjusted HR 0.87 (95% CI
0.68–1.11) (23); in and the study by D’Silva et al, adjusted OR
1.27 (95% CI 0.61–2.64) in model 1, adjusted OR 1.22 (95% CI
0.56–2.63) in model 2, and adjusted OR 1.10 (95% CI 0.51–
2.38) in model 3 (22).

Oxygen supplementation, ICU, and mechanical
ventilation. Sixty-two studies included the proportion of
patients requiring new oxygen supplementation (n = 28), ICU
admission (n = 52), and mechanical ventilation (n = 42) during
hospitalization for COVID-19. In these studies, the diagnosis
of COVID-19 was based on clinical symptoms and/or based
on the results of PCR testing (for the list of studies, see Supple-
mentary Table 12, http://onlinelibrary.wiley.com/doi/10.1002/art.
42030).

In terms of the risk of oxygen supplementation, in 3 studies,
comparative findings in patients with and those without an RMD
were reported (Supplementary Table 11, http://onlinelibrary.
wiley.com/doi/10.1002/art.42030). One of these studies showed
an increased risk of oxygen supplementation among patients with
RMDs, and the other 2 studies showed no significant difference
between the groups. No studies included adjusted analyses.

Regarding ICU admission, 11 studies compared the rates
between patients with and those without RMDs (Supplementary
Table 11, http://onlinelibrary.wiley.com/doi/10.1002/art.42030),
with 2 studies showing evidence of an increased risk among
patients with RMDs and the rest showing no statistically signifi-
cant difference. Adjusted risk estimates were reported in 2 stud-
ies, including the study by Serling-Boyd et al (adjusted HR 1.27
[95% CI 0.86–1.86]) (23), which demonstrated no effect, and the
study by D’Silva et al (22), in which 3 adjusted models were eval-
uated, all demonstrating a positive association between RMD sta-
tus and ICU admission/mechanical ventilation rates (in model
1, adjusted OR 3.26 [95% CI 1.17–9.09]; in model 2, adjusted
OR 3.11 [95% CI 1.07–9.05]; in model 3, adjusted OR 2.92
[95% CI 1.002–8.49]).

Finally, 8 studies compared the rates of mechanical
ventilation between patients with and those without RMDs (Sup-
plementary Table 11, http://onlinelibrary.wiley.com/doi/10.1002/
art.42030). Seven studies showed no significant difference based
on RMD status, including the study by Serling-Boyd et al, in which
an adjusted HR of 1.51 (95% CI 0.93–2.44) was reported (23).
However, D’Silva et al reported that the risk of ICU admission/
mechanical ventilation was significantly increased in patients with

Figure 4. Studies showing the likelihood of death occurring following the development of COVID-19 among populations of patients with RMDs relative
to those without RMDs overall (A) and among populations limited to hospitalized patients only (B). Values are the odds ratios (ORs) with 95% CIs. 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.42030/
abstract.
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RMDs, as shown in unadjusted models (OR 3.22 [95% CI 1.16–
8.92]) and in adjusted models (as described above) (22).

Pooled risk estimates included those for the reported
comparative ICU admission rates in 7 studies, and those for
the mechanical ventilation rates in another 7 studies (all deter-
mined in unadjusted models), as shown in Figures 3B and C.
Overall, the risks of ICU admission or mechanical ventilation
were not significantly different between patients with and those
without RMDs.

Mortality rate. Mortality rates were reported in 71 studies
(Supplementary Table 13, http://onlinelibrary.wiley.com/doi/
10.1002/art.42030). Of these, in 16 studies, mortality rates
were reported in RMD patents in comparison to the general
population (n = 7) or non-RMD comparator populations (n = 9)
(Supplementary Table 14, http://onlinelibrary.wiley.com/doi/
10.1002/art.42030). For RMD patients, in 5 studies an increased
risk of death was reported, in 9 a neutral effect of death was
reported, and in 2 a decreased risk of death was reported. A
meta-analysis of 13 studies that included comparative mortality
rates showed an unadjusted OR of 1.74 (95% CI 1.08–2.80) for
the risk of death in those with RMDs (Figure 4A). Moderately high
heterogeneity was observed (I2 = 83% [95% CI 71–89%]), but we
did not detect evidence of publication bias (Supplementary
Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/art.42030).
Among 6 studies focused solely on hospitalized patients, the
unadjusted OR for the risk of death among hospitalized RMD
patients was 1.26 (95% CI 1.03–1.53) (Figure 4B).

Adjusted risk estimates for the risk of death were reported in
7 studies. Compared to the general population, the adjusted esti-
mates for the risk death in different studies were as follows: in the
study by Williamson et al, HR 1.19 (95% CI 1.11–1.27) in patients
with RA/systemic lupus erythematosus/psoriasis (24); in the study
by Topless et al, OR 1.9 (95% CI 1.2–3.0) in patients with RA,
and OR 1.2 (95% CI 0.9–1.7) in patients with gout (18); and in the
study by Reilev et al, OR 0.9 (95% CI 0.6–1.3) in patients with
RA/CTD (20). In studies assessing the risk of death in RMD patients
compared to non-RMD comparators, D’Silva et al reported an RR
of 1.08 (95% CI 0.81–1.44) (21), Harrison et al reported an OR of
1.17 (95% CI 0.85–1.60) (25), and Serling-Boyd et al reported an
HR of 1.02 (95% CI 0.53–1.95) (23), while in the French RMD
COVID-19 cohort (FAI2R/SFR/SNFMI/SOFREMIP/CRI/IMIDIATE
Consortium), an OR of 1.45 (95% CI 0.87–2.42) was reported (26).

Sensitivity analyses. Our sensitivity analyses demon-
strated overall stability in terms of the pooled estimates for each
of the outcomes when we limited the samples based on study
design (limited to cohort or cross-sectional studies), risk of bias
(limited to studies with a low risk of bias), country of study (exclud-
ing Italy, which had a disproportionate number of studies in which
the prevalence of SARS–CoV2 infection was reported), or study
size (limited to studies with >20 patients diagnosed as having an

RMD only). Not unexpectedly, we observed that 95% CIs wid-
ened as sample sizes decreased (Supplementary Figures 3–10,
http://onlinelibrary.wiley.com/doi/10.1002/art.42030).

DISCUSSION

In this study, we conducted a systematic review and meta-
analysis to quantify the risk of COVID-19 and COVID-19 out-
comes in patients with RMDs. In an unadjusted meta-analysis,
the relative risk of developing SARS–CoV-2 infection was 52%
higher in patients with RMDs compared to the general population.
Compared to patients without an RMD, those with RMDs
were also at a higher risk of having a poor outcome following
COVID-19 infection, with a 74% increase in risk of death. Other
measures of severity, including rates of hospitalization, rates of
oxygen supplementation, rates of ICU admission, and rates of
mechanical ventilation, were not significantly higher among
patients with RMDs versus non-RMD comparators.

Our study focused on RMDs as a combined group, which
limits our ability to extrapolate our findings to any individual patient
with an RMD. This group was composed of patients with many
different diseases that have different organ manifestations, sever-
ity, and treatments. Prior studies have shown differences in
COVID-19 outcomes in specific rheumatic diseases (27,28).
Some RMDs (e.g., gout) may be associated with increased prev-
alence of general COVID-19 risk factors, such as cardiovascular
disease, but none of the studies included in our meta-analysis
included patients with gout (29). Findings from previous studies
have also suggested a differential effect of baseline use of rheu-
matic disease medications on COVID-19 outcomes (30,31).
Other factors, such as age, sex, comorbidities, and disease activ-
ity, have also been shown to influence COVID-19 outcomes in
patients with RMDs (31,32). Due to the heterogeneity of the study
designs, it was not possible to statistically combine the results of
the included studies to generate additional pooled estimates of
the overall influence of these risk factors on COVID-19 outcomes.

The discrepancy between the observed increased risk of
COVID-19 infection and associated mortality rate without a corre-
sponding increased risk of hospitalization, ICU admission, and
mechanical ventilation may appear surprising. However, these
findings may be related to the overall power to detect differences
given the smaller number of studies in which these outcomes
were reported, which may be more difficult to systematically
assess. Our pooled analysis, focusing only on studies of hospital-
ized patients (Figure 4B), allowed for comparison between RMD
and non-RMD groups of subjects whose characteristics may be
more similar in terms of risk factor profile (e.g., age, presence of
multiple comorbidities) than might be observed between an
RMD population and a general population comparator group,
and we still found a significantly increased risk of death. However,
it is important to take the smaller number of studies and smaller
effect size into consideration.
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This is not the first systematic literature review and meta-
analysis assessing outcomes in patients with immune-mediated
diseases. Wang et al performed a meta-analysis of 14 studies
assessing RMD patients diagnosed as having COVID-19 that
were published through October 2020; their findings showed that
RMD patients had a 53% increased risk of SARS–CoV-2 infection
with no increased risk of death or other markers of poor out-
comes (33). Xu et al conducted a meta-analysis of 31 studies of
COVID-19 in rheumatic disease patients published through
August 2020 to evaluate the comparative RRs across regions of
the world, but comparison to a non-RMD group was not included
(34). Akiyama et al performed a meta-analysis of 62 studies in
patients with autoimmune diseases and COVID-19 published
through July 2020; however, this study included a more hetero-
geneous group of autoimmune diseases, such as inflammatory
bowel disease and multiple sclerosis, which may have different
outcomes compared to RMDs (35). Their findings demonstrated
an increased risk of SARS–CoV-2 infection in patients with RMDs
but no increase in the frequency of severe outcomes in those with
autoimmune diseases. Interpretation of the results of these previ-
ously conducted meta-analyses is limited by the low number of
included studies and patients, as evidenced by the generally wide
confidence intervals for the reported risk estimates.

Applying these results in clinical care is complex, but these
findings suggest that patients with RMDs are at an increased
risk of developing SARS–CoV-2 infection and severe COVID-
19 compared to the general population. The reasons for this lie
outside the scope of the present study, but 3 plausible explana-
tions should be considered. First, bias resulting from greater
baseline contact with the health care system or a lower thresh-
old for seeking care when a patient becomes symptomatic
could falsely inflate the rate of COVID-19 among patients with
RMDs. Second, patients with RMDs may have a greater burden
of comorbidities that are typically associated with worse out-
comes. Finally, it may be that immune dysregulation related to
RMD treatments or to the RMDs themselves may result in
higher rates of symptomatic infections and severe outcomes
(21,30,36). All 3 of these explanations may account for prior
observations that higher RMD disease activity is associated
with worse outcomes in COVID-19, since these patients are
more likely to be identified, are more likely to have comorbidi-
ties, and are more likely to have immune dysregulation or to be
receiving immunosuppressive therapies. Regardless of the
cause, patients with RMDs should be encouraged to be vacci-
nated against SARS–CoV-2 and should be encouraged to
employ risk mitigation strategies as much as possible (37,38).

Our study has considerable strengths. We comprehensively
identified potential studies from 14 databases through February
2021, making it the most current literature review and meta-
analysis of COVID-19 in RMDs. We assembled a geographically
diverse study team, enabling the inclusion of studies in all available
languages. This is particularly relevant in COVID-19 because

it exhibits wide regional variation in outcomes (39). To ensure
reliability of the literature search and data extraction process,
these tasks were performed manually; machine learning methods
are being developed to streamline this process, and these
approaches have potential strengths but remain exploratory at
this time (40). Despite these strengths, our study had several lim-
itations. The studies we included are significantly heterogenous in
design and reporting, as evidenced by the formal testing of het-
erogeneity performed in the meta-analysis. The study protocol
was created a priori; the increased volume of relevant articles rap-
idly published during the COVID-19 pandemic resulted in
an amendment to the protocol to exclude case reports and
case series. COVID-19 outcomes have changed and generally
improved over time, which may limit comparability between
cohorts assembled at different periods during the pandemic
(41,42). Due to the small number of studies that include adjusted
RRs, our meta-analysis was limited to the analysis of unadjusted
numbers. However, we have presented the complementary
adjusted RRs from those individual studies in which adjusted
RRs were included. Interpretation of the unadjusted RRs is com-
plicated by the potential imbalance of other risk factors between
RMD patients and general populations.

In conclusion, we performed the most comprehensive sys-
tematic literature review and meta-analysis assessing COVID-19
outcomes in patients with RMDs to date. Our findings show that
patients with RMDs have higher rates of SARS–CoV-2 infection
and death from COVID-19 in unadjusted analyses. This may be
mediated by factors other than the RMD itself.
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B R I E F R E P O R T

B Cell Reconstitution Is Strongly Associated With COVID-19
Vaccine Responsiveness in Rheumatic Disease Patients
Who Received Treatment With Rituximab

Sarah Jinich,1 Kaitlin Schultz,2 Deanna Jannat-Khah,3 and Robert Spiera3

Objective. To assess the association of a detectable antibody response to COVID-19 vaccination with factors
including B cell depletion in patients who received treatment with rituximab (RTX).

Methods. We conducted a retrospective review of the charts of adult patients who received treatment with RTX and
completed messenger RNA vaccination for SARS–CoV-2. The primary outcomemeasure was the presence or absence
and strength of the serologic antibody response to vaccination. Comparisons between those with and those without a
detectable serologic response were calculated using t-tests, Fisher’s exact test, and Wilcoxon’s rank sum test. The
relationship between the serologic response to COVID-19 vaccination and B cell reconstitution status was assessed
using negative predictive values and positive predictive values with data reported as percentages with 95% confidence
intervals (95% CIs).

Results. In 56 patients being treated with RTX, a significant difference in terms of the level of B cell reconstitution
was observed in those with a positive serologic response compared to those with a negative serologic response
to vaccination (proportion of B cells reconstituted among total lymphocytes, median 2% [interquartile range (IQR)
0.13–10%] versus median 0% [IQR 0–0%]; P < 0.001).There was also a significant difference in the time since the last
RTX infusion between patients with a positive serologic response compared to those with a negative serologic
response to vaccination (median time since last infusion 594 days [IQR 262–1,163] versus median 138 days [IQR 68–
197]; P < 0.001). There was no serologic response to COVID-19 vaccination after the last exposure to RTX in 13% of
patients (3 of 24) at >12 months after last exposure, 55% of patients (6 of 11) at 6–12 months after last exposure, and
86% of patients (18 of 21) at <6 months after last exposure.

Conclusion. B cell reconstitution and a longer time since a patient’s last exposure to RTX are associated with a
positive serologic response to the COVID-19 vaccine. Strategies for maximizing vaccine responsiveness in patients
who receive treatment with RTX should incorporate assessment of B cell reconstitution.

INTRODUCTION

The SARS–CoV-2 pandemic remains a pressing threat to

public health worldwide, and immunosuppressed patients are a

particularly high-risk group. Organizations such as the American

College of Rheumatology (ACR) and Public Health England have

recommended vaccination in this population to mitigate that risk.

Current guidance is evolving but suggests modifying vaccination

timing according to rituximab (RTX) infusion schedules (1). The

ACR recommends receiving COVID-19 vaccination ~4 weeks

before the subsequent scheduled RTX infusion, indicating that

patients who receive cycles of RTX every 6 months should be

vaccinated 5 months after exposure to RTX and that patients

who receive RTX every 4 months should be vaccinated 3 months

after exposure to RTX (1). The NHS, via the Joint Committee on

Vaccination and Immunization, encourages delaying immuno-

suppressive treatment until at least 2 weeks after vaccination

(2). There is also guidance to consider the timing of prior RTX
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treatment in relation to vaccination, but no specific timeline is
given (2).

Recent studies evaluating the immunogenicity of the SARS–
CoV-2 messenger RNA (mRNA) vaccines in patients with rheu-
matic and musculoskeletal diseases have demonstrated that
patients are able to mount a detectable antibody response
against SARS–CoV-2 spike proteins (3–4); however, it has been
reported that patients exposed to RTX have a deficient serologic
response (3–4).

CD20-depleting agents, like RTX, result in weakened sero-
logic responses to vaccines for Streptococcus pneumoniae, tet-
anus, and seasonal influenza (5). Anti-CD20 therapies deplete B
cells for extended periods of time with reconstitution not becom-
ing detectable in peripheral blood for 6–9 months after infusion,
resulting in diminished humoral immune responsiveness to recall
antigens (6). Studies assessing the immunogenicity of vaccines
in patients receiving RTX have demonstrated that those who
were more recently treated with RTX showed greater impairment
of serologic response to the vaccine when compared to those
who were less recently exposed to RTX (5,7). Specifically, dimin-
ished SARS–CoV-2 vaccine responsiveness in patients receiv-
ing RTX has been reported (4,8–11). In this study, we
retrospectively assessed the COVID-19 vaccination response
in rheumatic disease patients receiving RTX. We hypothesized
that B cell reconstitution would be associated with vaccine
responsiveness.

PATIENTS AND METHODS

We retrospectively reviewed the charts of adult patients from
a single rheumatology practice who received both doses of a
COVID-19 vaccine. The study was approved by the Hospital for
Special Surgery Institutional Review Board. Since this was a retro-
spective review, patients did not provide written consent. Data
were collected from patients who visited the clinic from February
24 through May 20, 2021 and who were serologically screened
for antibodies to the SARS–CoV-2 spike protein. Adult patients
were eligible for inclusion if they received RTX and both doses of
a COVID-19 mRNA vaccine (Pfizer or Moderna) and had a
recorded assessment indicating the presence of antibodies to
the SARS–CoV-2 spike protein.

We collected and evaluated information including demo-
graphic characteristics, diagnoses, date of vaccination (first and
second doses), date of most recent RTX infusion, type of vaccine,
quantitative serologic vaccine response, type of antirheumatic
therapy (including dates of infusions if applicable), and percentage
of CD19-positive cells in the lymphocyte population. Serologic
response to vaccination was assessed using a semiquantitative
anti–SARS–CoV-2 enzyme immunoassay (Roche Elecsys Anti–
SARS–CoV-2 [specificity 99.8% and sensitivity 99.5%], Siemens
Healthineers SARS–CoV-2 Total [COV2T] Assay Atellica IM
[specificity 99.82% and sensitivity 100%], or ADVIA Centaur

XP/XPT [specificity 99.81% and sensitivity 100%]). In 52 patients
(93%), seropositivity was measured using Roche Elecsys Anti–
SARS–CoV-2, and in 4 patients (7%), seropositivity was mea-
sured using Siemens Healthineers SARS–CoV-2 Total (COV2T)
Assay Atellica IM or ADVIA Centaur XP/XPT. In the laboratory
assays, serologic responses had an upper limit defined as anti–
SARS–CoV-2 antibody levels of >250 units/ml or >2,500 units/
ml, which we recorded and analyzed as 251 units/ml and 2,501
units/ml, respectively.

The primary outcomemeasure was the presence or absence
and strength of the serologic response to COVID-19 vaccination.
Descriptive statistics, including percentages, medians, and inter-
quartile ranges (IQRs) are reported. Bivariate comparisons
between patients with and those without serologic response were
performed using Fisher’s exact test, Student’s t-test, and Wilcox-
on’s rank sum test. We used the Shapiro–Wilk test to assess nor-
mality for continuous variables. Box and whisker plots were
created to visualize the differences in time between last RTX infu-
sion to first vaccination among patients with and those without
a serologic response and to visualize the percentage of
CD19-positive cells between patients with and those without a
serologic response. The relationship between serologic response
to COVID-19 vaccination and B cell reconstitution status was
assessed using negative and positive predictive values. P values
less than or equal to 0.05 were considered significant, and all
analyses were performed using Stata version 14.0.

RESULTS

A total of 56 patients met criteria for inclusion in our study.
Baseline demographic and clinical characteristics, vaccine type,
diagnoses, and medication exposure are shown in Table 1. The
majority were women (n = 39 [70%]) and were White (n = 50
[89%]), and the median age was 64 years (IQR 52–72 years)
(Table 1). With regard to demographic characteristics (age, sex,
race, primary diagnosis), there were no statistically significant dif-
ferences between those who were seropositive and those who
were seronegative for the COVID-19 spike protein. A majority
were receiving treatment for antineutrophil cytoplasmic
antibody–associated vasculitis (n = 30 [54%]) and rheumatoid
arthritis (RA) (n = 6 [11%]). Comorbidities included chronic kidney
disease in 6 patients (10.7%) and a history of recurrent infections
in 3 patients (5.4%); neither comorbidity was associated with anti-
body response (P = 0.24) or lack thereof (P = 0.67). Eleven
patients (20%) had IgG levels <700 mg/dl, and 1 patient (2%)
had an IgG level <400 mg/dl. Six patients (11%) had lymphope-
nia. Neither hypogammaglobulinemia (P = 0.32) nor lymphopenia
(P = 0.41) correlated with vaccine response or lack thereof, and
no patients had RTX dosing regimens that were altered at any
point based on IgG or lymphocyte levels (Table 1).

Of the patients who received treatment with another anti-
rheumatic therapy in addition to RTX, a glucocorticoid was the
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Table 1. Demographic and clinical characteristics of patients with a negative serologic response to the COVID-19 vaccine compared to those
with a positive serologic response*

Total
(n = 56)

Patients with a
negative antibody
response (n = 27)

Patients with a
positive antibody
response (n = 29)

Age, mean � SD years 62.71 � 14.70 64.70 � 15.01 60.90 � 14.41
Age, median (IQR) years 64 (52–72) 65 (53–74) 60 (52–71)
Sex
Female 39 (70) 21 (78) 18 (62)
Male 17 (30) 6 (22) 11 (38)

Race
White 50 (89) 24 (89) 26 (90)
Black 1 (2) 0 (0) 1 (3)
Asian 5 (9) 3 (11) 2 (7)

RA 6 (11) 3 (11) 3 (10)
SLE 3 (5) 2 (7) 1 (3)
Sjögren’s syndrome 5 (9) 3 (11) 2 (7)
SSc 4 (7) 3 (11) 1 (3)
PMR 1 (2) 1 (4) 0 (0)
IgG4-related disease 1 (2) 1 (4) 0 (0)
ANCA-associated vasculitis
MPA 4 (7) 2 (7) 2 (7)
EGPA 1 (2) 0 (0) 1 (3)
GPA 25 (45) 10 (37) 15 (52)

MCTD 1 (2) 0 (0) 1 (3)
PM 1 (2) 0 (0) 1 (3)
RP 2 (4) 2 (7) 0 (0)
Sarcoidosis 1 (2) 0 (0) 1 (3)
DM 1 (2) 0 (0) 1 (3)
Diabetes 0 (0) 0 (0) 0 (0)
Asthma 0 (0) 0 (0) 0 (0)
COPD 0 (0) 0 (0) 0 (0)
Prior COVID-19 infection 0 (0) 0 (0) 0 (0)
Chronic kidney disease 6 (11) 2 (7) 4 (14)
Recurrent infection 3 (5) 0 (0) 3 (10)
IgG level before vaccination, median (IQR) mg/dl 831.5 (702–1,040) 817 (652–997) 868 (736–1,191)
<400 mg/dl 1 (2) 1 (4) 0 (0)
<700 mg/dl 11 (20) 7 (26) 4 (14)

Lymphopenia 6 (11) 4 (15) 2 (7)
Antirheumatic therapies other than RTX
Any immunosuppressant† 12 (21) 9 (33) 3 (10)
LEF 2 (4) 1 (4) 1 (3)
HCQ 3 (5) 1 (4) 2 (7)
AZA 1 (2) 1 (4) 0 (0)
Upadacitinib 1 (2) 0 (0) 1 (3)
MTX 2 (4) 2 (7) 0 (0)
MMF 5 (9) 4 (15) 1 (3)
TCZ 1 (2) 1 (4) 0 (0)
Glucocorticoids 12 (21) 5 (19) 7 (24)

Prednisone dose, median (IQR) mg 5 (3–5.5) 5 (4.5–6) 5 (2–5)
Vaccine type, Moderna 26 (46) 13 (48) 13 (45)
B cell status‡
Detectable B cells 23 (41) 2 (7) 21 (72)
Missing 17 (29) 14 (52) 3 (10)

RTX for remission induction 6 (11) 4 (15) 2 (7)

* Except where indicated otherwise, values are the number (%) of patients. IQR = interquartile range; RA = rheumatoid arthritis; SLE = systemic
lupus erythematosus; SSc = systemic sclerosis; PMR = polymyalgia rheumatica; ANCA = antineutrophil cytoplasmic antibody; MPA = micro-
scopic polyangiitis; EGPA = eosinophilic granulomatosis; GPA = granulomatosis with polyangiitis; MCTD = mixed connective tissue disease;
PM = polymyositis; RP = relapsing polychondritis; DM = dermatomyositis; COPD = chronic obstructive pulmonary disease; RTX = rituximab;
HCQ = hydroxychloroquine; MMF = mycophenolate mofetil.
† Any immunosuppressant included leflunomide (LEF), azathioprine (AZA), upadacitinib, methotrexate (MTX), mycophenolate mofetil (MMF),
and tocilizumab (TCZ).
‡ P < 0.001 by Fisher’s exact test.
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most common concomitant medication (n = 12 [21%]; median
5 mg [IQR 3–5.5 mg]). No difference in terms of prednisone dos-
age was observed in patients who had positive antibody
responses compared to those who had negative antibody
responses to COVID-19 vaccination (P = 0.32). Multiple patients
also took mycophenolate mofetil (n = 5 [9%]) as well as other
immunosuppressants, although a significant antibody response
was not observed in patients taking immunosuppressants com-
pared to those not taking immunosuppressants (P = 0.052). The
majority of patients (50 [89%]) received their most recent RTX
infusion for remission maintenance, and only 6 (11%) received
their most recent RTX infusion for remission induction. Four
patients receiving RTX for remission induction had received their
last RTX dose >12 months prior to the date of vaccination and
were in remission at the time of inoculation. Additionally, among
the 4 patients who had received their last RTX dose <6 months
prior to vaccination, a single, reduced dose of 500 mg was given.
However, there was not a statistically significant difference in
terms of vaccine responsiveness based on the prior dose of RTX
(P = 0.34). Overall findings did not change when patients taking
mycophenolate mofetil and methotrexate were excluded from
the analysis (Supplementary Table 1, available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42034).

In 39 patients (70%) B cell status was measured at the time
of antibody immunoassay. The time since last RTX infusion was
significantly longer in seropositive patients (median 594 days
[IQR 262–1,163 days]) compared to seronegative patients
(median 138 days [IQR 68–197 days]) (P < 0.001) (Table 2).
There was a significant difference in terms of the proportion of B

cell reconstitution among total lymphocytes in patients who had
positive antibody responses to vaccination compared to those
who had negative antibody responses to vaccination (B cells
median 2% of total lymphocytes [IQR 0.13–10%]) versus median
0% of total lymphocytes [IQR 0–0%]; P < 0.001) (Table 2). Only
13% of patients (3 of 24) did not have a serologic response
>12 months after last RTX exposure. Of those who received
the vaccine 6–12 months after the last exposure to RTX, 55%
(6 of 11) did not have a serologic response to the vaccine. Finally,
86% of patients (18 of 21) did not experience a serologic
response when receiving the vaccine <6 months after the last
exposure to RTX (Figure 1 and Table 2). Again, when patients tak-
ing mycophenolate mofetil and methotrexate were excluded, the
findings remained consistent (Supplementary Table 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.42034).

The degree of B cell reconstitution and the time between
the last exposure to RTX and date of vaccination were
both statistically significant indicators of vaccine response
(Figure 1). SARS–CoV-2 IgG antibody seropositivity was 74%
among those who had received the vaccine >6 months after
the last exposure to RTX (including those in the 6–12-month
group and those in the >12-month group). In contrast, among
those with detectable B cells, the frequency of SARS–CoV-2
IgG antibody seropositivity was 91.3% (P = 0.006). Among
those who had received the vaccine 6–12 months after last
exposure to RTX, only 45% were seropositive for SARS–CoV-2
IgG antibodies, with the frequency of seropositivity increasing to
80% among those with detectable B cells (P = 0.190). B cell
reconstitution’s positive predictive value for COVID-19 serologic
response to COVID-19 vaccinations was 91.3% (95% confidence

Table 2. Time since the last exposure to RTX and the degree of B cell reconstitution in patients with a negative sero-
logic response to the COVID-19 vaccine compared to those with a positive response*

Total
(n = 56)

Patients with
a negative
antibody
response
(n = 27)

Patients with
a positive
antibody
response
(n = 29) P

B cells among the total lymphocyte population,
median (IQR) %

0.4 (0–7) 0 (0–0) 2 (0.13–10) <0.001

SARS–CoV-2 spike antibody concentration,
median (IQR) units/ml†

1.565 (0–251) 0 (0–0) 251 (30–1,010) <0.001

Time from last RTX infusion to completion
of vaccination, median (IQR) days

226 (122–677.5) 138 (68–197) 594 (262–1,163) <0.001

Interval between last RTX exposure and
completion of vaccination

<0.001

<6 months 21 (38) 18 (67) 3 (10)
6–12 months 11 (20) 6 (22) 5 (17)
>12 months 24 (43) 3 (11) 21 (72)

Time from completion of vaccination to
antibody immunoassay, median (IQR) days

33 (17.5–51.5) 30 (16–44) 35 (20–57) 0.29

* Except where indicated otherwise, values are the number (%) of patients. RTX = rituximab; IQR = interquartile range.
† In 52 patients (93%), seropositivity wasmeasured using the Roche Elecsys Anti–SARS–CoV-2 test (specificity 99.8%
and sensitivity 99.5%). In 4 patients (7%), seropositivity was measured using Siemens Healthineers SARS–CoV-2
Total (COV2T) Assay Atellica IM (specificity 99.82% and sensitivity 100%) or ADVIA Centaur XP/XPT (specificity
99.81% and sensitivity 100%) tests.
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interval [95% CI] 72–98.9%), and the negative predictive value
was 68.8% (95% CI 41.3–89%).

DISCUSSION

B cell–depleting therapies are used in some of the most seri-
ous rheumatic diseases, and there is a need for further data
regarding COVID-19 vaccine responsiveness in individuals receiv-
ing such therapies to inform decisions regarding the timing of
therapy administration, particularly in patients placed on remis-
sion maintenance regimens. COVID-19 vaccination guidelines

indicate that the time since the last RTX infusion should be taken

into consideration in predicting the likelihood of vaccine respon-

siveness (1). However, findings from a small retrospective study

suggested that B cell reconstitution may be a more accurate pre-

dictor of vaccine response (8). Another small study found that in

2 rheumatic disease patients in whom B cell repletion took place

following treatment with RTX, a humoral immune response to

the vaccine was observed, whereas in 3 other rheumatic disease

patients who were receiving RTX and whose B cells remained

depleted, there was no evidence of a humoral immune response

(12). The relevance of B cell depletion in vaccine responsiveness

was also demonstrated in a larger study that included 96 patients

receiving treatment with anti-CD20 therapies, including both RTX

and ocrelizumab, for a variety of indications including nonrheu-

matic conditions. A positive correlation between CD19 B cell

count and serologic response to vaccination was identified and

peripheral CD19-positive cells of >27 cells/μl had a positive

predictive value of 67% for vaccine responsiveness. A longer time

since the last RTX infusion and a higher detectable CD4 cell count

were also associated with vaccine responsiveness (9).
Our results support these data while focusing exclusively on

rheumatic disease patients who received treatment with RTX
(the only B cell–depleting therapy approved for the treatment of
rheumatic diseases), with a recognized positive predictive value
of 91.3%. Another descriptive study found that of 134 subjects
with either systemic lupus erythematosus or RA, only 24% of the
17 subjects who received treatment with RTX had detectable
anti–SARS–CoV-2 antibodies measured 8 days after the date of
the second vaccination, but a correlation between the time since
the last RTX infusion and vaccine response was not identified,
and B cell status was not recorded (13). A more recent prospec-
tive study of 98 rheumatic disease patients receiving treatment
with RTX found that high levels of exposure to RTX over time,
low IgG levels prior to the last course of RTX, and a short interval
between the last RTX course and the date of BNT162b2 vaccina-
tion (Pfizer-BioNTech) were associated with a lack of a humoral
response to vaccination in autoimmune rheumatic disease
patients. B cell status was not assessed (14).

In our retrospective study, the time since the last RTX infu-
sion was similarly associated with a positive serologic response
to the COVID-19 vaccine, but the assessment of B cell reconstitu-
tion status provided complementary data that could help predict
vaccine responsiveness. Of subjects who received the vaccine
6–12 months after the last exposure to RTX, 55% were seroneg-
ative for SARS–CoV-2 antibodies, but among those subjects in
whom B cell reconstitution had begun after exposure to RTX, only

Figure 1. Vaccine response in patients receiving treatment with rituximab (RTX) according to the time since the last RTX infusion and B cell status
at the time that the antibody level measurement was collected. Left, Vaccine response and time since the last RTX infusion. Among the 27 patients
with a negative serologic response to the vaccine, the time between the last RTX infusion and the first vaccination was a median 138 days (inter-
quartile range [IQR] 68–197). The 29 patients with a positive serologic response received their first vaccine dose a median of 594 days (IQR 262–
1,163) after the last RTX infusion. Right, B cell status according to vaccine response. Among 39 patients with available data on percentages of B
cells among total lymphocytes in the serum, 13 patients had a negative serologic response to the vaccine and 26 patients had a positive serologic
response. Among those in the group who had a negative serologic response, the median percentage of B cells was 0% (IQR 0–0%). In the group
with a positive serologic response to the vaccine, the median percentage of B cells was 2% (IQR 0.13–10%). Percentages of B cells in the total
lymphocyte population were measured by flow cytometry. Results are shown as box plots, where lines inside the boxes show the median, the
boxes represent the interquartile range, and the whiskers represent the minimum and maximum values; symbols represent outliers. P values were
calculated using Wilcoxon’s rank sum test.
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1 patient (20%) was seronegative for SARS–CoV-2 antibodies. In
patients who were vaccinated >12 months after the last RTX infu-
sion, only 1 patient (6%) who had reconstituted B cells was sero-
negative. When combined with the 13% of patients who were
vaccinated >12 months since the last exposure to RTX in whom
no SARS–CoV-2 antibodies were generated in response to the
vaccine, ~25% of patients who received the COVID-19 vaccine
>6 months after the last exposure to RTX did not show a
response to the vaccine.

Six months is often the interval between infusions for the
treatment of RA and for remission maintenance regimens in treat-
ing antineutrophil cytoplasmic antibody–associated vasculitis
(AAV), and this is shorter than the duration from last exposure to
RTX often suggested in current vaccination guidelines (1). Those
guidelines were developed prior to the emergence of data regard-
ing the likelihood of achieving a serologic response to COVID-19
vaccines in patients receiving treatment with RTX, and recogniz-
ing that as many as 50% of patients who receive treatment with
RTX may not achieve seropositivity with this strategy could be
important to clinicians when making decisions regarding the
timing of vaccine or RTX administration. B cell reconstitution
increases the likelihood of a serologic response in these groups.

Assessment of B cell reconstitution has been used in other
clinical settings, including stratifying the risk of flare in patients with
AAV, and is easily accessible even with readily available commer-
cial assays (15). Particularly in communities with limited access to
COVID-19 vaccines, confirming B cell reconstitution prior to vac-
cine administration may be prudent. In patients with well-
controlled disease who are receiving RTX as a remission
maintenance therapy, delaying vaccination and further RTX
administration until peripheral B cell reconstitution begins is a fea-
sible strategy for increasing the likelihood of a serologic response
to vaccination. This may also be relevant regarding potential strat-
egies for determining the timing of revaccination in patients receiv-
ing treatment with B cell–depleting agents who did not have a
serologic response after initial vaccination and may also be rele-
vant to the administration of additional vaccine doses in fully
vaccinated patients who are at risk of waning immunity due to
immunosuppression and time since initial vaccine administration.

One strength of our study is having a well-characterized
cohort of patients with RTX-treated rheumatic disease in whom
vaccine responsiveness was assessed. A major limitation is the
retrospective nature of the study, since there was no uniformity
regarding timing of the measurement of antibodies in relation to
the timing of vaccine administration. Antibody titers were mea-
sured at the next clinic visit, and in the case of 9 patients, this
was <2 weeks after the second vaccine dose. However, only
4 of these patients were negative for SARS–CoV-2 antibodies,
and all 3 patients in whom antibody status was checked at subse-
quent visits remained negative for SARS–CoV-2 antibodies.
Furthermore, a study that included 3,099 adults vaccinated with
the BNT162b2 vaccine demonstrated that 96% of subjects

developed antibodies 4 weeks after their initial vaccine dose, a
timeframe that all subjects in this study were within in terms of
antibody measurements relative to the date of vaccination (16).

The retrospective design of our study is also a limitation in
that B cell reconstitution was not assessed at the time of vaccina-
tion or just prior to vaccination, but rather at the next clinic visit
after COVID-19 vaccine administration. It is conceivable that
some patients were B cell depleted at the time of vaccination
and did not demonstrate a serologic response but B cells had
reconstituted by the time of the clinic visit and assessment.
Potentially, if anything, this could weaken the association between
B cell reconstitution and serologic response observed in this
study. In our cohort, there were 2 patients who had a negative
serologic response but had low levels of B cell reconstitution at
the time of the assessment, which was 1–3 months after adminis-
tration of the first vaccine. This could be better assessed in future
prospective studies, but it is unclear if these studies could be eth-
ically performed prospectively, since vaccinating B cell–depleted
patients in the context of limited vaccine access may not be feasi-
ble. Finally, our analysis only includes patients who received
mRNA vaccines, and our findings may not be generalizable to
patients receiving other vaccines, such as adenovirus vector
vaccines.

One important consideration is that the lack of a detectable
antibody response to the COVID-19 vaccine does not imply a lack
of improved immunity relative to prior to vaccination, since other
facets of immunity are enhanced by vaccination (7,12). Neverthe-
less, demonstration of a humoral immune response is the most
commonly used biomarker of vaccine responsiveness and likely
indicates a more robust degree of immunity in seropositive
patients than in seronegative patients. Strategies to optimize
achieving serologic response in immunosuppressed patients
remain a priority, and our findings could inform achieving sero-
logic response in the large groups of patients receiving treatment
with RTX and possibly other B cell–depleting therapies.
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B R I E F R E P O R T

Impact of Cytokine Inhibitor Therapy on the Prevalence,
Seroconversion Rate, and Longevity of the Humoral Immune
Response Against SARS–CoV-2 in an Unvaccinated Cohort

David Simon,1 Koray Tascilar,1 Arnd Kleyer,1 Filippo Fagni,1 Gerhard Krönke,1 Christine Meder,1

Peter Dietrich,1 Till Orlemann,1 Thorsten Kliem,1 JohannaMößner,1 Anna-Maria Liphardt,1 Verena Schönau,1

Daniela Bohr,1 Louis Schuster,1 Fabian Hartmann,1 Moritz Leppkes,1 Andreas Ramming,1 Milena Pachowsky,1

Florian Schuch,2 Monika Ronneberger,2 Stefan Kleinert,2 Axel J. Hueber,3 Karin Manger,4 Bernhard Manger,1

Raja Atreya,1 Carola Berking,1 Michael Sticherling,1 Markus F. Neurath,1 and Georg Schett1

Objective. To investigate the impact of biologic disease-modifying antirheumatic drug (bDMARD) treatment on the
prevalence, seroconversion rate, and longevity of the humoral immune response against SARS–CoV-2 in patients with
immune-mediated inflammatory diseases (IMIDs).

Methods. Anti–SARS–CoV-2 IgG antibodies were measured in a prospective cohort of health care professional con-
trols and non–health care controls and IMID patients receiving no treatment or receiving treatment with conventional or
biologic DMARDs during the first and secondCOVID-19waves. Regressionmodels adjusting for age, sex, sampling time,
and exposure risk behavior were used to calculate relative risks (RRs) of seropositivity. Seroconversion rates were
assessed in participants with polymerase chain reaction (PCR)–positive SARS–CoV-2 infection. Antibody response lon-
gevity was evaluated by reassessing participants who tested positive during the first wave.

Results. In this study, 4,508 participants (2,869 IMID patients and 1,639 controls) were analyzed. The unad-
justed RR (0.44 [95% confidence interval (95% CI) 0.31–0.62]) and adjusted RR (0.50 [95% CI 0.34–0.73]) for
SARS–CoV-2 IgG antibodies were significantly lower in IMID patients treated with bDMARDs compared to non–
health care controls (P < 0.001), primarily driven by treatment with tumor necrosis factor inhibitors, interleukin-17
(IL-17) inhibitors, and IL-23 inhibitors. Adjusted RRs for untreated IMID patients (1.12 [95% CI 0.75–1.67]) and IMID
patients receiving conventional synthetic DMARDs (0.70 [95% CI 0.45–1.08]) were not significantly different from
non–health care controls. Lack of seroconversion in PCR-positive participants was more common among
bDMARD-treated patients (38.7%) than in non–health care controls (16%). Overall, 44% of positive participants
lost SARS–CoV-2 antibodies by follow-up, with higher rates in IMID patients treated with bDMARDs (RR 2.86
[95% CI 1.43–5.74]).

Conclusion. IMID patients treated with bDMARDs have a lower prevalence of SARS–CoV-2 antibodies, serocon-
vert less frequently after SARS–CoV-2 infection, and may exhibit a reduced longevity of their humoral immune
response.

INTRODUCTION

SARS–CoV-2 poses a considerable threat to patients with

immune-mediated inflammatory diseases (IMIDs). Due to their

immune dysfunction, the consequence of immunomodulatory

treatment, and the large burden of comorbidities, IMID patients

are of particular interest in the current COVID-19 pandemic (1).

Initially, there were concerns that IMID patients, particularly those

receiving cytokine inhibitors, may be at an increased susceptibility

for SARS–CoV-2 infection and may develop a more severe
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disease course if infected. However, more recent data suggest
that IMID patients, especially those treated with cytokine inhibi-
tors, are not at increased risk for severe COVID-19 (2).

SARS–CoV-2 encounters a different immune system in IMID
patients treated with cytokine inhibitors. Respective drugs target
key mediators that mount adaptive immune responses to infec-
tions, such as interleukin-23 (IL-23) and IL-17, but also those with
inflammatory effector function, such as tumor necrosis factor
(TNF) and IL-6 (3). Therefore, the immune response against
SARS–CoV-2 may be altered in IMID patients. This situation may
have advantages, as impaired inflammatory responses could
explain the observed milder course of COVID-19 in patients
treated with cytokine inhibitors (2,4,5). Alternatively, cytokine
inhibitors may influence the mounting of a protective immunity
against the virus.

SARS–CoV-2 triggers the formation of specific antibodies,
which are related to the severity of the infection (6). IMID
patients, especially those treated with cytokine inhibitors, may
have an altered prevalence, seroconversion rate, and longevity
of the anti–SARS–CoV-2 immune response. Large studies
assessing these parameters in IMID patients are lacking to
date. It has previously been shown that the majority of IMID
patients are capable of developing protective immunity after
SARS–CoV-2 infection (7,8) as well as after messenger RNA
vaccination (9,10). However, a study conducted during the first
wave of the COVID-19 pandemic showed that the prevalence
of anti–SARS–CoV-2 antibody positivity was significantly lower
in IMID patients treated with cytokine inhibitors compared to
patients receiving no such treatments and compared to healthy
controls (11). This finding suggests that anticytokine treatment
may dampen the adaptive immune responses to SARS–
CoV-2 vaccines, which has been described for conventional
synthetic disease-modifying antirheumatic drugs (csDMARDs),
such as methotrexate (12), but that could not yet be confirmed
for biologic DMARDS (bDMARDs) (i.e., cytokine inhibitors)
(13,14). Furthermore, studies on the humoral response to
SARS–CoV-2 and other coronaviruses in healthy individuals
indicated that humoral immunity is not permanent but declines
over time, rendering individuals susceptible for reinfection with
coronaviruses (15).

Based on these data, we investigated whether IMID
patients and healthy controls differ in their humoral immune

response to SARS–CoV-2 infection and especially if individual
cytokine inhibitors may affect this process. In order to test the
influence of individual cytokine inhibitors on the prevalence of
SARS–CoV-2 infection, large and well-controlled data sets that
allow for adjustment for social exposure are needed. Further-
more, information on polymerase chain reaction–confirmed
SARS–CoV-2 infection helps to test for true seroconversion
rates, while prospectively collected longitudinal data allow test-
ing for the longevity of humoral immune responses in IMID
patients and controls. To address these points, we analyzed a
large prospective cohort of IMID patients and controls and
investigated the prevalence, seroconversion rate, and longevity
of humoral SARS–CoV-2 immune responses in IMID patients
and healthy controls.

PATIENTS AND METHODS

Participants. IMID patients and healthy controls were
recruited from a large longitudinal COVID-19 study at the
Deutsche Zentrum fuer Immuntherapie, which was initiated in
February 2020 and monitors respiratory infections including
COVID-19, anti–SARS–CoV-2 antibody responses, and social
exposure. Exact details of the recruitment have been described
elsewhere (11). The study had 2 sample collection waves
(i.e., from March 1, 2020 to June 1, 2020 during the first wave of
COVID-19 and from December 1, 2020 to March 1, 2021 during
the second wave). For the cross-sectional analysis, we included
all subjects who provided samples during the second wave of
sample collection. For the longitudinal analysis, participants were
included if they had a positive anti–SARS–CoV-2 antibody test in
the first wave and were also evaluated in the second wave of the
sample collection. Accordingly, patients who had already been
enrolled in a first cross-sectional analysis (11) were included in
the cross-sectional analysis performed for the second wave and
the longitudinal analysis.

Briefly, the study recruited IMID patients receiving either no
treatment or treatment with csDMARDs, bDMARDS, or targeted
synthetic DMARDs (tsDMARDs). In addition, 2 healthy control
groups were recruited: non–health care controls from the general
population as well as health care professionals (physicians,
nurses, and technicians). Healthy controls did not have any IMIDs.
Subjects who already had received a SARS–CoV-2 vaccination
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Table 1. Baseline characteristics of the study subjects*

IMID
(n = 2,869)

Health care
professional controls

(n = 455)

Non–health care
controls

(n = 1,184)
Overall

(n = 4,508)

Age, mean � SD years 55.1 � 15.2 40.0 � 12.9 43.5 � 14.7 50.5 � 16.1
Sex
Male 1,180 (41.1) 133 (29.2) 820 (69.3) 2,133 (47.3)
Female 1,687 (58.8) 321 (70.5) 362 (30.6) 2,370 (52.6)

Smoking status
Current 508 (17.7) 59 (13.0) 197 (16.6) 764 (16.9)
Past 738 (25.7) 70 (15.4) 219 (18.5) 1,027 (22.8)
Never 1,339 (46.7) 301 (66.2) 690 (58.3) 2,330 (51.7)
Missing 284 (9.9) 25 (5.5) 78 (6.6) 387 (8.6)

BMI, mean � SD kg/m2 27.3 � 5.9 24.0 � 4.3 26.6 � 4.9 26.8 � 5.6
Diagnosis
No IMID – 455 (100.0) 1,184 (100.0) 1,639 (36.4)
RA 979 (34.1) – – 979 (21.7)
SpA† 794 (27.7) – – 794 (17.6)
CTD 307 (10.7) – – 307 (6.8)
IBD 223 (7.8) – – 223 (4.9)
Other‡ 207 (7.2) – – 207 (4.6)
Systemic vasculitis 180 (6.3) – – 180 (4.0)
Psoriasis 136 (4.7) – – 136 (3.0)
Autoinflammatory
disease

43 (1.5) – – 43 (1.0)

Comorbidities
Diabetes mellitus 271 (9.5) 5 (1.1) 33 (2.9) 309 (7.0)
Hypertension 1,094 (38.4) 27 (6.2) 184 (16.3) 1,305 (29.6)
Ischemic heart
disease

71 (2.5) - 6 (0.5) 77 (1.7)

DVT 54 (1.9) 1 (0.2) 8 (0.7) 63 (1.4)
Cancer 231 (8.1) 12 (2.7) 46 (4.1) 289 (6.5)
Lung disease 252 (8.8) 24 (5.5) 44 (3.9) 320 (7.3)

Treatment
bDMARDs 1,344 (46.8) – – 1,344 (29.8)
csDMARDs 742 (25.9) – – 742 (16.5)
tsDMARDs 176 (6.1) – – 176 (3.9)

Blockade type
TNFi 666 (23.2) – – 666 (14.8)
IL-17 inhibitors 202 (7.0) – – 202 (4.5)
IL-12/23 inhibitors 117 (4.1) – – 117 (2.6)
IL-6 inhibitors 109 (3.8) – – 109 (2.4)
CD20 depletion 101 (3.5) – – 101 (2.2)
IL-23 inhibitors 47 (1.6) – – 47 (1.0)
CD80/86 inhibitors 35 (1.2) – – 35 (0.8)
Integrin α4β7 27 (0.9) – – 27 (0.6)
Other§ 40 (1.4) – – 40 (0.9)

PCR test results
Total tested 1,109 (38.7) 273 (60.0) 575 (48.6) 1,957 (43.4)
Positive¶ 57 (5.1) 45 (16.5) 50 (8.7) 152 (7.8)
Negative¶ 1,040 (93.8) 227 (83.2) 523 (91.0) 1,790 (91.5)

Risk behavior
Home office 1,120 (39.0) 26 (5.7) 370 (31.2) 1,516 (33.6)
Contact with
infected

262 (9.1) 199 (43.7) 231 (19.5) 692 (15.4)

Visit to risk area 87 (3.0) 62 (13.6) 73 (6.2) 222 (4.9)
Social distancing 2,244 (78.2) 391 (85.9) 1,020 (86.1) 3,655 (81.1)

* Except where indicated otherwise, values are the number (%) of subjects. IMID = immune-mediated inflammatory disease; BMI = body mass
index; RA = rheumatoid arthritis; SpA = spondyloarthritis; CTD = connective tissue disease; IBD = inflammatory bowel disease; DVT = deep vein
thrombosis; bDMARDs = biologic disease-modifying antirheumatic drugs; csDMARDs = conventional synthetic DMARDs; tsDMARDs = targeted
synthetic DMARDs; TNFi = tumor necrosis factor inhibitors; PCR = polymerase chain reaction.
† Including psoriatic arthritis.
‡ Including autoimmune hepatitis, uveitis, eosinophilic fasciitis, IgG4 disease, juvenile idiopathic arthritis, polymyalgia rheumatica, recurrent
polychondritis, sarcoidosis, and undifferentiated arthritis.
§ Including neutralizing antibodies against interleukin-1 (IL-1), IL-4, IL-5, and B lymphocyte stimulator.
¶ Percentages among subjects tested.

IMPACT OF bDMARDs ON SARS–CoV-2 IMMUNE RESPONSE IN IMID PATIENTS 785



were excluded from the study. In all participants, a structured
questionnaire was used to collect data on age, sex, body mass
index, and risk factors for severe COVID-19 (smoking status, arte-
rial hypertension, diabetes mellitus, and chronic lung diseases).
Recent history of COVID-19–related symptoms was also
recorded. Data about exposure risk–related behavior, including
compliance with social distancing, avoidance of the workplace,
contact with infected individuals, and travel to respective risk
areas designated by the German federal government agency for
disease control and prevention (the Robert Koch Institute [RKI])
at the time of data collection were documented. In addition, the
results from all the conducted mucosal swabs for SARS–CoV-2
PCR testing were documented, as reported by participants. Ethi-
cal approval (no. 157_20 B) to conduct this analysis was granted
by the institutional review board of the University Clinic of
Erlangen. Written informed consent was obtained from all study
participants.

Anti–SARS–CoV-2 antibody testing. IgG antibodies
against the S1 domain of the spike protein of SARS–CoV-2 were
tested by enzyme–linked immunosorbent assay (recent CE ver-
sion [April 2020]) (Euroimmun) using the Euroimmun Analyzer I
platform and according to manufacturer protocols. Optical den-
sity (OD) was determined at 450 nm with reference wavelength
at 630 nm. A cutoff of ≥0.8 (OD at 450 nm) was considered as
positive. Assays were performed according to the guidelines of
the German Medical Association (RiliBAK) with stipulated internal
and external quality controls.

Statistical analysis. Participant characteristics are
described using the mean � SD, median and interquartile range
(IQR), and percentages, as appropriate. We calculated the crude
proportions of seropositivity for anti–SARS–CoV-2 IgG (≥0.8, OD
at 450 nm) and estimated exact 95% confidence intervals (95%
CIs) based on the binomial distribution for each study group. Rela-
tive risks (RRs) of seropositivity in study groups were estimated
using a Poisson regression model with robust sandwich SEs using
the non–health care control group as the reference. This method
enables estimation of adjusted RRs; therefore, in addition to crude
RRs, we estimated RRs adjusted for age, sex, sampling time, and
participant-reported exposure risk behavior (16). Adjustment for
sampling time was achieved using the mean cumulative incidences
of COVID-19 in the administrative districts of Erlangen and
Erlangen-Höchstadt per 100,000 population as reported by the
RKI for the date of serum sampling, to approximate the overall risk
of exposure to SARS–CoV-2. Case count data was acquired from
the RKI using the R package covid19germany (version 0.0.2;
https://github.com/nevrome/covid19germany).

Exposure risk behavior was included in models as a count of
favorable responses to 4 questions about compliance with social
distancing, avoidance of the workplace, contact with infected
individuals, and travel to risk areas. Finally, we used a similar

regression to estimate the RR of losing naturally acquired
SARS–CoV-2 spike IgG antibodies among initially seropositive
participants during follow-up, in which we adjusted for age, sex,
OD value at baseline, and number of days between baseline and
follow-up samples. We used R version 4.0.1 for the analyses.
Two-sided P values less than 0.05 or 95% CIs for RRs excluding
unity were considered significant.

RESULTS

Patient characteristics. A total of 4,508 participants pro-
vided samples for SARS–CoV-2 spike protein S1 IgG antibody
analysis between December, 2020 and March, 2021 (Table 1).
Of these subjects, 2,869 were patients with IMIDs and 1,639
were healthy controls (455 health care professional controls and
1,184 non–health care controls). The most common IMIDs in the
cohort were rheumatoid arthritis (n = 979), spondyloarthritis
(SpA; n = 794, including psoriatic arthritis), connective tissue dis-
eases (n = 307), and inflammatory bowel disease (n = 223).
Among patients with IMIDs, 1,344 (47%) were treated with
bDMARDs, 742 (26%) with csDMARDs, and 176 (6%) with
tsDMARDs. Among bDMARDs, TNF inhibitors (n = 666), IL-17
inhibitors (n = 202), IL-23 inhibitors (n = 117), IL-6 inhibitors
(n = 109), and B cell–depleting agents (n = 109) were the most
frequently used drugs. Of those receiving bDMARDs, 394 patients
(29%) were receiving combination treatment with csDMARDs.
Overall, 1,957 participants (43%) had a history of a SARS–
CoV-2 PCR test, with 152 participants (8%) having had a positive
PCR test.

Seroprevalence of anti–SARS–CoV-2 antibodies in
IMID patients and controls. Among the 4,508 participants,
256 (5.7%) had SARS–CoV-2 spike protein S1 IgG antibodies.
Similar crude prevalence rates of humoral immune responses
against SARS–CoV-2 occurred in healthy non–health care
controls (84 of 1,184; 7.1%) and IMID patients without DMARD
treatment (42 of 607; 6.9%). In contrast, IMID patients treated
with bDMARDs (42 of 1,344; 3.1%) or csDMARDs (29 of 742;
3.9%) showed the lowest point prevalence estimate for anti–
SARS–CoV-2 antibodies. Health care professional controls had
a substantially higher prevalence (51 of 455; 11.2%) of anti–
SARS–CoV-2 antibodies. Crude seroprevalence rates and the
corresponding 95% CIs are summarized in Table 2.

Unadjusted RRs for SARS–CoV-2 IgG antibodies were signif-
icantly lower in IMID patients treated with bDMARDs (RR 0.44
[95% CI 0.31–0.62]) (P < 0.001) compared to non–health care
controls (Table 2). These differences between healthy non–health
care controls and bDMARD-treated IMID patients remained signif-
icant after adjusting for age, sex, sampling time, and participant-
reported exposure risk behavior (RR 0.50 [95% CI 0.34–0.73])
(P < 0.001). Furthermore, the adjusted RR was numerically lower
when bDMARDs were combined with csDMARDs (adjusted RR
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0.34 [95% CI 0.16–0.71]) as opposed to bDMARD monotherapy
(adjusted RR 0.55 [95% CI 0.37–0.82]), whereas a formal interac-
tion was not detected (P for interaction = 0.45).

Unadjusted RRs for SARS–CoV-2 IgG antibodies were also
significantly lower in IMID patients treated with csDMARDs
(RR 0.55 [95% CI 0.36–0.83]) (P = 0.005), but after adjusting for
age, sex, sampling time, and participant-reported exposure risk
behavior, the point estimate shifted toward unity (RR 0.70 [95%
CI 0.45–1.08]) (P = 0.107). Furthermore, in untreated IMID
patients, there was no RR difference for developing SARS–
CoV-2 IgG antibodies (RR 1.12 [95% CI 0.75–1.67]) (P = 0.591).
As expected, the unadjusted and adjusted RRs for SARS–
CoV-2 IgG antibodies were significantly higher in health care
professional controls than in non–health care controls.

Seroprevalence according to diagnosis and type of
treatment. In further analyses, we explored whether individual
IMID groups and types of treatments influenced the RR of
SARS–CoV-2 IgG antibody development. In the analyses for
diagnoses, point estimates for the RR of antibody development
were below unity with considerable lack of precision (Figure 1A).
Patients with SpA and psoriasis showed the highest and lowest
point estimates respectively, but none of them were significant.
In contrast, 3 particular types of cytokine inhibitors seemed to
drive the overall negative association with bDMARD treatment
and antibody development. These included TNF inhibitors
(adjusted RR 0.60 [95% CI 0.38–0.94]), IL-17 inhibitors (adjusted
RR 0.40 [95% CI 0.16–0.98]), and IL-23 inhibitors (adjusted RR
0.28 [95% CI 0.09–0.89]) (Figure 1B).

Seroconversion in the subset of patients with
positive SARS–CoV-2 PCR test results. A total of 152 among
the 1,109 tested participants had a history of positive
SARS–CoV-2 PCR test. When these individuals were analyzed for
SARS–CoV2 IgG antibodies, we could observe that most but
not all developed antibodies (120 of 152; 78%). Notably, serocon-
version rates were dependent on treatment. Therefore, lack of

seroconversion was found in only 16% and 15.5% in non–health
care and health care controls, respectively. Additionally, only
13.3% of untreated IMID patients did not seroconvert. In contrast,
the likelihood of a lack of seroconversion was numerically higher in
IMID patients treated with csDMARDs (27.3%) and those receiving
either bDMARDs or tsDMARDs (38.7%) (Supplementary Figure 1,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42035). Of note, the time
period between positive PCR tests and analysis of antibody levels
was not different between IMID patients treated with bDMARDs
(median 49.5 days [IQR 35.5–82.0]), IMID patients treated with
csDMARDs (median 52.0 days [IQR 46.5–75.5]), and controls
(median 59.0 days [IQR 35.0–282.0]).

Longevity of the humoral immune response to
SARS–CoV-2. Among the 4,508 participants, 1,812 (40.2%) had
previously donated a blood sample between March 1 and June
1, 2020. The median time interval between first-wave and
second-wave samples was 270 days (IQR 261–281). Among
participants with available longitudinal data, there were 48 sero-
positive participants (2.6%) in the first wave and 81 seropositive
participants (4.5%) in the second wave, which is depicted in the
spaghetti plot in Supplementary Figure 2 (https://onlinelibrary.
wiley.com/doi/10.1002/art.42035) and reflects the impact of the
second SARS–CoV-2 wave in autumn/winter 2020. Conversely,
we observed uniformly decreasing antibody levels over time
among initially seropositive participants. Among 48 participants
who were initially positive, 21 tested negative during the second
wave, indicating a high proportion of loss (43.8%) in SARS–
CoV-2 infection–induced antibodies over a 9-month period. The
number and proportion of participants losing initial antibodies
per study group are summarized in Supplementary Table 1
(https://onlinelibrary.wiley.com/doi/10.1002/art.42035). Of note,
all 4 participants receiving bDMARDs (all anticytokine treatments)
lost the initial antibody response in the second wave, correspond-
ing to an adjusted RR of 2.86 (95% CI 1.43–5.74) compared to
non–health care controls.

Table 2. Unadjusted and adjusted relative risks (RRs) for SARS–CoV-2 spike IgG antibodies in IMID patients compared to non–health care
controls*

Group
Total
no.

No. of positive
subjects

Prevalence, %
(95% CI)

Unadjusted RR
(95% CI)

Crude
P

Adjusted RR
(95% CI)†

Adjusted
P

Controls
Non–health care
professionals

1,184 84 7.09 (5.70–8.71) 1 (reference) – 1 (reference) –

Health care professionals 455 51 11.21 (8.46–14.47) 1.58 (1.14–2.20) 0.007 1.77 (1.19–2.64) 0.005
IMID patients
bDMARD-treated 1,344 42 3.12 (2.26–4.20) 0.44 (0.31–0.63) <0.001 0.50 (0.34–0.73) <0.001
csDMARD-treated 742 29 3.91 (2.63–5.57) 0.55 (0.36–0.83) 0.005 0.70 (0.45–1.08) 0.107
tsDMARD-treated 176 8 4.55 (1.98–8.76) 0.64 (0.32–1.30) 0.218 0.82 (0.39–1.72) 0.607
Untreated 607 42 6.92 (5.03–9.24) 0.98 (0.68–1.39) 0.891 1.12 (0.75–1.67) 0.591

* 95% CI = 95% confidence interval (see Table 1 for other definitions).
† Adjusted using Poisson regression for age, sex, sampling time, and participant-reported exposure risk behavior. Non–health care controls are
the reference group.
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DISCUSSION

This large prospective cohort study shows that IMID
patients receiving bDMARDs, most of them treated with cyto-
kine inhibitors, have lower seroprevalence rates for SARS–
CoV-2 infection than healthy controls. This “protective” effect
in bDMARD-treated IMID patients remained robust after
adjustment for age, sex, and participant-reported exposure
risk behavior and was not observed in IMID patients receiving
no treatment or conventional drug treatment. The data support
the concept that IMID patients treated with bDMARDs are not
at particular risk during the SARS–CoV-2 pandemic, support-
ing statements in favor of the continuation of treatment. One
exception is B cell–depleting treatment, which shows more
severe courses of COVID-19 (17,18).

Based on the mere size of the cohort (>1,300 patients
treated with bDMARDs and tsDMARDs) this study also allowed
for assessment of the influence of different agents, in particular
cytokine inhibitors, on the SARS–CoV-2 immune response.
Hence, IL-23 inhibitors, IL-17 inhibitors, and TNF inhibitors were
associated with significantly lower seroconversion rates. These
cytokines are released upon SARS–CoV-2–induced alveolar tis-
sue damage, mount systemic adaptive immunity to the virus,
and trigger inflammation and tissue damage (19). Therefore,
SARS–CoV-2 infection may not be able to induce full-blown

inflammation and adaptive immune responses in hosts, in whom
these mediators are neutralized by respective drugs. Targeted
inhibition of these cytokines may thus not only mitigate the risk
for severe COVID-19, as previously shown (2,4,5), but also
attenuate the formation of anti–SARS–CoV-2 antibodies. This
concept is supported by the observation that among partici-
pants with a history of SARS–CoV-2 PCR positivity, those
treated with cytokine inhibitors had the lowest seroconversion
rates. Supporting this notion, the time period between positive
PCR tests and analysis of antibody levels was not different
between IMID patients and controls.

The prospective part of this study, in which participants who
were assessed in the first COVID-19 wave were reassessed
during the second wave, provided insights into the persistence
of the humoral response in IMID patients after SARS–CoV-2 infec-
tion. It is known from previous work that the level of humoral
response corresponds with protection from COVID-19 (20). Nota-
bly, 44% of the participants lost protective SARS–CoV-2 antibody
responses between the 2 sampling periods. An increased ten-
dency toward losing protective anti–SARS–CoV-2 IgG responses
was noted in initially seropositive IMID patients receiving stable
anticytokine treatment. Although observed in a very small subset
of patients, it is important that this finding also aligns with a lower
rate of seroconversion in bDMARD-treated patients with PCR-
confirmed SARS–CoV-2 infection. Consequently, protective
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Figure 1. Relative risk (RR) of SARS–CoV-2 IgG antibody prevalence according to type of disease and type of treatment. A, RRs with 95% con-
fidence intervals (95% CIs) of positive IgG antibodies against SARS–CoV-2 according to type of disease, compared to non–health care controls as
the reference (Ref.). B, RRs with 95%CIs of positive IgG antibodies against SARS–CoV-2 according to type of treatment, compared to non–health
care controls as the reference. 1 Other diagnoses include autoimmune hepatitis, uveitis, eosinophilic fasciitis, IgG4 disease, juvenile idiopathic
arthritis, polymyalgia rheumatica, recurrent polychondritis, sarcoidosis, and undifferentiated arthritis. 2 Other types of blockades include neutraliz-
ing antibodies against interleukin-1 (IL-1), IL-4, IL-5, and B lymphocyte stimulator. 3 IL-23 inhibitors include IL-12/23 inhibitors as well as IL-23
inhibitors. IMID = immune-mediated inflammatory disease; tsDMARD = targeted synthetic disease-modifying antirheumatic drug;
bDMARD = biologic DMARD; csDMARD = conventional synthetic DMARD; TNF = tumor necrosis factor.
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humoral responses against SARS–CoV-2 seem to be compara-
tively short-lived in IMID patients, potentially putting patients at risk
for reinfection earlier and identifying a need for booster vaccination.

Our study has some limitations. IMID patients who were
receiving bDMARDs not blocking cytokines, i.e., those affecting
B/T lymphocytes and cell migration, constituted a minority of our
study population, and thus, the analyses had less power for these
subgroups in comparison to those receiving cytokine-blocking
bDMARDs. Furthermore, we were able to longitudinally assess
only a limited number of participants who showed positive anti-
bodies in the first wave, among whom only a few were receiving
bDMARD treatment. Therefore, the risk of losing antibodies over
time needs to be confirmed in a larger group of seropositive
patients. Another limitation is that the PCR test results were
participant-reported and therefore potentially subject to reporting
error; however, we expect such error to be evenly distributed and
only bias the findings toward the null. Nonetheless, we observed a
lower proportion of seroconversion among PCR-positive IMID
patients who received bDMARDs. Finally, our study did not ana-
lyze the clinical manifestations in patients who were PCR-positive.
However, very few study participants reported to have been hos-
pitalized due to COVID-19. This is consistent with reported hospi-
talization rates for SARS–CoV-2 infection ranging between 0.06%
and 1.5% (21) and reflects that studies on hospitalization rates
require cohorts of infected patients, as has been done previ-
ously (17,18).

In conclusion, these data show that IMID patients receiving
bDMARDs, i.e., those receiving cytokine inhibitors, have a lower
prevalence rate of SARS–CoV-2 seropositivity, exhibit a blunted
seroconversion rate, and lose their anti–SARS–CoV-2 antibodies
faster than healthy controls or IMID patients not receiving
bDMARDs. While it is highly unlikely that cytokine inhibitors lower
the susceptibility to SARS–CoV-2 infection, it seems that they mit-
igate the overshooting inflammatory response to the virus and,
consequently, the severity of SARS–CoV-2 infection. While this
effect appears to be an advantage in the case of SARS–CoV-2
infection, it presents some challenges in maintaining protective
immunity against the virus.
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Association of Polygenic Risk Scores With Radiographic
Progression in Patients With Rheumatoid Arthritis

Suguru Honda,1 Katsunori Ikari,1 Koichiro Yano,1 Chikashi Terao,2 Eiichi Tanaka,1 Masayoshi Harigai,1

and Yuta Kochi3

Objective. To investigate whether polygenic risk scores obtained using data from a genome-wide association
study (GWAS) of rheumatoid arthritis (RA) susceptibility can be predictors of radiographic progression.

Methods. We constructed polygenic risk scores using GWAS summary data on associations of single-nucleotide
polymorphisms with RA susceptibility. The polygenic risk scores were stratified into quintiles based on levels of signif-
icance (ranging from top quintile of polygenic risk scores to bottom quintile). In addition, change in the Sharp/van der
Heijde score (SHS) of radiographic progression over the first 5 years after onset of RA was assessed. The change in
SHS over 5 years was stratified according to quartiles, with the top quartile of change in SHS defined as severe radio-
graphic progression (score change of >35 points) and the remaining 3 quartiles defined as nonsevere radiographic pro-
gression. Polygenic risk scores were assessed for their ability to predict the SHS status over 5 years in a training set
(n = 500 RA patients) for selection of the best model, and in a testing set (n = 740 RA patients) for validation of the data.
We evaluated the performance of the polygenic risk score as a predictor of severe radiographic progression in univari-
able and multivariable analyses with inclusion of other factors.

Results. Polygenic risk scores constructed from 43,784 single-nucleotide polymorphisms significantly differed
between patients who experienced severe radiographic progression and those with nonsevere radiographic progres-
sion in both the training set (P = 0.0064) and the testing set (P = 0.017). Patients with polygenic risk scores in the top
quintile had a higher risk of severe progression compared to those with polygenic risk scores in the bottom quintile
(odds ratio [OR] 1.90, P = 0.0022), and the risk of severe radiographic progression was even higher when restricted
to patients who were younger at disease onset (OR 5.06, P = 0.00038). The group with polygenic risk scores in the
top quintile and the anti–citrullinated protein antibody (ACPA)–positive group had significantly higher proportions of
patients with severe radiographic progression (P = 0.00052 and P = 0.0022, respectively) compared to the remaining
groups. Multivariable analysis showed that polygenic risk score (P = 0.00019) as well as female sex (P = 0.0033), ACPA
positivity (P = 0.0023), and body mass index (P = 0.024) were independent risk factors for severe radiographic
progression.

Conclusion. A polygenic risk score that is derived from GWAS data on RA susceptibility is associated with the level
of severity of radiographic progression in patients with RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune inflamma-

tory disease that leads to joint destruction and reduction in quality

of life. The goal of treatment is to suppress bone destruction and

improve physical activity. The number of patients with severe

radiographic progression has decreased over the last decades

due to younger age at diagnosis and the development of several

therapeutic agents. However, in a percentage of patients, preven-

tion of severe radiographic progression remains a challenge due
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to inadequate treatment response or adverse events associated

with therapeutic agents (1,2). Furthermore, previous studies dem-

onstrated that anti–citrullinated protein antibodies (ACPAs) and

the presence of HLA-region genes were associated with bone

destruction, but their predictive accuracy was not sufficient

(3–6). Therefore, identifying additional factors associated with

radiographic progression in RA is an important step in developing

more accurate predictive models for precision medicine.
In addition to HLA–DRB1 alleles, which have a strong

impact on RA, previous genome-wide association studies
(GWAS) have identified >100 genetic regions and single-
nucleotide polymorphisms (SNPs) associated with RA suscepti-
bility (7–9). These SNPs associated with RA susceptibility may
have the potential to predict disease progression. In fact, several
studies of RA have demonstrated that HLA–DRB1 alleles and
non-HLA gene alleles, such as those of PADI4 and C5orf3, are
also associated with radiographic progression (5,10). However,
when the cumulative effects of alleles associated with RA sus-
ceptibility were evaluated with the use of a genetic risk score
(GRS)—a method of scoring the risk of RA susceptibility associ-
ated with non-HLA alleles in loci previously determined to be sig-
nificant by GWAS—it was observed that the GRS was not
significantly associated with radiographic progression of RA
(11). These results indicate that loci found to have genome-wide
significance in RA may not be sufficiently informative by them-
selves, and that incorporation of nonsignificant GWAS alleles
might improve predictability.

Polygenic risk scores are useful tools that estimate the pro-
pensity to develop or display a certain phenotype, with the scores
represented by a single value that is calculated as the sum of the
variant alleles present, weighted by the effect size of each allele
based on prior GWAS data on significance. The strength of a
polygenic risk score is that it can capture the missing heritability
derived from the loss of small-effect SNPs without significant
GWAS signals by setting a proper threshold for selecting SNPs.
In the present study, we constructed polygenic risk scores using
the summary statistics from a large GWAS meta-analysis of RA
susceptibility, assessed the risk of severe radiographic progres-
sion based on polygenic risk score, and compared the predictive
capacity of the polygenic risk score to that of presence of ACPAs
and the HLA region in terms of predicting the risk of radiographic
progression of RA. We confirmed that the polygenic risk score
was an independent risk factor for radiographic progression in
patients with RA and that its discriminatory power in predicting
severe radiographic progression is comparable to that of ACPAs.

PATIENTS AND METHODS

Study population. The study design is shown in Figure 1.
Participants’ clinical information was obtained from the Institute
of Rheumatology, Rheumatoid Arthritis (IORRA) cohort, which
was established in 2000 and began collecting genotype data in
2002. The IORRA cohort is a large, institute-based, single obser-
vational cohort of Japanese patients with RA, and includes ~1%

Figure 1. Flow diagram showing the study design. Polygenic risk scores (PRS) were constructed using a base data set containing genome-wide
association study (GWAS) data on associations of single-nucleotide polymorphisms with rheumatoid arthritis (RA) susceptibility in Asian patients,
and a target data set of GWAS data from the Institute of Rheumatology, Rheumatoid Arthritis (IORRA) cohort. Polygenic risk scores were calcu-
lated for each individual in the target data set by summing the number of effect alleles (X) weighted by the effect size (β) obtained from the base data
set. Patients were randomly stratified into a training set (n = 500) and a testing set (n = 740). The best model that yielded the largest Nagelkerke’s
pseudo R2 in the training set was selected. The same P value threshold and r2 were applied to the testing set. The performance of polygenic risk
scores in univariable as well as multivariable analyses was then assessed.
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of all Japanese RA patients (12). Patients were classified as having
no history of periodontitis if there was no evidence of periodontitis
in the clinical record, or if they indicated by questionnaire that they
had never been diagnosed as having periodontitis. Body mass
index (BMI) was extracted from the cohort record of each patient
at the closest time point to the age at onset of RA.

Ethics approval. The IORRA cohort studies (2952-R and
2922-R16) and their genetic study (217C) were approved by the
ethics committee of the Tokyo Women’s Medical University, and
informed consent was obtained from all patients before each sur-
vey. The genetic analysis was also approved by the ethics com-
mittee of the Medical Research Institute, Tokyo Medical and
Dental University (02019-005-04).

Genotype data. Genotyping and quality control were per-
formed using the Illumina HumanCoreExome and HumanOmniEx-
press BeadChip, as previously described (13). Identity by descent
similarity was determined using Plink (14), and individuals shown
to have familial relationships (PI_HAT >0.25) were excluded from
the study. Genotype data were further imputed with the 1000
Genomes Project database (phase 3 release) using Minimac4 ver-
sion 1.0.0 software. After imputation, we excluded variants with an
imputation quality of Rsq <0.7 or those with a minor allele fre-
quency of <1% or those in Hardy–Weinberg equilibrium
(P < 1.0 × 10−7) as determined using the Plink program. In total,
1,240 patients were included in the study.

Evaluation of radiographic joint damage.Radiographic
findings from 5 years after onset of RA were collected from the
patients’ medical records. The Sharp/van der Heijde score (SHS),
which was determined by a single experienced evaluator (KY)
using anteroposterior radiographs of the hands, was used to eval-
uate radiographic joint damage. Change in the SHS over the first
5 years after the onset of RA was stratified into quartiles. The top
quartile was defined as severe radiographic progression (change
in SHS of >35 points) and the remaining quartiles were defined
as nonsevere radiographic progression.

Construction of polygenic risk scores. Individual poly-
genic risk scores were calculated using the sum of the number
of effect alleles (X) from genotype data of the IORRA cohort,
weighted by the effect size (β) from the GWAS meta-analysis cal-
culated using the following formula:

PRS=
Xn

i =1
βiX i

where n denotes the number of variants, βi denotes the effect size
of i-th SNP, and Xi denotes the genotype dosage of the i-th SNP
in an individual. We selected SNPs with the pruning and thresh-
olding method (15) by using summary data on RA susceptibility
in Asian patients in a GWASmeta-analysis (9) combined with data
on RA susceptibility in Japanese and Chinese populations from

the 1000 Genomes Project (phase 3 release) as the linkage dis-
equilibrium reference panel.

Polygenic risk scores for individuals in the IORRA cohort
were constructed using PRSice-2 software (16) with the following
flags: --clump-kb 250kb, --clump-p 1.0, and --clump-r2 0.1, 0.2,
0.3, 0.5, 0.7, and 0.9. For the P value threshold, we used the
default parameters of the PRSice program (lower threshold
P = 5 × 10−8, upper threshold P = 0.5, interval P = 5 × 10−5).
We performed a holdout validation by randomly dividing the
patients into 2 groups: the training set (n = 500) and the testing
set (n = 740) (Figure 1). We selected the best model that yielded
the largest R2 in the training set. We applied the same P value
threshold and R2 to the testing set and evaluated the perfor-
mance of the model.

Statistical analysis to assess association between
polygenic risk score and SHS progression. We compared
polygenic risk scores between the severe radiographic progres-
sion group and the nonsevere radiographic progression group
using Welch’s t-test. The capacity of the polygenic risk score to
predict radiographic progression was evaluated using the area
under the curve (AUC). In addition, using logistic regression anal-
ysis, we constructed quantile plots to examine the risk of radio-
graphic progression among patients with RA according to
quintiles of polygenic risk score. The quintiles were based on
levels of significance, with the top quintile indicating the highest
polygenic risk scores, and the bottom quintile indicating the low-
est polygenic risk scores. In these analyses stratified by SHS pro-
gression group and polygenic risk score, patients were assigned
a binary SHS status and a binary polygenic risk score status for
regression. For binary polygenic risk score status, a code of 0
was assigned to patients in the bottom quintile for polygenic risk
score and a code of 1 was assigned to those in the remaining
quintiles. For binary SHS status, a code of 0 was assigned to
patients in the nonsevere radiographic progression group and a
code of 1 to those in the severe radiographic progression group.

A logistic regression model was applied to analyze the asso-
ciation between SHS status and a combination of polygenic risk
score, the presence of serine at position 11 (Ser11) in HLA–
DRB1, and clinical characteristics including age at onset, sex,
smoking status, BMI at the time of initial registration, rheumatoid
factor and ACPA positivity, periodontitis, and treatment with
methotrexate (MTX) and/or biologic disease-modifying antirheu-
matic drugs (bDMARDs) during a follow-up period of 5 years.
Quantitative variables (age, BMI, and polygenic risk score) were
normalized before applying the model. Variance inflation factor
(VIF) was used to check for multicollinearity among the covariates
using R version 3.4.2 and its package car. The Nagelkerke’s
pseudo-R2 and AUC were generated using the R packages
BaylorEdPsych and pROC. Finally, we performed 10-fold cross-
validation (training to testing ratio 9:1) to evaluate the performance
of the logistic regression model while reducing overfitting using
scikit-learn from Python.
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Data from the GWASmeta-analysis of Asian patients with RA
are available on the Japanese ENcyclopedia of GEnetic associa-
tions (JENGER) website by Riken (see http://jenger.riken.jp/en/
result). The list of SNPs used in the polygenic risk scores is avail-
able upon request from the corresponding author.

RESULTS

Patient characteristics. Patients were randomly divided
into 2 groups: the training set and the testing set (Figure 1). The
mean age at disease onset in the training and testing sets was
48.7 years and 48.5 years, respectively, the proportion of female
patients was 85.8% and 85.6%, respectively, and the median
SHSwas 16 in both groups (see Supplementary Table 1, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42051). The percentages of patients

treated with MTX and/or bDMARDs were low because radio-
graphs of the joints were obtained from the majority of patients
who participated in this cohort before the introduction of MTX
and bDMARDs into clinical use in the Japanese health care
system.

Construction of polygenic risk scores and their clas-
sification accuracy for prediction of radiographic disease
progression. To construct a polygenic risk score model that
would explain and predict an individual’s SHS status, we first deter-
mined the P and r2 value thresholds to construct the best polygenic
risk score model using the training set. In the training set (n = 500),
the best polygenic risk score model for binary SHS status
consisted of 43,784 SNPs, at a P value threshold of 0.13
(P = 0.0026) and R2 value threshold of 0.1 (Nagelkerke’s
pseudo-R2 = 0.027) (see Supplementary Figure 1, available on

Figure 2. Classification accuracy of polygenic risk scores in predicting the severity of radiographic progression in patients with rheumatoid arthri-
tis (RA) in the training and testing sets. Left, Probability density plots of normalized polygenic risk scores (PRS) with kernel density estimation using
Gaussian distributions in all patients with RA and in patients according to the age at onset of RA, in the training set (A) and the testing set (B). Right,
Area under the curve (AUC) analyses for assessment of accuracy of the model in predicting severe radiographic progression in all patients and in
patients according to the age at onset of RA, in the training set (A) and the testing set (B). Age groups were defined as follows: younger age at
onset ≤40 years, middle age at onset >40 but ≤60 years, and elderly age at onset >60 years.
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the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42051). In the testing set (n = 740), the poly-
genic risk score with the same SNPs was significantly associated
with the binary SHS status (P = 0.012). A significant association
was also shown when polygenic risk scores were constructed for
quantitative SHS (P = 0.013 for the training set and P = 0.018 for
the testing set) (Supplementary Figure 1).

We then compared the polygenic risk scores between the
severe and nonsevere radiographic progression groups, and a
significant difference was observed in the training set (mean � SD
normalized polygenic risk score 0.22 � 1.03 in the severe radio-
graphic progression group versus –0.07 � 0.98 in the nonsevere
radiographic progression group; P = 0.0064) (Figure 2A). A signif-
icant difference was replicated in the testing set (mean � SD nor-
malized polygenic risk score 0.16 � 1.04 in the severe
radiographic progression group versus –0.05 � 0.98 in the non-
severe radiographic progression group; P = 0.017) (Figure 2B),
demonstrating that our polygenic risk score model was robust in
its ability to distinguish SHS status.

We used AUC analysis to assess the classification accuracy
of polygenic risk scores. The ability of the model to discriminate
between severe and nonsevere radiographic progression was
shown by an AUC of 0.589 for the training set (Figure 2A) and
0.556 for the testing set (Figure 2B).

Based on the findings of a previous study on systemic lupus
erythematosus which showed that the prediction accuracy of
polygenic risk scores improved as the age at onset of RA
decreased (17), patients were stratified into 3 groups according
to their ages at the onset of RA: younger age at onset (≤40 years),
middle age at onset (>40 but ≤60 years), and elderly age at onset
(>60 years). In the training and testing sets, the difference in poly-
genic risk scores between the severe and nonsevere radiographic
progression groups was significant in the group of patients who
were younger at onset of RA (P = 0.0089 for those in the training
set and P = 0.00080 for those in the testing set) (Figures 2A and
B), whereas there was no significant difference between the

severe and nonsevere radiographic progression groups among
patients with onset of RA in middle age (P = 0.27 in the training
set and P = 0.54 in the testing set) or in patients with onset of
RA in elderly age (P = 0.15 in the training set and P = 0.81 in the
testing set). We calculated the AUC to assess the ability of the
model to discriminate between those with severe radiographic
progression and those with nonsevere radiographic progression
according to age at RA onset. Compared with the middle age
and elderly age at onset groups, the AUC was highest in the
younger age at onset group, with an AUC of 0.659 in the training
set (Figure 2A) and an AUC of 0.662 in the testing set (Figure 2B).

Assessment of the risk of severe radiographic pro-
gression based on polygenic risk score quintiles.We next
compared the risk of being classified into the severe radiographic
progression group according to quintiles of polygenic risk scores,
assessed among all 1,240 patients with RA. The patients in the
top quintile for polygenic risk score had approximately twice the
risk of being classified into the severe progression group com-
pared with patients in the bottom quintile (P = 0.0022, odds ratio
[OR] 1.90 [95% confidence interval (95% CI) 1.26–2.86])
(Figure 3A). When we restricted the analysis to the group of
patients with younger age at RA onset, patients in the top quintile
and the second quintile of polygenic risk scores had a significant
risk of being classified into the severe progression group
(P = 0.00038, OR 5.06 [95% CI 2.07–12.4] and P = 0.0087, OR
3.38 [95% CI 1.36–8.37], respectively) (Figure 3B).

Similar results were obtained from analysis of the testing set,
in which those in the top quintile of polygenic risk scores had a
greater risk of being classified into the severe progression group
compared with those in the bottom quintile (P = 0.019, OR 1.87
[95% CI 1.11–3.15]), and those in the top quintile of polygenic risk
scores who had a younger age at onset of RA also had a greater
risk of severe radiographic progression compared with those in
the bottom quintile (P = 0.003, OR 6.29 [95% CI 1.85–21.4)
(see Supplementary Figure 2, available on the Arthritis &

Figure 3. Quantile plots for polygenic risk scores in all patients and in patients with younger age at onset of rheumatoid arthritis (RA). All patients
(n = 1,240) (A) and patients with younger age at RA onset (n = 314) (B) were separated into quintiles according to polygenic risk score, and odds
ratios for the likelihood of an association between quintile of polygenic risk score and severe radiographic progression were generated using logis-
tic regression analysis. The top quintile in all patients showed significantly higher risks for severe radiographic progression (P = 0.0022) compared
with the reference quintile (A), as did the top and second quintiles in the younger age at onset group (P = 0.00038 and P = 0.0087, respectively)
(B). Values are the odds ratios with 95% confidence intervals.
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Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.42051). Conversely, patients in the middle and elderly
age at onset groups had no significant increase in risk of being
classified into the severe progression group, including those
patients with polygenic risk scores within the top quintile.

Comparison of the discriminatory power of poly-
genic risk scores, ACPAs, and Ser11 for identifying severe
radiographic progression. We compared the predictive
capacity of polygenic risk scores to ACPAs and variants in
the HLA region, which are known factors associated with
radiographic progression (3,18,19). Multiple genes, including

HLA–DRB1 and HLA–DPB1, and their amino acid residues
have been associated with disease susceptibility as well as
with radiographic progression. We performed association
analyses based on the classic shared epitope status of HLA–
DRB1, amino acid residues/positions of HLA–DRB1/HLA–
DPB1 (20,21), and haplotypes of HLA–DRB1 (22). Only the
presence of Ser11 in HLA–DRB1 was significantly associated
with radiographic progression (P = 0.046) (see Supplementary
Figures 3 and 4, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42051). Therefore, we decided to use Ser11 to represent the
HLA region in the subsequent analyses.

Figure 4. Discriminatory power of polygenic risk scores (PRS) (high versus low), anti–citrullinated protein antibody (ACPA) positivity (versus
ACPA negativity), and presence (versus absence) of serine at position 11 (Ser11) in HLA–DRB1 with regard to predicting changes in the Sharp/
van der Heijde score (SHS) of radiographic progression in the first 5 years after the onset of rheumatoid arthritis (RA). A, Cumulative probability
plots of association of each factor with change in the SHS over the first 5 years after disease onset are shown for all patients (top) and for patients
with younger age at onset of RA (bottom). Each point in the plot represents an individual patient. B, Bar plots show the proportions of patients in
whom an association of each factor with severe radiographic progression was observed, assessed in all patients (left) and in patients with younger
age at onset of RA (right). Numbers over the bars are the percentage of patients.
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We created cumulative probability plots to visualize the dis-
criminatory power of 3 factors (polygenic risk scores, ACPAs,
and Ser11) for radiographic progression after excluding
28 patients without HLA–DRB1 data (n = 1,212). Based on the
findings shown in the quantile plot for polygenic risk scores in
all patients (Figure 3A), we divided patients into 2 groups: the
top quintile (high polygenic risk scores) versus the remaining
quintiles (low polygenic risk scores). Cumulative probability
plots for all patients suggested that polygenic risk scores and
ACPAs had comparable discriminatory power for distinguishing
between the severe and nonsevere radiographic progression
groups (Figure 4A), with significant differences in the proportion
of patients with severe radiographic progression based on
these factors (Figure 4B). However, analysis of patients who
were younger at RA onset showed a significant difference in
SHS status only in the comparison between high and low poly-
genic risk score (P = 0.00024) (Figures 4A and B). This indicates
that polygenic risk scores had greater discriminatory power
than Ser11 in predicting severe radiographic progression of RA
in patients with younger age at onset. Similar results were
obtained when analysis was restricted to the testing set (see
Supplementary Figure 5, available on the Arthritis & Rheumatol-

ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
42051).

Confirmation of the association between polygenic
risk scores and radiographic progression in multivari-
able analysis. We conducted multivariable analysis using a
logistic regression model to investigate the associations between
SHS status and a combination of polygenic risk scores and age
at RA onset, sex, smoking status, ACPA positivity, rheumatoid
factor positivity, BMI, periodontitis, treatment with methotrexate,
treatment with bDMARDs, and the presence of Ser11 in HLA–
DRB1. We evaluated the VIF of each variable to check for

multicollinearity, but none of the VIFs exceeded 10, indicating
negligible collinearity in the model. Multivariable analysis showed
that polygenic risk score (P = 0.00019), female sex
(P = 0.0033), ACPA positivity (P = 0.0023), treatment with
bDMARDs (P = 0.0082), presence of Ser11 (P = 0.027), and
BMI (P = 0.024) were independent risk factors for severe radio-
graphic progression (Table 1). Nagel-kerke’s pseudo R2 of the
multivariable model was 0.072, and the AUC was 0.648
(Figure 5A).

We also performed a multivariable analysis for quantitative
SHS using SHS score as a continuous value in multiple regression
analysis and obtained similar results (see Supplementary Table 2,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42051). In analyzing the
sensitivity and specificity of the model with patients stratified
according to age at RA onset, the accuracy for prediction of
severe versus nonsevere radiographic progression in the multi-
variable model with polygenic risk scores was higher in the
younger age at onset of RA group (AUC 0.711) than in the middle
and elderly age at onset groups (AUC 0.648 and AUC 0.688,
respectively) although the difference was not statistically signifi-
cant (P = 0.12 for younger age at onset versus middle age at
onset and P = 0.69 for younger onset versus elderly onset). Simi-
lar results were obtained in the analysis limited to the testing set
(see Supplementary Figure 6, available on the Arthritis & Rheuma-

tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42051).

To estimate the generalizability of the model and reduce the
risk of overfitting, we divided the patients into a training set and a
validation set in a ratio of 9:1 and performed 10-fold cross-valida-
tion. The mean � SD AUC for prediction of severe radiographic
progression was 0.628 � 0.047 among all patients and
0.682 � 0.060 among the group of patients who were younger at
the onset of RA.

Table 1. Multivariable analysis of risk factors for radiographic progression in RA using a logistic regression model*

Variable Referent OR (95% CI) P

Sex (female) Male 2.02 (1.26–3.23) 0.0033
Age at RA onset† – 0.96 (0.84–1.11) 0.61
Ever smoker (yes) No 0.84 (0.63–1.13) 0.25
ACPA positive Negative 2.60 (1.41–4.80) 0.0023
Rheumatoid factor positive Negative 0.68 (0.43–1.08) 0.10
Ser11 (1 or 2 amino acids) 0 0.72 (0.53–0.96) 0.027
BMI† – 0.86 (0.76–0.98) 0.024
Periodontitis (yes) No 1.19 (0.82–1.74) 0.36
MTX treatment (yes) No 1.32 (0.99–1.76) 0.055
bDMARD treatment (yes) No 0.46 (0.27–0.82) 0.0082
PRS† – 1.30 (1.13–1.50) 0.00019

* RA = rheumatoid arthritis; 95% CI = 95% confidence interval; ACPA = anti–citrullinated protein antibody; Ser11 = ser-
ine at position 11 in HLA–DRB1; BMI = body mass index; MTX = methotrexate; bDMARD = biologic disease-modifying
antirheumatic drug; PRS = polygenic risk score.
† Normalized continuous variable. The corresponding odds ratio (OR) represents the likelihood of a 1-unit increase
in that variable.
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DISCUSSION

To our knowledge, this is the first study to show that polygenic

risk scores constructed with the use of alleles associated with RA

susceptibility, including those in loci considered not to have

genome-wide significance, are associated with the severity of

radiographic progression of RA. After patients were stratified

according to age at onset of RA, the capacity of polygenic

risk scores to accurately predict the severity of radiographic

progression improved in patients who were younger at the time of

disease onset. The discriminatory power of polygenic risk scores

to distinguish between severe and nonsevere radiographic

progression was comparable to that of ACPAs and was

significantly greater than HLA–DRB1 alleles (Ser11) when restricted

to patients whowere younger at the onset of RA.
Furthermore, our multivariable model, which used a combi-

nation of polygenic risk scores and other clinical characteristics,

revealed that polygenic risk scores were an independent risk fac-

tor for severe radiographic progression in patients with RA. This

finding is in contrast to previous research in which it was found

that a GRS using only non-HLA alleles with genome-wide signifi-

cance was not significantly associated with radiographic progres-

sion (11). This indicates that in order to increase the capacity of

polygenic risk scores to predict the severity of radiographic pro-

gression, it is essential to incorporate small-effect SNPs not previ-

ously shown to have significant genome-wide significance.
Additionally, our findings in a model constructed with poly-

genic risk scores and disease onset (equivalent to disease sus-

ceptibility) as factors indicate that polygenic risk scores are

associated with the disease phenotype in patients with RA, which

is similar to the findings with regard to varying phenotypes in other

diseases (23,24). In the setting of RA, non-HLA alleles associated

with disease susceptibility, such as variants in PADI4 and C5orf3,

have also been associated with radiographic progression (5,10).

Because PADI4 generates citrullinated autoantigenic proteins

(the targets of ACPAs), the consistent presence of self antigens

may also be important for the persistence of arthritis (5). C5orf3,
which is highly expressed in RA synovial fibroblasts, could sup-
press proinflammatory cytokines via the regulation of cell migra-
tion and the cell cycle (10). These pieces of evidence suggest
that a substantial proportion of genes that are involved in the
onset of RA are also involved in the progression of the disease.

In this study, the accuracy with which polygenic risk scores
predicted the severity of radiographic progression was shown to
be greater in patients who were younger at the time of RA onset
compared to patients who were of middle or elderly age. A similar
observation has been reported in the setting of systemic lupus ery-
thematosus; polygenic risk scores had the best predictive accuracy
for disease onset in patients age <20 years compared to patients
age ≥20 years (17). These observations related to age at disease
onset may be attributable to the biased distribution of age at onset
among those patients recruited in the GWAS analyses whose data
were used to construct the polygenic risk scores in this model (17).
Because the demographic group most prevalent in GWAS con-
ducted in Asia is middle-aged women, the loci determined to be
significant may represent the genetic factors of this population but
not of other populations, such as elderly men. In our study, a higher
proportion of patients who were elderly at the onset of RA were
male compared to those who were younger at RA onset (20.7%
versus 12.1%, respectively), which may have decreased the accu-
racy with which the severity of radiographic progression was pre-
dicted by the polygenic risk scores. Thus, large-scale or stratified
GWAS are needed to improve the performance of polygenic risk
scores in predicting severe radiographic progression in male
patients with RA whose disease onset occurred at an elderly age.

In this study, low BMI was associated with radiographic pro-
gression in patients with RA. To investigate whether low BMI is
the cause of bone destruction or the result of inflammation, we
assessed changes in BMI over 5 years. However, there was no
significant change in BMI in either the severe or nonsevere radio-
graphic progression groups. In patients with severe radiographic
progression, BMI was 20.8 kg/m2 at the time of registration

Figure 5. The classification accuracy of the multivariable model for predicting the severity of radiographic progression in patients with rheuma-
toid arthritis (RA), assessed using area under the curve (AUC) analyses in all patients (A) and in patients stratified according to age at onset of
RA (B). The younger, middle, and elderly age groups are defined in Figure 2.
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versus 21.0 kg/m2 after 5 years (P = 0.28), and in patients with
nonsevere radiographic progression, BMI was 21.5 kg/m2 at the
time of registration versus 21.6 kg/m2 after 5 years (P = 0.42).
These results indicate that a low BMI may be an independent risk
factor for radiographic progression in RA. In fact, recent studies
demonstrated that obesity in patients with RA was associated
with a lower rate of radiographic progression (25–28). However,
because this population of patients with obesity showed low
treatment response (27,28), further research is needed to deter-
mine whether low body weight is a direct cause of bone destruc-
tion or a confounding factor.

This study has some limitations. The proportion of patients
being treated with MTX and/or bDMARDs in the present study
(76.4% with MTX and 29.5% with bDMARDs) was lower than the
proportions currently being treated with MTX and/or bDMARDs in
an ongoing study of the IORRA cohort (12), which could result in
an overestimation of the capacity of polygenic risk scores to predict
the severity of radiographic progression. Therefore, we cannot
directly apply the resultsof ourpolygenic risk scoremodel to current
clinical practice. However, it would be useful to reevaluate our poly-
genic risk score model using data from patients who received the
current standard treatment, because there is a population of
patients who experience severe radiographic progression of RA
despite treatment with MTX and/or bDMARDs. Moreover, we did
not validate these results using another independent cohort due to
the lack of available data sets. Instead, our data set was randomly
divided into a training set to select the best polygenic risk score
model and a testing set to evaluate the ability of themodel to accu-
rately predict the severity of radiographic progression in RA. How-
ever, as previously discussed (29), the possibility of overfitting
remains in our prediction model due to the similar stratification of
the populations in the training and testing sets. Although we tried
to avoid this issue by performing additional analyses, including
10 principal components analysis using genotypes as covariates,
our model needs to be tested using an external cohort to confirm
the predictive accuracy.

In conclusion, the polygenic risk scores we constructed using
summary data from a GWAS meta-analysis of RA susceptibility
were associated with radiographic progression in patients with
RA, particularly in patients who were younger at the onset of
RA. Furthermore, the association of polygenic risk scores with
radiographicprogressionwas independent of other clinical factors.
Our study demonstrates that, in the setting of polygenic rheumatic
diseases, genetic profiling has potential applications in precision
medicine, which should be validated and improved in future
studies.
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Extramucosal Formation and Prognostic Value of Secretory
Antibodies in Rheumatoid Arthritis

Klara Martinsson,1 Lovisa Lyttbacka Kling,1 Karin Roos-Ljungberg,1 Irina Griazeva,2 Marina Samoylovich,2

Stephane Paul,3 Johan Rönnelid,4 Tomas Weitoft,5 Jonas Wetterö,1 and Alf Kastbom6

Objective. To investigate levels and possible extramucosal formation of secretory Ig, including anti–citrullinated
protein antibodies (ACPAs), in rheumatoid arthritis (RA).

Methods. Three patient groups were studied: 1) ACPA-positive patients with musculoskeletal pain without clinical
arthritis, 2) patients with recent-onset RA, and 3) patients with established RA. In baseline serum samples (groups
1 and 2) and paired synovial fluid samples (group 3), we analyzed total secretory IgA, total secretory IgM, free secretory
component (SC), and SC-containing ACPA. Extramucosal formation of SC-containing ACPA was investigated by pre-
incubating RA sera and affinity-purified ACPA with recombinant free SC.

Results. Compared to healthy controls, serum levels of total secretory IgA and total secretory IgM were increased
both in patients with early RA and at-risk patients (P < 0.05). Patients with early RA with elevated total secretory Ig had
significantly higher disease activity during the 3-year follow-up period compared to those without increased levels. At-
risk patients who developed arthritis during follow-up (39 of 82) had higher baseline total secretory IgA levels compared
to those who did not (P = 0.041). In established RA, total secretory IgA and total secretory IgM levels were higher in
serum than in synovial fluid (P < 0.0001), but SC-containing ACPAs adjusted for total secretory Ig concentration were
higher in synovial fluid (P < 0.0001). Preincubation with recombinant free SC yielded increased SC-containing ACPA
reactivity in sera as well as in affinity-purified IgA and IgM ACPA preparations.

Conclusion. Circulating secretory Ig are elevated before and at RA onset. In the presence of free SC, secretory Ig
may form outside the mucosa, and SC-containing ACPAs are enriched in RA joints. These findings shed important
new light on the mucosal connection in RA development.

INTRODUCTION

The mechanisms by which rheumatoid arthritis (RA) is

induced remain incompletely understood. Autoantibodies against

citrullinated proteins (ACPAs) are highly specific for RA and may

be detected in serum several years before diagnosis and are

prognostic for arthritis development (1,2). Although ACPAs can

be generated locally within the joint in manifest RA (3,4), this was

not evident in ACPA-positive patients with arthralgia prior to arthri-

tis development (5). Thus, triggering events in RA development

may occur outside the joints.

Recent advances suggest that mucosal surfaces are impor-

tant early in the development of RA, particularly in ACPA-positive

disease (6,7). Mucosal antibody production predominately

involves IgA subjected to transcellular transport via the polymeric

Ig receptor located at the basolateral surface of epithelial cells.

As the polymeric Ig receptor–antibody complex is released at

the luminal side, a part of the polymeric Ig receptor remains

attached and is then denoted as secretory component (SC).

Antibodies with SC attached are defined as secretory Ig, and occur

as both IgA and IgM classes (8). We previously identified SC-

containing ACPAs in the circulation of patients with early RA (9).
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Later work showed that these antibodies were mainly of the IgM
class and not IgA (10). Since secretory IgA normally predominate
over secretory IgM at mucosal surfaces (11), the IgM dominance
in serum SC-containing ACPAs may thus imply that these anti-
bodies do not originate from the mucosa. Furthermore, support
for extramucosal formation of SC-containing antibodies has
been previously shown in vitro (12,13). Therefore, one can spec-
ulate that secretory ACPAs in the circulation may have been
formed outside the mucosa.

We recently reported that free SC is elevated in RA sera prior
to the onset of arthritis and that levels correlate with circulating
ACPA (14). Thus, we wished to expand these findings by investi-
gating whether circulating secretory Ig are altered and of prog-
nostic value in different phases and phenotypes of RA, and
whether they are enriched in joint fluid. We also aimed to test the
hypothesis that SC-containing ACPAs can be formed in serum
in the presence of free SC. Such knowledge would improve our
understanding of the connections between mucosa and RA
development.

PATIENTS AND METHODS

This study included 3 patient cohorts: 1) ACPA-positive at-
risk patients, 2) patients with recent-onset RA, and 3) patients
with established RA. In addition, 100 healthy blood donors (50%
women, median age 54.5 years) were included as controls.

At-risk patients. Eighty-two patients with a positive IgG
ACPA test performed in a clinical setting who had musculoskele-
tal pain of any sort and duration, but no baseline arthritis, were fol-
lowed up prospectively for the development of clinical arthritis as
part of the Extra Early Rheumatology Follow-up Study (TIRx)
(14,15). Baseline characteristics are shown in Table 1. Patients
were recruited between 2010 and 2013 from the rheumatology
unit at Linköping University Hospital (Linköping, Sweden). Exclu-
sion criteria included previous rheumatic disease or treatment
with oral glucocorticoids within 6 weeks. Follow-up visits were
scheduled regularly, and arthritis development was assessed
upon clinical examination by an experienced rheumatologist. We
analyzed follow-up data until September 1, 2017, resulting in a
median follow-up time of 69 months (interquartile range [IQR]
57–77). Progression to arthritis occurred in 39 of 82 patients
(48%) after a median of 6 months (IQR 3–24).

Patients with early RA. We studied 445 patients with
recent-onset RA from the Timely Intervention in RA (TIRA-2) pro-
spective observational cohort, recruited between 2006 and
2009 from 7 rheumatology clinics in southeast and central
Sweden (Table 1). Inclusion criteria were either fulfilment of the
American College of Rheumatology 1987 classification criteria
for RA (n = 429) (16), or the presence of morning stiffness
≥60 minutes, symmetrical arthritis, and arthritis of hands or feet

(n = 23). Symptom duration was <12 months. Follow-up
procedures in TIRA-2 have been detailed previously (9,17).
Radiographic damage was graded according to the Larsen
method (18).

Patients with established RA. We studied paired sera
and synovial fluid samples from 59 RA patients (76% women,
mean � SD age 60 � 16 years) previously described in a clinical
study investigating factors predicting the response to intraarticu-
lar glucocorticoids (19). The mean � SD disease duration was
10.4 � 10.4 years, and the mean � SD Disease Activity Score
in 28 joints (DAS28) (20) was 4.52 � 1.13 at the time of
sampling. Among these patients, 56% currently or previously
smoked. Sixty-nine percent of patients were positive for anti–
cyclic citrullinated peptide 2 (anti–CCP-2), and 68% were posi-
tive for IgM rheumatoid factor (RF). At the time of sampling,
47 patients were treated with conventional synthetic disease-
modifying antirheumatic drugs (csDMARDs) (5 in combination
with biologic DMARDs [bDMARDs]), and 4 were treated with
bDMARDs in monotherapy. Eight patients did not receive any
DMARD treatment.

Ethics approval. All participants provided written informed
consent, and the study protocol was approved by the Ethics
Review Boards in Linköping and Uppsala, Sweden (decision
nos. M168-05, M220-09, 2015/236-32, and 2007/047).

Secretory Ig analyses. An in-house sandwich enzyme-
linked immunosorbent assay (ELISA) (21) was modified to detect
total secretory IgA and total secretory IgM, respectively, in serum
and synovial fluid. Half-area 96-well plates were coated with a
monoclonal anti-SC antibody (Sigma-Aldrich), diluted 1:1,000 in
phosphate buffered saline (PBS) at pH 7.4 (Medicago AB), and
incubated in a moist chamber at 37�C for 2 hours, followed by
incubation for 3 hours at 4�C. The plates were washed and
blocked with 0.5% bovine serum albumin (BSA) (Sigma-Aldrich)
in PBS, incubated 2 hours in a moist chamber at 37�C, and sub-
sequently incubated at 4�C overnight. Thereafter, serum samples
were diluted 1:100 in PBS–Tween–0.5% BSA and incubated
1 hour in a moist chamber at 37�C.

Following washing, detection using antibodies for either total
secretory IgA (polyclonal goat anti-human IgA alfa-chain–specific
peroxidase–conjugated antibody, diluted 1:25,000) or total secre-
tory IgM (horseradish peroxidase [HRP]–conjugated polyclonal
goat anti-human IgM antibody Fc 5μ, diluted 1:20,000) (both from
Sigma-Aldrich) and incubation for 1 hour in a moist chamber at
37�C were performed. After washing, tetramethylbenzidine (TMB;
Sigma-Aldrich) was added to the plates and incubated in the dark
at room temperature for 30 minutes, stopped using 1.8M sulfuric
acid, and read at an optical density (OD) of 450 nm (Tecan). Stan-
dard curves were set up using serial dilutions of purified IgA from
human colostrum (containing secretory IgA; Sigma-Aldrich) or
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IgM from human serum (containing secretory IgM; Sigma-Aldrich),
respectively. The cutoff value was set at the 95th percentile among
controls (total secretory IgA 13.6 μg/ml and total secretory IgM
4.9 μg/ml).

Free SC and autoantibody analyses. Free SC was ana-
lyzed using an in-house sandwich ELISA (14,22). Serum samples
were diluted 1:25, added in duplicate to microtiter plates pre-
coated with 10 μg/ml monoclonal antibody (mAb) anti–free SC
6B3 and incubated at 37�C. Following washing, HRP-conjugated
mAb anti-SC 5D8, diluted 1:100, were added and incubated at
37�C. TMB (Merck) was added as the substrate, and the reaction
was stopped with 1M sulfuric acid and read at OD450 nm. A 7-step
serial diluted standard curve was used to calculate the concentra-
tions. The cutoff for positivity was set at the 99th percentile
among the 100 healthy controls (32 ng/ml). The intraassay and
interassay variations were 2% and 9%, respectively. Secretory
IgA and samples high in secretory IgM added to the wells yielded
free SC levels similar to the buffer (OD450 nm of 0.223–0.346
versus 0.218), verifying that Ig-bound SC was not detected in
the free SC ELISA.

Serum SC-containing ACPAs and IgM ACPAs were
measured by modifying anti-CCP ELISA kits (Euro-Diagnostica)
(23). Serum samples were diluted 1:25, added to precoated
CCP microtiter plates, and incubated at room temperature.
Following washing, HRP-conjugated polyclonal goat anti-human
SC or IgM antibodies (Nordic Biosite) were used to detect
SC-containing ACPAs (dilution 1:2,000) or IgM (dilution 1:10,000).
Incubation was stopped and read at OD450 nm. The intraassay
and interassay variations in the SC-containing ACPA ELISA were
5% and 10%, respectively. For the IgM ACPAs, the intraassay

and interassay variations were 2% and 17%, respectively. A
7-step serial dilution was used for standard curve calculations
using patient sera with high levels of SC-containing ACPA and
IgM ACPA, respectively. The cutoff level for positivity was set at
the 99th percentile among healthy controls (SC-containing ACPA
124 AU/ml and IgM 241 AU/ml).

Serum IgA and IgG ACPA were analyzed by a fluoroenzyme
immunoassay (EliA Phadia AB; ThermoFisher Scientific) as
described previously (24). The cutoff level for IgA ACPA test was
set at the 99th percentile among healthy blood donors (2 μg/liter).
For IgG ACPA analyses, the manufacturer’s cutoff level was used
(7 units/ml, in accordance with the standard protocol in Swedish
clinical immunology laboratories). RF tests were performed in a
clinical setting at each local laboratory associated with the partic-
ipating rheumatology unit.

Purification of ACPAs. Anti-CCP antibodies were isolated
from a highly positive serum sample by affinity chromatography
using a CCP column (Euro Diagnostica AB). The sample was fil-
tered through a Millex GV 0.2-μm pore-size filter (Merck) and then
added to the column. Bound antibodies were eluted using 0.1M
glycine (pH 2.7) and immediately neutralized with 1M Tris
(pH 9.0). CCP-specific antibodies were then added to a Peptide
M column (InvivoGen), and IgA class anti-CCP antibodies were
eluted (in 0.3-ml aliquots) using 0.1M sodium acetate (pH 4.0).
The flowthrough was added to a Capture Select IgM Affinity Resin
(ThermoFisher Scientific), and IgM class anti-CCP antibodies
were eluted in 0.3 ml aliquots using 0.1M glycine (pH 3.0). Imme-
diately after elution, both IgA and IgM class anti-CCP antibodies
were neutralized with 1M Tris HCl (pH 8.3). The purified antibod-
ies were stored at −20�C until further use.

Table 1. Baseline characteristics of the study participants*

Early RA (TIRA-2)
(n = 445)

At-risk (TIRx)
(n = 82)

Established RA
(n = 59)

Women 296 (67) 66 (81) 45 (76)
Age, mean � SD years 59 � 14 52 � 14 60 � 16
RF-positive 264 (59) 25 (31) 40 (68)
IgG ACPA–positive 303 (68)† 82 (100) 41 (69)
IgA ACPA–positive 193 (57)‡ NA –

SC-containing ACPA–positive 81 (19)§ NA –

IgM ACPA–positive 136 (40)¶ NA –

Free SC–positive 114 (25)# 9 (11) –

Elevated total secretory IgA 122 (27) 17 (21) –

Elevated total secretory IgM 186 (42) 12 (15) –

Current smoker 56 (24)** 13 (16) 33 (56)††

* Except where indicated otherwise, values are the number (%) of subjects. RA = rheumatoid arthritis;
TIRA-2 = Timely Intervention in RA cohort; TIRx = Extra Early Rheumatology Follow-up Study; RF = rheumatoid fac-
tor; ACPA = anti–citrullinated protein antibody; NA = not analyzed; SC = secretory component.
† Data available for 443 subjects.
‡ Data available for 338 subjects.
§ Data available for 439 subjects.
¶ Data available for 337 subjects.
# Data available for 438 subjects.
** Data available for 238 subjects.
†† Current and former smokers.
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In vitro generation of SC-containing ACPAs. Ten
microliters (1 mg/ml) of recombinant human SC (25) were added
to 10 μl ACPA-positive serum, to affinity-purified ACPA (IgA,
IgM, or IgG), and to affinity-purified non-ACPA preparations (IgA
or IgM; Sigma-Aldrich). After incubation at 37�C for 30 minutes,
the samples were diluted 1:10 and analyzed for SC-containing
ACPA reactivity by the previously described ELISA.

Statistical analysis. The Mann–Whitney U test was used
to test differences in levels between groups, and Fisher’s exact
test was used for dichotomous variables. Correlation analyses
were carried out using Spearman’s correlation test. Cox regres-
sion analysis was used to test differences in arthritis-free survival
in the TIRx cohort. DAS28 scores over time were compared
between groups using the general linear model for repeated mea-
sures. For missing DAS28 values beyond month 3 (12% of val-
ues), we applied the last observation carried forward method.
Wilcoxon’s test was used to test differences in serum versus
synovial fluid and to evaluate SC-containing ACPA reactivity after
preincubation with free SC. Statistical calculations were performed
using IBM SPSS Statistics, version 25. Two-sided P values less
than 0.05 were considered significant.

RESULTS

Serum levels of secretory Ig in patients and con-
trols. Patients with early RA showed the highest levels of total
secretory IgA and total secretory IgM compared to both at-risk
patients (P < 0.01 for total secretory IgA; P < 0.0001 for total
secretory IgM) and healthy controls (P < 0.0001 for both)
(Figures 1A and B). At-risk patients showed significantly increased
levels of both total secretory IgA and total secretory IgM com-
pared to healthy controls, but the difference was more pro-
nounced for total secretory IgA (P < 0.001 versus P = 0.04)
(Figures 1A and B). Total secretory IgA did not differ between

men and women among controls (P = 0.78), but women had
higher levels of total secretory IgM (P = 0.009). To adjust for this,
total secretory IgM levels were also compared between female
patients and female controls. The difference remained significant
for early RA (P < 0.0001) but was lost for at-risk patients
(P = 0.90). Patients with early RA who were positive for IgG ACPA
had significantly higher serum total secretory IgM levels compared
to IgG ACPA–negative patients (4.9 μg/ml [IQR 8.5–3.2] versus
2.9 μg/ml [IQR 4.9–1.7]; P < 0.001), but not total secretory IgA
(10.4 μg/ml [IQR 15.6–7.0] versus 9.3 μg/ml [IQR 13.3–
6.5]; P = 0.09).

Correlation of smoking habits with serum secretory
Ig. Among both patients with early RA and at-risk patients, cur-
rent smokers had higher total secretory IgA levels (P < 0.0001)
and total secretory IgM levels (P < 0.0001) compared to those
who were not current smokers. Smoking data were not available
for the controls, but to account for possible differences in smok-
ing habits, we also compared nonsmoker patients to the controls.
Among those with early RA, nonsmokers had increased levels of
both total secretory IgA and total secretory IgM compared to con-
trols (P < 0.0001 for both). Among the at-risk patients, levels of
total secretory IgA remained significantly elevated among non-
smokers compared to controls (P = 0.007), while total secretory
IgM did not (P = 0.33). Finally, total secretory IgA levels were
higher among nonsmoker TIRx patients who developed arthritis
during follow-up compared to patients who did not progress
(P = 0.016), while no such difference was detected for total secre-
tory IgM levels (P = 0.45).

Correlation of autoantibodies and free SC with
serum secretory Ig. There were weak correlations of serum
total secretory IgA levels with ACPA isotypes and free SC in early
RA (ρ = 0.142–0.363, P < 0.01). Total secretory IgM levels corre-
lated significantly with serum levels of all analyzed ACPA isotypes

Figure 1. Levels of total secretory IgA (TSIgA) (A) and total secretory IgM (TSIgM) (B) in patients with early rheumatoid arthritis (RA) (from the
Timely Intervention in RA cohort), at-risk patients (from the Extra Early Rheumatology Follow-up Study), and healthy controls. Symbols represent
individual subjects. Bars show the median and interquartile range. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by
Mann-Whitney U test.
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and free SC, although correlation coefficients were low to
moderate (ρ = 0.174–0.432, P < 0.001).

Correlation of arthritis development and disease
course with serum secretory Ig. At-risk patients who subse-
quently developed arthritis (n = 39) had significantly higher base-
line levels of total secretory IgA compared to patients who
remained free of arthritis during follow-up (median 8.9 μg/ml
[IQR 14.6–6.0] versus 6.6 μg/ml [IQR 9.1–5.5]; P = 0.041). This
was not apparent for total secretory IgM (median 2.6 μg/ml [IQR
3.9–2.0] versus 2.5 μg/ml [IQR 3.8–1.7]; P = 0.37). In Cox regres-
sion analyses, neither total secretory IgA nor total secretory IgM
levels were prognostic for progression to arthritis (P = 0.96 and
P = 0.25, respectively).

During 3 years of follow-up, patients with early RA with ele-
vated serum total secretory IgA had significantly higher DAS28
scores compared to those with total secretory IgA levels below
the cutoff (P < 0.0001) (Figure 2A). Similar findings were made
regarding total secretory IgM (P = 0.004) (Figure 2B). This
remained significant after adjustment for age, sex, IgG ACPA sta-
tus, csDMARD initiation at baseline, and bDMARD treatment dur-
ing follow-up (P = 0.008 for total secretory IgA; P = 0.025 for total
secretory IgM). We also adjusted for smoking in a separate analy-
sis due to missing data, where both elevated total secretory IgA
and total secretory IgM remained associated with increased
DAS28 scores over time (P = 0.038 and P = 0.012, respectively).
Radiographic joint damage in early RA did not differ significantly
according to total secretory IgA status either at baseline (median

Figure 2. Disease Activity Score in 28 joints (DAS28) over time in early RA (Timely Intervention in RA cohort) versus baseline status of total secre-
tory IgA (A) and total secretory IgM (B), analyzed with general linear model for repeated measures. Lines show the mean � SEM. See Figure 1 for
other definitions.

Figure 3. Secretory Ig in serum and synovial fluid. A–D, Levels of total secretory IgA (A), total secretory IgM (B), free secretory component (SC)
(C), and SC-containing anti–citrullinated protein antibodies (ACPAs) (D) in paired samples of serum and synovial fluid from RA patients. E, The ratio
between SC-containing ACPAs and total secretory IgA and IgM levels in paired samples of serum and synovial fluid. Symbols represent individual
subjects. Bars show the median and interquartile range. **** = P < 0.0001 by Wilcoxon’s test. See Figure 1 for other definitions.
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Larsen score 2.0 [IQR 4.0–0.0] versus 2.0 [IQR 4.0–0.0];
P = 0.55) or at 3 years (median Larsen score 3.0 [IQR 7–1] versus
3.0 [IQR 7.0–1.0]; P = 1.0). Total secretory IgM level was also
unrelated to baseline radiographic damage (median Larsen score
1.0 [IQR 5.0–0.0] versus 2.0 [IQR 4.0–0.0]; P = 0.75) and at
3 years (median Larsen score 2.5 [IQR 7.3–1.0] versus 3.0
[IQR 7.0–1.0]; P = 0.50).

Secretory Ig in serumand synovialfluid. Levels of total
secretory IgA, free SC, and total secretory IgM were significantly
higher in serum compared to synovial fluid (P < 0.0001)
(Figures 3A–C). Since total Ig levels are higher in serum than in
joint fluid, we calculated ratios between SC-containing ACPA
levels and the sum of total secretory IgA and total secretory IgM
concentrations in order to adjust for this difference when compar-
ing SC-containing ACPA reactivity between compartments. This
ratio was significantly higher in synovial fluids compared to serum

(P < 0.0001) (Figure 3E). SC-containing ACPAs showed moder-
ate to strong correlations with total secretory IgA and total secre-
tory IgM levels in serum (ρ = 0.352–0.812, P < 0.01). Free SC
showed moderate to strong correlations with total secretory IgA
and total secretory IgM levels in serum (ρ = 0.487–0.693,
P < 0.001) and synovial fluid (ρ = 0.436–0.672, P < 0.001).

Extramucosal formation of secretory IgA and secre-
tory IgM ACPAs. We incubated sera (n = 7) from TIRA-2
patients with recombinant free SC, whereafter SC-containing
ACPA reactivity increased 3–5-fold (P = 0.016) among those pos-
itive for IgA and IgM ACPAs (Figure 4A). There was no substantial
change in SC-containing ACPA reactivity in serum samples nega-
tive for IgA and IgM ACPAs (1.3-fold; P = 0.5). When incubating
affinity-purified ACPA fractions (n = 6) with recombinant free SC,
the SC reactivity increased in both IgA ACPA and IgM ACPA frac-
tions (Figure 4B). The slight increase in SC reactivity in IgG ACPA

Figure 4. Levels of SC-containing ACPA before and after preincubation with 1 mg/ml human recombinant free SC. A, Levels of SC-containing
ACPA in serum samples from patients with early rheumatoid arthritis who were positive for IgA and IgM ACPA (n = 7) and patients who were neg-
ative for IgA and IgM ACPA (n = 3). B, Levels of affinity-purified fractions of IgA ACPA (n = 6), IgM ACPA (n = 6), IgG ACPA (n = 6), and free SC in
buffer only. C, Fold change in SC-containing ACPA reactivity following free SC preincubation. Symbols represent individual subjects. Bars show
the median and interquartile range. * = P < 0.05; ** = P < 0.01, by Wilcoxon’s test. See Figure 3 for definitions.

Figure 5. Levels of total secretory IgA (TSIgA) (A) and total secretory IgM (TSIgM) (B) in ACPA and non-ACPA fractions before and after preincu-
bation with 1 mg/ml human recombinant free SC. Samples contained equal protein concentrations of secretory IgA from colostrum, IgM, and
affinity-purified fractions of IgA ACPA (n = 6) and IgM ACPA (n = 6). Symbols represent individual subjects. Bars show the median and interquartile
range. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Wilcoxon’s test. See Figure 3 for other definitions.
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was not different from that of free SC only (P = 0.89) (Figure 4C).
IgA and IgM ACPAs showed greater fold changes in
SC-containing ACPA reactivity following free SC incubation com-
pared to IgG ACPAs (P = 0.002), and IgM ACPAs showed greater
free SC binding (P = 0.002 for fold change) compared to IgA
ACPAs (Figure 4C).

Comparisons of SC content between ACPA and non-ACPA
preparations showed that for IgA, IgA ACPA had higher baseline
SC content compared to IgA non-ACPA (P = 0.0002) and also
showed a higher fold change following preincubation with recom-
binant free SC (P = 0.0002) (Figure 5A). For IgM, the ACPA prep-
aration had higher SC content than non-IgM ACPA (P = 0.0002),
and although the latter showed a larger fold change following SC
preincubation (P = 0.0002 for fold change), it still did not reach
baseline levels for IgM ACPA (Figure 5B).

DISCUSSION

This is the first study to show that secretory Ig are elevated in
the circulation prior to RA onset. We also present in vitro data
supporting possible extramucosal formation of SC-containing
ACPAs, as well as evidence of SC-containing ACPA enrichment
in joint fluid.

It has previously been described that circulating secretory Ig
are elevated in established RA (26), and we now expand this
knowledge by showing that levels are increased even prior to
arthritis and in recent-onset RA. Elevated secretory Ig serum con-
centration is not, however, a unique feature of RA but has been
reported in several different conditions such as spondyloarthro-
pathies (26,27), Sjögren’s syndrome (28), and alcoholic liver dis-
ease (29). This contrasts to free SC, which we previously found
specifically elevated in RA and its pre-phases (14).

In the present study, total secretory IgA levels were
increased among at-risk patients who subsequently developed
arthritis compared to those who did not, but there was no clear
prognostic value in this at-risk population. In early RA, however,
there was a clear association between elevated secretory Ig at
baseline and increased disease activity over time, including after
adjustment for possible confounders. Thus, secretory Ig in
serum should be further evaluated as possible prognostic
markers to improve identification of patients in need of early
potent pharmacotherapy.

The mechanism by which secretory Ig appear in the circula-
tion remains elusive. Serum levels were higher among smokers,
which may suggest pulmonary origin, but we also present evi-
dence that secretory autoantibodies can be formed in vitro in the
presence of free SC. Therefore, we propose that this mechanism
may occur in vivo in RA patients, since levels of free SC in the cir-
culation are clearly and specifically elevated before arthritis onset
and further increase in early manifest disease in a pattern very
similar to secretory Ig (14). However, further studies are warranted
to firmly establish the occurrence and extent of secretory Ig

formation in the circulation in RA. Van Delft et al recently showed
that circulating secretory ACPA is predominately of the IgM class
(10). In agreement with this, we found that SC-containing ACPA
reactivity increased more readily when an IgM ACPA fraction
was preincubated with free SC, compared to IgA ACPA. It should
be pointed out, however, that binding of free SC to IgA requires
dimeric antibodies, and the dimeric IgA:monomeric IgA ratio was
not specifically addressed in our study. Interestingly, we find that
ACPA fractions are more prone to contain SC compared to non-
ACPA isotype controls. This was most prominent for IgA, which
possibly implies that the proportion of dimeric antibodies is
increased in the IgA ACPA fraction.

Given the possible extramucosal formation of secretory Ig,
we also investigated several mucosal markers locally in RA joints.
Indeed, secretory Ig as well as free SC were readily identified in
joint fluids in correlation with serum levels, and after considering
the background differences in secretory Ig between compart-
ments, SC-containing ACPAs were increased in joint fluid com-
pared to serum. Since previous work has shown joint fluid
enrichment of IgG ACPA (3), and free SC is present, we speculate
that SC-containing ACPAs could assemble locally in the joint and
not necessarily originate frommucosal surfaces. If secretory auto-
antibodies can be formed distant from mucosal epithelia, e.g., in
the circulation and in joints, their relevance as markers of mucosal
involvement in RA could at a glance appear limited. However, their
formation requires free SC which, to our knowledge, is produced
by epithelial cells only (25), and therefore, their origin most like-
ly remains related to the mucosa. Given that SC-containing
ACPAs occur in joint fluid and may be formed in serum, where
they predict arthritis onset among at-risk patients (30), we believe
that these autoantibodies may be involved in triggering arthritis.
Therefore, functional characterization of SC-containing ACPAs
should be addressed in future work, facilitated by the methods
of in vitro SC-containing ACPA formation described here.

Although we show a prognostic value of baseline total
secretory IgA and total secretory IgM in early RA, a limitation of
this study is that we cannot establish whether these Ig are
formed at mucosal sites or in the circulation. Both mechanisms
are likely to be relevant in vivo, but the proportional contribution
of each is difficult to delineate. Data on smoking were lacking in
the control group, and the sex distribution differed from that of
the patient groups. In sensitivity analyses addressing this, the
role of total secretory IgM among at-risk patients became less
clear, while all findings remained virtually unaltered concerning
total secretory IgA. Other limitations of the current study include
the lack of mucosal fluid and joint fluid samples from patients
with early RA.

In summary, secretory Ig are increased in the circulation both
at RA onset and prior to arthritis development in ACPA-positive
patients. At RA onset, elevated levels were associated with
increased disease activity over time, suggesting that secretory Ig
should be further evaluated as a prognostic biomarker in early
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RA. In addition, we show that SC-containing ACPAs can be
formed in the presence of free SC, and that SC-containing ACPAs
are enriched in RA joint fluid. This is essential information for future
studies to assess the mucosal contributions in RA development.
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Clinical Images: Giant cell arteritis with positive temporal artery biopsy findings but without ultrasound halo sign

The patient, a 66-year-old woman, had been experiencing chronic pain in the shoulder and hip girdle for 8 months. She had also experi-
enced transient visual disturbance 3 months prior to presentation. A fundus examination revealed some cotton-wool spots in the right
eye. Her C-reactive protein level was elevated (4.2 mg/dl). Ultrasound of the temporal artery showed narrowing of the temporal arteries
bilaterally. The intima-media thickening that could be measured was 0.2–0.4 mm. No halo sign (A–C) or compression sign was detected.
The patient’s right temporal artery was not detected on computed tomographic (CT) angiography, while the left was partially narrowed (D).
Based on the clinical history and CT findings, giant cell arteritis (GCA) was strongly suspected, and a temporal artery biopsy was per-
formed, which showed diffuse intimal thickening and fibrotic change. Multinucleated giant cells and lymphocytic infiltration were observed,
mainly in the smooth muscle layer of the media, forming a granuloma. Partial tearing of the internal elastic lamina was also seen (E–H;
HE = hematoxylin and eosin; EM = Elastica-Masson stain). These changes were observed throughout the collected samples. A recent sys-
tematic review showed that, in the setting of GCA, the specificity of the appearance of halo sign on ultrasound is as high as 95% (95% con-
fidence interval 89–98%) when the clinical diagnosis is used as a reference (1); however, this is especially true in the acute phase (2) and
not in all phases (e.g., in the late phase as in the present case). Thus, in addition to ultrasound, a comprehensive examination, especially
at the time of symptom onset, should be considered for the accurate diagnosis of GCA.

Author disclosures are available at https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42069&file=art42069-sup-0001-
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Associations of Body Mass Index With Pain and the
Mediating Role of Inflammatory Biomarkers in People
With Hand Osteoarthritis

Marthe Gløersen,1 Pernille Steen Pettersen,1 Tuhina Neogi,2 S. Reza Jafarzadeh,2 Maria Vistnes,3

Christian S. Thudium,4 Anne-Christine Bay-Jensen,4 Joe Sexton,5 Tore K. Kvien,1 Hilde B. Hammer,1

and Ida K. Haugen5

Objective. To examine the association of body mass index (BMI) with pain in people with hand osteoarthritis (OA),
and explore whether this association, if causal, is mediated by systemic inflammatory biomarkers.

Methods. In 281 Nor-Hand study participants, we estimated associations between BMI and hand pain, as mea-
sured by the Australian/Canadian Osteoarthritis Hand Index (AUSCAN; range 0–20) and Numerical Rating Scale
(NRS; range 0–10); foot pain, as measured by NRS (range 0–10); knee/hip pain, as measured by the Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC; range 0–20); painful total body joint count; and pain sensiti-
zation. We fit natural-effects models to estimate natural direct and natural indirect effects of BMI on pain through
inflammatory biomarkers.

Results. Each 5-unit increase in BMI was associated with more severe hand pain (on average increased AUS-
CAN by 0.64 [95% confidence interval (95% CI) 0.23, 1.08]), foot pain (on average increased NRS by 0.65 [95% CI
0.36, 0.92]), knee/hip pain (on average increased WOMAC by 1.31 [95% CI 0.87, 1.73]), generalized pain, and pain
sensitization. Mediation analyses suggested that the effects of BMI on hand pain and painful total body joint count
were partially mediated by leptin and high-sensitivity C-reactive protein (hsCRP), respectively. Effect sizes for medi-
ation by leptin were larger for the hands than for the lower extremities, and were statistically significant for the
hands only.

Conclusion. In people with hand OA, higher BMI is associated with greater pain severity in the hands, feet, and
knees/hips. Systemic effects of obesity, measured by leptin, may play a larger mediating role for pain in the hands than
in the lower extremities. Low-grade inflammation, measured by hsCRP, may contribute to generalized pain in over-
weight/obese individuals.

INTRODUCTION

Osteoarthritis (OA) is the most common joint disease, with

pain as the primary symptom. Body weight is a potential modifi-

able risk factor for OA pain (1), and weight loss may reduce pain,

mechanical loading, and systemic inflammation in people with

knee OA (2). Since mechanical loading caused by obesity does

not have the same effects on hand joints as on the weight-bearing

joints in the lower extremities, hand joints are well suited to study

the possible systemic effects of obesity on pain.
Overweight and obesity induce a low-grade inflammatory

state as adipose tissue produces inflammatory biomarkers, which
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may affect pain mechanisms. Cytokines such as interleukin-1β
(IL-1β), IL-6, and tumor necrosis factor (TNF) may act directly on
nociceptive neurons through their receptors or indirectly through
induction of prostaglandin production, which may activate or sen-
sitize nociceptive neurons, leading to increased pain (3). Cyto-
kines are also proposed to be involved in central pain
mechanisms (3). A few clinical studies have indicated that cyto-
kines may be involved in the induction of OA pain, but their find-
ings were inconsistent, and the majority of studies were
conducted on people with knee OA (3). Some studies, with con-
flicting results, have investigated associations between adipo-
kines, such as leptin, adiponectin, and resistin, and symptomatic
hand OA or hand OA pain (4–6).

Recent reviews have suggested that central pain sensitiza-
tion, a phenomenon characterized by increased neural signaling
in the central nervous system, contributes to chronic OA pain
(7,8). Results from a study of persons undergoing bariatric sur-
gery have suggested that reduced pain sensitization can partly
explain the observed improvement in knee pain after weight loss
(9). Other studies have investigated pain thresholds before and
after weight loss or in persons with higher versus lower body
mass index (BMI) and showed conflicting results (10–13).

Previous hand OA studies have presented conflicting results
on the associations between BMI and symptomatic hand OA or
hand pain (5,6,14–20). Only one of those studies investigated
whether adipokines can mediate this possible association (6).
That study did not examine pain intensity and did not assess
mediation by other inflammatory biomarkers (6). We hypothesized
that overweight/obesity is associated with joint pain in both the
hands and lower extremities as well as pain sensitization, medi-
ated through the inflammatory state that is affected by the over-
weight/obesity status. Hence, our aim was to examine whether
higher BMI is associated with more severe pain and more central
pain sensitization in people with hand OA. Further, using a causal
inference-based mediation analysis, we explored whether any
associations between BMI and pain, if causal, might be mediated
by inflammatory biomarkers measured in serum/plasma.

PATIENTS AND METHODS

Study design and population. We used cross-sectional
data from the baseline examination of the Nor-Hand study (2016–
2017) in the current analyses. The Nor-Hand study is an observa-
tional cohort study of people with hand OA. Participants were
recruited to the study through the outpatient clinic or a multidisci-
plinary course organized by the Division of Rheumatology and
Research at Diakonhjemmet Hospital. All participants were
between 40 and 70 years of age and had hand OA diagnosed by
ultrasound and/or clinical examination performed by a rheumatolo-
gist. A detailed description of the inclusion and exclusion criteria
has been published previously (21). The study has been approved
by the Norwegian Regional Committee for Medical and Health

Research Ethics (Ref. no: 2014/2057), and all participants provided
written informed consent to participate. The study has been regis-
tered at ClinicalTrials.gov (identifier: NCT03083548).

Physical examination. For all participants, height in a
standing position without shoes was measured to the nearest mil-
limeter, and weight in light indoor clothing was measured in kilo-
grams, with accuracy to one decimal place, to calculate the BMI
as kg/m2. Waist circumference was measured to the nearest mil-
limeter midway between the iliac crest and the lowest rib after the
participant took a deep breath and exhaled. We assessed
whether participants fulfilled the American College of Rheumatol-
ogy (ACR) criteria for hand OA and the ACR clinical criteria for
knee OA (22,23).

Pain questionnaires. Pain in the hands and feet during
the last 24 hours was rated on a Numerical Rating Scale (NRS)
(range 0–10, where 0 = no pain and 10 = worst imaginable pain).
The Australian/Canadian Osteoarthritis Hand Index (AUSCAN)
pain subscale (range 0–20) and the Western Ontario and McMas-
ter Universities Osteoarthritis Index (WOMAC) pain subscale
(range 0–20) were used to assess hand pain and knee/hip pain,
respectively, during the last 48 hours (24,25). Persistent joint pain
during the prior 6 weeks was marked on a homunculus illustrating
the neck; the upper, middle, and lower back; and bilateral shoul-
ders, elbows, wrists, hips, knees, and ankles. Pain in at least
one joint in each hand, marked on a hand diagram depicting the
bilateral distal and proximal interphalangeal, metacarpophalan-
geal, and thumb base joints, counted as a painful hand in the
painful total body joint count (range 0–18). The same homunculus
was used to identify the presence of widespread pain for the last
6 weeks, which was defined according to the ACR 1990 criteria
as the presence of axial skeletal pain, pain on both the left and
right side of the body, and pain both above and below the waist
(26). However, in contrast to the definition in the ACR criteria,
low back pain was not considered lower segment pain.

Quantitative sensory testing (QST). Pressure pain
threshold (PPT) was assessed by applying pressure with a digital
algometer (FPIX25; Wagner) at mid-portions of the anterior tibialis
muscle. The pressure of the algometer was gradually increased
by 0.5 kg/second until the participant first reported it to be slightly
painful. This examination was performed 3 times with 30-second
intervals between themeasurements, and the average of the 3 val-
ues was used for analyses. Low PPTs, i.e., higher pain sensitivity,
at distant nonpainful sites were considered to reflect manifesta-
tions of central pain sensitization.

Temporal summation (TS) is another manifestation of central
pain sensitization, which can be measured as increased pain rat-
ings after repetitive stimuli (27). TS was assessed with 7 weighted
punctuate probes (8–512 mN), which were tapped against the left
distal radioulnar joint with increasing weight. The probe that
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caused a pain rating of ≥4 on the NRS (or alternatively the 512 mN
probe if none of the probes caused a pain intensity rating of ≥4),
was tapped 10 times with a rate of once per second at the same
site. Pain intensity at the first, fifth, and tenth tap was rated on
the NRS. TS was calculated by subtracting the pain rating at the
first tap from the pain rating at either the fifth or tenth tap, which-
ever was higher.

The QST protocol was performed by 2 medical students who
were trained according to a detailed predefined protocol. Interas-
sessor reliability was determined by examination of 9 participants
by both medical students on the same afternoon. The intraclass
correlation coefficient (2-way mixed-effects model, absolute
agreement, individual measure) was 0.43 for PPT at the anterior
tibialis and 0.56 for TS.

Inflammatory biomarkers. Plasma was collected in
containers with EDTA and was centrifuged immediately (maxi-
mum of 30 minutes) after collection. Serum was collected in con-
tainers without additives and was left to coagulate 30 minutes
before centrifugation. The samples were stored at −20�C until all
samples from participants assessed on the same day were col-
lected (maximum of 5 hours). Plasma and serum were thereafter
stored at −80�C.

Serum was analyzed for high-sensitivity C-reactive protein
(hsCRP) and matrix metalloproteinase–dependent degradation
of C-reactive protein (CRPM). High-sensitivity CRP was mea-
sured on an ADVIA 1800 platform using a CardioPhase hsCRP
assay (Siemens Medical Solutions) according to the manufac-
turer’s instructions. The hsCRP measurements were performed
in singlet. CRPM measurements were performed in duplicate
using a handheld competitive enzyme-linked immunosorbent
assay (Nordic Bioscience). Briefly, 96-well streptavidin-coated
plates were coated with 0.4 ng/ml of KAFVFPKESDK-biotin and
left for 30 minutes at 20�C. After washing, calibrators, controls,
and serum samples (diluted 1:4 in incubation buffer) were added,
followed by peroxidase-conjugated antibody. The sample/
antibody mixture was incubated at 20�C for 60 minutes. Tetra-
methylbenzidine was added after washing off the plates, incu-
bated at 20�C, and stopped with sulfuric acid after 15 minutes.
The colorimetric reaction was measured at 450 nm with reference
at 650 nm using SoftMax Pro, version 5 software (Molecular
Devices).

Plasma was analyzed for inflammatory biomarkers using a
Luminex assay (Bio-Techne) according to the manufacturer’s
protocol. The samples were evenly distributed across plates
based on the pain severity and BMI of the individuals they were
obtained from. The following biomarkers were selected to repre-
sent Th1, Th17, and M1 inflammatory responses, based on previ-
ously identified associations with obesity and/or OA: IL-1β, IL-1
receptor antagonist (IL-1Ra), IL-4, IL-6, IL-10, IL-12, IL-17,
IL-18, IL-21, interferon-γ, TNF, vascular endothelial growth factor,
granulocyte–macrophage colony-stimulating factor (GM-CSF),

CCL2, CCL3, CCL4, CXCL10, leptin, and resistin. These mea-
surements were performed in singlet. Values below the detection
limit were estimated as half of the lower limit of detection or the
lowest estimated value, depending on which was the lowest. Bio-
markers for which >50% of the values were estimated (CCL3,
IL-12, and GM-CSF) were excluded from the statistical analyses.
The intraassay and interassay coefficients of variation for leptin
were acceptable (4.6% and 12.0%, respectively).

Potential confounders. Data regarding age and sex were
collected from patient journals. Participants answered questions
about potential confounders, such as their highest degree of
completed education (7 levels), physical exercise (4 levels,
dichotomized into “at least one time weekly” and “less than one
time weekly”), sleep (5 levels, from normal sleep to extreme sleep
disturbances), smoking (dichotomized into “current regular or
occasional smoker” and “previous smoker or non-smoker”),
anxiety and depression, measured by the Hospital Anxiety
and Depression Scale (HADS; range 0–42) (28), and pain cata-
strophizing, measured by the Pain Catastrophizing Scale (PCS;
range 0–52) (29).

Statistical analysis. In all analyses, the inflammatory bio-
markers were log-transformed to decrease skewness. First, we
wanted to examine whether BMI was associated with inflamma-
tory biomarkers in our data, and linear regression analyses were
therefore conducted. In our main analyses, a causal inference–
based mediation analysis was performed by fitting natural-effects
models to decompose the effect of BMI on pain into a natural indi-
rect effect, which is potentially mediated by an inflammatory bio-
marker, and a natural direct effect that is not mediated by the
biomarker. The natural-effects decomposition is used to formally
assess mediation and is estimated based on the counterfactual
framework for causal inference (30). The natural-effects model
enables a nonparametric (i.e., model-free) decomposition of the
effect of an exposure on an outcome. This causal inference–
based mediation analysis does not rely on assessing whether
the association between levels of exposure and mediators/
outcomes reach statistical significance. Rather, it relies on the
counterfactual framework to infer whether mediating effects exist.
Natural effects were fitted using the imputation-based approach
for mediation analysis (31). Estimates for the total, natural direct,
and natural indirect effects are presented per SD increase in BMI
with corresponding 95% confidence intervals (95% CIs) esti-
mated by the bootstrapping technique.

We further assessed mediated interaction, that is, whether
BMI and the inflammatory biomarker interact in their effects on
the pain outcomes, whenever estimates of indirect effects sug-
gest that mediation by the inflammatory biomarker is present.
Sensitivity analyses were performed per SD increase in waist
circumference to assess the relationship between abdominal obe-
sity and pain. The potential mediating role of leptin was analyzed
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with mediation analyses that were stratified by sex because of
known sex differences in leptin levels. Analyses were performed
with Stata version 14 and R software version 4.0.2 with the med-
flex package.

All analyses were adjusted for confounding by age, sex, and
education (in parsimonious models). We repeated the analyses
with additional adjustment for physical exercise, smoking, sleep,
HADS, and PCS (in comprehensive models), because of uncer-
tainty about the directions of the relationships between these fac-
tors and the exposure, mediator, and outcome. We did not adjust
for structural OA changes because the association between BMI
and radiographic hand OA is a subject of controversy, and
because structural OA changes may be in the causal pathway
between BMI and pain. We were interested in the effects of BMI
on pain through inflammatory biomarkers, irrespective of whether
the associations were partially mediated through structural OA
changes. No correlations were found between BMI and Kellgren/
Lawrence sum score in the hands in our study (Spearman’s corre-
lation coefficient 0.008; P = 0.89), suggesting that the effects of
BMI on pain were not mediated by structural changes. Missing val-
ues in potential confounders were imputed and replaced with the
mean of all available scores.

The validity of the mediation analysis rests on the assumption
that the exposure (BMI) is a potential cause of the mediator
(inflammatory biomarkers) and the mediator a potential cause of
the outcome (pain). Due to the use of cross-sectional data, we
made the assumption that the exposure preceded the mediator,
and similarly that the mediator preceded the outcome.

RESULTS

Participant characteristics and inflammatory bio-
markers. The Nor-Hand study includes 300 participants, of
whom 19 had missing plasma/serum samples. Characteristics
of the 281 participants who were included are listed in Table 1.
The participants demonstrated a wide range of pain intensity in
the hands, feet, and knees/hips, with the highest pain intensity
in the hands. Ninety-five (34%) of the participants were over-
weight, and 60 (21%) were obese. Higher BMI was associated
with higher levels of 6 of the inflammatory biomarkers, namely,
TNF, IL-6, IL-1Ra, resistin, leptin, and hsCRP (data not shown).

BMI and pain outcomes. Participants with a higher BMI
reported more severe pain in their hands, feet, and knees/hips,
as well as a higher painful total body joint count during the prior
6 weeks (total effects in Table 2). Further, participants with a
higher BMI had more central pain sensitization (i.e., lower PPTs
at the anterior tibialis and greater TS) (Table 3). The odds of wide-
spread pain were higher in participants with a higher BMI, such
that for every 5-unit increase in BMI, widespread pain experience
increased by 54% (total effects odds ratio 1.54 [95% CI 1.17,
1.96] in the parsimonious model).

Mediating role of inflammatory biomarkers. In these
exploratory analyses, estimates of the natural indirect effects sug-
gested that the effect of BMI on hand pain was partially mediated
through plasma levels of leptin. Effect sizes for mediation by leptin
were larger for hand pain than for pain in the lower extremities and
for painful total body joint count, and reached statistical signifi-
cance for hand pain only (Table 2 and Supplementary Figure 1,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42056). The effects of
BMI on measures of central pain sensitization did not appear to
be mediated through leptin (Table 3). Similar results were found
after additional adjustment for other potential confounders in the
comprehensive model (Supplementary Table 1, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42056).

A borderline statistically significant mediating effect of hsCRP
was found on the effect of BMI on the painful total body joint count
in the parsimonious model, whereas the mediating effect
in the comprehensive model was statistically significant
(Supplementary Table 2, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.42056).

Table 1. Characteristics of the study population (n = 281)*

Age, median (IQR) years 61 (57–66)
Sex, no. (%) women 249 (89)
Fulfilled ACR hand OA criteria, no. (%) 261 (93)
Fulfilled ACR clinical knee OA criteria, no. (%)† 172 (63)
Body mass index, mean � SD kg/m2 26.5 � 5.0
Waist circumference, mean � SD cm 88.8 � 13.1
AUSCAN hand pain, mean � SD (range 0–20) 8.1 � 4.0
NRS hand pain, mean � SD (range 0–10) 3.8 � 2.3
NRS foot pain, median (IQR) (range 0–10) 2 (0–4)
WOMAC knee/hip pain, median (IQR)
(range 0–20)‡

4.5 (1.0–8.5)

Painful total body joint count, median (IQR)
(range 0–18)

4 (2–8)

Presence of widespread pain, no. (%) 99 (35.2)
PPT at the anterior tibialis muscle,
mean � SD kg/cm2†

5.5 � 2.6

Temporal summation, median (IQR)§ 1 (0–2)
Leptin, median (IQR) μg/liter 12.8 (5.6–24.4)
hsCRP, median (IQR) mg/liter 1.5 (0.8–4.1)
Physical exercise at least 1 time weekly, no. (%)¶ 192 (70)
University or other higher education, no. (%)‡ 163 (58)
Moderate to extreme sleep disturbances,
no. (%)‡

113 (40)

Current regular or occasional smoker, no. (%) 44 (16)
HADS total score, median (IQR) (range 0–42)† 6 (3–10)
PCS total score, median (IQR) (range 0–52)# 9 (5–15)

* IQR = interquartile range; ACR = American College of Rheumatol-
ogy; OA = osteoarthritis; AUSCAN = Australian/Canadian Osteoar-
thritis Hand Index; NRS = Numerical Rating Scale; WOMAC =
Western Ontario and McMaster Universities Osteoarthritis Index;
PPT = pressure pain threshold; hsCRP = high-sensitivity C-reactive
protein; HADS = Hospital Anxiety and Depression Scale; PCS = Pain
Catastrophizing Scale.
† Data were missing for 9 participants.
‡ Data were missing for 1 participant.
§ Data were missing for 2 participants.
¶ Data were missing for 5 participants.
# Data were missing for 4 participants.
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Weak and not statistically significant mediating effects of hsCRP
were found on the effects of BMI on pain in the hands, feet, and
knees/hips. Estimates of natural indirect effects suggested that
none of the inflammatory biomarkers mediated the association
between BMI and the presence of widespread pain, although
small effect sizes were observed for hsCRP and leptin (natural
indirect effect odds ratio 1.08 [95% CI 0.96, 1.19] and 1.12
[95% CI 0.90, 1.40], respectively, in the parsimonious model).

Natural indirect effect estimates for the other inflammatory
biomarkers measured in plasma/serum did not suggest a mediat-
ing role in the effect of BMI on pain outcomes (data not shown).
Estimates of the mediated interaction suggested no interaction
between BMI and leptin or hsCRP on the BMI effects on pain
outcomes.

Sensitivity analyses. Participants with a larger waist cir-
cumference reported more pain. Estimates of the total effects
per SD (13.1 cm) increase in waist circumference on pain, and
the estimated natural direct and natural indirect effects of plasma
levels of leptin were of similar magnitude as the estimates
reported for BMI (Supplementary Table 3, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42056). The effect of waist circumference on painful
total body joint count was partially mediated through hsCRP,
although it was only borderline statistically significant in the parsi-
monious model (data not shown).

In sex-stratified mediation analyses, similar estimates for the
total effects, natural direct effects, and natural indirect effects of

plasma levels of leptin were observed in women as in the main
analyses (data not shown). Weak and not statistically significant
associations between BMI and pain were observed in men
(n = 32). Due to the small number of men in the study, natural
direct and natural indirect effects were not estimated for men
separately.

DISCUSSION

In the Nor-Hand study, participants with a higher BMI
reported greater pain severity in their hands, feet, and knees/hips,
a higher painful total body joint count, a more frequent presence
of widespread pain, and more central pain sensitization. If these
associations express a causal effect of BMI on pain, our analysis
suggests that leptin and hsCRP might play the role of mediators
on hand pain and painful total body joint count, respectively.
Effect sizes for mediation by leptin were larger for the hands than
for the lower extremities.

As expected, due to increased loading of joints in the lower
extremities, a higher BMI was associated with more pain in the
feet and knees/hips. Interestingly, a higher BMI was also related
to greater pain severity in the hands, although the strength of
association was modest. A difference of 1 point on the NRS for
pain is the minimal clinically important difference (32). According
to our model, 2 persons would need to have a difference of ~10
units in their BMI to have a clinically meaningful difference in hand
pain. Positive associations between BMI and hand pain have
been shown in previous cross-sectional studies (5,15,18),
whereas longitudinal studies have not been able to demonstrate
that baseline BMI or changes in BMI are associated with pain out-
comes (16,17). The lack of significant associations in longitudinal
studies may be related to small changes in exposure and/or
outcome.

Our results suggest that plasma levels of leptin may partially
mediate the association between BMI and hand pain. Leptin is
an adipokine mainly secreted by adipose tissue, with proinflam-
matory effects. Findings from previous studies are inconsistent
with regard to the association between leptin and pain, which
may be due to the inclusion of BMI as a covariate in most, but
not all, studies. Since BMI and leptin are highly correlated, collin-
earity may be a problem in these analyses. In contrast to our

Table 2. Estimates of the total effect of a 5-unit increase in BMI on pain and the corresponding natural direct effects and natural indirect effects
mediated by plasma levels of leptin*

AUSCAN hand pain
(range 0–20)

NRS hand pain
(range 0–10)

NRS foot pain
(range 0–10)

WOMAC knee/hip pain
(range 0–20)

Painful total body joint
count (range 0–18)

Total effect 0.64 (0.23, 1.08)† 0.46 (0.20, 0.72)† 0.65 (0.36, 0.92)† 1.31 (0.87, 1.73)† 1.15 (0.68, 1.60)†
Direct effect 0.26 (−0.34, 0.85) 0.24 (−0.09, 0.56) 0.57 (0.13, 0.96)† 1.13 (0.52, 1.75)† 0.87 (0.25, 1.47)†
Indirect effect 0.39 (0.02, 0.78)† 0.22 (−0.00, 0.44) 0.09 (−0.14, 0.34) 0.18 (−0.23, 0.56) 0.28 (−0.11, 0.66)

* The effect estimates (95% confidence intervals) shown in the table represent the estimated average increase in the pain outcomes per SD (5.0
kg/m2) increase in body mass index (BMI). Analyses were adjusted for age, sex, and education. AUSCAN = Australian/Canadian Osteoarthritis
Hand Index; NRS = Numerical Rating Scale; WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index.
† Significant.

Table 3. Estimates of the total effect of a 5-unit increase in BMI on
pain sensitization and the corresponding natural direct and natural
indirect effects mediated by plasma levels of leptin*

PPT at the anterior
tibialis

Temporal
summation of pain

Total effect −0.38 (−0.64, −0.12)† 0.27 (0.09, 0.45)†
Direct effect −0.34 (−0.70, 0.01) 0.23 (0.02, 0.45)†
Indirect effect −0.04 (−0.31, 0.24) 0.04 (−0.10, 0.18)

* The effect estimates (95% confidence intervals) shown in the table
represent the estimated average change in the pain sensitization
outcomes per SD (5.0 kg/m2) increase in body mass index (BMI).
Analyses were adjusted for age, sex, and education. PPT = pressure
pain threshold.
† Significant.
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findings, a small pilot study suggested a negative association
between serum leptin levels and hand pain in people with hand
OA (5). In the Third National Health and Nutrition Examination Sur-
vey cohort, no differences in serum leptin levels between people
with symptomatic hand OA, those with asymptomatic hand OA,
and those without hand OA were found (4). A recent cross-
sectional study, however, found a positive association between
serum leptin levels and symptomatic hand OA, and the relation-
ship between adiposity and symptomatic hand OA was partially
mediated by leptin (6). Conflicting results have been found in peo-
ple with knee and hip OA with regard to the association between
serum/plasma levels of leptin or leptin/adiponectin ratio and pain
(33–36). Higher leptin levels were associated with a higher self-
reported intensity of general body pain in the Women’s Health Ini-
tiative (37).

Several mechanisms for how leptin may influence pain and
pain sensitivity have been proposed. Leptin may contribute to
the development of allodynia by stimulating the production of pro-
nociceptive factors in macrophages (38). Further, leptin has been
shown to modulate and exert structural changes in microglia (39),
and microglia are increasingly recognized as important for the
induction and maintenance of chronic pain (40). Glial cell dysfunc-
tion in the peripheral and central nervous system may cause
chronic pain (40). A preclinical study has suggested that leptin
may decrease pain thresholds in mice (41). However, this finding
is not supported by our results, as we found no mediating effect
of leptin on the association between BMI and pain sensitization.
Our results are consistent with the findings of 2 other studies
demonstrating no correlation between pain thresholds and leptin
in patients with fibromyalgia or obese individuals (12,42). The lack
of a mediating effect in our study may be related to the modest
reliability of the QST. Furthermore, assessment of sensitization
should preferably include various pain mechanisms (e.g., pain
thresholds, tolerance thresholds, temporal and spatial summa-
tion, and conditioned pain modulation), and several different
modalities (e.g., mechanical, electrical, and chemical stimuli) (43).
In the present study, we assessed only PPTs and mechanical TS
summation due to feasibility reasons.

We found that the association between BMI and painful total
body joint count may be partially mediated by hsCRP. There was
also a tendency toward a mediating effect of hsCRP on the asso-
ciation between BMI and the presence of widespread pain,
although it was not statistically significant. These results may sug-
gest that low-grade inflammation in overweight/obese individuals,
reflected by increased levels of hsCRP, contribute to more gener-
alized pain. It is well-known that overweight and obese individuals
are more likely to have elevated CRP levels compared with per-
sons of normal weight (44), and this is consistent with our results.
Our results are also consistent with those of a meta-analysis that
found a significant correlation between levels of hsCRP and joint
pain (45). However, the meta-analysis included mainly studies on
knee and hip OA, and only one study of OA in several joints. In

contrast to these results, associations between BMI and pain in
the hands, feet, and knees/hips were not mediated through
hsCRP in our study. Our result may be due to involvement of other
joints and/or fibromyalgia-like symptoms in the painful total body
joint count. CRP levels above the reference value have been
found in fibromyalgia patients (46).

Except for leptin and hsCRP, the inflammatory biomarkers in
serum/plasma did not seem to mediate the association between
BMI and pain, although there is increasing evidence that cyto-
kines like IL-1β, IL-6, and TNF play a role in the development of
chronic pain (47). Future studies should explore whether combi-
nations of inflammatory biomarkers, rather than one biomarker
alone, influence pain to a larger extent than what we found for
the individual inflammatory biomarkers.

There are some limitations to this study that should be con-
sidered. Due to the cross-sectional study design, we cannot
answer questions about causality, and reverse causation cannot
be excluded. Longitudinal studies are needed to confirm the
mediating role of inflammatory biomarkers on pain. We made the
assumption that the exposure preceded the mediator, and that
the mediator preceded the outcome. The first of these assump-
tions is based on the fact that adipose tissue produces inflamma-
tory adipokines and obesity is associated with a low-grade
inflammatory state (48). Longitudinal studies have suggested that
a higher BMI predicts development of chronic pain (49). We can-
not exclude the possibility that pain might also influence BMI
through, e.g., a more sedentary lifestyle, but we consider this to
be less likely for hand pain. Although we adjusted for several
potential confounders, residual confounding by unmeasured vari-
ables may be present. This may have led to biased results. Fur-
thermore, we have no information about the use of analgesics
on the same day participants answered pain questionnaires and
underwent QST. The interassessor reliability of the QST was
moderate. The reliability could possibly have been improved by
the inclusion of more participants in the exercise, more extensive
training of the examiners, and increased emphasis on the cooper-
ation, focus, and concentration of the participants in the QST
protocol.

The generalizability of the results may be limited, since OA
patients from secondary care may have more pain than
patients seeking primary care. However, we did not require
participants to fulfill the ACR hand OA criteria or a certain level
of pain at inclusion, so that participants with a wide range of
symptoms could be included in our study. This may increase
the generalizability of the results to people with milder disease
severity. We have limited information about OA in joints other
than the hands and knees. Joint pain and biomarker levels
may fluctuate throughout the day. All blood samples were col-
lected between 4:00 PM and 9:00 PM, and it was thus not
feasible to draw fasting blood samples. This may have intro-
duced variation, although the variation between fasting and
postprandial adipokine levels is usually small (50). Our relatively
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small sample size (n = 281) contributed to a lack of sufficient
precision in the CIs, so that CIs for some of the mediating
effects slightly overlapped with the null despite sizable effect
sizes. Because a lot of inflammatory biomarkers were tested,
false-positive results cannot be ruled out, especially for hsCRP.

In conclusion, our results support a relationship between
increased BMI and pain severity in both the hands and the lower
extremities in a population with hand OA. Effect sizes for media-
tion by leptin were larger for the hands than for the lower extrem-
ities, which may suggest that the systemic effects of obesity on
pain are more important in the hands than in the lower extremities,
where the biomechanical effects of obesity may play a more
important role. Most of the inflammatory biomarkers assessed in
this study did not mediate the relationship between BMI and pain,
suggesting that there are more specific pathways by which spe-
cific mediators may contribute to pain or that systemic low-grade
inflammation mediates the relationship to a lesser extent than
what we hypothesized. Despite modest strengths of associa-
tions, our results suggest that weight loss may be a strategy to
prevent or treat pain in people with hand OA, which should be fur-
ther explored in future studies.
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No Added Value of Duloxetine in Patients With
Chronic Pain due to Hip or Knee Osteoarthritis:
A Cluster-Randomized Trial

Jacoline J. van den Driest,1 Dieuwke Schiphof,1 Aafke R. Koffeman,2 Marc A. Koopmanschap,3

Patrick J. E. Bindels,1 and Sita M. A. Bierma-Zeinstra1

Objective. To assess the effectiveness of duloxetine in addition to usual care in patients with chronic osteoarthritis
(OA) pain. The cost-effectiveness and whether the presence of symptoms of centralized pain alters the response to
duloxetine were secondary objectives.

Methods. We conducted an open-label, cluster-randomized trial. Patients with chronic hip or knee OA pain who had an
insufficient response to acetaminophen and nonsteroidal antiinflammatory drugs were included. Randomization took place
at the general practice level, and patients received duloxetine (60 mg/day) in addition to usual care or usual care alone. The
presence of centralized pain was defined as a modified PainDETECT Questionnaire score >12. The primary outcomemea-
sure was Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain scores (scale 0–20) at 3 months
after the initiation of treatment. Our aim was to detect a difference between the groups of a clinically relevant effect of 1.9
points (effect size 0.4). We used a linear mixed model with repeated measurements to analyze the data.

Results. In total, 133 patients were included, and 132 patients were randomized into treatment groups. A total of
66 patients (at 31 practices) were randomized to receive duloxetine in addition to usual care, and 66 patients
(at 35 practices) were randomized to receive usual care alone. We found no differences in WOMAC pain scores between
the groups at 3 months (adjusted difference –0.58 [95% confidence interval (95% CI) –1.80, 0.63]) or at 12 months
(adjusted difference –0.26 [95% CI –1.86, 1.34]). In the subgroup of patients with centralized pain symptoms, we also
found no effect of duloxetine compared to usual care alone (adjusted difference –0.32 [95% CI –2.32, 1.67]).

Conclusion. We found no effect of duloxetine added to usual care compared to usual care alone in patients with
chronic knee or hip OA pain. Another trial including patients with centralized pain symptoms should be conducted to
validate our results.

INTRODUCTION

Osteoarthritis (OA) is one of the major chronic pain conditions

involving the musculoskeletal system, and it affects ~15% of the

population (1,2). Persistent pain and loss of function are 2 important

problems for patients with OA. Treatment is symptomatic and con-

sists of education, exercise, physiotherapy, and analgesics.
In OA, analgesics are prescribed in a stepwise approach.

The first step is acetaminophen, which has a small therapeutic

effect, but is often well tolerated and has few contraindications (3).

Besides acetaminophen, topical nonsteroidal antiinflammatory

drugs (NSAIDs) can be prescribed. The next step is the prescription

of oral NSAIDs, which have a moderate effect on OA pain (4). Oral

NSAIDs especially are often contraindicated and are associated with

side effects. As a third step, opioids can be considered, but they

often lack effectiveness for OA pain, and serious side effects are

common (5,6). Finally, glucocorticoid injections can be administered

when signs of inflammation are present (7), but there is ongoing

debate regarding whether the injectionsmay accelerate the progres-

sion of OA (8,9). Therefore, other treatment options are needed.
One option may be duloxetine, a serotonin and norepineph-

rine reuptake inhibitor. It is hypothesized that duloxetine reduces

Dutch trial registry no. NTR4798.
Supported by the Netherlands Organisation for Health Research and

Development (award 80-83600-98-3141).
1Jacoline J. van den Driest, MD, Dieuwke Schiphof, PhD, Patrick J. E. Bindels,

MD, PhD, Sita M. A. Bierma-Zeinstra, PhD: Erasmus University Medical Center,
Rotterdam, The Netherlands; 2Aafke R. Koffeman, MD, PhD: Leiden University
Medical Center, Leiden, The Netherlands; 3Marc A. Koopmanschap, PhD: Eras-
mus University Rotterdam, Rotterdam, The Netherlands.

Author disclosures are available at https://onlinelibrary.wiley.com/action/
downloadSupplement?doi=10.1002%2Fart.42040&file=art42040-sup-0001-
Disclosureform.pdf.

Address correspondence to Jacoline J. van den Driest, MD, Department of
General Practice, Erasmus Medical Center, Wytemaweg 80, PO Box 2040,
3000 CA Rotterdam, The Netherlands. Email: j.vandendriest@erasmusmc.nl.

Submitted for publication April 21, 2021; accepted in revised form
December 2, 2021.

818

Arthritis & Rheumatology
Vol. 74, No. 5, May 2022, pp 818–828
DOI 10.1002/art.42040
© 2022 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 License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

https://orcid.org/0000-0001-9206-5431
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42040&#x00026;file=art42040-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42040&#x00026;file=art42040-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.42040&#x00026;file=art42040-sup-0001-Disclosureform.pdf
mailto:j.vandendriest@erasmusmc.nl
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.42040&domain=pdf&date_stamp=2022-03-16


chronic pain through the central inhibition of pain and acts by
modulating descending (inhibitory) pain pathways in the central
nervous system (10). In OA, pain can refer to nociceptive pain in
the joint, peripheral sensitized pain resulting from inflammatory
factors, and centrally sensitized pain (11,12). This centrally sensi-
tized pain can occur after intense, repeated, or prolonged noci-
ceptive input (11,13) and is present in ~23% of patients with
chronic pain due to OA (14).

Several placebo-controlled trials have examined the efficacy
of duloxetine in patients with OA and demonstrated effect sizes
of 0.4–0.5 for pain and 0.6 for disability (15–20). Based on these
trials, the Osteoarthritis Research Society International (OARSI)
recommends duloxetine in patients with knee OA who have
depression and/or widespread pain (7) and the American College
of Rheumatology (ACR) conditionally recommends duloxetine for
OA (21).

The placebo-controlled trials mentioned above investigated
the short-term use of duloxetine in highly controlled secondary
care settings (15–20). In a primary care setting, the effectiveness
of duloxetine in addition to usual care compared to usual care
alone is not known; however, most OA patients receive treatment
in this setting for many years. It is also not known whether the
presence of symptoms of centrally sensitized pain alters the
response to duloxetine.

Therefore, we conducted a cluster-randomized controlled
trial with a 12-month follow-up period to examine the effective-
ness and cost-effectiveness of duloxetine in a primary care setting
in patients with OA and to assess whether a beneficial effect of
duloxetine is seen predominantly in patients with symptoms of
centrally sensitized pain.

PATIENTS AND METHODS

Study design. A pragmatic open-label cluster-randomized
trial with 2 parallel arms was conducted in general practices. A
cluster design was chosen because this type of design is particu-
larly useful in effectiveness and implementation studies, since the
cluster design has the advantage of preventing treatment group
contamination and reflects general practice more closely (22).
The study was approved by the Local Medical Ethics Committee
at the Erasmus Medical Center (approval no. MEC 2015-293).
The trial is registered in the Dutch Trial Registry (identifier:
NTR4798) and EudractCT (database no. 2015-001669-16).
Detailed information regarding the study design is published else-
where (23).

Data availability. Relevant anonymized patient-level data
are available upon reasonable request.

Setting and participants. General practices in the south-
western region of The Netherlands were asked to participate in the
study. Participating general practices identified all possible eligible

patients in their patient registries and sent these patients an invita-
tion. If they were interested, patients provided written informed con-
sent and were screened for eligibility by the research team.

Patients were eligible if they were age ≥18 years, had hip
and/or knee OA according to the ACR clinical criteria (24), had
chronic pain, defined as pain on most days of the last 3 months,
and had shown an insufficient response to treatment with
NSAIDs, had contraindications for NSAIDs, or had previous
adverse reactions to NSAIDs (e.g., were eligible for third choice
pain medication).

Patients were excluded if they were scheduled for total hip
replacement (THR) or total knee replacement (TKR), were cur-
rently receiving antidepressants or neuropathic pain medication
(gabapentin, pregabalin, carbamazepine, capsaicin cream, or
lidocaine cream), had rheumatoid arthritis, were unable to sign
the informed consent, or had contraindications for the use of
duloxetine (current use of monoamine oxidase inhibitors, uncon-
trolled narrow-angle glaucoma, receiving a combination treat-
ment with other central nervous system–acting drugs
[e.g., benzodiazepines], hypersensitivity to duloxetine, liver dis-
ease resulting in hepatic impairment, severe renal impairment
[creatinine clearance <30 ml/minute], current use of CYP1A2
inhibitors, current use of CYP2D6 inhibitors and substrates,
uncontrolled hypertension, pregnancy, or lactation).

Intervention. The participating general practices were ran-
domized to prescibe duloxetine in addition to usual care (interven-
tion group) or provide usual care alone to the patients (control
group). In the intervention group, patients were prescribed dulox-
etine at 60 mg/day. In the first week of treatment, patients were
prescribed a duloxetine dose of 30 mg/day to minimize potential
adverse events. If the dose was well tolerated, it was increased
to 60 mg/day in the second week. The therapeutic effect was reg-
ularly assessed by the treating general practitioner (at week 2 and
months 1, 3, 6, 9, and 12). Duloxetine was gradually discontinued
after 3 months when patients experienced no effect and/or when
patients had intolerable side effects.

Usual care was provided according to the Dutch general
practice guidelines (25) and consists of education, lifestyle advice,
diet, physiotherapy, and analgesics. Intraarticular injection of glu-
cocorticoids and referral to secondary care were also allowed.

Randomization. Randomization of patients to a treatment
group was performed at the practice level (cluster-randomized
design). An independent data manager of the department pro-
vided a computer-generated, blinded randomization list (alloca-
tion ratio 1:1). Block randomization was used with blocks
varying between 2, 4, and 6 numbers. Since care provided by
the general practitioner can differ based on practice characteris-
tics, randomization at the practice level was stratified according
to 1) socioeconomic status of the practice location based on the
registration of The Netherlands Institute for Social Research (low
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versus normal and high socioeconomic status) (26), 2) the num-
ber of general practitioners working at the practice (≤1 full-time
employee versus >1 full-time employee), and the mean age of
the general practitioners (<50 years versus ≥50 years) (27,28).

Researchers were blinded with regard to the randomization
procedure. The research team performed the randomization after
all eligible patients were identified and the first patient had pro-
vided signed informed consent. Patients were informed about
the outcome of randomization after filling in the baseline question-
naire. The study was open label; patients, general practitioners,
and the research team were not blinded with regard to the
treatment.

Outcome measures. Patients received questionnaires at
baseline, at week 6, and at months 3, 6, 9, and 12. The primary
outcome measure was the pain score at month 3, measured
using the Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC) scores (29). The WOMAC consists of
3 domains: pain (scale 0–20), stiffness (scale 0–8), and function
(scale 0–68), with higher scores indicating more problems.

The secondary outcome measures were the WOMAC
scores for pain and function at 1 year. At baseline, the modified
PainDETECT Questionnaire was administered to assess the pres-
ence of centralized pain (30,31). The 5-level EuroQol 5-domain
questionnaire was administered to assess the cost-effectiveness
of the intervention (32). Cointerventions (medication use, visits to
health care professionals, THR or TKR) and patient-reported
adverse events were recorded. Also, patient satisfaction with the
treatment of pain was measured using an 11-point numerical rat-
ing scale (with a score of 0 indicating completely dissatisfied with
treatment to a score of 10 indicating completely satisfied), and
patient improvement (presence of symptoms) was measured
using a 7-point Likert scale (with a score of 0 indicating total
improvement of symptoms to a score of 7 indicating “worse than
ever”). Patients were asked what they regarded as their most
painful activity, with each designated activity rated on an
11-point numerical visual analog scale (33). Patients could
choose this activity from the WOMAC function items and were
able to mention another activity.

The percentage of responders was also evaluated using the
Outcome Measures in Rheumatology (OMERACT)–Osteoarthritis
Research Society International (OARSI) response criteria (34).
Response was defined as 1) high improvement in pain or function
(≥50%) and an absolute change in the pain or function score of
≥20 points (scale 0–100) or 2) improvement in at least 2 of the fol-
lowing 3 criteria: change in pain score ≥20% and absolute
change ≥10 points; change in function score ≥20% and absolute
change ≥10 points; and change in patient’s global assessment of
disease activity ≥20% and absolute change ≥10 points.

Sample size. A total of 102 patients per treatment group
was required to detect a clinically relevant difference in WOMAC

pain score of 1.9 points (pooled SD 4.8) (15) between the
2 groups with an effect size of 0.4 (80% power to detect a signif-
icant difference at a significance threshold of P ≤ 0.05). This is
taking into account the cluster randomization with the assumption
of equal cluster sizes with 3 patients per practice and an intraclus-
ter correlation coefficient of 0.01. We expected ~10% loss to
follow-up (35) and we therefore needed to include 224 patients
(2 × 112). In order to detect a larger effect in patients with symp-
toms of centrally sensitized pain, we needed to include 44 patients
per group (effect size 0.6, a difference in WOMAC pain score of
2.9 points [pooled SD 4.8] with the same power and cluster
assumptions). In advance, we estimated that 37% of included
patients would have symptoms of centrally sensitized pain (30),
and 47% of patients in the trial had symptoms of centrally sensi-
tized pain. Therefore, no sample size adjustments had to be made
for this subgroup analysis.

Statistical analysis. Analyses were performed according
to the intent-to-treat principle. Descriptive statistics were used to
describe baseline characteristics of the general practices and
patients.

A linear mixed-effects model with repeated measurements
was used to assess the differences between the 2 groups. The
general practices were included as a random effect to account
for clustering. The change in all WOMAC scores over time was
nonlinear and therefore a natural spline was added at week 26.

Generalized estimating equation (GEE) analyses with an
autoregressive correlation structure were performed for analyses
of dichotomous outcomes. Analyses were adjusted for prognos-
tic factors at baseline when they differed ≥10% between the
2 groups.

Additional per-protocol analyses were conducted. Patients
were included if they received duloxetine for ≥4 weeks or if they
did not receive neuropathic pain medication in the usual care
group. Furthermore, a predefined subgroup analysis was per-
formed in which the analysis was limited to patients who had
symptoms of centrally sensitized pain. Patients were included in
this subgroup analysis if they scored >12 on the modified PainDE-
TECT questionnaire. Scores >12 on this questionnaire are associ-
ated with the presence of symptoms of centralized pain in
OA (30).

According to the protocol, a cost-utility analysis would only
be performed if the intervention was found effective. Mixed-
effects model analyses and GEE analyses were performed using
R package version 3.6.3. All other analyses were performed using
SPSS version 25 (IBM).

RESULTS

Participants. Patient recruitment took place between
January 2016 and February 2019, and the follow-up period was
completed in February 2020. A total of 231 general practitioners
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at 110 general practices participated in the study. In total, 4,748
patients were classified as having knee or hip OA in general prac-
tice records, and 3,258 patients were excluded based on the
presence of exclusion criteria in their medical records (Figure 1).
A total of 1,490 patients were potentially eligible for inclusion and
were invited to participate; 768 patients declined the study invita-
tion, 295 patients were interested but not eligible, and 72 patients
were interested and eligible but declined to participate. The most

frequently mentioned reason for eligible patients declining was
fear of side effects. Finally, 133 patients were included in the
study, but 1 patient was lost to follow-up before randomization
occurred. Therefore, 66 patients (at 31 general practices) were
randomized to receive duloxetine and usual care, and 66 patients
(at 35 general practices) were randomized to receive usual care
alone. A total of 53 patients in each treatment arm completed
the 12-month follow-up period (80.3%).

Figure 1. Flow chart of the study design showing that general practitioners were invited to participate and either declined or accepted. General
practice records of patients with knee or hip OA were reviewed for exclusion criteria, and included patients were randomized to receive either
duloxetine in addition to usual care or usual care alone.
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Table 1 shows the baseline clinical and demographic charac-
teristics of the patients at the general practices (for baseline
clinical and demographic characteristics of the patients with

symptoms of centrally sensitized pain, see Supplementary
Table 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42040/abstract). In

Table 1. Baseline characteristics of the general practices and the OA patients in each practice randomized to
receive treatment with either duloxetine in addition to usual care or usual care alone*

Randomization
to duloxetine

Randomization
to usual care alone

General practices
No. of general practices 31 35
No. of general practitioners, median 2 2
No. of days general practitioners worked in the practice, mean � SD 1.7 � 1.1 1.9 � 1.0
High SES vs. low SES 23 (74.2) 27 (77.1)
Age of general practitioners, mean � SD years 48.7 � 8.2 48.3 � 8.8
No. of patients included, median (range) 2 (1–6) 2 (1–4)

Patients
No. of patients randomized 66 66
Sex, female 39 (59.1) 50 (75.8)
Age, mean � SD years 63.2 � 10.5 65.4 � 11.2
BMI, mean � SD kg/mg2 30.6 � 6.6 30.9 � 6.2
Self-reported comorbidities
CVDs 4 (6.1) 9 (13.6)
Lung diseases 4 (6.1) 15 (22.7)
Diabetes mellitus 10 (15.2) 8 (12.1)
Neurologic disorders 4 (6.1) 1 (1.5)
Lower back pain 41 (62.5) 34 (51.5)
Other musculoskeletal disorders 32 (48.5) 38 (57.5)
≥2 comorbidities 10 (15.2) 22 (33.3)

Employed at baseline 31 (47.0) 23 (34.8)
Duration of symptoms, mean � SD years 7.8 � 6.5 9.2 � 8.2
Affected joints†
Hip 15 (22.7) 9 (13.6)
Also knee OA 9 (60.0) 5 (55.6)
OA in both hips 4 (26.7) 5 (55.6)

Knee 51 (77.3) 57 (86.4)
Also hip OA 8 (15.7) 19 (33.3)
OA in both knees 35 (68.8) 34 (59.6)

WOMAC score, mean � SD
Pain (scale 0–20) 9.8 � 4.2 10.5 � 3.6
Stiffness (scale 0–8) 4.5 � 1.8 5.0 � 1.5
Function (scale 0–68) 34.8 � 13.3 36.2 � 11.1

Modified PainDETECT score (scale 0–35)
Mean � SD 11.4 � 6.8 13.5 � 7.0
No. (%)
≤12 39 (59.1) 32 (48.5)
13–18 14 (21.2) 13 (19.7)
>18 13 (19.7) 19 (28.8)

Most painful activity score, mean � SD (scale 0–10)‡ 7.0 � 1.3 7.4 � 1.4
HADS score, mean � SD
Depression (scale 0–21) 4.2 � 3.5 3.6 � 3.1
Anxiety (scale 0–21) 4.5 � 3.8 4.0 � 3.3

EQ-5D-5L score, mean � SD (scale –0.446, 1) 0.628 � 0.168 0.613 � 0.161
Treatment
None 18 (27.3) 20 (30.3)
Acetaminophen 28 (42.4) 25 (37.9)
Topical NSAIDs 1 (1.5) 0 (0.0)
NSAIDs 30 (45.5) 28 (42.4)
Opioids 6 (9.1) 10 (15.2)

* Except where indicated otherwise, values are the number (%). OA = osteoarthritis; SES = socioeconomic status;
BMI = body mass index; CVDs = cardiovascular diseases; WOMAC = Western Ontario and McMaster Universities
Osteoarthritis Index; HADS = Hospital Anxiety and Depression Scale; EQ-5D-5L = 5-level EuroQol 5-domain ques-
tionnaire; NSAIDs = nonsteroidal antiinflammatory drugs.
† When patients reported pain in both hips and both knees, questions were asked about themost painful joint. The
denominator for the subgroups is the total number of patients in whom the knee or hip was affected.
‡ Patients were asked what they regarded as their most painful activity; activities are listed in Supplementary Table
4 (http://onlinelibrary.wiley.com/doi/10.1002/art.42040/abstract).
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both groups, baseline characteristics of the general practices were
similar. Some clinical characteristics of the patients differed between
the 2 groups. The duloxetine group consisted of fewer women
(59.1% versus 75.8%) and patients were slightly younger (mean
63.2 years versus 65.4 years) and had fewer comorbidities (15.2%

versus 33.3% had ≥2 comorbidities). Most of the patients who were
included had knee OA (77.3% in the duloxetine group and 86.4% in
the usual care group) and 40% of patients had symptoms of cen-
tralized pain. On average, patients with symptoms of centralized
pain were 2 years younger and had higher WOMAC pain scores.

Table 2. Results for primary and secondary outcomes in patients receiving duloxetine in addition to usual care compared to those receiving
usual care alone*

Unadjusted model Adjusted model†

Duloxetine
(n = 66)

Usual care alone
(n = 66)

Difference
(95% CI) Effect size

Difference
(95% CI) Effect size

WOMAC pain score
(scale 0–20)

Week 6 8.5 � 4.9 9.2 � 4.1 –0.87 (–2.17, 0.42) 0.22 –0.49 (–1.62, 0.65) 0.14
Month 3 8.0 � 4.3 9.3 � 3.7 –0.84 (–2.18, 0.49) 0.21 –0.58 (–1.80, 0.63) 0.16
Month 6 8.4 � 3.9 9.1 � 3.8 –0.80 (–2.32, 0.70) 0.18 –0.66 (–2.09, 0.78) 0.15
Month 9 8.5 � 4.6 8.9 � 3.8 –0.79 (–2.28, 0.71) 0.18 –0.52 (–1.93, 0.89) 0.12
Month 12 8.5 � 4.8 9.6 � 4.2 –0.78 (–2.46, 0.91) 0.15 –0.26 (–1.86, 1.34) 0.05

WOMAC function score
(scale 0–68)

Week 6 29.4 � 15.6 34.4 � 12.6 –3.95 (–8.03, 0.13) 0.32 –1.42 (–5.31, 2.47) 0.12
Month 3 28.2 � 15.1 33.3 � 13.4 –4.19 (–8.61, 0.23) 0.32 –2.10 (–6.39, 2.20) 0.16
Month 6 30.1 � 16.1 31.9 � 13.2 –4.49 (–9.70, 0.71) 0.29 –2.84 (–8.00, 2.33) 0.18
Month 9 29.2 � 14.8 32.3 � 13.8 –4.52 (–9.57, 0.53) 0.30 –2.61 (–7.52, 2.31) 0.18
Month 12 29.8 � 16.2 34.1 � 13.8 –4.38 (–9.84, 1.09) 0.27 –1.79 (–7.22, 3.64) 0.11

WOMAC stiffness score
(scale 0–8)

Week 6 4.1 � 2.0 4.5 � 1.7 –0.56 (–1.07, –0.05) 0.37 –0.58 (–1.10, –0.06) 0.37
Month 3 4.0 � 1.8 4.7 � 1.7 –0.54 (–1.06, –0.01) 0.34 –0.57 (–1.11, –0.03) 0.35
Month 6 4.2 � 1.6 4.5 � 1.7 –0.48 (–1.07, 0.11) 0.27 –0.51 (–1.13, 0.11) 0.27
Month 9 4.0 � 1.6 4.4 � 1.6 –0.38 (–0.93, 0.17) 0.23 –0.37 (–0.94, 0.20) 0.22
Month 12 4.0 � 1.8 4.3 � 1.7 –0.26 (–0.92, 0.41) 0.13 –0.18 (–0.87, 0.50) 0.09

Most painful activity score
(scale 0–10)

Month 3 6.1 � 2.3 6.8 � 1.8 –0.45 (–0.98, 0.06) 0.29 –0.52 (–1.05, 0.02) 0.32
Month 12 6.2 � 2.6 6.8 � 1.8 –0.46 (–0.98, 0.05) 0.30 –0.52 (–1.05, 0.01) 0.33

Quality of Life score
(scale –0.446, 1)

Month 3 0.678 � 0.157 0.641 � 0.144 0.01 (–0.01, 0.03) 0.17 0.02 (–0.04, 0.07) 0.12
Month 6 0.642 � 0.171 0.623 � 0.180 0.01 (–0.02, 0.05) 0.10 0.02 (–0.04, 0.09) 0.10
Month 9 0.656 � 0.172 0.617 � 0.187 0.01 (–0.03, 0.05) 0.08 0.02 (–0.04, 0.08) 0.11
Month 12 0.652 � 0.221 0.638 � 0.177 0.00 (–0.05, 0.05) 0.00 0.01 (–0.06, 0.08) 0.05

Patient satisfaction score
(scale 0–10)

Month 3 6.0 � 2.8 5.6 � 2.7 0.56 (–0.66, 1.78) 0.15 0.62 (–0.67, 1.91) 0.16
Month 6 5.9 � 2.7 5.6 � 2.3 0.56 (–0.66, 1.78) 0.33 0.63 (–0.66, 1.93) 0.16
Month 9 5.9 � 2.8 5.7 � 2.3 0.56 (–0.66, 1.77) 0.15 0.63 (–0.66, 1.92) 0.16
Month 12 5.8 � 2.7 5.5 � 2.5 0.55 (–0.65, 1.75) 0.15 0.61 (–0.66, 1.88) 0.16

Perceived improvement,
no. (%)

Month 3 16 (28.6) 3 (6.0) 6.38 (1.68, 24.21)‡ – 17.40 (2.85, 106.18)‡ –

Month 12 15 (29.4) 4 (7.8) 4.65 (1.39, 15.45)‡ – 5.33 (1.57, 19.29)‡ –

OMERACT–OARSI criteria
responder, no. (%)§

Month 3 21 (37.5) 13 (25.0) 1.74 (0.75, 4.01)‡ – 1.95 (0.78, 4.84)‡ –

Month 12 17 (32.1) 13 (24.5) 1.69 (0.70, 4.04)‡ – 1.33 (0.51, 3.50)‡ –

* Except where indicated otherwise, values are the mean � SD. WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index;
95% CI = 95% confidence interval; OMERACT–OARSI = Outcome Measures in Rheumatology–Osteoarthritis Research Society International.
† Adjusted for age, sex, modified PainDETECT score, Hospital Anxiety and Depression Scale score, and the presence of ≥2 comorbidities.
‡ Values are the odds ratio (95% confidence interval [95% CI]).
§ At month 3, 56 patients in the duloxetine group and 52 patients in the usual care group filled out the questionnaire. At month 12, 53 patients
filled out the questionnaire in each group.
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Primary outcome measure. The primary outcome mea-
sure was the WOMAC pain score at month 3. Patients in the
duloxetine group reported slightly less pain than patients in the
usual care group (adjusted difference −0.58 [95% confidence
interval (95% CI) −1.80, 0.63]), which was not clinically relevant
or statistically significant. The 95% CI ruled out a clinically relevant
effect size of 1.9 points. Our analyses were adjusted for age, sex,
modified PainDETECT Questionnaire score, Hospital Anxiety and
Depression Scale score, and the presence of ≥2 comorbidities.
The intraclass correlation coefficient for the adjusted analysis for
WOMAC pain scores was 0.18 (Table 2 and Figure 2).

Secondary outcome measures. The WOMAC pain
scores at month 12 also showed a small difference in favor of
the duloxetine group compared to the usual care group
(adjusted difference –0.26 [95% CI –1.86, 1.34]). There was also
a small between-group difference in WOMAC function scores at
month 3 (adjusted difference −2.10 [95% CI −6.39, 2.20]) and at
month 12 (adjusted difference –1.79 [95% CI –7.22, 3.64]).
There were small differences in the other secondary

outcome measures: quality of life, patient satisfaction, and the
OMERACT–OARSI responder criteria. None of the differences
between the 2 groups were clinically relevant or statistically sig-
nificant. Patient improvement scores (based on patients’ ratings
of symptom improvement versus worsening) were significantly
different between the 2 groups, with an increased likelihood of
greater improvement in the duloxetine group relative to the usual
care group (odds ratio 17.40 [95% CI 2.85, 106.18]); however,
the numbers of patients assessed were small, and the CIs were
broad. An additional per-protocol analysis yielded similar results
(Supplementary Table 2, http://onlinelibrary.wiley.com/doi/10.
1002/art.42040/abstract). In the subgroup analysis of patients
with symptoms of central sensitization of pain, there was a small,
but not statistically significant, difference in WOMAC pain scores
at months 3 and 12 (adjusted difference –0.32 [95% CI –2.32,
1.67] at month 3; adjusted difference 1.02 [95% CI –1.22,
3.27] at month 12) (Supplementary Table 3, http://onlinelibrary.
wiley.com/doi/10.1002/art.42040/abstract). Based on the 95%
CI, we ruled out a larger effect of duloxetine (difference of 2.9
points in WOMAC pain scale scores, effect size 0.6), but based
on the 95% CI, the possibility that duloxetine had a smaller effect
size (difference in WOMAC pain score 1.9 points, effect size 0.4)
cannot be excluded.

Duloxetine use.Of the 66 patients in the duloxetine group,
56 patients (85%) initiated treatment with duloxetine (Figure 3).
The most frequently mentioned reason for not initiating treatment
with duloxetine was fear of side effects (7 patients). After
3 months, 61% of patients were still receiving duloxetine, and at
1 year, 35% of patients were still receiving duloxetine. In total,
33 patients (59%) discontinued treatment with duloxetine.
Patient-reported reasons for stopping were a lack of effect
(24%), side effects (49%), and a lack of effect in addition to side
effects (18%) (data were missing for 10% of patients).

Figure 2. Course of WOMAC scores for for pain (A) and function
(B) over time in OA patients receiving duloxetine in addition to usual care
compared to those receiving usual care alone. Results are the
mean � SD, in which circles represent the mean for the indicated group
and bars represent the SD.

Figure 3. Number of patients with chronic hip or knee osteoarthritis
pain who were receiving treatment with duloxetine at baseline (BL)
and at months 3, 6, 9, and 12 of follow-up.
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Adverse events. At month 3, 89.3% of patients in the
duloxetine group reported having at least 1 side effect compared
to 72.5% of patients in the usual care group (Supplementary
Figure 1). Nausea, weight loss, constipation, yawning, and
hyperhidrosis, which are well-known side effects of duloxetine,
were significantly more frequently reported by patients in the
duloxetine group.

Cointerventions. Patients in the duloxetine group con-
tacted their general practitioner more frequently (51.8% ver-
sus 24.2% at month 3) (Table 3) and were more often
referred to an orthopedic surgeon (10.7% versus 3.8% at
month 3). Over the total follow-up period, 5 patients in the
duloxetine group had a THR or TKR, while none of the
patients receiving usual care had a THR or TKR. At month
3, more patients in the usual care group compared to the
duloxetine group were receiving treatment with NSAIDs
(48.1% versus 28.6%) and opioids (11.5% versus 3.6%), and

patients in the usual care group were more likely to receive a
glucocorticoid injection (11.5% versus 1.8% of patients in the
duloxetine group at month 3).

DISCUSSION

In this study of patients with chronic OA pain, we examined
the effectiveness of duloxetine when added to usual care com-
pared to usual care alone. Furthermore, we assessed whether
a beneficial effect of duloxetine is seen predominantly in patients
with symptoms of centrally sensitized pain. We did not find a
clinically relevant or statistically significant effect of duloxetine
on WOMAC pain scores at month 3 or other time points, nor
was there an effect for the other outcomes, and we can therefore
rule out a clinically relevant effect in the overall group (1.9-point
difference in WOMAC pain scores). Finally, we found no effect
in the subgroup of patients with symptoms of centrally
sensitized pain.

Table 3. Cointerventions at week 6 and months 3, 6, 9, and 12 of follow-up in patients receiving treatment with
duloxetine in addition to usual care compared to those receiving usual care alone*

Week 6 Month 3 Month 6 Month 9 Month 12

Medication
Acetaminophen
Duloxetine 24 (43.6) 31 (55.4) 30 (60.0) 28 (59.6) 30 (56.6)
Usual care 29 (50.0) 34 (51.5) 31 (60.8) 27 (56.3) 31 (58.5)

NSAIDs†
Duloxetine 10 (18.2) 16 (28.6) 25 (50.0) 18 (38.3) 19 (35.8)
Usual care 18 (31.0) 25 (48.1) 28 (54.9) 24 (50.0) 29 (54.7)

Opioids
Duloxetine 1 (1.8) 2 (3.6) 5 (10.0) 4 (8.5) 5 (9.4)
Usual care 3 (5.2) 6 (11.5) 5 (9.8) 4 (8.3) 6 (11.3)

None
Duloxetine 25 (45.5) 17 (30.4) 7 (14.0) 11 (23.4) 13 (24.5)
Usual care 17 (29.3) 8 (15.4) 4 (7.8) 9 (18.7) 12 (22.6)

Cumulative visits to a
general practitioner

Duloxetine NA 29 (51.8) 36 (54.5) 40 (60.6) 42 (63.6)
Usual care NA 16 (24.2) 18 (35.3) 22 (45.8) 26 (49.1)

Cumulative visits for
physiotherapy

Duloxetine NA 11 (19.6) 12 (24.0) 14 (29.8) 15 (28.3)
Usual care NA 9 (17.3) 14 (27.4) 16 (33.3) 16 (30.2)

Cumulative visits to an
orthopedic surgeon

Duloxetine NA 6 (10.7) 9 (18.0) 10 (21.2) 11 (20.8)
Usual care NA 2 (3.8) 5 (9.8) 6 (12.5) 7 (13.2)

Cumulative glucocorticoid
injections

Duloxetine 1 (1.8) 1 (1.8) 3 (6.0) 3 (6.4) 3 (5.7)
Usual care 4 (7.0) 6 (11.5) 7 (13.7) 9 (18.9) 9 (17.0)

Cumulative joint
replacements

Duloxetine 1 (1.8) 0 (0) 2 (4.0) 3 (6.3) 5 (9.4)
Usual care 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

* Except where indicated otherwise, values are the number (%) of patients. Values were missing for some patients
at some time points. Visiting a general practitioner was not considered an applicable cointervention. NA = not
applicable.
† Nonsteroidal antiinflammatory drugs (NSAIDs) refers to oral NSAIDs. One patient in the usual care group was
receiving treatment with topical NSAIDs at month 9.
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While other studies have identified a small-to-moderate
effect of duloxetine (15–20), we did not find an effect of duloxetine
in patients with OA pain. In our trial, patients’ baseline pain scores
were similar to the pain scores reported by patients in the other
trials (15–20). This difference in outcome could be due to the fact
that we studied the effectiveness of duloxetine in a primary care
setting, while the other studies examined the efficacy in placebo-
controlled trials in secondary care. Furthermore, the patients in
our trial were older, reported OA pain for a longer time, and had
more comorbidities than those in the other studies. It is estab-
lished that smaller effects are found in these real-life primary care
populations and in effectiveness studies rather than in highly
controlled efficacy trials (22). We evaluated duloxetine as a third-
choice analgesic, i.e., one used when treatment with acetamino-
phen and NSAIDs is unsuccessful. In most other studies this
was not a prerequisite to participate in the study. The study by
Frakes et al (17) is the only one in which treatment was first opti-
mized with NSAIDs and patients were included in the trial when
still in pain despite receiving optimal treatment with NSAIDs.

Finally, we had a follow-up period of 1 year and found that
35% of patients were still receiving treatment with duloxetine at
the end of the follow-up period. The majority of the patients dis-
continued treatment with duloxetine around month 3 because of
a lack of effect or the presence of side effects. The percentage of
patients discontinuing treatment with duloxetine was higher in
our study than in the 2 other studies that evaluated the long-term
use of duloxetine in OA in an open-label extension phase of the
trial. In one study, ~80% of patients continued to receive treat-
ment with duloxetine until week 26 (36). In the second study,
~85% of patients continued treatment with duloxetine for up to
1 year (37). However, only 25% of patients entered the extension
phase, and those who discontinued did not mention reasons for
not continuing in the extension phase of the study, which could
have resulted in the selection of patients who showed tolerance
to treatment with duloxetine and whose condition improved with
the treatment. In our trial, general practitioners were instructed
to discontinue treatment with duloxetine after 3 months, when
either treatment was unsuccessful or the patient had intolerable
side effects. This may also have contributed to the higher per-
centage of patients who discontinued treatment with duloxetine
in our trial.

Interestingly, during the follow-up period, patients in the
duloxetine group more often underwent a THR or TKR than
patients in the usual care group. At month 3, these patients were
more frequently referred to an orthopedic surgeon, and afterward,
more THR and TKR procedures were performed. We believe this
is caused by the fact that patients in the duloxetine group visited
their general practitioner more often, and when treatment with
duloxetine was unsuccessful, this was the next step. To our knowl-
edge, this has not been demonstrated in other pragmatic trials.

Furthermore, patients in the duloxetine group more often
reported significant improvement in OA pain compared to patients

in the usual care group, while none of the other outcome measures
differed between the 2 groups. This may have been caused by the
open-label nature of the trial. The number of patients reporting
improvement was low, which resulted in a wide 95% CI.

We also found no effect in patients with symptoms of central
sensitization of pain. Overall, these patients reported more pain at
baseline and were slightly younger (but reported a similar duration
of pain) compared to the overall group. Higher pain scores are
associated with the presence of central sensitization of pain (38).
Since the prognostic differences between the 2 groups were
slightly different, a sensitivity analysis was performed, adjusting
for these variables (age, sex, affected joint, and comorbidities).
Results of this analysis were similar to those of the original analysis
(data not shown). We also conducted a post hoc analysis with a
higher threshold for the modified PainDETECT score (>18), which
is indicative of neuropathic pain. We found no effect of duloxetine
with similar estimates, but there were very large CIs because of
low numbers (data not shown).

The presence of central sensitization of pain was defined as a
score of >12 on the modified PainDETECT Questionnaire (30,31).
The gold standard to identify the presence of central sensitization
of pain is quantitative sensory testing (39). These tests are time
consuming and expensive and therefore not feasible in daily clini-
cal practice. When using a cutoff score of 12, the modified Pain-
DETECT Questionnaire has a sensitivity of 50% and a specificity
of 74% to detect symptoms of central sensitization of pain (30).
Small-to-moderate correlations between PainDETECT scores
and pressure pain thresholds have been found (40,41). Therefore,
we might not have perfectly selected patients for the subgroup
analyses.

One strength of the current trial is the pragmatic cluster
design, which is suitable for evaluating an intervention in clinical
practice and demonstrating the effectiveness of the intervention
(22). Cluster randomized controlled trials can be prone to recruit-
ment bias (42,43), but this was minimized by identifying all eligible
patients before randomization. However, one general practice in
the duloxetine group recruited 4 patients after the randomization
period. Conducting a sensitivity analysis without those 4 patients
did not alter the results (data not shown).

A limitation of the current trial is that we did not recruit the
number of patients calculated in the sample size. However, even
with the sample size, we can rule out the presence of a clinically
relevant effect in the overall group, since the predefined clinically
relevant difference of 1.9 points was not within the 95% CI and
makes the presence of an effect highly unlikely (44,45). We cannot
rule out the fact that there may be a clinically relevant effect in the
subgroup analysis of patients with symptoms of centralized pain.
We hypothesized that in this subgroup the effect of duloxetine
would be greater (difference of 2.9 points in WOMAC pain scale
score), and though this larger effect can be ruled out, the pres-
ence of a smaller difference of 1.9 points on the WOMAC pain
score scale cannot be completely ruled out, though the point
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estimates in this subgroup analysis were similar to the point esti-
mates in the overall group.

We had a low number of both general practitioners and
patients participating in the trial and therefore decided to stop
recruiting after 3 years. The rate of participation by general practi-
tioners was similar to previous trials in our department, and recruit-
ment is difficult because general practitioners lack time (46,47).
Furthermore, we interviewed general practitioners about their atti-
tude toward duloxetine in patients with OA pain. General practi-
tioners were relatively unfamiliar with duloxetine, since duloxetine
is not often prescribed (48,49), and were concerned about the
occurrence of side effects. Some general practitioners stated that
duloxetine may be an option for patients in whom other therapies
have proven unsuccessful. These factors may have also contrib-
uted to the participation rate of the general practitioners. The num-
ber of patients participating per general practice was lower than
we expected beforehand. Patients were frequently excluded
based on the presence of exclusion criteria in their medical records
at the general practice or because pain was bearable or not pres-
ent (when receiving acetaminophen or NSAIDs).

To conclude, there was no clinically relevant effect of duloxe-
tine added to usual care compared to usual care alone for the
treatment of chronic OA pain, and it should not be implemented.
In patients with symptoms of centralized pain, a potential effect
of duloxetine cannot be ruled out, so future studies in this sub-
group including patients with centralized pain symptoms should
be conducted to validate our results.
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Urine Proteomics and Renal Single-Cell Transcriptomics
Implicate Interleukin-16 in Lupus Nephritis
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Objective. Current lupus nephritis (LN) treatments are effective in only 30% of patients, emphasizing the need for
novel therapeutic strategies. We undertook this study to develop mechanistic hypotheses and explore novel bio-
markers by analyzing the longitudinal urinary proteomic profiles in LN patients undergoing treatment.

Methods. We quantified 1,000 urinary proteins in 30 patients with LN at the time of the diagnostic renal biopsy and
after 3, 6, and 12 months. The proteins and molecular pathways detected in the urine proteome were then analyzed
with respect to baseline clinical features and longitudinal trajectories. The intrarenal expression of candidate bio-
markers was evaluated using single-cell transcriptomics of renal biopsy sections from LN patients.

Results. Our analysis revealed multiple biologic pathways, including chemotaxis, neutrophil activation, platelet
degranulation, and extracellular matrix organization, which could be noninvasively quantified and monitored in the
urine. We identified 237 urinary biomarkers associated with LN, as compared to controls without systemic lupus
erythematosus. Interleukin-16 (IL-16), CD163, and transforming growth factor β mirrored intrarenal nephritis activity.
Response to treatment was paralleled by a reduction in urinary IL-16, a CD4 ligand with proinflammatory and
chemotactic properties. Single-cell RNA sequencing independently demonstrated that IL16 is the second most
expressed cytokine by most infiltrating immune cells in LN kidneys. IL-16–producing cells were found at key sites of
kidney injury.

Conclusion. Urine proteomics may profoundly change the diagnosis and management of LN by noninvasively
monitoring active intrarenal biologic pathways. These findings implicate IL-16 in LN pathogenesis, designating it as a
potentially treatable target and biomarker.
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INTRODUCTION

Lupus nephritis (LN) is a severe manifestation of systemic
lupus erythematosus (SLE) that frequently leads to end-stage kid-
ney disease despite treatment (1). Diagnosis and treatment of LN
rely on histopathologic features of kidney biopsy samples from
patients with proteinuria. Kidney biopsies have an indispensable
role in that they can distinguish active nephritis from chronic dam-
age, both of which manifest with proteinuria. However, kidney
biopsies have limitations. Most notably, histology does not cap-
ture patient-specific active biologic pathways. Further, the histo-
logic class frequently changes on repeat kidney biopsies,
suggesting that the histologic classification may artificially divide
patients based on results from one point in time (2,3).
Procedure-related complications may occur (4), and up to 35%
of kidney biopsies may fail to obtain an adequate sample (5).
Access to kidney biopsies may delay diagnosis and treatment,
and can be limited by antithrombotic and anticoagulation treat-
ments, severe thrombocytopenia, and resource-poor settings.
Finally, because the presence of proteinuria implies that underly-
ing kidney damage has already happened, kidney biopsy results
are a lagging indicator. Thus, there is a pressing need for a nonin-
vasive biomarker to probe in “real-time” the active molecular
pathologic processes in the kidney and to monitor them over time
in response to treatment.

Several available biomarkers correlate with histologic fea-
tures, but none are currently used in clinical practice (6,7). These
lack the sensitivity and specificity to detect active renal inflamma-
tion, predict flares, and reliably inform prognosis, and do not add
actionable information in addition to proteinuria or renal function
(6,7). Unbiased proteomic screenings carry a high potential for
discovery, but these have been limited to the evaluation of pro-
teins or peptides sufficiently abundant to be detectable by mass
spectrometry (8,9). More sensitive aptamer-based arrays have
identified candidate urinary biomarkers associated with protein-
uria, but their ability to predict nephritis activity and clinical out-
comes is still to be determined (10). Management of LN could
be greatly enhanced by a resource that can identify candidate
biomarkers that predict histologic features and clinical outcomes,
as well as infer the renally active biologic pathways. Here, we
used a glass slide–based protein microarray to screen and quan-
tify 1,000 proteins covering a wide range of biologic processes in
longitudinal urine samples from patients with LN (starting at the
time of biopsy) to develop mechanistic hypotheses and explore
novel biomarkers. This array allowed the unbiased, precise, and
sensitive quantification of the concentration of each of the 1,000
proteins, as validated in previous studies (11–13). We found that
protein expression patterns define distinct molecular pathways
that are differentially expressed among LN patients. We also dis-
covered that interleukin-16 (IL-16), a proinflammatory chemo-
kine, is strongly associated with LN activity and may have role in
LN pathogenesis, thus nominating IL-16 as a potentially treatable
target.

PATIENTS AND METHODS

Patients and sample collection. This study enrolled SLE
patients with a urine protein–to-creatinine ratio (UPr:Cr) of >0.5

who were undergoing clinically indicated renal biopsy. Only

patients with a pathology report confirming LN were included in

the study. Renal biopsy sections were scored by 1 renal patholo-
gist at each of the 2 sites according to the International Society of

Nephrology (ISN)/Renal Pathology Society guidelines and the

National Institutes of Health (NIH) activity and chronicity indices

(14). Clinical information, including serologies, were collected at

the most recent visit before the biopsy. Response status at week
52 was defined as follows: complete response (UPr:Cr ≤0.5, nor-

mal serum creatinine or <25% increase from baseline if abnormal,

and prednisone ≤10 mg daily), partial response (UPr:Cr >0.5 but

≤50% of baseline value, and identical serum creatinine and pred-

nisone rules as complete response), or no response (UPr:Cr
>50% of baseline value, new abnormal elevation of serum creati-

nine or ≥25% from baseline, or prednisone ≥10 mg daily). Urine

samples from healthy volunteers (all women, median age 42 years

[interquartile range 32–54], 3 identifying as Caucasian and 4 as

African American) were included. Urine specimens were acquired
on the day of the biopsy (before the procedure) at 2 clinical sites in

the US (Johns Hopkins University [JHU] and New York University

[NYU]). For the validation cohort (n = 101), urine samples were

collected on the day of (73%) or within 3 weeks (27%) of the kid-

ney biopsy. Serologic features and complement levels were
assessed at the clinical visit preceding the biopsy. Proteinuria

was measured on or near the day of the biopsy.

Study approval. Human study protocols were approved
by the institutional review boards (IRBs) at JHU and NYU, and

written informed consent was obtained from all participants. For

healthy controls, IRB approval was obtained from the Oklahoma

Medical Research Foundation. After informed consent, controls
were recruited through the Oklahoma Rheumatic Disease

Research Cores Center and were matched for sex, race, ethnic-

ity, and age. Subjects were screened using a questionnaire and

tested negative for the following antibodies: antinuclear, double-

stranded DNA, chromatin, ribosomal P, Ro, La, Smith (Sm),
SmRNP, RNP, centromere B, Scl-70, and Jo-1. Samples were

processed, stored, and shipped using protocols from the Accel-

erating Medicines Partnership in Rheumatoid Arthritis and Sys-

temic Lupus Erythematosus (AMP RA/SLE) Network to align

with the patient samples. See Appendix A for a list of members
of the AMP RA/SLE Network, and see Supplementary Acknowl-

edgments (https://onlinelibrary.wiley.com/doi/10.1002/art.42023)

for additional details.

Urine Quantibody assay. The Kiloplex Quantibody pro-
tein array platform (RayBiotech) was used to screen urine sam-
ples as previously described (12). Validation was performed
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using an immunoquantitative (polymerase chain reaction [PCR]–
based) IL-16 enzyme-linked immunosorbent assay (ELISA)
(RayBiotech) to match and improve the sensitivity and dynamic
range provided by the Kiloplex array. These are summarized
in Supplementary Methods (https://onlinelibrary.wiley.com/doi/
10.1002/art.42023).

Renal tissue single-cell RNA sequencing. Renal tissue
was collected, stored, and processed as previously described
(15). Briefly, research biopsy cores were collected from consent-
ing subjects as an additional biopsy pass or tissue from routine
clinical passes. Only biopsy samples with confirmed LN were
included. Kidney tissue was frozen on site and shipped to a cen-
tral processing location where it was thawed and disaggregated.
Individual cells were retrieved and sorted by flow cytometry. For
each sample, 10% of the sample was allocated to sort CD10
+CD45− epithelial cells as single cells, and the remaining 90%
was used to sort CD45+ leukocytes as single cells. For each sin-
gle cell, the whole gene expression profile was sequenced using
the CEL-Seq2 method.

Prevalence of cytokine-positive cells. Analysis of
cytokine-positive cells was based on a compendium of 237
cytokines obtained from Gene Ontology (16) and manually
extended using the Cytokine Registry (https://www.immport.
org/resources/cytokineRegistry), the iTalk database (17), and the

International Union of Basic and Clinical Pharmacology and British
Pharmacological Society database. For each cytokine, we calcu-
lated the prevalence of the cells with ≥1 transcript over the total
number of cells. For details on immunohistochemistry, see
Supplementary Methods (https://onlinelibrary.wiley.com/doi/
10.1002/art.42023).

Statistical analysis. Differential protein abundance was
calculated using a moderated T statistic. To achieve normal distri-
bution, the protein abundances were log-transformed after add-
ing 10% (arbitrary constant empirically shown not to significantly
alter distributions) of the lowest measured abundance to remove
zeros. With 30 LN and 7 healthy donor samples, using a 2-sided
test with a significance level of 0.05, adjusting for 1,000 compari-
sons (Bonferroni), there was 80% power to detect a difference in
mean peptide magnitude of 1.2 SDs (i.e., an effect size of 1.2).
Concentrations of all urinary proteins for all urine samples were
available without missing data. Clustering was performed using
the Ward’s minimum variance method. Receiver operating char-
acteristic (ROC) curves and areas under the curve (AUCs) were
calculated using the function roc within the pROC R package.
The impact of confounders on the association between the NIH
activity index score and the urinary abundance of a biomarker
was tested using 1 confounder at the time (given limited sample
size), using a linear regression model as follows: activity ~
biomarker_abundance + confounder. The models were fitted

Figure 1. Identification of pathogenic pathways by urine proteomics.A, Volcano plot illustrating the differential abundance of 1,000 urinary proteins
in patients with lupus nephritis (LN; n = 30) and healthy controls (HC; n = 7). There were 237 proteins that were significantly more abundant in LN (>2-
fold change, false discovery rate [FDR] <10%, moderated t-test). B, Heatmap of the abundance of the 12 nonoverlapping pathways enriched in LN
urine samples by pathway enrichment analysis (Gene Ontology biological process). Among the 30 patients, 20 displayed an LN cluster with higher
abundance of all pathways, whereas the patients in the other cluster exhibited an intermediate abundance as compared to healthy controls. Cluster-
ing was otherwise not explained by other clinical variables such as proteinuria, renal function, nephritis activity, chronic damage, or class. Values were
scaled by rows. Clustering was performed using Ward’s minimum variance method. TGFβRIII = transforming growth factor β receptor III;
IL-1R5 = interleukin-1 receptor 5; TSP-1 = thrombospondin 1; RBP-4 = retinol binding protein 4; FOLR-1 = folate receptor 1; ICAM-2 = intercellular
adhesion molecule 2; uPA = urokinase plasminogen activator; log2 FC = log2 fold change; SLE = systemic lupus erythematosus. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42023/abstract.
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using the lm function within the stats R package. See Supple-
mentary Methods (https://onlinelibrary.wiley.com/doi/10.1002/
art.42023) for pathway enrichment analysis. Pearson’s correlation
coefficients are used throughout the manuscript. All analyses
were performed in R.

Data availability. The data reported in this publication,
including the clinical and serologic data of the study participants,
are deposited in the ImmPort repository (accession code
SDY997). The raw single-cell RNA sequencing data are also
deposited in dbGAP (accession code phs001457.v1.p1).

RESULTS

Urine proteomics identifies biologically relevant
active pathways in LN. Urine samples from 30 patients with
active LN were collected near or at the time of renal biopsy.
Clinical and demographic characteristics are summarized in Sup-
plementary Table 1 (https://onlinelibrary.wiley.com/doi/10.1002/
art.42023). Compared to healthy donors, there were 237 proteins
significantly elevated in the urine of patients with LN (false
discovery rate [FDR] <10%), as shown in Figure 1A. This list
includes both novel and previously described urinary biomarkers
(Supplementary Data File 1, https://onlinelibrary.wiley.com/doi/
10.1002/art.42023). Pathway enrichment analysis of the proteins
that were significantly elevated in LN identified 12 enriched non-
overlapping pathways, including relevant biologic processes
such as chemotaxis, neutrophil activation, platelet degranulation,
and extracellular matrix organization (Supplementary Figure 1,
https://onlinelibrary.wiley.com/doi/10.1002/art.42023). Hierar-
chical clustering using enriched pathways segregated LN
patients into 2 groups, with 80% of those who later achieved a
complete renal response being in the same group with overall less
inflammatory pathways (odds ratio 12.6, P = 0.03) (Figure 1B).
Baseline parameters such as proteinuria, creatinine level, histo-
logic activity or chronicity scores, and ISN class were present in
similar frequencies in both clusters, suggesting that urine proteo-
mics may provide unique informative features (Figure 1B).

Identification of urinary biomarkers of renal
histology.We sought to identify urinary proteins that could iden-
tify renal histology. LN can be classified in 2 broad categories
based on the presence of a glomerular endocapillary immune infil-
trate or “proliferation.” Proliferative LN (ISN class III or IV) is a more
aggressive phenotype associated with glomerular endocapillary
hypercellularity, abundant immune cell infiltration, and higher risk
of permanent renal damage. Compared to pure membranous
LN (n = 9), patients with proliferative LN (n = 14) showed a higher
concentration of several urine cytokines and molecules involved in
immune activation and chemotaxis (Figures 2A and B). IL-16 was
the most significantly enriched urinary protein in proliferative LN
(Figure 2A). Pathway enrichment analysis revealed that the

pattern of chemokines matched the chemokine released in
response to interferon-γ (IFNγ), IL-1β, and tumor necrosis factor
(TNF) (Figure 2B).

Many of the urinary proteins that were differentially abundant
when comparing proliferative and membranous LN were not sig-
nificantly more abundant when comparing all LN patients to
healthy controls. In fact, although most of the proteins enriched
in proliferative LN were generally more abundant in LN compared
to healthy controls, these were not among the most abundant (>2
SDs) (Supplementary Figures 2A and B, https://onlinelibrary.
wiley.com/doi/10.1002/art.42023). This is because the first com-
parison (LN patients versus healthy controls) is aimed to identify
proteins that are generally more abundant in all LN patients,
regardless of ISN class. Not surprisingly, the most abundant pro-
tein in all LN patients was retinol binding protein 4, a general
marker of tubular impairment (18). These findings indicate that
contrasting well-defined subgroups allowed for identification of
relevant biomarkers that could have been missed by analyzing all
LN patients together. Different pathogenic processes may under-
lie each histologic subgroup, and thus, these biomarkers may
provide insight into the relative active pathways.

Urinary IL-16 reflects histologic activity. The degree of
histologic activity is often used to inform clinical decisions, so we
sought to identify noninvasive urinary biomarkers that reflect
histologic activity. We studied the correlation of the urinary
abundances of all 1,000 biomarkers in urine samples collected
at the time of biopsy with the histologic NIH activity index score.
We found that IL-16 was the urinary protein most strongly
positively correlated with the NIH activity index (r = 0.73,
P = 1.2 × 10−5, FDR <10%) (n = 28), followed by CD163 and
transforming growth factor β (TGFβ) (FDR <10%) (Figures 3A–D).
We validated the significant concurrent correlation between
urinary IL-16 abundance and NIH activity index score in an inde-
pendent cohort of 101 patients (r = 0.59, P = 9.3 × 10−11)
(Supplementary Figure 3 and Supplementary Table 2, https://
onlinelibrary.wiley.com/doi/10.1002/art.42023) and with a PCR-
based ELISA (Supplementary Figure 4, https://onlinelibrary.wiley.
com/doi/10.1002/art.42023). Notably, IL-16 was the only protein
not associated with proteinuria (Figure 3H), suggesting the poten-
tial to provide actionable information in addition to classic bio-
markers such as proteinuria. In multivariate models, IL-16,
CD163, and TGFβ retained their association with histologic activ-
ity after adjustment for multiple confounders, including proteinuria
(Supplementary Table 3, https://onlinelibrary.wiley.com/doi/10.
1002/art.42023). The pathways associated with histologic activity
are displayed in Supplementary Figure 4 (https://onlinelibrary.
wiley.com/doi/10.1002/art.42023).

In addition to having the strongest correlation with histologic
activity, IL-16 was the urinary protein most strongly associated
with proliferative LN (Figure 2A). The ROC curve revealed that
IL-16 was a promising urinary biomarker to identify patients with
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proliferative LN, with AUCs of 0.85 (P = 0.016) and 0.89
(P = 0.037) in association with CD163 and TGFβ, respectively
(Supplementary Figure 5, https://onlinelibrary.wiley.com/doi/10.
1002/art.42023).

Correlation of urinary biomarkers with activity
decrease, according to clinical response in longitudinal
samples. A goal of immunosuppression in LN is to eradicate
pathologic renal inflammation to ultimately prevent irreversible

Figure 2. Proteomic profile of proliferative lupus nephritis. A, Volcano plot shows the differential abundance of 1,000 urinary proteins in proliferative LN
(n = 14) and pure membranous LN (n = 9).B, Pathway enrichment analysis (Gene Ontology biological process) of the urinary proteomic profile revealed
that chemotaxis was the process most enriched in proliferative LN. In particular, these were chemokines secreted in response to tumor necrosis factor,
IL-1, and interferon-γ. The enrichment FDR (gene set enrichment analysis rank permutation) was <5% for all pathways except for “Natural killer cell acti-
vation” (16%). FABP-1 = fatty acid binding protein 1; PDGF-BB = platelet-derived growth factor BB; aFGF = acidic fibroblast growth factor; IGFBP-
1 = insulin-like growth factor binding protein 1; FKBP51 = FK-506 binding protein 51; SHP-1 = SH2 domain–containing phosphatase 1 (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.42023/abstract.

Figure 3. Urinary biomarkers of histologic nephritis activity. A, Pearson’s correlation coefficients for the urinary abundance of 1,000 proteins and
the histologic National Institutes of Health (NIH) activity index score in near or same-day renal biopsy samples. Each dot represents a protein within
the array. The dashed line marks the significance threshold after correcting for multiple comparisons (FDR 10%). The area of the dot is proportional
to the absolute of the correlation coefficient. Three proteins showed an FDR of <10%. The FDR of IL-16 was 1.2%. B–J, Scatterplots displaying
the Pearson’s correlation coefficient and P value for correlations of the urinary abundance of IL-16, CD163, and TGFβ1 with the NIH activity score
(B–D), NIH chronicity score (E–G), and proteinuria (H–J). GAS-6 = growth arrest–specific protein 6; SHP-1 = SH2 domain–containing phospha-
tase 1; PDGF-BB platelet-derived growth factor BB (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.42023/abstract.
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renal damage and preserve function. The NIH activity index cap-
tures many renal inflammatory features, and, as a consequence,
it improves with treatment in patients achieving renal remission

(2,19). However, it is impractical to monitor in clinical practice as
it requires frequent repeat renal biopsies. Thus, we hypothesized
that the 3 urinary biomarkers associated with histologic activity
would decline over time in patients responding to treatment and
might serve as noninvasive biomarkers of response. The urinary
concentration of all 3 candidate biomarkers declined in complete
and partial responders but not in nonresponders (Figures 4A–C).
The average decline was most striking in IL-16, with a decrease
in partial and complete responders by week 12. CD163 concen-
tration improved by week 12 in complete responders but not in
partial responders. TGFβ showed a more modest decline.

Since response status is defined by reduction in proteinuria,
we wanted to ensure that the observed biomarker trajectories
were not simply a reflection of a decline in all urinary protein in
responders. The trajectories of 3 urinary proteins that were
selected among those that did not correlate with histologic activity
demonstrated that there was not a nonspecific decline
(Figures 4D–F). These findings indicate that IL-16, CD163, and
TGFβ trajectories represent a specific decrease in the production
and excretion of these molecules and, as they correlated with
activity at baseline, likely reflect a corresponding improvement of
intrarenal LN activity, supporting their value as biomarkers.

IL16 is one of the most expressed cytokines in infil-
trating immune cells in LN kidneys. To determine whether
the urinary concentration of the 3 candidate biomarkers reflects
an active intrarenal process rather than passive filtration through

Figure 4. Biomarkers associated with nephritis activity decrease in
responders. A–F, Urinary concentration of all biomarkers was mea-
sured at the time of biopsy (e.g., week 0 [W0]) and after 12, 24, and
52 weeks. Thin lines depict the trajectories of each patient categorized
according to the response status determined at week 52. Thick lines
represent the average for each group. The urinary concentration of the
3 biomarkers that significantly correlated with histologic activity declined
in complete and partial responders but not in nonresponders (A–C).
In contrast, 3 biomarkers that did not correlate with histologic activity
(r values ranged from −0.0018 to 0.0015, P not significant) did not
show a decline over time (D–F). IL-16 = interleukin-16; LAP = latency-
associated peptide; TGFβ1 = transforming growth factor β type 1;
EGF = endothelial growth factor; CL-P1 = collectin placenta 1. Color
figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42023/abstract.

Figure 5. High expression of IL16 in lupus nephritis (LN) kidneys. A, UMAP plot of single-cell RNA sequencing of renal biopsies (3131 cell) by
lineage. B, Feature plot displaying IL16 expression at the single-cell level. C and D, Violin plots (C) and bar plots (D) summarizing the expression
of the genes coding for the urinary proteins associated with nephritis activity. IL16 was abundantly expressed by most infiltrating immune cells in
kidneys, CD163 mostly by macrophages, and TGFB1 by natural killer cells. E, Prevalence of cytokine positive cells out of a compendium of
237 cytokines ranked decreasingly (top 20 are shown). IL16 (red) was the second most expressed cytokine in LN kidneys. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42023/abstract.
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a damaged glomerular membrane, we evaluated the intrarenal
relative gene expression using single-cell RNA sequencing of LN
renal biopsies. IL16 was abundantly expressed by most immune
infiltrating cells, CD163 by a subset of myeloid cells, and TGFB1

mostly by natural killer (NK) cells (Figures 5A–D).
In LN, most of IL16 expression was in immune infiltrating

cells, especially the lymphoid lineage (Figures 5C and D). In renal
allograft rejection, single-cell RNA sequencing showed that IL16
was expressed by endothelial, epithelial, and immune cells, but
immune cells were the main source (20) (Supplementary
Figure 6A, https://onlinelibrary.wiley.com/doi/10.1002/art.42023).
Conversely, in healthy kidneys, single nuclear RNA sequencing
and ATAC-seq (Assay for Transposase-Accessible Chromatin
using sequencing) revealed substantial IL16 expression by podo-
cytes, fibroblasts, endothelial cells, mesangial cells, and proximal
tubular cells (21,22) (Supplementary Figures 5B and C, https://
onlinelibrary.wiley.com/doi/10.1002/art.42023). These findings
suggest that while immune cells are likely the major intrarenal
source of IL-16 in LN, IL-16 secretion by endothelial and tubular
cells may precede immune infiltration. It can be speculated that

this initial event can then be amplified by infiltrating immune cells,
as seen in LN and allograft rejection.

Finally, we explored whether IL16 was disproportionally
more expressed compared to other cytokines in LN. Out of a
compendium of 237 cytokines, IL16 was the second most com-
monly expressed cytokine (49% of all infiltrating immune cells)
(Figure 5E). These findings independently suggest IL-16 as a
major cytokine involved in LN.

Correlation of tissue expression of IL-16 with LN
activity and urinary IL-16 abundance. To establish the loca-
tion of IL-16–secreting cells in renal tissue, we performed immu-
nohistochemical staining of human IL-16 in 7 LN kidney biopsy
samples, with matching urine IL-16 collected at or near the time
of biopsy. We observed abundant interstitial and glomerular
IL-16 expression in proliferative LN (Figure 6 and Supplementary
Figures 7A–C, https://onlinelibrary.wiley.com/doi/10.1002/art.
42023), with the exception of 1 case (Supplementary Figure 7D),
in which the activity index score was uncharacteristically low
(score of 2) and IL-16 was not detectable in the urine. In contrast,

Figure 6. Interleukin-16 (IL-16)–positive cells are abundant in proliferative lupus nephritis (LN) and qualitatively correlate with urinary IL-16 and LN
activity. Immunohistochemical staining for human IL-16 was performed in 7 LN kidney biopsy samples with matching urine IL-16 collected at or
near the time of biopsy. A and B, The corresponding urinary abundance of IL-16 (A) and National Institutes of Health (NIH) activity index (B) of
the patients whose biopsy results depicted in C are plotted according to the International Society of Nephrology class. Lower-case letters in
A–C identify information from the same patients. C, Immunohistochemical staining of IL-16 in 4 proliferative LN biopsy sections (a–d) and 3 pure
membranous LN biopsy sections (e–g). An abundance of IL-16–positive cells was noted in proliferative LN (C; a–d), with qualitatively more prom-
inent intraglomerular IL-16 positivity in patients with higher urinary IL-16 levels and NIH activity index scores. Original magnification × 33.6. Lower-
magnification images with larger representation of the interstitium are displayed in Supplementary Figure 6 (https://onlinelibrary.wiley.com/doi/
10.1002/art.42023).
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there was very scant IL-16 positivity in membranous LN (Figure 6
and Supplementary Figures 7E–G), and there was marginal IL-16
in a class I LN biopsy sample used as negative control
(Supplementary Figure 7H). These findings were consistent with
the urinary IL-16 profile. Furthermore, there was a qualitative cor-
relation between the number of IL-16–positive cells and urinary IL-
16 abundance as well as with the NIH activity index score
(Figure 6). This was particularly evident for glomerular IL-16–
positive cells. These findings indicate that IL-16 is intrarenally pro-
duced in proliferative LN, and urinary IL-16 reflects the abundance
of intrarenal IL-16–positive cells and LN activity.

DISCUSSION

Leveraging urine proteomics in LN patients and healthy
controls, the findings of this study confirmed that the pathologic
processes in LN can be noninvasively captured and monitored
over time. In the present study, we found the following: 1)
237 urinary proteins associated with LN that represented ≥12
distinct molecular pathways, 2) a strong chemokine signature
characterizing the urine of patients with proliferative LN, and 3)
several candidate biomarkers to detect active nephritis that can
be monitored over time to assess response to treatment. Over-
all, IL-16 emerged as the most robust correlate of histologic
activity, suggesting a role in LN pathogenesis and thus subse-
quent translation to clinical application both as a biomarker and
treatable target.

Proteomic analysis revealed that the intrarenal activation of
several pathogenic mechanisms contributing to LN can be
quantified in the urine. These biologic processes were previously
implicated in LN, including neutrophil immunity (23,24), platelet
degranulation (25), extracellular matrix organization (26), and
chemotaxis (27). Patients did not cluster based on the abun-
dance of a single signature or a group of signatures. Rather, we
observed 2 clusters characterized by high and intermediate
abundance of all signatures, respectively. This is consistent with
previous findings from an agnostic approach to urine proteomics
in LN that showed that patients are stratified on a gradient (27).
Importantly, 80% of complete responders were clustered in the
intermediate abundance group. The predictive value of this
approach needs to be validated in a larger cohort, given the
small number of responders.

In this study, urinary abundance of proteomic signatures was
independent from proteinuria, indicating that these signatures
specifically reflect active biologic processes rather than a nonspe-
cific increase or decrease of all urine proteins. In particular, path-
way enrichment analysis revealed a strong chemokine signature
in proliferative LN, suggesting active recruiting of immune cells in
the kidney in these patients. This is biologically consistent with
the abundant immune cell infiltration and more aggressive pheno-
type observed in class III and class IV LN, further supporting the
ability of urine proteomics to infer intrarenal biologic processes.

Ideal biomarkers in LN should noninvasively infer nephritis
activity, longitudinally track response to treatment, and capture
the intrarenal biology. Based on feasibility, the current manage-
ment of LN hinges on monitoring proteinuria to establish renal
activity rather than frequent biopsies. However, proteinuria is a
poor marker of nephritis activity. Six-month repeated biopsies after
induction therapy revealed that ~50% of the patients with disease
in complete clinical remission (proteinuria <0.5 gm/24 hours and
no increase in serum creatinine) had persistent histologically active
proliferative nephritis (28). Conversely, >50% of patients who
achieved complete histologic remission had persistent proteinuria
>0.5 gm/24 hours. Moreover, patients in clinical remission 3 years
after induction treatment may show persistent nephritis activity on
per-protocol biopsies, which is associated with flares of nephritis
as immunosuppression is tapered (2).

Using an unbiased approach, we discovered a previously
unrecognized biomarker of intrarenal activity, IL-16, in addition to
2 previously recognized LN biomarkers, CD163 (29) and TGFβ
(30). IL-16 showed the strongest and most significant association
with the renal activity index of any marker measured, and urinary
abundance of IL-16 decreased over time in patients who ulti-
mately responded to treatment after 1 year. IL-16, CD163, and
TGFβ were selected based on their correlation with histologic
activity; therefore, it is conceivable that their decreasing urinary
abundance mirrored an improvement of intrarenal histologic activ-
ity. In fact, urinary proteins that did not correlate with activity did
not decrease over time in responders.

Renal single-cell RNA sequencing revealed that IL16,
CD163, and TGFB1 are actively expressed by immune infiltrating
cells in LN kidney biopsy samples, suggesting that their detection
in the urine reflects intrarenal immune activity. Because their
expression was observed in distinct immune cell types, their uri-
nary abundance could identify the activity of distinct immune pro-
cesses. We discovered that IL16 was the second most
expressed cytokine in LN kidneys (49% of all infiltrating immune
cells). This striking concordant result was independent of the urine
proteomics data set, thus demonstrating the relevance of IL-16 in
LN in an orthogonal approach. Furthermore, we demonstrated
prominent intraglomerular and interstitial renal production of IL-
16 in proliferative LN by immunohistochemistry. Although we did
not evaluate circulating cells or serum, IL-16 urinary abundance
correlated with intrarenal IL-16–positive cells, indicating that uri-
nary IL-16 is the direct consequence of intrarenal IL-16 secretion.
Because urinary IL-16, intrarenal IL-16–positive cells, and histo-
logic activity are positively co-correlated and IL16 is one the most
expressed cytokines in LN, our findings suggest that IL-16 may
be implicated in LN pathogenesis, and this process can be nonin-
vasively measured in urine.

IL-16 is a proinflammatory chemokine secreted by immune
cells and nonimmune cells (endothelial cells, epithelial cells,
fibroblasts, and neurons) in response to several stimuli, such as
complement activation, antigen stimulation, IFN, hypoxia, and
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cell injury (31–34). Because the release of bioactive IL-16
depends on caspase 3 activation (33), apoptosis and proapop-
totic stimuli, including sublethal doses of granzymes, may also
lead to its release. IL-16 can also be released upon cleavage by
proteinase 3 (35), which suggests that urinary IL-16 may indicate
neutrophil degranulation. IL-16 is the natural ligand for CD4 and
CD9 and is a strong chemoattractant for CD4+ T cells (especially
Th1 cells), as well as CD8 T cells, NK cells, B cells, monocytes,
neutrophils, dendritic cells, and mast cells (31). IL-16 can acti-
vate CD4 T cells independently of T cell receptor activation (36)
and may lead to the release of proinflammatory cytokines such
as TNF, IL-1β, IL-6, IL-15, and IL-12 (31). IL16 polymorphisms
were associated with an increased risk of SLE (odds ratio 3.3–
10.4), suggesting a potential causal role (37). Plasma IL-16
levels were associated with SLE severity, including renal involve-
ment (38). Finally, IL-16 was mechanistically linked to lung dis-
ease in the pristane model of SLE (39). The role of IL-16 in LN
is yet to be fully understood, but it has been implicated in several
other immune-mediated diseases, such as multiple sclerosis,
scleroderma, rheumatoid arthritis, and allograft rejection
(31,40,41). Further studies are needed to address the efficacy
of IL-16 blockade in LN.

Our study demonstrated the power of integrating urinary
proteomic screening platforms with matching clinical and patho-
logic information and with tissue single-cell transcriptomics (42).
In fact, in addition to a newly discovered biomarker, our approach
detected that CD163 and TGFβ are proven biomarkers in
LN. Similar to our findings, soluble CD163 was shown to correlate
with LN nephritis activity and to improve with treatment (29).
CD163 is a scavenger receptor expressed on phagocytic mono-
cytes, especially in M2c-polarized macrophages that infiltrate tis-
sue during the healing phase of inflammation and are implicated
in fibrosis resolution (43). Notably, M2c macrophages are induc-
ible by TGFβ (44). CD163+ cells are a dominant macrophage sub-
type in LN (44), once again supporting the notion of capability of
urinary proteomic to infer intrarenal biology. CD163+ cells have
been detected in proliferative glomerular lesions and in tubuloin-
terstitial inflammation (45), and they constitute ~80% of the uri-
nary cells in LN (46). Similarly consistent with our results, urinary
TGFβ correlated with nephritis activity and response in previous
studies (30,47,48), but sensitive immunoassays (such as the one
used here) are required to reliably detect urinary TGFβ (48). TGFβ
regulates inflammation and progression of renal fibrosis. Notably,
TGFβ increased IL-16 release in synovial fibroblasts, suggesting a
possible similar interplay between these 2 cytokines in LN (49).
Here, we have shown that NK cells are the major immune cell type
expressing TGFB1 in LN; whether NK cells or tubular cells (50) are
responsible for urinary TGFβ in LN is yet to be determined.

We acknowledge the limitations of our study. Since we did
not analyze serum or plasma, we could not establish with defini-
tive certainty whether the concentration of specific proteins in
the urine was the consequence of extrarenal leakage from the

circulation through a damaged glomerular basement membrane
or of intrarenal production. For example, plasma IL-16 levels were
associated with disease severity, including renal involvement, in a
group of SLE patients (38), but whether the source IL-16 was
intra- or extrarenal was not established. We have unequivocally
demonstrated that there is high intrarenal production of IL-16 in
LN, indicating that urinary IL-16 derives, at least in part, from
active intrarenal secretion. Importantly, the association between
urinary IL-16 and proliferative LN activity was independent of pro-
teinuria and suggests that a change in urinary IL-16 abundance is
an independent process rather than nonspecific leakage from
plasma. Future studies will be needed to address the power of uri-
nary IL-16 to discriminate “active” from “nonactive” proliferative
LN. In addition, as there was a limited number of complete
responders, we could not study biomarkers to predict future
response with statistically robust confidence nor confidently eval-
uate whether the longitudinal trajectories were statistically signifi-
cant. Ongoing studies as part of the AMP RA/SLE consortium
will allow us to address these questions.

In summary, this study linked IL-16 release with LN activity,
suggesting a possible role as a biomarker and in LN pathogene-
sis, thus nominating IL-16 as a potentially treatable target. Fur-
ther, our study demonstrated the feasibility to detect novel and
biologically relevant biomarkers in LN using a urine proteomic
platform in a well-characterized longitudinal cohort. Further ongo-
ing studies are required to confirm the clinical applicability of these
findings. This unprecedented data set may further discovery by
allowing investigators to research and validate new biomarkers,
test new hypotheses, and complement mechanistic stud-
ies in LN.
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Identification of Shared and Asian-Specific Loci for Systemic
Lupus Erythematosus and Evidence for Roles of Type III
Interferon Signaling and Lysosomal Function in the Disease:
A Multi-Ancestral Genome-Wide Association Study

Yong-Fei Wang,1 Wei Wei,2 Pattarin Tangtanatakul,3 Lichuan Zheng,4 Yao Lei,4 Zhiming Lin,5

Chengmin Qian,4 Xiao Qin,6 Fei Hou,6 Xinyu Zhang,4 Li Shao,2 Nusara Satproedprai,7

Surakameth Mahasirimongkol,7 Prapaporn Pisitkun,8 Qin Song,2 Yu Lung Lau,4 Yan Zhang,9

Nattiya Hirankarn,3 and Wanling Yang4

Objective. Systemic lupus erythematosus (SLE) is a prototypical autoimmune disease with differences in preva-
lence and severity among ancestral groups. This study was undertaken to identify novel genetic components, either
shared by or distinct between Asian and European populations.

Methods. Both trans-ancestral and ancestry-specific meta-analyses of genome-wide association studies (GWAS)
for SLE were performed, involving 30,604 participants of European, Chinese, or Thai origin. Using public epigenomic
data and expression quantitative trait loci, fine-mapping analyses were conducted to identify putative causal variants
and genes for the newly identified loci. Performance of polygenic risk scores for the Thai cohort was evaluated by com-
paring different training data.

Results. A 1-bp deletion upstream of IFNLR1 was found to be associated with SLE, with the risk allele correlated
with increased expression of IFNLR1. This gene encodes interferon-λ (IFNλ) receptor 1, providing evidence of a role
of type III IFN signaling in SLE. An intronic variant in SLC29A3 was found to be associated with SLE in Asians only.
The putative risk variant may modulate SLC29A3 expression in a monocyte-specific manner. SLC29A3 encodes a
lysosomal nucleoside transporter, and subsequent analyses suggested that reduced lysosomal function and phagocy-
tosis might be the mechanism underlying this association. Ancestry-shared loci in or near TAOK3, CHD9, CAMK1D,
ATXN1, and TARBP1 and Asian-specific loci close to PEX2, FCHSD2, and TMEM116 also reached the genome-wide
significant association with SLE. In addition, trans-ancestral meta-analysis was shown to be valuable in risk prediction
for individuals without ancestry-matched data.

Conclusion. In this study both shared and Asian-specific loci for SLE were identified, and functional annotation
provided evidence of the involvement of increased type III IFN signaling and reduced lysosomal function in SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease characterized by prominent heterogeneity across ancestral
groups, with non-European populations having a much higher
disease prevalence and patients of non-European ancestries
being more likely to develop lupus nephritis (1–4). Despite great
efforts toward elucidating the associated loci for SLE (5–8), the
genetic basis underlying the ancestral heterogeneity is still poorly
understood.

We recently demonstrated significant but incomplete sharing
of genetic factors for SLE between Chinese and European popu-
lations and reported several genetic loci with evidence of associa-
tion in Chinese but not in European populations (7). We further
demonstrated that the ancestral genetic differences affected
transferability of polygenic risk scores (PRS) among different
populations (7). Additionally, in a study focusing on a Thai SLE
cohort, we have shown that the FBN2 locus was associated with
SLE in the Thai population but not in either Chinese or European
populations (9). Consistent with studies on other complex dis-
eases (10–12), multi-ancestral genome-wide association studies
(GWAS) in SLE have proven to be valuable in detecting genetic
factors that underlie ancestral differences.

In this study, we incorporated SLE GWAS from European,
Chinese, and Thai populations to investigate both shared and
distinct genetic components among the ancestral groups. Through
both trans-ancestral and Asian-specific meta-analyses involving a
total of 10,145 SLE cases and 20,459 controls, we identified 10
novel loci associated with SLE. Four of these 10 loci were associ-
ated with the disease in Asian populations but were either nonpoly-
morphic or showed no evidence of association in Europeans.

Ancestral differences in the genetic architecture for SLE may
affect the predictive performance of PRS, and our previous study
showed that the PRS method performs better when trained on
ancestry-matched data (7). The majority of GWAS in SLE have
been conducted on either Chinese or European populations. In
the present study, we used a Thai GWAS as a test case to evalu-
ate the impact of training data when applying the PRS method on
a population for which exactly matched ancestry data are not
available.

PATIENTS AND METHODS

Ethics approval. This study was approved by the respec-
tive institutional review boards associated with each author, includ-
ing the ethics committee of the University of Hong Kong, Hospital
Authority Hong Kong West Cluster (UW 07-119), the Affiliated
Hospital of Jining Medical University (2020C008), and the Faculty
of Medicine, Chulalongkorn University (COA no.923/2017).

Overview of SLE GWAS data sets. GWAS data on
European populations were retrieved from previous studies

involving a total of 4,576 cases and 8,039 controls (7,13,14).
GWAS data on Chinese populations were retrieved from our pre-
vious studies derived from Hong Kong, Guangzhou, Central
China, and Jining populations (7,15), comprising 4,734 cases
and 9,425 controls (7,15). The Thai GWAS was obtained from a
recent study (9) and was reanalyzed to be consistent with the pro-
cesses of imputation and quality control for the European and
Chinese GWAS (7), resulting in a total of 835 cases and 2,995
controls. Sample information for each cohort is summarized in
Supplementary Table 1, on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42021.

Principal components analysis (PCA) plots for the Hong
Kong, Guangzhou, Central China, and Jining GWAS and for
Europe GWAS 1–3 have been published by us previously (7,15).
PCA plots to compare the population substructure between
cases and controls in the Thai GWAS and combined analysis of
samples from different cohorts are shown in Supplementary
Figures 1 and 2, respectively (https://onlinelibrary.wiley.com/doi/
10.1002/art.42021).

Quality control, imputation, and association analy-
sis of Thai GWAS. Strands of variants in the Thai GWAS were
aligned to the references of the 1,000 Genomes Project Phase
3 panel using Genotype Harmonizer (16). Variants that had a
genotype call rate of <90%, had a minor allele frequency (MAF)
of <0.5%, and were in violation of Hardy–Weinberg equilibrium
(P < 1.00 × 10−4) were removed. Samples were excluded if they
had a genotype-missing rate of ≥5%, an estimated identity-by-
descent value of >12.5% with respect to another sample in the
cohort, or an inbreeding coefficient with an absolute value of
>0.05. PCA was performed using Plink, version 1.90 (17). After
prephasing by ShapeIt (18), individual-level genotype data were
imputed to the density of the 1,000 Genomes Project Phase 3
reference using Impute2 (19). SNPTest (20) was used for associ-
ation testing, based on an additive model. The top 8 principal
components, as determined by their prominent contribution to
eigenvalues, using a cutoff at the point the effect levels off (based
on the scree plot method) (Supplementary Figure 3, on the Arthri-
tis & Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42021), were adjusted for in the association analyses.

Meta-analyses of SLE GWAS. The “Chinese GWAS”
refers to the meta-analysis of GWAS data from Hong Kong,
Guangzhou, Central China, and Jining cohorts. The “Asian
GWAS” refers to the meta-analysis of the data from the Chinese
GWAS and the Thai GWAS. Trans-ancestral meta-analysis was
conducted using data from the European, the Chinese, and the
Thai GWAS. We first performed the meta-analyses based on a
fixed-effects model, weighted by the inverse of variance (21).
Considering potential heterogeneous effects between ancestral
groups for certain associated loci, the DerSimonian-Laird
random-effects model was further applied, using Metal (21). In
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addition, a modified random-effects model (RE2C), which has
better power to detect associations when there are heteroge-
neous effects (22), was carried out for the trans-ancestral meta-
analysis.

Fine-mapping analysis of newly identified SLE-
associated loci. Paintor, version 3.0 (23), was used to estimate
the posterior probability (PP) of causality for each variant at a
given locus, which is a Bayesian approach that leverages differ-
ences in linkage disequilibrium (LD) patterns from different popu-
lations. Variants with a MAF of <1% were filtered out. For
ancestry-shared loci, we performed Paintor analysis using results
from the Asian meta-analysis as well as the European meta-anal-
ysis. The LD information for Asian and European populations was
calculated using the control samples from the Hong Kong cohort
and the Europe GWAS 2 cohort, respectively. For the Asian-
specific loci, we performed Paintor analysis using the Chinese
meta-analysis results and the Thai GWAS. The LD information
for Chinese and Thai populations was computed using the control
samples from the Hong Kong GWAS and the Thai GWAS,
respectively.

Previous studies have shown that SLE-associated loci were
significantly enriched in regions with H3K4me1 and H3K27ac
modifications (which are associated with active enhancers) (7).
To further narrow the list of putative causal variants, we fine-
mapped the associated loci using public epigenomic data (24)
on H3K4me1 and H3K27ac modifications in immune-related
cells, including peripheral blood mononuclear cells (PBMCs),
primary monocytes, and T and B lymphocytes. In addition, the
epigenomic profile in a lung fibroblast cell line (IMR-90) was
included as a baseline control. To identify target genes in the
associated loci, information on expression quantitative trait loci
(eQTL) in whole blood was downloaded from the eQTLGen con-
sortium (25), which was derived from 31,684 individuals mainly
of European origin. Specific immune cell–derived eQTL data were
obtained from the Biobank Japan Project (26). Colocalization
between SLE association signals and eQTL signals was analyzed
with the R package coloc (27), which estimates the posterior
probabilities of 5 configurations: no association in either group
(PP0), disease association only (PP1), eQTL only (PP2), associa-
tions with both disease and expression but by different causal sig-
nals (PP3), and association with both disease and eQTL and by
the same signals (PP4).

RNA-Seq data analysis. To examine whether genes of
interest were differentially expressed between SLE cases and
controls, RNA-Seq data derived from 62 SLE cases and
79 healthy controls of East Asian ancestry were retrieved from
the ImmuNexUT project (28). Read count data were downloaded
from the National Bioscience Database Center (accession ID
E-GEAD-397). DESeq2 (29) was performed to examine differen-
tial gene expression between SLE cases and healthy controls;
sex, age, and study phase were used as covariates. Using the

Benjamini-Hochberg method (30), P values were adjusted for
multiple testing by the number of expressed genes with a non-
zero sum of read counts (30).

Calculation of polygenic risk scores. As most GWAS
on SLE to date have been conducted on either Chinese or
European populations, choice of the training data on the perfor-
mance of PRS for individuals without ancestry-matched associa-
tion data becomes a relevant question. The Thai GWAS was
used as a test case for the performance of PRS trained by differ-
ent data sets using lassosum (31), based on HapMap3 data on
single-nucleotide polymorphisms (SNPs) from the Chinese
GWAS, the European GWAS, and the meta-analysis of the Chi-
nese and European GWAS. The performance of these predictors
was evaluated by the area under the receiver operating character-
istic curve (AUC). The R package pROC (32) was used to esti-
mate the optimal PRS cutoff for classification as cases versus
controls.

Data availability. Genome-wide association summary
statistics on the Chinese populations can be accessed through
the GWAS Catalog (GCST90011866) and https://drive.google.
com/file/d/1OHvuLEBWgmuB-5UH0ReQ72qtDmRBHAoi/view.
The data on Thai populations is publicly available at https://1drv.
ms/u/s!AibDDBT3YJysgfxDznmEJthYleOKVQ?e=YySlEf. The data
on the European populations can be downloaded through the
GWAS Catalog (GCST003156).

RESULTS

Novel SLE susceptibility loci. Manhattan plots of the
genetic associations with SLE identified in the European, Chinese,
and Thai populations are shown in Supplementary Figure 4
(https://onlinelibrary.wiley.com/doi/10.1002/art.42021). We per-
formed trans-ancestral meta-analysis of the data from the 3 ances-
tral groups, comprising a total of 10,145 SLE cases and 20,459
controls. Six novel SLE susceptibility loci surpassing the genome-
wide significance threshold were identified (Table 1 and Supplemen-
tary Figure 5 [https://onlinelibrary.wiley.com/doi/10.1002/art.42021]),
including rs113333331 (IFNLR1 [P = 4.32 × 10−8]), rs6586391
(TARBP1 [P = 4.13 × 10−8]), rs10807602 (ATXN1 [P = 1.99 ×
10−8]), rs10795956 (CAMK1D [P = 2.87 × 10−8]), rs428073 (TAOK3
[P = 2.52 × 10−8]), and rs9934578 (CHD9 [P = 4.86 × 10−8]). In addi-
tion, we carried out the meta-analyses using the DerSimonian-Laird
and RE2C random-effects models (21,22). While there was no
evidence of heterogeneity for 5 of the 6 loci, a heterogeneous
effect was suggested for the association of rs6586391 with
SLE (τ2 = 2.71 × 10−3) (Supplementary Table 2, https://
onlinelibrary.wiley.com/doi/10.1002/art.42021). For this locus,
a combined odds ratio (OR) estimate was slightly increased to
1.16, and the association P values were 3.28 × 10−6 from the
conservative DerSimonian-Laird model and 3.36 × 10−8 for
RE2C, an algorithm designed to increase power for detecting
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association when there is evidence of heterogeneity among dif-
ferent populations.

An Asian-specific meta-analysis of the data from Chinese
and Thai populations was also conducted, totaling 5,569 cases
and 12,420 controls. Four novel SLE susceptibility loci reached
genome-wide significance (Table 1 and Supplementary Figure 6
[https://onlinelibrary.wiley.com/doi/10.1002/art.42021]), 3 of which
weremonomorphic in European populations. These variants showed
relatively large effect size on SLE in Asians (OR >1.30). Population
specificity and relatively low MAF might explain why these loci were
not identified in previous studies. The strongest signal was at
rs117821148 (MAF 0.038; OR 1.46, P = 4.87 × 10−8), located in an
intergenic region near PEX2. Another signal was at rs76596471
(MAF 0.044; OR 1.45, P = 6.60 × 10−12), an intronic SNP in
TMEM116. Epigenetic data suggested that this region is highly active
in T lymphocytes (Supplementary Figure 7 [https://onlinelibrary.wiley.
com/doi/10.1002/art.42021]). Another signal, rs11235667 (MAF
0.099; OR 0.76, P = 9.69 × 10−10), was located upstream of
FCHSD2, whose association with SLE was reported previously in
Koreans (33). This locus was also found to be associated with
Crohn’s disease in the Korean population (34) but, interestingly, in
an opposite direction from the association we found with SLE.

Association of IFNLR1 locus links type III interferon
(IFN) signaling to SLE. We performed fine-mapping analyses

for each newly identified locus using Paintor, which makes use of
LD information from the ancestral groups under study. The trans-
ancestral lead variant, rs113333331, achieved the highest posterior
probability of causality in this locus (PP 0.30) (Figures 1A and C).
Through comparing the association profiles in different ancestral
groups, we identified another association signal in the Thai GWAS
(rs10903035 [P = 1.70 × 10−4]) (Supplementary Figures 8A–C
[https://onlinelibrary.wiley.com/doi/10.1002/art.42021]), which was
independent of rs113333331 and appeared to be Thai specific
(P adjusted for the effect of rs113333331 = 4.51 × 10−4,
r2 = 0.003, D0 = 0.11 with rs113333331 in the Thai population).

Epigenomic profiling by H3K4me1, a marker for enhancers,
showed that rs113333331, located upstream of IFNLR1, was in a
highly active region across various immune cells, including primary
monocytes and T and B lymphocytes (Figure 1D). SNP
rs10903035, the Thai-specific variant, is located in the 30-
untranslated region of IFNLR1, which overlaps with the
H3K4me1 modification in primary B cells. SNP rs113333331,
which is an indel, is in intermediate LD with a psoriasis-
associated SNP (rs4649203 [r2 = 0.40 in Europeans]) (35) and
in high LD with rs7546212 (r2 = 0.94 in Europeans), whose risk
allele correlates with increased expression of IFNLR1 in whole
blood (P = 8.87 × 10−66) (25). Colocalization analysis indicated
a shared causal effect between the GWAS signals and the
eQTLs for IFNLR1 (PP4 99.1%) (Figure 1B), suggesting that

Figure 1. Fine-mapping analyses for systemic lupus erythematosus (SLE) association in the IFNLR1 locus. A, SLE association profiles from the
trans-ancestry meta-analysis.B,Colocalization of SLE genome-wide association study (GWAS) signals with blood expression quantitative trait loci
(eQTLs) for IFNLR1. C, Forest plots of association results for the ancestry-shared variant. Bars show the 95% confidence interval. D, Epigenomic
profiles for H3K4me1 modification in the IFNLR1 locus across immune-related cells, including primary monocytes, subtypes of T and B cells,
peripheral blood mononuclear cells (PBMCs), and the lung fibroblast cell line IMR-90. PP4 = posterior probability 4 (association with both disease
and eQTL and by the same signals). THA = Thai population; EUR = European population; CHN = Chinese population.

WANG ET AL844

https://doi.org/10.1002/art.42021
https://doi.org/10.1002/art.42021
https://doi.org/10.1002/art.42021
https://doi.org/10.1002/art.42021


increased expression of IFNLR1 is likely the mechanism under-
lying the SLE association of this locus. IFNLR1 encodes IFNλ
receptor 1, which binds IFNλ cytokines with high affinity and
has an important role in type III IFN signaling (36).

Although the Thai-specific association variant (rs10903035)
is also an eQTL for IFNLR1 (P = 3.11 × 10−27) (25), the GWAS
signals did not seem to colocalize with the eQTL signals for
IFNLR1, with a low posterior probability (PP4 9.7%)
(Supplementary Figure 8D). This Thai-specific association
requires further validation in future studies.

Association of SLC29A3 found in Asians may contrib-
ute to SLE through affecting lysosome function in
monocyte/macrophages. Through comparing the results with
those in the European GWAS, we found that the SLC29A3 locus
(rs780669) was associated with SLE in Asian populations but
not in Europeans (P = 4.83 × 10−9 in the Asian GWAS meta-anal-
ysis, P = 0.415 in the meta-analysis of European GWAS)
(Table 1), with significant heterogeneity between the 2 ancestral
groups as detected by Cochran’s Q test (P = 0.03) (Figure 2A).
Analysis of the GWAS from Chinese and Thai populations by

Figure 2. Fine-mapping analyses for SLE association in the SLC29A3 locus. A, SLE association profiles of the SLC29A3 locus in the European
GWAS and the Asian GWAS. B, Comparison of association Z score (per-allele effect size divided by standard error) for each variant estimated in
the Chinese and Thai GWAS populations. Dot color and size indicate posterior probability of causality estimated with Paintor. C, Demonstration
that the lead single-nucleotide polymorphism (SNP) coincided with the peaks for H3K4me1 modification in primary monocytes but not in other
cells. D, Association of the lead SNP with expression of its surrounding genes across various immune cells. E, Colocalization of SLE association
signals in Asians with the monocyte-derived eQTL signals for SLC29A3 (PP4 98.7%). F,Comparison of SLC29A3 expression in classic monocytes
from SLE cases and healthy controls. The upper and lower borders of the boxes represent the first and third quartiles, respectively. Horizontal lines
within the boxes show the median. TPM = transcripts per million; Padj = adjusted P (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.42021/abstract.
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Paintor indicated that SNP rs780669 was a likely causal variant
(PP 0.41) (Figure 2B). This variant was in a region with prominent
H3K4me1 modification in primary monocytes but not T and B
lymphocytes (Figure 2C). A similar pattern was also observed
based on the profiles of H3K27ac modifications (Supplementary
Figure 9, on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42021), suggesting a cell
type–specific regulation mechanism.

We next investigated potential target(s) for this association by
using immune cell–derived eQTL data (26) and examined correla-
tions of rs780669 with expression levels of its surrounding genes
(�500 kbp). The risk allele for SLE, rs780669-T, was found to be
significantly associated with decreased expression of SLC29A3
in monocytes (β = −0.985, P = 1.41 × 10−15), with little evidence
of association in other immune cells (Figure 2D). Colocalization
analysis supported the notion of a shared casual effect between
the disease association and the eQTL for SLC29A3 (PP4 98.7%)
(Figure 2E). These results suggest that reduced expression of
SLC29A3 in monocytes may be involved in the development
of SLE.

To further test this hypothesis, we compared SLC29A3
expression levels between SLE cases and controls of Asian
ancestry. The relevant RNA-Seq data were downloaded from
the ImmuNexUT project, which consists of subjects of East Asian
origin. We found that expression of SLC29A3 in classic mono-
cytes was significantly lower among SLE cases than among
healthy controls (adjusted P = 1.76 × 10−8) (Figure 2F). Taken
together, these findings strongly suggest that reduced expression

of SLC29A3 in monocytes is the likely mechanism for this associ-
ation. SLC29A3 encodes a lysosomal nucleoside transporter that
plays a vital role in macrophage homeostasis (37).

Effect of training data on the performance of PRS in
the Thai population. We have recently shown that PRS per-
form better when trained on ancestry-matched data (7). However,
considering that most SLE GWAS have been conducted using
data from either East Asian or European populations, choice of
the training data for populations without available ancestry-
matched data becomes a relevant question. In this study, using a
Thai cohort as a test case, we examined the performance of PRS
trained by data from either Chinese or European populations or
by meta-analysis results using data from the 2 ancestral groups.

PRS trained by data from the Chinese populations (AUC
0.716) outperformed the model trained by data from the
European GWAS (AUC 0.688) (Figure 3), which might be
explained by higher genetic similarity between the Thai and
Chinese populations, as the sample sizes for the 2 training data
sets were comparable. PRS trained by meta-analysis results from
Chinese and European GWAS achieved the best performance
(AUC 0.752), which resulted in up to 71.5% sensitivity and
66.4% specificity in predicting disease status in the Thai data
set, highlighting the benefit of both increased sample size and
ancestry-shared effects in risk prediction.

DISCUSSION

The results of this study demonstrate the value of multi-
ancestral GWAS in mapping novel disease genes, especially for
the ancestry-specific genetic components that have remained
mostly elusive after more than a decade of extensive effort in
genome-wide association studies. Adding the Thai data to the
available GWAS data sets allowed identification of 6 novel loci that
are shared by Asians and Europeans. More importantly, meta-
analysis of the Thai and Chinese GWAS data revealed 4 loci that
are likely Asian specific, of which 3 are monomorphic in
Europeans. They are also on the spectrum of lower MAF relative
to previously reported associated variants, which explains why
they can be detected only with increased sample size, especially
in non-European populations.

Epigenomic and eQTL data, especially those derived from
specific cell types, provide strong suggestions on association
mechanisms for certain genetic loci. We showed that the
ancestry-shared variant upstream of IFNLR1 may contribute to
SLE through increased expression of IFNLR1. IFNLR1 encodes
IFNλ receptor 1, which binds IFNλ with high affinity and recruits
interleukin-10 receptor β, a partner receptor for IFNλ signaling
(36). It has been shown that although type III IFNs share many fea-
tures with type I IFNs, type III IFN signaling may play nonredun-
dant roles in autoimmunity. Production of IFNλ is more abundant
at mucosal sites in epithelial and myeloid cells in response to viral

Figure 3. Evaluation of polygenic risk scores (PRS) for SLE in the
Thai GWAS cohort. PRS were trained using data from the European
and Chinese GWAS, as well as the association results from the
meta-analysis of the 2 ancestral groups. PRS performance was eval-
uated using the area under the receiver operating characteristic curve
(AUC). 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.42021/abstract.
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infection. In mice with Toll-like receptor 7–induced lupus, IFNλ
cytokines were increased, and Ifnlr1 deficiency significantly
reduced immune cell activation and organ damage, without
affecting autoantibody production (38). Expression of IFNLR1

was shown to be up-regulated in PBMCs from SLE patients
(39). Serum levels of IFNλ were found to be elevated in SLE
patients and positively correlated with lupus disease activity and
anti–double-stranded DNA levels (40).

We found that the SLC29A3 locus was associated with SLE
in Asians but had little evidence of an association in Europeans.
Fine-mapping analyses strongly suggest that this association with
SLE may result from down-regulation of SLC29A3 in monocytes.
SLC29A3 encodes a lysosomal transmembrane nucleoside
transporter. Mice deficient in SLC29A3 developed splenomegaly
and defects in apoptotic cell clearance by macrophages (37).
Impaired lysosomal function diminishes the ability of macro-
phages to degrade apoptotic debris–containing IgG immune
complexes, prolonging the intracellular residency of nucleic acids
(41). Accumulation of nucleoside in the lysosomes stimulates
Toll-like receptors and promotes production of inflammatory
cytokines (41,42). SLC29A3 deficiency is known to cause H syn-
drome, which is a genodermatosis associated with autoinflamma-
tory symptoms (43). Our present findings suggest that the
aberrant genetic regulation of SLC29A3 may be involved in SLE
development through impairing lysosomal function in monocytes,
especially in Asian populations.

We also identified a missense variant in TAOK3 (the gene for
tau kinase 3) as the top association signal in this locus. The risk
allele (rs428073-T) substitutes the 47th amino acid of TAOK3 from
serine to asparagine (S47N), whose functional role remains
unknown. S47 is located at the loop region between strands β2
and β3, and the substitution should not change the overall struc-
ture of the protein, despite being well conserved among ortholo-
gous proteins during evolutionary courses (Supplementary
Figure 10, on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42021). Taok3 plays an
important role in DNA damage–induced activation of the p38/
MAPK14 stress-activated MAPK cascade. It enhances T cell
receptor signaling by regulating its negative feedback by SH2
domain–containing phosphatase 1 (44), and Taok3 deficiency in
mice was found to cause defects in the development of marginal-
zone B cells but not follicular B cells (45).

Another newly identified disease locus, rs6586391, is located
upstream of AR (HIV-1) RNA binding protein 1 (TARBP1) and is a
potential eQTL for the gene in whole blood (P = 2.78 × 10−40)
(25). SNP rs9934578 is in the intronic region of CHD9 and is a
potential eQTL for this gene (P = 1.63 × 10−30). The functional
mechanisms of other associations found in this study are not clear
and require further investigation. We noted that the fine-mapping
study could also be improved by using more functional annota-
tions, such as cell state–specific regulatory elements inferred using
Impact (46).

In addition, to evaluate the influence of ancestral differences
on the predictive power of PRS, we used the Thai GWAS as a test
case and showed that the PRS trained by the trans-ancestral
meta-analysis results outperformed the model trained by either
Chinese or European GWAS. These results highlight the value of
increased sample size even if ancestry is not fully matched.
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Diastolic Dysfunction in Systemic Sclerosis: Risk Factors
and Impact on Mortality

Alicia M. Hinze,1 Jamie Perin,2 Adrianne Woods,3 Laura K. Hummers,3 Fredrick M. Wigley,3 Monica Mukherjee,3

and Ami A. Shah3

Objective. To determine the independent risk factors for diastolic dysfunction (DD) in patients with systemic
sclerosis (SSc) and to evaluate the impact of DD on mortality.

Methods. SSc patients enrolled in the Johns Hopkins Scleroderma Center Cohort between November 1, 2006 and
November 1, 2017 with ≥1 analyzable 2-dimensional (2-D) echocardiogram in our system were included (n = 806). DD
risk factors and SSc disease characteristics were prospectively obtained, and the presence or absence of DD was
determined using the most recent 2-D echocardiogram. Logistic regression models examined associations between
clinical risk factors and DD, and Cox proportional hazards models were used to assess survival.

Results. DD was present in 18.6% of participants. The majority of participants were female (84%) with a median
age of 58.4 years (interquartile range 48.8–68.1). Older age (odds ratio [OR] 1.12 [95% confidence interval (95% CI)
1.09–1.15], P < 0.001), coronary artery disease (OR 3.69 [95% CI 1.52–8.97], P = 0.004), obesity (OR 4.74 [95% CI
2.57–8.74], P < 0.001), longer SSc disease duration (OR 1.04 [95% CI 1.01–1.06], P = 0.004), diffusing capacity for
carbon monoxide ≤60% of predicted (OR 2.41 [95%CI 1.40–4.16], P = 0.002), and history of scleroderma renal crisis
(OR 3.18 [95% CI 1.12–9.07], P = 0.031) were all independently associated with an increased risk of DD. Anti–Scl-70
positivity (OR 0.49 [95% CI 0.26–0.93], P = 0.03) and severe gastrointestinal disease (OR 0.48 [95% CI 0.30–0.79],
P = 0.004) were associated with a reduced risk of DD. The presence of DD was independently associated with an
increase in the risk of mortality (hazard ratio 1.69 [95% CI 1.07–2.68], P = 0.027).

Conclusion. DD is independently associated with an increased risk of mortality in patients with SSc. Potentially
modifiable risk factors, including coronary artery disease and obesity, should be addressed in patients with SSc to
reduce mortality risk.

INTRODUCTION

Primary cardiac involvement in systemic sclerosis (SSc)

accounts for one-third of SSc-related deaths and traditionally

includes conduction blocks, arrhythmias, and non-ischemic car-

diomyopathy (1,2). Recent studies show a prevalence of diastolic

dysfunction (DD) ranging 18–62% in patients with SSc (3–6),

compared with a prevalence of 1.4–38.1% in similarly aged

community-dwelling adults without SSc (7,8). The higher preva-

lence of DD in SSc has been attributed to SSc myocardial

involvement. However, the contributing risk factors across SSc

and non-SSc conditions have been incompletely evaluated. Given

the increased risk of mortality in SSc patients with DD (4,5,9), it is

important to improve comprehensive identification of potentially

modifiable risks.
DD is caused by progressive left ventricular (LV) stiffness

leading to impaired compliance and is diagnosed using

2-dimensional (2-D) echocardiography. Over time, atrial enlarge-

ment, arrhythmia, and elevated LV filling pressures underlying

the clinical syndrome of heart failure with preserved ejection
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fraction can be observed. Risk factors for DD in the general pop-
ulation include older age, female sex, hypertension, coronary
artery disease (CAD), diabetes mellitus (DM), obesity, chronic
obstructive pulmonary disease (COPD), tobacco use, dyslipide-
mia, and chronic kidney disease (CKD) (7,10). In SSc-specific
studies, longer disease duration (9,11) and the presence of pul-
monary fibrosis (6) have been inconsistently associated with an
increased risk of DD (5,12). A major limitation in these studies is
the ascertainment of and adjustment for other traditional risk
factors for DD, which requires a large cohort size (5,6,9). Addi-
tionally, the definition of DD has varied widely among studies
and has not consistently applied echocardiographic guideline–
based criteria, which further limits conclusions and generalizabil-
ity of results.

In this study, we sought to overcome these limitations by
prospectively ascertaining DD risk factors and SSc characteristics
in a large, well-characterized SSc cohort. DD was rigorously
defined using the most current guidelines from the American
Society of Echocardiography (ASE)/European Society of Cardio-
vascular Imaging (ESCVI) (13). The primary goals of this study
were to identify DD risk factors in SSc and to determine the inde-
pendent impact of DD on mortality in SSc by controlling for other
SSc specific risk factors and cardiovascular risk factors for
mortality.

PATIENTS AND METHODS

Study population. All SSc patients enrolled in the Institu-
tional Review Board–approved Johns Hopkins Scleroderma
Center cohort who had ≥1 technically adequate 2-D echocardio-
gram performed within our institution between November 1, 2006
and November 1, 2017 were reviewed for inclusion.

All participants satisfied ≥1 of the following classification cri-
teria for SSc: 1) 1980 or 2013 American College of Rheumatology
criteria (14,15), 2) at least 3 of 5 features of CREST (calcinosis,
Raynaud’s phenomenon [RP], esophageal dysmotility, sclerodac-
tyly, telangiectasias) syndrome, or 3) the combination of definite
RP, abnormal nailfold capillaries, and SSc-specific antibodies
(anticentromere, anti–topoisomerase I/Scl-70, or anti–RNA poly-
merase III).

Our center’s standard practice includes obtaining an annual
2-D echocardiogram to screen for pulmonary hypertension
(PH), regardless of clinical symptoms. The most recent 2-D echo-
cardiogram for a participant was included if deemed technically
adequate for diastology assessment. Two-dimensional echocar-
diograms were excluded for any of the following reasons: 1) they
were performed in the setting of an acute myocardial infarction,
shock, or while the patient was in the intensive care unit, 2) pres-
ence of moderate or severe aortic or mitral valvulopathy, 3) pres-
ence of moderate or severe mitral annular calcification
which may underestimate tissue Doppler velocities, 4) presence
of a moderate or large pericardial effusion, or 5) presence of a

depressed LV ejection fraction of <50%. If the 2-D echocardio-
gram did not meet inclusion criteria or met exclusion criteria, the
prior 2-D echocardiogram (if available) was assessed until the
most recent 2-D echocardiogram meeting inclusion criteria was
identified.

Study procedures and measurements. Clinical proce-
dures and measurements. All demographic and clinical variables
were collected prospectively for cohort participants during routine
clinical appointments at ~6-month intervals. Patients were classi-
fied as having limited or diffuse cutaneous SSc by established cri-
teria (16). Disease duration was defined as time from onset of the
first SSc symptom, either RP or non-RP, to time of 2-D echocar-
diogram. Race was self-reported. Measurements of forced vital
capacity (FVC) and diffusing capacity of the lung for carbon mon-
oxide (DLCO) from pulmonary function tests were standardized for
sex and age (17,18). Organ involvement and clinical severity
scores (19,20) are defined in the Supplementary Methods (avail-
able on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42054) and included
maximum expression/severity between date of cohort enrollment
and date of 2-D echocardiogram. Traditional DD risk factors
(hypertension, CAD, DM, obesity, COPD, ever tobacco use, dys-
lipidemia, and CKD) were defined by established criteria and
updated every 6 months (Supplementary Methods).

Autoantibodies were deemed positive if they were assessed
as positive by clinical laboratory evaluation or if they were
assessed as moderately or highly positive by laboratory-based
immunoassay (EuroLine Systemic Sclerosis [Nucleoli] Profile;
Euroimmun) (Supplementary Methods). Mortality data were
obtained via medical record review, family notification of patient’s
death, and annual review of the US Social Security Death Index.

Two-dimensional echocardiogram procedures and mea-
surements. DD classification and grade of severity were deter-
mined based on the 2016 ASE/ESCVI recommendations (13).
Diastolic parameters, including the peak velocities of early and
late filling waves, the E/A ratio, and the deceleration time of the
mitral E-wave velocity, were obtained (13). Tissue Doppler mitral
annular velocities of the septal and/or lateral annulus (e0 velocity)
were obtained, and the ratio of early mitral inflow to early tissue
Doppler e0 velocities was used to calculate the E/e0 velocity ratio,
a noninvasive surrogate of LV end-diastolic filling pressures (13).
Left atrial volumes (LAVs) were obtained utilizing the modified
biplane method from the apical 4- and 2-chamber views and
indexed by body surface area (LAVi) (21). If both the apical
4- and 2-chamber views were not available or did not have tech-
nically adequate quality, LAVs were determined based on a single
view (13). Peak tricuspid regurgitant (TR) velocity was obtained
and, using the modified Bernoulli equation, was used to calculate
right ventricular systolic pressure (RVSP).

The diagnosis of DD was defined by the presence of ≥3 of the
following abnormal cutoff values for the following 4 variables: septal
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E0 velocity <7 cm/seconds, septal E/E0 ratio >15, LAVi >34 ml/m2,
and peak TR velocity >2.8 meters/second. Diastolic function was
classified by howmany of these 4 parameterswere normal or abnor-
mal: they were classified as normal if <50% were abnormal, classi-
fied as indeterminate if 50% were abnormal, and classified as DD if
>50%were abnormal (13). In the event that 1 of the 4 variables were
missing, DD classification was based on 3 instead of 4 parameters,
as per recommendations (13). Diastology grade in those with DD
was determined by evaluating the ratio of early and late transmitral
velocities and deceleration time (13).

Statistical analysis. Differences in demographics, cardio-
vascular and pulmonary disease, SSc characteristics, and medi-
cations were assessed across normal, indeterminate, and DD
categories using chi-square tests of proportions for categorical
data, analysis of variance for parametric data, and Kruskal-Wallis
tests for nonparametric data. These analyses were completed in
Stata/IC, version 14.2.

Univariable and multivariable logistic regression analyses of
DD versus normal diastolic function were performed to examine
associations between DD and SSc clinical features. We decided
a priori to include all known DD risk factors (age, sex, hyperten-
sion, CAD, obesity, dyslipidemia, CKD, DM, COPD, and ever
tobacco use) in the multivariable models. The multivariable mod-
els were constructed based on significant variables in unad-
justed or adjusted univariable analyses in which the 95%
confidence intervals (95% CIs) of the odds ratios (ORs) did not
cross 1.00 or in which the P value was lower than 0.10 (22). An
ordinal polytomous logistic regression analysis framing indeter-
minate diastolic function as a step between normal diastolic
function and DD, yielding 3 levels of diastolic function with
increasing dysfunction (normalàindeterminateàdysfunction),
was also performed.

Cox proportional hazards models compared mortality in
patients with DD to that in patients with normal diastolic function
(23). We adjusted this analysis for clinical features identified as being
related to DD in the literature or in our above analyses, as well as clin-
ical characteristics with known associations with mortality in SSc.
Unadjusted and age-adjusted Kaplan-Meier curves evaluated the
association betweenmortality and diastology groups. The time scale
was years from 2-D echocardiogram, and patients were censored
either at 1 year from last clinic visit date or at time of death.

Multiple imputation analyses were used to address missing
clinical data, which were assumed to be missing at random, and
are presented as the primary analyses. Missing measurements
were imputed using predictive mean matching with 10 separate
imputations in a chained imputation conditional on other factors
of interest (24). Multivariable logistic regression models and Cox
proportional hazards models were replicated in patients with
complete information, excluding those who were imputed. All
analyses were conducted in R, version 3.6.2 (25), unless other-
wise noted.

RESULTS

Summary of overall cohort characteristics. A total of
1,405 2-D echocardiograms were screened, and 806 2-D echo-
cardiograms from 806 individual participants met inclusion/
exclusion criteria for final analysis. Demographic, clinical, and sero-
logic characteristics of 806 participants with SSc are presented in
Table 1, according to diastolic function group. A total of 538 partic-
ipants (66.7%) had normal diastolic function, 118 had indetermi-
nate diastolic function (14.6%), and 150 had DD (18.6%). Of
those with DD, most had grade 2 DD (n = 108; 72%). Few patients
had grade 1 DD (n = 2; 1.3%) or grade 3 DD (n = 14; 9.3%). DD
grade was inconclusive in the remaining patients (n = 26; 17.3%).
The majority of participants were female (84%), White (71%), and
had limited/sine cutaneous disease (63%). The median age at the
time of 2-D echocardiogram for the entire cohort was 58.4 years
(interquartile range [IQR] 48.8–68.1), and the median disease dura-
tion was 10.6 years (IQR 5.1– 17.9). At least 1 traditional risk factor
for DD was present in 97% of the participants with DD (n = 146).

Analyses of clinical and serologic features according
to diastolic function group. Median age increased signifi-
cantly between the normal diastolic function, indeterminate dia-
stolic function, and DD groups (P = 0.0001) (Table 1). The
frequency of CAD, obesity, COPD, CKD, dyslipidemia, and ever
tobacco use was highest in the DD group compared with the
indeterminate and normal diastolic function groups. Hypertension
was more frequent in the indeterminate diastolic function group
(66%) and DD group (62%) compared with the normal diastolic
function group (39%) (P < 0.001). Percentages of female partici-
pants were equally distributed across groups.

Median disease duration increased significantly between the
normal diastolic function, indeterminate diastolic function, and DD
groups (P = 0.0001) (Table 1). Participants with DD had a higher fre-
quency of limited cutaneous disease (P = 0.016) and a history of
scleroderma renal crisis (SRC) (P = 0.040) compared with the other
groups. Participants with indeterminate diastology or DD had higher
frequencies of positivity for Ro/SSA antibodies (P = 0.026), restric-
tive lung disease (FVC ≤70%) (P = 0.022), DLCO ≤60% (P < 0.001),
or an elevated RVSP (ever ≥45 mm Hg) (P < 0.001) compared with
participants with normal diastolic function. Participants with normal
diastolic function had a higher frequency of positivity for Scl-70 anti-
bodies compared with the indeterminate diastolic function and DD
groups (P = 0.014). Other SSc clinical manifestations had no signifi-
cant associations with diastolic function groups (Table 1).

Prior use of mycophenolatemofetil, methotrexate, or hydroxy-
chloroquine was found more frequently in those who had normal
diastolic function (Table 2). The frequency of ever receiving a car-
diovascular medication prior to 2-D echocardiogram, with the
exception of calcium channel blockers, was higher in either the
indeterminate or DD group compared with the normal diastolic
function group (Table 2). Treatment with a calcium channel
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Table 1. Clinical and serologic characteristics of the SSc patients, according to diastolic function group*

Normal
diastolic function

group
(n = 538)

Indeterminate
diastolic function

group
(n = 118)

DD group
(n = 150) P

Female sex, no. (%) 452 (84) 96 (81) 129 (86) 0.59
Age at time of echocardiogram,
median (IQR) years

54.3 (45.0–62.6) 65.4 (54.7–72.1) 67.7 (60.4–74.2) 0.0001

Race, no. (%)
White 382 (71) 74 (63) 109 (73) 0.028
Black 115 (21) 38 (32) 37 (25)
Other† 41 (8) 6 (5) 4 (3)

SSc duration at time of echocardiogram,
from first RP or non-RP symptom,
median (IQR) years‡

9.3 (4.6–16.6) 11.5 (5.5–18.8) 13.8 (7.7–22.8) 0.0001

SSc subtype, no. (%)
Limited/sine 326 (61) 74 (63) 110 (73) 0.016
Diffuse 212 (39) 44 (37) 40 (27)

Autoantibody, ever positivity
ANA 515/529 (97) 113/116 (97) 140/146 (96) 0.63
Anticentromere 166/531 (31) 34/118 (29) 50/146 (34) 0.63
Anti–Scl-70/topo I 153/531 (29) 22/116 (19) 28/145 (19) 0.014
Anti–RNAP III 96/491 (20) 19/103 (18) 22/137 (16) 0.65
Anti-PM/Scl 31/403 (8) 5/93 (5) 6/110 (5) 0.58
Anti-Th/To 12/403 (3) 4/93 (4) 2/110 (2) 0.58
Anti-fibrillarin/U3 RNP 13/403 (3) 3/93 (3) 3/110 (3) 0.96
Anti-Ro/SSA 102/526 (19) 31/114 (27) 41/144 (28) 0.026

Traditional risk factors for DD
Hypertension 207/532 (39) 77/117 (66) 90/145 (62) <0.001
CAD 17/532 (3) 13/118 (11) 25/146 (17) <0.001
DM 25/527 (5) 8/115 (7) 14/147 (10) 0.085
Obesity (BMI ≥30 kg/m2) 86/538 (16) 27/118 (23) 38/150 (25) 0.016
COPD 46/531 (9) 15/117 (13) 26/141 (18) 0.004
CKD 72/530 (14) 24/115 (21) 41/148 (28) <0.001
Dyslipidemia 190/505 (38) 43/110 (39) 71/137 (52) 0.010
Past/current tobacco use 208/538 (39) 57/118 (48) 80/150 (53) 0.002

Clinical characteristics§
FVC ≤70% 256/528 (48) 72/118 (61) 82/145 (57) 0.022
DLCO ≤60% 213/517 (41) 75/114 (66) 84/138 (61) <0.001
PH by RHC
None 22/59 (37) 9/44 (20) 10/56 (18) 0.24
Pre-capillary 30/59 (51) 28/44 (63) 38/56 (68)
Post-capillary 4/59 (7) 2/44 (5) 4/56 (7)
Combined 3/59 (5) 5/44 (11) 4/56 (7)

Severe RP 305/537 (57) 73/118 (62) 86/148 (58) 0.60
Myopathy (≤4/5 MMT) 123/534 (23) 24/118 (20) 29/148 (20) 0.60
Severe GI disease 287/537 (53) 69/117 (59) 77/148 (52) 0.48
TFR 98/537 (18) 16/118 (14) 22/149 (15) 0.35
Synovitis 116/537 (22) 25/118 (21) 36/149 (24) 0.78
Telangiectasias 494/536 (92) 110/118 (93) 141/149 (95) 0.58
Calcinosis 182/536 (34) 48/118 (41) 58/149 (39) 0.27
SRC 21/538 (4) 4/117 (3) 13/150 (9) 0.040
Maximum MRSS, median (IQR) 6 (3–16) 6.5 (4–16) 6 (3–13.5) 0.67

* Except where indicated otherwise, values are the number of patients/total number of patients assessed (%). SSc = systemic sclerosis;
IQR = interquartile range;ANA = antinuclearantibody;anti–topo I = anti– topoisomerase I;anti–RNAPIII = anti–RNApolymerase III; CAD = coronary
artery disease; DM = diabetes mellitus; BMI = body mass index; COPD = chronic obstructive pulmonary disease; CKD = chronic kidney disease;
FVC = forced vital capacity;DLCO = diffusing capacity of the lung for carbonmonoxide; PH = pulmonary hypertension; RHC = right-sidedheart cath-
eterization; MMT = manual muscle testing; TFR = tendon friction rubs; SRC = scleroderma renal crisis; MRSS = modified Rodnan skin thickness
score.
† Includes Asian, Indian,Middle Eastern, NativeAmerican,Native Alaskan, NativeHawaiian/Pacific Islander, and unknown/not reported ethnicities.
‡ Calculated using the following group counts: normal diastolic function (n = 536), indeterminate diastolic function (n = 166), diastolic dysfunc-
tion (DD) (n = 149).
§ Clinical characteristics are reported as themaximumexpressed at any time point up until the time of echocardiogram. Severe Raynaud’s phe-
nomenon (RP) was defined as ever presence of digital pitting scars, digital tip ulceration, or digital gangrene. Severe gastrointestinal (GI) disease
was defined as use of high-dose gastroesophageal reflux disease medications, use of antibiotics for bacterial overgrowth, malabsorption syn-
drome, episodes of pseudo-obstructions, or total parenteral nutrition requirement.
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blocker was evenly distributed across groups. A summary of 2-D
echocardiogram parameters for each of the diastolic function groups
(normal, indeterminate, and DD) is provided in Supplementary
Table 1 (available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42054).

Association between traditional DD risk factors and
DD in SSc. In univariable analyses of traditional DD risk factors
(including age, sex, hypertension, CAD, obesity, dyslipidemia, CKD,
DM, COPD, and tobacco use), all risk factors except female sex
were associated with an increased risk of DD (Table 3). In multivari-
able analyses, only older age (OR 1.11 [95% CI 1.08–1.13]), CAD
(OR 3.07 [95% CI 1.40–6.74]), and obesity (OR 3.31 [95% CI
1.92–5.71]) remained independently associated with an increased
risk of DD. Logistic regression of complete cases only showed

similar results (Supplementary Table 2, available on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42054). An ordinal regression analysis, permitting the inclu-
sion of the indeterminate diastolic function group as an intermediate
step between normal diastolic function and DD, showed similar
associations (Supplementary Table 3, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42054). A sex-stratified analysis of traditional DD risk fac-
tors and SSc clinical characteristics was also performed, as
described in the Supplementary Methods.

Association between SSc characteristics and DD,
after adjustment for traditional DD risk factors. SSc
characteristics were analyzed to evaluate associations between
SSc-specific risk factors and DD (Table 4). Each SSc characteristic

Table 2. Medication use at any time point prior to echocardiogram, according to diastolic function group*

Normal
diastolic function

group
(n = 538)

Indeterminate
diastolic function

group
(n = 118)

DD group
(n = 150) P

Immune medication (ever use)
MMF 160/537 (30) 27/116 (23) 20/148 (14) <0.001
Methotrexate 96/537 (18) 9/118 (8) 18/148 (12) 0.010
Hydroxychloroquine 132/537 (25) 20/118 (17) 22/148 (15) 0.016
Cyclophosphamide 38/537 (7) 8/118 (7) 6/148 (4) 0.41
Azathioprine 21/536 (4) 7/117 (6) 6/148 (4) 0.60
Prednisone 168/536 (31) 53/118 (45) 49/148 (33) 0.018

Cardiovascular medication (ever use)
Beta-blocker 57/461 (12) 19/103 (18) 36/118 (31) <0.001
Calcium channel blocker 344/537 (64) 83/118 (70) 94/148 (64) 0.40
ACE inhibitor 93/524 (18) 32/115 (28) 46/144 (32) <0.001
ARB 58/457 (13) 21/99 (21) 27/115 (23) 0.005
Diuretics 124/537 (23) 68/118 (58) 82/148 (55) <0.001
Aspirin 226/537 (42) 56/118 (47) 79/148 (53) 0.042
PDE5 inhibitor 91/536 (17) 37/118 (31) 48/148 (32) <0.001
ERA 26/537 (5) 19/118 (16) 24/148 (16) <0.001
Prostacyclin analog 17/537 (3) 7/118 (6) 13/148 (9) 0.012

* Values are the number of patients/total number of patients assessed (%). DD = diastolic dysfunction;
MMF = mycophenolate mofetil; ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker;
PDE5 = phosphodiesterase 5; ERA = endothelin receptor antagonist.

Table 3. Association between traditional DD risk factors and the presence of DD versus normal diastolic function, by
logistic regression (imputed cases)*

Univariable analysis of association with DD Multivariable analysis of association with DD

OR (95% CI) P OR (95% CI) P

Age at time of
echocardiogram

1.10 (1.08–1.13) <0.001 1.11 (1.08–1.13) <0.001

Female sex 1.17 (0.70–1.96) 0.55 1.20 (0.64–2.25) 0.57
Hypertension 2.46 (1.69–3.58) <0.001 1.17 (0.75–1.83) 0.49
CAD 5.60 (2.94–10.67) <0.001 3.07 (1.40–6.74) 0.005
Obesity 1.78 (1.16–2.75) 0.009 3.31 (1.92–5.71) <0.001
Dyslipidemia 1.79 (1.23–2.60) 0.002 0.82 (0.52–1.30) 0.41
CKD 2.39 (1.55–3.70) <0.001 1.68 (0.99–2.86) 0.057
DM 2.06 (1.04–4.06) 0.038 1.19 (0.54–2.64) 0.67
COPD 2.43 (1.44–4.08) 0.001 1.29 (0.70–2.35) 0.41
Tobacco use (ever vs.
never)

1.81 (1.26–2.61) 0.001 1.32 (0.85–2.05) 0.21

* OR = odds ratio; 95% CI = 95% confidence interval (see Table 1 for other definitions).
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was then individually adjusted for traditional DD risk factors (including
age, female sex, hypertension, CAD, obesity, dyslipidemia, CKD,
DM, COPD, and tobacco use) to evaluate independent associations.
In adjusted univariable analyses, longer SSc disease duration
(OR 1.03 [95% CI 1.01–1.05]), Black race (OR 2.02 [95% CI 1.15–
3.53]), anti-Ro/SSA positivity (OR 1.91 [95% CI 1.09–3.33]), FVC
≤70% (OR 1.72 [95% CI 1.08–2.73]), and DLCO ≤60% (OR 2.66
[95% CI 1.65–4.31]) were associated with an increased risk of DD
(Table 4). Anticentromere antibody positivity (OR 0.59 [95% CI
0.36–0.98]) was associated with a reduced risk of DD. Given the
association between anti-Ro/SSA and DD in the univariable analysis,
and the possibility that anti-Ro/SSA can occur in conjunction with
other SSc autoantibodies, interactions of anti-Ro/SSA with anticen-
tromere, anti–Scl-70, and anti–RNA polymerase III were modeled.
No statistically significant associations between the interaction terms
and DD were found.

A multivariable model was then constructed with all covariates
that were associated with DD on univariable or adjusted univariable
models. The multivariable model was adjusted for all cardiovascular
and pulmonary risk factors listed in Table 3. Longer SSc disease
duration (OR 1.04 [95% CI 1.01–1.06]) and a reduced DLCO ≤60%
(OR 2.41 [95% CI 1.40–4.16]) remained independently associated
with DD. Additionally, a history of SRC was associated with an
increased risk of DD (OR 3.18 [95% CI 1.12–9.07]). Race, diffuse
SSc subtype, anticentromere positivity, anti–RNA polymerase III
positivity, anti-Ro/SSA positivity, and FVC ≤70%were no longer sig-
nificantly associated with an increased or decreased risk of DD in the
final adjusted multivariable model. Positivity for anti–Scl-70 was
associated with a 51% reduction in the odds of developing DD
(OR 0.49 [95% CI 0.26–0.93]). Additionally, a history of severe gas-
trointestinal (GI) disease was associated with a 52% reduction in risk
of DD (OR 0.48 [95% CI 0.30–0.79]).

Table 4. Association between SSc characteristics and DD, unadjusted and adjusted for DD risk factors (imputed cases)*

Univariable analyses of association with DD
Adjusted multivariable

analysis of association with DD†Unadjusted Adjusted†

OR (95% CI) P OR (95% CI) P OR (95% CI) P

SSc duration from first
ever symptoms
(per 1 year)

1.05 (1.03–1.07) <0.001 1.03 (1.01–1.05) 0.013 1.04 (1.01–1.06) 0.004

Race‡
Black 1.13 (0.74–1.73) 0.58 2.02 (1.15–3.53) 0.014 1.35 (0.73–2.50) 0.33
Other§ 0.34 (0.12–0.98) 0.045 1.21 (0.37–3.97) 0.76 1.24 (0.36–4.21) 0.73

Diffuse SSc subtype 0.56 (0.37–0.84) 0.005 0.82 (0.49–1.35) 0.43 0.95 (0.52–1.73) 0.87
Autoantibody positivity
Anticentromere 1.17 (0.79–1.72) 0.43 0.59 (0.36–0.98) 0.041 0.48 (0.23–1.00) 0.051
Anti–Scl-70/topo I 0.58 (0.37–0.91) 0.018 0.76 (0.44–1.33) 0.34 0.49 (0.26–0.93) 0.030
Anti–RNAP III 0.80 (0.48–1.34) 0.40 0.53 (0.28–1.00) 0.050 0.51 (0.25–1.03) 0.060
Anti- PM/Scl 0.72 (0.29–1.78) 0.48 0.48 (0.16–1.42) 0.19
Anti-Th/To 0.62 (0.13–2.85) 0.54 0.22 (0.04–1.15) 0.073 0.21 (0.04–1.06) 0.060
Anti-fibrillarin/U3 RNP 0.89 (0.29–2.78) 0.85 1.78 (0.41–7.71) 0.44
Anti-Ro/SSA 1.68 (1.07–2.63) 0.026 1.91 (1.09–3.33) 0.024 1.51 (0.70–3.25) 0.30

Autoantibody interaction
Anti-Ro–anticentromere 1.85 (0.94–3.65) 0.079 1.18 (0.54–2.57) 0.69 0.95 (0.27–3.31) 0.94
Anti-Ro–anti–Scl-70/topo I 0.71 (0.24–2.13) 0.55 0.75 (0.19–2.86) 0.67
Anti-Ro–anti–RNAP III 1.91 (0.85–3.65) 0.12 1.66 (0.61–4.52) 0.32
Anti-Ro–anti-Th/To 1.71 (0.35–8.42) 0.51 0.79 (0.13–4.77) 0.80

Clinical characteristics
Severe RP 1.06 (0.73–1.53) 0.76 1.21 (0.77–1.91) 0.42
FVC ≤70% 1.39 (0.96–2.01) 0.082 1.72 (1.08–2.73) 0.023 1.22 (0.69–2.16) 0.49
DLCO ≤60% 2.20 (1.51–3.21) <0.001 2.66 (1.65–4.31) <0.001 2.41 (1.40–4.16) 0.002
Myopathy (MMT ≤4) 0.81 (0.51–1.27) 0.35 1.12 (0.64–1.94) 0.70
Severe GI disease 0.94 (0.65–1.36) 0.75 0.68 (0.44–1.05) 0.084 0.48 (0.30–0.79) 0.004
TFR 0.77 (0.47–1.28) 0.31 0.84 (0.44–1.61) 0.61
Synovitis 1.15 (0.75–1.76) 0.53 0.94 (0.55–1.59) 0.81
Telangiectasias 1.51 (0.69–3.29) 0.30 0.91 (0.32–2.61) 0.86
Calcinosis 1.24 (0.85–1.80) 0.26 1.24 (0.78–1.96) 0.36
SRC 2.34 (1.14–4.78) 0.021 2.13 (0.75–6.08) 0.16 3.18 (1.12–9.07) 0.031
Maximum MRSS 0.99 (0.98–1.01) 0.37 0.99 (0.97–1.02) 0.61

* Multivariable model was constructed based on significant variables in unadjusted or adjusted univariable analysis (95% confidence intervals
[95% CIs] that do not cross 1.00; or P < 0.10). OR = odds ratio; (see Table 1 for other definitions).
† Adjusted for all DD risk factors including age, sex, hypertension, CAD, obesity, dyslipidemia, CKD, diabetes, COPD, and tobacco use.
‡ Compared to White patients.
§ Includes Asian, Indian, Middle Eastern, Native American, Native Alaskan, Native Hawaiian/Pacific Islander, unknown/not reported ethnicities.
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Only the traditional risk factors for DD of older age (OR 1.12
[95% CI 1.09–1.15]), CAD (OR 3.69 [95% CI 1.52–8.97]), and
obesity (OR 4.74 [95% CI 2.57–8.74]) were independently associ-
ated with DD in the final multivariable model (data not shown).

Analyses of complete cases only are presented in Supple-
mentary Table 4 (available on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42054). An
ordinal regression including indeterminate diastolic cases showed
similar trends in risk factor associations as seen in the primary
logistic regression model (Supplementary Table 5, available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42054).

Association between medication exposure and the
presence of DD in univariable and multivariable regres-
sion analyses. In univariable analyses, ever exposure to myco-
phenolate mofetil or hydroxychloroquine was associated with a

63% reduction (OR 0.37 [95% CI 0.22–0.61]) and 47% reduction
(OR 0.53 [95% CI 0.33–0.88]) in risk of DD, respectively
(Supplementary Table 6, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42054).
These associations were no longer present after adjustment for tra-
ditional risk factors for DD or in the adjusted multivariable model.
These medication analyses were considered hypothesis-generating
and were not included in the final model, as dose and duration were
not available and would be hypothesized to impact associations.
Associations were seen between most cardiovascular medications
(with the exception of calcium channel blockers and nitrates) and
DD in univariablemodels, which weremildly attenuated when adjust-
ing for DD risk factors (Supplementary Table 6).

Impact of DD on survival in SSc. There were 135 deaths
among 672 SSc patients with either DD or normal diastolic func-
tion. SSc patients with DD had an almost 3-fold increase in risk

Table 5. Cox proportional hazards models evaluating the association between mortality risk and presence of DD,
traditional DD risk factors, or DD risk factors and SSc clinical features in 672 patients (imputed cases)*

Multivariable analyses of association with
mortality risk

Univariable analysis of
association with mortality risk DD risk factors

DD risk factors
and SSc features

HR (95% CI) P HR (95% CI) P HR (95% CI) P

DD† 2.86 (2.03–4.01) <0.001 2.38 (1.56–3.61) <0.001 1.69 (1.07–2.68) 0.027
Age at time of
echocardiogram

1.01 (0.99–1.03) 0.26 1.02 (1.00–1.04) 0.037

Female sex 0.59 (0.39–0.91) 0.018 0.70 (0.44–1.11) 0.13
Hypertension 1.30 (0.89–1.89) 0.18 1.35 (0.90–2.03) 0.15
CAD 0.65 (0.35–1.18) 0.16 0.62 (0.32–1.21) 0.16
Obesity 0.63 (0.38–1.04) 0.071 0.68 (0.40–1.16) 0.16
Dyslipidemia 0.91 (0.63–1.31) 0.62 0.88 (0.60–1.31) 0.54
CKD 1.64 (1.11–2.42) 0.015 1.42 (0.91–2.20) 0.13
DM 1.73 (0.99–3.02) 0.058 1.16 (0.64–2.10) 0.63
COPD 1.93 (1.09–2.96) 0.025 1.56 (0.90–2.69) 0.12
Tobacco (ever vs. never) 1.21 (0.85–1.73) 0.28 1.18 (0.81–1.72) 0.39
Race‡

Black 1.02 (0.64–1.62) 0.94
Other§ 1.35 (0.59–3.07) 0.48

SSc duration from first
symptoms

0.99 (0.97–1.01) 0.23

Diffuse SSc subtype 0.95 (0.61–1.48) 0.83
Autoantibody positivity

Anticentromere 1.32 (0.74–2.36) 0.34
Anti–Scl-70/topo I 1.09 (0.69–1.71) 0.72
Anti–RNAP III 1.24 (0.73–2.11) 0.43
Anti-Th/To 0.65 (0.24–1.74) 0.39
Anti-Ro/SSA 1.28 (0.75–2.20) 0.37
Anti-Ro–anticentromere 0.85 (0.35–2.05) 0.72

Clinical characteristics
FVC ≤70% 1.34 (0.83–2.15) 0.24
DLCO ≤60% 3.24 (2.00–5.25) <0.001
Severe GI disease 1.10 (0.74–1.65) 0.63
SRC 1.78 (0.90–3.50) 0.10

* HR = hazard ratio; 95% CI = 95% confidence interval (see Table 1 for other definitions).
† Compared to patients with normal diastolic function.
‡ Compared to White patients.
§ Includes Asian, Indian, Middle Eastern, Native American, Native Alaskan, Native Hawaiian/Pacific Islander, unknown/
not reported ethnicities.
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of mortality in the univariable Cox proportional hazards analysis
(hazard ratio [HR] 2.86 [95% CI 2.03–4.01]) (Table 5). After adjust-
ing for traditional DD risk factors, DD conferred a >2-fold increase
in the risk of mortality (HR 2.38 [95% CI 1.56–3.61]), with CKD
(HR 1.64 [95% CI 1.11–2.42]) and COPD (HR 1.93 [95% CI
1.09–2.96]) also associated with an increased risk of mortality.
Female sex was protective against mortality risk (OR 0.59 [95%
CI 0.39–0.91]).

In the final multivariable model, Black race, diffuse disease,
anticentromere positivity, anti–Scl-70 positivity, anti–RNA polymer-
ase III positivity, anti-Th/To positivity, FVC ≤70%, DLCO ≤60%, and
SRCwere all included, given the known positive or negative associ-
ations with mortality in SSc (1,2). Anti-Ro/SSA, anti-Ro/SSA–
anticentromere interaction, and severe GI disease were also
included as variables in the final model, given demonstrated associ-
ations with DD (P ≤ 0.10 in logistic regression analyses in Table 4).
In the final multivariable model, DD remained independently associ-
ated with an increase in the risk of mortality in imputed cases
(HR 1.69 [95% CI 1.07–2.68]) (Table 5). Only age (HR 1.02 [95%
CI 1.00–1.04]) and DLCO ≤60% (HR 3.24 [95% CI 2.00–5.25]) were

independently associated with risk of mortality in the multivariable
model. The point estimate for the HR of association of mortality risk
with DD was similar (HR 1.78 [95% CI 0.98–3.24]) for complete
(nonimputed) cases (Supplementary Table 8, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42054).

Unadjusted (Figure 1A) and age-adjusted (Figure 1B) Kaplan-
Meier curves are shown for the DD and normal diastolic function
groups. The unadjusted median survival for SSc patients with DD
from time of 2-D echocardiogram was 2.76 years and could not
be calculated for those with normal diastolic function due to survival
>50% during the time under observation. In participants with DD,
the age-adjusted 5- and 10-year survival rates were 40.8% and
30.5%, respectively. In participants with normal diastolic function,
the age-adjusted 5- and 10-year survival rates were 68.9% and
61.1%, respectively. Kaplan-Meier graphs including the indetermi-
nate diastolic function group, which showed similar survival as that
in the DD group, are shown in Supplementary Figure 1 (available on
the Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42054).

DISCUSSION

We present the largest study to date examining risk factors
for DD and the impact of DD on mortality in a well-characterized
cohort of patients with SSc. Traditional risk factors for DD were
ascertained prospectively, and CAD and obesity emerged as sig-
nificant risk factors for DD in patients with SSc. We confirmed
others’ findings that age (5,9), SSc disease duration (9), and DLCO
≤60% (6,9) are associated with an increased risk of DD, and we
are the first to identify an association between a history of SRC
and an increased risk of DD. Interestingly, we also found that
severe GI disease and anti–Scl-70 antibodies were associated
with a decreased risk of DD. Importantly, DD independently con-
ferred a 69% increase in risk of mortality in patients with SSc.
Therefore, interventions targeting modifiable risk factors for DD,
including CAD and obesity, may help reduce mortality in SSc.

A major strength of our study was the rigorous application of
the most recent societal recommendations for the classification of
diastolic function, which combines 4 parameters derived from
2-D echocardiograms to classify diastology. The aim of the 2016
ASE/ESCVI guidelines were to simplify the approach to diastology
determination from the more complex, difficult to apply, and irreg-
ularly used 2009 guidelines, by selecting the most reproducible
and feasible 2-D echocardiogram measurements (13). The use
of these simplified yet rigorous guidelines improves generalizabil-
ity of our study results and minimizes potential misclassification
that occurs when using single parameters.

With application of these guidelines, we found a DD preva-
lence of 18.6% in our SSc cohort, which falls in the lower range
of previous estimates of 18–62% (4,6,12,26). These prior studies,
however, utilized older guidelines to classify diastology or used a

Figure 1. Association of normal diastolic function and diastolic dysfunc-
tion (DD) with risk of mortality in 672 systemic sclerosis patients in unad-
justed (A) and age-adjusted (B) Kaplan-Meier analyses. Age-adjusted
5- and 10-year survival rates were 68.9% and 61.1%, respectively, for
those with normal diastolic function. Age-adjusted 5- and 10-year survival
rates were 40.8% and 30.5%, respectively, for those with DD.
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single 2-D echocardiogram parameter, which may lead to mis-
classification if used in isolation. Our prevalence estimate is simi-
lar, but slightly lower, than the prevalence estimate of 29%
reported by Tennøe et al, who used the same 2016 ASE/ESCVI
criteria to classify diastolic function (5). However, in contrast to
that in the study by Tennøe et al, we excluded patients with
moderate or severe valvular heart disease as we were focused
on primary myocardial disease, which may account for this differ-
ence. Our prevalence estimate of 18.6% is higher than that of
1.4% in a population-based cohort with 1,000 non-SSc subjects
of similar ages, in which the 2016 ASE/ESCVI guidelines were
applied (8), which may suggest the existence of SSc-specific risk
factors for DD. However, 2 other referral-based non-SSc cohorts
(i.e., patients referred specifically for a 2-D echocardiogram) have
shown prevalence estimates of 9.4–30% (27,28), which may indi-
cate that underlying cardiovascular and pulmonary risks are most
influential on DD risk. Further studies in which SSc patients and
non-SSc patients are derived from the same population, and have
similar demographics and comorbidities, are essential to evaluate
the potential impact of SSc pathophysiology on DD risk.

With the potential increase in DD prevalence in SSc cohorts
compared with non-SSc cohorts, we sought to identify SSc-
specific risk factors for DD, which may provide further mechanistic
insight into DD pathogenesis in this population. To robustly deter-
mine independent associations between SSc-specific risk factors
and DD, 10 traditional risk factors for DD were examined. While all
of these traditional risk factors (with the exception of sex) were
significantly associated with DD in univariable analyses, only 3 of
the 10 risk factors (age, CAD, obesity) were independently associ-
ated with DD in our final multivariable model. This is similar to the
findings of Hinchcliff and colleagues, who reported an indepen-
dent association of age and CAD with tissue Doppler lateral
e0 velocity; however, obesity was not examined (9). Impressively,
obesity was independently associated with a >4.5-fold increase
in risk of DD in our population.

Interestingly, we did not find an independent association
between hypertension and DD, which is similar to results presented
by Maione and colleagues (11) but differs from findings of Hinchcliff
et al (9). Given the known association between hypertension and
obesity, as well as between hypertension and CAD, it is possible that
the effect of hypertension on DD presence is mediated through obe-
sity and/or CAD, which may explain the lack of association between
hypertension and DD in the final multivariable model. We did not find
an association between sex and DD, which may be due to differ-
ences in the prevalence of traditional risk factors in men compared
with women (e.g., men had an increase in the frequency of CAD,
CKD, and DLCO ≤60%), which we accounted for in our models. Fur-
ther study is required with general population controls to examine
these sex-based differences.

We performed an in-depth examination of SSc-specific risk
factors, adjusting for the 10 traditional risk factors for DD. We
found an independent association between SSc disease duration

and DD, as previously noted in some studies (6,9,26) but not
others (5,11). This association between SSc disease duration
and DD may suggest a relationship between SSc disease patho-
physiology and DD pathophysiology, perhaps mediated by pro-
gressive endothelial dysfunction. We also identified a 2.4-fold
increased risk of DD in participants who had a DLCO ≤60%, even
after controlling for restrictive lung disease, which suggests that
the low DLCO may represent concomitant pulmonary vascular dis-
ease. In the 159 participants who underwent a clinically indicated
right-sided heart catheterization, the frequency of pre- and post-
capillary pulmonary hypertension was evenly distributed among
diastolic function groups (Table 1). It is possible that further pro-
vocative testing with exercise or fluid challenge may have identi-
fied elevated filling pressures in the groups with a DLCO ≤60%
and DD; however, that analysis was beyond the scope of this
study. Other studies have also demonstrated lower DLCO in SSc
patients with DD (6,9).

We additionally report an independent association between
SRC and DD in our final model, which adjusted for potential medi-
ators including hypertension and CKD. An increased risk of DD in
patients with a history of SRC is biologically plausible, as activa-
tion of the renin–angiotensin–aldosterone system underlies the
pathophysiology of SRC (29) and is also known to promote myo-
cardial fibrosis and stiffness (30). It is important to recognize that
SRCmay increase DD risk, highlighting the importance of addres-
sing potentially modifiable DD risk factors such as CAD and obe-
sity in SSc patients with a history of SRC.

Anti–Scl-70 was associated with a reduced risk of DD in our
final model. Hinchcliff et al reported a reduction in the presence
of DD in anti–Scl-70–positive patients and an increase in those
with anticentromere antibodies, but these associations were not
significant after controlling for age (9). A decrease in the frequency
of anti–Scl-70 in patients with DD was also observed by Tennøe
et al, although these results did not reach significance (5).

The association between severe GI disease and decreased
risk of DD has not been previously examined. We hypothesize
that this association may be mediated by a decrease in adipose
tissue, with a resulting decrease in inflammatory mediators.
Increase in adipose tissue is associated with an increase in inflam-
matory mediators that can lead to the endothelial dysfunction that
underlies DD pathogenesis (31,32). The decreased risk of DD in
those with severe GI disease may also be related to a decrease
in left ventricular mass, as nutritional status has been shown to
correlate with left ventricular mass in SSc (33). It is also possible
that use of high-dose medications for gastroesophageal reflux
disease in patients with severe GI disease may have protected
against aspiration-induced lung damage with reduced DLCO, thus
decreasing risk.

Importantly, we show that DD is an independent risk factor
for mortality in SSc, even after adjusting for cardiovascular, pul-
monary, and SSc-specific risk factors for mortality. In fully
adjusted models, only age and a DLCO ≤60%, likely reflecting
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pulmonary vascular disease, were also independently associated
with a risk of mortality. These findings are consistent with those of
other researchers, who have noted a similar association between
DD and mortality in SSc in smaller cohorts (5,9).

Our study is limited by examination of a single 2-D echocar-
diogram per participant. Therefore, while important associations
can be made regarding risk factors for prevalent DD, a cause
and effect relationship should not be extrapolated. Strengths of
this study include the utilization of classification criteria for DD, rig-
orous ascertainment of DD risk factors and SSc disease charac-
teristics prospectively, and the large cohort size permitting
robust multivariable analyses of risk factors.

In conclusion, we present the largest cohort study examining
risk factors for DD in SSc and the impact of DD on mortality. CAD
and obesity are comorbidities significantly associated with DD in
SSc, which are also potentially modifiable risk factors. Given the
strong association between DD and mortality, interventions tar-
geting reduction in risk of CAD and obesity may also decrease
mortality in SSc through a reduction in DD.
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Therapeutic Effect of Cyclin-Dependent Kinase 4/6 Inhibitor
on Dermal Fibrosis in Murine Models of Systemic Sclerosis

Akio Yamamoto,1 Tetsuya Saito,1 Tadashi Hosoya,1 Kimito Kawahata,1 Yoshihide Asano,2 Shinichi Sato,2

Fumitaka Mizoguchi,† Shinsuke Yasuda,1 and Hitoshi Kohsaka1

Objective. One of the histologic characteristics of systemic sclerosis (SSc) is an increased number of dermal
myofibroblasts, and transforming growth factor β (TGFβ) plays a crucial role in the promotion of myofibroblast differen-
tiation from fibroblasts, leading to dermal fibrosis. This study was undertaken to 1) examine whether inhibition of the
cell cycle with a cyclin-dependent kinase 4/6 (CDK4/6) inhibitor suppresses the proliferation of fibroblasts and their dif-
ferentiation into myofibroblasts, and 2) assess the therapeutic effects of a CDK4/6 inhibitor, administered as monother-
apy or in combination with a TGFβ receptor (TGFβR) inhibitor, on dermal fibrosis in murine models of SSc.

Methods. Fibroblasts obtained from the skin of patients with SSc were cultured in the presence or absence of
TGFβ. The effects of palbociclib, a CDK4/6 inhibitor, on fibroblast proliferation and TGFβ-induced differentiation into
myofibroblasts were examined using bromodeoxyuridine uptake assays as well as immunofluorescence and immuno-
blotting analyses. Murine models of HOCl- and bleomycin-induced dermal fibrosis were used to study the effect of a
CDK4/6 inhibitor on dermal fibrosis, with the CDK4/6 inhibitor treatment administered as monotherapy or in combina-
tion with galunisertib, a TGFβR inhibitor.

Results. Addition of a CDK4/6 inhibitor to the cell cultures suppressed the proliferation of human dermal SSc fibro-
blasts and their TGFβ-induced differentiation into myofibroblasts, without inhibiting canonical and noncanonical TGFβ
signals. In murine models of dermal fibrosis, treatment of mice with a CDK4/6 inhibitor decreased dermal thickness and
collagen content, as well as dermal fibroblast proliferation and the numbers of myofibroblasts. Combination therapy
with the CDK4/6 inhibitor and TGFβR inhibitor resulted in additive antifibrotic effects. Mechanistically, the CDK4/6
inhibitor suppressed the expression of cellular communication network 2 and cadherin-11, which are proteins that have
important roles in the development and progression of fibrosis.

Conclusion. Results of this study demonstrate the therapeutic effect of a CDK4/6 inhibitor on dermal fibrosis when
administered as monotherapy or in combination with a TGFβR inhibitor. CDK4/6 inhibitors, including palbociclib used
in the present study, may represent novel agents for the treatment of SSc, which, if used in combination with a TGFβR
inhibitor, might result in increased efficacy.

INTRODUCTION

Systemic sclerosis (SSc) is a complex autoimmune

connective tissue disease that results in dermal and organ

fibrosis (1). Immunosuppressive agents such as methotrexate,

mycophenolate mofetil, cyclophosphamide, and rituximab are

used for the treatment of progressive dermal fibrosis and

interstitial lung disease. However, the therapeutic effects are

limited (2,3).

In the pathogenesis of SSc, myofibroblasts play crucial roles

by producing a variety of extracellular matrix (ECM) and inflamma-

tory molecules to induce tissue fibrosis. Transforming growth fac-

tor β (TGFβ) is a major profibrotic cytokine that promotes

myofibroblast differentiation from fibroblasts, and thus has been

expected to represent a novel candidate target for therapy in

patients with SSc (1,4). A clinical trial has shown that a neutralizing

antibody that targets all 3 isoforms of TGFβ attenuated dermal

fibrosis in patients with SSc (5). However, the therapeutic effects
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are partial. In addition, the blockade of TGFβ could cause signifi-
cant adverse events, including bleeding and anemia, because of
the pleiotropic functions of TGFβ (5,6). In order to develop effec-
tive therapies targeting TGFβ signaling in SSc, it is necessary to
employ strategies for increasing their efficacy while, at the same
time, reducing the adverse effects of such therapies. One of the
strategies to increase the therapeutic efficacy without increasing
the adverse effects of these drugs is to use another agent with a
different mode of action simultaneously. Combination therapy
would enable a reduction in the dose of each drug, which poten-
tially leads to a reduction in adverse effects. Thus, in addition to
targeting TGFβ signaling, identifying other pathways involved in
the promotion of tissue fibrosis is important.

The histologic features of SSc include an increased number
of myofibroblasts as well as collagen deposition in the skin lesions
(7,8). In addition, increased numbers of proliferating fibroblasts in
the fibrotic skin lesions of patients with SSc have been reported,
especially in those with early SSc (9). These findings suggest that
the proliferation of fibroblasts is responsible for the increased
number of myofibroblasts and subsequent tissue fibrosis in SSc.

Cell proliferation is regulated by the interaction of cyclins with
cyclin-dependent kinases (CDKs). In response to mitogenic stim-
ulation, cyclin D promotes the activation of CDK4 and CDK6
(CDK4/6), both of which are crucial regulators of the transition
from G1 to S phase in the cell cycle. The CDK4/6–cyclin D com-
plexes inactivate the retinoblastoma (Rb) protein, which is an anti-
proliferative protein that limits the transcription of E2F target
genes by catalyzing the phosphorylation of Rb (10).

Selective CDK4/6 inhibitors, including palbociclib, have
been used for the treatment of advanced breast cancer.
CDK4/6 inhibitors suppress cell cycle progression by binding
to the ATP-binding pocket of CDK4 and CDK6 (10). The
adverse effects of CDK4/6 inhibitors include the development
of neutropenia, which is generally tolerable and reversible by
reducing the dose (10). In preclinical studies, the CDK4/6 inhib-
itors have also been shown to be effective in the treatment of
nonmalignant diseases, including autoimmune arthritis (11),
pulmonary arterial hypertension (12), and acute kidney injury
(13), in which the proliferation of synovial fibroblasts, smooth
muscle cells, and tubular cells in each respective disease plays
a crucial role in the pathogenesis. Of note, the required dose of
CDK4/6 inhibitors for the treatment of these nonmalignant dis-
eases is lower than that for cancers, suggesting that CDK4/6
inhibitors can be used safely in the treatment of these nonmalig-
nant diseases (11).

Since the number of proliferating fibroblasts is increased in
the skin lesions of patients with SSc, we hypothesized that
CDK4/6 inhibitors should be effective in treating dermal fibrosis
in SSc, and that a combination therapy involving a CDK4/6 inhib-
itor and a TGFβ receptor (TGFβR) inhibitor would provide an addi-
tive effect, considering their distinct modes of action. In this study,
we examined the effects of a CDK4/6 inhibitor, administered as

monotherapy or in combination with a TGFβR inhibitor, in the
treatment of dermal fibrosis.

MATERIALS AND METHODS

Reagents. The following reagents and antibodies were
used: palbociclib (PD0332991) and galunisertib (LY2157299)
(both from Shanghai Sun-shine Chemical Technology),
recombinant human TGFβ1 (240-B; R&D Systems), Alexa Fluor
555–conjugated rabbit IgG and Alexa Fluor 647–conjugated rabbit
IgG (A32732 and A32733, respectively; Thermo Fisher Scientific),
α-smooth muscle actin gene (ACTA2) (A2547) and Cy3-
conjugated ACTA2 (C6198) (both from Sigma-Aldrich), horserad-
ish peroxidase (HRP)–conjugatedmouse IgG andHRP-conjugated
rabbit IgG (7074 and 7076, respectively; both from Cell Signaling
Technology), HRP-conjugated goat IgG (P0449; Dako North
America), Alexa Fluor 488–conjugated phalloidin (A12379; Thermo
Fisher Scientific), DAPI (0100-20; Southern Biotech), and antibod-
ies targeted against phospho-Smad2/3 (ab52903) and Smad2/3
(ab63672) (both from Abcam), phospho-ERK (9101) and ERK
(4695) (both from Cell Signaling Technology), phospho-p38
(4511) and p38 (8690) (both from Cell Signaling Technology),
phospho-AKT (9271) and AKT (9272) (both from Cell Signaling
Technology), cellular communication network (CCN) genes CCN1
(ab230987) and CCN2 (ab209780 and ab6992) (both from
Abcam), procollagen-lysine, 2-oxoglutarate 5-dioxygenase
2 gene (PLOD2) (21214-1-AP; Proteintech), lysyl oxidase–like
2 gene (LOXL2) (NBP1-32954; Novus Biologicals), phospho-
FAK (ab81298; Abcam), cadherin-11 gene (CDH11) (32-1700;
Thermo Fisher Scientific), β-catenin (ab16051; Abcam), type I
collagen (1310-01; Southern Biotech), phospho-Rb (8516; Cell
Signaling Technology), β-actin (AC-15; Sigma-Aldrich), Alexa
Fluor 647–conjugated CD45 (103123; BioLegend), Alexa Fluor
488–conjugated vimentin (ab154207; Abcam), and proliferating
cell nuclear antigen (PCNA) (ab18197; Abcam).

Human skin biopsy samples. Human skin biopsy sam-
ples were obtained from the forearm of 5 patients with diffuse
cutaneous SSc (2 women and 3 men, mean � SD age
62.4 � 8.1 years, mean � SD modified Rodnan skin thickness
score 14.8 � 3.2 [scale 0–51]) with onset of skin sclerosis pre-
ceding the biopsy by 2 years. All of the patients were diagnosed
as having diffuse cutaneous SSc based on clinical features and
histologic findings, in accordance with the American College
Rheumatology (ACR)/European League of Associations for Rheu-
matology (EULAR) criteria for SSc (14), and none of them had any
other collagen diseases. In addition, skin biopsy samples were
obtained from 3 healthy control subjects who were matched to
the patients on the basis of sex and site and closely matched for
age (1 woman and 2 men, mean � SD age 58.3 � 11.1 years).

Institutional approval was provided by the University of
Tokyo, and written informed consent was obtained from all
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subjects. The study protocols were approved by the institutional
review board at Tokyo Medical and Dental University (approval
no. M2016-168). Written informed consent was obtained from
all patients.

Human dermal fibroblast cultures. Dermal fibroblasts
from human skin biopsy specimens were analyzed in primary
cultures using previously described methods (15). Briefly, fibro-
blasts were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin, and 100 μg/ml streptomycin.
Dermal fibroblasts were used between passages 3 and 6.

Bromodeoxyuridine (BrdU) proliferation assay
in vitro. Human SSc fibroblasts were plated at 2,000 cells per
well in 96-well plates. After serum starvation, fibroblasts were pre-
treated with palbociclib (a CDK4/6 inhibitor) or galunisertib
(a TGFβR inhibitor) overnight, followed by treatment with 10 μM

BrdU for 24 hours. An enzyme-linked immunosorbent assay
(ELISA) for measurement of BrdU uptake in the cells was per-
formed in accordance with the manufacturer’s instructions
(11647229001 cell proliferation ELISA; Roche Applied Sciences).

Immunocytochemistry. Fibroblasts were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X, blocked
with 1% bovine serum albumin (BSA), and then stained with anti-
bodies targeting ACTA2, followed by phalloidin and DAPI staining.
For analysis of the ECM, fibroblasts were stained with antibodies
targeting type I collagen or fibronectin, without permeabilization.
Images were obtained using an FV10i confocal microscope
(Olympus). Fluorescence intensity was quantified using ImageJ
software (National Institutes of Health).

Western blotting. Protein samples (10 μg) were separated
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred onto a PVDF membrane. The blots were blocked
with 5% BSA, and then incubated with primary antibodies, fol-
lowed by secondary antibodies.

Mice. Mice were obtained from Charles River Japan.
All animal experiments were approved by the Institutional
Animal Care and Use Committee of Tokyo Medical and Dental
University (approval no. A2019-281C) and were performed in
accordance with institutional and national guidelines. Mice
were housed 2–4 per cage in specific pathogen–free condi-
tions on a 12-hour light/dark cycle at 20–26�C and 30–70%
humidity. The mice were provided access to food and water
ad libitum.

HOCl-induced dermal fibrosis in mice. Induction of
dermal fibrosis with injections of HOCl in mice was performed as
previously described (16). Six-week-old female BALB/c mice

were injected intradermally with 250 μl of freshly prepared HOCl
into 2 sites in the backs 5 days per week for 6 weeks. Phosphate
buffered saline (PBS) was used as a control.

Bleomycin-induced fibrosis in mice. Bleomycin (Nippon
Kayaku Co. Ltd.) was dissolved in PBS at a concentration of 0.5
mg/ml. Six-week-old C57BL/6 mice were injected intradermally with
100 μl of bleomycin into the back every day for 4 weeks, as previ-
ously described (17). PBS was used as a control.

In vivo administration of a CDK4/6 inhibitor and a
TGFβR inhibitor in mice. Palbociclib (CDK4/6 inhibitor) was
diluted in 0.5% methylcellulose. Galunisertib (TGFβR inhibitor) was
diluted in 2% DMSO and 30% polyethylene glycol in deionized
distilled water. Palbociclib (dosage of 20 mg/kg/day or 50 mg/kg/
day) and/or galunisertib (dosage of 100 mg/kg/day) was orally
administered to mice every day from day 0 in the concurrent treat-
ment phase, and from day 21 onward in the early therapeutic treat-
ment phase. In the late therapeutic (fibrosis reversal) treatment
phase, palbociclib (dosage of 50 mg/kg/day) was orally administered
to mice every day from day 42 onward for an additional 3 weeks. For
the vehicle control group, the solvent without inhibitors, at the same
dosages as used in the therapeutic groups, was administered orally.

The sample size was decided on the basis of our pilot exper-
iments. Mice were randomly assigned to groups. The order of
treatments was randomized. Mice were monitored for physical
and behavioral abnormalities every day, to ensure that none of
the animals surpassed the predefined humane end points, includ-
ing development of respiratory distress, inability to eat, significant
weight loss, and lying down. All of the mice were euthanized with
an excess amount of pentobarbital. No mice were excluded from
the analysis. Histologic analysis of skin tissue from the mice was
conducted in a blinded manner.

Histologic analysis of dermal fibrosis in mice. Skin
samples were collected from mice on day 21, day 42, or day
63 of HOCl-induced dermal fibrosis or on day 28 of bleomycin-
induced fibrosis. The skin samples were fixed with 10% buffered
formalin and embedded in paraffin. Hematoxylin and eosin–
stained or Masson’s trichrome–stained 5-μm sections of the skin
tissue were examined (by AY and TS) in a blinded manner. Images
were obtained using an Olympus BX50 microscope.

Immunohistochemistry. For immunohistochemical anal-
yses of human skin biopsy samples obtained from patients with
SSc, skin sections were stained with antibodies against
phospho-Rb, followed by staining with secondary antibodies. In
addition, skin sections were stained with antibodies targeting
ACTA2 and CCN2, followed by staining with secondary antibod-
ies. Images were obtained using an Olympus BX50 microscope.
In addition, sections of the skin were stained with antibodies tar-
geting CD45, vimentin, or PCNA, followed by staining with
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secondary antibodies. Nuclei were stained with DAPI. Images
were obtained using an Olympus FV10i confocal microscope.

Collagen measurement. Six-mm punch biopsy samples
of skin frommice were hydrolyzed in 6MHCl at 95�C for 20 hours.
Collagen content was quantified using a total collagen assay
(QZBTOTCOL; QuickZyme) in accordance with the manufac-
turer’s instructions.

Statistical analysis. Statistical analysis was conducted
using GraphPad Prism version 5 software, with graphics created
using Inkscape (https://inkscape.org). Results are expressed as
the mean � SD. Statistically significant differences were deter-
mined using one-way analysis of variance followed by Bonferro-
ni’s test for multiple comparisons. When only 2 groups were
compared, the Mann–Whitney test was used. P values less than
0.05 were considered significant.

Data availability statement. The data that support the
findings of this study are available upon request from the corre-
sponding author.

RESULTS

Suppression of fibroblast proliferation and differen-
tiation into myofibroblasts with a CDK4/6 inhibitor. To
examine whether CDK4/6 activity is up-regulated in skin fibro-
blasts from SSc patients, we first determined the number of fibro-
blasts positive for phospho-Rb, a well-known indicator of CDK4/6
activity. In skin biopsy samples from patients with early SSc but
not in those from healthy control subjects, increased numbers of
phospho-Rb–positive spindle-shaped cells were detected
(mean � SD 6.9 � 1.9 cells/high-power field [hpf] in SSc patients
versus 0.6 � 0.6 cells/hpf in healthy controls) (Figures 1A and B).

To examine whether CDK4/6 inhibition could suppress der-
mal fibrosis, we looked at the effects of a CDK4/6 inhibitor on
human SSc dermal fibroblasts in vitro. The proliferation of SSc
dermal fibroblasts in the presence of 10% FBS was suppressed
by treatment with the CDK4/6 inhibitor palbociclib, in a
dose-dependent manner, whereas in the presence of galuniser-
tib, a TGFβR inhibitor, fibroblast proliferation was not altered
(Figure 1C), similar to previously reported findings (18). Galuniser-
tib was used as an inhibitor of TGFβR signaling because it is con-
sidered a safe, first-in-class small molecule that targets TGFβR,

Figure 1. Suppressive effects of a cyclin-dependent kinase 4/6 inhibitor (CDKI) on proliferation of dermal fibroblasts from patients with systemic
sclerosis (SSc). A and B, CDK4/6 activity was assessed using immunohistochemical staining of skin biopsy samples from healthy controls
(HC) (n = 3) and patients with SSc (n = 5) (representative images shown) (A), with results expressed as the total number of phospho-Rb (p-Rb)–
positive, spindle-shaped fibroblasts per high-power field (hpf) (B). * = P < 0.05. C, Bromodeoxyuridine (BrdU) uptake assays were performed to
assess the proliferation of SSc fibroblasts following treatment with palbociclib, a CDK4/6 inhibitor, or galunisertib, a transforming growth factor β
receptor inhibitor (TGFβRI). Cells were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum for 24 hours with or without
overnight pretreatment with various doses of the CDK4/6 inhibitor or TGFβR inhibitor. Results are representative of 2 independent experiments.
Bars show the mean � SD of 4 samples per group. **** = P < 0.0001.
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and clinical trials using galunisertib for the treatment of some can-
cers are ongoing.

We next examined the effect of CDK4/6 inhibition on the
TGFβ-induced differentiation of fibroblasts into myofibroblasts in
cultures of human SSc dermal fibroblasts. Immunocytochemical
analyses revealed that the addition of TGFβ into the fibroblast cul-
tures increased stress fiber formation, as evaluated with phalloidin
staining, and also increased the expression of the α-smooth mus-
cle actin gene ACTA2 and the production of extracellular type I
collagen and fibronectin, indicating that the fibroblasts had differ-
entiated into myofibroblasts (Supplementary Figure 1A, available

on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42042). Treatment with the TGFβR
inhibitor for 48 hours (early time point) suppressed the TGFβ-
induced increase in stress fiber formation, ACTA2 expression,
and production of extracellular type I collagen and fibronectin
(Supplementary Figures 1A and C–F). However, treatment with
the CDK4/6 inhibitor did not suppress the TGFβ-induced
changes in differentiation of myofibroblasts from fibroblasts at this
early time point.

Since we did not see any suppressive effect of the CDK4/6
inhibitor on the number of cells at the early time point, we next

Figure 2. Suppressive effects of a CDK4/6 inhibitor on TGFβ-induced myofibroblast differentiation. A, Representative images show immunocy-
tochemical staining for α-smooth muscle actin gene ACTA2, extracellular type I collagen, and extracellular fibronectin in cultures of human SSc
dermal fibroblasts; nuclei were stained with DAPI, and stress-fiber staining was performed with phalloidin. SSc fibroblasts were cultured in the
presence of 10 ng/ml TGFβ for 96 hours and then subjected to overnight pretreatment with 2 μM CDK4/6 inhibitor or 10 μM TGFβR inhibitor.
DMSO was used as the vehicle control. B–F, The mean number of myofibroblasts per hpf (B) and the mean relative intensity of protein staining
per area (C–F) were determined in cultures after 96 hours of stimulation with TGFβ and pretreatment with the CDK4/6 inhibitor or TGFβR inhibitor
(n = 5 per group). Results are representative of >2 independent experiments. Bars show the mean � SD. * = P < 0.05; ** = P < 0.01;
*** = P < 0.001; **** = P < 0.0001. See Figure 1 for other definitions.
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looked at the effect of the CDK4/6 inhibitor on the TGFβ-induced
differentiation into myofibroblasts at a late time point (96 hours). At
96 hours, the number of differentiated cells per hpf was
decreased in the presence of the CDK4/6 inhibitor (Figure 2B). In
contrast to the results at the early time point, at the late time point,
the CDK4/6 inhibitor suppressed the TGFβ-induced increase in
stress fiber formation, ACTA2 expression, and production of
extracellular type I collagen and fibronectin (Figures 2A and C–F).

We next examined whether the process of inhibition of TGFβ-
induced myofibroblast differentiation differs in the presence of the
CDK4/6 inhibitor when compared to the TGFβR inhibitor. Results
of Western blot analysis revealed that, at both the early time point
and the late time point, the TGFβR inhibitor suppressed the
TGFβ-induced expression of ACTA2 and type I collagen
(Figure 3A). At the early time point, the CDK4/6 inhibitor had no
suppressive effect on the TGFβ-induced increase in expression of
ACTA2 and type I collagen, whereas the phosphorylation of Rb
was suppressed by the CDK4/6 inhibitor (Figure 3A; see also Sup-
plementary Figure 2, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42042).
At the late time point, the expression levels of ACTA2 and type I
collagen were suppressed by treatment with the CDK4/6 inhibitor,
though the level of the suppressive effect was milder with the
CDK4/6 inhibitor than with the TGFβR inhibitor. These results

suggest that the process of inhibition of myofibroblast differentia-
tion differs between the CDK4/6 inhibitor and the TGFβR inhibitor.

We next investigated whether the suppressive effect of the
CDK4/6 inhibitor on myofibroblast differentiation is mediated via
inhibition of TGFβR signaling. Phosphorylation of Smad2/3 was
observed within 1 hour after stimulation of the cells with TGFβ,
and the amount of phosphorylated Smad2/3 declined over time
(Figure 3B). Treatment with the CDK4/6 inhibitor did not suppress
the TGFβ-induced Smad2/3 phosphorylation at any time point,
ranging from 1 hour to 96 hours. These results suggest that the
suppressive effects of the CDK4/6 inhibitor on myofibroblast dif-
ferentiation are independent of TGFβ–Smad2/3 signaling.

Suppression of dermal fibrosis with a CDK4/6 inhibi-
tor inmousemodels of SSc.Given the compelling in vitro data
demonstrating that a CDK4/6 inhibitor suppressed human dermal
fibroblast proliferation and myofibroblast differentiation, we
sought to determine whether CDK4/6 could be targeted in murine
models of SSc. We chose to use the HOCl-induced dermal fibro-
sis model and bleomycin-induced dermal fibrosis model, since
dermal fibroblast proliferation as well as collagen deposition is
observed in both of these murine models, consistent with the
characteristics of SSc in human patients (16,19).

In mice concurrently treated with a CDK4/6 inhibitor and
injected subcutaneously with HOCl, we observed reductions in
the HOCl-induced increase in dermal thickness (mean � SD
246 � 65 μm with 20 mg/kg and 218 � 20 μm with 50 mg/kg
CDK4/6 inhibitor versus 391 � 120 μm with vehicle control). In
addition, the amount of collagen in the fibrotic skin was reduced
with the CDK4/6 inhibitor treatment (mean � SD relative collagen
amount 1.39 � 0.13 with 20 mg/kg and 1.31 � 0.12 with
50 mg/kg CDK4/6 inhibitor versus 1.86 � 0.47 with vehicle con-
trol), though residual fibrosis was still evident (Figures 4A–D).

Immunohistochemical staining revealed that treatment with
the CDK4/6 inhibitor suppressed the relative number of myofibro-
blasts (mean � SD 2.82 � 0.64 with 20 mg/kg and 2.09 � 0.71
with 50 mg/kg CDK4/6 inhibitor versus 3.66 � 0.55 with vehicle
control) and the number of fibroblasts positive for CCN2
(a matricellular protein essential for skin fibrosis) (mean � SD
7.33 � 4.72 with 20 mg/kg and 5.90 � 2.79 with 50 mg/kg
CDK4/6 inhibitor versus 14.1 � 2.24 with vehicle control). In addi-
tion, the CDK4/6 inhibitor suppressed the proportion of proliferat-
ing PCNA+ fibroblasts among total fibroblasts (mean � SD
25.3 � 13.7% with 20 mg/kg and 17.8 � 7.7% with 50 mg/kg
CDK4/6 inhibitor versus 46.2 � 17.9% with vehicle control) and
also suppressed the total number of fibroblasts (mean � SD
49.8 � 11.2 cells/hpf with 20 mg/kg and 34.0 � 6.8 cells/hpf
with 50 mg/kg CDK4/6 inhibitor versus 66.4 � 19.3 cells/hpf with
vehicle control) in the fibrotic skin lesions of mice (Figures 4E–I).

The suppressive effects of the CDK4/6 inhibitor on dermal fibro-
sis were also observed in the mouse model of bleomycin-induced
dermal fibrosis, as demonstrated by a decrease in dermal thickness

Figure 3. Effect of a CDK4/6 inhibitor on the expression of ACTA2
and type I collagen and the phosphorylation of Smad2/3 (p-Smad2/3).
A, Western blots were analyzed for the expression of α-smooth mus-
cle actin gene ACTA2 and type I collagen, relative to β-actin (ACTB),
in TGFβ-treated SSc fibroblasts in the presence of 2 μM CDK4/6
inhibitor or 10 μM TGFβR inhibitor for 48 hours or 96 hours. B, West-
ern blots were analyzed for the levels of p-Smad2/3 in TGFβ-treated
SSc fibroblasts that were cultured in the presence of the CDK4/6
inhibitor for the indicated amounts of time. The band density of ACTB
on the same blot was used as a loading control for densitometry anal-
ysis. DMSO was used as the vehicle control. Results are representa-
tive of >2 independent experiments. See Figure 1 for other definitions.
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with the CDK4/6 inhibitor at a dose of 50 mg/kg (mean � SD
296 � 44 μm with 20 mg/kg and 226 � 44 μm with 50 mg/kg
CDK4/6 inhibitor versus 284 � 59 μm with vehicle control) and a
decrease in collagen content with both doses of CDK4/6 inhibitor
(mean � SD relative collagen amount 1.58 � 0.31 with 20 mg/kg
and 1.47 � 0.22 with 50 mg/kg CDK4/6 inhibitor versus
2.23 � 0.29 with vehicle control) (Supplementary Figures 3A–D,

available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42042).

Consistent with these findings, in mice with bleomycin-
induced dermal fibrosis, the CDK4/6 inhibitor suppressed the rel-
ative number of myofibroblasts in the 50 mg/kg group
(mean � SD 3.57 � 1.06 with 20 mg/kg and 1.78 � 0.73 with
50 mg/kg CDK4/6 inhibitor versus 3.52 � 1.19 with vehicle

Figure 4. Amelioration of HOCl-induced dermal fibrosis by CDK4/6 inhibitor treatment in mice. A, Treatment scheme is shown for each CDK4/6
inhibitor–treated or vehicle-treated group of mice with HOCl-induced dermal fibrosis versus phosphate buffered saline (PBS)–injected, vehicle-
treated mice as controls. B–F, Skin sections from mice were stained with hematoxylin and eosin (upper panels) or Masson’s trichrome (lower
panels) (representative images shown) (B) to assess dermal thickness (n = 10 per group in HOCl groups, n = 6 in no HOCl group) (C), collagen
content (n = 8 per group in HOCl groups, n = 6 in no HOCl group) (D), the relative number of myofibroblasts (n = 6 per group) (E), and the relative
number of cellular communication network 2 (CCN2)–positive, spindle-shaped cells (n = 6 per group) (F). Myofibroblasts were defined as
α-smooth muscle actin gene ACTA2–positive, spindle-shaped cells. G, Representative images show immunohistologic staining of fibroblasts for
proliferating cell nuclear antigen (PCNA) (red), CD45 (blue), and vimentin (green). H and I, The total number of fibroblasts per hpf (vimentin
+CD45− cells) (n = 6 per group) (I) and the proportion of PCNA+ fibroblasts (PCNA+vimentin+CD45− cells) (n = 6 per group) were determined
in skin sections from each group of mice. Results are representative of 2 independent experiments. Bars show the mean � SD. * = P < 0.05;
** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. See Figure 1 for other definitions.
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control), and also suppressed the number of fibroblasts positive
for CCN2 (mean � SD 4.23 � 1.90 with 20 mg/kg and
2.66 � 1.35 with 50 mg/kg CDK4/6 inhibitor versus 5.62 � 1.67
with vehicle control), the total number of fibroblasts (mean � SD
55.2 � 10.2 cells/hpf with 20 mg/kg and 43.5 � 15.3 cells/hpf
with 50 mg/kg CDK4/6 inhibitor versus 68.0 � 22.0 cells/hpf with
vehicle control), and the proportion of proliferating PCNA+ fibro-
blasts (mean � SD 13.9 � 4.2% with 20 mg/kg and 6.6 � 3.2%
with 50 mg/kg CDK4/6 inhibitor versus 20.0 � 7.5% with vehicle
control) (Supplementary Figures 3E–I).

To address whether a CDK4/6 inhibitor would be effective in
both the early and late phases of dermal fibrosis, we next tested
2 therapeutic treatment phases in the HOCl-induced dermal fibro-
sis model in mice (results in Supplementary Figure 4, available on
the Arthritis & Rheumatologywebsite at https://onlinelibrary.wiley.
com/doi/10.1002/art.42042). For the early therapeutic treatment
phase, the CDK4/6 inhibitor was started on day 21, when the der-
mal fibrosis had just started (Supplementary Figures 4A–E). For
the late therapeutic treatment phase, mice were treated with the
CDK4/6 inhibitor starting from day 42 and continuing for an addi-
tional 3 weeks, to evaluate the effects of reversal of fibrosis in
established dermal fibrosis (Supplementary Figures 4F–J). Antifi-
brotic effects of the CDK4/6 inhibitor were demonstrated in the
early therapeutic treatment phase, but not in the late therapeutic
treatment phase, suggesting that the CDK4/6 inhibitor is effective
in the early phase of dermal fibrosis.

Effectiveness of combination therapy with CDK4/6
inhibitor and TGFβR inhibitor in suppressing dermal
fibrosis when compared to either monotherapy group.
Since the therapeutic mode of action is different between CDK4/6
inhibitors and TGFβR inhibitors, we expected that the therapeutic
effects of combination treatment with the 2 drugs would be additive.
We chose to use a dose of 50 mg/kg for the CDK4/6 inhibitor in the
combination regimen with the TGFβR inhibitor because the thera-
peutic effect on dermal fibrosis with a dose of 50 mg/kg of
CDK4/6 inhibitor is only partial when administered as monotherapy
and because we have shown that the adverse effects of CDK4/6
inhibitors, including development of neutropenia, are mild at a dose
of 50 mg/kg (11). With regard to the TGFβR inhibitor, we chose a
dose of 100 mg/kg; our preliminary data (20) suggested that the
therapeutic effect on dermal fibrosis with a dose of 100 mg/kg of
TGFβR inhibitor is only partial when administered as monotherapy
(Supplementary Figures 5A and B, available on the Arthritis & Rheu-

matology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42042). Moreover, the combination of the CDK4/6 inhibitor and
TGFβR inhibitor at the concentrations used in vitro was not cyto-
toxic in human SSc dermal fibroblasts (Supplementary Figure 6,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42042).

When the mice with HOCl-induced dermal fibrosis were
treated with the combination of the CDK4/6 inhibitor and TGFβR

inhibitor, we observed further therapeutic effects in the combina-
tion group as compared to either monotherapy group or the vehi-
cle control group, both in terms of a reduction in dermal thickness
(mean � SD 231 � 47 μm with CDK4/6 inhibitor monotherapy,
227 � 43 μm with TGFβR inhibitor monotherapy, and 330 � 76
μmwith vehicle control versus 164 � 20 μmwith the 2-drug com-
bination) and a reduction in collagen content (mean � SD relative
collagen amount 1.39 � 0.13 with CDK4/6 inhibitor monother-
apy, 1.40 � 0.10 with TGFβR inhibitor monotherapy, and
1.70 � 0.31 with vehicle control versus 0.98 � 0.23 with the
2-drug combination) in the fibrotic skin of mice (Supplementary
Figures 7A–D, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42042).
In addition, some values were lower in the combination therapy
group compared to the CDK4/6 inhibitor monotherapy and
TGFβR inhibitor monotherapy groups, including a decrease in
the relative number of myofibroblasts (mean � SD 2.42 � 0.87
with CDK4/6 inhibitor monotherapy, 2.11 � 0.63 with TGFβR
inhibitor monotherapy, and 4.45 � 0.67 with vehicle control ver-
sus 1.20 � 0.35 with the 2-drug combination), the number of
CCN2+ fibroblasts (mean � SD 8.3 � 3.2 with CDK4/6 inhibitor
monotherapy, 10.8 � 5.0 with TGFβR inhibitor monotherapy,
and 23.4 � 2.2 with vehicle control versus 5.2 � 1.6 with
the 2-drug combination), the total number of fibroblasts
(mean � SD 34.0 � 6.6 cells/hpf with CDK4/6 inhibitor mono-
therapy, 63.4 � 25.4 cells/hpf with TGFβR inhibitor monotherapy,
and 76.6 � 27.4 cells/hpf with vehicle control versus 33.3 � 9.2
cells/hpf with the 2-drug combination), and the proportion of pro-
liferating PCNA+ fibroblasts among total fibroblasts (mean � SD
17.8 � 4.2% with CDK4/6 inhibitor monotherapy, 20.6 � 9.4%
with TGFβR inhibitor monotherapy, and 40.3 � 12.1% with vehi-
cle control versus 7.5 � 2.4% with the 2-drug combination)
(Supplementary Figures 7E–I). These results indicate that the ther-
apeutic effects of the CDK4/6 inhibitor and the TGFβR inhibitor on
dermal fibroblasts were observed additively in vivo.

Suppression of TGFβ-induced expression of CCN2
and CDH11with the CDK4/6 inhibitor. As a final experiment,
we examined the effects of the CDK4/6 inhibitor on noncanonical
TGFβ signaling, such as its effects on MAPKs and phosphatidyl-
inositol 3-kinase (PI3K)/AKT. The CDK4/6 inhibitor did not sup-
press the TGFβ-induced phosphorylation of ERK, p38, and AKT
(Figure 5A).

These results suggest that the suppressive effects of the
CDK4/6 inhibitor on myofibroblast differentiation are independent
of TGFβ canonical and noncanonical signaling and that the
CDK4/6 inhibitor may inhibit secondary TGFβ signaling, such as
mechanotransduction and cell–cell contact. Thus, we evaluated
the effects of the CDK4/6 inhibitor on pathways of mechanotrans-
duction, including phosphorylation of FAK (p-FAK) and expres-
sion of key molecules such as CCN1, CCN2, PLOD2, and
LOXL2 (21). The CDK4/6 inhibitor suppressed the TGFβ-induced
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expression of CCN2 and LOXL2 but not CCN1, PLOD2, and
p-FAK (Figure 5B; see also Supplementary Figure 8, available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42042).

Cell density and cell–cell contact are important factors in the
TGFβ-induced differentiation of myofibroblasts. We therefore

investigated whether CDK4/6 inhibitor treatment suppresses
myofibroblast differentiation via inhibition of cell proliferation,
thereby affecting cell–cell contact. To achieve this, we examined
the effects of the CDK4/6 inhibitor on the expression of CDH11,
an important cadherin for myofibroblast differentiation, and its
interacting partner, β-catenin. The CDK4/6 inhibitor suppressed
the TGFβ-induced expression of both CDH11 and β-catenin
(Figure 5B). Furthermore, the suppressive effects of the CDK4/6
inhibitor disappeared when the cells were plated at a confluence
density that allowed for cell–cell contact (a threshold that had
already been established before initiation of the CDK4/6 inhibitor
treatment) (Figure 5C), indicating that this CDK4/6 inhibitor has
an important effect on the differentiation of myofibroblasts, acting
via its inhibition of cell proliferation, which thereby affects cell–cell
contact.

DISCUSSION

In this study, we found that inhibition of the cell cycle could be
a novel therapeutic strategy in SSc. CDK4/6 inhibitor treatment
suppressed myofibroblast differentiation and ECM production as
well as the proliferation of fibroblasts, without interfering with TGFβ
canonical Smad2/3 and noncanonical signaling. In vivo, the
CDK4/6 inhibitor suppressed dermal fibrosis when administered
as monotherapy. In addition, the combination therapy with a
TGFβR inhibitor resulted in further amelioration of dermal fibrosis
compared to either monotherapy group. Mechanistically, the
CDK4/6 inhibitor suppressed the expression of the matricellular
protein CCN2 and the cell adhesion molecule CDH11, both of
which are important for myofibroblast differentiation and fibrosis.
These results indicate that CDK4/6 inhibitors could be novel agents
for the treatment of SSc, and that CDK4/6 inhibitors may be used
in combination with TGFβR inhibitors.

Our results indicate that the effect of the CDK4/6 inhibitor on
myofibroblast differentiation was independent of Smad2/3 signal-
ing, which is a major TGFβ pathway in the promotion of dermal
fibrosis. The suppressive effect of the CDK4/6 inhibitor on TGFβ-
induced myofibroblast differentiation was not observed in the cul-
tures after 48 hours but was evident in the cultures at 96 hours, at
which point cell–cell contact was increased. It has been reported
that cell–cell contact plays a crucial role in dermal fibrosis. For
example, expression of CDH11 in fibroblasts was found to be
increased following their differentiation into myofibroblasts, and
this contributed to myofibroblast adhesion and contractility (22).
In in vivo mouse models of SSc, deficiency of CDH11 or blockade
with monoclonal antibodies suppressed dermal fibrosis (23,24).
Consistent with these results, our findings showed that the
CDK4/6 inhibitor suppressed the TGFβ-induced expression of
CDH11 and its interacting partner, β-catenin (Figure 5B). Further-
more, the CDK4/6 inhibitor was no more effective, at least in vitro,
when the treatment was started in culture conditions in which the
cells were allowed to reach confluence (when cell–cell contact

Figure 5. Effect of CDK4/6 inhibitor treatment on TGFβ canonical
and noncanonical signals, and on molecules important for myofibro-
blast differentiation. A, Western blots were analyzed for TGFβ canon-
ical and noncanonical signals in TGFβ-treated human SSc dermal
fibroblasts in the presence of 2 μM CDK4/6 inhibitor or 10 μM TGFβR
inhibitor for the indicated amounts of time. B, Western blots were
analyzed for expression of molecules important for myofibroblast dif-
ferentiation in TGFβ-treated SSc fibroblasts in the presence of 2 μM
CDK4/6 inhibitor or 10 μM TGFβR inhibitor for the indicated amounts
of time. C, Western blots were analyzed for expression of type I colla-
gen, α-smooth muscle actin gene ACTA2, cadherin-11 gene CDH11,
and β-catenin in TGFβ-treated SSc fibroblasts, with the cells plated at
confluence density and cultured in the presence of 2 μM CDK4/6
inhibitor for 96 hours. In all blots, β-actin (ACTB) was used as a load-
ing control. Results are representative of >2 independent experi-
ments. See Figure 1 for other definitions.
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had already been established) (Figure 5C). The inhibition of cell–
cell contact accompanied by the reduction in the number of fibro-
blasts might be one of the mechanisms by which the CDK4/6
inhibitor suppresses myofibroblast differentiation and dermal
fibrosis in vivo.

The inhibition of noncanonical TGFβ pathways could also be
a possible mechanism by which the CDK4/6 inhibitor suppresses
myofibroblast differentiation and dermal fibrosis. While the major
pathway of TGFβ involved in the promotion of tissue fibrosis is
Smad2/3 signaling, non-Smad2/3 pathways, including ERK (25),
p38 (24), JNK (26), PI3K/AKT/ mechanistic target of rapamycin
(27), JAK/STAT (28), RhoA/Rho kinase (29), and AMP-activated
protein kinase (30), have also been shown to be involved in fibro-
sis (31). We demonstrated that the CDK4/6 inhibitor did not inter-
fere with ERK, p38, and PI3K/AKT signals.

Moreover, our data showed that the CDK4/6 inhibitor sup-
pressed the TGFβ-induced expression of molecules important
for mechanotransduction, such as CCN2 (32). CCN2 is a matri-
cellular protein that coordinates the signaling among the ECM,
secreted proteins, and cell surface receptors important for fibrosis
(21). Recent studies using CCN2 gene–knockout and anti-CCN2
monoclonal antibodies in a mouse model of SSc revealed that
CCN2 is essential for skin fibrosis and a promising drug target
for the prevention of fibrosis (33,34). The inhibition of CCN2 by
the CDK4/6 inhibitor may also contribute to the antifibrotic effects
of the CDK4/6 inhibitor.

Our previous data have suggested that fibroblasts are more
sensitive to CDK4/6 inhibitors than are immune cells, including
neutrophils and lymphocytes (11). In a mouse model of rheuma-
toid arthritis, the decrease in numbers of peripheral neutrophils eli-
cited by treatment with 50 mg/kg CDK4/6 inhibitor was mild, in
contrast to the clear amelioration of arthritis. In vitro, the antigen-
specific proliferation of lymph node–derived cells from mice with
arthritis was not suppressed by treatment with a CDK4/6 inhibitor
when used in a concentration that suppressed fibroblast prolifer-
ation. The decreased numbers of proliferating fibroblasts and
myofibroblasts following treatment with a CDK4/6 inhibitor in our
mouse model of SSc indicate that fibroblasts are the major tar-
geted cells of CDK4/6 inhibitors in SSc.

We have demonstrated that palbociclib at a concentration of
2 μM in vitro has antifibrotic effects. Moreover, in vivo, palbociclib
was observed to exert prophylactic effects as well as early-phase
therapeutic effects. Palbociclib could not reverse dermal fibrosis
in the late phase of treatment, which is consistent with our obser-
vations in clinical practice. Although palbociclib is highly selective
for CDK4/6, it may affect other CDKs at a higher concentration.
Previously, in a study by Wei et al, the findings revealed that
CDK5, an atypical CDK that interacts with p35 rather than cyclin,
was activated in SSc and that one of the pan-CDK inhibitors, ros-
covitine, suppressed TGFβ-mediated fibrotic processes via inhibi-
tion of CDK5/p35 (35). The involvement of CDK5/p35 in the
antifibrotic effects mediated by palbociclib is unlikely, since the

inhibitory concentration of palbociclib against cell-free CDK5 is
>10 μM, compared to 0.26 μM against CDK4/6 (36).

Limitations of this study include the inability of in vitro
experiments that use human SSc dermal fibroblasts and
in vivo experiments that use mouse models of SSc to fully reca-
pitulate all aspects of the pathogenesis of human SSc. In addi-
tion, we cannot exclude the possible contribution of in vitro
and in vivo off-target effects of palbociclib when used as a
CDK4/6 inhibitor.

Considering the therapeutic effects observed in our preclini-
cal study and the safety profile of CDK4/6 inhibitors in the treat-
ment of breast cancer, a clinical trial of CDK4/6 inhibitors in
patients with SSc would be warranted to confirm the effects of
this therapeutic strategy in human SSc.
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Impaired Mitochondrial Transcription Factor A Expression
Promotes Mitochondrial Damage to Drive Fibroblast
Activation and Fibrosis in Systemic Sclerosis

Xiang Zhou, Thuong Trinh-Minh, Cuong Tran-Manh, Andreas Gießl, Christina Bergmann,
Andrea-Hermina Györfi, Georg Schett, and Jörg H. W. Distler

Objective. Mitochondrial transcription factor A (TFAM) controls the transcription of core proteins required for mito-
chondrial homeostasis. This study was undertaken to investigate changes in TFAM expression in systemic sclerosis
(SSc), to analyze mitochondrial function, and to evaluate the consequences for fibroblast activation.

Methods. TFAM expression was analyzed by immunofluorescence and Western blotting. The effects of TFAM
knockout were investigated in cultured fibroblasts and in murine models of bleomycin-induced skin fibrosis,
bleomycin-induced lung fibrosis, and skin fibrosis induced by overexpression of constitutively active transforming
growth factor β type I receptor (TGFβRΙ).

Results. TFAM expression was down-regulated in fibroblasts in SSc skin and in cultured SSc fibroblasts. The
down-regulation of TFAM was associated with decreased mitochondrial number and accumulation of damaged mito-
chondria with release of mitochondrial DNA (mtDNA), accumulation of deletions in mtDNA, metabolic alterations with
impaired oxidative phosphorylation, and release of the mitokine GDF15. Normal fibroblasts subjected to long-term,
but not acute, exposure to TGFβ mimicked SSc fibroblasts, with down-regulation of TFAM and accumulation of mito-
chondrial damage. Down-regulation of TFAM promoted fibroblast activation with up-regulation of fibrosis-relevant
Gene Ontology terms in RNA-Seq, partially in a reactive oxygen species–dependent manner. Mice with fibroblast-
specific knockout of Tfam were prone to fibrotic tissue remodeling, with fibrotic responses even to NaCl instillation
and enhanced sensitivity to bleomycin injection and overexpression of constitutively active TGFβRI. TFAM knockout
fostered Smad3 signaling to promote fibroblast activation.

Conclusion. Alterations in the key mitochondrial transcription factor TFAM in response to prolonged activation of
TGFβ and associated mitochondrial damage induce transcriptional programs that promote fibroblast-to-myofibroblast
transition and drive tissue fibrosis.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic fibrosing connective tissue

disease of unknown etiology that affects the skin and various internal

organs. A major hallmark of SSc is the aberrant activation of fibro-

blasts with uncontrolled release of collagens and other components

of the extracellular matrix (1,2). The activated phenotype of fibro-

blasts from SSc patients is at least in part mediated by cell-intrinsic

mechanisms, as SSc fibroblasts maintain their activated phenotype

in the absence of exogenous stimuli under culture conditions (3–6).

The activation of fibroblasts and the release of extracellular matrix

are driven by a set of profibrotic cytokines and growth factors

(7–10). The molecular mechanisms underlying this persistent activa-

tion of fibroblasts in SSc remain incompletely understood.
Mitochondria descend from ancient bacteria that have been

internalized by eukaryotic cells to form an endosymbiotic
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relationship (11). After billions of years of evolution, mitochondria has
preserved an independent mitochondrial genome (mitochondrial
DNA [mtDNA]), which encodes for proteins involved in oxidative
phosphorylation (OXPHOS) (12). Mitochondria are multifunctional
cellular organelles that are crucially required for multiple processes
in all eukaryotic cells. Mitochondria are best known as the power-
houses of the cell (13). They generate ATP and acetyl-coenzyme A
by aerobic respiration and by the citric acid cycle (14). Mitochondria
also play an important role in reactive oxygen species (ROS)
homeostasis. Dysfunction of mitochondria can result in leakage of
free electrons from the electron transport chain and massive gener-
ation of ROS (15,16). Additional functions include regulation of cal-
cium homeostasis, thermogenesis, and iron metabolism (17–19).
Recent studies highlight the fact that mitochondria also release
small peptides with endocrine effects, so-called mitokines, to exert
regulatory metabolic and immunologic functions at distant sites of
the body (20,21).

Many of these mitochondrial functions are at least in part reg-
ulated by mitochondrial transcription factor A (TFAM). TFAM reg-
ulates the transcription of core genes of mitochondrial
biogenesis and mtDNA replication (22,23). TFAM is encoded by
the nuclear genome and thereby serves as a gatekeeper of the
nuclear genome for mitochondrial fate (22). Mitochondrial stress
induces the expression of TFAM with enhanced translocation of
TFAM from the nucleus to mitochondria to promote the transcrip-
tion of the mitochondrial genome and restore mitochondrial
homeostasis (24). Non-conditional knockout of TFAM is fatal to
the embryo, and TFAM-deficient cells demonstrate signs of mito-
chondrial damage and metabolic stress (25,26).

Several factors implicated in the pathogenesis of SSc, such
as hypoxia or cellular stress in response to chronic inflammation,
can induce mitochondrial damage and metabolic reprogramming
(27–31). Moreover, in situations of chronic stress, mitochondrial
damage can be self-amplifying. Damaged mitochondria release
ROS, which further aggravates the damage of mitochondria (32).
In chronic diseases with persistent inflammation and hypoxia,
the ongoing mitochondrial damage can overwhelm endogenous
compensation mechanisms and may thus result in chronic and
progressive accumulation of functionally impaired mitochondria.
Indeed, mitochondrial damage has been reported in idiopathic
pulmonary fibrosis and connective tissue disease–associated
interstitial lung disease (ILD) as well as in experimental models of
ILD (33,34). Mitochondrial damage not only profoundly affects
cellular and systemic metabolism, but can also induce inflamma-
tion, e.g., via the release of mtDNA (35–39). However, the role of
TFAM and associated mitochondrial damage with regard to fibro-
blast activation in SSc has not been investigated.

In the present study, we aimed to test the hypothesis that
alterations in the key mitochondrial transcription factor TFAM
and associated mitochondrial damage induce transcriptional pro-
grams that promote fibroblast-to-myofibroblast transition and
drive the progression of tissue fibrosis.

MATERIALS AND METHODS

Study methods. Detailed information on materials and
methods is provided in the Supplementary Methods, available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42033. Briefly, experiments were con-
ducted using both healthy and SSc human dermal fibroblasts and
mouse models of fibrosis. Fibroblasts were analyzed by electron
microscopy and Western blot analysis. For some experiments,
fibroblasts were stimulated with 10 ng/ml of recombinant TGFβ.
Mice with fibroblast-specific knockout of Tfam were generated in
order to study the effects of Tfam deletion on tissue fibrosis. Three
murine models of fibrosis were examined: bleomycin-induced
skin fibrosis, skin fibrosis induced by overexpression of constitu-
tively active TGFβ type I receptor (TGFβRI), and bleomycin-
induced pulmonary fibrosis. For TFAM knockdown experiments,
human dermal fibroblasts were transfected with TFAM siRNA or
nontargeting siRNA in the presence of recombinant TGFβ. Data
are presented as the median � interquartile range. P values less
than 0.05 were considered significant.

Ethics approval. The samples and the analysis of those
samples have been approved by the ethical committee of the Uni-
versity of Erlangen–Nuremberg. Patients and/or the public were
not involved in the design, conduct, reporting, or dissemination
plans of this research. All patients and healthy volunteers signed
a consent form approved by the local institutional review board.
All mouse experiments were approved by the government of Mit-
telfranken or Unterfranken.

RESULTS

Mitochondrial damage in SSc fibroblasts. Given the
presence of multiple factors that can cause mitochondrial
stress in SSc, we analyzed the mitochondrial status of fibro-
blasts from SSc patients and matched healthy controls on sev-
eral experimental levels. Staining with the mitochondrial
membrane potential–dependent probe MitoTracker Deep Red
demonstrated significantly reduced numbers of functional
mitochondria per cell in SSc fibroblasts compared to controls
(Figure 1A). Consistent with these findings, the levels of the
mitochondrial outer membrane protein translocase of outer
membrane 20 (TOM-20), which is commonly used to determine
the mitochondrial mass (40), were also decreased in SSc fibro-
blasts (Figure 1B).

Fine structural analysis by electron microscopy demon-
strated that the majority of the remaining mitochondria in SSc
fibroblasts were damaged. Numeric increases were observed for
severe type II or type III damage in SSc fibroblasts according to
the classification by Scorrano et al (41), whereas mild class I
changes were significantly less abundant (Figure 1C). Mitochon-
drial size and perimeter were increased in SSc fibroblasts
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compared to healthy control fibroblasts (Supplementary
Figure 1A, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42033). SSc fibro-
blasts also showed reduced mtDNA copy numbers (Figure 1D).
In addition, mtDNA deletions were increased in SSc fibroblasts
(Figure 1E). Also consistent with mitochondrial damage, SSc
fibroblasts released increased amounts of mtDNA into the cell

culture supernatant (Supplementary Figure 1B). The release of
mtDNA was higher in fibroblasts from patients with diffuse cuta-
neous SSc (dcSSc) than in those from patients with limited cuta-
neous SSc (lcSSc). The messenger RNA (mRNA) and protein
levels of GDF15, a mitokine that is released upon stress (42),
were higher in SSc fibroblasts than in matched fibroblasts from
healthy individuals (Figure 1F).

Figure 1. Mitochondrial damage in fibroblasts from patients with systemic sclerosis (SSc). A, Left, Representative confocal microscopy images of
MitoTracker Deep Red staining for mitochondria (red), staining for stress fibers (magenta), and DAPI staining (blue) in cultured dermal fibroblasts
from a healthy control and a patient with SSc. Right panels are higher-magnification views of the boxed areas in the merge panels. Bars = 10 μm.
Right, Fold difference in MitoTracker staining intensity in dermal fibroblasts from healthy controls (n = 8) and SSc patients (n = 7; all diffuse cutane-
ous SSc).B, Western blot (top) and quantification (bottom) of the levels of the mitochondria outer membrane protein translocase of outer membrane
20 (TOM-20) in isolated dermal fibroblasts from healthy controls (n = 5) and SSc patients (n = 6). C, Left, Representative electron microscopy
images of mitochondria in dermal fibroblasts from a healthy control and an SSc patient. Bars = 200 nm. Right, Quantification of mitochondrial dam-
age in each group according to the criteria established by Scorrano et al (41) (n = 4 samples per group).D, Mitochondrial DNA (mtDNA) copy num-
ber in dermal fibroblasts from healthy controls (n = 8) and SSc patients (n = 9). E, Mitochondrial DNA deletion in dermal fibroblasts from healthy
controls (n = 15) and SSc patients (n = 7). F, GDF15 mRNA and protein levels in dermal fibroblasts from healthy controls (n = 8 for mRNA and
n = 10 for protein levels) and SSc patients (n = 11 for mRNA and n = 9 for protein levels). InA–C, E, and F, circles represent individual subjects; bars
show the median � interquartile range (IQR). In D, data are shown as box plots. Each box represents the upper and lower IQR. Lines inside the
boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001, by 2-tailed
Mann–Whitney U test in A, B, D, E, and F; by one-way analysis of variance with Tukey’s post hoc multiple comparison test in C.
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Impaired expression of TFAM in SSc. We next aimed to
analyze the levels of TFAM, the key transcription factor of mito-
chondrial genes and central regulator of mitochondrial responses
to stress and damage. Western blot analysis demonstrated
decreased TFAM levels in fibroblasts from dcSSc patients
(Figure 2A). Confocal staining and subsequent quantitative analy-
sis confirmed the reduction in TFAM in dcSSc fibroblasts

(Figures 2B and C). Further evaluation of the subcellular localization
highlighted that TFAMwas decreased not only in mitochondria, but
also in the nucleus of dcSSc fibroblasts. The down-regulation of
TFAM indicates that the physiologic repair mechanisms of mito-
chondria are exhausted or impaired in dcSSc. The impaired
expression of TFAM in dcSScmay thus further augment mitochon-
dria dysfunction and damage in SSc.

Figure 2. Decreased mitochondrial transcription factor A (TFAM) expression in systemic sclerosis (SSc). A, Western blot (top) and quantification
(bottom) of protein levels of TFAM in cultured fibroblasts from healthy controls (n = 5) and patients with diffuse cutaneous SSc (dcSSc; n = 5). The
lanes were run on the same gel but were noncontiguous. B, Representative confocal microscopy images of MitoTracker Deep Red staining for mito-
chondria (red), staining for TFAM (green), staining for stress fibers (magenta), and DAPI staining (blue) in dermal fibroblasts from a healthy control and a
dcSSc patient. Middle panels show a higher-magnification view of the boxed areas in the merge panels. Right panels show 3-dimensional (3-D)
reconstruction. Bars = 20 μm in the left panels and 10 μm in the middle panels.C, Fold difference in TFAM staining intensity in dermal fibroblasts from
healthy controls (n = 7) and dcSSc patients (n = 7). D, Left, Representative images of staining for TFAM (green), DAPI staining (blue), and staining for
the fibroblast marker P4Hβ (red) in skin sections from a healthy control and a dcSSc patient. Voronoi images illustrating P4Hβ and TFAM double-
positive cells (P4Hβ+TFAM+) (yellow) in the dermis are shown. Bar = 50 μm. Right, Number of TFAM-positive fibroblasts (P4Hβ+TFAM+) and TFAM
intensity in P4Hβ-positive fibroblasts in skin sections from healthy controls (n = 10), all SSc patients, (n = 10), dcSSc patients (n = 6), and limited cuta-
neous SSc (lcSSc) patients (n = 4). E, Number and percentage of down-regulated mitochondrial genes in SSc skin, retrieved from public data. F,
Seahorse oxygen consumption rate (OCR) curves and quantification ofmaximum respiration capacity, spare respiratory capacity, relative spare respi-
ratory capacity, and nonmitochondrial respiration in dermal fibroblasts from healthy controls (n = 14), all SSc patients (n = 8), dcSSc patients (n = 2),
and lcSSc patients (n = 6). FCCP = carbonyl cyanide p-trifluoromethoxyphenylhydrazone. In A, C, D, and F, circles represent individual subjects;
bars show the median � interquartile range. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001, by 2-tailed Mann–Whitney U test in A, C, and F; by one-
way analysis of variance with Tukey’s post hoc multiple comparisons test in D.
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We next aimed to demonstrate that these mechanisms are
also operative in SSc skin. Staining of skin sections from
patients with dcSSc demonstrated a pronounced reduction in
the levels of TFAM in dermal fibroblasts from SSc patients
(Figure 2D). Moreover, re-analysis of publicly available microar-
ray data from a North American SSc cohort (NCBI GEO acces-
sion no. GSE59787) (43) demonstrated that 39.5% of the
genes encoding for mitochondrial proteins were down-
regulated in SSc skin (Figure 2E). The levels of TFAM were
decreased by 4.16-fold in SSc patients compared to healthy
individuals in this cohort (adjusted P = 9.5 × 10−11).

The impaired expression of TFAM and the associated mito-
chondrial damage translated into major metabolic changes in
SSc fibroblasts. Real-time cell metabolic analysis highlighted
profound decreases in maximal respiratory capacity, spare
respiratory capacity, and relative spare respiratory capacity in
SSc fibroblasts compared to healthy control fibroblasts
(Figure 2F). The extracellular acidification rate did not differ
between SSc fibroblasts and fibroblasts from healthy individuals

(Supplementary Figure 2A, available on the Arthritis & Rheuma-

tology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42033). In contrast, non-mitochondrial, mitochondrial respi-
ratory chain complex I (CI)–, CII-, or CIII-independent respiration
was increased in a compensatory manner to counterbalance the
decreases in respiratory capacity (Figure 2F).

Mitochondrial damage and down-regulation of
TFAM in fibroblasts incubated with transforming
growth factor β (TGFβ). We hypothesized that endogenous
mechanisms may precipitate the mitochondrial phenotype of
SSc fibroblasts. TGFβ signaling remains persistently activated in
SSc fibroblasts in culture (44). We thus evaluated whether the
aberrant activation of TGFβ signaling induces the defective mito-
chondrial phenotype and the down-regulation of TFAM in SSc
fibroblasts. Long-term incubation of normal dermal fibroblasts
with recombinant TGFβ for 7 days decreased the number of mito-
chondria (Figure 3A), whereas short-term exposure did not
induce mitochondrial loss (data not shown).

Figure 3. Mitochondrial damage and down-regulation of mitochondrial transcription factor A (TFAM) in healthy dermal fibroblasts stimulated with
transforming growth factor β (TGFβ). A, Left, Representative confocal microscopy images of MitoTracker Deep Red staining for mitochondria (red),
staining for stress fibers (magenta), and DAPI staining (blue) in human dermal fibroblasts incubated with vehicle (Veh) or TGFβ for 7 days. Bars = 10
μm. Right, Fold change in MitoTracker staining intensity in dermal fibroblasts incubated with vehicle (n = 5) and dermal fibroblasts incubated with
TGFβ (n = 5). B, Left, Representative electron microscopy images of mitochondria in human dermal fibroblasts stimulated with vehicle or TGFβ.
Bars = 200 nm. Right, Quantification of mitochondrial damage in each group according to the criteria established by Scorrano et al (41) (n = 6 sam-
ples per group). C, Fold change in mitochondrial DNA (mtDNA) copy number in human dermal fibroblasts stimulated with vehicle or TGFβ (n = 4
per group). D, Fold change in mtDNA deletion level in human dermal fibroblasts stimulated with vehicle or TGFβ (n = 8 per group). E, Fold change
in mtDNA in the supernatant of human dermal fibroblasts stimulated with vehicle or TGFβ (n = 6 per group). F,GDF15mRNA and supernatant pro-
tein levels in cultured dermal fibroblasts stimulated with vehicle or TGFβ (n = 5 per group). Circles represent individual subjects; bars show the
median � interquartile range. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001, by 2-tailed Mann–Whitney U test in in A, C, D, E, and for GDF15 mRNA
in F; by one-way analysis of variance with Tukey’s post hoc multiple comparisons test in B and for GDF15 protein in F. NS = not significant. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42033/abstract.
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Incubation of normal fibroblasts with TGFβ also induced fine
structural changes in mitochondria reminiscent of those in SSc
fibroblasts, with accumulation of damaged mitochondria, mito-
chondrial swelling, and disorganization as well as loss of cristae
(Figure 3B). Similar to findings in SSc fibroblasts, the mitochondrial
size and perimeters were increased in normal fibroblasts stimulated
with TGFβ compared to those stimulated with vehicle control
(Supplementary Figure 3A, available on the Arthritis & Rheumatology

website at https://onlinelibrary.wiley.com/doi/10.1002/art.42033).
Prolonged incubation with TGFβ for 7 days also decreased the
mitochondrial copy number of normal fibroblasts to levels compa-
rable to SSc fibroblasts (Figure 3C) and induced mtDNA deletions
(Figure 3D). We also observed an increase in mtDNA in the cell
culture supernatant of normal fibroblasts in response to TGFβ
(Figure 3E). In contrast to long-term exposure, short-term stimula-
tion with TGFβ had no effects on these markers of mitochondrial
damage (data not shown). Stimulation with TGFβ also increased
the mRNA and protein levels of the mitokine GDF15 (Figure 3F).

As in SSc fibroblasts, these changes might be coordinated
by TFAM. Prolonged incubation of normal dermal fibroblasts with
TGFβ decreased the expression of the transcription factor TFAM
with reduced nuclear and mitochondrial levels of TFAM, as
assessed byWestern blotting and immunofluorescence with sub-
sequent confocal microscopy (Figures 4A–C). Long-term expo-
sure to TGFβ also phenocopied the metabolic changes in SSc
fibroblasts, with decreases in maximal respiratory capacity and
spare respiratory capacity (Figure 4D).

We next aimed to evaluate whether knockdown of TFAM can
serve as a model for mitochondrial damage in SSc fibroblasts.
Knockdown of TFAM significantly reduced TFAM mRNA and pro-
tein levels (Supplementary Figures 4A and B, available on the Arthri-
tis & Rheumatology website at https://onlinelibrary.wiley.com/
doi/10.1002/art.42033). Knockdown of TFAM rendered normal
dermal fibroblasts more sensitive to the TGFβ-induced up-
regulation of GDF15 mRNA and supernatant protein levels
(Supplementary Figure 4C). Loss of TFAM also enhanced the

Figure 4. Transforming growth factor β (TGFβ) represses mitochondrial transcription factor A (TFAM) expression and induces systemic sclerosis
(SSc)–like changes in mitochondrial respiration ability in normal dermal fibroblasts. A, Western blot (top) and quantification (bottom) of protein levels
of TFAM in healthy dermal fibroblasts stimulated with vehicle (Veh) or TGFβ for 3 or 7 days (n = 5 per group). B, Representative confocal microscopy
images of MitoTracker Deep Red staining for mitochondria (red), staining for TFAM (green), staining for stress fibers (magenta), and DAPI staining
(blue) in dermal fibroblasts stimulated with vehicle or TGFβ for 7 days. Middle panels show a higher-magnification view of the boxed areas in the
merge panels. Right panels show 3-dimensional (3-D) reconstruction. Bars = 20 μm in the left panels and 10 μm in the middle panels.C, Fold change
in TFAM intensity in dermal fibroblasts stimulated with vehicle or TGFβ (n = 5 per group). D, Seahorse oxygen consumption rate (OCR) curves and
quantification ofmaximum respiration capacity, spare respiratory capacity, and relative spare respiratory capacity in dermal fibroblasts stimulatedwith
vehicle or TGFβ for 7 days (n = 6 per group). FCCP = carbonyl cyanide p-trifluoromethoxyphenylhydrazone. In A, C, and D, circles represent individ-
ual subjects; bars show the median � interquartile range. * = P ≤ 0.05; ** = P ≤ 0.01, by 2-tailed Mann–Whitney U test. NS = not significant. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42033/abstract.
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mtDNA deletion and supernatant mtDNA (Supplementary
Figure 4D). Consistent with our previous results (Figure 3), shorter
stimulation with TGFβ (48 hours in these experiments as the optimal
time point to assess collagen release) was not sufficient to induce
mtDNA deletion or mtDNA release. Of particular interest, small inter-
fering RNA (siRNA)–mediated knockdown of TFAM stimulated the
synthesis of extracellular matrix with increased mRNA levels of
COL1A1 (Supplementary Figure 4E) and increased deposition of
type I collagen protein upon TGFβ stimulation (Supplementary
Figure 4F). Furthermore, knockdown of TFAM increased the pro-
duction of mitochondrial reactive oxygen species (MitoROS) upon
TGFβ stimulation (Supplementary Figure 4G). Moreover, specific
inhibition of MitoROS production by MitoQ partially reduced the
increased sensitivity of fibroblasts with TFAM knockdown to TGFβ
stimulation, resulting in decreased levels of mRNA for COL1A1
(Supplementary Figure 4H).

Exacerbation of experimental skin fibrosis by
fibroblast-specific knockout of TFAM in a mouse model.
To analyze whether mitochondrial damage can also foster tissue
fibrosis, we generated Tfamfl/fl × Col1a2-CreER mice with
fibroblast-specific, inducible knockout of Tfam. Mice were chal-
lenged with tamoxifen (Tfam FibKO mice). Tfamfl/fl × Col1a2-CreER
mice injected with corn oil (Tfam FibWT mice) were used as con-
trols. We verified the depletion of Tfam by immunofluorescence
staining of skin sections from tamoxifen-treated mice and con-
trols. The number of Tfam-positive fibroblasts decreased
significantly in skin sections from tamoxifen-challenged mice
(Tfam FibKO) compared to mice injected with oil (Tfam FibWT)
(Supplementary Figure 5A, available on the Arthritis & Rheumatol-
ogy website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42033). We employed 3 complementary models of fibrosis:
1) bleomycin-induced skin fibrosis, 2) constitutively active TGFβRI
(TGFβRICA)–induced skin fibrosis, and 3) bleomycin-induced pul-
monary fibrosis.

Mice with selective depletion of Tfam in fibroblasts (Tfamfl/fl ×
Col1a2-CreERmice injected with tamoxifen; Tfam FibKO mice) did
not show a phenotype in the absence of external manipulation
(Figures 5A and C and Supplementary Figure 5B). However, even
minor manipulations with intratracheal instillation of 0.9% NaCl
induced a profibrotic response in the lungs. Tfam FibKO mice
demonstrated subtle but significant increases in hydroxyproline
content and in Ashcroft scores and a trend toward increased col-
lagen-covered area compared to controls (Tfamfl/fl

× Col1a2-CreER mice injected with the solvent corn oil; Tfam
FibWT mice) (Figures 5A and B). These effects were more pro-
nounced in the lungs than in the skin.

Moreover, Tfam FibKO mice were more sensitive to common
profibrotic stimuli. Bleomycin-induced skin fibrosis was exacer-
bated in mice with fibroblast-specific knockout of Tfam, with
increased dermal thickening, higher myofibroblast counts, and
increased hydroxyproline content compared to controls

(Supplementary Figures 5B and C). Tfam FibKO mice also demon-
strated enhanced fibrotic responses to TGFβRICA overexpression
(Figures 5C and D). In addition to skin fibrosis, fibroblast-specific
knockout of Tfam also increased the sensitivity to experimental
pulmonary fibrosis. Tfam FibKO mice demonstrated more pro-
nounced increases in modified Ashcroft scores, in fibrotic area,
and in hydroxyproline content compared to controls (Figures 5A
and B).

Smad3-dependent fibroblast activation upon
knockdown of TFAM. To characterize the molecular mecha-
nisms underlying the stimulatory effects of TFAM on fibroblasts, we
performed RNA-Seq of human dermal fibroblasts transfected with
TFAM siRNA or nontargeting siRNA in the presence of recombinant
TGFβ (differentially expressed genes [DEGs] TFAM_TGFβ). We iden-
tified 1,048 DEGs (674 down-regulated and 374 up-regulated with a
Hochberg false discovery rate [FDR] of ≤0.05 and fold change ≥1.5)
between TGFβ-stimulated fibroblasts with and those without TFAM
knockdown (DEGs TFAM_TGFβ) (Figure 6A and Supplementary
Figure 6A and Supplementary Methods, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42033). The functional analysis of the DEGs
TFAM_TGFβ by Gene Ontology (GO) highlighted enrichment of sev-
eral biologic processes relevant to tissue fibrosis, including “extracel-
lular matrix organization,” “actin filament organization,” “connective
tissue development,” “epithelial to mesenchymal transition,” “posi-
tive regulation of cytoskeletal organization,” and “regulation of wound
healing” (Figure 6B).

Of particular interest, TFAM-associated GO terms also
included several Smad-related pathways, including “pathway-
restricted Smad protein phosphorylation,” “Smad protein signal
transduction,” “regulation of pathway-restricted Smad protein
phosphorylation,” and “positive regulation of pathway-restricted
Smad protein phosphorylation” (Figure 6B), indicating that TFAM
may promote fibroblast activation in a Smad-dependent manner.
We also compared the RNA-Seq data between human dermal
fibroblasts transfected with TFAM siRNA and those transfected
with nontargeting siRNA in the absence of TGFβ (DEGs TFA-
M_unstimulated). We identified 512 DEGs (396 down-regulated
and 116 up-regulated with a Hochberg FDR of ≤0.05 and fold
change ≥1.5) (Supplementary Methods). The functional analysis
of the DEGs TFAM_unstimulated by GO showed that in the
absence of TGFβ, knockdown of TFAM affected a different spec-
trum of biologic processes than in the presence of TGFβ. In par-
ticular, most processes related to fibroblast activation, fibrotic
remodeling, and Smad-dependent signaling pathways were not
represented among the differentially regulated GO processes in
fibroblasts with TFAM knockdown without TGFβ stimulation
(Supplementary Figure 6B).

To experimentally confirm the regulation of Smad signaling
by TFAM, we first quantified the levels of phosphorylated Smad3
(pSmad3) and total Smad3 by Western blotting (Figure 6C).
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Knockdown of TFAM in human dermal fibroblasts enhanced
the accumulation of pSmad3 upon stimulation with TGFβ.
Smad3-sensitive reporter assays confirmed the increased activa-
tion of Smad3-dependent transcription in TFAM-knockdown
fibroblasts (Figure 6D). In addition, specific inhibition of Smad3
by specific inhibitor of Smad3 prevented the increased sensitivity
of TFAM-knockdown fibroblasts to TGFβ stimulation and reduced
the levels of COL1A1 mRNA and type I collagen protein to that in
unstimulated control fibroblasts (Figure 6E). Consistent with our
in vitro findings, Tfam FibKO mice demonstrated enhanced activa-
tion of Smad3 signaling with accumulation of pSmad3 across all

mouse models (Figure 6F and Supplementary Figure 6C, available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42033).

DISCUSSION

In the present study, we demonstrate on multiple experimen-
tal levels that severe mitochondrial damage is a cardinal feature of
SSc fibroblasts. The number of mitochondria is reduced in SSc
fibroblasts as compared to fibroblasts from matched healthy indi-
viduals. The remaining mitochondria display reduced mtDNA

Figure 5. Exacerbation of experimental pulmonary and dermal fibrosis in mice with fibroblast-specific knockout of Tfam. A, Representative
trichrome and sirius red staining of lung sections from Tfamfl/fl × Col1a2-CreER mice injected with corn oil (Tfam FibWT mice) and
Tfamfl/fl × Col1a2-CreER mice injected with tamoxifen (Tfam FibKO mice) left untreated, treated with intratracheal instillation of NaCl, or treated with
intratracheal instillation of bleomycin. Bars = 200 μm. B, Quantification of pulmonary changes using the Ashcroft score, quantification of the
collagen-covered area, and assessment of hydroxyproline content in mice treated as indicated (n = 6 per group). C, Representative hematoxylin
and eosin and trichrome staining of skin sections from Tfam FibWT and Tfam FibKO mice left untreated, subcutaneously injected with LacZ adeno-
virus (LacZ Adv), or subcutaneously injected with constitutively active transforming growth factor β type I receptor adenovirus (TGFβRICA Adv). Ver-
tical lines indicate representative examples of the dermal thickness as quantified in D. Bars = 100 μm. D, Quantification of dermal thickness,
myofibroblast counts, and hydroxyproline content in mice treated as indicated (n = 6 per group). In B andD, circles represent individual mice; bars
show the median � interquartile range. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001, Tfam FibWT mice treated with bleomycin
versus Tfam FibKO mice treated with bleomycin; # = P ≤ 0.05; ## = P ≤ 0.01, Tfam FibWT mice treated with NaCl versus Tfam FibKO mice treated
with NaCl, by one-way analysis of variance with Tukey’s post hoc multiple comparisons test. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42033/abstract.
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content with accumulation of deletions as well as pronounced
structural damage on electron microscopy. The mitochondrial
damage is associated with profound changes in cellular metabo-
lism with impaired capacity for OXPHOS and thus decreased abil-
ity to meet the metabolic demands of affected cells. Moreover,
SSc fibroblasts with damaged mitochondria release mtDNA and
secrete the mitokine GDF15, which act as paracrine factors to
activate surrounding cells.

Mitochondrial damage in SSc fibroblasts might be precipi-
tated, or at least aggravated, by deregulation of the transcription

factor TFAM. TFAM is known to regulate the expression of multi-
ple genes implicated in mitochondrial function and its expression
increases with enhanced localization to the mitochondria in
response to moderate mitochondrial damage to promote mito-
chondrial biogenesis (26,45). However, we demonstrate that the
expression of TFAM is actually decreased in cultured SSc fibro-
blasts and in fibroblasts in SSc skin. Down-regulation of TFAM
impairs repair of damaged mitochondria as well as neogenesis
of mitochondria. Further studies on consecutive patient samples
and larger cohorts are required to analyze whether the decrease

Figure 6. Knockdown of TFAM enhances fibroblast activation in a Smad3-dependent manner. A, Representative heatmap of differentially
expressed genes (DEGs) between transforming growth factor β (TGFβ)–stimulated human dermal fibroblasts without TFAM knockdown (trans-
fected with nontargeting small interfering RNA [nt siRNA]) and those with TFAM knockdown (transfected with TFAM siRNA [siTFAM]) (DEG
TFAM_TGFβ). B, Gene Ontology functional analysis of the DEG TFAM_TGFβ. Acetyl-CoA = acetyl-coenzyme A. C, Western blot (left) and quanti-
fication (right) of protein levels of phosphorylated Smad3 (pSmad3) and total Smad3 in dermal fibroblasts transfected with nontargeting siRNA or
TFAM siRNA and stimulated with vehicle (Veh) or TGFβ (n = 5 per group). D, Results of Smad-sensitive reporter assays in dermal fibroblasts trans-
fected with nontargeting siRNA or TFAM siRNA with or without TGFβ stimulation (n = 5 per group). E, Quantification ofCOL1A1mRNA levels (n = 6
per group) (left), Western blot of intracellular type I collagen levels (middle), and quantification of intracellular type I collagen protein levels (n = 5 per
group) (right) in dermal fibroblasts transfected with nontargeting siRNA or TFAM siRNA with or without TGFβ stimulation and specific inhibitor of
Smad-3 (SIS-3; 6 μM). F, Fold change in intensity of pSmad3 in mice with bleomycin-induced pulmonary fibrosis, mice with bleomycin-induced
dermal fibrosis, and mice with constitutively active TGFβ type I receptor (TGFβRICA)–induced skin fibrosis and respective non-fibrotic control mice
(n = 4 per group in each mouse model). In C–F, circles represent individual data points; bars show the median � interquartile range. * = P ≤ 0.05;
** = P ≤ 0.01; *** = P ≤ 0.001; **** = P ≤ 0.0001, by one-way analysis of variance with Tukey’s post hoc multiple comparisons test. NS = not sig-
nificant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42033/abstract.
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in TFAM precedes mitochondrial loss in SSc fibroblasts and might
thus be causative or whether TFAM decreases over time as a
potential indicator of exhausted repair mechanisms and driver of
disease progression.

We present several lines of evidence that the down-regulation
of TFAM as well as the damage and ultimately loss of mitochondria
might be mediated by persistent, but not transient, activation of
TGFβ signaling. We demonstrate that prolonged incubation of nor-
mal fibroblasts with TGFβ down-regulates the expression of TFAM
and induces SSc-like mitochondrial changes with reduced mito-
chondrial mass, fine structural changes, accumulation of deletions
within mtDNA, decreased intracellular mtDNA content, and
increased release of mtDNA into the supernatant. Prolonged incu-
bation with TGFβ induced the release of GDF15 and phenocopied
the metabolic alterations of SSc fibroblasts with impaired capacity
for OXPHOS. Impaired OXPHOSwas also reported in patients with
radiation-induced fibrosis (46), which is also characterized by
enhanced activation of TGFβ signaling, highlighting that this regula-
tion might be operative in different fibrotic diseases.

The reduction in TFAM and the associated mitochondrial
damage translates into enhanced sensitivity of fibroblasts to profi-
brotic stimuli. Knockdown of TFAM in normal fibroblasts to levels
comparable to those in SSc fibroblasts renders them more sus-
ceptible to the profibrotic effects of TGFβ, with enhanced
fibroblast-to-myofibroblast transition and collagen release. Con-
sistently, RNA-Seq of human dermal fibroblasts with knockdown
of TFAM demonstrated a deregulation of multiple functional terms
relevant to fibroblast activation and tissue fibrosis, confirming that
the down-regulation of TFAM directly contributes to the activated,
profibrotic phenotype of SSc fibroblasts. Of particular note, mice
with fibroblast-specific knockout of Tfam were also more suscep-
tible to fibrotic stimuli in 3 different mouse models resembling dif-
ferent aspects and manifestations of tissue fibrosis in SSc:
bleomycin-induced skin and lung fibrosis as well as TGFβRICA-
induced fibrosis. Of particular note, even instillation of 0.9% NaCl
provoked a fibrotic response in the lungs of Tfam FibKO mice,
highlighting a massively impaired tolerance for fibrotic tissue
remodeling upon loss of Tfam.

Mechanistically, the enhanced sensitivity of TFAM-knockdown
fibroblasts to profibrotic stimuli might arise from enhanced Smad3
signaling. Smad3 signaling is a core pathway of fibrosis and is
hyperactive in fibrotic tissues of SSc patients. RNA-Seq demon-
strated activation of GO terms related to Smad signaling, and
TFAM-knockdown fibroblasts demonstrated increased levels of
pSmad3 protein and enhanced Smad3-dependent transcription
activity upon TGFβ stimulation. Phosphorylated Smad3 also accu-
mulated at increased levels in Tfam FibKO mice compared to con-
trols. Moreover, inhibition of Smad3 abrogated the enhanced
sensitivity of TFAM-knockdown fibroblasts to the profibrotic effects
of TGFβ and reduced the release of collagen to normal levels. In
addition to Smad3 signaling, increased release of mitoROS may
contribute to the activated phenotype (47,48).

In summary, we demonstrate here that impaired TFAM sig-
naling and associated mitochondrial damage activate profibrotic
transcriptional programs with enhanced Smad3 signaling in SSc
fibroblasts. Down-regulation of TFAM occurs in response to
chronic activation of TGFβ signaling and renders fibroblasts more
susceptible to profibrotic stimuli, with exacerbation of dermal and
pulmonary fibrosis in mice with fibroblast-specific knockout of
Tfam. Impaired TFAM signaling thus causally links uncontrolled
TGFβ signaling to mitochondrial damage and fibroblast activation
in SSc. Breaking this link by interfering with the down-regulation of
TFAMmay offer potential for new venues for antifibrotic therapies.
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Identification of Similarities Between Skin Lesions
in Patients With Antisynthetase Syndrome and Skin
Lesions in Patients With Dermatomyositis by Highly
Multiplexed Imaging Mass Cytometry

Jay Patel, Adarsh Ravishankar, Spandana Maddukuri, Thomas Vazquez, Madison Grinnell,
and Victoria P. Werth

Objective. Antisynthetase syndrome (ASyS) and dermatomyositis (DM) are autoimmune disorders that overlap
clinically. Given the presence of DM-like skin lesions in ASyS patients, there is debate about whether ASyS is a distinct
disease or a subclassification of DM. Recent studies identified differences in type I interferon (IFN) expression between
ASyS and DM muscle and finger eruptions. This study was undertaken to elucidate similarities and differences in the
pathogenesis of cutaneous disease in ASyS and DM at the single-cell level.

Methods. Five ASyS patients and 7 DM patients were recruited from a prospectively collected database of well-
characterized DM patients. ASyS patients were clinically confirmed as having ASyS according to the Connors et al
criteria and the Solomon et al criteria and the presence of aminoacyl–transfer RNA synthetase antibodies. Immunophe-
notyping was conducted using immunofluorescence (IF) and imaging mass cytometry (IMC).

Results. IF staining for MxA and IFNβ expression revealed up-regulation of type I IFN in ASyS and DM samples
compared to healthy control samples (P < 0.05). IMC showed similar numbers of macrophages, T cells, B cells, and
dendritic cells in ASyS and DM samples, with no differences in counts (P > 0.05), but an increase in myeloid dendritic
cell percentage in DM samples (P < 0.05). Key type I IFN, cytokine, and JAK/STAT pathways were similarly expressed
in both ASyS and DM (P > 0.05). At the single-cell level, macrophages positive for phosphorylated stimulator of IFN
genes in ASyS samples expressed increased levels of tumor necrosis factor, interluekin-17 (IL-17), and IFNβ
(P < 0.001).

Conclusion. IMC is a powerful tool that identifies a role for the type I IFN system in DM-like skin lesions in ASyS and
DM with some differences at the cellular level, but overall significant overlap, supporting similar therapeutic decision
making.

INTRODUCTION

Antisynthetase syndrome (ASyS) is a systemic autoimmune

disorder characterized by the presence of autoantibodies against

aminoacyl–transfer RNA synthetase (aaRS). Clinical features of

ASyS include mechanic’s hands, Raynaud’s phenomenon (RP),

interstitial lung disease (ILD), myositis, arthritis, and fever (1–3).

Traditionally, ASyS is defined by the classic triad of arthritis, myo-

sitis, and ILD. Proposed diagnostic criteria by Connors et al (4)

and Solomon et al (5) consist of anti-aaRS antibodies, ILD, der-

matomyositis (DM) or polymyositis, arthritis, RP, and mechanic’s
hands. DM, similarly, is a systemic autoimmune disease that can

occur with muscle weakness (classic DM) or without muscle

weakness (amyopathic DM), both occurring with increased ILD

risk and cutaneous manifestations including erythematous discol-

oration and papules over joints, erythema and scaling surround-

ing the eyelids, periungual telangiectasias, and cuticular

dystrophy (6). DM is classically defined by a typical skin rash with
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or without evidence of muscle pathology determined by proximal
muscle weakness, elevated muscle enzymes, electromyographic
findings, or muscle biopsy abnormalities as proposed by Lund-
berg et al (7).

ASyS classification includes a serologic definition, ILD, arthri-
tis, mechanic’s hands, and RP, whereas DM classification
focuses on objective skin or combined skin and muscle findings.
The current criteria overlap significantly given the inclusion of DM
criteria in ASyS criteria by Solomon et al (5) and given that ASyS
criteria such as ILD, mechanic’s hands, and RP are frequently
present in patients with DM (3). Similarly, cutaneous DM manifes-
tations are frequently observed in ASyS patients, with no
differences found in erythema on the extensor surfaces of the
extremities, periungual erythema, or poikiloderma (3). These
similarities and differences may relate to specific aaRS antibodies,
since Jo-1 and PL-7 are frequently associated with DM-specific
skin manifestations and myositis, supporting the inclusion of Jo-1
in the European Alliance of Associations for Rheumatology
(EULAR)/American College of Rheumatology (ACR) DM criteria (7,8).

Based on these criteria and other overlapping cutaneous
manifestations of ASyS and DM, ASyS has traditionally been
viewed clinically as a subset of DM (9). This continues to be a mat-
ter of debate among clinicians, with some describing the current
ASyS criteria as poorly defined and requiring clinical judgement,
ultimately leading to the current ongoing project of developing
classification criteria for ASyS (1,10).

Recently, researchers have attempted to differentiate the
pathogenesis of ASyS from that of DM to further separate the
2 entities. DM pathogenesis is thought to be a result of activation
of the type I interferon system (IFN), in particular IFNβ (11–13). In
light of this information, researchers have observed increased
MxA protein expression in muscle and skin biopsy specimens
from DM patients (14,15). Some evidence regarding reduced
MxA expression in ASyS has emerged; muscle biopsy specimens
from ASyS patients were shown to exhibit reduced MxA expres-
sion compared to samples from DM patients. Additionally, in
finger eruptions in patients with anti-aaRS antibodies, there
was decreased MxA expression. Moreover, on histopathologic
examination, the lesions exhibited increased psoriasiform derma-
titis and eczematous reaction when compared to melanoma
differentiation–associated protein 5– and transcription intermedi-
ary factor 1γ–positive DM, which may be similar to the recently
reported spongiotic dermatitis DM subset (3,15,16). Currently,
most reported differences between ASyS and DM are observed
on examination of biopsy specimens (17). This finding led to the
suggestion of a unique myositis subtype at the European Neuro-
muscular Centre International Workshop (18).

With the current ongoing debate, we decided to investigate
differences in the pathogenesis of skin lesions from areas other
than the finger in ASyS and DM patients to see if we would
observe similar differential expression of type I IFN using immuno-
fluorescence (IF) and multiplexed imaging mass cytometry (IMC).

This investigation on a multiplexed cellular level differs from tradi-
tional approaches and is capable of phenotyping single cells while
preserving tissue architecture to identify similarities and differ-
ences between the immunopathogenesis of cutaneous lesions
in DM patients and that of DM-like cutaneous lesions in ASyS
patients. Ultimately, these findings will influence classification
decisions made on holistic review of the syndrome and other
manifestations of disease, but also importantly guide future treat-
ment options for DM-like lesions in ASyS patients.

MATERIALS AND METHODS

Reagents and materials. All chemicals were diluted in
Millipore filtered deionized water. Carrier-free antibodies were
used, with vendor information provided in Supplementary Table
1, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42050. Conjugation of carrier-
free antibodies to lanthanide series was performed using a Maxpar
X8 antibody conjugation kit (Fluidigm). Blocking buffer consisted of
phosphate buffered saline (PBS) with 5% bovine serum albumin
(BSA), while staining buffer consisted of PBS with 1% BSA. Washing
buffer consisted of PBS with 0.1% Tween 20 (Sigma-Aldrich).

Patients. Five ASyS patients and 7 DM patients were
recruited from a prospectively collected database of well-
characterized patients with DM according to the EULAR/ACR cri-
teria (7). ASyS patients were referred to the clinic as DM patients,
were clinically confirmed as having ASyS according to both the
criteria of Connors et al (4) and the criteria of Solomon et al (5)
and the presence of aaRS antibodies, and were subsequently
included in this study with Institutional Review Board approval.
All patients had to provide written informed consent to be
included in the study. Lesional skin biopsy specimens were
obtained before treatment at the time of diagnosis from sites that
included the arm, neck, back, leg, chest, finger, and elbow
(Supplementary Table 2, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42050).
Information collected from chart review included demographic
characteristics (age, sex, and race), DM subtype (classic or amyo-
pathic), autoantibodies, presence of ILD, history of cancer-
associated DM, and skin disease activity based on the Cutaneous
Dermatomyositis Disease Area and Severity Index (19) closest to
the time of biopsy.

Immunofluorescence. Biopsy specimens were obtained
from the arm, leg, or chest of 3 ASyS patients and 3 matched
DM patients and compared to biopsy specimens obtained from
the arm, leg, or back of 3 healthy controls (Supplementary
Table 2). IFNβ and MxA expression in biopsy specimens
was evaluated by IF staining. Formalin-fixed paraffin-embedded
(FFPE) biopsy specimens were cut into 4-μm sections and placed
on glass slides. Slides were deparaffinized by heating overnight at
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60�C followed by immersion in a xylene substitute (CitriSolv;
Fisher Scientific). Subsequently, slides were rehydrated in 100%,
95%, 70%, and 50% ethanol followed by deionized water. Heat-
and pressure-mediated antigen retrieval was performed using
EDTA buffer at 95�C. Sections were blocked in 5%BSA for 1 hour
at room temperature and then incubated with primary antibodies
to the following antigens at 4�C overnight: IFNβ (Abcam) and
MxA (GeneTex). Each section was then incubated with secondary
goat anti-rabbit AF594 (ThermoFisher) for 1 hour at room temper-
ature. Afterward, sections were treated with TrueView (Vector)
for 2 minutes to reduce autofluorescence and mounted using
antifade mounting medium containing DAPI (Vector). Sections
were imaged using a Nikon Eclipse Ti microscope (Nikon Instru-
ments). Three 20× objective magnification microscopic fields in
the dermis were examined. ImageJ (National Institutes of Health)
was used to measure the mean fluorescence intensity for each
patient group.

Imaging mass cytometry. IMC was used to assess the
composition of the immune cell population and the expression of
inflammatory pathways at the single-cell level in FFPE sections
as previously described (20). Tissue sections were collected and
deparaffinized, and antigen was retrieved and blocked as
described for IF staining. After blocking, sections were incubated
in a cocktail of primary metal–conjugated antibodies at 4�C over-
night (Supplementary Table 1). Slides were then washed in
PBS–Tween 20 and counterstained using DNA intercalator
(Fluidigm) for 30 minutes at room temperature. The slides were
then washed with deionized water and air dried for 1 hour before
imaging on a Hyperion Imaging System (Fluidigm). Two regions
of interest at the dermal–epidermal junction of 2 mm × 1 mm
spanning the entire immune infiltrate per tissue specimen were
ablated at a frequency of 200 Hz.

Image processing and data analysis. An MCD Viewer
(Fluidigm) was used to extract 32-bit TIFF images from each
mass channel. All image composites generated for figures were
passed through a 3 × 3 median filter in ImageJ software for visu-
alization. Cell segmentation was performed using a nuclear-
based algorithm designed in Visiopharm. The resulting segmen-
tation image was imported into a CellProfiler pipeline to create an
image mask. All images and corresponding masks were
imported into histoCAT for single-cell mean pixel analysis. The
PhenoGraph algorithm was implemented for user-guided unsu-
pervised clustering of cell populations. Unresolved populations
were further separated by another round of PhenoGraph analy-
sis and subjected to gating when necessary to resolve cell popu-
lations, while unidentified populations were excluded from the
analysis. The markers used for PhenoGraph analysis were
selected based on cell markers displaying the best signal-to-
noise ratio: phosphorylated stimulator of IFN genes (pSTING),
CD14, CD16, CD31, FoxP3, CD4, CD68, blood dendritic cell

antigen 2, CD8, CD56, CD3, CD20, CD11c, HLA–DR, and
CD163 using the 30 nearest neighbors. Each cell cluster was
overlaid with the respective cell marker TIFF images to confirm
accurate identification of the cell type. Mean pixel intensities
were used to assess the expression of inflammatory pathways
in identified clusters, and t-distributed stochastic neighbor
embedding (tSNE) plots were created to visualize the different
clusters (histoCAT). Principal components analysis (PCA) of DM
and ASyS patient samples utilizing cell counts and pathway
expression was performed using the ClustVis web tool.

Deidentified data sets are available upon request from the
corresponding author.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism version 8.3 (GraphPad Software). The
nonparametric Kruskal-Wallis test controlled for false discovery
rate was used to identify differences in IFNβ and MxA IF
between healthy controls, DM patients, and ASyS patients.
The Mann-Whitney test was used to identify differences in IMC
cell populations and pathway expression between skin lesions
from ASyS patients and skin lesions from DM patients. Values
are presented as the median � interquartile range. P values less
than 0.05 were considered significant for all analyses except
cellular pathway comparison, for which P values less than
0.001 were considered significant in order to correct for multiple
hypothesis testing. Multiple hypothesis testing was not con-
ducted for comparisons of IFNβ and MxA expression, immune
cell distribution, or inflammatory pathway expression, given the

Table 1. Clinical characteristics of the patients*

ASyS
patients
(n = 5)

DM
controls
(n = 7)

Anti-aaRS antibody positive, no. 5 0
ILD 5 (100) 1 (14.2)
Cancer-associated DM 1 (20) 0 (0)
CDASI activity score, median (IQR) 11 (7.5–14.5) 15 (3–27)
Gottron’s sign 5 (100) 4 (57.1)
Gottron’s papule 1 (20) 1 (14.2)
Heliotrope 3 (60) 6 (85.7)
V-neck erythema 3 (60) 5 (71.4)
Shawl sign 3 (60) 4 (57.1)
Mechanic’s hands 3 (60) 3 (42.8)
Erosion/ulceration 1 (20) 1 (14.2)
Poikiloderma 2 (40) 6 (85.7)
Livedo 1 (20) 3 (42.8)
Oral ulceration 0 (0) 0 (0)
Arthritis 3 (60) 2 (28.5)
Myositis 4 (80) 4 (57.1)
Raynaud’s phenomenon 1 (20) 4 (57.1)
Proximal nailfold changes 1 (20) 3 (42.8)

* Except where indicated otherwise, values are the number (%). Sta-
tistical comparisons were precluded by the small sample size.
ASyS = antisynthetase syndrome; DM = dermatomyositis; anti-
aaRS = anti–aminoacyl–transfer RNA synthetase; ILD = interstitial
lung disease; CDASI = Cutaneous Dermatomyositis Disease Area
and Severity Index; IQR = interquartile range.
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small sample size, heterogeneity, limited tests, and statistically
nonsignificant results.

RESULTS

Clinical characteristics of the ASyS and DMpatients.
A total of 5 antisynthetase antibody–positive patients and 7 DM
controls without antisynthetase antibodies were enrolled.
All patients in both cohorts were female and Caucasian
(Supplementary Table 3, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42050).
The clinical characteristics of the ASyS and DM patient groups
are displayed in Table 1, and biopsy site locations are listed in Sup-
plementary Table 2. In the ASyS group, 3 patients were positive for

Jo-1, 1 was positive for PL-7, and 1 was positive for PL-12. All
patients in the ASyS group had ILD, compared to only 14.2% of
DM controls. All patients in both cohorts showed erythema over
joints. ASyS patients had increased frequencies of mechanic’s
hands and erythema and papules over joints, while DM patients
demonstrated increased frequencies of erythema and scaling on
the eyelids and v of neck, and poikiloderma.

Similarly increased expression of IFNβ andMxA pro-
teins in skin lesions from ASyS patients and DM
patients. Skin lesions from ASyS patients showed increased IFNβ
protein expression compared to skin from healthy controls
(P < 0.05) (Figures 1A and C). These lesions also had elevated MxA
protein expression compared to healthy control skin (P < 0.05)

Figure 1. A andB, Immunofluorescence staining for interferon β (IFNβ) (A) and MxA (B) in skin samples from healthy controls (HCs), patients with der-
matomyositis (DM), and patients with antisynthetase syndrome (ASyS). Staining showed decreased expression of IFNβ (green) and MxA (red) in skin
samples from healthy controls compared to patients with DM and patients with ASyS. Nuclei were stained with DAPI (blue). Bars = 100 μm. C and D,
Quantification of the mean fluorescence intensity (MFI) of IFNβ (C) and MxA (D) in skin samples from healthy controls, patients with DM, and patients with
ASyS. IFNβ andMxA expressionwere significantly increased in lesional skin fromDMpatients and ASyS patients compared to skin samples from healthy
controls. Symbols represent individual subjects; horizontal lines and error bars show the median and interquartile range. * = P < 0.05.
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(Figures 1B and D). Similarly, DM patients had increased IFNβ and
MxA protein expression compared to healthy controls (P < 0.05)
(Figure 1). There was no difference in IFNβ orMxA protein expression
between lesional skin from ASyS patients and lesional skin from DM
patients (P > 0.05) (Figure 1).

Identification of cell clusters in skin lesions by IMC.
We analyzed FFPE skin tissue from 5 ASyS patients and 7 DM
patients by IMC to identify the different cell types present. Repre-
sentative images from IMC are shown in Figure 2A, indicating a
similar composition in skin from ASyS and DM patients. Utilizing
a panel of immune cell markers, we used the PhenoGraph algo-
rithm to independently cluster cells and identified 10 populations
in skin lesions from both ASyS patients and DM patients. The cell
populations were as follows: CD4+ T cells, Treg cells, CD8+ T
cells, CD14+CD16+ macrophages, pSTING+ macrophages,
myeloid dendritic cells (mDCs), plasmacytoid dendritic cells
(pDCs), CD20+ B cells, endothelial cells, and CD56high cells. A
heatmap showing similar cell markers in ASyS and DM is dis-
played in Figure 2B. Plotting of the combined cell clusters in skin
samples from ASyS patients and DM patients using the tSNE

dimensionality reduction algorithm (Figure 2C) revealed similar
spatial distribution of the cell clusters. The average relative com-
position of these cell populations in skin lesions from ASyS
patients and DM patients is shown adjacent to tSNE plots via
box plots (Figure 2C). Notably, on average, the mDC population
was proportionally less in skin samples from ASyS patients com-
pared to skin samples from DM patients. Despite similarities in
the combined tSNE plot, there was significant intersample vari-
ability, which was subsequently addressed quantitatively using
cell counts and pathway expression.

Similar absolute numbers of CD4+ T cells, CD8+ T
cells, mDCs, Treg cells, CD56high cells, CD14+CD16+ mac-
rophages, pSTING+ macrophages, CD20+ B cells, and
pDCs, but a higher percentage of mDCs, in skin lesions
from DM patients compared to skin lesions from ASyS
patients. To evaluate the contributions of each cell population
in either ASyS or DM, we quantified each cell population as the
absolute number of cells and as the percentage of total cells. Skin
lesions from ASyS patients and skin lesions from DM patients,
which had similar clusters of cells, also had similar absolute

Figure 2. Identification of cell clusters in skin lesions from patients with dermatomyositis (DM) and patients with antisynthetase syndrome (ASyS), using
imaging mass cytometry and the PhenoGraph algorithm for unsupervised clustering. A, Representative multiplexed images of lesional skin from a DM
patient and lesional skin from an ASyS patient, showing similar proportions of CD4 cells (red), CD8 cells (green), CD11c cells (white), blood dendritic cell
antigen (BDCA-2) cells (cyan), and CD14 cells (magenta). DNA was stained with Iridium Intercalator (blue). Bars = 100 μm. B, Heatmap generated from
10 PhenoGraph-derived clusters, showing similar cell surface expression in skin samples from DM patients and ASyS patients. C, Plots of t-distributed
stochastic neighbor embedding (tSNE) of cell clusters in skin samples from ASyS patients and DM patients, and average composition of the cell popu-
lation for the identified clusters. Mac = macrophage; pSTING = phosphorylated stimulator of interferon genes; mDC = myeloid dendritic cell;
pDC = plasmacytoid dendritic cell.
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numbers of all 9 immune cell populations (P > 0.05) (Figure 3A).
We also compared the cell clusters using percentage of total cells,
which revealed an increase in the percentage of mDCs in skin
lesions from DM patients compared to skin lesions from ASyS
patients (P < 0.05) (Figure 3B).

Similar expression of key inflammatory pathways
in skin lesions from ASyS patients and skin lesions from
DM patients. To evaluate the expression of various phosphory-
lated inflammatory pathways and their contributions in each dis-
ease, the mean pixel intensity per cell was calculated and

Figure 3. Distribution of immune cell subsets in skin samples from patients with DM and patients with ASyS. A, Absolute counts for each cell
type. There were no differences between DM and ASyS (P > 0.05). B, Percentage of the total cell population for each cell type. There was an
increased percentage of mDCs in DM compared to ASyS. Symbols represent individual patients; horizontal lines and error bars show the median
and interquartile range. * = P < 0.05. ROI = region of interest (see Figure 2 for other definitions).

Figure 4. Key inflammatory pathway expression in skin samples from patients with dermatomyositis (DM) and patients with antisynthetase syn-
drome (ASyS). Inflammatory pathway expression was calculated as mean pixel intensity (MPI) per sample. No differences were found between DM
and ASyS in the expression of the following pathways: phosphorylated peroxisome proliferator–activated receptor γ (pPPARγ), phosphorylated
stimulator of interferon genes (pSTING), interferon-κ (IFNκ), interleukin-31 (IL-31), IFNβ, Toll-like receptor 4 (TLR-4), IFN regulatory factor 3
(IRF-3), TANK-binding kinase 1 (TBK1), IFNγ, IL-4, IL-17, pERK, IFNα, tumor necrosis factor (TNF), pSTAT1, pSTAT2, pSTAT3, pSTAT4, pSTAT5,
pSTAT6, pJAK1, pJAK3, IRF-5, and TYK2 (P > 0.05). Symbols represent individual patients; horizontal lines and error bars show the median and
interquartile range.
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compared. There was no difference in inflammatory pathway
expression (mean pixel intensity) of the following between
ASyS and DM: p–peroxisome proliferator–activated receptor γ,
pSTING, IFNκ, interleukin-31 (IL-31), IFNβ, Toll-like receptor 4,
IFN regulatory factor 3 (IRF-3), TANK-binding kinase 1 (TBK1),
IFNγ, IL-4, IL-17, pERK, IFNα, tumor necrosis factor (TNF),
pSTAT1, pSTAT2, pSTAT3, pSTAT4, pSTAT5, pSTAT6, pJAK1,
pJAK3, IRF-5, and TYK2 (P > 0.05) (Figure 4). PCA of ASyS
patient samples and DM patient samples revealed clustering of
the 3 anti–Jo-1–positive ASyS patients (ASyS patients 2–4), the
anti–PL-12–positive ASyS patient (ASyS patient 1), and a majority
of the DM patients, with separation of the anti–PL-7–positive
ASyS patient (ASyS patient 5) (Supplementary Figure 1, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42050).

Increased production of TNF, IL-17, and IFNβ by
pSTING+ macrophages in skin samples from ASyS
patients compared to skin samples from DM patients.
Visual inspection of a heatmap of intracellular cytokines and phos-
phorylated pathways revealed potentially increased inflammatory
cytokine production by pSTING+ macrophages in skin samples
from ASyS patients relative to skin samples from DM patients.

Comparison of cellular cytokine expression by pSTING+ macro-
phages between skin samples from ASyS patients and skin sam-
ples from DM patients showed increased production of IFNβ,
TNF, and IL-17 in ASyS (P < 0.001) (Figure 5A). Representative
images of pSTING+ macrophages in skin samples from DM
patients and ASyS patients, demonstrating colocalization of
CD68, pSTING, IFNβ, TNF, and IL-17, are shown in Figures 5B
and C.

DISCUSSION

Recently, researchers have attempted to differentiate the
pathogenesis of ASyS from that of DM to further separate the
2 entities and aid classification by contrasting the contribution of
the type I IFN system in ASyS and DM (11–13). Given the pres-
ence of DM-like skin lesions in ASyS patients with anti–Jo-1,
anti-EJ, and anti–PL-7, we sought to investigate differences
between the cells, cytokines, and activated pathways in these
DM-like lesions in ASyS patients and traditional DM lesions (3).
By doing so we were able to observe pathologic similarities and
differences to better classify such cutaneous manifestations as
being consistent with DM and amenable to DM-targeted thera-
pies, or as being a separate entity more consistent with ASyS.

Figure 5. Higher expression of IFNβ, IL-17, and TNF by pSTING+ macrophages in skin samples from patients with ASyS than in skin samples
from patients with DM. A, Mean pixel intensity of IFNβ, IL-17, and TNF expression by pSTING+ macrophages in skin samples from patients with
DM and patients with ASyS. Expression of all 3 cytokines was higher in skin samples from ASyS patients. *** = P < 0.001. B and C, Represen-
tative images of pSTING+ (green) CD68+ (red) macrophages in skin samples from a DM patient and an ASyS patient, showing expression of
TNF (teal), IL-17 (purple), and IFNβ (yellow). Nuclei were stained with intercalator Ir (blue). Arrows indicate representative cells. Bars = 100 μm.
See Figure 4 for definitions.
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With regard to type I IFN contribution, we observed increased
IFNβ and MxA expression in skin samples from both ASyS
patients and DM patients, with no differences between the 2 dis-
eases, conflicting with previous findings of decreased MxA
expression in finger eruptions and muscle biopsy specimens from
ASyS patients (14,15). The increased levels of these 2 type I IFN
proteins may suggest a role for type I IFNs in the pathogenesis
of DM-like skin lesions seen in certain ASyS patients.

Given the similar type I IFN expression in skin samples from
DM patients and ASyS patients, we decided to implement IMC
to further analyze pathologic differences at the single-cell level.
Use of a Hyperion imaging system allows for the identification of
multiple antigens in tissue using a panel of metal-conjugated anti-
bodies. Subsequent images may be processed using tools such
as Visiopharm and CellProfiler to segment cellular outlines and
create masks. These masks are ultimately imported into histoCAT
along with original images to gather single-cell antigen data based
on mask outlining. PhenoGraph was used as a tool that indepen-
dently clusters cells based on identification of communities using
higher-dimensional proximity. Conventional immunostaining
would require an endless array of combinations to identify various
populations of immune cells and their expression of markers of
inflammation. Flow cytometry or mass cytometry techniques
may similarly provide multiplexed data; however, these tech-
niques require ex vivo processing of tissue and stimulation
practices that undoubtedly alter cellular phenotype and ultimate
conclusions. This novel unbiased approach of simultaneously
staining different cell markers allows for identification of cell
types and their similarities and differences between the 2 dis-
eases while preserving tissue architecture and in vivo
phenotypes.

Skin samples from both ASyS patients and DM patients
exhibited similar cell clusters, as seen on the heatmap, IMC
images, and tSNE dimensionality reduction plots for the 2 dis-
eases. To examine differences in cell type prevalence, we quanti-
fied known infiltrating immune cells in DM and corresponding
immune cells in ASyS. Monocyte/macrophages have been impli-
cated in DM disease, as increased serum concentrations of
monocyte-derived particles have been noted in DM patients (21).
A recent study has identified significant differences in monocyte-
derived macrophage migration in DM (22). We found similar num-
bers of CD14+CD16+ and pSTING+ macrophages in skin
samples from both ASyS patients and DM patients, suggesting
similar cell recruitment; however, there were differences with
regard to pathway expression with pSTING+ macrophages when
phenotypes were compared.

In terms of the T cell compartment, we investigated differ-
ences between CD4 T cells, CD8 T cells, and Treg cells. CD4 T
cells have been known to be present in DM, and are thought to
contribute to skin manifestations (23). CD8 T cells have been
noted in DM muscle with decreased CD28 expression (24). Treg
cells have been reported in DM and response/impairment may

modulate the immunoregulatory environment (25). No differences
in CD4 cells, CD8 cells, or Treg cells were observed between
lesional skin from ASyS patients and lesional skin from DM
patients, suggesting a similar distribution of the T lymphocytic
infiltrate.

Plasmacytoid DCs have also been implicated in DM, with
increased presence in the skin. The contribution of pDCs may
be similar in each disease, since no difference was observed
between skin samples from ASyS patients and skin samples from
DM patients. Most recently, IFNβ+ mDCs have also been identi-
fied in DM (20,26); in the present study we found no difference in
absolute mDC numbers between skin samples from ASyS
patients and skin samples from DM patients. However, there
was an increased percentage of mDCs in DM, suggesting their
importance in type I IFN pathogenesis in DM compared to ASyS.
Despite this finding, the large variability of the dermal counts of
these cells in DM should be noted, as some patients have very
few. Importantly, for all the other immune cells identified, there
were no significant differences in absolute count or percentages,
other than for mDCs, between ASyS and DM. This suggests a
similar overall immune cell composition between DM-like lesions
in ASyS and DM lesions, with the possibility of some differences
with regard to mDCs.

When comparing pathway expression between ASyS
and DM on IMC, we identified similar expression of
key inflammatory pathways. Of these pathways, pSTING,
pIRF-3, IFNβ, IFNκ, IFNα, IRF-5, TYK2, and TBK1 relate to
the type I IFN system. The cGAS/STING pathway has gained
attention due to its implications in systemic lupus erythema-
tous and other autoimmune diseases as a stimulator of type
I IFN (27). The IRF-3 and TBK1 pathways are downstream of
STING, upstream of type I IFN transcription, and have been
identified as possible therapeutic targets for certain autoim-
mune diseases such as DM, lupus, and “interferonopathies”
(28). ASyS did not differ from DM in expression of these
3 pathways at the total biopsy level, and ASyS patients may
therefore also benefit from type I IFN–guided therapy. The
other cytokines and JAK/STAT pathways were identified
based on their associations with DM pathogenesis and auto-
immunity in general. These pathways did not differ in activa-
tion between skin samples from ASyS patients and skin
samples from DM patients, suggesting they are not important
differentiators of pathogenesis.

At the single-cell level, expression was compared between
ASyS and DM within the cell populations identified. Further
inspection of pSTING+macrophages revealed increased produc-
tion of IFNβ, IL-17, and TNF in ASyS compared to DM, with a
trend toward increased pSTING+ macrophage counts in ASyS
compared to DM. In combination with the decreased mDC per-
centages in ASyS, there may be a shift in IFNβ production toward
pSTING+macrophages and away frommDCs in ASyS compared
to DM. Macrophage IL-17 increases may be related to profibrotic
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differences between ASyS and DM, since IL-17 has been impli-
cated in ILD and fibroblast response (29). Increased macrophage
TNF may serve as a mechanism for regulation of type I IFN in
ASyS since it is known to oppose IFN production at times. How-
ever, such observations are largely context dependent and
require follow-up as overall type I IFN expression did not differ
between the diseases (30).

Further research is needed, since ASyS is still poorly defined.
Some of our findings conflict with the findings seen in muscle
biopsy specimens and cutaneous finger eruptions in ASyS
patients; however, we compared DM-like lesions in ASyS to
lesions in DM. There may be some differences in mDCs and
pSTING+ macrophages, although these findings are limited due
to multiple hypothesis testing. Our study is limited by the inclusion
of only 5 ASyS patients and 7 DM patients, limiting the power of
each individual finding, and the need for matched locations of
lesions in ASyS and DM. Larger studies may be needed to identify
differences between the diseases and different site-specific cuta-
neous manifestations. There are also a variety of rare immune cell
subsets that we did not investigate, such as other granulocytes, T
cell subsets, and B cell subsets. Other pathways also exist that
may aid in the resolution of their respective diseases.

Nonetheless, despite previous differences seen in finger
eruptions, our examination of DM-like skin lesions in ASyS and
skin lesions in DM revealed no major differences with regard to
type I IFN pathways. We identified similar expression of IFNβ and
MxA in skin samples from both DM patients and ASyS patients,
the majority of immune cells in skin samples from DM patients
and ASyS patients did not differ in cell number, and the expres-
sion of most selected inflammatory pathways did not differ. This
suggests that the pathogenesis of DM-like skin lesions in ASyS
may be closely related to DM and the type I IFN system. However,
with the use of IMC we were able to further investigate cellular
pathway differences, highlighting a potential shift in pSTING+
macrophage pathways in ASyS compared to DM. This novel
technology augments overall understanding of pathogenesis
in vivo as these differences are easily overlooked with traditional
global staining methods. Despite differences among pSTING+
macrophages, DM-like lesions in ASyS patients notably have sim-
ilar pathology to lesions in DM patients, and this study provides
insight into the pathogenesis of both ASyS and DM to inform
holistic classification goals while guiding treatment selection for
skin disease.
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B R I E F R E P O R T

Defibrotide Inhibits Antiphospholipid Antibody–Mediated
Neutrophil Extracellular Trap Formation and Venous
Thrombosis

Ramadan A. Ali,1 Shanea K. Estes,1 Alex A. Gandhi,1 Srilakshmi Yalavarthi,1 Claire K. Hoy,1 Hui Shi,1 Yu Zuo,1

Doruk Erkan,2 and Jason S. Knight1

Objective. Defibrotide is a heterogenous mixture of polyanionic oligonucleotides currently approved for treatment
of transplant-associated venoocclusive disease. While defibrotide has a known role in limiting endothelial cell activa-
tion, some studies have also demonstrated anti-leukocyte properties. In a recent study, we found that neutrophil extra-
cellular traps (NETs) play a role in the thrombotic complications of antiphospholipid syndrome (APS). In the present
study, we investigated the hypothesis that defibrotide might act to mitigate APS-relevant NET formation in vitro and
in mouse models.

Methods. We used in vitro assays and a mouse model to determine the mechanisms by which defibrotide inhibits
NET formation and venous thrombosis in APS.

Results. At doses ranging from 1 to 10 μg/ml, defibrotide significantly suppressed NET formation from control neu-
trophils stimulated with IgG isolated from patients with APS. Defibrotide increased levels of intracellular cyclic AMP in
neutrophils, and its suppressive effects on NET formation were mitigated by blocking adenosine A2A receptor or by
inhibiting the cyclic AMP–dependent kinase protein kinase A. Defibrotide at doses ranging from 15 to 150 mg/kg/day
inhibited NET formation and venous thrombosis in a model of antiphospholipid antibody–accelerated thrombosis—
an effect that was reduced in adenosine A2A receptor–knockout mice.

Conclusion. This study is the first to demonstrate mechanisms by which defibrotide counteracts neutrophil-
mediated thrombotic inflammation inherent to APS.

INTRODUCTION

Antiphospholipid syndrome (APS) is a thromboinflammatory

disease characterized by circulating antiphospholipid antibodies,

classically anticardiolipin and anti–β2-glycoprotein I (anti-β2GPI).

Meanwhile, additional relevant antibodies such as anti–phospha-

tidylserine/prothrombin can be detected by a functional screen

called the lupus anticoagulant assay (1). APS is a leading acquired

cause of both thrombotic events and pregnancy morbidity. Treat-

ment of APS typically focuses on suppressing thrombosis with

anticoagulation. However, anticoagulation does not fully protect

against thrombotic events, conveys an increased risk of bleeding,

and in many cases fails to restrain microvascular complications of

APS such as diffuse alveolar hemorrhage, nephropathy, and live-

doid vasculopathy.
Neutrophil extracellular traps (NETs) are web-like tangles of

DNA, chromatin, and granule proteins released into the extracel-

lular space by neutrophils in response to both infectious and ster-

ile stimuli (2,3). NETs have been revealed as pathogenic actors in

numerous autoimmune and thromboinflammatory diseases

ranging from lupus to sepsis to COVID-19. To this end, recent

work has pointed to a multifaceted (and generally deleterious)

intersection between NETs and the vasculature. The proteases

and histones of NETs kill endothelial cells (4). NETs stimulate type
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I interferon production, which reduces the numbers and func-
tion of restorative endothelial progenitors (5). Furthermore,
NET-derived DNA triggers coagulation, while histones activate
platelets (6).

In studies from our group and others, NETs have been
observed to play a role in the thrombotic complications of APS.
Neutrophils isolated from patients with APS have a diminished
threshold for spontaneous NET formation, while neutrophils from
healthy volunteers can be activated to release NETs by exposure
to APS serum or purified antiphospholipid antibodies (7). In
mouse models of antiphospholipid antibody–accelerated large
vein thrombosis, treatments that counteract NETs such as neu-
trophil depletion (8), administration of intravenous deoxyribonu-
clease (8), agonism of neutrophil adenosine A2A receptors (9),
boosting neutrophil cyclic AMP (cAMP) levels (10), and interfering
with adhesive interactions between neutrophils and the endothe-
lium (11) are all protective.

Defibrotide is a mixture of polyanionic phosphodiester oli-
gonucleotides isolated from porcine intestinal mucosa cells.
Defibrotide is approved for the treatment of patients who have
venooclusive disease (VOD) with hepatic, renal, or pulmonary
dysfunction complications developing following hematopoietic
stem cell transplantation (HSCT) (12,13). Defibrotide is consid-
ered a multitarget compound, and is best known for its ability
to limit endothelial cell activation (14). At the same time, some
older literature demonstrates anti-leukocyte and anti-
neutrophil properties of defibrotide (15), with that research
mostly completed prior to the first descriptions of NETs in
2004 (2). Almost 20 years ago, defibrotide was first suggested
as a possible treatment for APS, especially the life-threatening
microangiopathic variant known as catastrophic APS (CAPS)
(16). However, this possibility has not been investigated in
trials, nor have possible mechanisms been explored in the lab-
oratory. Here, we hypothesized that defibrotide might act to
mitigate APS-relevant NET formation in vitro and in mouse
models.

MATERIALS AND METHODS

Isolation of human IgG. A protein G agarose kit (Pierce)
was used to isolate IgG from the sera of patients with APS and
healthy controls. This was done according to the manufac-
turer’s instructions (Pierce) as we have reported previ-
ously (7,9).

Human neutrophil isolation and NET formation
assays. Neutrophils were isolated from human blood as previ-
ously described by our group (7,9). NET formation was monitored
using an assay that quantifies nuclease-liberated myeloperoxi-
dase (MPO) activity. Neutrophils were cultured in RPMI medium
(Gibco) supplemented with 0.5% heat-inactivated fetal bovine
serum (Gibco) and 0.5% bovine serum albumin (Sigma) at 37�C.

Neutrophils were seeded into 96-well plates at a density of
1 × 105/well. Stimulation was for 3 hours with 100 nM of phorbol
12-myristate 13-acetate (PMA; Sigma) or 10 μg/ml of IgG isolated
from patients with APS (which was pooled from 5 primary APS
patients). In some cases, cultures were also supplemented with
different concentrations (1–40 μg/ml) of defibrotide (Jazz Pharma-
ceuticals), 10 μM KT5720 (protein kinase A [PKA] inhibitor;
Tocris), 10 μM 8-cyclopentyltheophylline (adenosine A1 receptor
antagonist; Tocris), or 10 μM SCH442416 (adenosine A2A recep-
tor antagonist; Tocris).

After stimulation, the culture medium was discarded, and the
plate was gently emptied over a paper towel (to remove residual
culture medium containing soluble MPO). Discarded medium
was immediately replaced with RPMI medium alone or RPMI
medium + 10 units/ml micrococcal nuclease (Thermo Fischer Sci-
entific). The samples incubated with RPMI medium alone (without
nuclease) were used to account for any NET-independent back-
ground signal. EDTA (10 mM) was used to stop the digestion of
NETs after 10 minutes at 37�C. Supernatants were next trans-
ferred into a V-shaped 96-well plate, which was centrifuged at
350g to remove debris. MPO activity was then measured in a
fresh plate by adding an equal volume of 3,30,5,50-
tetramethylbenzidine (TMB) substrate (1 mg/ml; Thermo Fischer
Scientific). The reaction was stopped 10 minutes later by the
addition of 1 mM sulfuric acid (50 μl). Finally, a Cytation 5 Cell
Imaging Multi-Mode Reader was used to measure absorbance
at 450 nm.

Qualitative immunofluorescence microscopy.
Neutrophils were seeded onto poly-L-lysine–(Sigma) coated cov-
erslips. After fixing with 4% paraformaldehyde for 15 minutes,
blocking was done with 1% bovine serum albumin overnight.
Neutrophil elastase was labeled with a primary antibody (Abcam
product no. 21595, diluted 1:100). The primary antibody was
detected with a fluorescein isothiocyanate (FITC)–conjugated
secondary antibody (SouthernBiotech product no. 4052-02,
diluted 1:250). Hoechst 33342 (Invitrogen) was used to stain
DNA. A Cytation 5 Cell Imaging Multi-Mode Reader was used to
capture images.

Measurement of intracellular cAMP. Neutrophils were
incubated for 30 minutes at room temperature with 1 μg/ml of
defibrotide or 1 μM CGS21680 (adenosine A2A receptor agonist;
Tocris). Other neutrophils were incubated for 10 minutes with
100 μM forskolin (adenylyl cyclase activator; Tocris). Levels of
cAMP were then measured using the Bridge-It cAMP Designer
fluorescence assay kit (Mediomics catalog no. 122934) as
instructed by the manufacturer and as we have done previ-
ously (10).

Animal housing and treatment.Mice were fed standard
chow and housed in a specific pathogen–free facility. The

DEFIBROTIDE IN APS 903



University of Michigan Institutional Animal Care and Use Commit-
tee approved all protocols. Male C57BL/6 mice were obtained
from The Jackson Laboratory.

Adenosine A2A receptor––knockout mice. We intro-
duced a conditional knockout of the adenosine A2A receptor
in murine neutrophils (and other myeloid-lineage cells such
as macrophages) using the Cre/loxP system. Mice with a
“floxed” adenosine A2A receptor gene (Adora2a+/fl) on the
C57BL/6 genetic background were purchased from The
Jackson Laboratory (product no. 010687). Adora2a+/fl mice
were bred to obtain homozygous Adora2afl/fl mice. The
Adora2afl/fl mice were then crossed with hemizygote
MRP8-Cre+ mice (purchased from The Jackson Laboratory;
product no. 021614). The offspring (Adora2a+/fl MRP8-Cre+)
were then crossed with Adora2afl/fl mice to obtain the experi-
mental mice of interest: Adora2afl/fl MRP8-Cre+ and
Adora2afl/fl MRP8-Cre− (for the description of the breeding
scheme see Supplementary Figure 1, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.42017/abstract).

In vivo induction of venous thrombosis in mice. We
used an electrolytic inferior vena cava (IVC) model that has
been used previously by our group (9,10). After exposure of
the IVC of mice, any lateral branches were ligated using 7-0
Prolene sutures. These side branches remained ligated for
the duration of the experiment. Most animals had 1 or 2 side
branches, but some animals had none (in which case no liga-
tures were placed). A 30-gauge silver-coated copper wire
(KY-30-1-GRN; Electrospec) was placed inside a 25-gauge
needle and inserted into the IVC. The wire was positioned
against the anterior wall of the IVC where exposed copper
wire at its end functioned as the anode. Meanwhile, a needle
implanted subcutaneously completed the circuit and func-
tioned as the cathode. For 15 minutes, a constant current of
250 μA was applied. The needle was then removed, and the
abdomen was closed. Before recovery from the anesthetized
state, the mice were intravenously injected with IgG from
either healthy controls or patients with APS (500 μg); the
IgG from APS patients was pooled from 3 patients experienc-
ing an episode of CAPS. After 24 hours, mice were eutha-
nized, and thrombus length was determined. Defibrotide
sodium was diluted in saline and administered by retroorbital
intravenous injection. Two injections were given; the first
24 hours prior to surgery and the second at the time of
thrombus induction.

Quantification of MPO––DNA complexes. Serum was
collected from the mice for MPO–DNA testing at the time of
venous thrombus harvesting. MPO–DNA complexes were quanti-
fied as described previously (9,10). The protocol uses reagents

from the Cell Death Detection ELISA kit (Roche) as well as an
anti-MPO antibody (Bio-Rad0400-0002) that reacts with both
human and mouse MPO.

RESULTS

Inhibition of NET formation by defibrotide in cul-
tures of neutrophils with PMA or APS patient antibod-
ies. We first tested the ability of defibrotide to suppress NET
formation when control neutrophils were activated with PMA.
We found that defibrotide significantly reduced PMA-triggered
NET formation at concentrations as low as 1 μg/ml (Figure 1A).
Beyond PMA stimulation, we reasoned that defibrotide might also
prevent antiphospholipid antibody–mediated NET formation.
Indeed, at concentrations as low as 1 μg/ml, defibrotide sup-
pressed NET formation elicited from control neutrophils stimu-
lated with IgG isolated from APS patients (pooled from
5 patients with primary APS) (Figure 1B). Defibrotide also sup-
pressed NET formation by neutrophils isolated from patients with
clinical features of APS who were “triple positive” for anticardioli-
pin antibodies, anti-β2GPI antibodies, and lupus anticoagulant
(Supplementary Figure 2, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42017/abstract).

The impact of defibrotide on APS IgG–mediated NET forma-
tion was also assessed by immunofluorescence microscopy, with
similar results (Figure 1C). In contrast to IgG from APS patients,
IgG isolated from heterologous healthy controls did not increase
NET formation by control neutrophils (Supplementary Figure 3,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.42017/
abstract).

Elevation of cAMP levels and mitigation of antiphos-
pholipid antibody––mediated NET formation by defibro-
tide through adenosine A2A receptor agonism. Defibrotide
has been reported to act as an adenosine receptor agonist in
some settings (17–19), and we recently found that adenosine
receptor agonism protects against both NET formation and
venous thrombosis in APS (9). We therefore hypothesized that
the inhibitory activity of defibrotide might be mediated through
activation of adenosine A2A receptors. In neutrophils, we found
that defibrotide increased the level of intracellular cAMP in a man-
ner similar to the synthetic adenosine A2A receptor agonist
CGS21680 and the adenylate cyclase activator forskolin
(Figure 1D); defibrotide did not significantly increase cAMP levels
in peripheral blood mononuclear cells (Supplementary Figure 4,
available at http://onlinelibrary.wiley.com/doi/10.1002/art.42017/
abstract).

We next considered that inhibiting the key cAMP-dependent
kinase PKA might reverse the effects of defibrotide. Indeed, the
ability of defibrotide to suppress NET formation was neutralized
by a PKA inhibitor (Figure 1E). Finally, we also found that the ability
of defibrotide to suppress NET formation could be partially
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reversed by blocking adenosine A2A (but not adenosine A1)
receptors (Figure 1F). Notably, adenosine receptor antagonists
had no effect on APS IgG–mediated NET formation in the
absence of defibrotide (Supplementary Figure 5). Taken together,
these data demonstrate that defibrotide can suppress NET for-
mation and that this suppression is at least in part attributable to
the activation of adenosine A2A receptors.

Attenuation of antiphospholipid antibody––mediated
venous thrombosis by defibrotide in wild-type mice but
not adenosine A2A receptor––knockout mice. Since defibro-
tide suppressed antiphospholipid antibody–mediated NET forma-
tion in vitro, we were interested in whether it might also mitigate
antiphospholipid antibody–accelerated NET formation and
thrombosis in mice. To test this, we utilized an electrolytic IVC

Figure 1. Defibrotide suppresses neutrophil extracellular trap (NET) formation in response to various stimuli through adenosine A2A receptor
agonism. A and B, Human neutrophils were isolated from healthy volunteers and then treated without or with phorbol 12-myristate 13-acetate
(PMA) (A) or IgG from the sera of patients with antiphospholipid syndrome (APS) (B) for 3 hours in the presence or absence of different concentra-
tions of defibrotide. NET formation was quantified by measuring the enzymatic activity of nuclease-liberated myeloperoxidase (MPO). C, NET for-
mation in cultures of neutrophils treated with APS IgG in the presence or absence of defibrotide (1 μg/ml) was assessed qualitatively by
immunofluorescence microscopy. Representative images are shown. Green = extracellular neutrophil elastase; blue = DNA.D, Human neutrophils
were treated without or with forskolin (10 minutes), CGS21680 (30 minutes), or defibrotide (30 minutes), and cyclic AMP (cAMP) levels were mea-
sured. E and F, Neutrophils were treated with APS IgG in the presence or absence of defibrotide (1 μg/ml). Some samples were additionally
treated with a protein kinase A (PKA) inhibitor (10 μM), an adenosine A1 receptor antagonist (10 μM), or an adenosine A2A receptor antagonist
(10 μM). NET formation was quantified by measuring the enzymatic activity of nuclease-liberated MPO. In A, B, D, E, and F, values are relative
to untreated controls. Circles represent 1 of 3 independent experiments; bars show the mean � SEM. * = P < 0.05; ** = P < 0.01;
*** = P < 0.001; **** = P < 0.0001 by one-way analysis of variance, corrected with Dunnett’s test. NS = not significant.
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model to induce large-vein thrombosis (Figure 2A) (9,10). Admin-
istration of IgG isolated from patients with APS (pooled from
3 patients with CAPS), but not control IgG, increased thrombus
length in C57BL/6 mice, which returned to baseline levels when
defibrotide was administered at doses as low as 15 mg/kg
(Figure 2B). As expected, administration of antiphospholipid anti-
bodies increased a surrogate marker of NETs in serum (MPO–
DNA complexes), which again returned to baseline when mice
were treated with defibrotide (Figure 2C).

Having demonstrated in vitro that the suppressive effects of defi-
brotideonNET formation couldbepartially reversedbyblockingaden-
osine A2A receptors, we considered that the suppressive effects of
defibrotide on venous thrombosis might be reversed in myeloid-
specific adenosine A2A receptor–knockout mice. We first confirmed
that neutrophils isolated from thesemicewere resistant to the ability of
defibrotidetoboost intracellularcAMPlevels (Figure2D).Wethenfound
that defibrotidewas not able to prevent venous thrombosis (Figure 2E)
orNETformation (Figure2F) inadenosineA2Areceptor–knockoutmice.
Taken together, thesedatasuggest thatdefibrotidemediates itsantith-
rombotic effects at least partially through adenosine A2A receptors.

DISCUSSION

This study is the first to demonstrate a mechanism by which

defibrotide prevents disease-relevant NET formation. Defibrotide

is indicated for the treatment of patients who have VOD associ-

ated with hepatic, renal, or pulmonary dysfunction following

HSCT. In those settings, the therapeutic dosage of defibrotide is

6.25 mg/kg given intravenously every 6 hours (for a total dosage

of 25 mg/kg/day). The drug is typically infused over several weeks

and may continue up to a maximum of 60 days. Given that the

role of neutrophils in VOD has yet to receive significant attention,

we can speculate that the anti-neutrophil properties of defibrotide

may play a protective role in VOD. This is certainly an area that we

hope will be investigated in the coming years by our group and

others.
The data presented here suggest that adenosine A2A recep-

tor agonism is at least part of the mechanism by which defibrotide
reduces NET formation. Several reports suggest that defibrotide
mediates its effects by targeting multiple adenosine receptors
(for example, both A1 and A2) (17–19). In the present study,

Figure 2. Defibrotide prevents antiphospholipid antibody–mediated venous thrombosis in wild-type mice but not in adenosine A2A receptor–
knockout mice. A, Schematic diagram depicting the electrolytic inferior vena cava (IVC) model of venous thrombosis. The application of direct cur-
rent to a copper wire results in the release of free radicals. This activates endothelial cells and triggers a thrombogenic environment. Blood flow
remains constant. B andC, C57BL/6J mice were treated without or with control IgG or APS IgG in the presence or absence of defibrotide. Throm-
bus formation was determined at 24 hours. Thrombus length (B) and MPO–DNA complexes (C) were quantified in the mouse serum. D, Cyclic
AMP levels were determined in neutrophils isolated from Adora2afl/flMRP8-Cre+ mice compared with Adora2afl/flMRP8-Cre−mice in the presence
or absence of defibrotide (1 μg/ml) for 30 minutes. Circles represent 1 of 3 independent experiments; bars show the mean � SEM. E and F,
Adora2afl/flMRP8-Cre+ or Adora2afl/flMRP8-Cre−mice were treated without or with control IgG or APS IgG in the presence or absence of defibro-
tide. Thrombus formation was assessed at 24 hours. Thrombus length (E) and MPO–DNA complexes (F) were quantified in the mouse serum. Cir-
cles in B, C, E, and F represent individual mice. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001 by one-way analysis of variance, corrected with
Dunnett’s test. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42017/abstract.

ALI ET AL906

http://onlinelibrary.wiley.com/doi/10.1002/art.42017/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.42017/abstract


blocking adenosine A1 receptors did not interfere with the ability
of defibrotide to suppress NET formation. These findings are sim-
ilar to those of a previous study in which the effects of defibrotide
were abolished by a dual adenosine A1/A2 receptor antagonist,
but not by a selective adenosine A1 receptor antagonist (18). It is
worth noting that adenosine A2A receptors are more abundantly
expressed by neutrophils than are adenosine A1 receptors (20).
The extent to which complementary defibrotide-mediated mech-
anisms may be at play in mitigating NET formation and thrombo-
sis is certainly an area deserving of future research.

In conclusion, these preclinical data support the possibility of
defibrotide as a repurposed drug candidate for APS. Given a
dearth of effective therapies for patients with the microvascular
variant of APS, one can consider whether defibrotide warrants
systematic study in such individuals, who in many cases will be
receiving therapy in the inpatient setting where administration of
defibrotide would be quite feasible.
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Low levels of anti–SARS–CoV-2 antibodies after
vaccination in rituximab-treated patients:
comment on the article by Simon et al

To the Editor:
We read with great interest the report of the study by

Dr. Simon and colleagues, in which impaired humoral immune
responses, but not T cell immune responses, were observed after
vaccination against SARS–CoV-2 in patients with immune-
mediated inflammatory diseases (IMIDs) treated with rituximab
(RTX) (1). The authors reported that none of the 8 vaccinated
RTX-treated patients developed IgG antibodies against the spike
S1 and nucleocapsid proteins of SARS–CoV-2. Moreover,
Boyarsky et al recently reported increased rates of undetectable
titers of anti–SARS–CoV-2 antibodies in patients treated with
RTX (P = 0.04) (2). In patients with hematologic malignancies
treated with RTX, only 0–14% developed a serologic response
to the BNT162b2 messenger RNA (mRNA) vaccine when RTX
was administered within the 12 months before vaccination (3).

On this basis, we examined antibody responses after 2 doses
of the SARS–CoV-2 vaccine in 11 patients treated with RTX.
Seven patients (63.6%) were female, 9 had a diagnosis of rheu-
matoid arthritis, 1 had a diagnosis of dermatomyositis, and
1 had a diagnosis of cryoglobulinemic vasculitis. Patients with a
history of SARS–CoV-2 infection or low IgG levels were excluded.
Patients had received a mean � SD of 5.5 � 3.9 RTX cycles
before SARS–CoV-2 vaccination, and the first dose of the vaccine
was administered a mean � SD of 20.4 � 13.4 weeks after the
last RTX cycle. All patients except 1 were vaccinated with the
BNT162b2 mRNA SARS–CoV-2 vaccine. We used a quantitative
chemiluminescence microparticle immunoassay (Abbott) to
detect IgG antibodies against the SARS–CoV-2 spike protein.
Consistent with the aforementioned studies, only 2 (18.2%) of
11 patients had antibody levels above the cutoff value of 50 arbi-
trary units (AU)/ml; the median level of anti–SARS–CoV-2 antibod-
ies was 21.3 AU/ml (interquartile range 4–28).

Our results confirm those from earlier studies showing
reduced antibody response after COVID-19 vaccination in
patients with IMIDs receiving RTX therapy (1,2,4). RTX treatment
has been associated with worse COVID-19 outcomes, such as
more severe disease and increased duration of hospitalization
(5). Given that vaccination against SARS–CoV-2 has been highly
effective in preventing the development of pneumonia associated
with COVID-19 (6), it is considered essential for patients treated
with RTX to be vaccinated. Nevertheless, RTX treatment has
been associated with reduced antibody response after flu and

pneumococcal vaccination (7). Based on these data, the American

College of Rheumatology recommends that patients being

treated with RTX should optimally be vaccinated against

COVID-19 4 weeks before the next scheduled cycle and that

RTX administration should be withheld for 2–4 weeks after the

second vaccine dose (8).
However, we observed low levels of anti–SARS–CoV-2 anti-

bodies even though the first vaccine dose was administered a

mean of 5 months after the last RTX cycle. Mrak et al also

reported inadequate antibody development when the first vaccine

dose was administered ~6.9 months after the last RTX cycle (4).

Indeed, the time from the last RTX cycle correlated with peripheral

B cell counts and anti–SARS–CoV-2 antibody levels, and the per-

centage of peripheral B cells was associated with antibody devel-

opment in vaccinated patients (4). These data imply that the time

interval between the last RTX administration and the first vaccine

dose should possibly be reconsidered. As RTX-treated patients

seem to exhibit T cell immune responses to SARS–CoV-2 vacci-

nation (1,4), the clinical significance of impaired humoral

responses after vaccination in these patients remains unclear.
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Reply

To the Editor:
We appreciate the comments from Dr. Evangelatos and

colleagues on our study of SARS–CoV-2 vaccine responses in
RTX-treated patients. The authors briefly reviewed current evi-
dence on the reduced rates of response to SARS–CoV-2
vaccines among patients undergoing B cell depletion therapy with
RTX and provided novel data on this topic. In a series of
11 patients with immune-mediated inflammatory diseases treated
with RTX, only 2 patients developed detectable levels of IgG anti-
bodies against SARS–CoV-2 spike protein after vaccination with
the BNT162b2 mRNA SARS–CoV-2 vaccine. This finding sup-
ports observations from other studies (1,2), including our own, in
which we showed that humoral but not T cell–mediated
responses to SARS–CoV-2 vaccination are reduced in patients
treated with RTX.

These findings are highly relevant to the estimated 700,000
patients with hematologic malignancies (3) and 900,000 patients
with immune-mediated inflammatory diseases (4) treated with
RTX worldwide. Of note, RTX-treated patients show an increased
risk of severe COVID-19 (5). Therefore, in light of the impaired
humoral immune response to SARS–CoV-2 vaccination, new
vaccination strategies and careful monitoring of vaccine efficacy
are needed for this patient population, as urged by Evangelatos
et al. For RTX-treated patients who have not been vaccinated,
RTX therapy and vaccination regimens should be aligned. Thus,
RTX administration can be time-adjusted, as also recommended
in the American College of Rheumatology guidelines (vaccination

4 weeks before RTX administration [6]), or it could be adminis-
tered depending on the grade of repopulation of peripheral B
cells. The latter approach is reasonable, since adequate humoral
immune responses are more likely if at least some B cells are
detectable in the peripheral blood (1). However, further studies
are needed to determine the effect of B cell repopulation and the
best timing of vaccination.

Of note, T cell responses to SARS–CoV-2 vaccination have
been shown to be intact in RTX-treated patients, and they have
also been shown to support defense against infection and the
development of severe COVID-19 (1). Therefore, patients treated
with RTX should receive SARS–CoV-2 vaccination even in the
absence of B cells. Furthermore, humoral immune responses
should be assessed in RTX-treated patients who have received
a full SARS–CoV-2 vaccination regimen. Fully vaccinated individ-
uals who do not respond could benefit from additional boosters
to achieve a protective humoral response (7). In this context, the
observation that SARS–CoV-2 infection can mobilize tissue B
cells and trigger protective antibody formation in RTX-treated
patients without peripheral B cells is interesting and may support
the use of booster vaccinations. When the standard vaccination
regimen has failed, a humoral immune response may be mobi-
lized by the timely administration of booster vaccines and by
cross-vaccinating with different vaccine agents.
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Extensive bone marrow capillary network
masquerading as fungal hyphae in a patient with
systemic lupus erythematosus

To the Editor:
Hypocellularity of the bone marrow (BM) is a common finding

in systemic lupus erythematosus (SLE). Other pathologic abnor-
malities in the BM of SLE patients have been reported less fre-
quently. Herein we describe a patient with newly diagnosed SLE
in whom examination of a BM aspirate initially suggested the
presence of mycosis, but with neovascularization identified upon
further investigation.

The patient, a previously healthy 79-year-old Chinese
woman, was admitted to our hospital with unintentional weight
loss, diffuse alopecia, and Jaccoud’s arthropathy. Laboratory
investigations revealed leukopenia (total leukocyte count
1.68 × 109/liter), neutropenia (neutrophil count 0.53 × 109/liter),
normocytic anemia (hemoglobin value 8.6 gm/dl), hypocomple-
mentemia, antinuclear antibody positivity, anti–double-stranded
DNA antibodies, and direct Coombs-positive reaction. There
was no active hemolysis or renal dysfunction. Other than a small
unilateral pleural effusion, findings on computed tomography of
the thorax, abdomen, and pelvis and gastrointestinal endoscopy
were unremarkable. A diagnosis of systemic lupus erythematosus
(SLE) was made.

Examination of a BM aspirate revealed severe marrow hypo-
plasia with reduced hematopoiesis (Figure 1A). Squash prepara-
tion showed multiple fine elongated structures with varied
configurations in marrow areas, sparing the intervening regions
(Figure 1B). Higher magnification demonstrated individual cells
with elongated, strand-like cytoplasm and fusiform nuclei
(Figure 1C), occasionally aggregated in a fan-like array
(Figure 1D).

The patient became febrile during her hospital stay. Because
invasive mycosis was suspected based on examination of the BM
aspirate, intravenous amphotericin was initiated. However, peri-
odic acid–Schiff (PAS) and Grocott-Gomori methenamine silver
(GMS) staining of the BM trephine did not reveal fungal hyphae.
Closer examination of the BM aspirate showed intraluminal
erythrocytes within these filamentous structures (Figure 1E), and
CD31 immunohistochemical staining confirmed the latter as
endothelial capillary networks (Figure 1F). Treatment with ampho-
tericin was stopped and low-dose glucocorticoids and hydroxy-
chloroquine were initiated, which led to swift resolution of her
SLE-related symptoms and cytopenia.

Visualization of extensive intact capillary networks within
marrow specimens is unusual, and the networks may be
mistaken for fungal hyphae. Fungal hyphae are characterized
by the presence of cell walls, septa, surrounding florid histio-
cytic reaction, and positive PAS and GMS staining. In our
patient, the dense capillary network was suggestive of neovas-
cularization resulting from marrow injury associated with
hypoplasia.

BM hypocellularity has been reported in >50% of SLE
patients (1,2). Other pathologic BM findings include necrotic alter-
ations, stromal edema, variable reticulin fibrosis, dilated sinuses,
and endothelial destruction (1). BM neovascularization is an
uncommon finding although it is reported in hematologic malig-
nancies and myeloproliferative disorders (3,4). In the setting of
SLE, BM hypocellularity, dysplasia, fibrosis, and necrosis suggest

Figure 1. Stains of a bone marrow aspirate showing an extensive
capillary network in a patient with systemic lupus erythematosus.
A, Markedly hypocellular bone marrow with reduced numbers of
hematopoietic cells. May-Grünwald-Giemsa stained; original magnifi-
cation × 5. B, Squash preparation showing the presence of elongated
structures in branched, curved, looped, and intersecting configura-
tions. May-Grünwald-Giemsa stained; original magnification × 20.
C, Individual cells composed of strand-like cytoplasm and fusiform
nuclei (arrowhead). May-Grünwald-Giemsa stained; original magnifi-
cation × 40. D, Aggregation of nuclei and cytoplasm in a fan-like array
(arrowhead). May-Grünwald-Giemsa stained; original magnifica-
tion × 40. E, Red blood cells visible inside the lumen of the capillaries
(arrowhead). May-Grünwald-Giemsa stained; original magnifica-
tion × 100. F, CD31 immunohistochemical staining of the endothelial
cells of the capillary network. Original magnification × 5.
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that the marrow may be a target of immune-mediated damage,
with neovascularization seen in this case as a possible compen-
satory phenomenon (5). Our finding of BM neovascularization
mimicking invasive mycosis in a patient with SLE illustrates the
importance of taking the overall clinical picture into account when
assessing pathologic findings.
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Conflicting reports of anti–cytosolic 50-nucleotidase 1A
autoantibodies in juvenile dermatomyositis: comment
on the article by Rietveld et al

To the Editor:
We read with interest the report by Dr. Rietveld and colleagues

(1) describing their study in which serum from patients with juvenile
dermatomyositis (DM) was tested for anti–cytosolic 50-nucleotidase
1A (anti–cN-1A) autoantibodies using both an enzyme-linked immu-
nosorbent assay (ELISA) and immunoblotting. In that study, no

sample tested positive for anti–cN-1A autoantibodies by either
method. These findings are consistent with those of Amlani et al
(2), who showed that anti–cN-1A autoantibodies were not detected
in any of the 40 juvenile DM serum samples tested using an
addressable laser bead immunoassay. In contrast, Muro et al (3)
found that 2 (16.7%) of 12 patients with juvenile DM were positive
for anti–cN-1A by both ELISA and immunoprecipitation. Similarly,
our group found that 83 (27%) of 307 juvenile DM patients had
anti–cN-1A autoantibodies when tested by immunoblotting (4).

It is noteworthy that the percentages of positive test results in
the 2 studies in which immunoblotting was used to detect anti–cN-
1A autoantibodies in juvenile DM patients were so discordant (0%
versus 27%) (1,4). In the assays used in both studies, lysates from
HEK 293 cells expressing cN-1A protein and lysates from HEK
293 cells not expressing cN-1A protein were subjected to sodium
dodecyl sulfate–polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes, and incubated with patient sera.

One explanation for the discrepant results could be that the
juvenile DM patient populations tested by each group may have
marked differences in the prevalence of anti–cN-1A autoanti-
bodies, possibly related to disease activity levels, presence of
other myositis autoantibodies (which were less frequent in the
cohorts studied by Rietveld et al), or other disease features. A
more likely possibility is that subtle methodologic issues account
for the observed differences. For example, while anti–cN-1A auto-
antibodies can be of the IgG, IgA, or IgM isotype (5), the second-
ary antibody used by Rietveld et al recognizes IgG only. In
contrast, our group used a secondary antibody that also detects
IgA and IgM antibodies (4). This relatively minor difference in
methodology could account for the discrepant results if juvenile
DM patients have significant levels of IgA and/or IgM but not IgG
antibodies recognizing cN-1A protein.

We suggest that an international collaborative effort, in which
multiple research groups test the same samples, should be initi-
ated to identify a gold-standard test for anti–cN-1A autoantibodies.
Such an approach could also help to develop gold-standard test-
ing methods for other myositis autoantibodies, for which results
can differ significantly depending on the assay.

Supported in part by the Intramural Research Program of the
National Institute of Arthritis and Musculoskeletal and Skin Diseases,
NIH, and by the National Institute of Environmental Health Sciences, NIH,
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The importance of rigorous methods in observational
comparative effectiveness studies of rare diseases:
comment on the article by Ruperto et al

To the Editor:
We read with interest the editorial by Dr. Ruperto and col-

leagues (1), which addresses the significance of our 2 recently pub-
lished articles on optimizing treatment plans in polyarticular juvenile
idiopathic arthritis (JIA) (2,3) and also raises the question about the
necessity of randomized controlled trials (RCTs). While we believe
this is a reasonable question to pose, the conclusions arrived at
by the authors do not appreciate the powerful utility of state-of-
the-art methods for trial design and analysis using real-world data.
Particularly in the field of pediatric rheumatology, an informed
understanding and application of modern study design methodol-
ogy is essential to proving clinical effectiveness of therapies in
real-world situations. In our opinion and experience, the answer to
the question of randomization posed by Ruperto et al is not dichot-
omous. Furthermore, insisting upon RCTs when they are infeasible
or impossible promotes an inefficient and even harmful precedent.

While traditionally considered the gold standard for ques-
tions of clinical effectiveness, RCTs are not feasible in many situa-
tions. Feasibility is particularly an issue when trials involve rare
diseases (as is the case for all pediatric rheumatic diseases).
Moreover, RCTs are often limited in real-world applicability (4).
Recent advancements in clinical trial design and methodology
allow prospective observational trials to provide an unbiased
understanding of the real-world effectiveness of interventions.
These methodologic advancements utilize the power of causal
inference or causal methods (5). We employed propensity scor-
ing, a widely accepted method, in our study.

We certainly agree that there is a need for international col-
laborations to successfully answer important questions related
to JIA and pediatric rheumatology in general. However, we believe

many questions can be answered by leveraging the rigorous
approaches used in Start Time Optimization of Biologics in Poly-
articular JIA (STOP-JIA) and remain doubtful that a much larger,
open-label, randomized trial is a feasible or necessary solution.

Ruperto et al also made several errors in characterizing our
studies that directly impact the validity of the conclusions they have
reached. First, based on the P value, Ruperto et al propose that our
study had inadequate statistical power. Calculating power post
hoc is widely understood as “…not only conceptually flawed but
also analytically misleading” (6,7). We maintain that the 95% confi-
dence intervals as presented in the primary report (2) remain the
most informative statistics, as they bound the plausible magnitude
of the percentage differences in patients in whom clinically inactive
disease (CID) was attained. When the STOP-JIA study was
designed, the power calculation included an assumption that CID
would be achieved in 20% of patients started on the step-up con-
sensus treatment plan (CTP) and 60% of patients on the early com-
bination CTP. This represented our informed opinion of the real-
world level of difference that would justify initial use of early combi-
nation therapy. For this level of difference, with 257 patients in the
step-up group and 100 patients in the early combination group
(putting aside dropout and confounding), the power of the STOP-
JIA study is nearly 100%. If, instead, a smaller difference was con-
sidered clinically important, a correspondingly greater number of
participants would have been needed for the study.

Second, the intent-to-treat principle dictates that all participants
assigned to a CTP be included in the between-group comparison of
outcomes. In fact, we used a widely accepted method, multiple
imputation (8), to ensure adherence to this principle. The problem
of missing data arises in both prospective observational studies
and RCTs, and the solutions are the same for both study types.

Third, the authors appear to confuse the importance of the
imbalance in the numbers of participants in each CTP group with
the imbalance in data on baseline characteristics. There is imbal-
ance in the numbers per group because CTP choice reflects
patient and physician preferences and the underlying inherent
uncertainty. This is important as it allows the use of powerful
causal methods, enabling us to obtain unbiased estimates. As
Ruperto et al correctly note, nonrandom assignment to CTPs led
to imbalances in baseline data, which is precisely why we used
propensity score weighting (9).

Fourth, Ruperto et al propose that glucocorticoid (GC) use
could have been a key determinant in the rapid improvement in
disease activity. In fact, our trajectory analysis (3) demonstrated
that the rates of GC use at baseline and 3 months did not signifi-
cantly differ according to the latent classes (i.e., disease activity
trajectories). From 6 to 12months of follow-up, GC use varied sig-
nificantly across the latent classes, with the rapid improvement
group having a substantially reduced rate of GC use compared
with slow and moderate improvement groups.

Finally, regarding our article on the use of trajectory analysis
to determine treatment efficacy in JIA (3), Ruperto et al
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mischaracterize our objective, the numbers of patients included,
and how patient data were analyzed using current Childhood
Arthritis and Rheumatology Research Alliance registry data
(we did not use the “Legacy Registry” [closed in 2012] as was
stated in the editorial). We did not have an a priori hypothesis that
early introduction of biologic disease-modifying antirheumatic
drugs (bDMARDs) would be associated with improved disease
trajectories. Instead, our finding that the introduction of
bDMARDs within 3 months from baseline is associated with early
attainment of inactive disease was the result of an unbiased, data-
driven analysis. Furthermore, the finding that, in a subgroup of
patients, achievement of CID without bDMARD treatment dem-
onstrates a heterogeneity of the population that needs to be
explored, rather than a lack of generalizability of our findings.

We believe our studies demonstrated that carefully
collected and rigorously analyzed prospective observational
data can provide valid answers to consequential comparative
effectiveness questions that are otherwise not feasible to
address.
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Reply

To the Editor:
We thank Dr. Kimura and colleagues for their comments

on our article. The studies by Ringold et al (1) and Kimura et al
(2) are extremely important for the pediatric rheumatology com-
munity. The aim of our editorial that accompanied the STOP-
JIA articles was not to undermine the great scientific power of
registries such as that of the Childhood Arthritis and Rheuma-
tology Research Alliance (CARRA). Studies of this kind are
essential to answer important clinical and research-related
questions, many of which are not part of randomized clinical
trials.

As clinicians and researchers, we support the underlying
hypothesis of the 2 studies: in JIA, more aggressive therapies
combined with treat-to-target approaches (3) could change
long-term outcomes. The literature concerning adult patients
clearly supports the validity of this hypothesis, allowing
evidence-based treat-to-target recommendations (4,5) for
patients with rheumatoid arthritis. However, in pediatrics,
conflicting results (6–9) do not prove the validity of the
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hypothesis, potentially raising doubts about a treat-to-target
approach in JIA (3).

With regard to the points raised by Kimura et al in their
letter, we do agree that 95% confidence intervals are an
alternative and more informative source for interpretation of the
results of a study rather than P values and post hoc power cal-
culation. As the authors noted in their article, “the confidence
intervals were wide, and the differences between groups were
not significant” (2).

Further, we agree with Kimura et al that the intent-to-treat
principle dictates that all participants assigned to a CTP should
be included in the between-group comparison. However,
328 (82%) of 400 patients were available for the unadjusted
model, and the analysis after propensity score weighting and mul-
tiple imputation did not change the reported outcome.

The observed important imbalance in the numbers of par-
ticipants in each of the 3 CTP groups may pose a selection
bias in favor of more aggressive therapies, since it likely
reflects the preferences of caregivers and study participants.
The authors equalize such differences with causal inference
methods instead of randomization techniques. While these
methods can be useful, they can only balance measured
confounders, while randomization can balance known and
unknown confounders.

The principal finding of the study by Ringold et al (1) is consis-
tent with the underlying hypothesis even in the absence of the
evaluation of the possible effect of intraarticular steroid injections
that are now used often in clinical practice. The CARRA investiga-
tors should be commended for their important logistical efforts
and sophisticated analytical framework, which resulted in promis-
ing findings with regard to secondary end points, even though the
results for the primary outcome measure were not statistically
significant.

Our editorial is a call for future international collaboration
between CARRA and others. We hope that the current available
evidence can be used to generate and test important hypotheses
in pediatric rheumatology.
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American College of Rheumatology Guidance for
COVID-19 Vaccination in Patients With Rheumatic and
Musculoskeletal Diseases: Version 4

Jeffrey R. Curtis,1 Sindhu R. Johnson,2 Donald D. Anthony,3 Reuben J. Arasaratnam,4 Lindsey R. Baden,5

Anne R. Bass,6 Cassandra Calabrese,7 Ellen M. Gravallese,5 Rafael Harpaz,8 Andrew Kroger,9

Rebecca E. Sadun,10 Amy S. Turner,11 Eleanor Anderson Williams,12 and Ted R. Mikuls13

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

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

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

Conclusion. These guidance statements are intended to provide direction to rheumatology health care providers
on how to best use COVID-19 vaccines and to facilitate implementation of vaccination strategies for RMD patients.

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

However, because of publication timelines, there may be more updated recommendations online at the ACR
website that are pending journal peer review and full manuscript publication. Readers should check the ACR
website at https://www.rheumatology.org/Practice-Quality/Clinical-Support/COVID-19-Guidance to confirm
the ACR's most recent recommendations. The online version of the tables as they were originally published, as
well as a summary of revisions over time and their location, are included in Supplementary Tables 2–6.

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 out-
comes but cannot guarantee any specific outcome. Guidance developed or endorsed by the ACR is subject to
periodic revision as warranted by the evolution of medical knowledge, technology, and practice.

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

The global pandemic caused by SARS–CoV-2 has caused

untold disruption to nearly all aspects of human health globally.

The substantial morbidity and excess mortality attributed to

COVID-19 has had a major impact on health and the delivery

of health care. Given the role that rheumatology providers have

in serving patients with rheumatic and musculoskeletal dis-

eases (RMDs) (1), particularly those with autoimmune and

inflammatory rheumatic diseases (AIIRDs), there is an urgent

need to optimize strategies to curb the incidence of COVID-19.

In addition to preventive measures such as physical distancing,

mask-wearing, handwashing, and shelter-in-place orders, avail-

able COVID-19 vaccines provide a powerful tool to mitigate the

burgeoning growth of adverse outcomes resulting from

COVID-19.
Given the leadership role of the American College of Rheu-

matology (ACR) in facilitating dissemination of high-quality evi-

dence and promoting best practices for the care of RMD

patients, the ACR periodically convenes task forces charged with

developing methodologically rigorous clinical practice guidelines

and guidance documents. Previous ACR guidelines developed

for the management of rheumatoid arthritis (RA) and psoriatic

arthritis (PsA) have included some information regarding optimal

use of vaccines for patients with those conditions. However,

because the immunologic principles related to the use of vaccines

and the impact of vaccine-preventable illnesses on patients cross

a broad range of RMDs, the ACR altered its approach in 2020 and

convened a new guideline development group to focus exclu-

sively on vaccination. This cross-cutting team was charged with

developing encompassing vaccination considerations for all dis-

ease and treatment-related areas within rheumatology, rather

than embedding them into narrower, disease-specific clinical

practice guidelines.

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

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

METHODS

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

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

The task force agreed that the intended audience for the
guidance was rheumatology health care providers managing their
individual patients, but they felt that some attention should be
directed to a societal perspective, when relevant, around the
availability of COVID-19 vaccines and prioritization for individuals
with RMDs. The task force took the perspective of developing

guidance for a US audience, particularly in view of the fact that
the review of COVID-19 vaccine clinical trials was US-focused.
Recognizing that RMD patients exhibit high variability with respect
to their underlying health conditions, disease severity, treatments,
and degree of multimorbidity, these considerations were noted as
important facets of individualizing care. Therefore, this guidance
was not intended to supersede the judgment of rheumatology
care providers nor override the values and perspectives of
their patients. Foundational principles, guiding assumptions, and
acknowledged limitations were discussed and agreed upon
throughout the process (Table 1) and are discussed in this docu-
ment where most relevant.

Development of the evidence review summary doc-
ument. Given the accelerated time frame for guidance develop-
ment, a nonsystematic evidence review was completed and
included serial PubMed searches supplemented by postings from
the Centers for Disease Control and Prevention (CDC); briefings
and other documents available from the FDA, such as dossiers

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

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

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

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

Evidence about the mRNA COVID-19 vaccine suggests that the
benefits outweigh the risks in RMD patients.

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

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

In the future, the ability to give vaccine boosters will no longer be
constrained by limited supplies. Any vaccination strategy is a
reasonable starting point, and decisions about implementation
details reflect tradeoffs in the allocation of scarce vaccine
resources.

* ACR = American College of Rheumatology; RMD = rheumatic and
musculoskeletal disease.
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submitted by vaccine manufacturers and transcripts of data pre-
sented at the FDA’s Vaccines and Related Biological Products
Advisory Committee meetings (3,4); and other electronic media
sources. References and original articles related to vaccination
were culled from the systematic literature reviews developed for
ACR guidelines for the management of RA in 2012, 2015, and
2021 (5–7), PsA in 2018 (8), and vaccination guidelines for RMD
patients published by European Alliance of Associations for Rheu-
matology (9–11). Articles were dated 1994 through January 2021
(English language, domestic and international).

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

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

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

disagreement, uncertainty, and agreement, respectively. Agree-
ment with each of the proposed guidance statements submitted
by individual panel members was tabulated for the entire panel
and used to classify consensus. Consensus was deemed “strong”
when all 13 panel members’ ratings fell within a single tertile
(e.g., 7–9, indicative of agreement); all other combinations were
considered to reflect “moderate” consensus. A lack of consensus
was identified when the median rating fell into the uncertain range
(4–6 interval), or more than one-quarter of the ratings fell into the
opposite extreme tertile from the median (e.g., ≥4 panelists rated
1–3 [disagree] when the overall median rating was in the 7–9
[agree] range) (14).

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

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

RESULTS

Of the guidance statements considered across the 2 rounds
of ratings, the majority were rated with a median score of 7, 8, or
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9 (i.e., agreement), and 3 of them were not agreed upon. Among
the statements achieving agreement, consensus was strong for
9 and moderate for the remainder. One guidance statement
related to COVID-19 vaccination in children was rated with a
median value of 5 (uncertain) by the task force, in part reflecting
the desire to obtain more feedback from pediatric rheumatology
providers. Additional input was therefore sought from the ACR
Pediatric Rheumatology Clinical Guidance Task Force. This task
force has acknowledged ongoing clinical trials of COVID-19
vaccines in children and evolving FDA EUAs for the COVID-19 vac-
cine in children younger than age 16 years, although it recognized
that ≥1 COVID-19 vaccine clinical trial has enrolled patients as
young as age 5 years (ClinicalTrials.gov identifiers: NCT04649151
and NCT04368728) (16–19). On this basis, our task force and the
Pediatric Task Force have consistently recommended to await
appropriate evidence from clinical trials regarding the safety and
effectiveness of COVID-19 vaccination in children and align our
guidance with FDA EUAs. The second statement for which the task
force was unable to reach consensus relates to vaccination in the
context of ongoing treatment with high-dose glucocorticoids, dis-
cussed in detail below.

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

were descriptively categorized into ≥1 domain to facilitate ease of
reference. The panel concurred that rheumatology health care
providers were responsible for engaging RMD patients in discus-
sions to assess whether they had been vaccinated against
COVID-19 and to document related details (e.g., which vaccine
had been administered, timing of vaccination, whether the series
had been completed). For those not vaccinated, and similar to
other vaccination guidelines for immunocompromised patients
such as those from the Infectious Diseases Society of America
(20,21), it was thought that the rheumatology provider should
share responsibility with the patients’ primary care provider (when
available) to ensure appropriate vaccinations are administered.
Rheumatology providers should also engage patients in a shared
decision-making process to discuss the following: their attitudes,
intent, and concerns related to vaccination; local incidence of
COVID-19; individual circumstances (e.g., disease activity, medi-
cations, comorbidities) that may affect risk; ability to adhere to
nonpharmacologic public health interventions; and vaccine effi-
cacy and potential safety concerns (e.g., local or systemic reacto-
genicity, potential for disease worsening or flare).

The epidemiology of viral infection risk in RMD patients, and
specifically, the risk for infection due to SARS–CoV-2, was then
discussed. For this topic, the task force elected to narrow the
scope of the patient population under consideration and define
a presumably higher-risk subgroup of patients with RMDs. Some
RMD conditions would include those managed by rheumatology

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

Statement domain Guidance statement
Level of task force

consensus

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

Strong

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

Moderate

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

hospitalization compared to the general population.
Moderate

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

Moderate

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

Moderate

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

Moderate

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

Moderate

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

Moderate

Disease-related As a general principle, vaccination should optimally occur in the setting of well-controlled AIIRD. Moderate
Disease-related A potential risk exists for AIIRD flare or disease worsening following COVID-19 vaccination. Moderate
Vaccine safety The benefit of COVID-19 vaccination for RMD patients outweighs the potential risk for new-onset

autoimmunity.
Moderate

* RMD = rheumatic and musculoskeletal disease.
† For examples of these autoimmune and inflammatory rheumatic disease (AIIRD) conditions, see Supplementary Table 1, on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/art.42109.
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providers but not generally associated with high levels of
systemic inflammation (e.g., osteoarthritis, fibromyalgia, osteo-
porosis) and for which conventional, biologic, or targeted syn-
thetic disease-modifying antirheumatic drugs (DMARDs) or
other therapies with immunosuppressive effects are typically not
indicated. The patient population was thus restricted to those
with AIIRDs (see Supplementary Table 1 for definitions, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42109). Among these individuals, the
risk for incident viral infections (e.g., herpes zoster) was rated
as being higher than in the general population (22–24). There
was also agreement that AIIRD patients are likely to be at
increased risk for hospitalized SARS–CoV-2 infection (25–29)
and that age, race/ethnicity (especially for underrepresented
minorities), and sex were important risk factors that needed to
be considered (30–33) in evaluating risk at the individual
patient level.

Multimorbidity was felt to likewise play an important role in
the risk for developing COVID-19. While some population-based
epidemiologic studies of COVID-19 incidence and outcomes in
AIIRD patients have controlled for general multimorbidity or spe-
cific comorbidities (25,26,34), the panel recognized that some
comorbidities that increase infection risk were shared risk factors
for development of AIIRDs (e.g., smoking and related pulmonary
conditions associated with incident RA). These may represent
direct manifestations such as interstitial lung disease associated
with some AIIRDs, or they could be downstream sequelae caus-
ally related to the underlying inflammatory processes of AIIRDs
or their treatment (e.g., premature and advanced atherosclerotic
vascular disease in systemic lupus erythematosus (SLE) patients;
obesity, diabetes, and features of the metabolic syndrome in PsA
patients or those receiving long-term glucocorticoids). For that
reason, adjustment for these comorbidities might be inappropri-
ate and would underestimate the risk of COVID-19 infection in
patients with AIIRDs. Therefore, age- and sex-adjusted risk esti-
mates were preferred by some task force members when com-
paring risk and outcomes of COVID-19 in AIIRD patients to the
general population.

The few large population-based studies of COVID-19 inci-
dence and outcomes in AIIRD patients had minimal demographic
diversity, and therefore race/ethnicity could not be easily evalu-
ated as an independent risk factor. Finally, the panel acknowl-
edged challenges in being able to disentangle the independent
role of the disease activity and severity of various AIIRDs from
the medications used to treat them (e.g., higher-dose glucocorti-
coids [35]), so-called confounding by severity, as risk factors for
worse COVID-19 outcomes.

Despite these important methodologic caveats and
acknowledged limitations in the evidence base, AIIRD patients
were rated as having worse outcomes (e.g., need for intensive
care unit [ICU] treatment, mechanical ventilation, persistent infec-
tion, death) following COVID-19 compared to patients of similar

age and sex without such conditions (25–29,36). In terms of the
policy implications of this reasoning, the task force agreed that in
general, AIIRD patients should be prioritized to be allocated to
receive vaccination before the nonprioritized general population
of similar age and sex (37). The panel recognized important het-
erogeneity across AIIRD conditions, such that (for example) an
RA patient with quiescent disease treated only with hydroxychlor-
oquine likely has a lower risk for COVID-19 and adverse out-
comes compared to a patient with very active vasculitis treated
with intravenous (IV) cyclophosphamide or rituximab (RTX) and
high-dose glucocorticoids (33), although the protection conferred
by COVID-19 vaccination may also differ greatly.

Turning attention to vaccination of individual patients, the
task force felt that there were no additional known contraindica-
tions to receipt of the COVID-19 vaccine other than known aller-
gies to vaccine components as stipulated by guidance from the
CDC (38). Extrapolating evidence derived from studies of other
vaccines, the expected response to vaccination in many AIIRD
patients receiving certain systemic immunomodulatory therapies
was deemed likely to be blunted, albeit with uncertain diminution
in either the magnitude or duration of response compared to the
general population (38,39). The task force acknowledged a pau-
city of direct evidence supporting this assertion and placed great
importance on prioritizing this topic as part of a future research
agenda. The timing of vaccination was considered more ideal in
the setting of well-controlled disease, yet the task force noted that
patients and their providers should not be dissuaded from vacci-
nation under less-than-ideal conditions, with additional timing
considerations as discussed below.

Based on data derived from the published literature, a poten-
tial risk for a flare of the patient’s underlying AIIRD following vacci-
nation was acknowledged. For example, based on randomized
controlled trial data (40), the frequency of flare was higher in RA
patients randomized to have methotrexate (MTX) withheld at the
time of influenza vaccination compared to those randomized to
continue (10.6% versus 5.1%, respectively), with flare defined as
an increase in the Disease Activity Score in 28 joints (DAS28) of
>1.2, or >0.6 if the baseline DAS28 was ≥3.2 (41). A subsequent
pooled analysis that included that trial and another showed that
while the mean change in DAS28 did not differ between groups,
the adjusted flare rate in the 2-week withhold group (MTX with-
hold) was 2.90-fold higher (95% confidence interval 0.96–4.56,
P = 0.063) compared to the group that continued MTX (MTX con-
tinue), with a difference in proportions experiencing flare of 10.8%
(MTX withhold group) versus 5.8% (MTX continue group)
(40,42–44). This risk of flare or disease worsening was catalogued
as an important topic slated for the future research agenda.
Finally, although some new-onset AIIRDs (e.g., RA, vasculitis) or
flares of preexisting AIIRDs have been reported after COVID-19
in published case reports (45,46), the expected benefit of vacci-
nation for AIIRD patients was thought to outweigh any theoretical
risk for the development of new-onset autoimmune conditions or
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other potentially immune-mediated manifestations or abnormali-
ties (e.g., Bell’s palsy, Guillain-Barré syndrome, anti-RNA anti-
bodies in SLE patients, immune thrombocytopenic purpura)
following vaccination.

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

recommended that RMD and AIIRD patients be offered and
receive vaccination against SARS–CoV-2. Discussion was held
regarding the age cutoff for vaccination, and the panel agreed that
guidance should be made consistent with the EUA of available
vaccines (i.e., age ≥5 years as of October 29, 2021), with the
potential for that cutoff to change in the future based on future
revisions to EUAs for existing vaccines, forthcoming EUAs for
new vaccines, or age restrictions applicable to FDA licensure.

Table 3. Recommendations for primary and supplemental dosing of the COVID-19 vaccine in RMD patients*

Statement domain Guidance statement
Level of task force

consensus

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

Strong

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

Moderate

Vaccine
effectiveness/
safety

For AIIRD patients who are not yet vaccinated, either of the mRNA vaccines is
recommended over the Johnson & Johnson vaccine. There is no recommendation for
one mRNA vaccine over another.

Moderate

Vaccine effectiveness For a multidose vaccine, AIIRD patients should receive the second dose of the same vaccine,
even if there are nonserious adverse events associated with receipt of the first dose,
consistent with timing described in CDC guidelines (32).

Strong

Clinical practice For patients who previously completed the 2-dose mRNA series, an additional COVID-19
vaccine dose is recommended ≥28 days after the completion of the vaccine series for
AIIRD patients receiving any immunosuppressive or immunomodulatory therapy
other than hydroxychloroquine monotherapy.

Moderate

Clinical practice For patients who previously completed the mRNA COVID-19 vaccine series or 1-dose J&J
COVID-19 vaccine, and who are receiving a booster dose, an mRNA vaccine
supplemental dose of either type (Pfizer or Moderna) is preferred.

Moderate

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

Strong

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

Strong

Clinical practice AIIRD patients at high risk for poor outcomes related to COVID-19 should receive
monoclonal antibody therapy, either as prevention (i.e., post-exposure prophylaxis
for asymptomatic, recently exposed patients) or as treatment for newly symptomatic
patients, if licensed or approved under FDA EUA.

Moderate

Clinical practice/public
health

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

Moderate

Vaccine effectiveness/
disease-related

While vaccination would ideally occur in the setting of well-controlled AIIRD, except for AIIRD
patients with life-threatening disease (e.g., in the ICU for any reason), COVID-19 vaccination
should occur as soon as possible for those for whom it is being recommended, irrespective
of disease activity and severity.

Strong

Vaccine effectiveness/
disease-related

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

Moderate

Vaccine effectiveness/
disease-related

AIIRD patients with active but non–life-threatening disease should receive COVID-19
vaccination.

Strong

Vaccine effectiveness/
disease-related

AIIRD patients with stable or low disease activity AIIRDs should receive COVID-19 vaccination. Strong

Vaccine effectiveness/
disease-related

AIIRD patients not receiving immunomodulatory treatments should receive the first dose of the
COVID-19 vaccine prior to initiation of immunomodulatory therapy when feasible.

Moderate

* Boldface text indicates updates that were added to the version 4 summary document at the end of 2021. RMD = rheumatic andmusculoskeletal
disease; EUA = Emergency Use Authorization; FDA = US Food and Drug Administration; AAIRD = autoimmune and inflammatory rheumatic
disease; CDC = Centers for Disease Control and Prevention; ICU = intensive care unit.
† Age ≥5 years as of October 29, 2021.
‡ Given uncertainties in the interpretation of laboratory testing following vaccination as it would impact clinical decision-making, the panel
reaffirmed this statement in Version 4 of this guidance document.
§ The task force discussed the possibility of recommending additional andmore sustained public healthmeasures for patients with AIIRD. After
deliberation, they did not elect to exceed current public health authority guidance given uncertainties about the clinical effectiveness of vacci-
nation in such patients. The appropriateness for continued preventive measures (e.g., masking, physical distancing) should be discussed with
patients as their rheumatology providers deem appropriate.

ACR GUIDANCE FOR COVID-19 VACCINATION IN RMD PATIENTS e27



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

Extensive discussion was held regarding whether consider-
ation for a particular vaccine or vaccine platform (e.g., messenger
RNA [mRNA] versus adenoviral vector) might be preferred in gen-
eral, or for select patients, based on potential differences in effec-
tiveness or safety. Based on the task force members’ ratings and
the vaccine options in the US, the expert panel reached consensus
on the guidance that RMD patients undergoing vaccination are rec-
ommended to receive whichever SARS–CoV-2 mRNA vaccine is
available to them. Either of the mRNA vaccines is recommended
over the single-dose Johnson & Johnson vaccine. The task force
noted that none of the other SARS–CoV-2 vaccine candidates in
development would be classified as a canonical live virus vaccine,
including the adenoviral vector–based vaccines which are replica-
tion deficient (47). Thus, the usual prohibitions against the use of
live virus vaccines in immunosuppressed patients do not apply.

Following receipt of the first dose in a vaccine series,
patients were recommended to receive the second dose of the
same type of vaccine, assuming no contraindication to the sec-
ond dose per CDC guidance (e.g., a severe allergic reaction, or
an immediate allergic reaction of any severity to the vaccine or
any of its components, including polyethylene glycol) (37,48).
Persons who develop SARS–CoV-2 infection between the first
and second dose of a 2-dose vaccine series should delay the
second dose until they have recovered from the acute illness
(if symptomatic) and discontinued isolation, and then they
should receive the second dose without delay (37,48). Consis-
tent with CDC guidance (48), SARS–CoV-2–infected patients
who received monoclonal antibodies (e.g., bamlanivimab, casiri-
vimab, imdevimab) or convalescent plasma as part of treatment
for COVID-19 are no longer recommended to defer vaccination
following receipt of antibody products (anti–SARS–CoV-2
monoclonal antibodies or convalescent plasma). Also consistent

with CDC guidance (48), providers may co-administer other
vaccines at the same time as COVID-19 vaccines, and without
regard to the timing of other vaccines.

For patients who previously completed the 2-dose mRNA
series or received the 1-dose Johnson & Johnson COVID-19 vac-
cine, a supplemental/booster COVID-19 vaccine dose is recom-
mended ≥28 days after the completion of the vaccine series.
This guidance applies to AIIRD patients receiving any immuno-
suppressive or immunomodulatory therapy other than hydroxy-
chloroquine monotherapy. In making this statement, the task
force recognized the high potential for confusion related to
nomenclature between an additional primary dose and a booster
dose. A “third dose” is the term typically used to refer to an addi-
tional primary dose of a vaccine given to patients who previously
completed the primary vaccine series (i.e., the 2-dose mRNA vac-
cine series) and who may have mounted a suboptimal response
due to immunosuppressive medications or an immunocompro-
mised medical condition (48–53). In contrast, a “booster dose”
refers to an additional dose given to patients who are expected
to have mounted an adequate response but in whom the
response may have waned over time (e.g., ≥6 months) (48,53–59).
For patients who already received a third dose, the booster may
be a “fourth dose” (48). The timing of an additional primary/third
dose might occur as early as 28 days after completion of the pri-
mary vaccine series, whereas a booster dose likely would be
given ≥6 months later (48).

While these are distinct scenarios, the task force sought to
simplify the nomenclature in relation to its guidance statements
and therefore adopted a composite term “supplemental/booster
dose” throughout the remainder of this document. The task force
reviewed the evidence for homologous versus heterologous (i.e.,
“mix and match” supplemental/booster dosing) (60–67). After
consideration, and similar to the preference for an mRNA vaccine
for primary vaccination, patients who previously completed the
mRNA COVID-19 vaccine series or 1-dose Johnson & Johnson
COVID-19 vaccine are recommended to receive an mRNA vaccine
supplemental/booster dose, either Pfizer or Moderna (68–70).

Thus far, there is no proven laboratory-based immune cor-
relate of protection against SARS–CoV-2 following natural
infection or vaccination. Moreover, some commercially avail-
able SARS–CoV-2 serologic assays do not detect antibody
responses to spike protein generated by the currently available
mRNA vaccines, but rather measure antibodies to nucleocap-
sid protein. Therefore, the task force recommended that health
care providers not do any of the following: routinely order labo-
ratory testing to assess the need for vaccination in an unvacci-
nated person, screen for asymptomatic SARS–CoV-2
shedding, or assess SARS–CoV-2 immunity following vaccina-
tion. The task force expressed strong interest in modifying this
guidance once additional data evolve regarding the potential
utility of laboratory-based testing that might be helpful in select
patients.

CURTIS ET ALe28



AIIRD patients at high risk for poor outcomes related to
COVID-19 were recommended to receive monoclonal antibody
therapy with casirivimab and imdevimab (Regeneron) if available,
either as prevention (i.e., post-exposure prophylaxis for asymp-
tomatic, recently exposed patients) or as treatment for newly
symptomatic patients. Household members and other frequent
close contacts of AIIRD patients were recommended to undergo
COVID-19 vaccination when available, in order to facilitate a
“cocooning effect” that may help protect at-risk AIIRD patients.
However, the priority for vaccination for these close contacts
should not be elevated for this reason.

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

Treatment-specific timing of primary vaccination.
There was recognition that the ability to carefully time COVID-19
vaccination is sometimes limited in a real-world setting, and the
overarching view was that COVID-19 vaccination should be given
rather than not given if timing in relation to immunomodulatory
drugs is not under the provider’s or patient’s control.

Strong consensus was achieved regarding the statement to
not delay COVID-19 vaccination for patients receiving hydroxy-
chloroquine, sulfasalazine, leflunomide, apremilast, or IV immuno-
globulin (10,71). A similar recommendation with moderate
consensus was achieved for most of the remaining immunomod-
ulatory therapies considered (72–83).

One exception was RTX (10,11,84–88), for which the panel
recommended to schedule vaccination such that the vaccine
series would be initiated ~4 weeks prior to the next scheduled
RTX dose. For example, a patient receiving RTX as a 2-dose cycle
(spaced 2 weeks apart), with cycles repeating every 6 months,
would be recommended to initiate vaccination ~5 months after

the start of the prior RTX cycle. RTX dosing could then be
resumed 2–4 weeks after the second COVID-19 vaccination, as
discussed in the next section. Those receiving RTX cycles at
4-month intervals would initiate vaccination 3 months after the
prior RTX cycle. In order to follow this recommendation, the task
force invoked the assumption that a patient’s COVID-19 risk
was low or able to be mitigated by preventive health measures.
The rationale for this recommendation comes from a study dem-
onstratingminimal response to influenza vaccination in 11 patients
vaccinated 4–8 weeks after RTX treatment, with modestly restored
responses in patients vaccinated 6–10 months after their last
RTX dose (89), as well as data demonstrating that B cell–
depleting therapy greatly attenuates the response to COVID-19
vaccination (90).

As the second statement for which consensus was not
achieved, the panel was uncertain about whether to delay vacci-
nation if an AIIRD patient was receiving glucocorticoids at a
prednisone-equivalent dose of ≥20 mg per day. Controversy
stemmed as to whether vaccine response might be blunted in this
circumstance, which may relate to the glucocorticoids themselves
or to the presumably high disease activity and severity (91,92).
Other factors discussed included the disease being treated and
the medical management considerations if the patient were to
manifest systemic reactogenicity (e.g., persistent high fever). Con-
cern regarding an attenuated response to the vaccine in this cir-
cumstance would be partially mitigated if there was a possibility
to later order serologies or other laboratory tests, and clinicians
were able to assess vaccine-induced immunity and administer a
booster or revaccinate if needed. However, such laboratory-
based correlates of protection are not currently available.

Use and timing of immunomodulatory therapies in
relation to COVID-19 vaccination administration. The
task force continued to update its literature review through Octo-
ber 2021, including published information regarding the immuno-
genicity and safety of primary vaccination in RMD patients
(68,69,93) and the literature on supplemental/booster vaccine
dosing in non-RMD patients (94,95). Considering the goal to align
guidance for recommendations related to primary vaccination,
additional primary vaccination, and booster dosing to facilitate
ease of implementation, the task force harmonized their recom-
mendations for the use and timing of immunomodulatory therapies
related to all vaccine administrations. Updated recommendations
are shown in Table 4.

Based on some evidence that immunosuppressive therapies
may attenuate vaccine response (68,96–98), for abatacept, beli-
mumab, and most conventional (e.g., mycophenolate mofetil,
MTX, azathioprine) and targeted (e.g., JAK inhibitor) immuno-
modulatory therapies, the task force recommended to withhold
these for 1–2 weeks after each COVID-19 vaccine dose, assum-
ing disease activity allows. For biologics that inhibit certain cyto-
kines (e.g., tumor necrosis factor, interleukin-6 receptor [IL-6R],

ACR GUIDANCE FOR COVID-19 VACCINATION IN RMD PATIENTS e29



IL-1R, IL-17, IL-12/23, IL-23), the task force failed to reach con-
sensus on whether or not to temporarily interrupt these following
each COVID-19 vaccine dose. Some panel members felt that
withholding treatment for 1–2 weeks was unnecessary, had mini-
mal effect on vaccine response (68,99), and could put the patient
at greater increased risk for disease to worsen. In contrast, other
task force members felt that even limited evidence suggesting
the possibility that these therapies could attenuate vaccine
response should result in a recommendation of a temporary inter-
ruption of therapy (100,101). For that reason, no consensus was
reached, and decision-making was deferred to the discretion of
individual providers and patients.

Hydroxychloroquine was a notable exception, as the task
force recommended that this therapy not be interrupted. Given
the complexities of RTX dosing for RA, vasculitis, and other
potential off-label uses (e.g., SLE), as well as the substantial
literature suggesting that vaccine response is attenuated by
B cell–depleting therapies (68,96,102,103), the task force

recommended that patients discuss the optimal timing of RTX
and other B cell–depleting therapies and vaccination timing with
their rheumatology provider before proceeding. While some clini-
cians measure CD19 B cells and use the information to time the
vaccine booster and subsequent RTX dosing, this option may
not be available in community practice settings. For those who
elect to dose B cell–depleting therapies without such information,
or for whom such measurement is not available or feasible, addi-
tional doses of the vaccine were recommended 2–4 weeks before
the next anticipated dose (e.g., at month 5.0 or 5.5 for patients on
an recurring 6-month RTX dosing schedule).

Finally, based on the literature suggesting that acetamino-
phen and/or nonsteroidal antiinflammatory drugs may somewhat
impair vaccine response (104), the task force recommended with-
holding these for 24 hours prior to vaccination, assuming that dis-
ease is stable. There was no prohibition against their use in
patients who experience local or systematic symptoms postvac-
cination (48).

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

Medication(s)
Timing considerations for immunomodulatory

therapy and vaccination

Level of task
force

consensus

Abatacept (IV) Time vaccination to occur 1 week prior to the next dose of
abatacept (IV).

Moderate

Abatacept (SC) Withhold for 1–2 weeks (as disease activity allows) after each
COVID-19 vaccine dose.

Moderate

Acetaminophen, NSAIDs Assuming that disease is stable, withhold for 24 hours prior to
vaccination. No restrictions on use postvaccination if symptoms
develop.

Moderate

Belimumab (SC) Withhold for 1–2 weeks (as disease activity allows) after each
COVID-19 vaccine dose.

Moderate

TNFi, IL-6R, IL-1Ra, IL-17, IL-12/23,
IL-23, and other cytokine inhibitors†

The task force failed to reach consensus on whether or not to
temporarily interrupt these following each COVID-19 vaccine
dose, including both primary vaccination and supplemental/
booster dosing.

Moderate

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

Moderate

Hydroxychloroquine No modifications to either immunomodulatory therapy or
vaccination timing.

Strong

Rituximab or other anti-CD20
B cell–depleting agents

Discuss the optimal timing of dosing and vaccination with
rheumatology provider before proceeding.‡

Moderate

All other conventional and targeted
immunomodulatory or immunosuppressive
medications (e.g., JAK inhibitors, MMF)
except for those listed above§

Withhold for 1–2 weeks (as disease activity allows) after each
COVID-19 vaccine dose.

Moderate

* This guidance applies to both primary vaccination and supplemental/booster dosing. Boldface text indicates updates that were added to the
version 4 summary document at the end of 2021. For details on the history of updates to these guidance statements, see Supplementary
Table 6, on the Arthritis & Rheumatologywebsite at http://onlinelibrary.wiley.com/doi/10.1002/art.42109. RMD = rheumatic andmusculoskeletal
disease; IV = intravenous; SC = subcutaneous; NSAIDs = nonsteroidal antiinflammatory drugs; TNFi = tumor necrosis factor inhibitor.
† Examples of cytokine inhibitors include the following: for interleukin-6 receptor (IL-6R), sarilumab and tocilizumab; for IL-1 receptor antago-
nist (IL-1Ra), anakinra and canakinumab; for IL-17, ixekizumab and secukinumab; for IL-12/IL-23, ustekinumab; for IL-23, guselkumab and
rizankizumab.
‡ Some practitioners measure CD19 B cells as a tool with which to time the booster and subsequent rituximab dosing. For those who elect to
dose without such information, or for whom such measurement is not available or feasible, a supplemental vaccine dose 2–4 weeks should
be provided before next anticipated rituximab dose (e.g., at month 5.0 or 5.5 in patients being administered rituximab every 6 months).
§ Includes apremilast, azathioprine, calcineurin inhibitors, cyclophosphamide (oral), IV immunoglobulin, leflunomide,methotrexate, JAK inhibitors
(tofacitinib, upadacitinib, baricitinib), mycophenolate mofetil (MMF), and sulfasalazine.
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As an outgrowth of the evidence report, the task force
assembled a research agenda where evidence was lacking
(Table 5). Given that there was little direct evidence in any RMD
population, the topics were broad and spanned domains related
to clinical effectiveness, safety, flare, reactogenicity, study design,
immunogenicity, and laboratory-based correlates of protection.
With the relatively small size of the task force, no attempt was
made to prioritize these topics given the expectation that they
would evolve over time and as new science in non-RMD popula-
tions was forthcoming.

DISCUSSION

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

As an overarching principle, the sparsity of information regard-
ing COVID-19 vaccination in RMD patients yielded a need for
extrapolation based on the literature published for other vaccines.
The evidence base was, therefore, of low or very low quality and
suffered from indirectness (12) in almost all respects. The guidance
provided herein represents a balance between evidence regarding
efficacy, effectiveness, safety, feasibility (e.g., withholding a therapy
with a long half-life or extended recirculation like leflunomide may
be unrealistic), expected vaccine availability, and tradeoffs in
resource utilization. For example, vigorous debate was held about
whether it was preferable to vaccinate a high-risk patient in a sub-
optimal circumstance (e.g., active disease, receiving high-dose glu-
cocorticoids, receiving cytotoxic therapy), under the assumption
that the vaccine would confer at least some protection to a patient
at high risk for a poor outcome if they contract COVID-19. Or
rather, might it be preferable to wait until a more optimal circum-
stance presented itself? However, given the uncertainty in most
medical settings to predict the future course of a patient’s AIIRD
or the need for additional immunomodulatory treatments, a more
salutary setting to optimize vaccine response might never

Table 5. Research agenda for future COVID-19 vaccine studies in
RMD patients proposed by the task force*

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

Optimize response to primary vaccination and supplemental/
booster dose by considering timing related to intentional short-
term cessation of certain immunomodulatory therapies (e.g.,
methotrexate, subcutaneous abatacept, JAK inhibitors,
mycophenolate mofetil) to optimize vaccine response.

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

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

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

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

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

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

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

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

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

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

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

* RMD= rheumatic andmusculoskeletal disease; AIIRD = autoimmune
and inflammatory rheumatic disease; GCs = glucocorticoids; FDA = US
Food and Drug Administration; EUA = Emergency Use Authorization;
ACR = American College of Rheumatology; RISE = Rheumatology Infor-
matics System for Effectiveness.
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materialize. Thus, the task force typically favored proceeding more
immediately with vaccination.

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

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

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

Finally, the procedures used to develop this guidance did not
follow the rigorous methodology routinely used by the ACR when
formal clinical practice guidelines are created, although they were
adherent to the ACR standardized operating procedures for guid-
ance documents (13). This was an expected limitation given the
accelerated time frame desired by the ACR to issue practical
and timely recommendations both to its membership and to the
rheumatology community. Once the urgency of the pandemic
has passed, the work of this task force will eventually be folded
back under the aegis of the broader ACR vaccine guideline devel-
opment group, charged with covering this and all other vaccines

in the context of RMDs, and the more typical guideline develop-
ment process favored by the ACR will be applied. Additional and
important input from other stakeholders, including patients and
patient advocates, will also be sought, as the ACR has done for
past clinical practice guidelines (6).

As new safety and efficacy evidence becomes available for
COVID-19 vaccines in patients with RMDs and AIIRDs, the ACR’s
guidance document will continue to be updated and expanded,
consistent with the notion of a “living document.” The need for
future updates will be routinely assessed by the ACR, this task
force, and the larger ACR guideline development group. The
ACR is committed to maintaining this process throughout the
pandemic to facilitate evidence-based practice and promote opti-
mal outcomes for all patients with RMDs and AIIRDs with respect
to mitigating COVID-19 risk.
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