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

Belimumab in Patients of Black African Ancestry
Renal involvement is more common and 
severe in systemic lupus erythematosus 
(SLE) patients of Black African ancestry. 
In this issue, Ginzler et al (p. 112) conclude 

that belimumab remains a 
suitable treatment option 
for SLE management 

in patients of Black African ancestry even 
though it did not achieve the primary end 
point in a randomized study. They report the 
results from the fi rst randomized, placebo-
controlled clinical trial in SLE focusing on 
patients of self-identifi ed Black race. The 
study was initiated as one of the postap-
proval commitments for belimumab.

Treatment with belimumab 10 mg/kg 
intravenous was well tolerated, and the study 
identifi ed no new safety signals. The most 
noteworthy fi nding in the trial was the large 
difference in SLE Responder Index (SRI)–
SLE Disease Activity Index 2000 (SLEDAI-
2K) response in the open-label extension phase. 
The SRI–SLEDAI–2K response during the 
open-label extension was much greater than the 
primary analysis at 52 weeks. While the team 
introduced the SRI–SLEDAI–2K intending 
to increase sensitivity to treatment response 
relative to the SRI–SELENA–SLEDAI used 
in previous clinical trials, they did not achieve 
the predicted increase in sensitivity.

p. 112

Insights into the Role of Sputum NET Subsets in RA
Although rheumatologists still do not know 
the exact etiology of rheumatoid arthritis 
(RA), multiple studies indicate that patients 
who ultimately develop RA fi rst experience 

autoimmunity and infl am-
mation in the lung. This 
observation has led some 

researchers to postulate an important role for 
neutrophil extracellular trap (NET) forma-
tion in the lungs in the development of RA. 
In this issue, Okamoto et al (p. 38) report 
results consistent with the hypothesis that 
infl ammation leads to increased citrullinated 
histone H3 (Cit-H3) protein–expressing 
NETs, which then promote local mucosal 
anti–citrullinated protein antibody (ACPA) 
generation. Theirs is the fi rst study to show 
that not only are RA patients more prone to 
spontaneous NET formation in the lung, but 
those at risk for RA also have sputum NET 
remnants that are associated with IgA anti–
cyclic citrullinated peptide (anti-CCP). 

The investigators began by using immuno-
fl uorescence imaging to document that spon-
taneous Cit-H3–expressing NET formation 

was higher in sputum 
neutrophils from at-risk 
subjects and RA patients 
compared to controls. Of 
note, total sputum NET 
formation and Cit-H3+ 
NETosis were not 
signifi cantly increased  
when based on age, sex, 
or history of chronic 
lung disease. When the 
researchers specifi cally 
assessed at-risk subjects, 
they found that sputum 
IgA ACPA correlated 
with the percentage of neutrophils that under-
went Cit-H3+ NET formation as well as the 
levels of Cit-H3+ NET remnants. They also 
found that sputum macrophages in subjects at 
risk for RA and RA patients had diminished 
endocytic function relative to controls.

Using a mediation model, researchers 
determined that sputum inflammatory 
proteins were associated with sputum IgA 
ACPA via a pathway mediated by Cit-H3+ 

p. 38

The study included patients who were 
generally less immunologically active than 
the overall population included in the pivotal 
phase III studies, and the immunoglob-
ulin and SLE biomarker responses from the 
study were consistent with those in the pivotal 
belimumab studies. When the investigators 
performed a regional analysis of the primary 
end point, they found that patients in the rest-
of-world subgroup had a higher response to 
belimumab compared with placebo than 
did the US/Canada subgroup. The authors 
propose that regional baseline differences in 
complement levels may have contributed to 
this difference.

Figure 1. Sputum NET formation (known as NETosis) and association 
with sputum IgA anti-CCP. A and B, Percentage of sputum neutrophils 
that underwent total NETosis (DNA+MPO+) (A) and Cit-H3+ NETosis 
(DNA+MPO+Cit-H3+) (B) in ex vivo unstimulated culture in healthy con-
trols (n = 15), subjects at risk for RA (n = 41), and RA patients (n = 8).

NET remnants. Moreover, sputum from 
at-risk individuals induced Cit-H3+ NET 
formation in correlation with sputum levels 
of interleukin-1β (IL-1β), IL-6, and tumor 
necrosis factor. While the authors believe 
that these observations suggest a causal rela-
tion, they acknowledge that it is also possible 
that ACPA, which can trigger NET formation, 
may result in driving forward the process of 
increased NETosis.
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Little is known about the epidemiology and the spectrum of the 
drugs involved or suspected in drug-associated antineutrophil cyto-
plasmic antibody-associated vasculitis (AAV). Since drug-induced 
AAV seems to exhibit a better prognosis than primary AAV due to 
possible self-healing after withdrawal of the culprit drug, updating 
data on new targeted therapies is useful.  The data in the literature 
supporting the role of a drug in the onset of AAV mainly rely on 
case reports or short series, implicating established treatments. 
Because of the rarity of AAV,  and a possible long delay between the 
introduction of the drug and the clinical event, this adverse reaction 
is rarely evoked and is difficult to prove.  The authors collected data 
on adverse drug reactions from the World Health Organization 
pharmacovigilance database. For each retrieved drug, a case– 
noncase analysis was performed, and disproportionate reporting 
was calculated using the information component (IC).  The IC is a 
validated Bayesian indicator that compares the number of cases 
observed for a specific drug–adverse drug reaction pair with the 
number of cases expected for that pair given the hypothesis of an 
independent distribution of the reporting of the adverse drug reac-
tion and the drug in the database. 

Among the more than 20 million suspected adverse drug 
events reported in the database, a total of 483 case reports of 

drug-associated AAV were retrieved. These involved 15 drugs 
that showed significant disproportionate reporting.  This data 
mining approach allows for the automated detection of drug 
safety signals associated with rare events such as AAV and for the 
description of the largest series of cases and drugs involved in 
drug-induced AAV.  The significant associations found do not imply 
causality, but they should be considered hypothesis-generating. 

To conclude, this expansive pharmacoepidemiologic method 
is a first step to retrieve and prioritize all drugs suspected in 
rare diseases such as drug-induced AAV,  after which experimen-
tal and observational studies are required as a second step to 
confirm these findings.

Questions

1. What was previously known in drug-associated AAV?

2. Why did the authors choose a pharmacovigilance-based data
mining approach?

3. What are the main limitations and the strengths of this method?

4. How does this method of drug safety epidemiology compare
with other methods?

A Worldwide Pharmacoepidemiologic Update on Drug-Induced AAV in 
the Era of Targeted Therapies

Upadacitinib Safe and Effective for Active AS
The primary goal of therapy in ankylosing 
spondylitis (AS) is to maximize a patient’s 
quality of life by controlling the signs and 
symptoms of disease and preserving phys-

ical function and social 
participation. Deodhar et  
al (p. 70) report that treat-

ment of patients with active AS with upadaci-
tinib 15 mg once daily resulted in sustained 
and consistent efficacy over 1 year. More-
over, patients who switched from placebo 
to upadacitinib at week 14 showed similar 
efficacy to those who received continuous 
upadacitinib. The SELECT-AXIS 1 study 
is the first to report 1-year data on a JAK 
inhibitor in AS.

Of 187 patients enrolled, 178 completed 
week 14 on the study drug and entered the 
open-label extension. The study included only 

1 dose of upadacitinib (15 mg once daily) and 
did not include an active comparator. At week 
64, patients in both the continuous upadaci-
tinib and the placebo-to-upadacitinib groups 
achieved similar rates of improvement as 
measured by the Assessment of Spondylo-
Arthritis International Society criteria for 
40% improvement (ASAS40) or Ankylosing 
Spondylitis Disease Activity Score (ASDAS). 
More than 70% of patients achieved these end 
points based on nonresponder imputation 
(NRI), and ≥81% achieved the end points 
based on as-observed analyses. In addition, 
≥34% (NRI) and ≥39% (as-observed anal-
ysis) achieved ASDAS showing inactive 
disease or ASAS showing partial remission 
at week 64. When the researchers looked at 
mean changes in pain, function, and inflam-
mation from baseline (week 0) to week 

64, they found consistent improvement or 
sustained maintenance through the study.

The investigators also documented that 
upadacitinib was well tolerated over 237.6 
patient-years of exposure with no new or unex-
pected safety signals beyond those already 
seen in clinical development programs in 
rheumatoid arthritis and psoriatic arthritis. 
There were no reports of serious infections, 
major adverse cardiovascular events, venous 
thromboembolic events, gastrointestinal perfo-
ration, or deaths. None of the patients devel-
oped new-onset uveitis, and events were 
observed only in patients with a history of 
uveitis. The authors conclude by suggesting 
that upadacitinib may help address an unmet 
need for patients with AS who have active 
disease and an inadequate response to nonste-
roidal anti-inflammatory drugs.

p. 70
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 In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Belimumab in Patients of Black African Ancestry
Renal involvement is more common and 
severe in systemic lupus erythematosus 
(SLE) patients of Black African ancestry. 
In this issue, Ginzler et al (p. 112) conclude 

that belimumab remains a 
suitable treatment option 
for SLE management 

in patients of Black African ancestry even 
though it did not achieve the primary end 
point in a randomized study. They report the 
results from the fi rst randomized, placebo-
controlled clinical trial in SLE focusing on 
patients of self-identifi ed Black race. The 
study was initiated as one of the postap-
proval commitments for belimumab.

Treatment with belimumab 10 mg/kg 
intravenous was well tolerated, and the study 
identifi ed no new safety signals. The most 
noteworthy fi nding in the trial was the large 
difference in SLE Responder Index (SRI)–
SLE Disease Activity Index 2000 (SLEDAI-
2K) response in the open-label extension phase. 
The SRI–SLEDAI–2K response during the 
open-label extension was much greater than the 
primary analysis at 52 weeks. While the team 
introduced the SRI–SLEDAI–2K intending 
to increase sensitivity to treatment response 
relative to the SRI–SELENA–SLEDAI used 
in previous clinical trials, they did not achieve 
the predicted increase in sensitivity.

p. 112

Insights into the Role of Sputum NET Subsets in RA
Although rheumatologists still do not know 
the exact etiology of rheumatoid arthritis 
(RA), multiple studies indicate that patients 
who ultimately develop RA fi rst experience 

autoimmunity and infl am-
mation in the lung. This 
observation has led some 

researchers to postulate an important role for 
neutrophil extracellular trap (NET) forma-
tion in the lungs in the development of RA. 
In this issue, Okamoto et al (p. 38) report 
results consistent with the hypothesis that 
infl ammation leads to increased citrullinated 
histone H3 (Cit-H3) protein–expressing 
NETs, which then promote local mucosal 
anti–citrullinated protein antibody (ACPA) 
generation. Theirs is the fi rst study to show 
that not only are RA patients more prone to 
spontaneous NET formation in the lung, but 
those at risk for RA also have sputum NET 
remnants that are associated with IgA anti–
cyclic citrullinated peptide (anti-CCP). 

The investigators began by using immuno-
fl uorescence imaging to document that spon-
taneous Cit-H3–expressing NET formation 

was higher in sputum 
neutrophils from at-risk 
subjects and RA patients 
compared to controls. Of 
note, total sputum NET 
formation and Cit-H3+ 
NETosis were not 
signifi cantly increased  
when based on age, sex, 
or history of chronic 
lung disease. When the 
researchers specifi cally 
assessed at-risk subjects, 
they found that sputum 
IgA ACPA correlated 
with the percentage of neutrophils that under-
went Cit-H3+ NET formation as well as the 
levels of Cit-H3+ NET remnants. They also 
found that sputum macrophages in subjects at 
risk for RA and RA patients had diminished 
endocytic function relative to controls.

Using a mediation model, researchers 
determined that sputum inflammatory 
proteins were associated with sputum IgA 
ACPA via a pathway mediated by Cit-H3+ 

p. 38

The study included patients who were 
generally less immunologically active than 
the overall population included in the pivotal 
phase III studies, and the immunoglob-
ulin and SLE biomarker responses from the 
study were consistent with those in the pivotal 
belimumab studies. When the investigators 
performed a regional analysis of the primary 
end point, they found that patients in the rest-
of-world subgroup had a higher response to 
belimumab compared with placebo than 
did the US/Canada subgroup. The authors 
propose that regional baseline differences in 
complement levels may have contributed to 
this difference.

Figure 1. Sputum NET formation (known as NETosis) and association 
with sputum IgA anti-CCP. A and B, Percentage of sputum neutrophils 
that underwent total NETosis (DNA+MPO+) (A) and Cit-H3+ NETosis 
(DNA+MPO+Cit-H3+) (B) in ex vivo unstimulated culture in healthy con-
trols (n = 15), subjects at risk for RA (n = 41), and RA patients (n = 8).

NET remnants. Moreover, sputum from 
at-risk individuals induced Cit-H3+ NET 
formation in correlation with sputum levels 
of interleukin-1β (IL-1β), IL-6, and tumor 
necrosis factor. While the authors believe 
that these observations suggest a causal rela-
tion, they acknowledge that it is also possible 
that ACPA, which can trigger NET formation, 
may result in driving forward the process of 
increased NETosis.
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Little is known about the epidemiology and the spectrum of the 
drugs involved or suspected in drug-associated antineutrophil cyto-
plasmic antibody-associated vasculitis (AAV). Since drug-induced 
AAV seems to exhibit a better prognosis than primary AAV due to 
possible self-healing after withdrawal of the culprit drug, updating 
data on new targeted therapies is useful.  The data in the literature 
supporting the role of a drug in the onset of AAV mainly rely on 
case reports or short series, implicating established treatments. 
Because of the rarity of AAV,  and a possible long delay between the 
introduction of the drug and the clinical event, this adverse reaction 
is rarely evoked and is difficult to prove.  The authors collected data 
on adverse drug reactions from the World Health Organization 
pharmacovigilance database. For each retrieved drug, a case– 
noncase analysis was performed, and disproportionate reporting 
was calculated using the information component (IC).  The IC is a 
validated Bayesian indicator that compares the number of cases 
observed for a specific drug–adverse drug reaction pair with the 
number of cases expected for that pair given the hypothesis of an 
independent distribution of the reporting of the adverse drug reac-
tion and the drug in the database. 

Among the more than 20 million suspected adverse drug 
events reported in the database, a total of 483 case reports of 

drug-associated AAV were retrieved. These involved 15 drugs 
that showed significant disproportionate reporting.  This data 
mining approach allows for the automated detection of drug 
safety signals associated with rare events such as AAV and for the 
description of the largest series of cases and drugs involved in 
drug-induced AAV.  The significant associations found do not imply 
causality, but they should be considered hypothesis-generating. 

To conclude, this expansive pharmacoepidemiologic method 
is a first step to retrieve and prioritize all drugs suspected in 
rare diseases such as drug-induced AAV,  after which experimen-
tal and observational studies are required as a second step to 
confirm these findings.

Questions

1. What was previously known in drug-associated AAV?

2. Why did the authors choose a pharmacovigilance-based data
mining approach?

3. What are the main limitations and the strengths of this method?

4. How does this method of drug safety epidemiology compare
with other methods?
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quality of life by controlling the signs and 
symptoms of disease and preserving phys-

ical function and social 
participation. Deodhar et  
al (p. 70) report that treat-

ment of patients with active AS with upadaci-
tinib 15 mg once daily resulted in sustained 
and consistent efficacy over 1 year. More-
over, patients who switched from placebo 
to upadacitinib at week 14 showed similar 
efficacy to those who received continuous 
upadacitinib. The SELECT-AXIS 1 study 
is the first to report 1-year data on a JAK 
inhibitor in AS.

Of 187 patients enrolled, 178 completed 
week 14 on the study drug and entered the 
open-label extension. The study included only 

1 dose of upadacitinib (15 mg once daily) and 
did not include an active comparator. At week 
64, patients in both the continuous upadaci-
tinib and the placebo-to-upadacitinib groups 
achieved similar rates of improvement as 
measured by the Assessment of Spondylo-
Arthritis International Society criteria for 
40% improvement (ASAS40) or Ankylosing 
Spondylitis Disease Activity Score (ASDAS). 
More than 70% of patients achieved these end 
points based on nonresponder imputation 
(NRI), and ≥81% achieved the end points 
based on as-observed analyses. In addition, 
≥34% (NRI) and ≥39% (as-observed anal-
ysis) achieved ASDAS showing inactive 
disease or ASAS showing partial remission 
at week 64. When the researchers looked at 
mean changes in pain, function, and inflam-
mation from baseline (week 0) to week 

64, they found consistent improvement or 
sustained maintenance through the study.

The investigators also documented that 
upadacitinib was well tolerated over 237.6 
patient-years of exposure with no new or unex-
pected safety signals beyond those already 
seen in clinical development programs in 
rheumatoid arthritis and psoriatic arthritis. 
There were no reports of serious infections, 
major adverse cardiovascular events, venous 
thromboembolic events, gastrointestinal perfo-
ration, or deaths. None of the patients devel-
oped new-onset uveitis, and events were 
observed only in patients with a history of 
uveitis. The authors conclude by suggesting 
that upadacitinib may help address an unmet 
need for patients with AS who have active 
disease and an inadequate response to nonste-
roidal anti-inflammatory drugs.

p. 70

Journal Club

Deshayes et al, Arthritis Rheumatol 2022;74:134–139

A monthly feature designed to facilitate discussion on research methods in rheumatology.

A10



Clinical Connections
Effect of Clonally Expanded PD-1highCXCR5−
CD4+ Tph Cells on B cell Differentiation in 
the Joints of Patients With ANA-Positive JIA
Fischer et al, Arthritis Rheumatol 2022;74:150–162

CORRESPONDENCE
Henner Morbach, MD: morbach_h@ukw.de

SUMMARY  
Antinuclear antibody (ANA)–positive juvenile idiopathic 
arthritis (JIA) seems to constitute a clinically homogenous 
group of patients that is also characterized by synovial B 
cell hyperactivity.  T follicular helper (Tfh) cells have been 
implicated in the pathogenesis of many autoimmune 
diseases; however, we do not fully understand the role of 
CD4+ T cells in promoting local B cell dysregulation in 
JIA. Fischer et al therefore investigated the phenotype 
and function of synovial CD4+ T cells that promote 
aberrant B cell activation in the joints of ANA-positive JIA 
patients. Within the joints of these patients, they 
demonstrated an expansion of programmed death 1 
(PD-1)highCXCR5−HLA–DR+CD4+ T cells, which 
exhibited signs of clonal expansion. These T cells 
phenotypically resembled peripheral T helper (Tph) cells 
with an extrafollicular chemokine receptor pattern and 
coexpression of interleukin-21 (IL-21) and interferon-γ 
(IFNγ). In contrast to tonsillar Tfh cells derived from 
controls that expressed IL-21 with IL-4 and IL-10, and 
particularly induced plasma cell differentiation in vitro, 
synovial fluid Tph cells from JIA patients additionally 
skewed B cell differentiation toward a CD21low/−CD11c+ 
phenotype par tially by provision of IL-21 and IFNγ. 
Additionally, in the synovial fluid of JIA patients, Tph cell 
frequencies correlated with the appearance of CD21low/−

CD11c+CD27−IgM− double-negative (DN) B cells. 
Hence, the characteristic expansion of  Tph cells and 
CD21low/−CD11c+ DN B cells in the joints of ANA-
positive JIA patients might reflect the autoimmune 
response present at the site of inflammation.

KEY POINTS 
•  ANA-positive JIA is characterized by expansion of synovial

PD-1highCXCR5−HLA–DR+CD4+ T cells resembling
Tph cells. 

•  These Tph cells displayed signs of oligoclonal expansion and
coexpress IL-21 and IFNγ.

•  Tph cells induced plasma cell differentiation as potent as
classic tonsil Tfh cells, but also skewed B cells toward a T-bet–
expressing CD21low/−CD11c+ phenotype.
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Clinical Connections

Identification and Evaluation of Serum 
Protein Biomarkers That Differentiate 
Psoriatic Arthritis From Rheumatoid Arthritis
Mc Ardle et al, Arthritis Rheumatol 2022;74:81–91

CORRESPONDENCE 
Stephen Pennington, PhD: stephen.pennington@ucd.ie
Oliver FitzGerald, MD, FRCPI, FRCP(UK): oliver.fitzgerald@ucd.ie

SUMMARY  
Early diagnosis and management of psoriatic arthritis (PsA) 
leads to better long-term outcomes; however, due to its 
complex presentation, the diagnosis of PsA may be delayed 
or inaccurate. It can be difficult to separate early PsA from 
other forms of arthritis, such as rheumatoid arthritis (RA), 
as the clinical features may be similar and there are no 
diagnostic features or laboratory tests that will identify an 
individual as having PsA. Early and accurate diagnosis can 
have important consequences, as different ar thropathies 
may require different treatment. It is clear that the 
development of a diagnostic blood test would allow for 
earlier and more accurate diagnosis and improved clinical 
decision making in PsA.

Mc Ardle et al demonstrated that by analyzing blood 
samples from patients with recent-onset symptoms of PsA 
or RA, using a combination of proteomic technologies, it was 
possible to identify a blood-based protein signature that can 
distinguish PsA from RA. During follow-up studies, a targeted 
liquid chromatography mass spectrometry (LC-MS)–based 
approach was used to refine the protein signature, and a 
highly multiplexed and robust assay was developed. This 
assay was then used to evaluate the signature using blood 
samples from a second independent cohort of individuals 
with PsA and RA. This resulted in the refinement of the 
signature and confirmation of its ability to differentiate those 
with PsA from those with RA, even in early disease. While 
large-scale and multicenter validation is now required, the 
identification of a highly specific protein signature that can 
discriminate PsA from RA will enhance current clinical 
practice in PsA by enabling accurate early diagnosis and 
consequent selection of the most appropriate treatment. 

KEY POINTS  
•  Delayed, missed, or inaccurate diagnosis has significant 

consequences for individuals with PsA.

•  A signature of blood-based protein biomarkers that can 
differentiate those with PsA from those with RA has  
been developed.

•  LC-MS–based proteomics is an indispensable tool  
for the identification and verification of putative  
protein biomarkers.
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NO T E S F R OM TH E F I E L D

Global Rheumatology Research: Frontiers, Challenges,
and Opportunities

Joshua B. Bilsborrow,1 Ingris Pel�aez-Ballestas,2 Bernardo Pons-Estel,3 Christiaan Scott,4 Xinping Tian,5

Graciela S. Alarcon,6 Richard Bucala,7 Laura B. Lewandowski,8 and Evelyn Hsieh1

Introduction

Rheumatologic and musculoskeletal diseases (RMDs) are
important causes of morbidity and mortality worldwide (1). The
World Health Organization (WHO) considers musculoskeletal con-
ditions to be the leading causes of disability worldwide, and the
greatest independent contributors to chronic pain (2). Population-
based surveys from low- and middle-income countries (LMICs)
have demonstrated similar rates of RMDs compared with high-
income countries (3). However, in many low-resource settings
rheumatology remains underdeveloped with regard to health care
access, clinical practice, education, training, and research (4).

A review of the adult and pediatric rheumatology literature
published between May 2019 and May 2020 and indexed in
PubMed and Web of Science Core Collection (for details, see
Supplementary Information on Literature Search Procedure and
Parameters, on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41980/abstract) demon-
strated that, among the top 20 nations according to author loca-
tion, the only LMICs represented were Brazil and India; the
overwhelming majority of authors were from high-income coun-
tries (Figure 1A). This discrepancy highlights the substantial
knowledge gap regarding the global burden of RMDs, and the
need to expand research capacity in LMICs to better understand
how differing geographies, ethnic and genetic backgrounds, envi-
ronmental variations, endemic infections, and health system dis-
parities influence the epidemiology and outcomes of RMDs
around the world.

A call to action

We convened an innovative session at the 2019 American
College of Rheumatology (ACR) Annual Meeting, titled Frontiers

and Opportunities in Global Rheumatology Research, which
brought together researchers from different parts of the globe to
address the critical need to improve rheumatology research
capacity and training opportunities. This session—cosponsored
by the ACR Committee on Research, the National Institute of
Arthritis and Musculoskeletal and Skin Diseases (NIAMS), and
the Fogarty International Center (FIC)—addressed the unique
challenges and rewards of building global collaborative platforms
and explored opportunities for research training and funding.
The session opened with remarks from NIAMS and FIC leaders,
followed by presentations from researchers representing 3
different geographic regions who have developed ongoing and
successful international collaborations. Approximately 100 partici-
pants attended the session, including health care providers,
research scientists, trainees, and administrators representing the
Americas, Africa, Europe, Asia, and Oceania.

The presentations provided an informed and thoughtful start-
ing point for the subsequent open forum discussion, which
encouraged viewpoints and perspectives from the audience
members coming from around the world. During this open forum,
audience members asked questions and shared their own experi-
ences in global rheumatology research. Two scribes recorded the
themes. Attendees also completed a brief survey to evaluate the
session and to share additional perspectives.

Dr. Lewandowski’s work was supported by the National Institute of
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Themes

Several key themes emerged from the session and should be
prioritized for further exploration by all stakeholders working to
advance global rheumatology research platforms, including inves-
tigators (mentors and trainees), institutions, policy makers, and
funders.

Research funding. Funding for research can be a signifi-
cant obstacle for academic rheumatologists, especially at the
early career stage. Funding is even more challenging for rheuma-
tologists pursuing global health research careers. Whereas
certain fields (e.g., infectious disease and oncology) have a com-
paratively robust landscape of global funding mechanisms,
many RMD funding agencies restrict their awards to domestic
investigators and institutions or stipulate that funds must be spent
in the “home country,” which limits the possibilities for
international work.

In the US, the National Institutes of Health (NIH) has histori-
cally been an important resource for global health research fund-
ing. NIH funding agencies have increased their global research
support by 140% between 2011 and 2018 (5). During their
opening remarks, the NIAMS and FIC speakers encouraged
researchers to consider developing proposals for global projects
with translatable applications to the health and welfare of US
patients. Similarly, government funding agencies from other

countries face obligations within their programs and initiatives to
balance global priorities with advancing the health and welfare of
their domestic populations.

Other potential sponsors include nongovernmental organiza-
tions and private pharmaceutical enterprises. The Rheumatology
Research Foundation, Wellcome Trust, and International League
of Associations for Rheumatology were highlighted as just some
of the funders that have supported international collaborations to
further rheumatology research and education. Moving forward,
diversification and growth of potential funding sources for global
RMD research is imperative.

Finally, it was acknowledged that noncommunicable dis-
ease (NCD)–specific funding agencies may have an interest in
expanding globally but may hesitate due to lack of familiarity with
the research landscape in LMICs, and limited experience work-
ing with foreign institutions from an administrative and regulatory
standpoint. One approach to bridge these gaps is to partner
with existing global health programs. For example, the FIC
Global Health Program for Fellows and Scholars provides
12-month mentored, hands-on global health research experi-
ences to trainees from the US and LMICs through an extensive
network of well-established LMIC sites (6). While initially heavily
focused on communicable diseases, over the years the pro-
gram’s portfolio has expanded to include a broad spectrum of
NCD-related topics. This expansion was made possible through

Figure 1. The scope and vicious circle of the global rheumatology research gap. A, Map demonstrates the top 20 countries represented by
authors of publications in adult and pediatric rheumatology from May 2019 to May 2020. B, Without a rheumatology-trained workforce, a vicious
circle develops, leading to decreased access to care and decreased research regarding the mechanisms, epidemiology, treatments, and out-
comes of rheumatic and musculoskeletal diseases. These factors contribute to missed diagnoses, undertreatment of rheumatic diseases, and
poor outcomes. Underreporting of rheumatic diseases drives underrecognition and underfunding at the national and institutional levels for rheuma-
tology care, research, education, and health policy and funding. The human images represent the number of patients with rheumatic disease;
black indicates patients diagnosed and gray indicates those missed or underdiagnosed. With each vicious circle, more patients are missed, and
the problem is compounded.
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cosponsorship by institutes and centers with expertise in NCDs,
including the National Heart Lung Blood Institute, the National
Cancer Institute, and more recently, NIAMS.

Mentorship and research training opportunities.
Early-career investigators also face significant challenges in find-
ing mentorship in the field of global rheumatology. Many LMICs
have a limited number of rheumatology providers (or none), and
those individuals may not have sufficient time beyond clinical care
to engage in research, much less provide mentorship and training
(7). In many cases those individuals may not have received formal
research training due to the paucity of local opportunities. Their
institutions also may not offer incentives for conducting research
or may lack the collaborative networks with universities or public
health departments needed to make research practical. This
vicious circle severely jeopardizes the pipeline for future rheuma-
tology researchers in regions where data on RMDs are most
lacking (Figure 1B). Early-career investigators may encounter
difficulties identifying global rheumatology mentors within their
institutions. As such, individuals who are interested in global rheu-
matology research may need to consider mentorship relation-
ships with established international collaborators in other
specialties. Fortunately, there are growing networks of interna-
tional rheumatologists and musculoskeletal disease experts such
as the Global Alliance for Musculoskeletal Health (GAMH) (https://
gmusc.com) and the COVID-19 Global Rheumatology Alliance
(GRA) (https://rheum-covid.org) to which new investigators can
reach out.

Infrastructure. In many LMICs health care budgets can be
extremely limited, and NCDs have not historically been prioritized.
As such, the capacity to build and maintain infrastructure for
basic rheumatology care is often lacking (8). The scarcity of
rheumatology-related resources and infrastructure creates prag-
matic barriers to research. Rheumatic diseases are complex,
and many diagnoses require access to laboratory and imaging
studies for confirmation. Clinical, translational, and basic science
research have a range of physical infrastructure and technical
capacity needs, including consistent and accurate medical
record–keeping systems; clinical or laboratory research space,
equipment, and technology; ability to collect, store, and analyze
biologic specimens; animal laboratory facilities; trained and dedi-
cated institutional review boards; research staff with technical
support skills; and investigators trained in research methods, sta-
tistics, and manuscript and grant writing. A lack of research infra-
structure may be compounded by language barriers and lower
institutional incentives to publish (9). While acknowledging the
dedication and resourcefulness of teams that have successfully
overcome these challenges to generate high-quality research
platforms in low-resource settings, during the open forum discus-
sion participants simultaneously voiced the very tangible ways in
which limitations in one or more of these areas can significantly

challenge feasibility, efficiency, and scalability of research efforts
and infrastructure.

Creating sustainable platforms for rheumatology research
requires longitudinal vision, commitment, interdisciplinary
partnerships, and flexibility. For example, in many LMICs the com-
paratively sophisticated infrastructure for HIV care and research—
built through more than 20 years of investment by the global
community—is increasingly being leveraged to develop NCD
models of care and research, and could be applied to rheumatol-
ogy as well (10). Given the key role of musculoskeletal health as a
driver of many NCD outcomes, partnering directly with other
major NCD fields, e.g., cardiology, oncology, pulmonology, or
endocrinology, may be a viable strategy (11). Additionally, while
investment in rheumatology within an individual country may be
modest, regional partnerships that address mutual priorities may
offer accessible and synergistic opportunities for research infra-
structure development (12). Finally, in order to address wide inter-
nal disparities (e.g., urban versus rural) in clinical and research
infrastructure, some countries have leveraged the expertise of
major academic centers to create national training programs (13).

Health policy and advocacy. Use of scientific evidence
has a critical role as a tool to guide advocacy and policy change.
The absence of systematically collected epidemiologic data on
local burden of RMDs leads to underquantification and
underrecognition of these conditions and makes it impossible to
measure their impact on important downstream outcomes, such
as costs to the health system and individuals, disability, unem-
ployment, and mortality. Without these data, patients, families,
providers, and advocates have limited grounds upon which to
appeal to national policy makers and international agencies for
increased investment in RMD infrastructure and workforce devel-
opment. Furthermore, if RMDs are not studied in diverse geo-
graphic settings and populations, the full spectrum of
phenotypes cannot be defined, nor can the environmental,
genetic, and sociocultural factors that influence presentation and
disease progression. The relationships between components of
this vicious circle are illustrated in Figure 1B.

Finally, it is of paramount importance that RMDs are actively
integrated into broader global discourse related to NCDs, aging,
health systems, and health policy (14). For example, the WHO
Model List of Essential Medicines comprises 460 medicines con-
sidered to be the most efficacious, safe, and cost-effective that
meet minimum needs for a basic health care system to address
priority conditions, and serves as the guide for national formu-
laries in >150 countries. The 2019 update included, for the first
time, a biologic disease-modifying antirheumatic drug (DMARD)
(adalimumab and its biosimilars) in addition to the conventional
synthetic DMARDs previously listed. The Pediatric Task Force
for Musculoskeletal Health has similarly advocated for changes
to address gaps in the pediatric rheumatic diseases section of this
list (15).
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Conclusions and future directions

The future of global rheumatology research is bright, but
much collaborative work remains to be done with partners and
stakeholders across all regions, to further develop and expand
this nascent field. The global rheumatology community is poised
to increase its research efforts and to collaborate on previously
unexplored innovative topics. However, in order for this to be
possible, key barriers such as the paucity of funding and men-
torship, limited research infrastructure in LMICs, and health pol-
icies that do not prioritize rheumatology will first need to be
addressed.
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Reexamining Remission Definitions in Rheumatoid 
Arthritis: Considering the Twenty-Eight–Joint Disease 
Activity Score, C-Reactive Protein Level, and Patient 
Global Assessment
David T. Felson,1  Diane Lacaille,2  Michael P. LaValley,3 and Daniel Aletaha4

Over the last 30 years, treatment for rheumatoid arthritis (RA) 
has improved dramatically. By the early 2000s, disease remission 
had become a realistic goal, although definitions of remission 
varied widely, making it difficult to compare treatment strategies 
and gauge how often remission occurred. In 2009, the Ameri-
can College of Rheumatology (ACR) and the European Alliance of 
Associations for Rheumatology (EULAR) created a joint commit-
tee whose charge was to recommend a definition of remission. 
Members of the committee suggested a large number of can-
didate definitions and, using a data-driven consensus process, 
statisticians and programmers tested these candidates in a bank 
of RA trial data to see which definitions performed best in predict-
ing long-term good function and lack of radiographic progression. 

The committee endorsed a stringent definition using measures 
from the validated core set of outcome measures.

After reviewing analysis results, the committee selected 2 defi-
nitions of remission that were approved by the ACR and EULAR 
(1,2). The first was a Boolean version in which, to be classified as 
having attained remission, a patient had to have tender and swol-
len joint counts of ≤1, a C-reactive protein (CRP) level of ≤1 mg/
dl, and a patient global assessment of arthritis activity of ≤1 (on 
a 0–10 scale). The second recommended definition was a score 
of ≤3 on the Simplified Disease Activity Index (SDAI) (3), a scoring 
system that is based on the same core set outcome measures. 
While designed and validated in trials, these definitions could help 
assess treatment “success” in clinical practice as well as in trials 
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and, in practice, could serve as a “treat-to-target” goal for some 
patients.

Like all developed criteria, the ACR/EULAR 2011 RA remis-
sion criteria were labeled as provisionally approved and awaited 
validation in an independent sample for final approval. A revised 
validated version of the remission criteria is pending full approval 
by ACR/EULAR. Many concerns have arisen since the publication 
of the provisional remission criteria. Among them is the continuing 
use in trials of 28-joint Disease Activity Score (DAS28) thresholds 
(4) to define remission, questions about the use of CRP as an 
element of remission definitions, and questions about the appro-
priateness of including patient global assessment in defining RA 
remission. This editorial will address each of these issues.

Using the DAS28: when “remission” is often not 
remission

The DAS28 is a widely used measure of disease activ-
ity. An ACR committee that critically evaluated RA disease 
activity measures for use in clinical settings found that the 
DAS28 met predefined criteria, including providing a score 
that stratified patients into at least 3 disease activity states, 
being measurable in the clinical setting, and having adequate 
psychometric properties. The DAS28 was one of 4 recom-
mended RA disease activity measures (5).

The committee on RA remission considered several DAS28 
thresholds as candidate definitions of remission, including the pop-
ular threshold of a DAS28 using the CRP level (DAS28-CRP) of 
<2.6 and an even lower threshold of <2.0. The DAS28 formula 
weights swollen joint count half as much as tender joint count and 
also underweights it relative to CRP (or erythrocyte sedimentation 
rate [ESR]). Therefore, a patient can achieve a low DAS28 score 
but still have a substantial number of swollen joints. The commit-
tee’s analyses showed that 10% of patients with a DAS28 of <2.6 
had ≥4 swollen joints, and 1 patient had >20 swollen joints. When 
a lower DAS28 threshold of <2.0 was used, swollen joint counts 
of 2 or 3 were common and scores of up to 6 possible. In fact, if 
the tender joint count is 0, values for the other components of the 
DAS28 become irrelevant (Figure 1). Values of up to 60 (of 100) for 
patient global assessment are consistent with remission according 
to the DAS28. Even if the tender joint count is 1, the DAS28 score 
can be in the remission range when other core set measures show 
active disease. DAS28-CRP thresholds differ substantially from 
those obtained with the DAS28 using the ESR (DAS28-ESR) (6), 
and with the DAS28-ESR, RA would be even more likely to be 
classified as being in remission when disease is in fact active.

One other major criterion was that patients whose disease 
was in remission at 6 months or 12 months in a 2-year trial should 
be likely to have both good and stable functional and radio-
graphic outcomes later in the same trial. Patients in whom DAS28 

Figure 1.  The contribution of each component of the 28-joint Disease Activity Score using the C-reactive protein level (DAS28-CRP) 
to remission (score <2.6 [solid horizontal line]) when other components are in the range of remission. The DAS28-CRP is composed of 4 
components: CRP level (A), tender joint count (TJC) (B), swollen joint count (SJC) (C), and patient global assessment of arthritis activity (D). In 
each graph, it is assumed that the 3 components other than the one depicted met the threshold for remission (CRP 0.5, TJC 0 [red dashed 
lines] or 1 [blue dashed lines], SJC 0, patient global assessment 1). Note that when the TJC is 0, most values of CRP and patient global 
assessment yield a DAS28 of <2.6 (“remission”), and SJC values of <10 yield DAS28 “remission.”
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remission was achieved had worse radiographic outcomes than 
those achieving remission according to other definitions (no 
change in the Sharp score [7] or the Sharp/van der Heijde score 
[8]). Ultimately, the committee rejected DAS28 candidates as defi-
nitions of remission because swollen joint counts were too high to 
be consistent with clinical remission and because DAS28 “remis-
sion,” even with the use of stricter thresholds, did not predict good 
combined functional and radiographic outcomes as well as the 
predictive ability that was observed using the remission definitions 
selected by the committee.

Other studies carried out since the publication of ACR/EULAR 
remission criteria provided additional evidence that the DAS28 
should not be used to define remission. Saleem and colleagues 
(9) demonstrated that among patients whose RA was in remis-
sion according to the DAS28, power Doppler ultrasound showed 
considerable disease activity unless disease was also in remission 
according to the SDAI. Lee et al (10) reported that joint pain was 
present and persisted in patients whose disease was in remission 
according to the DAS28 but was absent if remission was classified 
according to the Boolean definition. Analyses from the AGREE trial 
of abatacept versus placebo (11) confirmed that patients in whom 
remission was achieved according to the DAS28 subsequently 
had worse mean scores on the Health Assessment Questionnaire 
(HAQ) (12) than those in whom remission was attained according 
to the SDAI. Schoels and colleagues reported, from an analysis of 
3 large multicenter RA trials, that among patients with a DAS28 of 
<1.9, those whose disease was not in remission according to the 
ACR/EULAR criteria still had an average of 2–3 swollen joints (13).

Given the problems with use of the DAS28 to define remis-
sion, why is it so widely used? First, the DAS28 is a commonly 
used disease activity measure and it is easy to apply a threshold 
in data already being acquired, although the requisite elements 
of the ACR/EULAR definitions of remission are also acquired. 
Another potential reason relates to industry-sponsored RA tri-
als. A definition based on a DAS28 of <2.6 yields remission rates 
far higher than definitions endorsed by the ACR/EULAR, and 
treatments therefore appear more efficacious with use of the 
DAS28. Further, use of a definition that yields a higher remission 
rate improves statistical power. The same absolute difference in 

remission rates between 2 drugs is more likely to reach statistical 
significance when remission rates are higher. Finally, DAS28 use 
is mandated by some regulatory agencies. Many reports do not 
even include data on other measures of remission.

When remission definitions favor some 
treatments over others

Reliance on the CRP level to define RA remission is an emerg-
ing concern (14). CRP is the second most heavily weighted vari
able in the DAS28 formula. The armamentarium for treatment of 
RA includes effective biologic agents that have different effects on 
CRP; interleukin-6 and JAK inhibitors both directly reduce CRP, 
whereas abatacept and rituximab do not. If the DAS28-CRP is used 
in a trial comparing the efficacy of abatacept and JAK inhibitors, 
even if effects on joint counts and patient-reported outcomes are 
the same, JAK inhibitors would score better, as seen in one recent 
trial (15). In another trial comparing biologic agents, the authors 
acknowledged avoiding use of the DAS28-CRP because of this 
bias (16). The ACR/EULAR provisional criteria allow for remission 
definitions that exclude acute-phase reactants, using a 3-variable 
version of the Boolean definition and the Clinical Disease Activity 
Index (17) instead of the SDAI. Further, while the full ACR/EULAR 
remission definitions include acute-phase reactants, they are not 
weighted as heavily as in the DAS28-CRP (or the DAS28-ESR).

Concerns about inclusion of the patient global 
assessment

Yet another concern about the provisional definitions of remis-
sion has been championed by Ferreira et al (18). They point out 
that a patient’s global assessment of their arthritis activity often is 
based on considerations unrelated to current disease activity, such 
as pain from joint damage, and that this measure should not be 
included in definitions of remission. The factors that most influence 
the patient global activity measure are pain and fatigue. Ferreira 
and colleagues’ analyses suggest that removing the patient global 
assessment would not compromise the ability to predict later radi-
ographic outcomes in RA, although they acknowledge that patient 

Table 1.  Proportion of patients with good outcomes (both radiographic and functional) in 3 multicenter rheumatoid 
arthritis trials*

Patients with good outcomes†

Candidate remission definition

TJC, SJC, and CRP level all ≤1
TJC, SJC, CRP level, and patient global 

assessment all ≤1
In remission, % 46 66
Not in remission, % 17 17
Positive likelihood ratio (95% CI) 3.1 (1.9–5.3) 7.2 (3.5–14.8)

* Excluding patient global assessment compromises the ability to predict good outcomes (from ref. 1). TJC = tender joint 
count; SJC = swollen joint count; CRP = C-reactive protein; 95% CI = 95% confidence interval. 
† Based on remission status at 6 months after baseline. Good radiographic outcome was defined as a change of 0 in the 
Sharp/van der Heijde score between 12 months and 24 months after baseline. Good functional outcome was defined as 
a change of 0 in the Health Assessment Questionnaire between 12 months and 24 months after baseline and a score of  
≤0.5 at both the 12-month and 24-month time points. 
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global assessment is a powerful predictor of function (as meas-
ured by the HAQ). High patient global assessment scores not only 
correlate with poor concurrent physical function, but they identify 
patients whose physical function is worsening (19,20). If patient 
global assessment is removed, remission criteria no longer predict 
future patient function well.

In addition to its being the only patient-reported outcome meas-
ure included in remission definitions and the importance of including 
the patient perspective, there are other critical reasons to include 
patient global assessment as a component of remission. First, the 
patient global assessment reflects components of disease activity 
that are otherwise not captured, including fatigue and pain, as well 
as inflammation in joints not included in a 28-joint count, such as 
the feet and ankles. This may be why high patient global assess-
ment scores, even when 28-joint counts are low, identify patients at 
high risk of later functional loss. Second, the patient global assess-
ment is among the most sensitive, if not the most sensitive, out-
come measure in RA (20). It improves much more with active RA 
treatment than with placebo, suggesting that it provides a window 
into disease activity related to systemic inflammation not detected 
by tender and swollen joint counts. Therefore, eliminating patient 
global assessments from RA trial outcomes would compromise the 
ability to distinguish the comparative efficacy of different treatments. 
This would occur at a time when, given the large armamentarium 
of treatments available, there is a particular need to maximize the 
ability to differentiate their efficacy. In addition, inclusion of patient 
global assessment markedly increases the likelihood that patients 
in whom remission is attained will have both good radiographic 
outcomes and good functional outcomes later (Table 1), and it 
ensures that the definition of remission captures nonradiographic 
outcomes that are important to patients.

Conclusions

With remission achievable in RA, making the definition of 
remission stringent will ensure that patients benefit from compre-
hensive control of their disease. The DAS28 should not be used 
to define remission because, even with the use of low thresh-
olds, many patients whose disease is in “remission” will still have 
a number of swollen joints and active disease. Also, given its 
dependence on the CRP value, use of the DAS28 makes it dif-
ficult to differentiate efficacious treatments with dissimilar effects 
on acute-phase reactant levels. Defining remission without asking 
patients to provide any information about their disease activity—
not to mention failing to collect data on any patient-reported 
outcomes—risks losing valuable information on treatment 
efficacy.
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Lung Inflammation, NETosis, and the Pulmonary Initiation 
of Anti–Citrullinated Protein Antibody Response: What 
Came First, the Chicken or the Egg?
Jeremy Sokolove

Multiple findings suggest that, at least in some patients, 
rheumatoid arthritis (RA)–associated autoimmunity and inflamma-
tion may originate in the lung (1,2). However, the exact precipitat-
ing events and sequence of subsequent events have not been 
fully defined.

In this issue of Arthritis & Rheumatology, Okamoto et al 
conclude that individuals at risk of developing RA have increased 
spontaneous neutrophil extracellular trap (NET) formation (known 
as NETosis) in sputum, in particular NETs containing citrullinated 
histone H3 (Cit-H3), and that these levels are associated with 
the presence of IgA anti–citrullinated protein antibody (ACPA) 
(3). Such findings have previously been reported, but new data 
illustrate a revised and enhanced narrative by investigating the 
pathway of mediation underlying these associations. Specifically, 
the authors suggest that aberrant NET formation (with the gen-
eration of citrullinated proteins) in the lungs of subjects at risk for 
RA precedes, and potentially mediates, local IgA ACPA generation 
during the preclinical phase of RA development.

Their study is highly translational and leverages induced 
sputum obtained from RA patients and subjects considered at 
risk for RA based on the medical history of their first-degree rel-
atives. The researchers measured NET formation, levels of NET-
associated Cit-H3, sputum cytokine concentrations, and levels 
of macrophages endocytosis.

Previous work from these authors has demonstrated a cor-
relation of levels of serum and pulmonary ACPA with other NET 
remnants, including DNA–myeloperoxidase (MPO) and DNA–
neutrophil elastase (NE), in the sputum of at-risk subjects (2). 
Therefore, the process of NETosis in the lungs of RA patients 
and at-risk subjects is known, but the initiators and sequence of 
events is not obvious.

One presumed sequence is that the generation of ACPA, on 
the background of genetic predisposition to autoreactivity, results 
in the generation of ACPA-immune complexes with the ability to 

drive cytokine production as well as NETosis (4–6). That this pro-
cess may be initiated in the lung is logical and supported, at least 
in some patients, by findings from prior studies by this group 
and others (2,7). Therefore, the excessive presence of products 
of NETosis, as well as inflammatory cytokines, in the bronchial 
lavage fluid of at-risk subjects and patients with clinical RA may 
be assumed to be driven in large part by the existence of ACPA-
immune complexes. Logically, this results in a circular process 
of citrullinated antigen production, immune complex formation, 
and propagation of local (and eventually systemic) inflammation, 
including further production of NET-associated citrullinated anti-
gens as well as cytokines that prime for NETosis (Figure 1).

Notably, this cyclical process must depend on the generation 
of citrullinated protein antigens over ≥2 key time points. The first is 
the initial generation of citrullinated antigens, which drives initiation 
of the anticitrulline immune response (including uptake by antigen-
presenting cells, presentation to and recognition by autoreactive 
T cells, with subsequent immune activation and assistance to B 
cells in initiating the ACPA immune response). Though it is likely 
that intermittent neutrophilic inflammation results in transient gen-
eration of citrullinated proteins in all individuals during periods of 
airway irritation, such as viral respiratory infections (8), the initiation 
of anticitrulline autoimmunity is potentially less stochastic and is 
instead associated with a threshold effect of immune cell prim-
ing and antigen load. The study by Okamoto et al suggests that 
increased generation (and/or reduced clearance) of citrullinated 
proteins could be a primary driver of the break in tolerance and 
generation of IgA ACPA which, upon isotype switch, generates 
the systemic and ultimately articular IgG ACPA response char-
acteristic of RA. Notably, a priming or threshold effect is further 
suggested by the increased risk of RA among smokers and those 
with exposure to particulate inhalants (9).

The second critical citrullination event is the generation of 
antigens recognizable by the ACPA immune response. It is well 
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established that the systemic ACPA immune response precedes 
the onset of RA, often by decades (10). This observation supports 
the notion that the generation of citrullinated antigens, in the pres-
ence of circulating ACPA which provides the spark, fuels the fire 
in initiating and propagating RA (11). It remains unclear whether 
inflammation in the lung follows a similar pattern, whereby circulat-
ing ACPA awaits the generation of sufficient citrullinated antigens 
to allow for immune complex formation and pulmonary inflam-
mation, or whether it is the process of aberrant citrullination that 
predisposes one to RA by providing sufficient antigens to drive 
anticitrulline autoimmunity.

In this study, the authors reported significantly higher levels of 
“spontaneous” NETosis and generation of Cit-H3 in sputum from 
RA patients and at-risk subjects, compared to controls (median 
22%, 12%, and 0%, respectively). Using a mediation model, 
inflammatory proteins including cytokines and products of com-
plement activation were observed to be associated with sputum 
IgA ACPA, through a pathway mediated by Cit-H3+ NET rem-
nants. Notably, the only measured citrullinated product of NETosis 
was Cit-H3, and therefore it cannot be excluded that other citrul-
linated products of NETosis could similarly (or alternatively) serve 
as antigens to initiate or propagate the anticitrulline T cell and B 
cell responses (6).

It remains unclear what might mediate this increased NETosis 
and Cit-H3 generation in at-risk subjects. Prior studies of the pre-
clinical period preceding RA, including the same at-risk popula-
tion, have demonstrated elevated levels of circulating cytokines 
and subclinical inflammation (12–14), which would likely be appar-
ent in the lungs via pulmonary circulation. The relative levels of 
systemic and pulmonary inflammation in the at-risk and clinical 
RA populations are roughly parallel to those of spontaneous 
NETosis, suggesting that NETosis could be initiated by systemic 

inflammation. However, these studies also found that, in most 
cases, levels of systemic inflammation preceded the appearance 
of circulating ACPA (12,13). Additionally, prior studies have sug-
gested that smoking (and presumably exposure to other inhal-
ants) may increase the expression of peptidylarginine deiminase 
enzymes, thus increasing levels of citrullination in the lung (15), but 
this study did not specifically define a time frame for this process 
relative to anticitrulline autoreactivity. In the current study, even 
after adjustment for smoking, IgA anti-CCP levels remained sig-
nificantly associated with sputum DNA–Cit-H3 levels (P = 0.02), 
though there was a loss of effect for other NET-associated prod-
ucts, including DNA–MPO and DNA–NE.

So, what is it about this at-risk population that predisposes 
them to very early lung inflammation? Is it possible that there is a 
shared environmental effect across first-degree relatives leading 
to the observed increases in inflammation and NETosis? Perhaps 
second-hand smoke or concurrent exposure to local environ-
mental inhalants, in the home or in the environment, is to blame. 
Or perhaps an inherited genetic polymorphism in the pathway 
leading to increased NETosis (or, alternatively, reduced mac-
rophage efferocytosis/phagocytosis and reduced clearance of 
NETotic debris) exists. Finally, it is possible that vertical transmis-
sion of epigenetic (or shared horizontal inheritance) alterations 
from those with heavy exposure to smoking or high levels of 
inflammation underly this predisposition to enhanced NETosis.

Ultimately, the study by Okamoto et al illuminates another 
potentially key event predisposing subjects to the generation of 
preclinical RA autoimmunity. Though the predisposing mecha-
nisms have yet to be fully defined, the data supporting a unique 
predisposition of at-risk subjects to the generation of citrulli-
nated antigens via low-grade pulmonary inflammation and aber-
rant activation of NETosis provide a newly identified potential 
“first hit” in the multi-hit process leading to the development of 
clinical RA.
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R E V I E W

Systemic Sclerosis–Associated Interstitial Lung Disease: 
How to Incorporate Two Food and Drug Administration–
Approved Therapies in Clinical Practice
Dinesh Khanna,1  Alain Lescoat,2  David Roofeh,1 Elana J. Bernstein,3 Ella A. Kazerooni,1 Michael D. Roth,4 
Fernando Martinez,5 Kevin R. Flaherty,1 and Christopher P. Denton6

Systemic sclerosis (SSc; scleroderma) has the highest individual mortality of all rheumatic diseases, and interstitial 
lung disease (ILD) is among the leading causes of SSc-related death. Two drugs are now approved by the US 
Food and Drug Administration (FDA) and indicated for slowing the rate of decline in pulmonary function in patients 
with SSc-associated ILD (SSc-ILD): nintedanib (a tyrosine kinase inhibitor) and tocilizumab (the first biologic agent 
targeting the interleukin-6 pathway in SSc). In addition, 2 generic drugs with cytotoxic and immunoregulatory activity, 
mycophenolate mofetil and cyclophosphamide, have shown comparable efficacy in a phase II trial but are not 
FDA-approved for SSc-ILD. In light of the heterogeneity of the disease, the optimal therapeutic strategy for the 
management of SSc-ILD is still to be determined. The objectives of this review are 2-fold: 1) review the body of 
research focused on the diagnosis and treatment of SSc-ILD; and 2) propose a practical approach for diagnosis, 
stratification, management, and therapeutic decision-making in this clinical context. This review presents a practical 
classification of SSc patients in terms of disease severity (subclinical versus clinical ILD) and associated risk of 
progression (low versus high risk). The pharmacologic and nonpharmacologic options for first- and second-line 
therapy, as well as potential combination approaches, are discussed in light of the recent approval of tocilizumab for 
SSc-ILD.

Introduction

Systemic sclerosis (SSc; scleroderma) is a heterogeneous 
chronic autoimmune disease characterized by vascular dam-
age, inflammation, and fibrosis of the skin and internal organs (1). 
SSc is the rheumatic disease with the highest individual mortality 
and has a detrimental impact on quality of life (1,2). Two main 
subsets of SSc are described based on the distribution of skin 
involvement: limited cutaneous SSc (lcSSc), characterized by 
distal skin thickening, and diffuse cutaneous SSc (dcSSc), with 

widespread distal and proximal cutaneous changes (3,4). SSc is 
also characterized by the detection of specific and often mutu-
ally exclusive serum autoantibodies (5). A composite classifica-
tion of SSc patients based on the combination of degree of skin 
involvement and antibody subtype is now considered more helpful 
in predicting the disease course, since scleroderma-specific anti-
bodies are predictive of internal organ involvement (6). Patients 
who develop progressive SSc-associated interstitial lung disease 
(SSc-ILD) are more likely to be positive for the anti–topoisomerase 
I antibody (anti–Scl-70 antibody) and antinuclear antibody with 
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nucleolar pattern (notably including anti-PM/Scl-75, anti-PM/Scl-
100, anti-Th/To, anti–U3 RNP/fibrillarin, anti–RNA polymerase I, or 
anti–NOR-90 antibodies), regardless of cutaneous subset (6–9).

ILD is among the leading causes of SSc-related death (10). 
The prevalence of SSc-ILD varies depending on the assess-
ment method (radiography or high-resolution computed tomog-
raphy [HRCT]), the screening strategy (systematic HRCT versus 
selection of patients based on the results of pulmonary function 
tests [PFTs]), the targeted populations (dcSSc versus lcSSc), and 
differences in geographic location or expertise of the medical 
center (11,12). In national observational registries and international 
cohorts, ~65% of SSc patients have or will develop ILD in the 
course of their disease (11–14).

The high mortality related to SSc-ILD has led to recent ran-
domized controlled trials (RCTs) forging substantial progress 
in the management of this manifestation (15). Conventional 
immunomodulatory agents such as cyclophosphamide (CYC) 
and mycophenolate mofetil (MMF) are evidence-based treatments 
typically implemented in clinical practice (16,17). More recently, 
well-conducted phase III RCTs have led to US Food and Drug 
Administration (FDA) approval of 2 targeted therapies for SSc-
ILD (18–22). Nintedanib is a tyrosine kinase inhibitor; in 2019 it 
became the first medication approved to slow the rate of decline 
in pulmonary function in patients with SSc-ILD, based on the 
results of the Safety and Efficacy of Nintedanib in Systemic Scle-
rosis (SENSCIS) trial (ClinicalTrials.gov identifier: NCT02597933) 
(18,19). Tocilizumab is a monoclonal antibody targeting the inter-
leukin-6 (IL-6) receptor; in 2021 it became the first biologic med-
ication approved for the same indication, based on the results of 
the Safety and Efficacy of Subcutaneous Tocilizumab in Adults 
With Systemic Sclerosis (faSScinate) trial (ClinicalTrials.gov iden-
tifier: NCT01532869) and the Study of the Efficacy and Safety of 
Tocilizumab in Participants With Systemic Sclerosis (focuSSced) 
(ClinicalTrials.gov identifier: NCT02453256) (20–22).

Despite these recent FDA approvals, the optimal therapeutic 
strategy for the management of SSc-ILD is yet to be determined, 
especially given the heterogeneity of the disease (23). The objec-
tives of this review are 2-fold: 1) to review the body of research 
focused on diagnosis and treatment of SSc-ILD and 2) to propose 
a practical approach for diagnosis, stratification, management, 
and therapeutic decision-making in this clinical context. The man-
agement strategy proposed in this review reflects the authors’ 
opinions, experience, and clinical practice.

Pathogenic considerations and rationale for 
available therapeutic options in SSc-ILD

The pathogenesis of SSc-ILD is not fully understood but 
includes a triad of pathogenic events: endothelial dysfunction, 
early inflammatory features, and excessive deposition of extra-
cellular matrix (ECM) components produced by activated myofi-
broblasts (9,24). ECM deposits induce an increased stiffness 

of lung tissue with reduction in pulmonary compliance and vol-
umes. These pathogenic events can lead to a restrictive ventila-
tory defect captured by spirometry alongside impairment in gas 
exchange; some patients may remain asymptomatic despite evi-
dence of disease on HRCT, whereas the consequences of severe 
and advancing disease include dyspnea and death.

The direct inhibition of myofibroblast activation or the tar-
geting of other cellular subsets participating in the production of 
key mediators responsible for myofibroblast activation provide 
the rationale for candidate drugs in SSc-ILD. Early inciting factors 
include epithelial and endothelial damage that may be promoted 
by aberrant innate and adaptive immunity that can produce profi-
brotic and proinflammatory mediators, inducing myofibroblast 
activation. Through the production of IL-13 and IL-4, Th2 lympho-
cytes have a direct impact on fibroblasts and can induce the acti-
vation of profibrotic macrophages (M2 macrophages) that notably 
produce high levels of transforming growth factor β, platelet-
derived growth factor (PDGF), and factors from the fibroblast 
growth factor (FGF) family favoring myofibroblast activation (25–
27). The tyrosine kinase inhibitor, nintedanib, inhibits the receptors 
of vascular endothelial growth factor (VEGF), PDGF, and the FGF 
family, with subsequent antifibrotic effects (28).

Acute-phase reactants, and specifically IL-6, play an 
important role in the pathogenesis of SSc-ILD. IL-6 is produced 
by B cells, proinflammatory macrophages (M1 macrophages), and  
myofibroblasts (29,30). In vitro studies suggest that IL-6 can favor 
the expression of IL-4 and IL-13 receptors, with a subsequent 
increase in profibrotic M2 macrophage polarization (31). The inhibi-
tion of the IL-6 receptor by tocilizumab can directly impact myofi-
broblast activation and M2 macrophage polarization, with potential 
antifibrotic effects (29,32). Through their impact on the prolifera-
tion of fibroblasts, B cells, and T helper lymphocytes, conventional 
immunomodulatory agents such as MMF, an inhibitor of de novo 
synthesis of guanosine nucleotides, or the alkylating agent CYC 
can also have antifibrotic effects (33,34).

Key parameters for the diagnosis, screening, and 
assessment of SSc-ILD

HRCT is the reference standard for early diagnosis of SSc-
ILD (12,35,36). In the majority of patients (70–80%), SSc-ILD is 
characterized by a pattern of nonspecific interstitial pneumonia 
that includes parenchymal changes classically located in bi-basal 
and posterior regions of the lungs, and defined by the presence 
of reticular abnormalities with peribronchovascular extension and 
subpleural sparing with absence of honeycombing and frequent 
ground-glass attenuations (13,37,38) (Figure 1A). Ground-glass 
opacity in early SSc may represent either inflammation or fibro-
sis that is below the resolution of the HRCT technique at the 
level of intralobular septa and interstitium surrounding alveoli. 
Early radiologic–pathologic correlation studies using HRCT have 
demonstrated that bronchiectasis or bronchiolectasis within areas 
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of ground glass are strong indicators of fibrosis, whereas ground 
glass without bronchiectasis is strong evidence of inflammation 
(39). The presence of traction bronchiectasis with minimal ground-
glass opacifications is thus more specifically consistent with 
fibrotic nonspecific interstitial pneumonia. Approximately 10% 
of patients with SSc-ILD have an HRCT pattern of usual inter-
stitial pneumonia (UIP) defined by subpleural and basal predom-
inant lesions including honeycombing (mandatory criterion) with 
or without peripheral traction bronchiectasis or bronchiolectasis 
(Figure 1B).

In patients with connective tissue disease–associated ILD 
(CTD-ILD), especially rheumatoid arthritis–associated ILD, UIP is 
predictive of a worse prognosis compared to nonspecific inter-
stitial pneumonia; the specific prognostic value of HRCT patterns 
in SSc-ILD is more controversial (40). Patient survival in SSc-ILD 
does not differ between nonspecific interstitial pneumonia and 
UIP according to the histopathologic patterns on lung biopsy 
(41). Considering the sensitivity and specificity of HRCT for SSc-
ILD and the lack of predictive value of histopathologic patterns 
in SSc-ILD, lung biopsy is not recommended for the diagnosis 
and assessment of SSc-ILD. A prone HRCT acquisition is rec-
ommended to rule out early ILD, as the predominant bi-basal 
and posterior localization of HRCT findings in SSc-ILD may 
produce false-positives due to position-induced changes (i.e., 
atelectasis) (Figures 1C and D) (42). Quantitative HRCT allows 

precise quantification of SSc-ILD lung involvement (the sum of 
lung involvement with ground-glass opacities, fibrotic reticula-
tions, and honeycombing) and of fibrotic changes (quantification 
of lung fibrosis, or fibrotic reticulations alone) (43,44). The extent 
of lung involvement has been demonstrated to have prognostic 
value; accurately assessing the degree of lung involvement pro-
vides a valuable tool for stratifying disease severity and risk of 
progression (45,46).

Spirometry and gas exchange are the reference stan
dard measurements for the assessment of lung physiology. 
The impact of SSc-ILD on forced vital capacity (FVC), total lung 
capacity (TLC), and diffusing capacity for carbon monoxide (DLco) 
is a marker of disease severity. In terms of screening and diag-
nosis, SSc-ILD may initially have only mild or no impact on PFT 
parameters; normal values of FVC, TLC, and DLco do not rule 
out early SSc-ILD (12). In a US multicenter study of patients with 
early dcSSc, FVC percent predicted (FVC%) <80% had a sensi-
tivity of 63% and a negative predictive value (NPV) of 61% for the 
detection of SSc-ILD. The combination of FVC% <80% or DLco% 
<80% had a sensitivity and NPV of 85% and 70%, respectively, 
demonstrating that PFTs alone are an inadequate screening tool 
for the diagnosis of SSc-ILD (12). A European study also demon-
strated similar results and highlighted that among patients with 
normal FVC% but with SSc-ILD on HRCT, 50% had extensive 
ILD (>20% of parenchymal involvement) (47). In addition, FVC% 

Figure 1.  High-resolution computed tomography images of the lungs of 3 different patients with systemic sclerosis (SSc)–related interstitial 
lung disease (ILD). A, Nonspecific interstitial pneumonitis (NSIP) with a lower lobe subpleural predominant distribution of primarily ground-glass 
opacity (asterisks and encircled areas). B, Definite usual interstitial pneumonitis with subpleural lower lobe honeycombing (arrows). C and D, 
Mild ILD on the supine image (arrows) (C), which could be interpreted as dependent atelectasis; however, it persists on the prone image (D), 
confirming the presence of ILD. The pattern of septal thickening (arrows) and ground-glass opacity (asterisk) without bronchiectasis is most 
consistent with NSIP in a patient with SSc.
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in healthy volunteers ranges from 80% to 120%, which can mean 
that a clinically meaningful decline may be missed in a patient who 
has declines within the “normal” range of FVC%, e.g., from 110% 
to 80%. Therefore, it is now accepted that both PFT and HRCT 
should be performed for initial screening and diagnosis of SSc-ILD 
(35).

We recommend performing HRCT and PFT for baseline ILD 
screening in all patients with early SSc (early relates to the onset 
of their symptoms that are specific for SSc), regardless of cuta-
neous or autoantibody subtype (36). Every patient with a new 
diagnosis of SSc-ILD based on HRCT should have initial full PFTs 
(i.e., spirometry, lung volumes, and DLco) for baseline reference 
and a 6-minute walk test to assess the impact on gas exchange 
and exercise capacity. Although the 6-minute walk test can be 
influenced by different organ involvement in SSc, such as pul-
monary vascular disease and cardiac involvement, for example, 
we use the 6-minute walk test in clinical practice to document 
baseline distance and oxygen saturation and repeat it annually 
(or more frequently for new or worsening of symptoms) to assess 
for decline in both of these parameters (48,49). Clinical scales 
such as the modified Medical Research Council dyspnea scale 
or the New York Heart Association functional classification of dys
pnea are simple to incorporate in clinical practice and can provide 
important information to assess for SSc-ILD progression (50,51).

Definitions, risk factors for, and monitoring of 
the progression of SSc-ILD

There are different definitions for the progression of SSc-ILD. 
Outcome Measures in Rheumatology (OMERACT) has proposed 
the definition of “clinically meaningful progression” of CTD-ILD 
based on the evolution of PFT parameters; this definition can be 
applied to SSc-ILD. OMERACT defines progression as a ≥10% 
relative decline in FVC% or a 5% to <10% relative decline in FVC% 
and ≥15% relative decline in DLco%. The Efficacy and Safety of 
Nintedanib in Patients With Progressive Fibrosing Interstitial Lung 
Disease (INBUILD) trial, which focused on fibrotic ILD, has also 
proposed a composite definition of “progressive fibrosing ILD” as 
an inclusion criterion, which was notably applied to patients with 
SSc-ILD (19). In that trial, one of the following criteria was required 
to fulfill the definition of progression within the prior 24 months: a) 
≥10% relative decline in FVC%, or b) 5% to <10% relative decline 
in FVC% and worsening of respiratory symptoms or an increased 
extent of fibrosis on HRCT, or c) worsening of respiratory symp-
toms and an increased extent of fibrosis on HRCT, regardless of 
the evolution of FVC%.

The results of the focuSSced trial demonstrate that early 
treatment should be considered in patients with SSc-ILD at high 
risk of progression, regardless of the actual progression rate 
and/or before decline of lung function or progression is identified 
through close monitoring (21). This approach constitutes a par-
adigm shift in the field of SSc-ILD and emphasizes the need for 

reliable and accessible predictive markers of SSc-ILD progres-
sion. The predictive value of such markers in observational studies 
and RCTs varies according to the targeted populations and the 
definition of SSc-ILD progression (36,52) (Table 1). Serum markers 
used in clinical practice, such as anti–topoisomerase I antibodies 
and elevated C-reactive protein (CRP) values, are associated with 
SSc-ILD progression (53,54). Other biomarkers, such as KL-6, 
CCL2, CCL18, CXCL4, or surfactant protein D, may be predictive 
of the progression of SSc-ILD but are not available in routine prac-
tice and are currently used in the context of exploratory clinical 
research (36,52,55,56). Negative anticentromere antibody and a 
history of smoking may also constitute risk factors for progressive 
ILD, although the data are less consistent (6,57).

The heterogeneous rates of disease progression and treat-
ment response underscore the need for close monitoring of 
patients with SSc-ILD after initial diagnosis or treatment initiation 
(35,58). The majority of patients who will develop severe SSc-ILD 
will do so in the first 5 years after the onset of the disease, although 
late progression may also occur (52). After initial diagnosis of SSc-
ILD with baseline HRCT and PFT, follow-up of all SSc-ILD patients 
should include PFT (FVC and DLco) at least every 6 months for the 
first 3–5 years from the onset of the first non–Raynaud’s phenom-
enon manifestation (Table 1) in order to monitor for progression 
(36,52). Although substantial progress has been made in HRCT 
techniques, allowing high-quality HRCT with low-dose radiation 
(typically 1.5–2.5 mSv), the systematic follow-up and monitoring 
of all SSc-ILD patients with sequential chest HRCT is not cur-
rently recommended (35,36). In cases of worsening symptoms or 
clinically meaningful progression (as defined in the INBUILD trial), 
a follow-up HRCT can be considered to assess for progressive 
ILD. Other causes of progressive symptoms such as pulmonary 

Table 1.  Parameters available in clinical practice and associated 
with progressive SSc-ILD*

Demographic and clinical parameters
Advanced age
Male sex
African American ethnicity
dcSSc

Findings on pulmonary function tests
Low baseline FVC%†
Low baseline DLco%†

HRCT findings
Extent of ILD on HRCT (cutoff value >20% of lung parenchyma for 

total lung involvement)
Serum markers

Anti–Scl-70/topoisomerase I antibody
Nucleolar pattern (especially including anti-Th/To and anti–U3 

RNP)
Elevated acute-phase reactant levels, including serum CRP levels 

greater than the ULN
* SSc-ILD = systemic sclerosis–related interstitial lung disease; 
dcSSc = diffuse cutaneous SSc; FVC% = forced vital capacity percent 
predicted; DLco% = diffusing capacity for carbon monoxide percent 
predicted; HRCT = high-resolution computed tomography; CRP = 
C-reactive protein; ULN = upper limit of normal. 
† Cutoff values vary across studies. 
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vascular disease or cardiac involvement should also be consid-
ered due to the multifactorial nature of SSc-associated manifes-
tations. In SSc patients without ILD or with stable or controlled 
ILD after the first 3–5 years, annual PFTs are useful to monitor for 
both the onset and progression of SSc-ILD and to screen for SSc-
associated pulmonary arterial hypertension (PAH) (7,59).

Classification of SSc-ILD and subgroups of 
patients according to initial severity and risk of 
progression

SSc-ILD trajectories are divided into 2 large subsets, depend-
ing on the initial clinical presentation. Subclinical ILD is defined by 
the presence of ILD with minimal extent on HRCT (usually 5–10% 
based on visual or computer quantification) and no ILD-related 
clinical symptoms (such as dyspnea and cough) and normal initial 
PFT (including FVC and DLco) or no clinically meaningful decline 
in PFT, if serial PFTs are available. With the institution of HRCT 
for screening and diagnosis of SSc-ILD, this subgroup is likely to 
increase over time. Clinicians also need to use their judgment to 
assess if symptoms such as cough are related to ILD or to other 
causes such as silent gastric aspiration or upper airway cough 
syndrome.

The remaining patients with ILD are classified as having clin-
ical ILD (which comprises the majority of current cases of SSc-
ILD due to a lack of universal screening in SSc patients); they are 
classified by the presence of mild to severe ILD on HRCT and 
one or more of the following features: abnormal initial PFT (includ-
ing FVC and/or DLco) and/or clinically meaningful decline in PFT 
parameters (including FVC and/or DLco). Clinical ILD is associated 
with ILD-related symptoms or impact of ILD on daily life.

Within these subsets, patients can be further divided into 
those with a low risk of progressive ILD (no elevated acute-phase 
reactants, positive for anticentromere antibody) and high risk of 
progressive ILD (Table 1). The subgroup of patients with subclin-
ical ILD at high risk of progression (as shown in the focuSSced 
trial), as well as all patients with clinical ILD, would benefit from 
early therapeutic intervention for SSc-ILD. Close monitoring (at 
least every 6 months) is also necessary in patients with subclinical 
ILD with low risk of progression in order to confirm stability.

Clinical evidence for the management of SSc-ILD 
based on phase II and III trials

The main therapeutic agents for the treatment of SSc-ILD 
have immunomodulatory properties, antifibrotic properties, or 
both (23). The results of the main phase II and III RCTs and their 
targeted populations are detailed in Table 2.

The Scleroderma Lung Study I (SLS I) evaluated the effects 
of oral CYC versus placebo in SSc-ILD. SLS I demonstrated that 
the mean absolute difference in adjusted 12-month FVC% was 
2.53% favoring CYC (P < 0.03) (16). CYC also improved dyspnea 

and quality of life compared to placebo. SLS I is a pivotal study 
that demonstrated for the first time that SSc-ILD is responsive 
to immunosuppressive treatment in a clinical trial setting. The 
Scleroderma Lung Study II (SLS II) demonstrated that treatment of 
SSc-ILD with MMF for 2 years or CYC for 1 year was associated 
with statistically significant improvement in FVC% in both arms 
at 24 months, without a between-arm difference (P = 0.24) (17). 
Significant favorable transitions from ground-glass and/or lung 
fibrosis HRCT patterns to a normal pattern were observed in both 
arms of SLS II (44,60). MMF and CYC also improved the modi-
fied Rodnan skin thickness score (MRSS) course over 24 months 
in participants with dcSSc (61). In SLS II, MMF was associated 
with less toxicity and was better tolerated than CYC. For these 
reasons, MMF is now considered the standard of care as first-line 
therapy for SSc-ILD (62).

The SENSCIS trial, a phase III RCT, evaluated the efficacy 
of nintedanib compared to placebo for patients with SSc-ILD. 
Patients receiving a stable dose of MMF or methotrexate for at 
least 6 months prior to randomization were permitted to enroll. 
The intergroup difference in the annual rate of change in FVC 
was 41.0 ml per year (95% confidence interval [95% CI] 2.9, 
79.0) in favor of nintedanib (P = 0.04) (18). The treatment effect of 
nintedanib on the annual rate of change in FVC was numerically, 
but not significantly, lower in participants who were taking MMF 
at baseline than in those not taking MMF (difference between 
nintedanib and placebo 26.3 ml per year [95% CI −27.9, 80.6] 
and 55.4 ml per year [95% CI 2.3, 108.5] in the group taking 
MMF and the group not taking MMF, respectively). In addition, 
there were marked geographic differences in the background use 
of MMF. In North America, where the majority of patients were 
receiving MMF, the difference between treatment arms was even 
smaller, at 10.3 ml per year (95% CI −27.9, 80.6), but still in favor 
of nintedanib. As a result, the SENSCIS data suggest a possible 
additive or synergistic effect from combining MMF and nintedanib, 
but the details of such a combination require further clarification 
(63).

The phase II faSScinate and phase III focuSSced trials eval-
uated the safety and efficacy of tocilizumab in patients with early 
active dcSSc (20,21). The primary end point was the difference 
in mean change in MRSS from baseline to week 24 and to week 
48 in faSScinate and focuSSced, respectively. Despite a numer-
ical difference in the change in MRSS in favor of tocilizumab, 
neither trial reached statistical significance at P < 0.05 for their pri-
mary end points. However, the key secondary end point showed 
statistically significant and clinically meaningful differences in the 
change in FVC% from baseline to week 48 in favor of tocilizumab. 
In faSScinate, patients treated with tocilizumab had a smaller 
decrease in FVC from baseline to 24 weeks (least squares mean 
difference 136 ml [95% CI 9, 264]; P = 0.04 in favor of tocilizumab) 
with a numerical effect in favor of tocilizumab also observed at 
week 48 (least squares mean difference 120 ml [95% CI −23, 
262]; P = 0.099 in favor of tocilizumab) (20). At both time points, 
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fewer patients in the tocilizumab group than in the placebo group 
had worsening of FVC%.

In the focuSSced trial, 68 patients in each arm had SSc-
ILD on HRCT (representing 67% and 65% of the patients in the 
tocilizumab and placebo arms, respectively). In these patients, 
risk factors for SSc-ILD progression were similar in the tocili-
zumab and placebo arms, including disease duration (mean ± SD 
23 ± 17.2 months versus 22.6 ± 16.6 months), proportion pos-
itive for antitopoisomerase antibodies (68.7% versus 68.8%), 
CRP levels (mean ± SD 11.2 ± 17.4 versus 8.0 ± 13.1 mg/liter), 
baseline FVC% (mean ± SD 77.7 ± 13.9 versus 81.5 ± 14.9), 
and baseline quantitative ILD (mean ± SD 20.5 ± 12.8% versus 
16.8 ± 8.8%) in the tocilizumab and placebo arms, respectively 
(22). In the focuSSced trial, the least squares mean difference in 
FVC% in patients with SSc-ILD showed a change from baseline of 
−6.4% for placebo and +0.1 for tocilizumab (least squares mean 
difference between groups 6.5% [95% CI 3.4, 9.5]; P < 0.0001) 
(21). Post hoc analysis showed that early SSc-ILD was not syn-
onymous with minimal ILD on HRCT, as 41% of the patients had 
total lung involvement of >10% to 20%, and 36% had total lung 
involvement of >20%, determined using a computer-generated 
algorithm. These data highlighted that the stabilization of lung 
function in the tocilizumab arm was consistent across all severity 
groups of SSc-ILD, demonstrating that the effects of tocilizumab 
were observed in all subgroups (22).

Other targeted biologics such as rituximab (anti-CD20 anti-
body) and abatacept (CTLA-4Ig fusion protein) have shown some 
beneficial effects on FVC in patients with SSc-ILD (64). In a phase 
II trial, abatacept showed a nonsignificant reduction in FVC decline 
at 12 months (least squares mean FVC% 2.79% [95%CI −0.69, 
6.27], favoring abatacept compared to placebo) (64). A similar trend 
was observed in the open-label extension at month 18 (65). In an 
open-label trial comparing rituximab to CYC, mean ± SD FVC% 
improved from 61.30 ± 11.28% at baseline to 67.52 ± 13.59% at 
6 months in the rituximab arm, but declined from 59.25 ± 12.96% 
to 58.06 ± 11.23% in the CYC arm, with a mean difference in 
FVC% at 6 months of 9.46 (95% CI 3.01, 15.90) (P = 0.003) (66). 
A recent Japanese phase II trial evaluating the impact of rituximab 
on skin involvement also showed promising results with regard to 
FVC progression, as the change in FVC% from baseline to week 
24 was 0.09% in the rituximab group compared to –2.87% in the 
placebo group (difference 2.96% [95% CI 0.08, 5.84]; P = 0.04 
favoring rituximab) (67).

The phase II Scleroderma: Cyclophosphamide or Transplan-
tation (SCOT) trial has demonstrated the efficacy of myeloablative 
chemotherapy with radiation and hematopoietic stem cell trans-
plantation (HSCT) to improve survival in a population of patients 
with severe SSc. Among the included patients, 100% in the trans-
plantation group and 95% in the CYC control group had SSc-ILD 
(68). In this RCT, 36% of the patients in the HSCT arm had an 
improvement in FVC of ≥10% compared to 23% of the patients 
in the CYC arm. The proportion of the patients with a decrease 

in FVC of ≥10% was lower in the HSCT arm than in the CYC 
arm (17% versus 41%, respectively). Observational before-and-
after HSCT studies also suggest an improvement in the extent 
of ILD on HRCT, although the small sample size precludes firm 
conclusions (69).

Lung transplant could be considered for patients with SSc-
ILD, especially when other available treatments have failed (70,71). 
Referral for lung transplant should notably be considered in cases 
of progressive FVC and DLco decline despite a combination of 
immunosuppressive and antifibrotic therapies, worsening symp-
toms such as dyspnea on exertion (without any other identifiable 
cause), and/or increasing oxygen requirement (72). In carefully 
selected patients with mild-to-moderate extrapulmonary mani-
festations related to SSc, lung transplant for SSc-ILD has shown 
similar outcomes as in other fibrotic lung diseases or in PAH (73).

Points to consider when interpreting the RCTs of 
nintedanib and tocilizumab in SSc-ILD

When interpreting the results of SENSCIS and focuSSced, it 
is important to underscore that the study populations were differ-
ent in these trials (early active dcSSc in focuSSced, and progres-
sive ILD regardless of the cutaneous subset in SENSCIS), with 
potential impact on the natural progression rate in the placebo 
arms. Moreover, background therapies were allowed in SENSCIS, 
which could have contributed to limiting the decline in FVC in both 
arms and could have impacted the results regarding extrapulmo-
nary manifestations. The expected decline in FVC after age 25 
years in the general population is 25–30 ml/year, which is another 
point to consider in interpreting the decline in FVC in these phase 
III trials, notably in the placebo arms (74). In SENSCIS, the decline 
in FVC in the placebo arm was 93.3 ml (119.3 ml in patients not 
taking MMF in the placebo group), a 3- to 4-fold greater decline 
compared to the healthy population (18,63). In focuSSced, the 
placebo arm showed an absolute decline in FVC of 255 ml, which 
corresponds to a 10-fold greater decline compared to the healthy 
population, highlighting that the patients included in the study 
were at high risk of severe decline (21).

This difference in rate of FVC decline between the 2 trials can 
be explained by the natural history of SSc-ILD and the underlying 
pathogenic mechanisms. In focuSSced, the patients included had 
early dcSSc, with more prominent inflammatory immune features 
that were captured at a very early phase, without significant SSc-
ILD during the screening phase prior to randomization and base-
line HRCT (75). These patients were rarely included in previously 
designed SSc-ILD studies because significant and/or progressive 
clinical ILD was a required inclusion criterion. Thus, the early treat-
ment of this specific population of patients with inflammatory SSc 
at high risk of progression may represent a window of opportu-
nity to prevent the decline in pulmonary function in SSc-ILD. The 
patients included in the SENSCIS trial had clinical ILD, so that 
we can hypothesize that fibrotic pathways were more established, 
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with a more predictable decline in FVC that was similar to what 
was expected based on previous SSc-ILD studies (16,17). Both 
tocilizumab and nintedanib, nonetheless, showed biologic effects 
that can be considered disease-modifying in SSc-ILD.

A proposed strategy for the management of  
SSc-ILD

All patients with SSc-ILD deemed appropriate for pharma-
cologic treatment should be initiated on immunomodulatory 
treatment, as the pathogenesis of early ILD includes immune 
dysfunction and inflammation resulting in fibrosis (Figure 2). Our 

treatment decision algorithm for SSc-ILD is provided in Figures 
2 and 3. The first step in the treatment decision algorithm is the 
classification of the patient along the dimension of disease severity 
(subsets of subclinical ILD or clinical ILD), based on ILD-specific 
symptoms and clinical impact, extent of ILD on HRCT, and func-
tional impact based on FVC and/or DLco (58,70). All patients 
with clinical ILD should be considered for immunomodulatory 
treatment (15,35). If a patient has subclinical ILD, further stratifi-
cation regarding risk of progressive disease determines if a given 
patient is a candidate for pharmacologic treatment. Treatment 
options may be further stratified based on the severity or activity 
of the extrapulmonary manifestations of SSc.

Figure 2.  Conceptual framework for the management of systemic sclerosis–associated interstitial lung disease (SSc-ILD). HRCT = high-
resolution computed tomography; GERD = gastroesophageal reflux disease; PFT = pulmonary function test; FVC = forced vital capacity; DLco =  
diffusing capacity for carbon monoxide; 6MWT = 6-minute walk test; HSCT = hematopoietic stem cell transplantation.
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Nonpharmacologic measures. All patients should be 
educated about ILD, symptom monitoring, and nonpharma-
cologic management. Nonpharmacologic treatments include 
receipt of appropriate vaccinations such as influenza, pneu-
mococcal, and COVID vaccines; pulmonary rehabilitation; and 

oxygen therapy if indicated. Pulmonary rehabilitation should 
be offered to those patients with SSc-ILD in whom dyspnea 
and other aspects of ILD are limiting functional capacity (76). 
Oxygen therapy should be considered in cases of hypoxemia 
(SpO2 <88%). The 6-minute walk test is useful to evaluate 

Figure 3.  Expert opinion on the management of systemic sclerosis–associated interstitial lung disease (SSc-ILD). HRCT = high-resolution 
computed tomography; PFT = pulmonary function test; FVC = forced vital capacity; DLco = diffusing capacity for carbon monoxide; ab = 
antibody; APR = acute-phase reactants; TCZ = tocilizumab; MMF = mycophenolate mofetil; CYC = cyclophosphamide; NINT = nintedanib; RTX =  
rituximab; 6MWT = 6-minute walk test; HSCT = hematopoietic stem cell transplantation; dcSSc = diffuse cutaneous SSc ; lcSSc = limited 
cutaneous SSc; SLS I = Scleroderma Lung Study I; RCTs = randomized controlled trials; DMARDs = disease-modifying antirheumatic drugs.
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cardiopulmonary exercise desaturation that would require oxy-
gen therapy.

Patients should be educated about silent aspiration; optimal 
care of gastroesophageal reflux disease should be undertaken 
with early initiation of proton-pump inhibitors. Any inhalation of 
recreational drugs such as tobacco, marijuana, vaping, and other 
products should be discontinued. Recent studies have highlighted 
the importance of fostering a good nutritional status to maintain 
respiratory function in chronic respiratory disorders, especially in 
patients with gastrointestinal symptoms (77–79). Annual screen-
ing for immunosuppressant-induced nonmelanoma skin cancers 
is also recommended.

Pharmacologic treatment. Data emerging from the 
recent RCTs of tocilizumab suggest that early treatment with 
immunomodulatory agents should be considered for patients  
with subclinical ILD with a high risk of progression (i.e., early SSc 
with progressive skin disease, or antitopoisomerase antibody, or 
elevated acute-phase reactants). Tocilizumab may be proposed 
as initial treatment based on phase II and III trials; patients should 
be advised to administer the weekly subcutaneous injections 
in parts of the body spared from or minimally involved with skin 
thickening, typically the upper, outer/posterior region of the arm 
(21,80). MMF and CYC remain alternative options, although they 
lack RCT data in the context of subclinical ILD. In patients with 
subclinical ILD and a low risk of progression, close monitoring of 
PFT every 6 months in early SSc is needed, and case-by-case 
treatment decisions may be considered.

As mentioned above, all patients with clinical ILD should be 
considered for immunomodulatory treatment (15,35). In the case 
of quiescent skin and musculoskeletal manifestations, MMF is the 
preferred initial treatment from the authors’ perspective, with CYC 
and nintedanib as other acceptable first-line options that might be 
considered. In the case of active disease including skin and/or mus-
culoskeletal manifestations, tocilizumab, CYC, or MMF should be 
introduced, considering their effects on extrapulmonary manifesta-
tions in focuSSced, SLS I, and SLS II, respectively. Rituximab may 
also be an option, although we usually reserve it for second-line 
treatment given the absence of randomized double-blind con-
trolled trials for this drug in SSc-ILD (Figure 3). Upfront combina-
tion of nintedanib with MMF in patients with active extrapulmonary 
and rapidly progressive disease is also acceptable first-line ther-
apy (such patients may also be candidates for autologous HSCT). 
We do not recommend nintedanib alone as first-line therapy in 
patients with SSc-ILD with active extrapulmonary disease, given 
the absence of impact on these manifestations in SENSCIS (63).

After treatment initiation, clinical monitoring of FVC and DLco 
at least every 6 months is recommended, although in those with 
progressive ILD, we may consider monitoring FVC and DLco 
every 4 months until stabilization is documented (58). In the case 
of stabilization, first-line treatment should be continued. In the 
case of worsening respiratory symptoms, other diagnoses, such 

as cardiac involvement or pulmonary vascular disease, should 
be explored. If worsening parenchymal disease is suspected, 
a repeat HRCT should be performed to confirm progression of 
ILD. In the event of advancing disease despite first-line therapy, a 
second-line therapeutic strategy should be employed.

Three main options are proposed as second-line therapeutic 
strategies (Figure 3): 1) switching to another treatment, 2) consid-
ering combination of an immunomodulatory agent with an anti-
fibrotic agent or combining 2 immunomodulatory agents (e.g., 
MMF and tocilizumab, or MMF and rituximab; although there 
are no data supporting the efficacy and/or safety of these com-
bination therapies), and 3) considering HSCT. Lung transplant is 
usually reserved for those with progressive ILD despite trials of 
different therapies and requires referral to a lung transplant center.

Long-term management. The follow-up of patients from 
SLS I, SLS II, and the CYC arm of SCOT has suggested that the 
benefit of immunomodulation was not maintained after discontin-
uation of the immunomodulatory agent (68,81,82). Although the 
optimal duration of treatment has not been determined to date, we 
would recommend at least 5 years of treatment, although many 
patients need longer-term treatment. This duration should take 
into account the initial severity of ILD, the evaluation and stabili-
zation of ILD-related symptoms, the extrapulmonary manifesta-
tions of SSc, and the risk of ILD progression/relapse once the 
treatment is stopped. In our practice, ~20–30% of patients expe-
rience relapse of skin and/or lung involvement once immunomod-
ulatory therapy is discontinued. To date, there are no clinical data 
to support dose adjustments, such as decreased MMF dosage, 
after stabilization of the disease. Lower dosage may limit the risk 
of long-term side effects, including risk of malignancy, but such 
adjustments should be based on individual patient preferences 
and should take into account the initial severity and subsequent 
impact of progression in case of relapse. As an example, a patient 
with moderate ILD and FVC% of 70% may have adequate pulmo-
nary reserve to consider dose down-titration but someone with an 
FVC% of 40% who requires supplemental O2 therapy would likely 
not be an appropriate candidate for medication down-titration.

In the case of stabilization on treatment, and/or after treatment 
discontinuation, PFT should continue to be performed at least 
every 6 months in all SSc patients for 1–2 years. After this period 
of close monitoring, all patients should undergo annual PFT, as late 
progression may occur despite long-term stabilization. Screening 
for other visceral manifestations, especially PAH, should also be 
continued according to published screening algorithms (59).

Perspectives on the early introduction of 
combination therapies and new combinations

Recent RCTs in PAH have demonstrated that substantial 
progress could be obtained through an early combination of exist-
ing drugs (83,84). The combination of biologic disease-modifying 
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antirheumatic drugs (bDMARDs) with conventional DMARDs 
(cDMARDs) is widely used and recommended for the treatment 
of extrapulmonary manifestations in other CTDs, such as rheuma-
toid arthritis. The complex and overlapping pathobiology involved 
in SSc-ILD, which involves inflammation, fibrosis, and vascular 
changes, also supports the potential for combination therapies, 
as does the finding that a diverse range of drugs has clinical utility. 
As such, there are many reasons to consider combination therapy 
as a viable approach for treating SSc-ILD.

The combination of MMF and nintedanib demonstrated a 
reasonable safety profile in SENSCIS, although the benefit of 
the combination of the 2 active drugs compared to monother-
apy alone could not be fully demonstrated in that trial (63). In 
the focuSSced trial, patients taking cDMARDs were excluded, 
precluding any conclusion regarding the safety or efficacy of 
tocilizumab in combination with MMF or methotrexate (21). 
Nonetheless, with their differing mechanisms of action, MMF and 
tocilizumab may have complementary effects (85). However, we 
need additional data to assess for tradeoffs between the effi-
cacy and safety of this combination. The efficacy and safety of 
the combination of a biologic such as tocilizumab with a tyro
sine kinase inhibitor such as nintedanib is still to be determined. 
This combination may be especially relevant considering the anti-
inflammatory properties of tocilizumab and the potential more 
specific antifibrotic effects of nintedanib through PDGF and FGF 
receptor inhibition, as well as its potential impact on vasculopathy 
through VEGF receptor inhibition (28). The ongoing SLS III (Clini-
calTrials.gov identifier: NCT03221257) is investigating the impact 
of pirfenidone, another antifibrotic agent indicated for the treat-
ment of idiopathic pulmonary fibrosis, as an upfront combination 
treatment with MMF versus placebo and MMF in patients with 
SSc-ILD (86).

Conclusions

The current review provides a state-of-the-art practical  
overview of the management of SSc-ILD. As therapeu-
tic options expand, expert perspective remains an important 
source of treatment guidance. The recent addition of 2 FDA-
approved medications for SSc-ILD has broadened the cache of 
available treatments; management should be determined by strat-
ifying patients in terms of disease severity, risk of progression, and 
activity of extrapulmonary disease. Patients with subclinical ILD 
and a high risk of progression should be provided therapy to pre-
vent lung function loss; tocilizumab has demonstrated benefit in 
those with a high risk of progression. As shown in the focuSSced 
trial, early ILD is not necessarily mild ILD. Tocilizumab is effective 
in attenuating lung function loss along a wide spectrum of lung 
involvement on HRCT, suggesting it can be utilized in clinical 
ILD with a spectrum of degree of underlying lung involvement. 
Nintedanib can be considered as first-line therapy in SSc-ILD but 
preferentially in those with limited extrapulmonary disease (a rare 

scenario in early SSc) or as part of upfront combination therapy 
for progressive SSc-ILD in patients who are candidates for HSCT.

Immunosuppressive therapy with MMF should also be con-
sidered as a primary treatment approach for clinical ILD and par-
ticularly in those with other active manifestations. In this setting, 
MMF has the potential to improve pulmonary function over time 
in the majority of patients and is similarly active with respect to 
improvements over time in skin disease, dyspnea, and health-
related quality of life (87). Current immunomodulatory and anti-
fibrotic interventions attenuate the impact of SSc-ILD but have 
yet to demonstrate a long-lasting benefit on how patients feel, 
function, or survive. Further questions of upfront or sequential 
combination therapy with immunosuppressives and antifibrotics, 
or addition of bDMARDs, as done in other rheumatic diseases, 
remain areas of further research.
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Disease Flare and Reactogenicity in Patients With
Rheumatic and Musculoskeletal Diseases Following
Two-Dose SARS–CoV-2 Messenger RNA Vaccination

Caoilfhionn M. Connolly, Jake A. Ruddy, Brian J. Boyarsky, Iulia Barbur, William A. Werbel, Duvuru Geetha,
Jacqueline M. Garonzik-Wang, Dorry L. Segev, Lisa Christopher-Stine, and Julie J. Paik

Objective. To evaluate disease flare and postvaccination reactions (reactogenicity) in patients with rheumatic and
musculoskeletal diseases (RMDs) following 2-dose SARS–CoV-2 messenger RNA (mRNA) vaccination.

Methods. RMD patients (n = 1,377) who received 2-dose SARS–CoV-2 mRNA vaccination between December
16, 2020 and April 15, 2021 completed questionnaires detailing local and systemic reactions experienced within 7 days
of each vaccine dose (dose 1 and dose 2), and 1 month after dose 2, detailing any flares of RMD. Associations between
demographic/clinical characteristics and flares requiring treatment were evaluated using modified Poisson regression.

Results. Among the patients, 11% reported flares requiring treatment; there were no reports of severe flares. Flares
were associated with prior SARS–CoV-2 infection (incidence rate ratio [IRR] 2.09, P = 0.02), flares in the 6 months pre-
ceding vaccination (IRR 2.36, P < 0.001), and the use of combination immunomodulatory therapy (IRR 1.95, P < 0.001).
The most frequently reported local and systemic reactions included injection site pain (87% after dose 1, 86% after
dose 2) and fatigue (60% after dose 1, 80% after dose 2). Reactogenicity increased after dose 2, particularly for sys-
temic reactions. No allergic reactions or SARS–CoV-2 diagnoses were reported.

Conclusion. Flares of underlying RMD following SARS–CoV-2 vaccination were uncommon. There were no reports
of severe flares. Local and systemic reactions typically did not interfere with daily activity. These early safety data can
help address vaccine hesitancy in RMD patients.

INTRODUCTION

Since its emergence in December 2019, SARS–CoV-2 has
spread worldwide, with an estimated 115 million infections and
5.6 million hospitalizations in the US alone at the time of this report
(1). In December 2020, 2 messenger RNA (mRNA)–based
COVID-19 vaccines (mRNA-1273 and BNT162b2) were recom-
mended for use by the Advisory Committee on Immunization
Practices (2), with >260 million doses administered in the US to
date (3). Predicted vaccination uptake of 70–80% is required to

significantly reduce community transmission (4), and addressing
vaccine hesitancy is crucial to achieving this goal.

In clinical trials of the SARS–CoV-2 mRNA vaccines, partici-
pants reported local and systemic postvaccination reactions
(reactogenicity), with greater reactogenicity reported following
dose 2 (5,6). Patients with rheumatic and musculoskeletal dis-
eases (RMDs) were not well represented in these trials, and
despite the significant morbidity and mortality associated with
SARS–CoV-2 infection, studies have shown that many RMD
patients remain hesitant about getting vaccinated due to
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concerns related to the risk of disease flare (7,8). We previously

reported that local and systemic reactions following dose 1 were

typically mild (9), but there is a paucity of data on reactions or

flares following dose 2. Thus, we sought to evaluate disease

flare and reactogenicity in RMD patients following 2-dose

SARS–CoV-2 mRNA vaccination.

PATIENTS AND METHODS

Study design and population. We conducted a pro-
spective observational study of RMD patients who received the
SARS–CoV-2 mRNA vaccine between December 16, 2020 and
April 15, 2021. Patients ages ≥18 years with a self-reported diag-
nosis of RMD who were receiving immunomodulatory therapy
were recruited to participate via social media postings by national
RMD organizations and advocacy groups. Participants

consented electronically, and the study was approved by the
Institutional Review Board at the Johns Hopkins School of
Medicine (IRB00248540).

Surveys. Participants first completed an English-language
enrollment form containing questions regarding demographic
characteristics (age, sex, and race), RMD diagnosis, immuno-
modulatory regimen, and prior SARS–CoV-2 diagnosis
(Supplementary Materials, available on the Arthritis & Rheumatol-
ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
41924). An online questionnaire was distributed 7 days after
each vaccine (dose 1 and dose 2), in which participants
answered solicited questions about local and systemic adverse
events. The questionnaire also allowed participants to enter
free-text information about their postvaccination experience
and adverse health events. Local symptoms such as pain,

Table 1. Demographic and clinical characteristics of the patients with rheumatic and musculoskeletal diseases, stratified by disease flare requir-
ing treatment or no flare after SARS–CoV-2 mRNA vaccination*

Overall
(n = 1,377)

Disease
flare

(n = 151)

No disease
flare

(n = 1,226) P†

Age, median (IQR) years 47 (37–59) 46 (36–57) 47 (37–60) 0.2
Female sex‡ 1,266 (92) 144 (95) 1,122 (92) 0.1
Non-White‡ 130 (10) 8 (5) 122 (10) 0.1
Diagnosis
Inflammatory arthritis§ 647 (47) 73 (48) 574 (47) 0.7
SLE 273 (20) 30 (20) 243 (20) >0.9
Sjögren’s syndrome 65 (5) 7 (5) 58 (5) >0.9
Myositis 66 (5) 6 (4) 60 (5) 0.8
Vasculitis 41 (3) 7 (5) 34 (3) 0.2
Scleroderma 14 (1) 2 (1) 12 (1) 0.7
Overlap CTD¶ 271 (20) 26 (17) 245 (20) 0.5

Vaccine type
BNT162b2 755 (55) 82 (54) 673 (55) 0.9
mRNA-1273 622 (45) 69 (46) 553 (45) 0.9

Therapy type
Conventional DMARD# 352 (26) 23 (15) 329 (27) 0.002
Biologic** 303 (22) 22 (15) 281 (23) 0.02
Glucocorticoid monotherapy†† 35 (3) 6 (4) 29 (2) 0.3
Immunomodulatory monotherapy‡‡ 6 (0.4) 1 (1) 5 (0.4) –

Combination§§ 681 (50) 99 (66) 582 (48) <0.001
Flare in 6 months prior to vaccine 767 (56) 113 (75) 654 (53) <0.001
Prior COVID-19 diagnosis 50 (3) 11 (7) 39 (3) 0.02

* Flares counted include those that occurred between dose 1 of the SARS–CoV-2 mRNA vaccine up to 1 month after dose 2. Except where indi-
cated otherwise, values are the number (%) of patients. IQR = interquartile range; SLE = systemic lupus erythematosus.
† For comparisons between groups of patients who experienced disease flares and those who did not, categories with an overall count of <10
were not analyzed.
‡ Denominators for these categories differ from the total number, as 1 participant selected “prefer not to answer” for sex, and 23 selected “pre-
fer not to answer” for race.
§ Includes rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, reactive arthritis, and inflammatory bowel disease–associated
arthritis.
¶ Overlap connective tissue disease (CTD) denotes a combination of ≥2 of the above conditions.
# Includes azathioprine, hydroxychloroquine, leflunomide, methotrexate, mycophenolate, sulfasalazine, and tacrolimus.
** Includes abatacept, adalimumab, anakinra, baricitinib, belimumab, certolizumab, etanercept, golimumab, infliximab, ixekizumab, rituxi-
mab, secukinumab, tocilizumab, tofacitinib, upadacitinib, and ustekinumab.
†† Includes prednisone and prednisone equivalents.
‡‡ P values for intravenous immunoglobulin and subcutaneous immunoglobulin were not calculated due to small sample size.
§§ Denotes conventional disease-modifying antirheumatic drug (DMARD) and biologic drug and/or glucocorticoids, or biologic drug and
glucocorticoids.
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redness, and swelling, as well as systemic adverse events includ-
ing fever, fatigue, headaches, chills, vomiting, diarrhea, andmyalgia
were captured using an ordinal scale; these were graded accord-
ing to their impact on daily activity including “no interference with
daily activity,” “some interference with daily activity,” and “preven-
tion of daily activity.” One month after dose 2, participants com-
pleted an online questionnaire pertaining to incidence and prior
history of flare, incident flare, as well as symptoms, duration, and
treatment. Most questions were in multiple-choice format, and
some allowed for an open-ended response if participants felt that
no given choice was appropriate. Study data were collected and
managed using the REDCap tool, a secure, web-based software
platform designed to support data capture for research stud-
ies (10).

Statistical analysis. Baseline demographic and clinical
characteristics were evaluated using descriptive statistics, strati-
fied by disease flare after vaccination requiring treatment. Binary
and categorical variables are expressed as the number and per-
centage and continuous variables with the median and inter-
quartile range (IQR). Associations between flares requiring
treatment and participant characteristics were evaluated with
modified Poisson regression with a robust variance estimator,
generating incidence rate ratios (IRRs) and 95% confidence inter-
vals (95% CIs). Associations were not calculated for variables with
a frequency of <10 patients. Changes in denominators of ques-
tions due to participants selecting “prefer not to answer” or not
responding are noted in the footnotes of the corresponding
tables, as are questions with a multiple-select format for which
the sum of responses may exceed the total number. All tests were
conducted using a 2-sided α level of 0.05. We performed analy-
ses using Stata software, version 16.1.

RESULTS

Baseline characteristics. A total of 1,377 patients with
RMD underwent vaccination with BNT162b2 (55%) or mRNA-
1273 (45%) (Table 1). The median (IQR) age was 47 years
(37–59 years), with 92% of the patients female and 10% Non-
White. The most common RMD diagnoses included inflammatory
arthritis (47%), systemic lupus erythematous (SLE; 20%), and
overlap connective tissue disease (20%). The most common ther-
apeutic regimens included combination therapy (50%), conven-
tional disease-modifying antirheumatic drugs (cDMARDs) (26%),
and biologic therapy (22%). Combination therapy was defined as
treatment with a cDMARD and biologic agent, with or without glu-
cocorticoids, or a biologic agent and glucocorticoid therapy.
Three percent of patients reported a prior SARS–CoV-2 infection.

Incidence and characteristics of flares requiring
treatment. Of the participants, 767 (56%) reported ≥1 flare
of their underlying RMD in the 6 months preceding dose

1. One hundred fifty-one patients (11%) reported flares requiring
treatment following vaccination, of which the majority (60%)
occurred after dose 2 (Supplementary Table 1, https://
onlinelibrary.wiley.com/doi/10.1002/art.41924). The rate of flares
requiring treatment was similar in both vaccine types. Most
patients (91%) reported worsening of preexisting symptoms,
while 72% reported the onset of a new symptom
(Supplementary Figure 1, https://onlinelibrary.wiley.com/doi/10.
1002/art.41924). Patients with inflammatory arthritis more com-
monly reported symptoms of worsening joint pain, swelling, and
stiffness, while patients with SLE reported worsening joint pain,
fatigue, and myalgia (Supplementary Table 2, https://
onlinelibrary.wiley.com/doi/10.1002/art.41924). Flares that
required treatment typically lasted 10 days (IQR 6–22 days)
and were most commonly treated with oral glucocorticoids
(75%), while 23% of participants reported up-titration of their
baseline immunomodulatory therapy. No participant required
hospital or intensive care unit admission. Factors found to be

Table 2. Adjusted IRR for experiencing a flare requiring treatment,
according to demographic and clinical characteristics*

Adjusted IRR
(95% CI) P

Age, >55 years 0.79 (0.57–1.11) 0.2
Female sex 1.79 (0.86–3.72) 0.1
White 1.86 (0.93–3.7) 0.1
BNT162b2 vaccine 0.98 (0.72–1.32) 0.9
Flare in 6 months prior to vaccine 2.36 (1.66–3.36) <0.001
Prior SARS–CoV-2 diagnosis 2.09 (1.21–3.60) 0.008
Diagnosis
Inflammatory arthritis† 1.06 (0.78–1.43) 0.7
SLE 1.00 (0.69–1.46) >0.9
Sjögren’s syndrome 0.98 (0.48–2.00) >0.9
Myositis 0.82 (0.38–1.79) 0.6
Vasculitis 1.58 (0.79–3.17) 0.2
Systemic sclerosis 1.31 (0.36–4.76) 0.7
Overlap CTD‡ 0.85 (0.57–1.27) 0.4

Therapy type
Conventional DMARD§ 0.52 (0.34–0.80) 0.003
Biologic¶ 0.60 (0.39–0.93) 0.02
Glucocorticoid monotherapy# 1.59 (0.75–3.34) 0.2
Immunoregulatory

monotherapy**
– –

Combination†† 1.95 (1.41–2.68) <0.001

* IRR = incidence rate ratio; 95% CI = 95% confidence interval (see
Table 1 for other definitions).
† Includes rheumatoid arthritis, ankylosing spondylitis, psoriatic
arthritis, reactive arthritis, and inflammatory bowel disease–associ-
ated arthritis.
‡ Overlap CTD denotes a combination of ≥2 of the above conditions.
§ Includes azathioprine, hydroxychloroquine, leflunomide, metho-
trexate, mycophenolate, sulfasalazine, and tacrolimus.
¶ Includes abatacept, adalimumab, anakinra, baricitinib, belimu-
mab, certolizumab, etanercept, golimumab, infliximab, ixekizumab,
rituximab, secukinumab, tocilizumab, tofacitinib, upadacitinib, and
ustekinumab.
# Includes prednisone and prednisone equivalents.
** P values for intravenous immunoglobulin and subcutaneous
immunoglobulin were not calculated due to small sample size.
†† Denotes conventional DMARD and biologic drug and/or glucocor-
ticoids, or biologic drug and glucocorticoids.
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associated with flares requiring treatment included a prior
SARS–CoV-2 diagnosis (IRR 2.09 [95% CI 1.21–3.60]), a his-
tory of flares in the 6 months prior to dose 1 (IRR 2.36 [95% CI
1.66–3.36]), and use of combination therapy (IRR 1.95 [95%
CI 1.41–2.68]) (Table 2). Participants receiving cDMARDs (IRR
0.52 [95% CI 0.34–0.80]) or biologic therapy (IRR 0.60 [95%
CI 0.39–0.93]) had a lower incidence of flares.

Local and systemic reactogenicity. The most frequently
reported local and systemic reactions included injection site pain
(87% after dose 1, 86% after dose 2) and fatigue (60% after
dose 1, 80% after dose 2) (Figure 1). Reactogenicity increased
after dose 2, particularly for systemic reactions, including fatigue
(80%), headache (65%), myalgia (58%), and chills (42%). Reports
of reactions that prevented daily activities were uncommon, with
myalgia (11%) and fatigue (19%) most frequently reported. One
patient (0.07%) reported hospital admission for management of
diarrhea following dose 2.

DISCUSSION

We studied 1,377 RMD patients who received 2-dose
SARS–CoV-2 mRNA vaccinations and did not identify any major
safety concerns. There were no reports of severe disease flare.
Local and systemic reactions were common, but these were con-
sistent with expected vaccine reactogenicity.

Eleven percent of participants reported flares of their underlying
disease that required treatment. No participant required intravenous
therapy or hospitalization. Use of combination therapy, as well as
reports of flare in the 6 months prior to vaccination were associated

with flares; these factors may be a surrogate for more refractory dis-
ease at baseline, and thus the relationship with vaccination is
unclear. There was a positive association between prior SARS–
CoV-2 infection and flare, which may suggest immunologic priming.

Local and systemic reactions were common, but reassur-
ingly, very few patients reported symptoms that prevented daily
activities. Participants reported systemic events (particularly myal-
gia and fatigue) at higher frequencies than in clinical trials; similar
to the trials, reactogenicity increased after dose 2 (5,6). One
patient reported hospitalization for management of a systemic
event. There were no reported cases of anaphylaxis requiring epi-
nephrine or newly diagnosed SARS–CoV-2 infection.

Limitations of this study include a lack of data on immuno-
modulatory timing and dosing. We did not assess baseline disease
activity, and background rate of flare was not quantified. Most par-
ticipants were female and white, which may limit generalizability.

The strengths of this study include a national sample with early,
novel information about adverse reactions after 2-dose BNT162b2
and mRNA-1273 vaccinations. All data were patient-reported; this
is a strength, but given that recruitment was conducted by conve-
nience sampling, the data are also susceptible to responder bias.

Data on vaccine safety in patients with RMD have been lack-
ing, which has contributed to vaccine refusal and hesitancy. It has
been shown that RMD patients are more willing to reconsider vac-
cination if provided with more medical education and recom-
mended by a physician (9). While there are case reports of flares
following mRNA vaccination (11,12), this is the first large-scale
study evaluating flares and reactogenicity in patients with RMDs.
Local and systemic reactions should be anticipated, and setting
expectations with patients may alleviate anxiety. This is

Figure 1. Local site and systemic adverse reactions in 1,377 patients with rheumatic and musculoskeletal diseases within 7 days after doses
1 and 2 of SARS–CoV-2 mRNA vaccination.
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particularly relevant given that periodic revaccination may be
required in the future (13). These early, reassuring results may
ameliorate concern among patients and inform critical discus-
sions regarding vaccine hesitancy or refusal.

In conclusion, in this observational study of 1,377 RMD
patients, there were no reports of severe disease flare. Local and
systemic reactions were common but typically did not interfere
with daily activity. There were no findings that warranted concern
about the safety of SARS–CoV-2 mRNA vaccination in patients
with RMD. These early data can continue to address vaccine
hesitancy in this patient population.
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Humoral and Cellular Immune Responses to SARS–CoV-2 
Infection and Vaccination in Autoimmune Disease Patients 
With B Cell Depletion
David Simon,1  Koray Tascilar,1 Katja Schmidt,1 Bernhard Manger,1 Leonie Weckwerth,1 Maria Sokolova,1

Laura Bucci,1 Filippo Fagni,1  Karin Manger,2 Florian Schuch,3 Monika Ronneberger,3 Axel Hueber,1 Ulrike Steffen,1 
Dirk Mielenz,1 Martin Herrmann,1 Thomas Harrer,1 Arnd Kleyer,1  Gerhard Krönke,1 and Georg Schett1

Objective. B cell depletion is an established therapeutic principle in a wide range of autoimmune diseases. 
However, B cells are also critical for inducing protective immunity after infection and vaccination. We undertook this 
study to assess humoral and cellular immune responses after infection with or vaccination against SARS–CoV-2 in 
patients with B cell depletion and controls who are B cell–competent.

Methods. Antibody responses (tested using enzyme-linked immunosorbent assay) and T cell responses (tested 
using interferon-γ enzyme-linked immunospot assay) against the SARS–CoV-2 spike S1 and nucleocapsid proteins 
were assessed in a limited number of previously infected (n = 6) and vaccinated (n = 8) autoimmune disease patients 
with B cell depletion, as well as previously infected (n = 30) and vaccinated (n = 30) healthy controls.

Results. As expected, B cell and T cell responses to the nucleocapsid protein were observed only after infection, 
while respective responses to SARS–CoV-2 spike S1 were found after both infection and vaccination. A SARS–CoV-2 
antibody response was observed in all vaccinated controls (30 of 30 [100%]) but in none of the vaccinated patients 
with B cell depletion (0 of 8). In contrast, after SARS–CoV-2 infection, both the patients with B cell depletion (spike 
S1, 5 of 6 [83%]; nucleocapsid, 3 of 6 [50%]) and healthy controls (spike S1, 28 of 30 [93%]; nucleocapsid, 28 of 30 
[93%]) developed antibodies. T cell responses against the spike S1 and nucleocapsid proteins were found in both 
infected and vaccinated patients with B cell depletion and in the controls.

Conclusion. These data show that B cell depletion completely blocks humoral but not T cell SARS–CoV-2 
vaccination response. Furthermore, limited humoral immune responses are found after SARS–CoV-2 infection in 
patients with B cell depletion.

INTRODUCTION

Depletion of B cells is an effective therapeutic strategy to treat 
severe autoimmune disease (1). Diseases with robust activation of 
B cells and plasma cells, such as rheumatoid arthritis (2), multiple 

sclerosis (3), granulomatosis with polyangiitis (4), dermatomy-
ositis (5), IgG4-related disease (6), pemphigus (7), and immune 
thrombocytopenic purpura (8) are sensitive to B cell targeting. 
Rituximab, a monoclonal antibody binding the B cell–specific sur-
face molecule CD20, effectively depletes circulating B cells over 
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a period of several months and shows widespread therapeutic 
efficacy in patients with autoimmune disease (9). B cell depletion, 
however, may also seriously impair the development of protective 
immunity after infection and vaccination. Of note, rituximab treat-
ment has been associated with more severe courses of COVID-19 
(10) and impaired immune response to established vaccines 
(11,12). To date, reliable data on the impact of B cell depletion 
on the dynamics of protective antibody responses upon infection 
and vaccination remain sparse (13), while protective antibody 
responses have been clearly documented in subjects naive to 
SARS–CoV-2 infection (14) and previously infected immunocom-
petent subjects (15). The current SARS–CoV-2 pandemic thus 
provides a unique opportunity to profile the immune response of a 
naive population to a defined infectious agent. In addition, it allows 
us to study the magnitude of a newly evolving adaptive immune 
response to infection and to vaccination in both healthy individuals 
and in patients with B cell depletion.

PATIENTS AND METHODS

Ethical approval. Ethical approval (no. 157_20 B) to con-
duct this analysis was granted by the institutional review board of 
the University Clinic of Erlangen as the responsible ethics com-
mittee. Written informed consent was obtained from the study 
participants.

Patients and controls. Sera from rituximab-treated 
patients and healthy controls were collected within the COVID-19 
study program of the Deutsche Zentrum fuer Immuntherapie (16). 
This study program was initiated in February 2020 and moni-
tors anti-SARS–CoV-2 antibody responses in healthy controls, 
COVID-19 patients, and patients with autoimmune diseases (16). 
Healthy controls did not have an immune-mediated inflammatory 
disease nor did they receive any treatment with immunomodula-
tory agents. Vaccinated patients and vaccinated healthy controls 
did not have any history of COVID-19 or positive COVID-19 poly-
merase chain reaction results before the analysis.

Rituximab-treated patients and healthy controls were vacci-
nated with the BNT162b2 messenger RNA (mRNA) SARS–CoV-2 
vaccine at official public vaccination centers, based on occupa-
tional exposure risk, comorbidities, and age-related risk in accor
dance with the recommendations of the Robert Koch Institute. 
Sera were collected ≥10 days after the second vaccination and 
≥30 days after onset of infection in the infected participants. For 
all participants, we collected demographic data (e.g., age, sex) as 
well as disease-specific data (e.g., type of autoimmune disease, 
type of treatment). The elapsed time between antibody testing and 
either infection (mean ± SD 3.8 ± 2.9 months [range 1–8 months]) 
or vaccination (mean ± SD 3.6 ± 3.0 months [range 1–8 months]) 
was very similar among the rituximab-treated patients. Patients 
underwent a mean ± SD of 5.4 ± 4.3 rituximab infusions, admin-
istered at a dose of 1,000 mg every 6 months.

Anti-SARS–CoV-2 antibodies. IgG antibodies against the 
S1 domain of the spike protein and the nucleocapsid protein of 
SARS–CoV-2 were tested by 2 Conformité Européenne com-
mercial enzyme-linked immunosorbent assays, according to the 
protocols of the manufacturers (Euroimmun; Epitope Diagnostics). 
Optical density (OD) was determined at 450 nm, with a reference 
wavelength at 630 nm. Cutoffs of <0.8 and <0.2 were considered 
as negative for IgG antibodies against the spike S1 protein and the 
nucleocapsid protein, respectively. An in-house neutralization assay 
for assessment of inhibition of binding to angiotensin-converting 
enzyme 2 by antibodies was used. Assays were performed in 
accordance with the guidelines of the German Medical Association 
with stipulated internal and external quality controls.

Anti-SARS–CoV-2 T cells. The detection of SARS–CoV-2–
specific T cells was conducted via an interferon-γ (IFNγ) enzyme-
linked immunospot (ELISpot) assay (T-SPOT.COVID; Oxford 
Immunotec). Isolation of peripheral blood mononuclear cells 
(PBMCs) was carried out via density-gradient centrifugation. Leu-
cosep tubes (Greiner Bio-One) were filled with 15 ml Lymphoflot  
(Bio-Rad) and centrifuged briefly to collect the fluid under the ​ 
membrane. A maximum of 30 ml citrate blood was transferred to 
the tube and filled up to 50 ml with RPMI 1640 medium (Gibco) 
that was preheated to 37°C. Cells were centrifuged at 760g for 
20 minutes, and the upper layer containing PBMCs was transferred 
to 50-ml tubes and centrifuged at 610g for 10 minutes. The cell 
pellet was then washed with 30 ml of RPMI 1640 medium (at 37°C) 
at 610g for 10 minutes prior to resuspension at a concentration of 
2.5 × 106/ml in AIM-V medium (Gibco) that was preheated to 37°C.

Fifty microliters of either AIM-V medium, Panel A, Panel B, or 
Positive Control were added to the wells of the precoated multi-
titer ELISpot plate (Oxford Immunotec). One hundred microliters of 
the cell suspension was added to each well and carefully mixed by 
pipetting. After an incubation period at 37°C with 7% CO2 for 16–
20 hours, the wells were washed 4 times with 200 µl of phosphate 
buffered saline (PBS; Gibco). The conjugate reagent was diluted 
at 1:200 in PBS, and 50 µl of this dilution was added to each well. 
Following a 60-minute incubation period at 4°C, the wells were 
washed 4 times with 200 µl of PBS. Fifty microliters of substrate 
solution was added to each well and incubated for 7 minutes. The 
plate was washed 3 times with H2O and then air-dried. The spots 
were counted and analyzed using an ELISpot reader (AID). Results 
are reported as spot-forming units (SFUs) per 2.5 × 105 cells. 
According to the manufacturer’s guidelines, a response was con-
sidered positive when the number of spots in the respective panel 
was ≥8 SFUs above the negative control. Samples with negative 
controls >10 SFUs were considered invalid.

Statistical analysis. Subject characteristics are presented 
as the mean ± SD for continuous data and as the number and 
percentage for categorical data. We used Wilcoxon’s rank sum 
test for pairwise between-group comparisons of OD from the 
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anti–spike S1 IgG and anti–nucleocapsid IgG assays. P values 
were adjusted for a family of 6 possible pairwise comparisons per 
assay using the Bonferroni-Holm method and were considered 
significant when less than 0.05.

RESULTS

To address the question of whether autoimmune patients in 
whom peripheral B cells have been depleted are able to develop 
specific humoral immunity to SARS–CoV-2 vaccination, we 
screened data from an ongoing longitudinal SARS–CoV-2 anti-
body study in Germany which measures IgG responses against 
the SARS–CoV-2 spike S1 and nucleocapsid proteins in patients 
with autoimmune inflammatory diseases and healthy controls 
(16). We identified 8 rituximab-treated patients who received the 
BNT162b2 mRNA SARS–CoV-2 vaccine and 6 rituximab-treated 
patients who had experienced a clinically symptomatic, mRNA-
confirmed infection with SARS–CoV-2. The most frequent  
COVID-19 related symptoms in the 6 rituximab-treated patients 
with SARS–CoV-2 infection were cough (n = 5), anosmia (n = 5), 
fever (n = 4), and dyspnea (n = 4). Three patients required hospital-
ization, and none of them required intensive care. The characteris-
tics of patients and controls are summarized in Table 1.

All 14 rituximab-treated vaccinated or infected patients were 
tested for anti-SARS–CoV-2 IgG antibodies after having received 
their second shot of the vaccine or ≥4 weeks after the infection, 
respectively. For control purposes, anti-SARS–CoV-2 IgG anti-
bodies were also tested in 30 healthy controls after SARS–CoV-2 
vaccination and in 30 additional healthy controls after SARS–
CoV-2 infection. The majority of SARS–CoV-2–infected controls 

(93%) developed IgG antibodies against the spike S1 protein 
(mean ± SD 5.4 ± 2.5 at an OD of 450 nm; cutoff for positivity >0.8 
at an OD of 450 nm) and all vaccinated controls (100%) devel-
oped IgG antibodies against the spike S1 protein (mean ± SD 
8.1 ± 2.5) (Figure 1A). As expected, IgG antibodies against the 
nucleocapsid protein were observed only in previously infected 
controls (mean ± SD 0.31 ± 0.09; cutoff for positivity >0.2) but not 
in vaccinated controls (mean ± SD 0.10 ± 0.04).

Although anti-SARS–CoV-2 S1 IgG levels were lower than 
those in healthy controls, surprisingly, 5 of 6 rituximab-treated 
SARS–CoV-2–infected patients (83.3%) developed IgG antibodies 
(mean ± SD 2.9 ± 2.2) (Figure 1A). These antibodies in rituximab-
treated infected patients also had a similar neutralizing capacity as 
those in infected controls. In contrast, none of the 8 vaccinated 
rituximab-treated patients developed anti-SARS–CoV-2 IgG anti-
bodies (mean ± SD 0.2 ± 0.3). The mean elapsed time to anti-
body testing was similar among rituximab-treated patients who 
had been previously infected (mean ± SD 3.8 ± 2.9 months [range 
1–8 months]) and those who had been vaccinated (mean ± SD 
3.6 ± 3.0 months [range 1–8 months]). In addition, the time inter-
val between the last rituximab infusion and infection/vaccination 
was comparable (infection, mean ± SD 2.9 ± 3.8 months; vacci-
nation, mean ± SD 3.1 ± 3.7 months).

Peripheral B cells were undetectable or lower than 15 
cells/μl in all infected and vaccinated patients. Peripheral 
CD4 and CD8 T cell counts as well as serum levels of IgG, 
IgA, and IgM did not differ between rituximab-treated patients 
who previously had a SARS–CoV-2 infection and those who 
had been vaccinated (Figure 1B). We were also able to 
assess SARS–CoV-2–specific T cell responses using an IFNγ 

Table 1.  Characteristics of the autoimmune disease patients with B cell depletion and healthy controls*

Healthy controls, 
previously 
infected  
(n = 30)

Healthy 
controls, 

vaccinated  
(n = 30)

Patients with 
B cell depletion, 

previously infected  
(n = 6)

Patients with  
B cell depletion, 

vaccinated  
(n = 8)

Age, mean ± SD years 61.0 ± 16.6 57.1 ± 7.5 62.5 ± 12.8 53.5 ± 7.7
Female sex 12 (40.0) 23 (76.7) 5 (83.3) 5 (62.5)
Humoral immune response

Anti–spike S1 IgG, mean ± SD OD 5.4 ± 2.5 8.1 ± 2.5 2.9 ± 2.2 0.2 ± 0.3
Anti–spike S1 IgG, OD >0.8 28 (93.3) 30 (100.0) 5 (83.3) 0 (0)
Anti–nucleocapsid IgG, mean ± SD OD† 0.31 ± 0.09 0.10 ± 0.04 0.18 ± 0.09 0.09 ± 0.02
Anti–nucleocapsid IgG, OD >0.2† 28 (93.3) 0 (0) 3 (50.0) 0 (0)

Cellular immune response
Anti–spike S1 IFNγ >3 SFUs,  

no. positive/no. tested (%)
4/5 (80) 5/5 (100.0) 6/6 (100.0) 6/8 (75)

Anti–nucleocapsid IFNγ >5 SFUs,  
no. positive/no. tested (%)

5/5 (100) 0/5 (0) 5/6 (83.3) 0/8 (0)

Disease
Granulomatosis with polyangiitis – – 2 (33.3) 3 (37.5)
Rheumatoid arthritis – – 3 (50.0) 3 (37.5)
Multiple sclerosis – – 0 (0) 1 (12.5)
Dermatomyositis – – 0 (0) 1 (12.5)
IgG4-related disease 1 (16.7) 0 (0)

* Except where indicated otherwise, values are the number (%) of subjects. IFNγ = interferon-γ; SFUs = spot-forming units. 
† Anti–nucleocapsid IgG was only measured in 6 of the 8 vaccinated patients with B cell depletion. 
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ELISpot assay in a limited subset of the patients from each 
group (Figure 1C). T cell responses against both the spike 
S1 and nucleocapsid proteins were found after SARS–CoV-2 
infection in healthy controls and patients with B cell deple-
tion. Furthermore, the majority of vaccinated patients, includ-
ing those depleted of B cells, developed a T cell response 
against the spike S1 protein, but (as expected) no T cell 
responses against the nucleocapsid protein were found in the 
vaccinated patients.

DISCUSSION

These data provide interesting and unexpected new insights 
into the immune response to infection and vaccination in patients 
with B cell depletion. First, they show that SARS–CoV-2 vacci-
nation fails to trigger significant humoral immune responses in 

patients with B cell depletion. This finding may suggest that vac-
cination should preferentially take place before a B cell–depleting 
treatment is started in order to mount a significant humoral 
immune response.

Surprisingly, and in contrast to vaccination, infection with 
SARS–CoV-2 triggered specific antibody responses, despite 
the absence of circulating B cells. Although these antibody 
responses were lower than those in healthy controls, this finding 
sheds light on the differences between vaccination and infec-
tion. While local antigen presentation and T cell and B cell acti-
vation may predominate in vaccinated individuals, infection may 
trigger a much more systemic adaptive immune response. 
Therefore, residual tissue B cells (e.g., in the bone marrow), 
which may escape rituximab treatment, could be sufficient to 
induce a humoral immune response after SARS–CoV-2 infec-
tion. Previous biopsy data in rituximab-treated patients, who 

Figure 1.  Anti-SARS–CoV-2 immune responses in previously infected patients and vaccinated patients who have undergone B cell depletion. 
A, Antibodies against the spike S1 protein of SARS–CoV-2 (assessed by enzyme-linked immunosorbent assay [ELISA]; Euroimmun) (left) and 
nucleocapsid protein of SARS–CoV-2 (assessed by ELISA; Epitope) (middle), and correlation between neutralizing antibody activity (percent 
inhibition of binding of spike S1 protein–expressing cells to angiotensin-converting enzyme 2) and the spike S1 protein antibody response 
(OD at 450 nm) (right). Tests were performed in 30 healthy controls after SARS–CoV-2 infection (CTRL-COVID-19), 30 healthy controls 
after SARS–CoV-2 mRNA vaccination (CTRL-VACC), 6 rituximab-treated, B cell–depleted autoimmune disease patients after SARS–CoV-2 
infection (RTX-COVID19), and 8 rituximab-treated, B cell–depleted autoimmune disease patients after SARS–CoV-2 mRNA vaccination 
(RTX-VACC). Symbols represent individual subjects; horizontal lines show the mean. Comparisons were conducted using Wilcoxon’s signed 
rank sum test. B, Serum levels of IgG, IgA, and IgM (top) and numbers of CD19 B cells, CD4 T cells, and CD8 T cells (bottom) in rituximab-
treated, B cell–depleted autoimmune disease patients after SARS–CoV-2 infection and rituximab-treated, B cell–depleted autoimmune 
disease patients after SARS–CoV-2 mRNA vaccination. Symbols represent individual subjects; bars show the mean ± SD. C, Enzyme-linked 
immunospot assay results showing T cell responses to antibodies against the spike S1 protein (left) and the nucleocapsid protein (right) 
in healthy controls after SARS–CoV-2 infection, healthy controls after SARS–CoV-2 mRNA vaccination, rituximab-treated B cell–depleted 
autoimmune disease patients after SARS–CoV-2 infection, and rituximab-treated, B cell–depleted autoimmune disease patients after SARS–
CoV-2 mRNA vaccination. Symbols represent individual subjects; horizontal lines show the mean. SFUs = spot-forming units; PBMC = 
peripheral blood mononuclear cell.
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were depleted of circulating peripheral B cells, have shown 
that tissue B cells can escape depletion (17).

Second, our data indicate that SARS–CoV-2 vaccina-
tion, like infection, can trigger specific T cell–mediated immune 
responses even in the absence of peripheral B cells. Such T cell 
responses may explain why SARS–CoV-2 infection can still be 
controlled in patients with B cell depletion. In addition, the data 
suggest that potentially protective T cell–mediated immunity may 
develop after the vaccination in the absence of B cells.

A limitation of this study is the small number of patients 
with B cell depletion who were exposed to SARS–CoV-2 infec-
tion or vaccination. Although results were highly consistent even 
in this small sample, further studies will be required. Further-
more, only the BNT162b2 mRNA SARS–CoV-2 vaccine was 
assessed in this data set, requiring the collection of additional 
data from other (i.e., vector-based) vaccines. Despite these lim-
itations, the data very consistently showed that T cell responses 
against SARS–CoV-2 can develop in both vaccinated and pre-
viously infected patients with B cell depletion. The data also 
indicate that SARS–CoV-2 infection, but not vaccination, can in 
principle trigger limited humoral immune responses against the 
virus in patients with B cell depletion, indicating that infection 
can reach and activate residual tissue B cells.
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Association of Sputum Neutrophil Extracellular Trap 
Subsets With IgA Anti–Citrullinated Protein 
Antibodies in Subjects at Risk for Rheumatoid Arthritis
Yuko Okamoto,1 Stephanie Devoe,2 Nickie Seto,3 Valerie Minarchick,2 Timothy Wilson,2  
Heather M. Rothfuss,4 Michael P. Mohning,5 Jaron Arbet,2 Miranda Kroehl,2 Ashley Visser,2 
Justin August,2 Stacey M. Thomas,5  Laura Lenis Charry,2 Chelsie Fleischer,2 Marie L. Feser,2 
Ashley A. Frazer-Abel,2 Jill M. Norris,2 Brian D. Cherrington,4 William J. Janssen,5 Mariana J. Kaplan,3

Kevin D. Deane,2   V. Michael Holers,2  and M. Kristen Demoruelle2

Objective. Mechanisms leading to anti–citrullinated protein antibody (ACPA) generation in rheumatoid arthritis 
(RA) are hypothesized to originate in the lung. We undertook this study to understand associations between neutrophil 
extracellular trap (NET) formation in the lung and local ACPA generation in subjects at risk of developing RA.

Methods. Induced sputum was collected from 49 subjects at risk of developing RA, 12 patients with RA, and 
18 controls. Sputum neutrophils were tested for ex vivo NET formation, and sputum-induced NET formation of 
control neutrophils was measured using immunofluorescence imaging. Sputum macrophages were tested for ex 
vivo endocytosis of apoptotic and opsonized cells. Levels of ACPA, NET remnants, and inflammatory proteins were 
quantified in sputum supernatant.

Results. Spontaneous citrullinated histone H3 (Cit-H3)–expressing NET formation was higher in sputum 
neutrophils from at-risk subjects and RA patients compared to controls (median 12%, 22%, and 0%, respectively; 
P < 0.01). In at-risk subjects, sputum IgA ACPA correlated with the percentage of neutrophils that underwent 
Cit-H3+ NET formation (r = 0.49, P = 0.002) and levels of Cit-H3+ NET remnants (r = 0.70, P < 0.001). Reduced 
endocytic capacity of sputum macrophages was found in at-risk subjects and RA patients compared to controls. 
Using a mediation model, we found that sputum inflammatory proteins were associated with sputum IgA ACPA 
through a pathway mediated by Cit-H3+ NET remnants. Sputum-induced Cit-H3+ NET formation also correlated 
with sputum levels of interleukin-1β (IL-1β), IL-6, and tumor necrosis factor in at-risk subjects, suggesting a causal 
relationship.

Conclusion. These data support a potential mechanism for mucosal ACPA generation in subjects at risk of 
developing RA, whereby inflammation leads to increased citrullinated protein–expressing NETs that promote local 
ACPA generation.

The content of this publication is the sole responsibility of the authors 
and does not represent the official views of the NIH.

Supported by the NIH (grants AR-066712, AR-076450, AI-101990, AI-
101981, HL-140039, HD-090541, AR-51749, and GM-103432) and by the 
Intramural Research Program of the National Institute of Arthritis and 
Musculoskeletal and Skin Diseases, NIH (project ZIA-AR-041199).

1Yuko Okamoto, MD: University of Colorado, Aurora, and Tokyo Women’s 
Medical University School of Medicine, Tokyo, Japan; 2Stephanie Devoe, BS, 
Valerie Minarchick, PhD,  Timothy Wilson, MD, Jaron Arbet, PhD, Miranda 
Kroehl, PhD, Ashley Visser, BS, Justin August, BS, Laura Lenis Charry, BS, 
Chelsie Fleischer, MA, Marie L. Feser, MPH, Ashley A. Frazer-Abel, PhD, Jill 
M. Norris, PhD, MPH, Kevin D. Deane, MD, PhD, V. Michael Holers, MD, M. 
Kristen Demoruelle, MD, PhD: University of Colorado, Aurora; 3Nickie Seto, 
BS, Mariana J. Kaplan, MD: National Institute of Arthritis and Musculoskeletal 
and Skin Diseases, NIH, Bethesda, Maryland; 4Heather M. Rothfuss, PhD, 
Brian D. Cherrington, PhD: University of Wyoming, Laramie; 5Michael P. 

Mohning, MD, Stacey M. Thomas, BS, William J. Janssen, MD: National Jewish 
Health, Denver, Colorado.

Dr. Norris has received a research grant from Pfizer. Dr. Deane has 
received consulting fees, speaking fees, and/or honoraria from Bristol 
Myers Squibb and Janssen (less than $10,000 each) and research grants 
from Pfizer and Janssen. Dr. Holers has received consulting fees, speaking 
fees, and/or honoraria from Bristol Myers Squibb, Janssen, and AdMIRx 
(less than $10,000 each) and research grants from Pfizer and Janssen, 
and owns stock or stock options in AdMIRx. Dr. Demoruelle has received 
a research grant from Pfizer. No other disclosures relevant to this article 
were reported.

Address correspondence to M. Kristen Demoruelle, MD, PhD, 
1775 Aurora Court, Mail Stop B-115, Aurora, CO 80045. Email: Kristen.
Demoruelle@cuanschutz.edu.

Submitted for publication April 8, 2021; accepted in revised form August 
3, 2021.

https://orcid.org/0000-0003-2989-133X
https://orcid.org/0000-0003-2968-0815
https://orcid.org/0000-0003-2211-4861
https://orcid.org/0000-0002-5634-7746
mailto:﻿
https://orcid.org/0000-0002-2563-5155
mailto:Kristen.Demoruelle@cuanschutz.edu
mailto:Kristen.Demoruelle@cuanschutz.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41948&domain=pdf&date_stamp=2021-11-25


SPUTUM NET FORMATION AND IgA ACPA |      39

INTRODUCTION

Rheumatoid arthritis (RA) develops in multiple phases, includ-
ing a “preclinical” phase of systemic autoimmunity that precedes 
the onset of inflammatory arthritis (IA) (1,2). Anti–citrullinated protein 
antibodies (ACPAs), often characterized by anti–cyclic citrullinated 
peptide (anti-CCP) antibodies, are a key autoantibody system in 
RA. ACPA can be pathogenic in RA-related arthritis models (3,4), 
yet it is unknown how ACPAs initially form. To study the early steps 
of ACPA formation, our group has focused on subjects with an 
elevated risk of developing RA based on familial and/or serologic 
RA risk factors (5–7). Herein, these subjects are described as “at 
risk” for RA.

While the exact mechanisms that trigger ACPA generation 
are unknown, data support the notion that ACPA may originate 
in the lung (5–11). We have previously identified anti-CCP gener-
ation in the lung using induced sputum in RA patients as well as 
in a portion of subjects at risk for RA (5–7). These studies also 
found a strong correlation between levels of ACPA and DNA–
protein remnants of neutrophil extracellular traps (NETs), including 
DNA–myeloperoxidase (MPO) and DNA–neutrophil elastase (NE), 
in the sputum of subjects at risk for RA (6,7). NET formation, 
commonly termed NETosis, is a mechanism during which neu-
trophils decondense their nucleus and expel their chromatin in 
complex with intracellular proteins in response to various stim-
uli, particularly inflammation or bacteria (12). While NETosis is a 
common physiologic process, certain NET features have been 
linked to ACPA and RA (13–17). It is currently unknown whether 
neutrophils in the lung are inherently more prone to undergo a 
specific type of NETosis in RA patients or at-risk subjects, and 
whether citrullinated proteins expressed on NETs are associated 
with ACPA in the lung.

We hypothesized that ACPAs, specifically IgA ACPA, are 
formed in the lungs of subjects at risk for RA as the result of 
increased citrullinated protein–expressing NET formation. In the 
present study, we specifically investigated citrullinated histone H3 
(Cit-H3) expression on NETs, because this molecule and physi-
cally associated factors are known to be externalized on a subset 
of NETs (18), can be a target of ACPA in RA (19), and can be 
readily identified using currently available antibodies. Importantly, 
understanding the early steps of ACPA generation, particularly 
in subjects at risk for RA, can improve the overall understand-
ing of RA development, including the initial loss of tolerance to 
citrullinated self-antigens and eventual development of clinically 
apparent IA.

PATIENTS AND METHODS

Study subjects. Subjects were recruited from the Studies 
of the Etiologies of RA Lung cohort (5–7), which was designed to 
use induced sputum to study RA-related autoimmunity in the lung 
during different phases of RA development.

Subjects at risk for RA. We included 49 subjects without IA 
who were determined to be at risk of developing RA. We defined 
being at risk for RA as having a first-degree relative with RA and/or 
having serum ACPA positivity (CCP3.1 IgG/IgA) identified through 
community health fair, clinic, or research-based blood screenings. 
In these 49 at-risk subjects, 40 had a first-degree relative with RA 
(of which 10 of 40 [25%] were also seropositive for ACPA), and 9 
were seropositive for ACPA without a known first-degree relative 
with RA.

RA patients. We included 12 patients who met the RA clas-
sification criteria based on medical chart review (20,21). All RA 
patients were seropositive for ACPA (CCP3.1 IgG/IgA) and were 
receiving disease-modifying antirheumatic drugs and/or biologics.

Healthy controls. We included 18 healthy controls who 
were recruited through local advertisement, did not have RA or IA, 
did not have a first-degree relative with RA, and were seronegative 
for ACPA.

Sputum collection and processing. All subjects under-
went induced sputum collection with nebulized hypertonic saline 
(10%), as previously described (5–7). Sputum samples were imme-
diately separated into 2 equal portions and processed separately. 
One portion was processed to obtain the cell-free supernatant, 
which included dilution with phosphate buffered saline, syringe-
based mechanical homogenization, and centrifugation, followed 
by storage at −80°C with protease inhibitors phenylmethylsulfonyl 
fluoride and EDTA. Cell-free assays were performed to evaluate 
levels of ACPA, rheumatoid factor (RF), NET remnants, cytokines, 
chemokines, complement, and histone protein.

The other portion of the sputum sample was processed to 
obtain a cell-rich sample, which included extraction of sputum 
plugs with tweezers, chemical homogenization with dithiothrei-
tol, and filtration. Mechanical homogenization was not performed 
on this sample. The processed cellular sample was immediately 
used for cell-based assays, which included ex vivo NET formation 
and macrophage endocytosis assays.

When sputum volume was adequate, all assays were per-
formed. If sample volume was low, only 1 cell-based assay was 
performed. A flow chart outlining the number of subjects tested 
for each assay is included in Supplementary Figure 1 (available on 
the Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.
com/doi/10.1002/art.41948/​abstract). For sputum cell-free test-
ing, all samples with adequate volume were tested for ACPA and 
RF, and those with remaining volume were also tested for levels of 
NET remnants, cytokines/chemokines, and complement.

Study visit. Blood and sputum were collected from all 
subjects. At-risk and control subjects had a 66/68-count joint 
examination to confirm the absence of IA. Self-administered ques-
tionnaires were used to obtain demographic data and history of 

http://onlinelibrary.wiley.com/doi/10.1002/art.41948/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41948/abstract
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smoking and lung disease. For RA subjects, the Multidimensional 
Health Assessment Questionnaire (MD-HAQ) (22) was completed 
to measure functional status.

ACPA and RF testing. Serum was tested for ACPA using 
enzyme-linked immunosorbent assay (ELISA) (Quanta Lite 
CCP3.1 IgG/IgA; Inova Diagnostics). The cutoff level for positivity 
was based on the manufacturer’s recommendations (≥20 units). 
Sputum supernatant was tested for individual ACPA isotypes, IgG 
CCP and IgA CCP, using ELISA. IgG anti-CCP was measured 
using CCP3 (IgG; Inova) with modifications including additional 
dilutions of the standard curve resulting in a 7-point standard 
curve. IgA anti-CCP was measured using CCP3.1 (IgG/IgA; 
Inova) with substitution of the anti-human IgG/IgA conjugate for 
an anti-human IgA conjugate (horseradish peroxidase–conjugated 
goat anti-human IgA, no. 2050-05; Southern Biotech) and using 
an in-house standard curve generated from pooled RA patient 
serum. Sputum IgG anti-CCP and IgA anti-CCP positivity were 
established using a separate cohort of 100 healthy controls and 
setting a cutoff level for positivity at the 95th percentile. Sputum 
was also tested for IgA RF using ELISA (Quanta Lite RF IgA; Inova 
Diagnostics).

Shared epitope testing. Blood was tested for RA 
risk alleles containing the shared epitope using previously 
described methods (23).

Sputum NET remnant testing. Sputum supernatant was 
tested for DNA–protein complexes of NET remnants in a blinded man-
ner using previously described methods (6,7,24). Briefly, we used 
sandwich ELISA to detect DNA–MPO, DNA–NE, and DNA–Cit-H3 
protein complexes. Detailed methods for DNA–MPO and DNA–NE 
testing have been previously described (7). Similar methods were 
used for DNA–Cit-H3, and the antibody used to coat plates was 
rabbit anti-human H3 (citrulline R2+R8+R17; Abcam). To control for 
plate-to-plate variation, 4 control samples were included on every 
plate and an optical density index was calculated based on the 
average of these healthy control samples. In addition, a negative 
and positive control standard were run on each plate to confirm the 
validity of each plate. All samples were run in duplicate.

Sputum cytokine and chemokine testing. Meso Scale 
Discovery assays using Custom V-Plex Human Biomarker Panel 
plates were used to quantify sputum levels of interleukin-1β (IL-
1β), IL-6, IL-8, IL-10, tumor necrosis factor (TNF), monocyte 
chemotactic protein 1 (MCP-1), macrophage inflammatory pro-
tein 1α (MIP-1α), and MIP-1β. Spike recovery testing with high 
and low standards was performed in coordination with the com-
pany (Meso Scale Discovery) to confirm that the biologic sample 
of sputum did not interfere with testing. All sputum samples were 
tested in duplicate, with mean levels reported in pg/ml.

Sputum complement factor testing. Complement 
factors Ba, soluble C5b–9, and C3a were measured by ELISA 
(Quidel). Complement factors C1q, C4, C2, MBL, C4b, C3, 
factor B, factor D, properdin, C3b, factor H, factor I, and C5a 
were measured by multiplex Luminex immunoassays (Milli-
poreSigma). Methods were optimized to measure the low con-
centration values in sputum, and 3 quality control samples were 
included in each run. All testing was performed in duplicate, with 
the resulting mean values reported in ng/ml, except for C5a, 
which was reported in pg/dl.

Ex vivo sputum NET formation assay. Detailed meth-
ods are provided in the Supplementary Materials (http://onlin​e​​
libr​ary.​wiley.com/doi/10.1002/art.41948/​abstract). Briefly, spu-
tum cells were fixed, permeabilized, and stained with anti-MPO 
and anti–Cit-H3 antibodies. Confocal microscopy was used to 
quantify NET formation as previously described (25). DNA+MPO+ 
or DNA+MPO+Cit-H3+ colocalization and morphologic features 
of DNA extrusion consistent with NET formation were used to 
identify neutrophils that had undergone total NET formation or 
Cit-H3+ NET formation, respectively. Percentage of total or per-
centage of Cit-H3+ NETs was defined as the number of neutro-
phils with DNA+MPO+ or DNA+MPO+Cit-H3+ NET formation 
per total neutrophils.

Ex vivo sputum macrophage endocytosis assay. 
Detailed methods are provided in the Supplementary Materials 
(http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​abstract). 
Briefly, dissociated sputum cells were incubated with apoptotic 
and opsonized Jurkat cells for 2 hours followed by cell fixa-
tion and staining. Microscopy with manual counting was per-
formed to quantify the endocytosis index based on the following 
formula:

Sputum Western blot. Sputum cell-free supernatant from 
8 at-risk subjects (3 positive for sputum IgA anti-CCP and 5 neg-
ative for sputum IgA anti-CCP) was analyzed by Western blot to 
determine the levels of Cit-H3 and total H3. Samples were ana-
lyzed by equal volume (3 μl sputum per well) and by total protein 
level (2 μg protein per well). A positive control was run with each 
blot that included 7 ng of in vitro–citrullinated bulk histones. Anti-
bodies were used to detect total H3 (no. ab1791; Abcam) and 
Cit-H3 (citrulline R2+R8+R17, no. ab5103; Abcam). The volume 
intensity of bands was calculated by densitometry using Bio-Rad 
Image Lab software. Each band was normalized to the positive 
control.

(100 × number of macrophages with engulfed targets∕

total number of macrophages counted) ×

(total number of engulfed targets∕

total number of macrophages counted)
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Induction of NETosis by induced sputum. 
Detailed methods are provided in the Supplementary Materials 
(http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​abstract). 
Briefly, peripheral blood neutrophils isolated from a control donor 
were incubated with sputum supernatant for 2 hours followed by 
fixation and staining with anti-MPO and anti–Cit-H3 antibodies. 
After accounting for background, levels of NET formation were 
quantified using the SpectraMax iD5 (Molecular Devices).

Statistical analysis. Subject demographics, percentage 
NET formation, levels of sputum protein, macrophage endocytic 
index, and NET remnants were compared between groups using 
chi-square and Wilcoxon’s rank sum tests, as appropriate. Log-
transformed levels of sputum anti-CCP and sputum cytokine, 
chemokine, and complement factor levels correlated with percent-
age NET formation, macrophage endocytic index, and NET remnant 
levels, according to Spearman’s correlation. NET remnant levels 
correlated with MD-HAQ scores, and sputum cytokine, chemokine, 
and complement levels correlated with sputum-induced NET lev-
els, according to Spearman’s correlation. Multivariable linear regres-
sion was used to compare sputum percentage NET formation and 
group status as well as NET remnant levels and log-transformed 
sputum anti-CCP levels, while adjusting for relevant covariates.

For mediation analyses, we first used established methodol-
ogies (26) to create a composite variable to represent the multiple 

cytokine/chemokine or complement variables using the first prin-
cipal component from principal component analysis. The resulting 
composite score explained 79% and 61% of the total variation 
among the 8 cytokine/chemokines and 16 complement variables, 
respectively. The mediation model used the sputum composite 
score as the effector variable, log-transformed sputum IgA anti-
CCP levels as the outcome variable, and sputum NET remnant 
levels as mediator variables. The model was run with each NET 
remnant mediator variable separately (DNA–MPO, DNA–NE, and 
DNA–Cit-H3) to quantify the direct effect and the indirect effect in 
the model. Significance was determined by a false discovery rate–
adjusted bootstrap P value of less than 0.05, using the Benjamini 
and Yekutieli method to account for multiple testing (27). The medi-
ation models were fit using the mediation R package (28,29).

Study approval. All study procedures were approved by 
the Colorado Multiple Institutional Review Board and were in com-
pliance with the Declaration of Helsinki. Written informed consent 
was obtained from all subjects.

RESULTS

Increased spontaneous sputum NET formation in 
at-risk subjects and RA subjects. Subject demographic data 
are described in Supplementary Table 1 (http://onlin​elibr​ary.wiley.​
com/doi/10.1002/art.41948/​abstract). Using immunofluorescence 

Figure 1.  Sputum neutrophil extracellular trap (NET) formation (known as NETosis) and association with sputum IgA anti–cyclic citrullinated 
peptide (anti-CCP). A and B, Percentage of sputum neutrophils that underwent total NETosis (DNA+MPO+) (A) and citrullinated histone H3–
positive (Cit-H3+) NETosis (DNA+MPO+Cit-H3+) (B) in ex vivo unstimulated culture in healthy controls (n = 15), subjects at risk for rheumatoid 
arthritis (RA) (n = 41), and RA patients (n = 8). C and D, Percentage of sputum neutrophils that underwent total NETosis (C) and Cit-H3+ NETosis 
(D) in serum anti-CCP3.1–negative at-risk subjects (n = 26) and serum anti-CCP3.1–positive at-risk subjects (n = 15). Median levels were 
compared between groups using Wilcoxon’s rank sum test. E, Correlation between sputum IgA anti-CCP level and percentage Cit-H3+ NETosis 
in at-risk subjects (n = 37), by Spearman’s correlation. Bars show the median and interquartile range. Open circles represent subjects negative for 
sputum IgA anti-CCP, solid circles represent subjects positive for sputum IgA anti-CCP, and open squares represent subjects in whom sputum 
IgA anti-CCP was not tested. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. MPO = myeloperoxidase; NS = not significant; Ln = natural logarithm.
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imaging of unstimulated sputum cells (representative images in 
Supplementary Figure 2, http://onlin​elibr​ary.wiley.com/doi/10.​1002/​
art.41948/​abstract), we found that the percentage of sputum neu-
trophils that underwent NET formation (DNA+MPO+) and Cit-H3+ 
NET formation (DNA+MPO+Cit-H3+) was significantly higher in at-
risk subjects and RA patients compared to controls (Figure 1A and 
1B). For at-risk subjects, RA patients, and controls, the median 
percentage NET formation values for total NETs were 51%, 67%, 
and 37% (P = 0.001), respectively, and for Cit-H3+ NET formation 
were 12%, 22%, and 0% (P < 0.001), respectively. Among at-risk 
subjects, sputum total NETosis was significantly higher in those 
who were seropositive for anti-CCP3.1 (Figure 1C), whereas spu-
tum Cit-H3+ NETosis was similar between at-risk subjects sero-
positive for anti-CCP3.1 and those seronegative for anti-CCP3.1 
(Figure 1D). Increasing levels of Cit-H3+ NETosis significantly cor-
related with increasing levels of sputum IgA anti-CCP (Figure 1E) 
but not IgG anti-CCP (P = 0.88) in at-risk subjects. There was no 
significant correlation between total NETosis and IgA anti-CCP 
or IgG anti-CCP in sputum from at-risk subjects (P = 0.15 and 
P = 0.12, respectively). There was also no significant correlation 
between sputum total or Cit-H3+ NETosis and sputum IgA anti-
CCP or IgG anti-CCP among RA patients or control subjects (data 
not shown).

Of note, sputum total and Cit-H3+ NETosis were not sig-
nificantly higher based on age, sex, or history of chronic lung 
disease (data not shown). Because age and history of chronic 

lung disease differed between groups, we performed multivari-
able linear regression and found that sputum total and Cit-H3+ 
NET formation remained significantly associated with subject 
group after adjusting for age and history of chronic lung dis-
ease (P < 0.01). In addition, levels of sputum total and Cit-
H3+ NETosis remained significantly higher in at-risk and RA 
never-smokers compared to controls, and sputum Cit-H3+ 
NETosis remained significantly correlated with sputum IgA anti-
CCP level in at-risk never-smokers (Supplementary Figures 
3A–C, http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​
abstract).

Association of sputum Cit-H3 levels with sputum 
ACPA. Proteins can be released extracellularly during NETo-
sis (30). Using Western blot analysis, we found that median 
Cit-H3 levels and total H3 protein levels were higher in at-risk 
subjects with IgA anti-CCP–positive sputum (22% median Cit-
H3+ NETosis in these samples based on ex vivo NETosis testing 
described above) compared to those with sputum negative for 
IgA anti-CCP (1% median Cit-H3+ NETosis in these samples) 
(Figures 2A–E). When blots were loaded based on total pro-
tein, we also found that the sputum Cit-H3:total H3 ratio was 
higher in at-risk subjects with sputum positive for IgA anti-CCP 
(Figure 2F). Total H3 and Cit-H3 levels also correlated with total 
sputum neutrophil counts (r = 0.82, P = 0.02, and r = 0.86, 
P = 0.01, respectively).

Figure 2.  Sputum Cit-H3 levels are associated with sputum IgA anti-CCP levels in subjects at risk for RA. A, Western blot imaging of Cit-H3 
and total H3 in sputum supernatant from a subset of at-risk subjects (3 subjects with IgA anti-CCP–positive sputum and 5 subjects with IgA 
anti-CCP–negative sputum). Each well was loaded with 3 μl of sputum supernatant, and the positive control lane includes in vitro–citrullinated 
bulk histones. B and C, Quantified levels of Cit-H3 (B) and total H3 (C), by sputum volume (3 μl loaded per well), normalized to the positive 
control in at-risk subjects positive for sputum IgA anti-CCP and those negative for sputum IgA anti-CCP. D–F, Quantified levels of Cit-H3 (D), 
total H3 (E), and Cit-H3:total H3 ratio (F), by sputum total protein level (2 μg loaded per well) normalized to the positive control in at-risk subjects 
positive for sputum IgA anti-CCP and those negative for sputum IgA anti-CCP. Each band volume intensity was calculated using Bio-Rad Image 
Lab software. Median levels were compared between groups using Wilcoxon’s rank sum test. Bars show the median and interquartile range. 
Open circles represent subjects negative for sputum IgA anti-CCP, and solid circles represent subjects positive for sputum IgA anti-CCP. * = P 
< 0.05. See Figure 1 for definitions.
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Sputum macrophage endocytosis diminished in 
at-risk subjects and RA patients. Macrophage endocyto-
sis is needed for effective clearance of NET remnants (31). To 
globally study macrophage endocytosis, we quantified both 
efferocytosis of apoptotic cells and phagocytosis of opsonized 
cells. We found that sputum macrophages from at-risk sub-
jects and RA patients had significant impairments in both effe-
rocytosis (Figure 3B) and phagocytosis (Figure 3C). Among 
at-risk subjects, there was no difference in endocytosis based 
on serum anti-CCP3.1 positivity (Figures 3D and E). In addi-
tion, sputum macrophage endocytosis did not correlate with 
sputum IgA anti-CCP level in at-risk subjects (P = 0.24 for 
efferocytosis and P = 0.10 for phagocytosis).

Sputum macrophage endocytosis was not significantly asso-
ciated with age or history of chronic lung disease in any group 
(P > 0.05 for all). Among at-risk subjects, macrophage efferocytosis 
was higher in women compared to men (P < 0.01), and there was 
a non-significant trend toward lower endocytosis in ever-smokers 
(P = 0.08 for efferocytosis and P = 0.09 for phagocytosis). How-
ever, when comparing only women or only never-smokers in each 
group, at-risk subjects and RA patients continued to demonstrate 
decreased sputum macrophage efferocytosis and phagocytosis 
compared to controls (P < 0.05 for all) (Supplementary Figures 
3D and E, http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​
abstract). Endocytosis also remained significantly associated 
with the subject group when adjusting for sex and ever-smoking 
in multivariable linear regression (P < 0.01).

Correlation of sputum Cit-H3–containing NET rem-
nants with sputum IgA anti-CCP in at-risk subjects. 
NET remnants represent a composite of NET formation and 
NET clearance. Consistent with our prior data (7), sputum IgA 
anti-CCP levels correlated with sputum NET remnant levels 
of DNA–NE (r = 0.55, P < 0.001) and DNA–MPO (r = 0.51, 
P = 0.003) in at-risk subjects (Figures 4A and B). We also found 
that sputum DNA–Cit-H3 protein complexes had the strong-
est correlation with sputum IgA anti-CCP (r = 0.70, P < 0.001) 
(Figure 4C). Notably, sputum DNA–Cit-H3 levels were not 
significantly higher in at-risk subjects as a group compared 
to healthy controls or RA patients (P = 0.15) (Figure 4D), but 
among at-risk subjects, sputum DNA–Cit-H3 levels were sig-
nificantly higher in those with sputum IgA anti-CCP positivity 
(P = 0.01) (Figure 4E).

Because IgA RF and smoking have been associated with 
increased NETosis in humans (6,32,33), we evaluated the influ-
ence of these factors. In at-risk subjects, after adjusting for ever-
smoking and sputum IgA RF level in linear regression models, 
sputum IgA anti-CCP remained significantly associated with spu-
tum DNA–Cit-H3 (P = 0.02) but not with DNA–MPO (P = 0.84) or 
DNA–NE (P = 0.06).

There was no significant correlation between sputum IgA 
anti-CCP and NET remnant levels in RA subjects (data not 
shown). However, sputum DNA–Cit-H3 NET remnant levels did 
demonstrate a significant positive correlation with MD-HAQ score 
(r = 0.85, P = 0.02).

Figure 3.  Sputum macrophage endocytosis of apoptotic and opsonized cells. A, Representative image of macrophage efferocytosis assay 
displaying ingestion of apoptotic Jurkat cells (arrows) by a sputum macrophage. Original magnification × 400. B and C, Endocytosis index 
of apoptotic (B) and opsonized (C) Jurkat cells in healthy controls (n = 7), subjects at risk for RA (n = 33), and RA patients (n = 5). D and 
E, Endocytosis index of apoptotic (D) and opsonized (E) Jurkat cells in at-risk subjects with serum negative for anti–citrullinated protein 
antibodies (ACPA) (n = 23) and those with serum positive for ACPA (n = 10), with ACPA measured using an anti-CCP3.1 (IgG/IgA) enzyme-linked 
immunosorbent assay. Median levels were compared between groups using Wilcoxon’s rank sum test. Bars show the median and interquartile 
range. Open circles represent subjects negative for sputum IgA anti-CCP, solid circles represent subjects positive for sputum IgA anti-CCP, and 
open squares represent subjects in whom sputum IgA anti-CCP was not tested. ** = P < 0.01; *** = P < 0.001. See Figure 1 for other definitions.
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Association of sputum cytokines/chemokines 
with sputum IgA anti-CCP via pathway mediated by 
DNA–Cit-H3 and DNA–NE NET remnants in at-risk  
subjects. Multiple inflammatory cytokines can induce NET forma-
tion (12,14,34). We found positive correlations between levels 
of sputum IgA anti-CCP and sputum IL-1β, IL-6, IL-8, IL-10, 
TNF, MIP-1α, and MIP-1β in at-risk subjects (Supplementary 
Table 2, http://onlin​e​libr​ary.wiley.com/doi/10.1002/art.41948/​
abstract). We then performed a mediation analysis to investi-
gate whether the relationship between a composite cytokine/
chemokine score and IgA anti-CCP was mediated by NET 
remnants. Our outcome of interest was the indirect effect of 
the model, because it quantified how much of the relationship 
between cytokine/chemokines and IgA anti-CCP was medi-
ated through NET remnants (Supplementary Figure 4, http://
onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​abstract). We 
found that the relationship between the sputum cytokine/
chemokine score and sputum IgA anti-CCP was signifi-
cantly mediated through sputum DNA–Cit-H3 NET remnant 
levels (indirect effect; P < 0.001) (Supplementary Table 3, 
http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​abstract) 
and to a lesser extent DNA–NE (indirect effect; P = 0.004).

As outlined in Supplementary Table 3 (http://onlin​elibr​ary.
wiley.com/doi/10.1002/art.41948/​abstract), 86% of the relation-
ship between the sputum cytokine/chemokine score and spu-
tum IgA anti-CCP was mediated by sputum DNA–Cit-H3 levels. 
This relationship was maintained after adjusting for sputum IgA 
RF levels (P = 0.001 for DNA–Cit-H3; P = 0.002 for DNA–NE). 
The contributions of individual cytokines/chemokines are 

outlined in Supplementary Table 4 (http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41948/​abstract).

Sputum macrophage endocytosis index was not included in 
the mediation model, because it was not associated with sputum 
IgA anti-CCP. Of note, when accounting for multiple comparisons, 
there were no significant correlations between sputum mac-
rophage endocytosis and sputum cytokine/chemokine levels 
(data not shown), but there was a trend toward sputum mac-
rophage phagocytosis negatively correlating with sputum TNF 
levels (r = −0.41, P = 0.03).

Association of sputum complement activation  
fragments with sputum IgA anti-CCP via pathway  
mediated by DNA–Cit-H3 NET remnants in at-risk  
subjects. Complement activation fragments have also been 
found to induce NETosis (35,36). We identified positive cor-
relations between levels of sputum anti-CCP-IgA and sputum 
Ba, C2, C4, and factor H in at-risk subjects (Supplementary 
Table 2, http://onlin​e​libr​ary.wiley.com/doi/10.1002/art.41948/​
abstract). Similar to the mediation analysis applied to cytokines/
chemokines, we found a significant relationship between the 
composite sputum complement score and sputum IgA anti-
CCP that was mediated through sputum DNA–Cit-H3 NET 
remnant levels (indirect effect; P < 0.001) (Supplementary 
Table 3, http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​
abstract). We found that 86% of the relationship between the 
sputum complement score and sputum IgA anti-CCP was medi-
ated by sputum DNA–Cit-H3 levels. We did not find DNA–MPO 
or DNA–NE to significantly mediate this relationship. Results 

Figure 4.  Sputum IgA anti-CCP and NET remnant levels. A–C, Correlations between levels of sputum IgA anti-CCP and levels of sputum NET 
remnants, measured as DNA–neutrophil elastase (DNA–NE) (A), DNA–MPO (B), and DNA–Cit-H3 (C) in at-risk subjects (n = 33). Correlations 
were calculated using Spearman’s correlation. D, Sputum DNA–Cit-H3 levels in controls (n = 8), at-risk subjects (n = 33), and RA patients (n = 7).  
E, Sputum DNA–Cit-H3 levels in at-risk subjects positive for sputum IgA anti-CCP (n = 6) and those negative for sputum IgA anti-CCP (n = 27).  
Median levels were compared between groups using Wilcoxon’s rank sum test. Open circles represent subjects negative for serum anti-
CCP3.1, and solid circles represent subjects positive for serum anti-CCP3.1. See Figure 1 for definitions.
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for individual complement proteins are listed in Supplementary 
Table 5 (http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​
abstract). Although not included in the mediation model, 
when accounting for multiple comparisons, there was a non-
significant trend toward sputum macrophage phagocytosis 
negatively correlating with sputum levels of C3a (r = −0.51, 
P = 0.01), C2 (r = −0.47, P = 0.02), C1q (r = −0.44, P = 0.03), 
and C3 (r = −0.44, P = 0.03).

Increase in induction of NETosis due to sputum 
that contains elevated inflammatory cytokine levels in  
at-risk subjects. Because our mediation analysis suggested that 
the relationship between sputum inflammatory proteins and IgA 
anti-CCP was mediated by DNA–Cit-H3 in at-risk subjects, we 
evaluated the ability of the sputum from at-risk subjects to induce 
Cit-H3+ NETs in control neutrophils. We found that among at-risk 
subjects, induction of Cit-H3+ NETs significantly correlated with 
sputum levels of IL-1β, IL-6, and TNF (Figure 5 and Supplemen-
tary Table 6, http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41948/​
abstract). There was no significant correlation between sputum 
complement factor levels and NET induction. There was also no 
significant correlation between sputum IgA anti-CCP, IgG anti-
CCP, or IgA RF level in at-risk subjects and NET induction. In at-risk 
subjects with IgA anti-CCP–negative sputum, positive correlations 
remained between the induction of Cit-H3+ NETs and sputum IL-
1β (P = 0.002), IL-6 (P = 0.010), and TNF (P = 0.027), supporting 
the notion that sputum cytokines in at-risk subjects can induce 
Cit-H3+ NETs even in the absence of sputum IgA anti-CCP.

DISCUSSION

We demonstrate for the first time that sputum neutrophils 
from subjects at risk of developing RA and RA patients are more 
prone to spontaneously undergo NET formation. Of particular 
interest, in at-risk subjects, IgA anti-CCP levels in the lung were 
associated with increased Cit-H3–expressing NET formation, 
and sputum IgA anti-CCP most strongly correlated with Cit-H3–
containing NET remnants. Furthermore, we demonstrate that in 
at-risk subjects, inflammatory cytokines, chemokines, and com-
plement pathway proteins in the lung are associated with sputum 
IgA anti-CCP through a pathway mediated by Cit-H3–containing 
NET remnants, and induction of Cit-H3+ NETosis was increased 
in sputum containing higher levels of IL-1, IL-6, and TNF. Taken 
together, these data suggest an important role for inflammation-
induced citrullinated protein–expressing NETs in the lungs in sub-
jects at risk for RA.

While the exact etiology of RA remains unknown, multiple data 
indicate that autoimmunity and inflammation begin in the lung in a 
portion of individuals who ultimately develop RA (7,9,37,38). Data 
also demonstrate that peripheral blood and synovial fluid neutro-
phils from RA patients are more prone to NETosis (14). Arthrito-
genic NET peptides can also be presented to antigen-specific T 
cells in association with ACPA, suggesting that NETs can be an 
initial trigger or amplifier of ACPA production (39). Taking these 
data into account along with our current findings, we propose that 
neutrophils in the lungs of subjects at risk for RA are more prone to 
undergoing citrullinated protein–containing NETosis, and IL-1β–, 

Figure 5.  Sputum-induced Cit-H3+ NET formation and sputum cytokine levels. Correlations between levels of sputum-induced Cit-H3+ NET 
formation in control peripheral blood neutrophils measured by Cit-H3 mean relative fluorescence intensity (RFI) and log-transformed levels of 
sputum cytokines, including interleukin-1β (IL-1β) (A), IL-6 (B), IL-8 (C), and tumor necrosis factor (TNF) (D) in subjects at risk for RA (n = 33) 
were calculated using Spearman’s correlation. Open circles represent subjects negative for sputum IgA anti-CCP, and solid circles represent 
subjects positive for sputum IgA anti-CCP. See Figure 1 for other definitions.
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IL-6–, and TNF-associated inflammation, in particular, lead to an 
excess accumulation of citrullinated protein–containing NET rem-
nants in the lung that can promote the local formation of ACPA. 
The factors that drive the inflammation in these subjects are 
unknown, but candidates are under investigation. We also found 
that sputum NET remnants in RA subjects correlated with joint 
disability (i.e., MD-HAQ) and not sputum ACPA levels, suggesting 
that NETs in the lung may play different roles at different stages of 
RA development.

In the present study, we found that sputum macrophages in 
at-risk subjects and RA patients had diminished endocytic func-
tion, suggesting that both increased NET formation and decreased 
NET clearance could contribute to the high levels of NET remnants 
associated with sputum IgA anti-CCP. While we did not directly 
evaluate macrophage ingestion of NET remnants in this study, it 
is assumed that NET ingestion would also be diminished because 
sputum macrophages in at-risk subjects and RA patients dis-
played global dysfunction of endocytosis (e.g., decreases in both 
efferocytosis and phagocytosis), and the receptor for advanced 
glycation end products can be used for both NET and apoptotic 
cell ingestion (39,40). Studies have shown that NE, which can be 
released during NETosis, can reduce lung macrophage efferocytic 
capacity by cleaving phagocytic receptors on the cell surface (41). 
Future studies are needed to identify whether similar processes 

occur in subjects at risk for RA. In addition to macrophage endo-
cytosis, NETs are cleared through degradation by DNase (31). We 
were unable to measure sputum DNase enzyme activity in this 
study, which is a limitation, but going forward, understanding dif-
ferences in sputum DNase activity in at-risk subjects will be impor-
tant to determine its contribution to increased levels of sputum 
NET remnants and RA pathogenesis.

NETs can be divided into several subtypes. The protein cargo 
externalized and the inflammation triggered by NETs can differ 
based on the individual and the NET stimulus (14,42–44). While 
smoking can induce NETosis and could play a role in increased 
NET formation in at-risk and RA smokers, our findings were inde-
pendent of smoking, supporting the hypothesis of involvement of 
other factors. Our study focused on Cit-H3–containing NETs, but 
other citrullinated proteins have been identified in RA-associated 
NETs (14). As such, additional studies are needed to explore the 
full citrullinome of NETs generated in the lung in subjects at risk for 
RA. In addition, we found increased Cit-H3 and H3 protein levels 
in sputum associated with IgA anti-CCP in at-risk subjects. The 
source of Cit-H3 in the sputum could be from NETosis, but other 
pathways could also contribute, including extracellular release of 
peptidylarginine deiminase during NETosis (30) and neutrophils 
externalizing citrullinated proteins through leukotoxic hypercit-
rullination or complement membrane attack complex insertion 

Figure 6.  Hypothesis by which NETs in the lung can contribute to anti–citrullinated protein antibody (ACPA) generation. The figure depicts a 
hypothesis that proinflammatory mediators in the lung, including cytokines and complement proteins, can activate neutrophils to undergo NET 
formation in the lung. In addition, degradation of NET remnants can be diminished due to defective macrophage endocytosis. The resulting 
increased NET remnants can lead to ACPA generation in the lung via T cell and B cell activation. Following engagement of regional lymph 
nodes, this ACPA generation could become systemic and ultimately participate in the initiation and/or propagation of joint inflammation. There 
are several opportunities for feed-forward enhancement of this process including Fc receptor–mediated NET formation by ACPA and increased 
inflammatory protein generation via ACPA immune complex formation/deposition or NET activation of nearby cells, including macrophages, 
dendritic cells, and respiratory epithelial cells that can subsequently produce inflammatory cytokines. Notably, these processes may also occur 
at sites other than the lung mucosa. Figure created by BioRender.com. See Figure 1 for other definitions.
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(45). Understanding each distinct pathway that could trigger 
ACPA through excess citrullinated protein externalization will be 
of interest.

There are several limitations to our study. It has been demon-
strated that ACPA can trigger NET formation (13), which could 
result in a feed-forward process of increased NETosis. However, 
we found increased sputum NETosis in at-risk subjects without 
ACPA in the sputum or serum, suggesting that increased NET 
formation could be an initial event leading to ACPA formation and 
not a resultant event caused by ACPA in the lung. NETs can also 
induce cytokine stimulation from other nearby cells, including air-
way epithelial cells, and NETs can activate complement (46–48). 
Therefore, while our data suggest that NET remnants mediate the 
relationship between inflammatory factors and ACPA, we cannot 
exclude the possibility that elevation of sputum cytokines and/or 
complement results in part from the effects of increased NETosis. 
Figure 6 depicts our hypothesis in the context of the complexi-
ties of several possible feed-forward loops that could contribute 
to further enhancement of lung inflammation and NET formation. 
Of note, lung inflammation and NET formation triggered by a vari-
ety of environmental factors are likely common in most individ-
uals, regardless of their risk for RA. It is likely the generation of 
a sustained local and subsequently systemic adaptive immune 
response to citrullinated proteins is the factor that distinguishes 
individuals with and those at-risk for RA from healthy controls. 
However, large longitudinal studies of sputum and linked systemic 
studies of autoimmune status are needed to fully understand the 
natural history and relationships of lung inflammation and ACPA 
generation across different sites in groups of individuals who have 
well-defined outcomes.

In conclusion, we found increased Cit-H3–containing NET 
formation and NET remnants to be associated with IgA anti-CCP 
in the sputum of subjects at risk for RA. These data suggest a role 
for aberrant NET formation in the lung during the preclinical period 
of RA. They further support the importance of understanding fea-
tures of sputum neutrophils in at-risk subjects and RA patients, as 
NET formation and effector mechanisms may be potential future 
targets that abrogate ACPA generation during the preclinical 
period of RA.
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Role of Ciliary Protein Intraflagellar Transport Protein 88 in
the Regulation of Cartilage Thickness and Osteoarthritis
Development in Mice

Clarissa R. Coveney, Linyi Zhu, Jadwiga Miotla-Zarebska, Bryony Stott, Ida Parisi, Vicky Batchelor,
Claudia Duarte, Emer Chang, Eleanor McSorley, Tonia L. Vincent, and Angus K. T. Wann

Objective. Mechanical and biologic cues drive cellular signaling in cartilage development, health, and disease.
Primary cilia proteins,which are implicated in the transduction of biologic andphysiochemical signals, control cartilage for-
mation during skeletal development. This study was undertaken to assess the influence of the ciliary protein intraflagellar
transport protein 88 (IFT88) on postnatal cartilage from mice with conditional knockout of the Ift88 gene (Ift88-KO).

Methods. Ift88fl/fl and aggrecanCreERT2 mice were crossed to create a strain of cartilage-specific Ift88-KO mice
(aggrecanCreERT2;Ift88fl/fl). In these Ift88-KO mice and Ift88fl/fl control mice, tibial articular cartilage thickness was
assessed by histomorphometry, and the integrity of the cartilage was assessed using Osteoarthritis Research Society
International (OARSI) damage scores, from adolescence through adulthood. In situ mechanisms of cartilage damage
were investigated in the microdissected cartilage sections using immunohistochemistry, RNAScope analysis, and
quantitative polymerase chain reaction. Osteoarthritis (OA) was induced in aggrecanCreERT2;Ift88fl/fl mice and Ift88fl/fl

control mice using surgical destabilization of the medial meniscus (DMM). Following tamoxifen injection and DMM sur-
gery, the mice were given free access to exercise on a wheel.

Results. Deletion of Ift88 resulted in progressive reduction in the thickness of the medial tibial cartilage in adolescent
mice, as well as marked atrophy of the cartilage in mice during adulthood. In aggrecanCreERT2;Ift88fl/fl mice at age
34 weeks, the median thickness of the medial tibial cartilage was 89.42 μm (95% confidence interval [95% CI] 84.00–
93.49), whereas in Ift88fl/fl controls at the same age, the median cartilage thickness was 104.00 μm (95% CI 100.30–
110.50; P < 0.0001). At all time points, the median thickness of the calcified cartilage was reduced. In some mice, atrophy
of the medial tibial cartilage was associated with complete, spontaneous degradation of the cartilage. Following DMM,
aggrecanCreERT2;Ift88fl/fl mice were found to have increased OARSI scores of cartilage damage. In articular cartilage from
maturing mice, atrophy was not associated with obvious increases in aggrecanase-mediated destruction or chondrocyte
hypertrophy. Of the 44 candidate genes analyzed, only Tcf7l2 expression levels correlated with Ift88 expression levels in
the microdissected cartilage. However, RNAScope analysis revealed that increased hedgehog (Hh) signaling
(as indicated by increased expression of Gli1) was associated with the reductions in Ift88 expression in the tibial cartilage
from Ift88-deficient mice. Wheel exercise restored both the articular cartilage thickness and levels of Hh signaling in
these mice.

Conclusion. Our results in a mouse model of OA demonstrate that IFT88 performs a chondroprotective role in
articular cartilage by controlling the calcification of cartilage via maintenance of a threshold of Hh signaling during
physiologic loading.
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INTRODUCTION

Articular cartilage absorbs and transmits mechanical loads
generated by muscle contraction and weight-bearing during
physical activity. Cartilage can be broadly divided into a noncal-
cified zone and a calcified zone adjacent to bone. Total cartilage
thickness is allometrically scaled to the size of the organism,
ensuring that chondrocytes experience similar force irrespective
of the mass of the individual animal (1). Articular cartilage
is extremely mechanosensitive, with chondrocytes closely mon-
itoring and remodeling the extracellular matrix in response
to physiologic loading (2,3). Physiologic mechanics are critical
for cartilage development and homeostasis (4), since their
loss has been demonstrated to lead to cartilage thinning
(atrophy) (5,6).

Pathologic, supraphysiologic mechanical loading leads to
the development of osteoarthritis (OA), in which degradation of
the cartilage occurs, resulting in a loss of integrity of the articular
surface (6). Cellular responses to mechanical force include the
release of fibroblast growth factor receptor type 2 and transform-
ing growth factor β (TGFβ) from the matrix upon application of a
mechanical load, as well as activation of a hedgehog (Hh) ligand,
Indian hedgehog (7–10). A number of other pathways are impli-
cated in cellular mechanotransduction, including connexin and
ion channel opening and integrin activation. It is not yet under-
stood how chondrocytes in cartilage integrate these cues as the
cartilage matures through adolescence and as adaptation occurs
to prepare for lifelong loading.

As in most cells in the body, articular chondrocytes express
a single immotile primary cilium (11), a microtubule-based
organelle reliant on intraflagellar transport (IFT) proteins, includ-
ing IFT88. Components of the Hh pathway localize to the cilium,
supporting bidirectional modulation of signaling (12). Cilia have
been directly linked with other growth factor–signaling pathways
such as TGFβ signaling, and have also been indirectly linked with
a large, growing list of signaling pathways (13), many of which
are pertinent to cartilage health. The primary cilium has also
been implicated as a “mechanosensory” structure (14). Find-
ings from in vitro experiments in chondrocytes have implied that
ciliary protein IFT88 is associated with both compression-
induced production of extracellular matrix proteins (15) and
impaired clearance of aggrecanases, resulting in exacerbated
aggrecan degradation (16).

Developmental mutations in ciliary genes, including Ift88,
result in impaired embryonic patterning as a result of disrupted
Hh signaling (17). Cartilage-specific deletion of Ift88 results in dis-
rupted long bone and articular cartilage formation (18). Cartilage-
specific deletion of Ift80 in mice in the first 2 weeks of postnatal life
was found to result in thickening of the articular cartilage (19).
However, despite its putative influence over a range of processes
that regulate health and disease in cartilage, we have very limited
direct knowledge regarding the postdevelopmental influence of

ciliary IFT. We hypothesized that in a mouse model, ciliary protein
IFT88 plays a crucial role in mediating cartilage homeostasis
in adult animals.

MATERIALS AND METHODS

Animals. Ift88fl/fl mice were obtained from The Jackson Lab-
oratory (stock no. 022409) and were maintained as the control line.
In parallel, offspring were crossed with aggrecanCreERT2 mice, to
generate aggrecanCreERT2;Ift88fl/fl mice (i.e., Ift88-knockout [Ift88-
KO]), a mouse line that was originally generated at the Kennedy
Institute of Rheumatology (20). The tdTomato reporter mouse line
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J was used to confirm
tissue-specific Cre recombination (stock no. 007914; The Jackson
Laboratory). For all experiments, apart from destabilization of the
medial meniscus (DMM) and wheel exercise (in which only male
mice were used), both sexes were analyzed. No effect of sex was
observed.

Tamoxifen treatment. Tamoxifen (product no. T5648;
Sigma-Aldrich) was dissolved using sonication in 90% sunflower
oil and 10% ethanol at a concentration of 20 mg/ml. Tamoxifen
was administered by intraperitoneal injection at a dose of 50–
100 mg/kg (according to the weight of the individual animal) on
3 consecutive days (aggrecanCreERT2;Ift88fl/fl, Ift88fl/fl, and aggre-

canCreERT2;tdTomatomice; n = 5–22 per group) stratified by age
(4, 6, or 8 weeks of age).

DMM. Mice were given tamoxifen 2 weeks prior to surgery.
Male Ift88fl/fl control mice and aggrecanCreERT2;Ift88fl/fl mice
underwent DMM surgery at 10 weeks of age, as previously
described (21), or underwent a capsulotomy as sham surgery.
Thereafter, the mice were anesthetized using a previously
described method (22) and then killed at 8 or 12 weeks after
DMM (at 8 weeks, n = 14 Ift88fl/fl mice and n = 12 aggrecan-
CreERT2;Ift88fl/fl mice; at 12 weeks, n = 15 Ift88fl/fl mice and
n = 15 aggrecanCreERT2;Ift88fl/fl mice).

Histology. Knee joints from the mice were harvested into
10% neutral buffered formalin (CellPath). The joints were then
decalcified (in EDTA), paraffin embedded, and cut coronally
through the entire depth of the joint. Sections (4 μm in thickness)
were stained with Safranin O at 80-μm intervals.

Osteoarthritis Research Society International
(OARSI) scoring. Safranin O–stained joint sections were
assessed using a scoring system for severity of cartilage damage,
as described previously (21). OARSI scores were assessed by
2 observers (CRC and IP) who were blinded with regard to the
mouse group. The summed score method was used (the sum of
the 3 highest scores per section, per joint, with a minimum of
9 sections per joint).
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Osteophyte quantification. Osteophyte size and matu-
rity, as well as loss of medial tibial cartilage proteoglycan staining,
were assessed using a 0–3 scale, as previously described (23).

Cartilage thickness measurements. Thickness mea-
surements were obtained from the mean of 3 measurements
from both the medial and lateral tibial plateaus (total of 6 mea-
surements), from 3 consecutive sections in the middle of the
joint (total of 18 measurements). The same method was used
to measure noncalcified cartilage thickness from the same loca-
tion from which the total cartilage thickness measurement was
obtained. Calcified cartilage thickness was calculated by sub-
tracting the noncalcified cartilage thickness from the total carti-
lage thickness. All images were independently scored twice;
measurements were obtained using ImageJ software
(Supplementary Figure 1A, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41894/abstract).

Subchondral bone measurements. Subchondral bone
measurements were obtained using a previously described
method (24). Briefly, using ImageJ software, 5 measurements
were obtained perpendicular to the articular cartilage plateau,
from the chondro–osseous junction to the top of the bone mar-
row or to the growth plate if there was no bone marrow. Thick-
ness was measured in ≥3 sections of each plateau of
each knee.

Micro–computed tomography (micro-CT) analysis of
bone volume/total volume (BV/TV).Mouse knee joints were
scanned using a SkyScan 1172 Micro-CT apparatus in 70% eth-
anol (10 μm/pixel). A 3-dimensional analysis was used to examine
parameters including tissue and bone volume, tissue and bone
surface area, trabecular thickness, separation, and volume, and
trabecular pattern factor, measured using CTAn (Bruker).

Immunohistochemistry (IHC). Unstained fixed, decalci-
fied coronal sections of the knee joints were deparaffinized, rehy-
drated, and quenched in 0.3M glycine and treated with
proteinase K for 10 minutes. Tissue sections were treated with
chondroitinase (0.1 units) for 30 minutes at 37�C, blocked in 5%
goat serum and 10% bovine serum albumin in phosphate buff-
ered saline, and permeabilized with 0.2% Triton X-100 for
15 minutes. The cartilage was then incubated overnight at 4�C
with one of the following primary antibodies: anti–type X collagen
in a 1:50 ratio (product no. ab58632; Abcam), anti-NITEGE in a
1:50 ratio (product no. PA1-1746; Thermo Scientific), IgG control
in a 1:50 ratio, or no primary antibody. Sections were washed and
incubated with Alexa Fluor 555 secondary antibodies for
30 minutes. Cartilage samples were incubated with the nuclear
stain DAPI (in a 1:5,000 ratio), before being mounted in
Prolong Gold.

RNA extraction. Articular cartilage was microdissected
from the femoral and tibial plateaus using a scalpel (each data
point from 2 animals) and was harvested directly into RNAlater
(Invitrogen). Samples were transferred to RLT buffer (Qiagen)
and were diced before pulverization using a PowerGen 125 Poly-
tron instrument (Fisher Scientific) (3 times for 20 seconds each).
RNA in mouse knee cartilage was isolated using an RNeasy micro
kit (Qiagen).

Quantitative polymerase chain reaction (qPCR).
Using RNA isolated from microdissected knee cartilage, comple-
mentary DNA was synthesized (Applied Biosystems) and real-
time qPCR was performed using a ViiA 7 real-time PCR instru-
ment on 384 custom-made TaqMan microfluidic cards (product
no. 4342253; ThermoFisher). Threshold cycle values were nor-
malized to the mean values forGapdh andHprt. Linear regression
analyses were used to assess correlations with Ift88 expression,
and subsequently raw P values and corrected P (Pcorr) values
(Bonferroni adjusted) were calculated using GraphPad Prism soft-
ware version 9.

RNAScope analysis. Knee joints were harvested into ice-
cold 4% paraformaldehyde and incubated in a refrigerated envi-
ronment for 24 hours before being transferred into ice-cold 10%,
20%, and 30% sucrose, each for 24 hours. RNAScope probes
Mm-Ift88-C1 (product no. 420211-C1) and Mm-Gli1-C2 (product
no. 311001-C2) were used in combination with Opal 570 reagent
pack signals (product no. FP14880001KT) and 690 reagent pack
signals (product no. FP1497001KT) (all from ACD inc.), with the
values normalized to those of both positive and negative controls.
For further details on slide preparation and more information
regarding the imaging protocols applied when using the
RNAScope multiplex fluorescent reagent kit version 2 (product
no. 323100), see Supplementary Methods (available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41894/abstract).

RESULTS

Thinner medial articular cartilage in adolescent
mice following Ift88 deletion in chondrocytes. To confirm
inducible tissue-specific Cre recombination, the aggrecanCreERT2

mouse line was crossed with a tdTomato reporter mouse line,
and tamoxifen was administered at 4 and 8 weeks of age.
Two weeks following tamoxifen treatment, activation of Cre
recombinase was observed in superficial hip articular cartilage
chondrocytes (Supplementary Figure 2A, available on the Arthri-

tis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41894/abstract), as well as in knee articular carti-
lage chondrocytes and menisci (n = 3) (Figure 1A).

In mice, throughout adolescence and adulthood, articular
cartilage was thicker on the medial tibial plateau than on the lateral

CILIARY PROTEIN IFT88 IN POSTNATAL CARTILAGE 51

https://doi.org/10.1002/art.41894/abstract
https://doi.org/10.1002/art.41894/abstract
https://doi.org/10.1002/art.41894/abstract
https://doi.org/10.1002/art.41894/abstract
https://doi.org/10.1002/art.41894/abstract
https://doi.org/10.1002/art.41894/abstract


plateau (P < 0.0001) (Figure 1B). Ift88 was deleted at 4 or
6 weeks of age, and analysis was conducted 2 weeks later
(Figure 1C). Deletion of Ift88 in mice at age 6 weeks resulted in
reduced thickness of the medial and lateral knee cartilage, which
was significantly different compared to that in the control group
(median 82.96 μm [95% confidence interval (95 CI) 81.13–91.56]
in aggrecanCreERT2;Ift88fl/fl mice versus 95.58 μm [95% CI]
92.08–99.68] in control mice). A similar effect was not observed
when Ift88 was deleted at 4 weeks of age (Supplementary
Figure 2B, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41894/abstract).
Considering each plateau separately, deletion of Ift88 in mice
resulted in a significant reduction in medial cartilage thickness
at 6 weeks of age (median thickness 102.42 μm [95% CI 91.7–
109.7] in control mice and 94.25 μm [95% CI 78.7–101.3] in

aggrecanCreERT2;Ift88fl/fl mice) and at 8 weeks of age (median
thickness 102.57 μm [95% CI 94.3–119.8] in control mice and
87.36 μm [95% CI 81.35–90.97] in aggrecanCreERT2;Ift88fl/fl

mice) (Figures 1D and E). Lateral cartilage thickness was unaf-
fected (Figure 1D).

Thinner calcified articular cartilage resulting from
Ift88 deletion. In a previous mouse study, reduced thickness of
the articular cartilage was associated with acceleration of pro-
grammed hypertrophy upon postnatal activation of Hh signaling in
mice (25). To assess the effects of Ift88 deletion on cartilage in
maturing mice, we measured the thickness of noncalcified and cal-
cified cartilage (Figure 2A and Supplementary Figure 1A, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41894/abstract). In control mice, the

Figure 1. Deletion of Ift88 in adolescent mice leads to thinner articular cartilage. A and C, AggrecanCreERT2; tdTomatomice were left untreated or
treated with tamoxifen (TM) at ages 4 weeks or 8 weeks (as illustrated by the diagram in C; arrows indicate sample collection points), and
cryosections of the whole knee joint and the medial and lateral compartments were obtained for immunofluorescence analysis (counterstained with
DAPI) (A). Bars = 200 μm. B and D, Thickness of the medial and lateral articular cartilage was assessed in sections from control mice at ages 4, 6,
8, 10, 22, and 34 weeks (B), and from aggrecanCreERT2;Ift88fl/fl (Ift88–conditional knockout [cKO]) mice and Ift88fl/fl control mice at ages 6 weeks
or 8 weeks (D). Symbols represent individual mice; bars show the median � 95% confidence interval. ** = P < 0.01; **** = P < 0.0001, by two-
way analysis of variance. E, Images show Safranin O staining of the cartilage from the medial meniscus of a representative Ift88fl/fl mouse and Ift88-
cKO mouse at age 8 weeks, 2 weeks after tamoxifen injection. The white asterisk in A and E indicates the medial meniscus. NS = not significant.
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proportion of calcified articular cartilage increased from 25% at
4 weeks of age to 60% by 22 weeks of age (Figure 2B). Deletion
of Ift88 resulted in thinner calcified cartilage at 6 weeks of age
(median thickness 37.52 μm [95% CI 29.71–45.17] in control mice
and 29.96 μm [95% CI 15.46–34.50] in aggrecanCreERT2;Ift88fl/fl

mice) and at 8 weeks of age (median thickness 48.43 μm [95%
CI 43.62–54.64] in control mice and 41.29 μm [95% CI 34.93–
44.17] in aggrecanCreERT2;Ift88fl/fl mice), though these reductions
were only statistically significant on the medial plateau (Figure 2C).
Separating measurements by lateral and medial plateaus revealed
reductions in calcified cartilage that were observable across both
plateaus and time points, though these reductions were only signif-
icant on the medial plateau at 8 weeks of age (Figure 2D).

Histologic measurements of the subchondral bone
(Supplementary Figure 1B, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41894/abstract) revealed that bone thickness approximately dou-
bled between 6 and 8 weeks of age in control mice (Figure 2E).
However, deletion of Ift88 did not result in enhanced bone

thickening. Additionally, there was no tartrate-resistant acid phos-
phatase staining (Supplementary Figure 1C) in the articular carti-
lage or the bone beneath, suggesting very little osteoclast
activity in the calcified cartilage or subchondral bone at these time
points.

Association of reductions in calcified cartilage
thickness with articular cartilage atrophy following
Ift88 deletion in mice at 8 weeks of age. Progressive calcifi-
cation of articular cartilage continued when mice were between
8 and 22 weeks of age (Figure 2B). Tamoxifen was administered
at 8 weeks of age, and joints were collected at 10, 22, and
34 weeks of age (Figure 3A). Deletion of Ift88 resulted in a
10–20% reduction in the thickness of tibial cartilage at every time
point (Figures 3B and C). Based on the mean values across both
plateaus, thinning was not cumulative over time and occurred with-
out obvious surface fibrillation, thus representative of atrophy rather
than degeneration (3,5,26,27). At 22 and 34 weeks of age, thinning
of themedial plateau of Ift88-KOmice was significantly greater than

Figure 2. Deletion of Ift88 in adolescent mice leads to thinner calcified articular cartilage. A and B, Sections of knee articular cartilage from mice
were stained with Safranin O to identify the noncalcified and calcified areas of the cartilage (demarcated by the tidemark) (A), and to determine the
median percentage of cartilage that was calcified versus noncalcified in sections from mice at different ages (n = 3 for 4-week-old mice; n = 6–19
for all other age groups) (B). C and D, Thickness of the noncalcified and calcified areas of the articular cartilage was compared between aggrecan-
CreERT2;Ift88fl/fl (Ift88-cKO) mice and Ift88fl/fl control mice at ages 6 weeks or 8 weeks, in the whole joint (C) or by medial and lateral compartment
(D). E, Median subchondral bone thickness was compared between aggrecanCreERT2;Ift88fl/fl (Ift88-cKO) mice and Ift88fl/fl control mice at ages
6 weeks or 8 weeks. Symbols represent individual mice; bars show the median � 95% confidence interval. A minimum of 5 joints was assessed
in any group. * = P < 0.05; ** = P < 0.01, by two-way analysis of variance. See Figure 1 for definitions.

CILIARY PROTEIN IFT88 IN POSTNATAL CARTILAGE 53

https://doi.org/10.1002/art.41894/abstract
https://doi.org/10.1002/art.41894/abstract


that of control mice. By the time the mice reached 34 weeks of age,
the median thickness of the medial plateau was 104.00 μm (95%CI
100.30–110.50) in control mice and 89.42 μm (95% CI 84.00–
93.49) in aggrecanCreERT2;Ift88fl/fl mice (Figure 3D). Atrophy was
milder on the lateral tibial plateaus and was not apparent until mice
reached 22 weeks of age (Supplementary Figure 3A, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41894/abstract).

The effect of Ift88 deletion on the thickness of the noncalci-
fied cartilage was not statistically significant on either the medial
or the lateral plateaus (Figure 3E). In contrast, statistically signifi-
cant reductions in the thickness of the calcified cartilage were
observed on both the medial and the lateral plateaus (medial
plateau, median 58.72 μm [95% CI 54.34–65.05] in control mice
versus 45.62 μm [95% CI 39.32–52.49] in aggrecanCreERT2;
Ift88fl/fl mice) (Figure 3E).

Prior evidence has shown that cartilage thinning and acceler-
ated hypertrophy occur in association with reduced numbers of
chondrocytes in articular cartilage following reactivation with Hh
signaling (25). However, no significant reductions in cell number
or density were observed in 10-week-old aggrecanCreERT2;
Ift88fl/flmice (Supplementary Figure 3B, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41894/abstract). TUNEL staining revealed limited
apoptosis in both control mice and aggrecanCreERT2;Ift88fl/fl

mice (Supplementary Figure 3C).

Predisposition of joints to spontaneous OA following
atrophy of the medial tibial cartilage. At 34 weeks of age,
aggrecanCreERT2;Ift88fl/fl mice developed spontaneous cartilage
damage in the medial compartment and this was found to be asso-
ciated with osteophyte formation, indicating the development of OA
(Figure 4A). OARSI scoring revealed a significant increase in cartilage
damage scores when mice were 34 weeks of age (Figure 4B), but
no significant increase when mice were 22 weeks of age
(Supplementary Figure 4A, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41894/
abstract). The highest OARSI scores were found on the medial pla-
teau (Figure 4C). There was no difference in osteophyte scores,
except in cartilage displaying severe damage (Figure 4D and Sup-
plementary Figure 4B, http://onlinelibrary.wiley.com/doi/10.1002/
art.41894/abstract). There were no changes in subchondral bone
thickness following Ift88 deletion in mice at either 10 or 22 weeks
of age. By 34 weeks of age, cartilage thinning was associated with
a loss of subchondral bone in aggrecanCreERT2;Ift88fl/fl mice
(Figure 4E and Supplementary Figure 4C, http://onlinelibrary.wiley.
com/doi/10.1002/art.41894/abstract). Trabecular bone density
(BV/TV) in the epiphysis was not affected by deletion of Ift88
(Supplementary Figure 4D).

Exacerbation of OA severity after surgical joint
destabilization and deletion of Ift88. Mice were given
tamoxifen at 8 weeks of age, and surgical DMM was performed

Figure 3. Deletion of Ift88 in mice at age 8 weeks results in atrophy of the articular cartilage and reduced thickness of the calcified cartilage. A,
Experimental timeline shows the age of the mice when tamoxifen was injected and the time points when tissue samples were collected (arrows). B,
Sections of medial articular cartilage from 34-week-old Ift88 control and aggrecanCreERT2;Ift88fl/fl (Ift88-cKO) mice were stained with Safranin O for
histologic analysis. C and D, In Ift88fl/fl controls and Ift88-cKO mice at each age, thickness of the articular cartilage was measured in both the medial
and lateral compartments (C) and in the medial compartment alone (D). E, Thickness of the noncalcified and calcified areas of the articular cartilage in
both the lateral and medial compartments was compared between groups of mice at each age. Symbols represent individual mice; bars show the
median � 95% confidence interval. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001, by two-way analysis of variance. See Figure 1 for definitions.
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at 10 weeks of age. At either 8 or 12 weeks after surgery, mice
were killed and the knee joints were collected, including those
from sham-operated mice at the same time points (Figure 5A).
Coronal histologic joint sections (Figure 5B) were assessed
using summed OARSI scores of cartilage damage. Deletion of
Ift88 resulted in exacerbated disease activity 12 weeks after
DMM (mean � SD OARSI score 22.08 � 9.30 in Ift88fl/fl mice
versus 29.83 � 7.69 in aggrecanCreERT2;Ift88fl/fl mice [P <
0.05]; n = 15 mice per group) (Figure 5C). No differences in
osteophyte size (Figure 5D and Supplementary Figure 5A, avail-
able on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41894/abstract), osteo-
phyte maturity, or osteophyte staining scores (Supplementary
Figures 5B–E) were observed between control mice and aggre-

canCreERT2;Ift88fl/fl mice at either time point after DMM. Further,
we observed no difference in the BV/TV of the epiphysis between
control mice and aggrecanCreERT2;Ift88fl/fl mice 12 weeks follow-
ing DMM (Supplementary Figure 5F).

Lack of association between articular cartilage atro-
phy and markers of matrix catabolism or hypertrophy.
To assess whether Ift88 deletion increased the catabolism of
aggrecan, knee joints from control mice and aggrecanCreERT2;
Ift88fl/fl mice were probed for protease-generated neoepitopes as
described previously (22), using an antibody raised against the

synthetic epitopeNITEGE, and with an IgG antibody used as an iso-
type control (Supplementary Figure 6A, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41894/abstract). The NITEGE signal was weak in sections
probed with the IgG positive control antibody (Supplementary
Figure 6A), and no differences in NITEGE signaling were observed
between the joints from control mice and joints from aggrecan-
CreERT2;Ift88fl/fl mice (Figure 6A). Moreover, no differences in ColX

expression, a marker of Hh-driven chondrocyte hypertrophy (28),
were observed between Ift88-KO mice and control mice, as deter-
mined by IHC (Figure 6B; results compared against the IgG control
are shown in Supplementary Figure 6B).

Results of bulk RNA analyses implicating Tcf7l2 in
cartilage atrophy. Two weeks after tamoxifen treatment, RNA
was isolated from microdissected articular cartilage obtained
from the knee joints of 10-week-old Ift88-KO and control mice
(Supplementary Figure 6C, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41894/abstract). A total of 44 candidate genes, which were
all either associated with chondrocyte biology and/or impli-
cated in primary ciliary signaling, were measured using qPCR.
Due to the mosaic Cre activity (Figure 1A) and sample pooling,
we conducted a correlation analysis to assess correlations
between Ift88 expression and expression of the candidate

Figure 4. Features of spontaneous osteoarthritis (OA) in (Ift88–conditional knockout [cKO]) mice at age 34 weeks. A,Whole joint sections and sections
from the medial compartment of the articular cartilage from 34-week-old Ift88fl/fl control and Ift88-cKO mice were stained with Safranin O for histologic
analysis of OA-like features. The curved white broken line in the bottom right panel indicates the area of osteophyte formation.B andC, Summedmod-
ifiedOsteoarthritis Research Society International (OARSI) scores were used to assess joint damage in articular cartilage sections from 34-week-old Ift88fl/fl

control and Ift88-cKO mice, in the whole joint (B) and by compartment (C). ** = P < 0.01 by Mann-Whitney test. D, Articular cartilage from 34-week-old
Ift88fl/fl control and Ift88-cKO mice was assessed for median osteophyte size and maturity, as well as for osteophyte staining scores. E, Thickness of
the subchondral bone was assessed in themedial compartment of articular cartilage from Ift88fl/fl control and Ift88-cKOmice at ages 10, 22, or 34 weeks.
Symbols represent individual mice (19–22 mice per group); bars show the median � 95% confidence interval. **** = P < 0.0001 by two-way analysis of
variance.
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genes, with values normalized to the mean values for the 2 most
stable housekeeping genes, Hprt and Gapdh (for all genes see
Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41894/abstract). Expression of the majority of candidate genes
did not correlate with Ift88, including Adamts5 and ColX
(Supplementary Figure 6D), which was consistent with the IHC
findings (Figures 6A and B). Tcf7l2 (29) was the only gene found
to be correlated with Ift88 expression at a level that was statis-
tically significant after Bonferroni correction (P = 0.0006,
Pcorr = 0.026, r2 = 0.8811). Levels of Ctgf, Tgfbr3, Gli2, and
the regulator of cartilage calcification Enpp1 (30) were positively
correlated with Ift88 expression before Bonferroni correction
(P = 0.002, P = 0.0107, P = 0.0037, and P = 0.009, respec-
tively) (Figure 6C and Supplementary Figure 6C, available
on the Arthritis & Rheumatology website at http://online
library.wiley.com/doi/10.1002/art.41894/abstract), but not after
Bonferroni correction. Expression of Gli1 and Ptch1, indicators
of Hh pathway activation, did not correlate with Ift88 expression
(Supplementary Table 1).

Reduction in Ift88 expression in aggrecanCreERT2;
Ift88fl/flmouse cartilage revealed using RNAScope analy-
sis. To overcome the limitations of bulk RNA analyses, an RNAScope
analysis was performed on cryosections of tibial articular cartilage
from 10-week-old control and aggrecanCreERT2;Ift88fl/fl mice (n = 4
each) to assess Ift88 expression, in situ. Results of the RNAScope

analysis revealed that a mean of 39.61% of cells were positive for
Ift88 in control mouse cartilage in comparison to a mean of 27.78%
of Ift88-positive cells in aggrecanCreERT2;Ift88fl/flmouse cartilage, indi-
cating a 30% reduction in Ift88-positive cells (P < 0.0001 by Fisher’s
exact test) (Figure 6D; for images and contingency data for statistical
comparisons, see Supplementary Figure 6E, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41894/abstract).

Effect of wheel exercise on cartilage atrophy and
associated increases in Hh signaling in situ. RNAScope
analysis was performed to investigate the expression of Gli1, a
marker of Hh pathway activity, in the same cartilage sections in
which reduced Ift88 expression was observed. A mean total of
24.12% of nuclei were positive for Gli1 in control mouse articular
cartilage in comparison to a total of 45.46% of Gli1-positive
nuclei in aggrecanCreERT2;Ift88fl/fl mouse articular cartilage
(Figure 6E). This increase in the percentage of Gli1-positive cells,
indicative of increased Hh signaling, was statistically significant
(n = 4 each; P < 0.0001) (for raw cell counts, see Supplementary
Figure 6E, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41894/abstract).
Analyzing Gli1 in terms of signal per cell also revealed higher
expression of Gli1 in aggrecanCreERT2;Ift88fl/fl mice (2.88 mean
dots per cell per animal) compared to control mice (1.49 mean
dots per cell per animal), representing a statistically significant dif-
ference (n = 4 each; P < 0.01) (Figure 6E).

Figure 5. Deletion of Ift88 in mice exacerbates disease at 12 weeks after surgical destabilization of the medial meniscus (DMM). A, Experimental
timeline shows the time points for tamoxifen injection and DMM surgery, as well as sample collection (arrows). B, Joint sections from the medial
compartment of the articular cartilage of sham-operated and DMM-operated Ift88fl/fl control and Ift88-cKO mice, obtained at 8 weeks and
12 weeks after surgery, were stained with Safranin O for histologic analysis. C and D, Articular cartilage from sham-operated mice (minimum of
5 mice per group) and DMM-operated mice (12–15 mice per group) were assessed for summed modified Osteoarthritis Research Society Inter-
national (OARSI) joint damage scores (C) and median osteophyte size (D) at 8 weeks and 12 weeks after DMM. Symbols represent individual mice;
bars show the median � 95% confidence interval. * = P < 0.05 by two-way analysis of variance. See Figure 1 for other definitions.
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Mice were given free access to wheel exercise for 2 weeks
immediately following the tamoxifen injection administered at
8 weeks of age (over the same time period that atrophy
develops). In these experiments, no measurable difference in
articular cartilage thickness was observed when comparing con-
trol mice to aggrecanCreERT2;Ift88fl/fl mice (Figure 6F and Supple-
mentary Figure 6F, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41894/
abstract). Wheel exercise did not affect the number of Gli1-
positive cells or Gli1 expression per cell in control mice, but,
according to findings from both analyses, wheel exercise reduced
Gli1 expression in aggrecanCreERT2;Ift88fl/fl mice, effectively
restoring Hh signaling and cartilage thickness to the levels
observed in control mice.

DISCUSSION

In the current study, we explored the influence of ciliary pro-
tein IFT88 in postnatal mouse articular cartilage in vivo, by deplet-
ing its expression in chondrocytes at different stages of postnatal
skeletal maturation. When Ift88 was deleted in the mice at 4, 6,

and 8 weeks of age, we observed rapid cartilage thinning, largely
in the calcified cartilage within the medial joint compartment. Thin-
ning was determined to be indicative of atrophy rather than
degeneration, since there was no disruption of the articular sur-
face. However, as mice aged, cartilage atrophy was associated
with increased severity of spontaneous OA and DMM-
induced OA.

We speculate that the Ift88-dependent effects in the thicker
medial compartment of the mouse joint are mechanically driven
(6) in a manner analogous to the bone “mechanostat” proposed
by Frost in 1987 (31). In essence, this model ensures that chon-
drocytes mechanoadapt the extracellular matrix so as to experi-
ence force within a narrow window (1). Since cartilage thickness
can be restored in Ift88–conditional KO mice with wheel exercise,
this suggests that ciliary protein IFT88 may influence, but is not
solely responsible for, cartilage mechanoadaptation in vivo. Simi-
lar modes of action have been proposed in the context of epithe-
lial response to renal flow (14,32). Our findings contrast with the
observation that in mice, deletion of Ift88 during development
leads to increased cartilage thickness (17), possibly indicating a
changing influence of Ift88 with skeletal maturation.

Figure 6. Wheel exercise rescues cartilage atrophy and supresses increased hedgehog signaling in mouse chondrocytes. A and B, Immunofluo-
rescence staining of articular cartilage chondrocytes from a representative Ift88fl/fl control mouse and Ift88-cKO mouse at age 10 weeks shows
expression of the aggrecan neoepitope NITEGE (A) and type X collagen (ColX) (B). Bars = 200 μm.C, RNA extracted from the microdissected artic-
ular cartilage was analyzed using quantitative polymerase chain reaction to identify genes showing a correlation with Ift88 expression. Values were
normalized to the mean values for the housekeeping genes Gapdh and Hprt. Linear regression analyses were performed, and significance was
assessed before and after Bonferroni correction (corrected P [cp]).D and E, Findings from RNAScope analysis of the articular cartilage chondrocytes
show the percentage of chondrocytes that were positive for Ift88 expression in Ift88fl/fl control and Ift88-cKO mice (D), and the percentage of Gli1-
positive cells, mean number ofGli1-positive dots per cell per mouse, and number ofGli1-positive nuclei in Ift88fl/fl control and Ift88-cKO exercise-naive
mice compared to wheel-exercisedmice (E). ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by two-way analysis of variance. F,Maximummedial
cartilage thickness was compared between exercise-naive and wheel-exercised Ift88fl/fl control and Ift88-cKO mice. **** = P < 0.0001 by Fisher’s
exact test. Symbols represent individual mice; bars show the median � 95% confidence interval. See Figure 1 for other definitions.
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Since atrophy in Ift88–conditional KO mice is largely restricted
to calcified cartilage, we speculate that this represents a failure of
cartilage hypertrophy during maturation, in a load-dependent man-
ner. Cartilage thinning was not associated with increased matrix
catabolism, enhanced subchondral bone thickness, osteoclast
activity, or density changes (BV/TV) in the epiphysis, but we cannot
exclude the possibility that calcified cartilage is transitioning to the
bone in these mice. Calcification of mouse cartilage has recently
been linked to Enpp1, a pyrophosphatase believed to inhibit calcifi-
cation through Hh signaling (30). Findings from our molecular anal-
yses indicated that Enpp1 positively correlates with Ift88

expression, indicating a reduction in the levels of an inhibitor of cal-
cification in Ift88–conditional KO mice. This could result in acceler-
ated ossification analogous to that seen in the growth plates of
ciliary protein mutant mice and in articular cartilage upon postnatal
activation of Hh (25).

Prior studies investigating congenital mutations (33) or constitu-
tive deletions of Ift88 (17,18,34) demonstrated that Ift88 plays a role
in mouse limb and joint development. Mouse models targeting other
ciliary components, Kif3a, Bardet-Biedl syndrome proteins, and
Ift80, also implicate ciliary machinery in musculoskeletal develop-
ment (19,28). This influence over skeletal development is also exem-
plified by the human skeletal ciliopathies (35,36). Themost important
molecular pathway associated with ciliopathy is Hh, although other
pathways have also been described (10,37–41). Hh signaling largely
switches off in adulthood (42) but is reactivated in OA (8). We inves-
tigated the molecular basis of Ift88-dependent cartilage atrophy by
identifying the correlation between Ift88 expression (reflecting effi-
ciency of deletion) and 44 molecules previously demonstrated to
be associated with ciliary signaling and cartilage biology. In addition,
we explored Hh signaling by directly visualizing Gli1 expression in
murine cartilage using RNAScope. The gene that correlated most
strongly with ciliary signaling was transcription factor Tcf7l2, previ-
ously shown to influence and interact with Hh and β-catenin signal-
ing pathways in cartilage (37). Other genes whose levels correlated
with Ift88 includedGli2,Ctgf, and Enpp1, although these correlations
were only statistically significant before Bonferroni correction.

While a gene expression analysis of microdissected mouse
cartilage did not show a correlation between Ift88 and classic Hh
pathway molecules (Gli1, Ptch1), an individual cell analysis using
RNAScope revealed increased levels of Gli1 expression in
aggrecanCreERT2;Ift88fl/flmouse chondrocytes, suggesting a recip-
rocal relationship between Hh signaling and Ift88. Therefore, we
propose that loss of Ift88 disrupts ciliary-mediated repression of
Hh signaling, resulting in net increases in Gli1 expression. This is
consistent with findings from previous studies in constitutive Ift88
deletion (18) and endochondromas (43). In this model, our obser-
vation that cartilage atrophy was rescued and basal Gli1 expres-
sion levels were normalized in aggrecanCreERT2;Ift88fl/fl mice
following wheel exercise provides critical evidence of a link with
mechanical loading. Our data imply that in postnatal mouse articu-
lar cartilage, ciliary protein IFT88 safeguards the progressive

mechanoadaptation of adolescent mouse cartilage, supporting
the creation and maturation of fit-for-purpose adult mouse articular
cartilage by ensuring appropriate levels of Hh signaling.

As previously described (44), Ift88was deleted in mouse chon-
drocytes using induction of Cre recombinase expression on the
aggrecan promotor, which ensured sufficient expression in mice
from adolescence through adulthood. Despite the use of this
method, we observed only a 40% reduction in Ift88-positive chon-
drocytes in the tibial articular cartilage of aggrecanCreERT2;Ift88fl/fl

mice. Observations in the tdTomato reporter line of mice indicated
that Ift88 deletion occurred in only a small proportion of chondro-
cytes, but this was not exclusive to any knee compartment, and
therefore it is unlikely that this finding could be attributed to differ-
ences between themedial and lateral sides of the knee joint. We also
recognize that, due to the challenges associated with imaging cilia in
cartilage, we have not yet been able to address the question of
whether primary cilia would be negatively impacted as a result of
Ift88 deletion. Thus, we cannot conclude that molecular changes
are a direct consequence of the loss of cilia. To date, we have not
yet conducted experiments inducing Ift88 deletion in mice older than
age 8 weeks to evaluate whether this gene is as influential later in
adulthood, or assessed how behavior of the aggrecanCreERT2;
Ift88fl/fl mice could be altered.

In summary, these data demonstrate that IFT88 is highly
influential in adolescent mouse and adult mouse articular cartilage
as a positive regulator of cartilage thickness, guiding cartilage cal-
cification during maturation and safeguarding physiologic Hh sig-
naling in adult mouse cartilage in response to mechanical cues.
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Magnetic Resonance Imaging–Assessed Subchondral Cysts
and Incident Knee Pain and Knee Osteoarthritis: Data From
the Multicenter Osteoarthritis Study

Thomas A. Perry,1 Terence W. O’Neill,2 Irina Tolstykh,3 John Lynch,3 David T. Felson,4 Nigel K. Arden,5

and Michael C. Nevitt3

Objective. To examine whether knee subchondral cysts, measured on magnetic resonance imaging (MRI), are
associated with incident knee osteoarthritis (OA) outcomes.

Methods. We used longitudinal data from the Multicenter Osteoarthritis Study, a community-based cohort of sub-
jects with risk factors for knee OA. Participants without a history of knee surgery and/or inflammatory arthritis
(i.e., rheumatoid arthritis and gout) were followed up for 84 months for the following incident outcomes: 1) radiographic
knee OA (Kellgren/Lawrence grade ≥2), 2) symptomatic radiographic knee OA (radiographic knee OA and frequent knee
pain), and 3) frequent knee pain (with or without radiographic knee OA). In a subset of participants, subchondral cysts
were scored on baseline MRIs of 1 knee. Multiple logistic regression, with adjustment for participant characteristics and
other baseline knee MRI findings, was used to assess whether subchondral cysts were predictive of incident outcomes.

Results. Among the participants with knees eligible for analyses of outcomes over 84 months, incident radiographic
knee OA occurred in 22.8% of knees with no baseline radiographic knee OA, symptomatic radiographic knee OA occurred
in 17.0%of kneeswith nobaseline symptomatic radiographic kneeOA, and frequent kneepain (with orwithout radiographic
kneeOA) occurred in 28.8%of kneeswith nobaseline radiographic kneeOAand43.7%of kneeswith baseline radiographic
knee OA. With adjustment for age, sex, and body mass index, the presence of subchondral cysts was not associated with
incident radiographic knee OA but was associated with increased odds of incident symptomatic radiographic knee OA
(odds ratio 1.92 [95% confidence interval 1.16–3.19]) and increased odds of incident frequent knee pain in those who had
radiographic knee OA at baseline (odds ratio 2.11 [95% confidence interval 0.87–5.12]). Stronger and significant associa-
tions were observed for outcomes based on consistent reports of frequent knee pain within ~1 month of the study visit.

Conclusion. Subchondral cysts are likely to be a secondary phenomenon, rather than a primary trigger, of radio-
graphic knee OA, and may predict symptoms in knees with existing disease.

INTRODUCTION

Osteoarthritis (OA) is the most common form of arthritis
and is a leading cause of global disability, pain, and reduction

in physical function (1). Knee pain is the hallmark feature of
knee OA (2) and is the main reason health care is sought
among older adults (3). While knee pain may be chronic,
many patients experience fluctuations in the presence/
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absence of pain and in pain severity (4). Understanding which
knee joint structures contribute to the development of struc-
tural OA, as radiographic knee OA, and nociceptive activation
with radiographic knee pain will help to better clarify the etiol-
ogy of the disease.

There are considerable magnetic resonance imaging
(MRI) data in knee OA research, with a principle focus on the
assessment of cartilage, synovitis, and bone marrow lesions
(BMLs) (5), though recently there has been a growing interest
in the contribution of subchondral cysts to the development
of knee OA. Subchondral cysts, also referred to as cystic
lesions or bone cysts (6), are defined as regions of markedly
increased signal on fluid-sensitive MRI (7) and are typically
spherical or ellipsoidal cavities (8). Subchondral cysts are
common both in healthy knee joints, occurring in up to 25%
of adults age >50 years who have no evidence of radiographic
knee OA (9), and in up to 31% of patients with symptomatic
knee OA (6). Moreover, using a subsample of subjects in the
Multicenter Osteoarthritis Study (MOST), subchondral cysts
were shown to occur in the absence of both MRI-assessed
BMLs and cartilage loss in men and women with knee OA or
at risk for knee OA (10). Despite this evidence, most epidemi-
ologic studies concerning subchondral cysts are in the context
of established knee OA. Thus, there is a need for the evalua-
tion of the effect of subchondral cysts on incident knee OA
outcomes.

The etiology of subchondral cyst development is unclear (6);
however, subchondral cysts in the absence of established radio-
graphic OA may provide a pathway to disease development and
pain. Histologic assessment has shown that subchondral cysts
contain necrotic bone fragments (11), which may stimulate noci-
ceptive activation, and cystic lesions have shown positive
responses to staining for substance P (12), an inflammation
marker in pain signaling (13). Data from an in vivo study in a
rodent model of posttraumatic knee OA induced by meniscect-
omy showed that subchondral cysts developed within just
12 weeks of injury (14). It is, therefore, possible that subchondral
cysts precede the development of more conventional radio-
graphic features including joint space narrowing, osteophytes,
and subchondral sclerosis. Subchondral cysts have been
shown to contain activated cells that express matrix metallopro-
teinase 1 (15), which has been linked to joint damage (16). In
established knee OA, subchondral cysts typically present adja-
cent to abnormal joint tissue (11) and have been shown to colo-
calize with BMLs (12–14). Subchondral cysts have also been
found to influence the biomechanical properties of the subchon-
dral bone by affecting bone mineral density (8) and by creating
increased intraosseous stress (17). Together, these mecha-
nisms may thereby provide a potential path for the development
of knee OA.

In the present study, we aimed to examine the association
between MRI-assessed subchondral cysts and incident knee

OA outcomes in participants who were at high risk for developing
knee OA over 84 months of follow-up.

PATIENTS AND METHODS

Study design and participants. We used longitudinal
data from the MOST study, a prospective, observational study of
risk factors for the development and progression of knee OA
(http://most.ucsf.edu/). Details of the MOST study and study pop-
ulation have been previously published (18). Briefly, 3,026 men
and women ages 50–79 years were recruited from 2 US communi-
ties and were followed up for up to 84 months. Participants either
had evidence of knee OA at baseline or were at high risk for devel-
oping the disease. At prespecified timepoints (baseline, 30months,
60 months, and 84 months), clinical assessments were performed
and knee radiographs and MRIs were obtained.

In the present study, we used data from the “V035WORMS”
MRI data set, the largest of 4 MRI subsets which can be used for
the analysis of multiple end points. This subsample comprises
1,182 participants who had a readable pair of MRIs of at least
1 knee at 60 months and 84 months. A single index knee MRI
obtained from each participant was read for all Whole-Organ
Magnetic Resonance Imaging Score (WORMS) features (7),
described in more detail below. If a participant had a readable pair
of MRIs of both knees at 60 months and 84 months, 1 knee was
randomly selected for MRI reading.

All participants underwent weight-bearing posteroanterior
fixed-flexion knee radiographs at baseline and follow-up clinic
visits. Knee radiographs were graded on a 0–4 scale across the
whole knee joint (including the patellofemoral and tibiofemoral
regions) using the Kellgren/Lawrence (K/L) scoring criteria (19).
Radiographic OA of the whole knee was defined as a K/L
grade ≥2 in either, or both, the tibiofemoral or patellofemoral joints.

Knee-specific frequent pain was assessed at each clinic visit
using a modified version of the National Health and Nutrition
Examination Survey (NHANES) questions (20). In accordance
with current guidelines, this was considered to be the most suit-
able measure of current knee pain (21). Participants also com-
pleted assessment of frequent knee pain by telephone interview
~30 days prior to each clinical visit. A stricter definition of persis-
tent, frequent knee pain included positive responses to the
NHANES questions during both the telephone interview and clin-
ical visits (22–25).

Our goal was to determine the risk of incident radiographic
knee OA, incident symptomatic radiographic knee OA, and inci-
dent frequent knee pain separately in participants with and with-
out radiographic knee OA in the index knee at baseline. We
included only the subset of participants who had a knee with
available baseline data on subchondral cysts and other WORMS
features (the index knee: 1 knee per participant). Outcomes in
index knees were based on radiographic knee OA and knee
symptom data from the 60-month and 84-month follow-up visits.
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Participants with missing data on baseline radiographic knee
OA, baseline frequent knee pain, missing outcomes in the index
knee that could not be imputed (see below), and baseline covari-
ate data were excluded. We also excluded participants with evi-
dence of inflammatory arthritis (rheumatoid arthritis and/or gout)
and/or a history of knee-related surgery (including knee replace-
ment) at baseline in either knee. In addition, only knees with avail-
able baseline data on MRI structural features across all knee
subregions were included.

Magnetic resonance imaging. Non–contrast-enhanced
MRIs were acquired using a dedicated 1.0T extremity system
(OrthOne; ONI Medical Systems) with a 160-mm–diameter cir-
cumferential transmit–receive extremity coil. Axial and sagittal
proton density–weighted fat-suppressed fast spin-echo sequen-
ces were acquired (repetition time 4,800 msec, echo time
35 msec, slice thickness 3.0 mm, interslice gap 0.0 mm, number
of slices 32, field of view 140 mm � 140 mm, matrix 288 � 192
pixels, number of excitations 2, echo train length 8 msec) (10).

MRI structural features, including subchondral cysts, BMLs,
synovitis/effusions, and cartilage lesions, were semiquantita-
tively assessed using the WORMS criteria (7). Subchondral
cysts were defined as areas of markedly increased signal inten-
sity in the subarticular bone, with sharply defined, rounded mar-
gins and with no evidence of internal marrow tissue or trabecular
bone on fluid-sensitive MRI. Subchondral cysts were scored
from 0 to 3 across 15 joint subregions (whole knee joint), includ-
ing the subspinous region of the tibia, with scores related to the
extent of regional involvement: 0 = no involvement, 1 = <25%
of the region, 2 = 25–50% of the region, and 3 = >50% of the
region. BMLs were assessed across the same joint compart-
ments using the same scoring criteria. Synovitis and effusion
were scored collectively at the intercondylar and infrapatellar
regions only and were not distinguished. Using a previously vali-
dated method of semiquantitative assessment for non–contrast-
enhanced scans (26), synovitis and effusion were scored from
0 to 3, with 3 representing severe. Cartilage lesions were
assessed across 14 subregions (not including the tibia subspi-
nous region), and scored from 0 to 6 (0 = normal signal, 6 = dif-
fuse [≥75% of the region] full-thickness loss).

MRI-assessed subchondral cyst exposure. We used
3 exposure variables to predict incident outcomes. Our first expo-
sure was coded as a binary variable, with 0 representing the
absence of subchondral cysts (i.e., no evidence of subchondral
cysts across all joint subregions) and 1 representing the presence
of subchondral cysts (i.e., evidence of subchondral cysts in at
least a single subregion across the knee joint). Our second expo-
sure variable was equal to the maximum subchondral cyst score
across the 15 joint subregions (range 0–3), and our final exposure
variable was equal to the number of subregions with subchondral
cysts present (range 0–15).

Outcome measures. Incident symptomatic radiographic

knee OA. Incident symptomatic radiographic knee OA was
defined as the simultaneous occurrence of a combination of fre-
quent knee symptoms and radiographic knee OA (K/L grade ≥2)
at one or both of the 60-month or 84-month visits, in an index
knee that did not have this combination at baseline.

Incident radiographic knee OA. Incident radiographic knee
OA was defined as the occurrence of radiographic knee OA (K/L
grade ≥2) during follow-up (60 months and 84 months), in an
index knee without radiographic knee OA (K/L grade 0–1) at
baseline.

Incident frequent pain in knees with or without radiographic
knee OA at baseline. Due to a lack of data from other studies con-
cerning the relationship between subchondral cysts and incident
knee pain in the absence of radiographic knee OA, and the conflict-
ing data regarding the association between subchondral cysts and
knee pain in established knee OA (27–29), we conducted 2 sepa-
rate incident knee pain analyses: 1) participants without radio-
graphic knee OA (i.e., K/L grade 0–1) in the index knee at baseline
and 2) participants with radiographic knee OA in the index knee at
baseline. Incident knee pain was defined as the occurrence of fre-
quent knee pain at one or both of the 60-month or 84-month visits,
in an index knee that did not have frequent knee pain at baseline.

Covariates. Information on age, sex, and body mass index
(BMI) was assessed at baseline. Baseline BML status, synovitis
status, and cartilage lesion status were defined as the maximum
severity score across the respective knee joint regions assessed.
MRI findings were selected for inclusion as covariates in our
model based on the available data. There are data to support
the notion that subchondral cysts that colocalize with bone mar-
row lesions (10,30,31) are linked with histologically assessed
synovitis (32), and while the exact etiology of subchondral cysts
is unclear, it is thought that they may develop in response to car-
tilage loss with synovial infiltration (6,33).

Statistical analysis. Descriptive statistics were calculated
for age, sex, BMI, and MRI findings. To examine the relationship
between subchondral cyst exposures and incident outcomes,
we performed logistic regression analyses in index knees. Results
were presented as odds ratios (ORs) with 95% confidence inter-
vals (95% CIs) for crude and adjusted models. We adjusted for
baseline age, sex, and BMI. In additional analyses, we also
adjusted for MRI-assessed synovitis (categorical), BML score
(categorical), and cartilage lesion score (continuous).

We used imputation (last observation carried forward) to
impute missing data on follow-up radiographic knee OA status
at the 60-month and 84-month follow-up visits if radiographic
knee OA was known to be present at the previous visit (imputed
to be present at the visit with missing data) or was known to be
absent at the previous visit and the subsequent visit (imputed to
be absent at the visit with missing data). We included participants
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with missing radiographic knee OA or knee symptom data in
cases where it was still possible to determine symptomatic radio-
graphic knee OA status (e.g., negative for radiographic knee OA,
missing knee symptom data). For the second exposure variable,
maximum subchondral cyst severity score, there were too few
knees with a score of 3. Scores of 2 and 3 were combined into
a single category of ≥2. Similarly, for the third exposure vari-
able, the number of regions with subchondral cysts, there
were too few knees with subchondral cyst involvement across
≥2 regions. Therefore, we categorized the data as 0 regions,
1 region, and ≥2 regions. We also performed sensitivity analy-
ses using the stricter definition of persistent, frequent knee
pain (i.e., positive responses for knee pain during the tele-
phone interview and clinical visit) (22–25) for both incident
symptomatic radiographic knee OA and incident knee pain
outcomes.

Data availability. All data generated and analyzed in this
study are available upon reasonable request. Access to data gen-
erated in this study is available upon request from the corre-
sponding author, whereas requests for the MOST data should
be submitted to the cohort principal investigators. Information
regarding the MOST public use data sets is available at http://
most.ucsf.edu/.

RESULTS

The distribution of participants with knees eligible for analyses
for incident radiographic knee OA, incident symptomatic radio-
graphic knee OA, and incident frequent knee pain (with or without
radiographic knee OA at baseline) is presented in Figure 1. Charac-
teristics of the study participants and baseline data on subchondral
cysts in the eligible index knees are shown in Table 1. Incident

Figure 1. Flow chart of participants eligible for study investigation. RKOA = radiographic knee osteoarthritis.
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radiographic knee OA occurred in 22.8% of knees (n= 100) eligible
for this outcome, and incident symptomatic radiographic knee OA
occurred in 17.0% of knees (n = 90) eligible for this outcome. Inci-
dent frequent knee pain occurred in 28.8% of knees (n = 93) with-
out radiographic knee OA at baseline and 43.7% of knees (n= 37)
with radiographic knee OA at baseline.

Incident symptomatic radiographic knee OA. After
adjustment for baseline age, BMI, and sex and using the pres-
ence of subchondral cysts (yes/no) as the exposure, knees with
evidence of subchondral cysts at baseline had increased odds
of incident symptomatic radiographic knee OA compared to
knees with no evidence of subchondral cysts (OR 1.92 [95% CI
1.16–3.19]) (Table 2). Using the maximum subchondral cyst

score as the exposure, compared to knees with no subchondral
cyst involvement, knees with a maximum subchondral cyst
score of 1 (<25% of the region) had a 2-fold increased risk of
incident symptomatic radiographic knee OA (OR 1.96 [95% CI
1.15–3.33]); there was no statistically significant association
between a maximum subchondral cyst score of ≥2 and incident
symptomatic radiographic knee OA (OR 1.73 [95% CI 0.53–
5.65]). Finally, we observed a statistically significant association
between the presence of ≥2 regions with subchondral cysts and
incident symptomatic radiographic knee OA. After further adjust-
ment for BMLs, synovitis, and cartilage lesions at baseline, there
was no longer a statistically significant association between sub-
chondral cyst exposures and incident symptomatic radiographic
knee OA.

Table 1. Baseline demographic and clinical characteristics of eligible participants in the MOST study*

No radiographic
knee OA

No symptomatic
radiographic knee OA

No knee pain without
radiographic knee OA

No knee pain with
radiographic knee OA

(n = 439) (n = 529) (n = 323) (n = 87)

Age, median (IQR) years 60 (11) 60 (12) 60 (11) 64 (13)
Female 268 (61.05) 334 (63.14) 184 (56.97) 64 (73.56)
BMI, median (IQR) kg/m2 28.65 (6.19) 28.83 (6.11) 28.25 (5.96) 30.14 (5.79)
Right knee as index knee 218 (49.66) 271 (51.23) 159 (49.23) 52 (59.77)
Subchondral cysts
No 354 (80.64) 409 (77.32) 262 (81.11) 52 (59.77)
Yes 85 (19.36) 120 (22.68) 61 (18.89) 35 (40.23)

Subchondral cyst severity
0 354 (80.64) 409 (77.32) 262 (81.11) 52 (59.77)
1 76 (17.31) 104 (19.66) 56 (17.34) 28 (32.18)
≥2 9 (2.05) 16 (3.02) 5 (1.55) 7 (8.05)

No. of regions with subchondral
cysts

0 354 (80.64) 409 (77.32) 262 (81.11) 52 (59.77)
1 69 (15.72) 89 (16.82) 49 (15.17) 20 (22.99)
≥2 16 (3.64) 31 (5.86) 12 (3.72) 15 (17.24)

Bone marrow lesion score
0 137 (31.21) 143 (27.03) 105 (32.51) 5 (5.75)
1 173 (39.41) 209 (39.51) 133 (41.18) 35 (40.23)
2 92 (20.96) 120 (22.68) 63 (19.50) 27 (31.05)
3 30 (6.83) 49 (9.26) 17 (5.26) 19 (21.84)
Missing† 7 (1.59) 8 (1.51) 5 (1.55) 1 (1.15)

Synovitis score
0 192 (43.74) 219 (41.40) 137 (42.41) 27 (31.03)
1 196 (44.65) 245 (46.31) 152 (47.06) 46 (52.87)
2 43 (9.79) 54 (10.21) 28 (8.67) 11 (12.64)
3 8 (1.82) 11 (2.08) 6 (1.86) 3 (3.45)
Missing† 0 (0) 0 (0) 0 (0) 0 (0)

Cartilage thickness score‡
0 57 (12.98) 58 (10.96) 41 (12.69) 1 (1.15)
2 54 (12.30) 58 (10.96) 45 (13.93) 3 (3.45)
2.5 6 (1.37) 7 (1.32) 4 (1.24) 1 (1.15)
3 179 (40.77) 196 (37.05) 134 (41.49) 17 (19.54)
4 6 (1.37) 8 (1.51) 5 (1.55) 2 (2.30)
5 111 (25.28) 144 (27.22) 76 (23.53) 31 (35.63)
6 6 (1.37) 31 (5.86) 3 (0.93) 25 (28.74)
Missing† 20 (4.56) 27 (5.10) 15 (4.64) 7 (8.05)

* Except where indicated otherwise, values are the number (%). Subgroups eligible for assessment of each outcome were not mutually exclu-
sive but were overlapping. MOST = Multicenter Osteoarthritis Study; osteoarthritis = OA; IQR = interquartile range; BMI = body mass index.
† Data were missing for at least 1 region assessed for the given magnetic resonance imaging structure.
‡ Grade 1 onWhole-OrganMagnetic Resonance Imaging Score was not used when scoring cartilage thickness onmagnetic resonance imaging.
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In a sensitivity analysis using a stricter definition of persistent,
frequent knee pain, in a fully adjusted model (adjusted for age,
sex, BMI, and other MRI features), knees in which subchondral
cysts were present (OR 2.16 [95% CI 1.18–3.96]), knees with a
maximum subchondral cyst score of 1 (OR 2.29 [95% CI 1.23–
4.26]), and knees with subchondral cyst involvement at 1 region
(OR 2.24 [95% CI 1.16–4.32]) had an increased risk of symptom-
atic radiographic knee OA (Supplementary Table 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41917/abstract).

Incident radiographic knee OA. After adjustment for
age, BMI, and sex, there was no statistically significant associa-
tion between the presence of subchondral cysts and incident
radiographic knee OA compared to knees with no evidence of
subchondral cysts (OR 1.20 [95% CI 0.68–2.10]) (Table 3). Sim-
ilarly, using the maximum subchondral cyst severity score as the

exposure, knees with a maximum grade of 1 (OR 1.25 [95% CI
0.69–2.25]) and a grade of ≥2 (OR 0.81 [95% CI 0.15–4.27])
were not at increased risk for incident radiographic knee
OA. Finally, using the number of regions with subchondral cysts
as the exposure, there was no statistically significant association
between having involvement at 1 region (OR 1.27 [95% CI
0.69–2.34]) or involvement at ≥2 regions (OR 0.93 [95% CI
0.28–3.12]) compared to participants with no evidence of knee
subchondral cysts. After further adjustment for synovitis, BMLs,
and cartilage lesions, there remained no statistically significant
association between subchondral cyst exposures and incident
radiographic knee OA.

Incident frequent knee pain. Index knees without radio-
graphic knee OA at baseline. Among participants without radio-
graphic knee OA in the index knee at baseline, in a fully adjusted
model, there was no statistically significant association between the

Table 2. Association between subchondral cysts and incident symptomatic radiographic knee OA*

Univariate model Multivariate model 1† Multivariate model 2‡

OR (95% CI) OR (95% CI) OR (95% CI)
(n = 529) P (n = 529) P (n = 500) P

Presence of subchondral cysts
No (n = 409/59) Referent – Referent – Referent –

Yes (n = 120/31) 2.07 (1.26–3.38) 0.004 1.92 (1.16–3.19) 0.01 1.53 (0.85–2.75) 0.15
Subchondral cyst severity score
0 (n = 409/59) Referent – Referent – Referent –

1 (n = 104/27) 2.08 (1.24–3.49) 0.006 1.96 (1.15–3.33) 0.01 1.60 (0.87–2.94) 0.13
≥2 (n = 16/4) 1.98 (0.62–6.34) 0.25 1.73 (0.53–5.65) 0.36 1.14 (0.32–4.10) 0.84

No. of regions with subchondral cysts
0 (n = 409/59) Referent – Referent – Referent –

1 (n = 89/20) 1.72 (0.97–3.04) 0.06 1.69 (0.95–3.03) 0.08 1.46 (0.76–2.81) 0.25
≥2 (n = 31/11) 3.26 (1.49–7.16) 0.003 2.61 (1.17–5.84) 0.02 1.71 (0.69–4.21) 0.24

* N values represent the number of participants for the given category/number of incident cases of symptomatic radiographic knee osteoar-
thritis (OA). OR = odds ratio; 95% CI = 95% confidence interval.
† Adjusted for age, sex, and body mass index.
‡ Adjusted for age, sex, body mass index, bone marrow lesion severity, synovitis severity, and cartilage lesions.

Table 3. Association between subchondral cysts and incident radiographic knee OA*

Univariate model,
OR (95% CI)

Multivariate model 1,
OR (95% CI)

Multivariate model 2,
OR (95% CI)

(n = 439) (n = 439)† (n = 417)‡

Presence of subchondral cysts
No (n = 354/77) Referent Referent Referent
Yes (n = 85/23) 1.34 (0.78–2.29) 1.20 (0.68–2.10) 0.98 (0.52–1.86)

Subchondral cyst severity score
0 (n = 354/77) Referent Referent Referent
1 (n = 76/21) 1.37 (0.78–2.41) 1.25 (0.69–2.25) 1.01 (0.52–1.95)
≥2 (n = 9/2) 1.03 (0.21–5.05) 0.81 (0.15–4.27) 0.73 (0.13–4.07)

No. of regions with subchondral cysts
0 (n = 354/77) Referent Referent Referent
1 (n = 69/19) 1.37 (0.76–2.46) 1.27 (0.69–2.34) 1.09 (0.55–2.17)
≥2 (n = 16/4) 1.20 (0.38–3.82) 0.93 (0.28–3.12) 0.64 (0.18–2.27)

* N values represent the number of participants in the given category/number of incident cases of radiographic knee osteoarthritis (OA). None
of the odds ratios (ORs) shown were statistically significant. 95% CI = 95% confidence interval.
† Adjusted for age, sex, and body mass index.
‡ Adjusted for age, sex, body mass index, bone marrow lesion severity, synovitis severity, and cartilage lesions.
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presence of subchondral cysts and incident knee pain compared to
knees with no evidence of subchondral cysts (OR 0.93 [95% CI
0.45–1.91]) (Table 4). Similarly, using the maximum subchondral
cyst severity score as the exposure, knees with a maximum score
of 1 were not at increased risk for developing knee pain (OR 1.02
[95% CI 0.49–2.11]). There were no occurrences of incident knee
pain in the grade ≥2 group. Finally, using the number of regions with
subchondral cysts as the exposure, there was no statistically signifi-
cant association between subchondral cyst involvement at 1 region
(OR 1.03 [95% CI 0.48–2.25]) or at ≥2 regions (OR 0.60 [95% CI
0.14–2.56]) compared to participants with no evidence of subchon-
dral cysts. In a sensitivity analysis using a stricter definition of persis-
tent frequent knee pain, in a fully adjusted model, no statistically
significant association was observed between any of the predictors
and incident knee pain (Supplementary Table 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.41917/abstract).

Index knees with radiographic knee OA at baseline. Among
participants with radiographic knee OA in the index knee at base-
line, there were moderate, but not statistically significant, associa-
tions between subchondral cyst exposures and incident knee
pain, both in models with adjustment for age, sex, and BMI
and in fully adjusted models; e.g., for the association of incident
frequent knee pain with presence of subchondral cysts in fully
adjusted models, the OR was 2.47 (95% CI 0.87–7.03,
P= 0.091) (Table 5). However, when we used the stricter definition
of persistent, frequent knee pain, presence of subchondral cysts
(OR 3.14 [95% CI 1.15–8.59]), subchondral cyst severity score of
1 (OR 3.80 [95% CI 1.33–10.89]), and knees with subchondral
cyst involvement at 1 region (OR 4.46 [95% CI 1.39–14.36]) were
each statistically significantly associated with increased odds of
incident frequent knee pain (Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.41917/abstract).

Table 4. Association between subchondral cysts and incident frequent knee pain without radiographic knee OA at baseline*

Univariate model,
OR (95% CI)

Multivariate model 1,
OR (95% CI)

Multivariate model 2,
OR (95% CI)

(n = 323) (n = 323)† (n = 307)‡

Presence of subchondral cysts
No (n = 262/76) Referent Referent Referent
Yes (n = 61/17) 0.95 (0.51–1.76) 0.94 (0.50–1.77) 0.93 (0.45–1.91)

Subchondral cyst severity score
0 (n = 262/76) Referent Referent Referent
1 (n = 56/17) 1.07 (0.57–2.00) 1.08 (0.57–2.07) 1.02 (0.49–2.11)
≥2 (n = 5/0) – – –

No. of regions with subchondral cysts
0 (n = 262/76) Referent Referent Referent
1 (n = 49/14) 0.98 (0.50–1.92) 1.01 (0.51–2.03) 1.03 (0.48–2.25)
≥2 (n = 12/3) 0.82 (0.22–3.10) 0.69 (0.18–2.67) 0.60 (0.14–2.56)

* N values represent the number of participants for the given category/number of incident cases of knee pain without radiographic knee oste-
oarthritis (OA). None of the odds ratios (ORs) shown were statistically significant. 95% CI = 95% confidence interval.
† Adjusted for age, sex, and body mass index.
‡ Adjusted for age, sex, body mass index, bone marrow lesion severity, synovitis severity, and cartilage lesions.

Table 5. Association between subchondral cysts and incident frequent knee pain in knees with radiographic knee OA at baseline*

Univariate model,
OR (95% CI)

Multivariate model 1,
OR (95% CI)

Multivariate model 2,
OR (95% CI)

(n = 87) (n = 87)† (n = 80)‡

Presence of subchondral cysts
No (n = 262/76) Referent Referent Referent
Yes (n = 61/17) 2.06 (0.86–4.93) 2.11 (0.87–5.12) 2.47 (0.87–7.03)

Subchondral cyst severity score
0 (n = 262/76) Referent Referent Referent
1 (n = 56/17) 2.32 (0.91–5.91) 2.40 (0.93–6.23) 2.91 (0.96–8.82)
≥2 (n = 5/0) 1.30 (0.26–6.45) 1.26 (0.24–6.57) 1.19 (0.18–7.65)

No. of regions with subchondral cysts
0 (n = 262/76) Referent Referent Referent
1 (n = 49/14) 2.12 (0.75–6.04) 2.14 (0.75–6.13) 2.85 (0.84–9.63)
≥2 (n = 12/3) 1.99 (0.62–6.34) 2.08 (0.63–6.83) 2.00 (0.50–7.96)

* N values represent the number of participants for the given category/number of incident cases of knee pain with radiographic knee osteoar-
thritis (OA). None of the odds ratios (ORs) shown were statistically significant. 95% CI = 95% confidence interval.
† Adjusted for age, sex, and body mass index.
‡ Adjusted for age, sex, body mass index, bone marrow lesion severity, synovitis severity, and cartilage lesions.
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DISCUSSION

To our knowledge, this study is the first to examine the rela-

tionship between subchondral cysts, measured on fluid-

sensitive MRI, and incident knee pain (with or without

radiographic knee OA of the index knee) and knee OA in a large,

long-term study of participants at risk for developing knee OA. In

the present study, after adjustment for age, BMI, and sex, we

found no association between the presence of subchondral

cysts at baseline and incident radiographic knee OA over 84

months of follow-up. Results were similar in analyses that also

adjusted for other baseline MRI features (i.e., synovitis, BMLs,

and cartilage lesions). In contrast, after adjustment for age,

BMI, and sex, the presence of ≥1 subchondral cyst(s) and the

presence of multiple subchondral cysts at baseline were signifi-

cantly associated with 1.9–2.6-fold increased odds of incident

symptomatic radiographic knee OA. After further adjustment

for other baseline MRI features, there was no longer a statisti-

cally significant association between any of the exposures and

incident symptomatic radiographic knee OA. In addition, we

observed no association between subchondral cysts and inci-

dent frequent knee pain in knees without radiographic knee OA

at baseline. In knees with radiographic knee OA at baseline, we

observed a non–statistically significant increase in the odds of

incident frequent knee pain over 84 months of follow-up (2.5-

fold increase).
In sensitivity analyses, we also examined the incidence of knee

pain and symptomatic radiographic knee OA using a stricter defini-
tion of persistent, frequent knee pain (22–25) (positive responses
reported during both the telephone interview and the clinical visit
within ~1 month versus the clinical visit only). The rationale for this
was that knee OA pain is known to fluctuate in occurrence and
severity over time. Using this outcome, after adjustment for age,
sex, and BMI, there was a nearly 3-fold significantly increased odds
of incident symptomatic OA in knees with subchondral cysts, with
the association remaining statistically significant even after further
adjustment for other MRI structures (Supplementary Table 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.41917/abstract).
Although using this stricter definition of persistent, frequent knee
pain strengthened the association between subchondral cysts
and incident knee pain in knees without radiographic knee OA at
baseline, the results remained non–statistically significant. In con-
trast, for incident knee pain in knees with subchondral cysts and
radiographic knee OA at baseline, the less strict definition of persis-
tent, frequent knee pain yielded modestly increased, but nonsignif-
icant, odds of incident knee pain, whereas the stricter definition
yielded 3–4-fold significantly increased odds of incident knee pain
(Supplementary Table 4, http://onlinelibrary.wiley.com/doi/10.
1002/art.41917/abstract). This finding is consistent with the
findings from the symptomatic radiographic knee OA analysis.
Since knees with frequent pain that did not have radiographic
knee OA at baseline and knees without frequent pain that had

radiographic knee OA at baseline were both eligible for analysis
of the incident symptomatic radiographic knee OA outcome,
the observed association of subchondral cysts with symptom-
atic radiographic knee OA may include an increased risk for
developing frequent pain in knees with radiographic knee OA
at baseline.

These data suggest that knee subchondral cysts may be
linked with knee pain, but not with the development of radio-
graphic knee OA. The data further suggest that it may not be use-
ful to focus clinical efforts on identifying individuals with
subchondral cysts without radiographic knee OA, as they are
not at increased risk for developing knee pain or incident radio-
graphic knee OA. We decided to use pain on most days of the
previous month assessed at the clinical visit only as our primary,
predefined definition of frequent knee pain, as it was consistent
with the recommendations from a recent study that examined
the best methods for harmonizing OA and pain among observa-
tional cohort studies (21). The stricter definition of persistent, fre-
quent knee pain may represent a more advanced and severe
stage of knee pain (22–25), and subchondral cysts may play a role
in the development of this type of knee pain.

Our study has several strengths. To our knowledge, it had a
longer duration of follow-up compared to earlier investigations of
the association of subchondral cysts with incident knee symptoms
and knee OA, as well as having a large, well-characterized study
cohort. Additionally, the association between subchondral cysts
and incident knee OA outcomes was examined using 3 exposures:
1) presence of subchondral cysts (yes/no), 2) maximum subchon-
dral cyst severity score, and 3) number of regions with subchondral
cyst involvement. This allowed us to evaluate which attributes of
subchondral cysts, presence versus absence and severity, may
increase the risk for developing knee OA. We examined the associ-
ation between subchondral cysts and incident outcomes at a joint
level, with 1 index knee assessed per participant. We hypothesized
that subchondral cysts would carry an increased risk of incident
knee OA only in the index knee, due to the focal damage attributed
to the presence of subchondral cysts.

There are also several potential limitations to our study. First,
the MOST study cohort is not a random sample of the population,
and selection factors that affect both the occurrence of the expo-
sure and the outcomes may be potential sources of bias in our
analysis. This could include factors that affect both the availability
of baseline MRI data on subchondral cysts and the knee OA and
knee pain outcomes. For example, in the sample of knees with
baseline MRI data that were available from the MOST study for
the present investigation, it is not possible to examine incident
total joint replacement as an outcome. This is because patients
who underwent knee replacement would not receive MRIs at sub-
sequent visits, and MRIs of knees were only read for changes
between baseline and these later visits if they were available at
60 months and 84 months. Whether there is an association
between subchondral cysts and subsequent joint replacement is
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an important question that should be examined, but one that
needs to be addressed using a different sample of knees with
MRI readings than the sample from the MOST study used in the
present investigation. The knees in this sample may have been
more likely to have subchondral cysts at baseline and to develop
OA and knee pain. We recognize this as a potential source of bias.

The number of knees with baseline MRI data on subchondral
cysts was limited, since we analyzed the subset of knees that had
available MRI data from the MOST data set of paired 60-month
and 84-month MRI readings. While 4 MRI data sets were available,
we used this data set because it was the largest, an important con-
sideration since subchondral cysts and incident knee OA outcomes
were both relatively uncommon, and this was the most generaliz-
able sample. The long follow-up in the selected data set ensured
an adequate number of radiographic and symptomatic OA out-
comes. Thus, by using this MRI data set (baseline, 60 months,
and 84 months), we were able to examine the effect of baseline
subchondral cyst exposures on all incident outcomes using the
same data set and with the same duration of follow-up. However,
we recognize that as a result of our choice of data set, we could
not investigate short-term outcomes of subchondral cysts.

Defining our pain outcome as incident frequent pain at either,
or both, of the 60-month and 84-month time points increased our
chances of capturing incident frequent knee pain that comes and
goes. Nevertheless, even assessing knee pain every 1–2 years is
an insufficient frequency to capture pain that fluctuates, and more
frequent follow-up is needed to better understand risk factors for
knee pain that fluctuates. The association of subchondral cysts
and fluctuating pain, particularly over the short-term, also war-
rants further investigation.

Compared to the frequency observed in knees with OA
(6,34), the low prevalence of subchondral cysts in knees without
OA in this study, and the fact that they were not associated with
incident radiographic knee OA, suggest that subchondral cysts
may not be of clinical use to predict incident knee OA. In addition,
we did not examine the effect of subchondral cyst location on the
development of compartment-specific incident radiographic knee
OA; the number of tibiofemoral-specific and/or patellofemoral-
specific subchondral cysts and incident cases would likely be
too few for robust statistical testing. Similarly, we were unable to
perform further stratification (i.e., incident symptomatic radio-
graphic knee OA stratified according to those with and those
without radiographic knee OA at baseline) due to small numbers
of participants in these subsets.

Finally, we adjusted for other MRI features, including BMLs,
synovitis, and cartilage lesions. The association between subchon-
dral cysts and such findings is still unclear, and it remains unknown
where subchondral cysts fall on the causal pathway to disease and
pain development. It is possible that adjustment for other baseline
MRI features, which may be downstream effects of subchondral
cysts, is an overadjustment, thereby limiting the interpretation of
the adjusted data, andwe acknowledge this as a potential limitation.

In the present study, however, incident symptomatic OA was the
only outcome in which adjustment for the other MRI features
resulted in substantial changes in the ORs by attenuating the effect,
although the association of subchondral cysts with this outcome
using the strict definition of knee pain remained significant in the fully
adjusted models. Adjusting for other MRI features strengthened the
association between subchondral cysts and incident knee pain in
those with baseline radiographic knee OA, though it was only of
marginal statistical significance, and these findings were corrobo-
rated by the results using the more stringent definition.

These data suggest that subchondral cysts are likely to be a
secondary phenomenon of knee OA, rather than a primary trigger
of radiographic structural change. Subchondral cysts may be
associated with the development of knee pain in knees with exist-
ing radiographic OA.
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Objective. To report the efficacy and safety of upadacitinib through 1 year in patients with ankylosing spondylitis 
(AS).

Methods. In the SELECT-AXIS 1 study, adults with active AS and an inadequate response to nonsteroidal 
antiinflammatory drugs were randomized to receive upadacitinib 15 mg once daily or placebo. At week 14, patients 
who had been randomized to receive placebo were switched to upadacitinib, and all patients continued in the open-
label extension and received upadacitinib up to week 104; interim data up to week 64 are reported herein.

Results. Of 187 patients, 178 completed week 14 on study drug and entered the open-label extension. Similar 
proportions of patients in either group (continuous upadacitinib or placebo-to-upadacitinib) achieved Assessment 
of SpondyloArthritis international Society 40% response (ASAS40) or Ankylosing Spondylitis Disease Activity 
Score (ASDAS) showing low disease activity at week 64: ≥70% of patients achieved these end points based on 
nonresponder imputation (NRI) and ≥81% based on as-observed analyses. Furthermore, ≥34% (NRI) and ≥39% (as-
observed analysis) achieved ASDAS showing inactive disease or ASAS showing partial remission at week 64. Mean 
changes from baseline (week 0) to week 64 in pain, function, and inflammation showed consistent improvement or 
sustained maintenance through the study. Among 182 patients receiving upadacitinib (237.6 patient-years), 618 
adverse events (260.1 per 100 patient-years) were reported. No serious infections, major adverse cardiovascular 
events, venous thromboembolic events, gastrointestinal perforation, or deaths were reported.

Conclusion. Upadacitinib 15 mg once daily showed sustained and consistent efficacy over 1 year. Patients who 
switched from placebo to upadacitinib at week 14 showed similar efficacy versus those who received continuous 
upadacitinib.
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INTRODUCTION

Ankylosing spondylitis (AS), also known as radiographic 
axial spondyloarthritis, is a chronic, inflammatory rheumatic dis-
ease affecting the axial skeleton, mainly characterized by back 
pain (including nocturnal back pain) and morning stiffness, and 
peripheral pain due to arthritis, enthesitis, and extraarticular mani-
festations (1,2). Irreversible structural damage often occurs, nega-
tively impacting patients’ lives (3). To maximize patients’ quality of 
life, therapeutic intervention is necessary to control the signs and 
symptoms of disease, prevent structural damage, and maintain 
physical function (4). To achieve these goals, a treatment target for 
AS should be set at achieving sustained inactive disease or low 
disease activity (4,5). In recent years, JAK inhibitors have emerged 
for the treatment of several immune-mediated inflammatory dis-
eases, such as rheumatoid arthritis (RA), psoriatic arthritis (PsA), 
Crohn’s disease, and ulcerative colitis (6–8), and are under inves-
tigation as a treatment for AS (9–13).

Upadacitinib, a JAK inhibitor engineered for increased selec-
tivity for JAK1 over JAK2, JAK3, and tyrosine kinase 2 (14), was 
investigated for the treatment of patients with AS who had an inad-
equate response to nonsteroidal antiinflammatory drugs (NSAIDs) 
in the randomized, placebo-controlled phase II/III SELECT-AXIS 1   
study (15). The study met its primary end point, with a signif-
icantly greater proportion of patients receiving upadacitinib 
achieving Assessment of SpondyloArthritis international Society 
40% response (ASAS40) (16) at week 14 versus placebo (51.6% 
for upadacitinib 15 mg once daily versus 25.5% for placebo; 
P < 0.001), as well as several multiplicity-controlled secondary 
end points reflecting significant improvement in disease activity, 
function, and magnetic resonance imaging outcomes for upad-
acitinib versus placebo. Upadacitinib was well tolerated, and no 
serious infections, herpes zoster, malignancy, venous thrombo-
embolic events, or deaths were reported during the first 14 weeks. 
The objective of this interim analysis of the SELECT-AXIS 1 exten-
sion study is to report safety and efficacy, including extraspinal 
outcomes, in patients with AS receiving upadacitinib 15 mg once 
daily through 1 year.

PATIENTS AND METHODS

Study design. SELECT-AXIS 1 (ClinicalTrials.gov identifier: 
NCT03178487) is a randomized, multicenter (62 centers in 20 
countries), phase II/III study consisting of a 14-week double-blind, 
placebo-controlled period 1 and an ongoing 90-week open-label 
extension period 2 to evaluate the safety and efficacy of upad-
acitinib 15 mg (Supplementary Figure 1, available on the Arthri-
tis & Rheumatology website at http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41911/​abstract). The methods and results of 
period 1 have been published previously (15). Briefly, patients were 
randomized 1:1 to receive upadacitinib 15 mg once daily or pla-
cebo for 14 weeks. Patients who completed period 1 were eligible 

to enter period 2 and receive open-label upadacitinib 15 mg once 
daily for 90 weeks, up to week 104. Reported herein are efficacy 
results at week 64, when all patients continuing in the study had 
at least 1 year of upadacitinib exposure, including in the placebo-
to-upadacitinib switch group. Of note, patients and investigators 
remained blinded with regard to the patients’ period 1 assignment 
throughout the study.

This study was conducted in accordance with International 
Council for Harmonisation guidelines and the ethical principles of 
the Declaration of Helsinki. All patients provided written informed 
consent, and the study protocol was approved by an institutional 
review board or independent ethics committee at each study site.

Participants. The study enrolled adult patients (age ≥18 
years) with AS who met the modified New York criteria (17) based 
on independent central reading of radiographs of the sacroiliac 
joints and who had active disease at baseline (i.e., week 0), defined 
as a Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) 
(18) score of ≥4 and patient’s assessment of back pain score of 
≥4 (on a numerical rating scale [NRS] of 0–10) at screening and 
baseline visit, and had an inadequate response to ≥2 NSAIDs or 
intolerance to or contraindication for NSAIDs. Patients receiving 
a stable dose of concomitant conventional synthetic disease-
modifying antirheumatic drugs (csDMARDs), oral glucocorticoids, 
NSAIDs, and analgesics were eligible; patients with prior exposure 
to JAK inhibitors or biologic DMARDs (such as tumor necrosis 
factor [TNF] inhibitors and interleukin-17A [IL-17A] inhibitors) were 
excluded.

Patient and public involvement. This research was 
done without any formal patient/patient organization involvement 
in the study design, development of patient-relevant outcomes, 
interpretation of results, or the writing or editing of the manuscript.

Efficacy end points. Efficacy was assessed based on 
the percentage of patients achieving ASAS20, ASAS40, ASAS 
showing partial remission, BASDAI50, and Ankylosing Spondyli-
tis Disease Activity Score (ASDAS) (19) showing inactive disease 
(ASDAS ID; defined as an ASDAS <1.3), ASDAS showing low dis-
ease activity (ASDAS LDA; <2.1), ADSAS showing major improve-
ment (ASDAS MI; decrease from baseline ≥2.0), and ASDAS 
showing clinically important improvement (ASDAS CII; decrease 
from baseline ≥1.1) through 64 weeks (20,21). In addition, change 
from baseline in the ASDAS using the C-reactive protein level 
(ASDAS-CRP) (22), Bath Ankylosing Spondylitis Functional Index 
(BASFI) (23), and linear Bath Ankylosing Spondylitis Metrology 
Index (BASMI) (24) through 64 weeks and Maastricht Ankylos-
ing Spondylitis Enthesitis Score (MASES) (25), Work Productivity 
and Activity Impairment (WPAI; on a scale of 0–100) (26), ASAS 
health index, and AS quality of life (ASQoL) (27) through 52 weeks 
were assessed. Pain end points included back pain, nocturnal 
back pain, BASDAI question 2 (back pain), and BASDAI question 

http://onlinelibrary.wiley.com/doi/10.1002/art.41911/abstract
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3 (peripheral pain/swelling). The proportions of patients achiev-
ing BASDAI <4 and normalization of high-sensitivity CRP (hsCRP 
≤2.87) were evaluated in exploratory analyses.

Safety assessment. One-year safety reports are based on 
data available on the cutoff date of January 31, 2020, and were 
assessed as rate of treatment-emergent adverse events (AEs) 
reported as events per 100 patient-years. Treatment-emergent 
AEs were defined as AEs that began or worsened in severity 
after the first dose and through 30 days after the last dose of 
study medication.

Statistical analysis. One-year efficacy analysis was per-
formed by randomized treatment group sequence in patients 
receiving upadacitinib 15 mg once daily from baseline throughout 
periods 1 and 2 (continuous upadacitinib group) and in patients 
switching from randomized placebo at week 14 (period 1) to open-
label upadacitinib 15 mg once daily (period 2). For binary efficacy 
end points, response rate and 95% confidence interval (95% CI) 
were reported as-observed and by using nonresponder imputa-
tion (NRI) for missing data (patients who prematurely discontinued 
the study drug were considered as nonresponders for all subse-
quent visits after discontinuation, and any patient with any missing 

Figure 1.  Patient disposition through week 64. Among the reasons for study drug discontinuation in period 2, adverse events included diarrhea, 
headache, and vertigo in 1 patient; squamous cell carcinoma of the tongue in 1 patient; and headache in 1 patient in the continuous upadacitinib 
group; and hemiparesthesia (right side) and intervertebral disc protrusion in 1 patient in the placebo-to-upadacitinib group; patient withdrawals 
included 1 patient who did not wish to administer the medication (lost to follow-up) and 1 patient who did not want to continue the study procedure 
or the study treatment in the placebo-to-upadacitinib group, and 1 patient who had challenges with transportation to the clinic in the continuous 
upadacitinib group; the “other” category included 1 patient who moved to a different country. mNY = modified New York; QD = once daily.
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value at a specific visit was treated as a nonresponder for that 
visit). For continuous efficacy end points, descriptive statistics 
on as-observed data and estimated change from baseline with 
95% CI from mixed-effects model repeated measures (MMRM) 
were reported. MMRM included the categorical fixed effects of 
treatment, visit, treatment-by-visit interaction, and stratification 
factor of hsCRP level at screening visit, premature discontinuation 
flag, and the continuous fixed covariate of baseline value using 
unstructured variance–covariance matrix. No statistical compar-
ison was performed between the 2 treatment group sequences.

RESULTS

Of the 187 patients randomized to period 1, 178 (89 in 
the continuous upadacitinib group and 89 in the placebo-to-
upadacitinib switch group) completed week 14 on study drug and 
entered the open-label extension; 160 patients (78 [84%] in the 
continuous upadacitinib group and 82 [87%] in the placebo-to-
upadacitinib switch group) completed week 64 (Figure 1). Lack of 
efficacy (n = 10) and AEs (n = 4) were the most common reasons 
for discontinuation of study drug between weeks 14 and 64.

Up to the data cutoff date, 88% of the patients (160 of 182) 
who received ≥1 dose of upadacitinib 15 mg once daily had at 
least 52 weeks of exposure to upadacitinib; 34% (62 of 182) had 
≥18 months of exposure.

Patient demographic and baseline disease characteristics 
have been reported previously (15). Treatment arms were well 
balanced; in the upadacitinib and placebo arms, respectively, 
the majority of patients were male (68% and 73%) and HLA–B27 
positive (75% and 78%), the mean age was 47.0 and 43.7 years, 
and most patients were from Europe (71% and 71%) and White 
(85% and 81%) (15). The mean duration since AS symptom onset 
was 14.8 years and 14.0 years, the mean duration since diagno-
sis was 7.8 years and 6.0 years, the mean ASDAS was 3.5 and 
3.7, and the mean hsCRP level was 9.6 mg/liter and 11.7 mg/liter 
in the upadacitinib and placebo groups, respectively. Concomi-
tant medications in the upadacitinib and placebo arms included 
NSAIDs (76% and 86%, respectively), csDMARDs (14% and 18%, 
respectively), and glucocorticoids (6% and 13%, respectively).

Efficacy. The percentage of patients achieving the primary 
efficacy end point of ASAS40 (52% in the NRI analysis and 54% 
in the as-observed analysis at week 14) continued to increase 
throughout the study in the continuous upadacitinib group: 72% 
and 85% of patients (in the NRI analysis and as-observed anal-
ysis, respectively) achieved ASAS40 at week 64 (Figure 2 and 
Supplementary Table 1, available on the Arthritis & Rheumatology 
website at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41911/​
abstract). An analogous pattern of improvement was observed 
in ASDAS LDA (70% in the NRI analysis and 84% in the as-
observed analysis), ASDAS ID (34% in the NRI analysis and 42% 
in the as-observed analysis), and ASAS showing partial remission 
(40% in the NRI analysis and 46% in the as-observed analysis) 

(Figures 2 and 3). Patients who switched from placebo to upa-
dacitinib at week 14 showed a speed of onset and magnitude 
of response comparable to those in patients who were initially 
randomized to receive upadacitinib (responses in the switched 
group at week 64 were 70% in the NRI analysis and 81% in the 
as-observed analysis for ASAS40; 71% in the NRI analysis and 
86% in the as-observed analysis for ASAS LDA; 36% in the NRI 
analysis and 44% in the as-observed analysis for ASAS ID; and 
34% in the NRI analysis and 39% in the as-observed analysis for 
ASAS showing partial remission) (Figures 2 and 3).

Likewise, the percentage of patients achieving ASAS20 
and BASDAI50 (Supplementary Figure 2, available on the Arthri-
tis & Rheumatology website at http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41911/​abstract) and ASDAS CII and ASDAS 
MI (Supplementary Figure 3, available on the Arthritis & Rheu-
matology website at http://onlin​elibr​ary.wiley.com/doi/10.1002/
art.41911/​abstract) improved throughout the study in the con-
tinuous upadacitinib group; patients who switched to upadac-
itinib from placebo at week 14 showed a rapid onset of response 
for these end points, with responses at week 64 similar to those 
observed in patients receiving continuous upadacitinib (Supple-
mentary Figures 2 and 3). At week 64, 88% of patients had a 
BASDAI <4 (90% [72 of 80] in the continuous upadacitinib group 
and 87% [71 of 82] in the placebo-to-upadacitinib switch group).

Mean changes from baseline to 1 year in disease activity, 
as measured by the ASDAS and pain, including back pain and 
nocturnal back pain, showed consistent improvement or sus-
tained maintenance throughout the study in the continuous upad-
acitinib group; a similar magnitude of improvement was seen in the 
placebo-to-upadacitinib switch group after initiation of upadacitinib 
at week 14 (Figures 4 and 5 and Supplementary Table 2 and Supple-
mentary Figure 4, available on the Arthritis & Rheumatology website 
at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41911/​abstract). 
Improvements in function (BASFI) and inflammation, based on 
both clinical (mean of BASDAI questions 5 and 6) and laboratory 
(hsCRP) end points were also sustained through week 64 (Figure 4 
and Supplementary Figure 5 and Supplementary Table 3, availa-
ble on the Arthritis & Rheumatology website at http://online​libr​ary.
wiley.com/doi/10.1002/art.41911/​abstract). Analogous patterns of 
improvement over time were shown in assessments of quality of life 
(ASQoL and ASAS health index), spinal mobility (BASMI), enthesitis 
(MASES), and patient global assessment of disease activity (Sup-
plementary Table 2 and Supplementary Figures 6 and 7, available 
on the Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.
com/doi/10.1002/art.41911/​abstract).

Among patients who were employed at baseline, 
the mean WPAI overall work impairment score continued 
to improve throughout the study in the continuous upadac-
itinib group (from –20.5 at week 14 [95% CI –27.1, –14.0] to 
–35.6 at week 52 [95% CI –43.2, –28.0]; as-observed analy-
sis) and placebo-to-upadacitinib switch group (from –12.3 at 
week 14 [95% CI –19.8, −4.8] to –27.7 at week 52 [95% CI 
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–35.4, –20.0]; as-observed analysis). Results were similar in 
the MMRM analysis (Supplementary Table 4, available on the 
Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.
com/doi/10.1002/art.41911/​abstract).

Safety. Safety through the January 31, 2020 data cutoff 
date was assessed in 182 patients (237.6 patient-years) receiving 
upadacitinib 15 mg once daily during period 1 or 2; a total of 618 
AEs (260.1 per 100 patient-years) were reported (Table 1).

The most common AEs were nasopharyngitis (37 events [15.6 
per 100 patient-years]), increased blood creatine phosphokinase 
(28 events [11.8 per 100 patient-years]), and upper respiratory 
tract infection (26 events [10.9 per 100 patient-years]). The cre-
atine phosphokinase elevation events were all nonserious, none 
led to study drug discontinuation, and all except 2 were asympto-
matic. The 2 symptomatic AEs were based on muscle pain with 
alternative explanations of increased exercise or physical activ-
ity, mild, and resolved with continued study drug treatment. The 

Figure 2.  Percentage of patients achieving Assessment of SpondyloArthritis international Society 40% response (ASAS40) and ASAS showing 
partial remission (ASAS PR) over time. All patients randomized to receive placebo received open-label upadacitinib beginning at week 14. 95% 
CI = 95% confidence interval; AO = as-observed; NRI = nonresponder imputation; QD = once daily.
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rates of serious AEs (5.9 per 100 patient-years) and AEs leading 
to discontinuation (6.3 per 100 patient-years) were low (Supple-
mentary Table 5, available on the Arthritis & Rheumatology website 
at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41911/​abstract).

No serious infections, active tuberculosis, major adverse 
cardiovascular events, venous thromboembolic events, gas-
trointestinal perforation, inflammatory bowel disease (IBD), 
renal dysfunction, or deaths were reported with upadacitinib 
treatment; of note, 4 patients (2 in each group) had a history 
of IBD at baseline. Rates of other events of interest were also 

low. The only malignancy reported was a stage IVa squamous 
cell carcinoma of the tongue in a 61-year-old man (former 
smoker) after the week 20 visit; per investigator, the event had 
no reasonable possibility to be related to the study drug but 
did lead to discontinuation of the study drug as required by 
the study protocol. Five events of herpes zoster (2.1 per 100 
patient-years) in 4 patients were reported; all were nonseri-
ous and limited to 1 dermatome, and 1 led to discontinuation 
of the study drug. Two opportunistic infections (0.8 per 100 
patient-years) were reported; both were nonserious events 

Figure 3.  Percentage of patients achieving Ankylosing Spondylitis Disease Activity Score showing low disease activity (ASDAS LDA; <2.1) 
and ASDAS showing inactive disease (ASDAS ID; <1.3) over time. All patients randomized to receive placebo received open-label upadacitinib 
beginning at week 14. 95% CI = 95% confidence interval; AO = as-observed; NRI = nonresponder imputation; QD = once daily.
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of esophageal candidiasis of moderate severity in the same 
patient, and neither event led to discontinuation of study drug. 
Thirteen uveitis events in 8 patients (5.5 per 100 patient-years) 
were reported; all events occurred in patients with a history 
of uveitis (Supplementary Table 6, available on the Arthritis 
& Rheumatology website at http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41911/​abstract). The mean time to onset of 

uveitis among these patients was 343 days, and the median 
was 295 days (range 115–721 days).

All events of neutropenia, anemia, and lymphopenia were non-
serious, and none led to study drug discontinuation. The majority of 
events related to hepatic disorders were based on transient asymp-
tomatic alanine aminotransferase (ALT)/aspartate aminotransferase 
(AST) elevations, all were nonserious and mild to moderate in 

Figure 4.  Change from baseline (Δ) in Ankylosing Spondylitis Disease Activity Score using the C-reactive protein level (ASDAS-CRP) and 
Bath Ankylosing Spondylitis Functional Index (BASFI) over time. All patients randomized to receive placebo received open-label upadacitinib 
beginning at week 14. AO = as-observed; MMRM = mixed-effects model repeated measures; QD = once daily.
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severity, and none led to study drug discontinuation. One patient 
experienced a grade 3 (≥5 times the upper limit of normal) increase 
in ALT and 1 patient in AST; no grade 3 or 4 decreases in hemo-
globin level or lymphocyte count were observed (Supplementary 
Table 7, available on the Arthritis & Rheumatology website at http://
onlin​elibr​ary.wiley.com/doi/10.1002/art.41911/​abstract).

Five patients experienced grade 3 creatine phosphokinase 
elevation, and 2 experienced grade 4 elevation; all occurred in 
young male AS patients, and none led to study drug discon-
tinuation or met the toxicity criteria threshold (Supplementary 
Table 7). Among these 7 patients, creatine phosphokinase eleva-
tions occurred at various time points in relation to the initiation of 

Figure 5.  Change from baseline (Δ) in back pain and nocturnal back pain over time. All patients randomized to receive placebo received 
open-label upadacitinib beginning at week 14. Evaluation of back pain was based on the question, “What is the amount of back pain that you 
experienced at any time during the last week?” and evaluation of nocturnal back pain was based on the question, “What is the amount of back 
pain at night that you experienced during the last week?” Both were scored on a numerical rating scale of 0–10. AO = as-observed; MMRM = 
mixed-effects model repeated measures; QD = once daily.
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upadacitinib therapy. Elevations were transient in 5 patients and 
normalized over time, including the 2 grade 4 increases (Sup-
plementary Figure 8, available on the Arthritis & Rheumatology 
website at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41911/​
abstract). Mean creatine phosphokinase values showed an 
increase from baseline over time, but no major differences 
in mean hemoglobin level, lymphocyte count, or neutrophil count 
were observed compared with baseline (Supplementary Figure 9, 

Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41911/​abstract).

DISCUSSION

SELECT-AXIS 1, the first study to report 1-year data on a JAK 
inhibitor in AS, showed that upadacitinib 15 mg once daily therapy 
led to sustained and consistent efficacy over 1 year in both NRI and 
as-observed analyses in patients with active AS who had an inad-
equate response to NSAIDs. Improvements were seen in disease 
activity measures (ASDAS, BASDAI, ASAS, and their components), 
pain (back pain, nocturnal back pain, and peripheral pain), phys-
ical function (BASFI), inflammation (hsCRP), quality of life (ASQoL 
and the ASAS health index), and other aspects of disease (BASMI 
and MASES) with continuous upadacitinib therapy. In patients who 
switched from placebo to upadacitinib at week 14, a similar speed 
of onset and magnitude of efficacy response was observed through 
1 year compared with those who received continuous upadacitinib.

The primary goal of therapy in AS is to maximize a patient’s 
quality of life through control of the signs and symptoms of disease 
and preservation of physical function and social participation (4), 
and the SELECT-AXIS 1 study showed wide-ranging benefits of 
upadacitinib treatment for treating the signs and symptoms of AS. 
Of note, 39–46% of patients receiving upadacitinib had achieved 
ASAS showing partial remission or ASDAS ID at the end of 1 year, 
and >81% reached ASAS40 or ASDAS LDA. Sustained efficacy in 
AS has also been described for biologic DMARDs, such as TNF or 
IL-17 inhibitors, and although no head-to-head trials are available, 
overall, the efficacy of upadacitinib appears to be consistent with 
that described for TNF and IL-17 inhibitor therapy in AS (28–31). 
The dropout/retention rate in SELECT-AXIS 1 was also consistent 
with that for other approved biologic DMARDs (28–30).

Upadacitinib was well tolerated over 237.6 patient-years of 
exposure, with no new or unexpected safety findings compared 
with data from the upadacitinib clinical development programs 
in RA and PsA (32–34). No serious infections, active tubercu-
losis, venous thromboembolic events, gastrointestinal perfora-
tion, major adverse cardiovascular events, renal dysfunction, 
or deaths were reported. Rates of herpes zoster, opportunistic 
infections, and malignancy were low and consistent with what has 
been reported previously in AS patients (35–37). Nonserious and 
generally asymptomatic events of creatine phosphokinase ele-
vation were observed. Creatine phosphokinase elevations have 
been observed with JAK inhibitors (9,10,38) and also have been 
described more frequently with TNF inhibitors in patients with AS 
than in patients with RA (39,40).

Only limited information is available on the impact of upa-
dacitinib on uveitis and IBD. In this study, no patient developed 
new-onset uveitis, and events were observed only in patients with 
a history of uveitis. The rate of uveitis was 5.5 events per 100 
patient-years. In addition, no new onset or exacerbation of IBD 
was observed. Only 4 patients at baseline had a history of IBD in 

Table 1.  Treatment-emergent adverse events (AEs) in the all-
upadacitinib population*
Any AE 618 (260.1)
Serious AE† 14 (5.9)
AE leading to discontinuation† 15 (6.3)
Infection 205 (86.3)

Serious infection 0 (0)
Opportunistic infection‡ 2 (0.8)
Herpes zoster§ 5 (2.1)
Active tuberculosis 0 (0)

Creatine phosphokinase elevation¶ 28 (11.8)
Hepatic disorder# 24 (10.1)
Neutropenia** 7 (2.9)
Anemia** 3 (1.3)
Lymphopenia** 2 (0.8)
Renal dysfunction 0 (0)
Gastrointestinal perforation 0 (0)
Malignancy†† 1 (0.4)
Adjudicated MACE 0 (0)
Adjudicated VTE 0 (0)
Uveitis‡‡ 13 (5.5)
Inflammatory bowel disease 0 (0)
Death 0 (0)

* Values are the number of events (number of events per 100 patient-
years) in all patients receiving upadacitinib 15 mg once daily (n = 182; 
total of 237.6 patient-years). MACE = major adverse cardiovascular 
event; VTE = venous thromboembolic event. 
† See Supplementary Table 5, available on the Arthritis & Rheumatology 
website at http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41911/​
abstract, for more details. 
‡ Two nonserious events of esophageal candidiasis occurred in the 
same 60-year-old patient with a history of gastroesophageal reflux 
disease. Each event was moderate in severity and assessed by the 
investigator as having a reasonable possibility of being related to 
study drug. The study drug was temporarily interrupted for each 
event but was restarted. 
§ Five events in 4 patients; all were nonserious and limited to 1 
dermatome. 
¶ All events were nonserious, and none led to study drug discontin
uation. The majority were asymptomatic and based on creatine 
phosphokinase increases of <4 times the upper limit of normal. 
# The majority were based on asymptomatic alanine aminotransfer
ase/aspartate aminotransferase elevations. All were nonserious, and 
none led to study drug discontinuation. 
** All events were nonserious, and none led to study drug disconti
nuation. 
†† Squamous cell carcinoma of the tongue (stage IVa tumor) in 
a 61-year-old male former smoker (~1 pack per day for 40 years). 
There was no reasonable possibility the event was related to the 
study drug, per the investigator. 
‡‡ Includes 13 events in 8 patients. All were nonserious and assessed 
as having no reasonable possibility to be related to the study drug. The 
majority of events occurred in HLA–B27–positive ankylosing spondylitis 
patients with a history of uveitis, were mild or moderate in severity, 
transient, and resolved with local treatment (glucocorticoid eye-drop). 
One patient discontinued the study. See Supplementary Table 6, 
available on the Arthritis & Rheumatology website at http://onlin​e​libr​ary.
wiley.com/doi/10.1002/art.41911/​abstract, for more details. 
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this study. Whether upadacitinib treatment has an advantage over 
IL-17 inhibitors, which are not recommended for patients with 
concomitant active IBD (4), needs further investigation.

Limitations of this study include the open-label nature of 
period 2, the lack of an active comparator to contextualize efficacy 
and safety data, and that only 1 dose of upadacitinib was studied. 
Of note, head-to-head studies in RA and PsA help to put upad-
acitinib data into context (33,41,42), and upadacitinib exposure–
response analyses of the SELECT-AXIS study and of the phase II 
and III upadacitinib RA studies suggested that upadacitinib phar-
macokinetics were similar in patients with AS and patients with 
RA, and predicted that the 15-mg dose would maximize efficacy in 
patients with AS (43,44). The upadacitinib 15-mg once daily dose 
appears to show an optimal benefit–risk profile in RA and PsA 
(including in PsA patients with axial symptoms) (33,34,42,45,46). 
In addition, SELECT-AXIS 1 only included a biologic DMARD-
naive population and further evaluation on the effect of upadac-
itinib in biologic DMARD inadequate responders (as examined in 
the ongoing SELECT-AXIS 2 study) is needed (47). The strengths 
of SELECT-AXIS 1 include that it was a well-controlled trial that 
showed consistent maintenance of response without new safety 
findings compared with the RA and PsA programs.

In summary, upadacitinib 15 mg once daily showed sus-
tained and consistent efficacy over 1 year in patients with active 
AS. Patients who switched from placebo to upadacitinib at week 
14 showed a similar efficacy response compared with those who 
received continuous upadacitinib. Safety results were compara-
ble with previous upadacitinib studies. Overall, oral upadacitinib 
therapy over 1 year was efficacious and well tolerated, suggesting 
it may help address an unmet need for patients with AS who have 
active disease and an inadequate response to NSAIDs. The long-
term efficacy and safety of upadacitinib, including long-term imag-
ing, will be assessed over 2 years in the SELECT-AXIS 1 extension.
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Identification and Evaluation of Serum Protein 
Biomarkers That Differentiate Psoriatic Arthritis From 
Rheumatoid Arthritis
Angela Mc Ardle,1  Anna Kwasnik,1 Agnes Szentpetery,1 Belinda Hernandez,2 Andrew Parnell,1 Wilco de Jager,3 
Sytze de Roock,4 Oliver FitzGerald,1 and Stephen R. Pennington1

Objective. To identify serum protein biomarkers that might distinguish patients with early inflammatory arthritis 
(IA) with psoriatic arthritis (PsA) from those with rheumatoid arthritis (RA) and may be used to support appropriate 
early intervention.

Methods. The serum proteome of patients with PsA and patients with RA was interrogated using nano–liquid 
chromatography mass spectrometry (nano-LC-MS/MS) (n = 64 patients), an aptamer-based assay (SomaScan) 
targeting 1,129 proteins (n = 36 patients), and a multiplexed antibody assay (Luminex) for 48 proteins (n = 64 patients). 
Multiple reaction monitoring (MRM) assays were developed to evaluate the performance of putative markers using 
the discovery cohort (n = 60 patients) and subsequently an independent cohort of PsA and RA patients (n = 167).

Results. Multivariate machine learning analysis of the protein discovery data from the 3 platforms revealed that it 
was possible to differentiate PsA patients from RA patients with an area under the curve (AUC) of 0.94 for nano-LC-
MS/MS, 0.69 for bead-based immunoassay measurements, and 0.73 for aptamer-based analysis. Subsequently, in 
the separate verification and evaluation studies, random forest models revealed that a subset of proteins measured 
by MRM could differentiate PsA and RA patients with AUCs of 0.79 and 0.85, respectively.

Conclusion. We present a serum protein biomarker panel that can separate patients with early-onset IA with PsA 
from those with RA. With continued evaluation and refinement using additional and larger patient cohorts, including 
those with other arthropathies, we suggest that the panel identified here could contribute to improved clinical decision 
making.

INTRODUCTION

Psoriatic arthritis (PsA) is a form of inflammatory arthritis 
(IA) affecting ~0.25% of the population (1–4). It is a highly het-
erogeneous disorder associated with joint damage, disability, 
disfiguring skin disease, and poor patient-related quality of life 
outcome measures (4). Inherently irreversible and frequently pro-
gressive, the process of joint damage begins at or before the clin-
ical onset of disease. Indeed, structural joint damage, which is 
likely to result in joint deformity and disability, is present in 47% 
of patients within 2 years of disease onset (3,5). Reductions in 

quality of life and physical function are comparable to those in 
rheumatoid arthritis (RA) and are compounded by the presence 
of chronic disfiguring skin disease (6–9). Direct and indirect health 
costs pose a significant economic burden on society and increase 
with severe physical dysfunction (9).

Early diagnosis and management of PsA leads to better 
long-term outcomes; however, with no diagnostic laboratory test 
available, the diagnosis is often delayed or missed, and this has sig-
nificant consequences for individuals with PsA (10–12). At disease 
onset, PsA often resembles other forms of arthritis including RA. 
Despite the clinical similarities between PsA and RA, their distinctive 
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pathologic manifestations often require different treatments. For 
example, drugs targeting the interleukin-12 (IL-12)/IL-23 and IL-17 
pathways, which are highly effective in psoriasis and PsA, are inef-
fective in RA, while drugs targeting B cells such as rituximab are 
effective in RA but have not been proven beneficial in PsA (4,13).

PsA is most often diagnosed when a patient presents 
with musculoskeletal inflammation in the presence of psoriasis 
and in the absence of rheumatoid factor (RF). However, a clear 
diagnosis can be difficult, as up to 10% of PsA patients may have 
RF or anti–citrullinated peptide antibody (ACPA), and joint involve-
ment may precede the development of skin or nail psoriasis in 
15% of patients with PsA (14). The Classification of Psoriatic Arthri-
tis (CASPAR) Study Group criteria are accepted as having high 
sensitivity (98.7%) and specificity (91.4%) in classifying patients 
with longstanding PsA (15). CASPAR criteria show reduced sen-
sitivity in patients with early disease (87.4%), though specificity is 
improved (99.1%) (16). CASPAR criteria are valid when including 
patients in research studies or in clinical trials, but it is recognized 
that they should not be used for diagnosis and are of little value 
therefore in a primary care or dermatology setting where specialist 
rheumatologic expertise is very often not readily available (4,17). 
An effective clinical laboratory test is needed to improve diagnosis 
and clinical decision making in PsA.

Ideally, a clinical laboratory test should be based on an eas-
ily accessible biologic sample such as blood (10), and we there-
fore set out to discover serum-based biomarkers that could 
discriminate between patients with PsA and those with RA. With 
advances in multiplexed technologies, it has become possible 
to simultaneously measure multiple analytes. However, in com-
plex biologic fluids such as serum, it is apparent that no single 
technological platform is capable of measuring the entire protein 
content of a given sample (3,4,18). For this reason, we under-
took a comprehensive and complementary analysis of the serum 
proteome in a cohort of patients with early IA. We used unbiased 
nano–liquid chromatography mass spectrometry (nano-LC-MS/
MS) for serum samples depleted of abundant proteins to iden-
tify differentially expressed proteins. In parallel, aptamer-based 
and bead-based multiplexed assays were used to target low-
abundant proteins not easily detectable by nano-LC-MS/MS. Sta-
tistical analysis revealed that proteins identified by nano-LC-MS/
MS were the most useful in differentiating individuals with PsA 
from those with RA. Therefore, in subsequent steps we prioritized 
these proteins for further investigation.

The translation of biomarkers from discovery to clinical use 
poses many challenges, not least because of the difficulty of con-
fidently identifying suitable candidates from the discovery phase. 
Multiple reaction monitoring (MRM), a form of targeted MS, is a 
highly versatile approach that makes it relatively easy to develop 
and adapt assays that support the simultaneous measurement 
of multiple proteins. Assay development times are typically much 
shorter for MRM assays compared to enzyme-linked immu-
nosorbent assays (ELISAs), and multiplexing of MRM assays 

is significantly easier. We therefore exploited the advantages of 
MRM to undertake a 2-phase approach to progress the candi-
date protein biomarkers identified in the nano-LC-MS/MS discov-
ery study. First, we undertook a verification phase in which MRM 
assays for a panel of 150 candidate biomarker proteins identified 
in the discovery cohort were developed and used to measure 
protein levels in patients from that cohort; in a second evaluation 
phase, we adapted the MRM assay to encompass an expanded 
panel of 173 proteins and used this to measure the proteins in an 
independent cohort. Figure 1 provides an overview of the study 
workflow.

PATIENTS AND METHODS

Patients. In the discovery and initial verification phases, a 
total of 64 patient samples were used, and the extensive clinical 
characterization of the cohort has previously been described in 
full by Szentpetery et al (19). Briefly, patients ages 18 to 80 years 
with recent-onset (symptom duration <12 months), treatment-
naive PsA or RA with active joint inflammation were enrolled. PsA 
patients (n = 32) fulfilled the CASPAR criteria (15), and patients with 
RA (n = 32) met the American College of Rheumatology (ACR)/
European Alliance of Associations for Rheumatology (EULAR) 
2010 classification criteria (20). Baseline serum samples were 
obtained from each patient using standard methodology, aliquot-
ted, and frozen at −80°C (see Supplementary Document 1 on 
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41899/abstract). The study was approved 
by St. Vincent’s Healthcare Group Ethics and Medical Research 
Committee, and patients were enrolled only after agreeing to par-
ticipate in the study and providing informed consent.

Samples from a total of 167 patients were used in the second 
verification phase. There were 95 patients recruited from a cross-
sectional cohort of patients with established PsA who all met 
CASPAR criteria and 72 patients recruited from the RA Biologics 
Registry of Ireland who all met ACR/EULAR 2010 classification 
criteria and had similar levels of active disease as the PsA patients. 
Again, baseline serum samples were obtained, aliquotted, and 
frozen at −70°C.

Label-free nano-LC-MS/MS analysis. A detailed descrip-
tion of the unbiased LC-MS/MS workflow has previously been 
described (10). Briefly, serum samples (1,700 μg) were depleted of 
the 14 most abundant serum proteins (albumin, transferrin, hap-
toglobin, IgG, IgA, α1-antitrypsin, fibrinogen, β2-macroglobulin, 
α1-acid glycoprotein, complement C3, IgM, apolipoprotein A-I, 
apolipoprotein A-II, and transthyretin) using the Agilent Multiple 
Affinity Removal System comprising a Hu-14 column (HuMARS14) 
(4.6 × 100 mm; Agilent Technologies, no. 5188-6557) on a Biocad 
Vision Workstation. Depleted fractions (containing 50 µg protein) 
were reduced, denatured, and alkylated prior to trypsinization. 
The digested samples were desalted and purified using C18 resin 
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pipette stage tips. Purified samples were dried under vacuum 
and resuspended in MS-compatible buffer A (3% acetonitrile, 
0.1% formic acid) (21,22). Label-free nano-LC-MS/MS analysis 
was performed on a Q Exactive mass spectrometer equipped 
with a Dionex Ultimate 3000 (RSLCnano) chromatography sys-
tem (ThermoFisher Scientific). Two microliters (equivalent to 2 µg 
of digested protein) of each sample were injected onto a fused 

silica emitter separated by an increasing acetonitrile gradient over 
101.5 minutes (flow rate 250 nl/minute) (10).

Bioinformatic data analysis. As previously reported, 
nano-LC-MS/MS data were visually inspected using XCalibur 
software (version 2.2 SP1.48). MaxQuant (version 1.4.12) was 
then used for quantitative analysis of the LC-MS/MS data, while 

Figure 1.  Overview of the experimental workflow. Three platforms were used: nano–liquid chromatography mass spectrometry (nano-LC-MS/MS), 
aptamer-based immunoassays, and bead-based immunoassays for biomarker discovery. Resulting data were analyzed by univariate and multivariate 
analysis. Putative biomarkers identified by nano-LC-MS/MS proteins were brought forward for multiple reaction monitoring (MRM) assay development, 
which was divided into 2 phases. During phase I, it was possible to develop an assay for 150 proteins which were measured in the discovery cohort. 
During phase II, an assay was developed for 173 proteins which were measured in an independent evaluation cohort. SA = streptavidin.
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Perseus software (version 1.5.0.9) supported statistical analysis 
(10,23).

Aptamer-based analysis. Individual patient serum sam-
ples were subjected to a multiplexed aptamer-based assay devel-
oped by Gold et al to measure the levels of 1,129 proteins, as 
previously reported (10).

Bead-based immunoassay. Individual serum samples 
were subjected to in-house–developed and validated multiplexed 
immunoassays measuring 48 analytes. The assays and analyses 
were undertaken, as previously described, at the Multiplex Core 
Facility Laboratory of Translational Immunology at the University 
Medical Centre Utrecht (10).

MRM design and optimization. The development and 
optimization of MRM assays was performed using Skyline soft-
ware (version 3.6.0.1062) (MacCoss Lab) (24). Assays for proto-
typic peptides were developed for all proteins of interest where 
peptides showed no missed cleavages or “ragged ends” and 
sequence length was between 7 and 25 amino acids. When 
possible, peptide sequences with reactive cysteine or methionine 
residues were avoided but not excluded. An MRM assay was 
deemed to be analytically validated when it demonstrated the 
following characteristics: dot product ≥0.8, signal to noise ≥10, 
data points under the curve ≥10 (25), and percentage coefficient 
of variance showing a retention time ≤1% and area ≤20% (26). 
The majority of MRM assays developed significantly exceeded 
these criteria.

Sample preparation for LC-MRM analysis. Verification 
phase. Crude serum (2 µl) was added to the wells of 96-well 
deep well plates (ThermoFisher Scientific) and diluted at 1:50 
with NH4CO3 (Sigma). RapiGest denaturant (Waters) was resus-
pended in 50 mM NH4CO3 to give a stock solution of 0.1% 
weight/volume, and 50 μl of this stock solution was added to 
each sample so that the final concentration of RapiGest was 
0.05%. Plates were covered with adhesive foil (ThermoFisher 
Scientific), and samples were incubated in the dark at 80°C for 
10 minutes. After incubation, plates were centrifuged at 2,000 
relative centrifugal force (rcf) at 4°C for 2 minutes to condense 
droplets. Subsequently, dithiothreitol (DTT) was added to each 
sample at a final concentration of 20 mM. Samples were then 
incubated at 60°C for 1 hour followed by centrifugation at 2,000 
rcf at 4°C for 2 minutes.

Next, iodoacetamide was added to each sample to give a 
final concentration of 10 mM, and plates were incubated at 37°C 
in the dark for 30 minutes. Plates were again centrifuged at 2,000 
rcf at 4°C for 2 minutes, and samples were then diluted with LC-
MS/MS–grade H2O to produce a final concentration of 25 mM 
NH4CO3. Trypsin (Promega) was added to each sample so that 
the protein:enzyme ratio was 25:1. The reaction was stopped with 

the addition of 2 μl of neat trifluoroacetic acid  (Sigma) to each 
sample and incubated for a further 30 minutes at 37°C. In order 
to pellet RapiGest, digests were transferred from 96-well plates to 
1.5 ml low-bind Eppendorf tubes and centrifuged for 30 minutes 
at 12,000 rcf. Supernatants were removed and transferred into 
clean Eppendorf tubes and lyophilized by speed vacuum at 30°C 
for 2 hours. Lyophilized samples were stored at −80°C until further 
use.

Evaluation phase. The denaturant used previously (Rapi-
Gest) was substituted with 25 µl denaturant solution comprising 
50% trifluoroethanol in 50 mM NH4HCO3 with 10 mM DTT, and 
this mitigated the need for the high-speed spin and transfer of 
supernatant, which represented an additional processing step 
less compatible with 96-well plate workflows.

MRM analysis. MRM analysis was performed using an 
Agilent 6495A triple-quadrupole mass spectrometer with Jet-
Stream electrospray source (Agilent) coupled to a 1290 Qua-
ternary Pump HPLC system. Peptides were separated using 
analytical Zorbax Eclipse Plus C18 (rapid resolution HT 2.1 × 
50 mm, 1.8um, 600-bar columns) (Agilent) before introduction 
to the triple-quadrupole mass spectrometer. A linear gradient of 
acetonitrile (99.9% acetonitrile, 0.1% formic acid) 3–75% over 
17 minutes was applied at a flow rate of 0.400 µl/minute with 
a column oven temperature of 50°C. Source parameters were 
as follows: gas temperature 150°C, gas flow 15 liters/minute, 
nebulizer psi 30, sheath gas temp 200°C, and sheath gas flow 
11 liters/minute. Peptide retention times and optimized collision 
energies were supplied to MassHunter (B0.08; Agilent Technolo-
gies) to establish a dynamic MRM-scheduled method based on 
input parameters of 800-msec cycle times and 2-minute reten-
tion time windows. The percentage coefficient of variation (%CV) 
of biologic and technical replicates was used as a measure of 
variance and was calculated using the following standard calcu-
lation: %CV = (SD/mean) × 100.

ELISA analysis. C-reactive protein (CRP) levels were eval-
uated at St. Vincent’s University Hospital using an automated 
CRPL3 Tina-quant assay (Roche Diagnostics).

Statistical analysis. GraphPad Prism software package 
(version 7.00) was used to investigate the statistical significance 
of bead-based immunoassay data, while SomaSuite (version 
1.0) was used to analyze aptamer-based assay data. The ability 
of quantified proteins/peptides to predict the diagnosis (PsA or 
RA) for individual patients was assessed using the random forest 
package in R (version 3.3.2). The most important variables in pro-
viding the receiver operating characteristic (ROC) area under the 
curve (AUC) were selected using the variable importance index, 
and the Gini decrease in impurity was used to assess the impor-
tance of each variable. All AUC values were obtained using the 
ROC R package.
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RESULTS

Patient sample characterization and study design. 
For the discovery of novel candidate protein biomarkers, serum 
samples were collected at baseline from patients with early-
onset, treatment-naive PsA (n = 32) and those with early-onset, 
treatment-naive RA (n = 32). Samples from a second independent 
cohort (PsA, n = 95; RA, n = 72) were used to confirm the perfor-
mance of the putative markers identified during discovery. While 
these PsA and RA patients may have been receiving treatment at 
the time of baseline serum sampling, there were similar levels of 
active disease (as reflected by CRP level, erythrocyte sedimen-
tation rate [ESR], and joint counts) in both patient groups. Key 
demographic and clinical characteristics for all patients are sum-
marized in Table 1.

Unbiased nano-LC-MS/MS–based protein analysis. 
To investigate differential serum protein expression between 
patients with PsA and those with RA, individual serum sam-
ples that had been depleted of high-abundance serum proteins 
were analyzed by nano-LC-MS/MS using a Q Exactive Hybrid 
Quadrupole-Orbitrap mass spectrometer. A total of 451 proteins 
were identified, of which 121 were identified in all 64 individual 
serum samples. Univariate analysis was applied to the 121 com-
monly identified proteins, and multivariate analysis was applied to 
the complete data set. Univariate analysis (Student’s t-test using 
a Benjamini-Hochberg false discovery rate of 0.01) showed that 
66 proteins were significantly differentially expressed between 
PsA and RA (Supplementary Table 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.41899/abstract). Unsupervised hierarchical 
cluster and principal components analysis performed using these 

66 proteins revealed the overall differences/similarities between 
serum protein levels in the individual PsA and RA patients; clear 
within-group clustering and between group separations were 
observed (Figure 2). Random forest analysis of data from 451 
proteins identified in the 64 patient samples demonstrated that 
patients with PsA and those with RA could be differentiated with 
an AUC of 0.94 (Table 2) (ROC plot in Supplementary Figure 1A, 
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract). 

Table 1.  Baseline demographic and clinical characteristics of patients in the discovery, verification, and evaluation cohorts*

Discovery and biomarker verification cohort Independent cohort for biomarker evaluation

Total (n = 64) PsA (n = 32) RA (n = 32) Total (n = 167) PsA (n = 95) RA (n = 72)
Age 43.6 ± 13.3 39.6 ± 11.14† 47.7 ± 14.1 53 ± 8.1 52 ± 6.6 55 ± 9.6
Female, no. (%) 37 (58) 15 (47) 22 (69) 89 (53) 51 (54) 38 (53)
Anti-CCP positive, no. (%) 33 (52) 0 26 (81) 49 (29) 1 (1) 48 (67)
RF positive, no. (%) 25 (39) 0 25 (78) 50 (30) 3 (3) 47 (65)
ESR, mm/hour 19.4 ± 16.8 12.0 ± 8.1‡ 26.7 ± 20.0 NA NA NA
CRP, mg/liter (normal <5) 14.4 ± 19.8 6.6 ± 8.3‡ 22.2 ± 24.6 24.9 ± 30.6 28.2 ± 27.8§ 20 ± 34.0
DAS28-CRP, median (IQR) 4.2 (1.66–6.88) 3.7 (2.1–5.8) 4.9 (1.7–6.9) NA¶ NA¶ 4.2 (1.1–7.6)
TJC, median (IQR) (range 0–28) 6 (0–23) 4 (0–20)# 8.5 (0–23) NA¶ 10.4 (0–38)¶ 8.2 (0–28)
SJC, median (IQR) (range 0–28) 2 (0–12) 1 (0–5)‡ 3.5 (0–12) NA¶ 7.2 (0–25)¶ 5.2 (0–24)
Dactylitis, no. (%) NA 10 (31) NA NA¶ 44 (46.3) NA
BMI, kg/m2 28.1 ± 6.3 27.97 ± 6.3 28.24 ± 6.3 28.0 ± 8.6 30.0 ± 10.6‡ 27.2 ± 5.1
PASI, median (range) NA 3.35 (0–27.7) NA NA 2.2 (0–14) NA

* Except where indicated otherwise, values are the mean ± SD. anti-CCP = anti–cyclic citrullinated peptide; RF = rheumatoid factor; ESR = 
erythrocyte sedimentation rate; NA = not available; IQR = interquartile range; BMI = body mass index; PASI = Psoriasis Area and Severity 
Index. 
† P < 0.05 versus rheumatoid arthritis (RA) patients. 
‡ P < 0.01 versus RA patients. 
§ P < 0.0001 versus RA patients. 
¶ For the validation cohort, 68 and 66 joints were counted for the tender joint count (TJC) and swollen joint count (SJC), respectively, in the 
psoriatic arthritis (PsA) group, and therefore the Disease Activity Score in 28 joints using the C-reactive protein level (DAS28-CRP) could not 
be calculated. 
# P < 0.001 versus RA patients. 

Figure 2.  Association of protein signatures with diagnosis of 
psoriatic arthritis (PsA) or rheumatoid arthritis (RA). A, Unsupervised 
hierarchical cluster analysis. B, Supervised hierarchical cluster 
analysis. C, Principal components analysis. Plots were generated 
for differentially expressed proteins between PsA patients (n = 30) 
and RA patients (n = 30). P ≤ 0.01 by Benjamin-Hochberg false 
discovery rate.

http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
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Taken together, these data strongly suggest that there is a differ-
ence in the serum protein profiles between newly diagnosed PsA 
patients and RA patients. The top 50 proteins providing the AUC 
are listed in Supplementary Table 2 (http://onlinelibrary.wiley.com/
doi/10.1002/art.41899/abstract).

Aptamer- and bead-based targeted protein anal-
ysis. To extend the breadth and depth of proteome coverage 
afforded by nano-LC-MS/MS, serum samples were subjected 
to analysis using 2 complementary protein measurement plat-
forms. Aptamer-based analysis supported the quantification of 
1,129 proteins in a subset of the patient samples for PsA (n = 18) 
and RA (n = 18). Univariate analysis revealed that 175 proteins 
were significantly differentially expressed between PsA and RA 
patients (Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.41899/abstract). Multivariate analysis of the data  
obtained from the aptamer-based analysis revealed that it was 
possible to discriminate PsA from RA with an AUC of 0.73 (Table 2) 
(ROC plot in Supplementary Figure 1B, http://onlinelibrary.wiley.
com/doi/10.1002/art.41899/abstract).

Based largely on their known importance in PsA and RA (3), 
48 proteins were selected for analysis using in-house–developed   
multiplexed bead-based immunoassays (10). Of the 48 proteins 
targeted, 23 were identified in every sample. T-tests revealed that 
4 proteins (IL-18 [P ≤ 0.001], IL-18 binding protein [P ≤ 0.05], 
hepatocyte growth factor [P ≤ 0.05], and tumor necrosis fac-
tor receptor superfamily member 6 [P ≤ 0.05]) were differentially 
expressed between PsA and RA samples (Supplementary Figure 2, 
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract).  
Random forest analysis of the bead-based immunoassay data 
showed that patients could be segregated with an AUC of 0.69 
(Table 2 and Supplementary Figure 1C). Compared to the nano-
LC-MS/MS analysis, the candidate protein biomarker discovery 
by both aptamer-based and bead-based assays yielded data sets 
with reduced predictive power, and therefore the subsequent eval-
uation process was streamlined to focus only on proteins identi-
fied by nano-LC-MS/MS.

LC-­MRM verification of nano-­LC-­MS/MS–­identified 
biomarkers. MRM is a targeted MS technology that is increas-
ingly used to support candidate biomarker evaluation following 
LC-MS/MS and other protein discovery approaches. Both the cost 

of MRM analysis and the time required to develop and optimize 
MRM assays are considerably less than antibody-based methods 
(27). For these and other reasons, MRM-based measurement of 
the nano-LC-MS/MS–identified proteins represents an attractive 
approach for verification and evaluation of their biomarker per-
formance. The multiplexing capabilities afforded by MRM facili-
tated the development of an assay that included the top-ranking 
discriminatory candidate proteins from univariate and multivariate 
analysis of the nano-LC-MS/MS discovery data described above, 
but also allowed for the inclusion of additional proteins identified 
previously during studies of pooled patient samples (data not 
shown). A total of 233 proteins represented by 735 peptides and 
3,735 transitions (5 per peptide) were brought forward for MRM 
assay development. Of the 233 proteins brought forward, it was 
possible to develop assays for 150 of them, represented by 299 
peptides. The remaining candidates could not be detected repro-
ducibly in crude serum. Of the 50 proteins listed in Supplementary 
Table 2, 33 were included in the assay.

This MRM assay panel was then used to measure the can-
didate proteins in 60 patient samples from the discovery cohort. 
It is noteworthy that to minimize any technical bias, both the pre-
analytical processing and MRM analysis were undertaken in a 
randomized manner. Random forest analysis revealed that using 
this MRM assay panel it was possible to distinguish PsA from RA 
with an AUC of 0.79 (Figure 3A). While this initial work was in pro-
gress, we independently found an additional 23 candidate bio-
marker proteins to be capable of identifying other forms of IA (28). 
MRM assays for these proteins were developed and added to the 
initial MRM assay panel, yielding a new total number of proteins 
of 173 (represented by 334 peptides). This expanded panel was 
used to measure candidate proteins in an independent evaluation 
cohort of 95 PsA patients and 72 RA patients (Table 1). Seven syn-
thetic isotopically labeled (SIL) peptides were incorporated into the 
assay to control for potential analytical variation. Summed inten-
sity values from the SIL peptides were used to normalize patient 
data. Random forest analysis revealed that PsA patients could be 
separated from those with RA with an AUC of 0.85 (Figure 3B). 
The proteins ranked as most important in providing the AUC val-
ues are reported in Supplementary Table 4 (http://onlinelibrary.
wiley.com/doi/10.1002/art.41899/abstract).

Table 2.  Determination of protein signatures to predict diagnosis in 
patients with early PsA and those with RA*

Platform No.
Correctly 

predicted/total AUC
LC-MS/MS 60 55/60 0.94
Aptamer-based immunoassay 36 26/36 0.73
Bead-based immunoassay 64 43/64 0.69

* Area under the curve (AUC) values were generated using predicted 
probabilities from the random forest model used to discriminate 
between the groups. PsA = psoriatic arthritis; RA = rheumatoid 
arthritis; LC-MS/MS = liquid chromatography mass spectrometry. 

Figure 3.  Receiver operating characteristic curve for performance 
of protein signatures in the discovery cohort (n = 30 psoriatic arthritis 
[PsA] patients and 30 rheumatoid arthritis [RA] patients) (A) and in 
the independent evaluation cohort (n = 95 PsA patients and 72 RA 
patients) (B). AUC = area under the curve.

http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41899/abstract
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The data demonstrate clear overlap between proteins used 
to distinguish PsA patients from RA patients included in the dis-
covery and verification cohorts. The differential expression levels 
of these overlapping proteins are illustrated in Figure 4. To this 
end, α2-HS glycoprotein, α1-antichymotrypsin, haptoglobin, 
haptoglobin-related protein, and RF C6 light chain (Vκ1) were 
found to be significantly up-regulated in RA patients compared to 
PsA patients when measured by MRM. Alpha-1-acid glycoprotein 
and coagulation factor XI were also found to be up-regulated in 
RA compared to PsA during both biomarker verification and the 
evaluation phase, but the observation only reached significance 
during the evaluation phase. This highlights the value in developing 
MRM assays for large panels of candidate proteins and evaluating 
them using additional independent patient cohorts. In the case of 
thrombospondin 1 (TSP-1), the protein was found to be slightly up-
regulated in RA patients during verification in the initial discovery 

cohort but was significantly up-regulated in PsA patients during 
the subsequent validation stage. It is evident that the potential PsA 
versus RA discriminatory role of this protein will require continued 
evaluation using additional independent cohorts.

Taken together, these observations provide support for the 
strategy we adopted, i.e., to use discovery experiments to gener-
ate an extensive panel of candidates and to use analytically robust 
MRM assays to verify their performance (using the initial discovery 
cohort), with a separate cohort of patients for evaluation. It is note-
worthy that all samples used here were from patients who under-
went detailed and expert clinical evaluation. It is also apparent 
that the strategy can be used to develop an initial classifier which 
can be tested and further developed to improve the performance 
of the predictive algorithm. This ongoing evolution of the MRM 
assay panel and associated machine learning algorithms repre-
sent a new and powerful approach to biomarker development. 

Figure 4.  Protein expression changes in PsA and RA, as measured by multiple reaction monitoring (MRM). Eight proteins contributing to the 
AUC generated during target biomarker verification (AUC 0.79) and evaluation (AUC 0.85) show concordant expression changes in independent 
cohorts. A, During the initial verification phase, α1-acid glycoprotein 1 (A1AG), coagulation factor XI (FA11), and thrombospondin 1 (TSP-1) 
were not significantly differently expressed between PsA and RA patients. Proteins α2-glycoprotein (A2AGL) (P < 0.006), α1-antichymotrypsin 
(AACT) (P < 0.020), haptoglobin (HPT) (P < 0.001), and haptoglobin-related protein (HPTR) (P < 0.015) were significantly up-regulated in RA. B, 
During a subsequent evaluation phase, α1-acid glycoprotein 1 (P < 0.00001), α2-glycoprotein (P < 0.00001), α1-antichymotrypsin (P < 0.00001), 
haptoglobin (P < 0.0001), haptoglobin-related protein (P < 0.00001), Vκ1 (P < 0.0001), and coagulation factor XI were significantly up-regulated 
in RA, while TSP-1 was significantly up-regulated in PsA (P < 0.00001). C, MRM and mass spectrometry spectrum for C-reactive protein (CRP) 
levels are shown. D, CRP levels analyzed by enzyme-linked immunosorbent assay (ELISA) (P ≤ 0.009) and MRM (P ≤ 0.006) are shown. E, 
Pearson’s correlation between ELISA and MRM measurements of CRP levels (R2 = 0.8345) is shown. See Figure 3 for other definitions.
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Finally, there are at least 2 potential routes to implementing a multi-
plexed protein biomarker panel in the clinical setting. One is to use 
MRM assays and the other to develop antibody-based assays 
for the proteins of interest. To explore the extent to which MRM 
data may align with ELISA, we compared our MRM data on CRP 
levels with results obtained by standard clinical laboratory ELISA. 
MRM measurements were compared to the ELISA measurements 
in the 60 samples from the discovery set. It was not surprising 
to find that serum CRP levels were significantly up-regulated in 
patients with RA compared to those with PsA when measured by 
both ELISA (P ≤ 0.005) and MRM (P ≤ 0.001) (Figure 4D). Interest-
ingly, the CRP values from both platforms were strongly correlated 
(R2 = 0.8345) (Figure 4E), indicating that protein (peptide) mea
surements obtained by MRM can provide values similar to those 
obtained by existing immunoassays.

DISCUSSION

PsA is a complex disease with diverse manifestations; the 
clinical features observed in individuals with PsA often vary sub-
stantially but can overlap with other diseases. Differentiating 
between PsA and RA can be clinically challenging because of the 
similarities in their clinical presentation (29). It is increasingly evi-
dent that making an accurate diagnosis is important in order to 
determine which therapeutic strategy to adopt to optimize clinical 
and radiographic outcomes (30). With no diagnostic laboratory 
test available, the diagnosis is clinical: it depends on the skills and 
knowledge of the assessor and is commonly based on the pres-
ence of inflammatory musculoskeletal disease in a patient with 
skin/nail psoriasis and in the absence of RF (31). However, the 
lack of clear definitions for dermatologists and general practition-
ers for inflammatory musculoskeletal disease, coupled with inad-
equate training in musculoskeletal examination techniques, leads 
to diagnostic uncertainty and delay. As many as 30% of psoriasis 
patients visiting dermatology practices may have undiagnosed 
PsA (32). A diagnostic delay of >6 months is not uncommon, and 
this contributes to poor radiographic and functional outcomes 
(33,34).

There is a critical need to differentiate PsA from other forms of 
IA, including RA, and to develop and disseminate new approaches 
for the objective and sensitive diagnosis of PsA. This is especially 
important at the early stages of less differentiated disease, when 
a clear diagnosis and the establishment of disease-appropriate 
therapy may have the most impact in improving outcomes. Only a 
few studies have investigated whether there are biomarkers which 
discriminate between PsA and RA. In one study involving syno-
vial tissue, messenger RNA for vascular endothelial growth factor 
and angiopoietin 2 were elevated in PsA patients compared to RA 
patients (35). However, obtaining a synovial biopsy specimen is an 
invasive procedure, and the discomfort, time, and cost associated 
with tissue sampling makes it highly undesirable for use in routine 
clinical practice (35,36). More recently, Siebert et al identified 170 

urinary peptides that discriminated between patients with long-
standing PsA and those with other arthropathies, including early 
RA, with an AUC of 0.97 (37). These findings are very promising, 
but urine collection is especially vulnerable to physiologic variation 
arising from diet and liquid intake. Additionally, urine tends to be 
a very diluted matrix high in salt and low in protein concentration. 
Thus, in the absence of stepwise workflows for sample concen-
tration and clean-up, the quantification of proteins in urine can 
prove difficult as a result of interfering signals present in the matrix 
(38).

Serum is well recognized as a suitable sample for biomarker 
discovery, not least because proteins are shed from relevant 
affected tissues into the circulation, but also because it is readily 
obtained under standardized operating procedures (39). Thus, we 
used serum samples analyzed by 3 proteomic platforms (nano-
LC-MS/MS, aptamer-based assays, and bead-based assays). 
Each platform is capable of measuring a limited but comple-
mentary range of proteins present at different abundance levels. 
This approach was adopted in order to maximize coverage of 
the serum proteome, and to date it is the most comprehensive 
analysis of the serum proteome in patients with PsA and those 
with RA. Although 3 platforms were used to identify putative bio-
markers, the data from the unbiased nano-LC-MS/MS analysis 
proved to be more discriminatory compared to the data from the 
bead-based and aptamer-based platforms. A potential reason for 
this is that LC-MS/MS analysis allows for unbiased discovery of 
biomarkers, whereas the other approaches are limited by having 
fixed panels of protein markers. Furthermore, the aptamer-based 
platform uses a single aptamer to capture proteins, thus poten-
tially reducing the specificity of readouts (40). It is also possible 
that the smaller number of patient samples used in the aptamer-
based experiments may have constrained the statistical power 
of the analysis. With respect to the bead-based immunoassay, 
the 48 carefully selected proteins we measured may not have 
included key candidate cytokines and chemokines which could 
support the differentiation between PsA and RA. The proteins 
were selected based on their known importance in the pathogen-
esis of PsA and RA, but the panel was limited by the availability of 
proteins measurable with the in-house assay.

With no compelling evidence to justify the time and cost 
required to develop further multiplex antibody-based and/or 
aptamer-based assays, we instead focused on the nano-LC-MS/
MS data and performed follow-up studies using MRM. MRM is an 
excellent tool for supporting large-scale, multiprotein biomarker 
studies. It is typically used to narrow an initial list of candidate pro-
teins derived from discovery experiments to the subset that may 
truly address the clinical question under study (41). MRM analysis 
is performed using triple-quadrupole mass spectrometers, which 
inherently have higher sensitivity and greater linear dynamic range 
than the Orbitrap mass spectrometer used in the discovery exper-
iments here. This boost in sensitivity facilitates the detection of 
low-abundant proteins in complex samples and therefore reduces 
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the need for sample pre-enrichment steps. Thus, MRM sup-
ports more robust workflows as well as time- and cost-effective 
assay development compared to traditional antibody-based 
approaches. MRM is frequently less sensitive than an equivalent 
immunoassay, and it was for this reason that we did not initially 
attempt to develop MRM assays for putative markers identified 
only by the aptamer-based or the bead-based analysis (17,42). 
The development of MRM immunoassays for these candidate 
biomarker proteins represents an obvious way in which improving 
the performance of the existing panel could be explored (43).

In the 2 phases of MRM analysis described here, it was 
especially interesting to note that a subpanel of 8 proteins 
(leucine-rich α2-glycoprotein, α1-antichymotrypsin, haptoglobin, 
haptoglobin-related protein, RF C6 light chain, α1-acid glyco-
protein 1, coagulation factor XI, and TSP-1) that were identified 
as highly discriminatory during the initial verification phase were 
again confirmed as highly discriminatory during the second eval-
uation phase. Follow-up t-test analysis was performed on this set 
of proteins, and 7 of 8 proteins were found to be up-regulated in 
RA compared to PsA during both phases of analysis. TSP-1 was 
found to be significantly up-regulated in PsA compared RA during 
the second phase, whereas no significant difference was observed 
in initial verification. This discordance may relate to differences in 
the number of patients included in the 2 phases, or it may relate to 
the differences in the patients included; patients in the initial phase 
had early-onset, treatment-naive disease, while those included in 
the second phase had longer-standing disease and were receiving 
therapy. This highlights, in part, the advantage of maintaining large 
panels of proteins for ongoing evaluation in patient cohorts.

Further analysis of this 8-protein subpanel was carried out 
using a web-based resource “Search Tool for the Retrieval of 
Interacting Genes/Proteins” (https://strin​g-db.org/cgi/netwo​rk.pl),  
revealing the biologic functions of these 8 markers of interest (Sup-
plementary Table 5, http://onlinelibrary.wiley.com/doi/10.1002/art.  
41899/abstract). It is interesting to note that this panel is enriched 
for proteins functionally involved in structural remodeling, angi-
ogenesis, homeostasis, and transportation. This perhaps is not 
surprising since PsA and RA are characterized by an increase in 
bone turnover and dysregulated angiogenesis. The radiographic 
features in PsA and RA can be quite different, with bony erosion 
observed in both conditions but osteoproliferation only seen in 
PsA (3). In the context of this investigation, it was not unanticipated 
that markers of structural remodeling contributed to an algorithm 
discriminating between individuals with PsA and those with RA. 
Here, we demonstrated that a major advantage of using MRM is 
that it allows the investigator to rapidly adapt a panel to include 
new candidate biomarkers. Our CRP assay that was developed 
using MRM over a few days also showed values highly correlated 
with those generated by ELISA.

Our study has several strengths, including the comprehen-
sive and logical approach to biomarker development. Limitations 
include the modest number of patient samples in both study 

phases as well as the absence of healthy and disease controls. 
Differentiating between PsA and RA is the focus of the current 
study, but it is not the only challenge faced by clinicians, as it can 
also be challenging to distinguish PsA from other arthropathies 
and from patients who have skin psoriasis only (14). This certainly 
represents a future objective, and assessing this biomarker panel 
in the appropriate additional cohorts is a critical next step. It is 
noteworthy that the independent cohort included in the second 
phase of evaluation included patients that had longstanding dis-
ease compared to the discovery cohort, which included those 
with early-onset disease. Despite this, the 2 cohorts shared similar 
levels of active disease, as reflected by CRP level, ESR, and joint 
counts (Table 1). However, it should be noted that the Disease 
Activity Score using the CRP level (DAS28-CRP) (44) was used 
as a disease activity measure in the PsA discovery cohort. This 
is not recommended, since it does not reflect the 68-joint counts 
recommended for the disease. Notwithstanding this, the DAS28-
CRP results show that while lower in PsA, the mean values are not 
significantly different between the 2 diseases.

It is fair to say that the patients included in this study are rep-
resentative of those attending IA clinics. We believe that obtaining 
data and samples from real-world conditions is critically important 
if our assay is to consistently segregate PsA from RA regardless 
of disease duration, disease activity, treatment, or comorbidities. 
The performance of the biomarker panel may reflect a genuine 
difference in the protein profile between PsA and RA patients, but 
further work in a larger number of patient samples is needed. It will 
also be necessary to examine the performance of the panel in dis-
tinguishing PsA from other forms of IA and from healthy individuals.

It should be noted that all PsA patients included in both 
the discovery and verification cohorts met the CASPAR criteria, 
which was required for inclusion. Therefore, it was not possible 
in this study to compare the performance of the biomarker panel 
to that of CASPAR criteria or to test whether a combination of 
CASPAR criteria and biomarkers is more useful.  We intend to 
address this in a prospective study of psoriasis patients who 
are being followed up for the development of PsA or in a cohort 
of patients with early undifferentiated IA. Finally, although non-
inflammatory disease controls were not included in our present 
analysis, it is worth highlighting research by Chandran et al that 
identified differences in serum proteins in patients with PsA com-
pared to patients with osteoarthritis (45) and patients with psoria-
sis (46). The protein markers identified in these studies are prime 
candidates that should be included in future generations of MRM 
panel assays. At present, there is no diagnostic test for PsA and 
as a result, the diagnosis is often late or missed, resulting in func-
tional consequences for the patient (12,47). With at least 20% of 
the patients referred to early arthritis clinics diagnosed as having 
PsA, there is an urgent need to develop a test to support early 
detection of this disease (31).

In conclusion, the work described here represents a significant 
contribution toward the development of such a test. Fundamental 
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next steps have been outlined, and the MRM approach is ideally 
suited to support the large-scale studies required to develop and 
validate a robust panel of distinguishing biomarkers. We believe that 
with further development it will be possible to establish a diagnos-
tic test for PsA that will reduce diagnostic delay, inform treatment 
selection, and improve both short-term and long-term outcomes.
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Induction of Interferon-γ and Tissue Inflammation by
Overexpression of Eosinophil Cationic Protein in T Cells
and Exosomes

Huai-Chia Chuang,1 Ming-Han Chen,2 Yi-Ming Chen,3 Yi-Ru Ciou,1 Chia-Hsin Hsueh,1 Ching-Yi Tsai,1

and Tse-Hua Tan4

Objective. T cells play a critical role in the pathogenesis of systemic lupus erythematosus (SLE). Serum-derived
exosomes are increased in SLE patients and are correlated with disease severity. This study was undertaken to inves-
tigate whether T cell–derived exosomal proteins play a role in SLE pathogenesis.

Methods. We characterized proteins in T cell–derived exosomes from SLE patients and healthy controls by MACS-
Plex exosome analysis and proteomics. To study the potential pathogenic functions of the exosomal protein identified,
we generated and characterized T cell–specific transgenic mice that overexpressed that protein in T cells.

Results. We identified eosinophil cationic protein (ECP, also called human RNase III) as overexpressed in SLE T
cell–derived exosomes. T cell–specific ECP–transgenic mice (n = 5 per group) displayed early induction of serum
interferon-γ (IFNγ) levels (P = 0.062) and inflammation of multiple tissue types. Older T cell–specific ECP–transgenic
mice (n = 3 per group) also displayed an increase in follicular helper T cell and plasma B cell numbers, and in autoantibody
levels (P < 0.01). Single-cell RNA sequencing showed the induction of IFNγmessenger RNA (P= 2.2� 10-13) and inflamma-
tory pathways in ECP-transgenic mouse T cells. Notably, adoptively transferred ECP-containing exosomes stimulated
serum autoantibody levels (P < 0.01) and tissue IFNγ levels in the recipient mice (n= 3 per group). The transferred exosomes
infiltrated into multiple tissues of the recipient mice, resulting in hepatitis, nephritis, and arthritis.

Conclusion. Our findings indicate that ECP overexpression in T cells or T cell–derived exosomes may be a
biomarker and pathogenic factor for nephritis, hepatitis, and arthritis associated with SLE.

INTRODUCTION

Autoimmune diseases are chronic, debilitating, incurable, and
life-threatening diseases; patients with autoimmune diseases need
to receive treatments throughout their life. Patients with systemic
lupus erythematosus (SLE) may have inflammation and tissue
damage in the liver, kidney, skin, lung, joint, central nervous sys-
tem, and other organs (1). Despite recent advances in biologic ther-
apies (such as tocilizumab/anti–interleukin-6 receptor [anti–IL-6R]
antibody and adalimumab/anti–tumor necrosis factor [anti-TNF]
antibody), 30% of patients with rheumatoid arthritis (RA) and 26–
38% of patients with ankylosing spondylitis fail to respond to all
therapies (2–4). Furthermore, the majority of patients who show

improvement after treatment do not achieve complete remission,
and their response to therapymay diminish over time (5,6). Diagno-
sis and treatment of SLE are challenging due to complex symp-
toms and a lack of effective therapeutics (1,6). Identification of
novel therapeutic targets will help future development of effective
treatments for SLE. Moreover, novel diagnostic/prognostic bio-
markers will help to stratify patients who are likely to respond to a
specific drug, leading to precision medicine.

T cells promote autoimmune diseases by inducing autoanti-
body production and inflammatory responses (7–12). Effector
memory T cell and Th17 cell numbers are increased in SLE
patients (7,13,14). The Th1:Th2 cell ratio is also enhanced in
SLE patients (15,16). Th1-secreted interferon-γ (IFNγ) and TNF
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contribute to macrophage activation and damage of multiple tis-
sue types (15). Th17-secreted IL-17A is a key pathogenic cyto-
kine in inflammation and autoimmune responses (17,18). Th17
cells recruit macrophages and dendritic cells to inflammation
sites; Th17 cells also facilitate B cell activation and autoantibody
production (17). Conversely, the Treg cell population is decreased
in SLE patients (19). Thus, T cell hyperactivation plays a critical
role in the pathogenesis of SLE.

Cell-derived exosomes directionally deliver proteins, amino
acids, microRNA, or metabolites to targeted cells or tissues to
modulate cell or tissue characteristics (20–23). Moreover, T cell–
derived exosomal microRNAs modulate immune responses
(22,24,25). The number of exosomes in the sera of SLE patients
is correlated with disease severity (26). These serum-derived exo-
somes from SLE patients induce the production of proinflamma-
tory cytokines by impacted peripheral blood mononuclear cells
from healthy individuals (26). To date, the surface proteins and
intra-exosomal proteins of exosomes in SLE patients, as well as
the regulatory mechanisms of exosomal protein–induced inflam-
mation in SLE patients, remain unclear.

Eosinophil cationic protein (ECP; also called human RNase III)
is a defense protein; eosinophils release ECP during degranulation
against bacterial or parasitic infection (27). ECP disrupts the bacte-
ria membrane through binding to lipopolysaccharide or other bac-
terial cell wall components (27). In addition to being increased
during infection, ECP levels are increased in human patients with
allergic asthma or atopic dermatitis (28). Moreover, ECP treatment
inducesmammalian cell necrosis and inhibits cell growth and prolif-
eration (29–31). ECP treatment also induces cell apoptosis through
TNF–caspase signaling (32). To date, the roles of ECP in T cell
function and autoimmune disease pathogenesis remain unknown.
In this study, we characterized T cell–derived exosomes from SLE
patients and identified ECP as a pathogenic exosomal protein.

MATERIALS AND METHODS

Human subjects. This study was conducted in accordance
with the Declaration of Helsinki. A total of 50 individuals, including
24 healthy controls, 24 SLE patients, and 2 RA patients, were
enrolled. Nine of the SLE patients and the 2 RA patients had been
referred to the Division of Immunology and Rheumatology at Tai-
chung Veterans General Hospital in Taiwan. The remaining
15 SLE patients had been referred to the Division of Immunology
and Rheumatology at Taipei Veterans General Hospital in Taiwan.
Characteristics of the SLE patients are provided in Supplementary
Table 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41920/abstract.

The collection of peripheral blood from healthy controls and
patients, and the experiments, were approved by the ethics com-
mittees of Taichung Veterans General Hospital (#SE17193B) and
Taipei Veterans General Hospital (2017-06-003BC). All study par-
ticipants provided written informed consent prior to enrollment.

Mice. All animal experiments were performed in the
AAALAC-accredited animal housing facilities at the National
Health Research Institutes (NHRI). All mice were used according
to protocols and guidelines approved by the Institutional Animal
Care and Use Committee of NHRI. The T cell–specific human
ECP–transgenic mouse line was generated at the NHRI Trans-
genic Mouse Core. The C57BL/6J mouse line (catalog
no. 000664), MRL/MpJ mouse line (catalog no. 00486), and the
autoimmune lupus model MRL/MpJ-Faslpr mouse line (catalog
no. 000485) were purchased from The Jackson Laboratory. The
experiments in this study were performed on sex-matched,
5–38-week-old littermates. For T cell development analyses,
5-week-old, sex-matched mice were used. All mice used in this
study were maintained in temperature-controlled and pathogen-
free cages.

Generation of T cell–specific ECP–transgenic
(Lck-ECP–transgenic) mice. A full-length human ECP coding
sequence and a FLAG-tag coding sequence were placed down-
stream of the proximal Lck promoter, which drives gene expres-
sion specifically in T cells (33–35). The transgenic mouse line on
a C57BL/6J background was generated using pronuclear micro-
injection at the NHRI Transgenic Mouse Core.

Reagents and antibodies. Anti-human ECP antibody
(catalog no. E-AB-14971) was purchased from Elabscience;
anti-CD9 antibody (catalog no. ab92726) was purchased from
Abcam. An ExoSparkler Exosome Membrane Labeling Kit (green)
was purchased from Dojido Molecular Technologies. Alexa 647–
conjugated donkey anti-mouse IgG antibody was purchased
from ThermoFisher. PerCP-conjugated anti-mouse CD3 (clone
145-2C11), Pacific Blue–conjugated anti-mouse CD4 (clone
RM4-5), phycoerythrin (PE)–conjugated anti-mouse CXCR5
(clone 2G8), PerCP–Cy5.5–conjugated anti-mouse B220 (clone
RA3-6B2), and PE-conjugated anti-mouse CD138 (clone 281-2)
antibodies were purchased from BD Biosciences. PE-conjugated
anti-mouse CD44 (clone IM7), fluorescein isothiocyanate–
conjugated anti-mouse CD62L (clone MEL-14), Pacific Blue–
conjugated anti-mouse CD21 (clone 7E9), and PE-conjugated
anti-mouse CD23 (clone B3B4) antibodies were purchased from
BioLegend. Alexa 488–conjugated anti-mouse IL-21 (bs-2621R-
A488) antibody was purchased from Bioss. Enzyme-linked
immunosorbent assay (ELISA) kits for IL-1β, IL-6, and TNF were
purchased from eBioscience. ELISA kits for antinuclear antibody
(ANA), rheumatoid factor (RF), and anti–double-stranded DNA
(anti-dsDNA) antibody were purchased from Alpha Diagnostic.
The ELISA kit for human ECP was purchased from CUSABIO.

T cell purification. Primary murine T cells were negatively
selected from the spleen, lymph nodes, or peripheral blood of
mice using magnetically coupled antibodies against CD11b
(BD Biosciences), CD11c (BD Biosciences), B220 (BD Biosciences),
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CD49b (BioLegend), and Ter-119 (BioLegend) as described previ-
ously (35). For human T cell purification, peripheral blood T cells were
negatively selected from 10ml of whole blood from participants using
a cocktail of biotin-conjugated antibodies against CD14
(eBioscience), CD11b (BioLegend), CD19 (eBioscience), and
CD235a (eBioscience) on a magnetic cell separation column
(Miltenyi Biotec) as described previously (14).

Isolation of T cell–derived exosomes. Human or murine
T cells (8 � 106) were cultured in 2 ml RMPI 1640 medium for
96 hours without any stimulation. To remove cell debris, superna-
tants were subjected to centrifugation at 13,000 rpm for
15 minutes. T cell–derived exosomes were precipitated from
supernatants by ExoQuick (System Biosciences). For isolation of
CD9+ and C63+ exosomes, precipitated T cell exosomes were

Figure 1. Increased numbers of T cell–derived CD9+ and CD63+ exosomes in patients with systemic lupus erythematosus (SLE). A, Experi-
mental design for the characterization of SLE-enriched T cell–derived exosomes. IP = immunoprecipitation. B, MACSPlex exosome analysis of
T cell–derived exosomes from 12 SLE patients and 12 healthy controls (HCs). Thirty-seven individual surface markers of exosomes were identified
using a BD FACSCanto II flow cytometer. Bars show the mean � SEM. C, Histograms showing the results of MACSPlex analysis of CD9+ and
CD63+ exosomes from a representative healthy control and a representative SLE patient. Values are the percent allophycocyanin (APC) positive.
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resuspended in phosphate buffered saline (PBS) and then iso-
lated using anti-CD9 or anti-CD63 magnetic beads (System Bio-
sciences). CD9+ and CD63+ exosomes were then eluted with
20 μl exosome elution buffer (System Biosciences).

Adoptive transfer of T cell–derived exosomes.Murine
T cells (8 � 106) from wild-type or Lck-ECP–transgenic mice
were cultured in 2 ml RMPI 1640 medium for 96 hours without
any stimulation. To remove cell debris, supernatants were
subjected to centrifugation at 13,000 rpm for 15 minutes. T cell–
derived exosomes were precipitated from supernatants by Exo-
Quick (System Biosciences). Exosomes from 12 ml of medium
were suspended in 300 μl of PBS and then intravenously injected
into 3 recipient mice (100 μl/mouse) every 3 days for 9–30 days.
For confocal microscopy analysis, exosomes were labeled with
green fluorescent dye using an ExoSparkler Exosome Membrane
Labeling Kit.

Multiplex exosome flow cytometry assay. To charac-
terize potential surface proteins on T cell–derived exosomes, exo-
somes were precipitated from T cell supernatants and subjected
to bead-based multiplex exosome flow cytometry assay using a
MACSPlex Exosome Kit (human; Miltenyi Biotec). The kit contains
capture beads conjugated with individual antibodies against
37 known surface markers on different exosomes. The captured
exosome signals were analyzed using a BD Canto II flow
cytometer.

Single-cell RNA-sequencing data analysis. Murine
T cells were purified from the spleens and lymph nodes of wild-
type and Lck-ECP–transgenic mice. T cells were analyzed using
a BD Rhapsody Single-Cell Analysis System. The single-cell
RNA-sequencing data were analyzed using BD SeqGeq software
(BD Biosciences) and the R package Seurat. Dimensionality
reduction was performed using Uniform Manifold Approximation
and Projection; clustering analysis was performed according to
individual subsets of variable genes.

Liquid chromatography tandemmass spectrometry
(LC-MS/MS) and data analysis. For identification of proteins in
T cell–derived exosomes, exosomal proteins were digested with
trypsin and subjected to LC-MS/MS analyses on an LTQ Orbitrap
Elite hybrid mass spectrometer as described previously (36). The
peptide data were analyzed by Mascot MS/MS Ion Search
(Matrix Science) with the following conditions: peptide mass toler-
ance 20 parts per million; fragment MS/MS tolerance 0.6 daltons;
allow up to 1 missed cleavage; peptide charge 2+, 3+, and 4+.

Statistical analysis. In vivo experiments were conducted
using distinct samples; in vitro experiments were performed at least
3 times. Statistical analysis was performed in Excel, SPSS, or BD
SeqGeq. Comparisons between 2 groups were conducted using

Student’s unpaired 2-tailed or 1 tailed t-test and Wilcoxon’s rank
sum test. P values less than 0.05 were considered significant.

RESULTS

Identification of CD9 and CD63 surface markers in
T cell–derived exosomes from SLE patients. Peripheral
blood T cells from SLE patients and healthy controls were purified
and cultured for 72 hours prior to collection of T cell–derived exo-
somes. To identify exosomal surface proteins enriched in SLE
patients, exosomes in T cell supernatants were subjected to MACS-
Plex assays (Figure 1A). Exosomes were captured by 37 individual
surface marker antibodies conjugated with fluorescent beads, and
subjected to flow cytometric analysis (Supplementary Figure 1, avail-
able on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41920/abstract). The numbers of T cell–
derived exosomes were drastically increased in the supernatants of
T cells from SLE patients (n = 12) compared to those from healthy
controls (n= 12). Among 37 surface proteins, 16 exosomal surface
proteins were increased in SLE patients (Figure 1B). The numbers of
T cell–derived CD9+, CD63+, CD62P+, and CD45+ exosomes in
SLE patients were high (with signals of >20%) and significantly
increased compared to those in healthy controls (Figures 1B and
C). CD9 and CD63 are 2 well-known exosomal surface markers;
interestingly, T cell–derived CD9+ and CD63+ exosomes had the
highest fold induction in SLE patients compared to controls.

Presence of ECP in T cell–derived exosomes from
patients with SLE. To characterize the properties of T cell–
derived exosomes from SLE patients, T cell–derived CD9+ and
CD63+ exosomes isolated from SLE patients and healthy controls
were analyzed bymass spectrometry–based proteomics. The prote-
omics data showed that 130 and 140 proteins were overexpressed
in T cell–derived CD9+ exosomes and CD63+ exosomes, respec-
tively, from SLE patients but not in those from healthy controls
(Figure 2A). Moreover, many of the exosomal proteins identified were
also observed in RA-enriched exosomes; only 15 CD9+ exosomal
proteins and 21 CD63+ exosomal proteins were selectively enriched
in SLE patients but not RA patients (Figure 2A). The identified SLE-
enriched T cell exosomal proteins encompassed protein kinases,
protein phosphatases, and metabolic enzymes (Supplementary
Table 2, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41920/abstract).

Notably, one exosomal protein, ECP, which had the highest
protein scores, was detected in T cell exosomes from all 5 SLE
patient samples included in the mass spectrometry analysis
(Figure 2B and Supplementary Table 2). ECP was also deter-
mined to be enriched in SLE T cells by proteomics analysis
(Supplementary Figure 2A, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41920/abstract), whereas soluble ECP levels were not increased
in the sera of SLE patients (Supplementary Figure 2B). These data
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suggest that T cell–derived exosomal ECPmay be a biomarker for
SLE. Thus, the SLE T cell–enriched exosomal protein ECP was
selected for further characterization.

Development of severe inflammation in Lck-ECP–
transgenic mice. To study whether SLE-enriched exosomal ECP
plays an important role in the pathogenesis of SLE, we generated

and characterized Lck-ECP–transgenic mice (Supplementary
Figures 3A and B, available on the Arthritis & Rheumatologywebsite
at http://onlinelibrary.wiley.com/doi/10.1002/art.41920/abstract).
ECP was successfully overexpressed in T cells (Supplementary
Figure 3C) and T cell–derived exosomes from Lck-ECP–transgenic
mice (Figure 3A). T cell–derived exosomes were mostly <200 nm in
diameter (Figure 3B and Supplementary Figure 4, available on

Figure 2. Induction of eosinophil cationic protein (ECP) in T cell–derived CD9+ and CD63+ exosomes from patients with systemic lupus erythe-
matosus (SLE). A, Venn diagrams showing the numbers of proteins that were enriched in T cell–derived CD9+ or CD63+ exosomes from healthy
controls (HCs) only, both healthy controls and SLE patients, and patients with SLE only. Exosomal proteins were identified by mass spectrometry–
based protein sequencing. Many of the proteins identified were also enriched in exosomes from patients with rheumatoid arthritis (RA). Values in
the rectangles are the number of exosomes that were enriched in SLE patients but not RA patients. B, Identification of ECP by mass
spectrometry (MS)–based protein sequencing of T cell–derived CD9+ and CD63+ exosomes from 5 SLE patients (patients 1, 2, 3, 6, and 7).
ECP was not detected in T cells from 2 healthy controls (controls 1 and 2). The protein score is the sum of the highest ion scores found by Mascot
MS/MS Ion Search for each distinct peptide.
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the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41920/abstract). Four-week-old
Lck-ECP–transgenic mice displayed normal T cell and B cell
development in the thymus and bone marrow, respectively

(Supplementary Figure 5, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41920/abstract). The peripheral CD4+ cell population was
modestly increased, but the CD8+ cell population was

Figure 3. Spontaneous development of severe inflammation in T cell–specific eosinophil cationic protein (ECP)–transgenic (Lck-ECP–trans-
genic) mice. A, Immunoblots showing FLAG-tagged ECP and CD9 protein levels in serum exosomes and T cell–derived exosomes from 3 Lck-
ECP–transgenic mice and 2 wild-type (WT) mice.B, ZetaView analysis of particle numbers and sizes of CD9+ extracellular vesicles in supernatants
from WT and Lck-ECP–transgenic mouse T cells. Extracellular vesicles were isolated by ExoQuick-TC. C, Serum levels of interferon-γ (IFNγ),
interleukin-1β (IL-1β), tumor necrosis factor (TNF), and IL-6 in 2-month-old mice (n = 5 per group) and 8-month-old mice (n = 3 WT mice and
6 Lck-ECP–transgenic mice), determined by enzyme-linked immunosorbent assay. Each symbol represents an individual mouse; bars show the
mean � SEM.D, Hematoxylin and eosin–stained sections of the liver, kidney, joint, and lung from 8-month-old Lck-ECP–transgenic andWTmice.
The bottom panels for liver and kidney show higher-magnification views of the boxed areas in the top panels. Bars = 100 μm. E, Serum levels of
creatinine and triglyceride in 38-week-old WT and Lck-ECP–transgenic mice (n= 5 per group), measured by serum chemistry assay. Each symbol
represents an individual mouse; bars show the mean � SEM. F, Immunoblot showing FLAG-tagged ECP and CD9 protein levels in exosomes iso-
lated from the liver and kidney tissues of WT and Lck-ECP–transgenic mice. * = P < 0.05; ** = P < 0.01, by Student’s 2-tailed t-test.
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decreased, in Lck-ECP–transgenic mice (Supplementary
Figure 5).

To study whether ECP overexpression in T cells leads to
inflammatory responses in mice, we monitored serum cytokine

levels in mice. Two-month-old Lck-ECP–transgenic mice sponta-
neously developed increased serum levels of the proinflammatory
cytokine IFNγ compared to wild-type mice (Figure 3C). Serum
levels of TNF, IL-1β, and IL-6 were not significantly increased in

Figure 4. Inflammatory responses in WT mice after adoptive transfer of T cell–derived exosomes (exo) from Lck-ECP–transgenic mice. A, Confocal
microscopy analysis of fluorescent dye–labeled exosomes (green) in frozen sections of the liver, kidney, and paw from aWTmouse and an ECP exosome
recipient mouse. Exosomes were isolated from the supernatants of WT or Lck-ECP–transgenic mouse T cells by ExoQuick-TC. Labeled exosomes were
adoptively transferred into recipient mice by intravenous (IV) injection every 3 days for 9 days. Cell nuclei were stained with DAPI. Bars = 25 μm; original
magnification� 630. B–E, Exosomes derived fromWT or Lck-ECP–transgenic mouse T cells (n= 3 per group) were adoptively transferred into recipient
mice by IV injection every 3 days for 30 days.B, Hematoxylin and eosin–stained sections of the liver, kidney, and joint from recipient mice. Bars= 100 μm.
Right panels for kidney sections show a higher-magnification view of the boxed areas in the left panels. C, Immunohistochemical staining of fluorescein
isothiocyanate (FITC)–conjugated anti–interferon-γ (anti-IFNγ) antibody (green) in paraffin-embedded sections of the liver, kidney, and joint from recipient
mice. Cell nuclei were stained with DAPI. Bars = 100 μm. D, Serum creatinine and triglyceride levels in recipient mice, determined by serum chemistry
assays. E, Serum antinuclear antibody (ANA), rheumatoid factor (RF), and anti–double-strandedDNA (anti-dsDNA) antibody levels in recipient mice, deter-
mined by enzyme-linked immunosorbent assay. In D and E, each symbol represents an individual mouse; bars show the mean. * = P < 0.05;
** = P < 0.01, by Student’s 2-tailed t-test; § = P < 0.05 by Student’s 1-tailed t-test. See Figure 3 for other definitions.

CHUANG ET AL98



2-month-old Lck-ECP–transgenic mice, whereas serum levels of
IL-1β and TNF were increased in 8-month-old Lck-ECP–
transgenic mice (P = 0.076 and P = 0.056, respectively), com-
pared to wild-type mice of the same age (Figure 3C). Moreover,
10-month-old Lck-ECP–transgenic mice showed severe inflam-
mation of the liver, kidney, and joint, detected by histologic stain-
ing (Figure 3D). Increased serum levels of creatinine and
triglyceride also suggest the development of nephritis and hepati-
tis, respectively, in Lck-ECP–transgenic mice (Figure 3E). To
study whether ECP-containing exosomes infiltrate into the
inflamed tissues of the liver and kidney, exosomes were isolated
from mouse tissue samples and subjected to immunoblotting.
The results verified that Lck-ECP–transgenic mouse tissues con-
tained ECP-positive exosomes (Figure 3F). These results suggest
that Lck-ECP–transgenic mice spontaneously develop inflamma-
tion of multiple tissue types.

Induction of inflammatory responses in recipient
mice after adoptive transfer of T cell–derived exosomes
from Lck-ECP–transgenic mice. To demonstrate the patho-
logic functions of ECP-containing exosomes, exosomes from
purified Lck-ECP–transgenic mouse T cells were adoptively
transferred into wild-type recipient mice through intravenous
injection. Confocal microscopy showed that the exosomes
derived from T cells from Lck-ECP–transgenic mice (referred to
hereafter as ECP exosomes) infiltrated into the tissues of the liver,
kidney, and paw of the wild-type recipient mice (Figure 4A). After
4 weeks of adoptive transfer of ECP exosomes, recipient mice
displayed induction of infiltrating immune cells in the liver, kidney,
and joint synovium (Figure 4B). Hematoxylin and eosin staining
suggested the development of hepatitis, nephritis, and arthritis in
ECP exosome–recipient mice (Figure 4B).

Consistent with the early induction of serum IFNγ levels in
Lck-ECP–transgenic mice, ECP exosomes also stimulated
serum IFNγ levels in wild-type recipient mice (Supplementary
Figure 6, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41920/abstract).
Liver, kidney, and joint tissues from ECP exosome–recipient
mice also showed high IFNγ levels (Figure 4C). Moreover, adop-
tive transfer of ECP exosomes stimulated serum creatinine and
triglyceride levels in wild-type recipient mice (Figure 4D), sug-
gesting the development of nephritis and hepatitis, respectively,
in the recipient mice. Furthermore, adoptive transfer of ECP
exosomes induced IgG autoantibody in tissues from the wild-
type recipient mice, suggesting immune complex deposition
(Supplementary Figure 7, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41920/abstract). Serum levels of ANA and RF, but not anti-
dsDNA, were also increased in the recipient mice (Figure 4E), sug-
gesting an induction of autoimmune response by ECP exosomes.

Next, we examined whether MRL/MpJ-Faslpr mice in the
autoimmune lupus model also harbor ECP-containing exosomes.

Consistent with the results described above, we found that ECP
levels were indeed induced in serum exosomes and T cell–
derived exosomes from MRL/MpJ-Faslpr mice compared to
those of wild-type mice (Supplementary Figure 8, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41920/abstract). Taken together, these
results suggest that T cell–derived exosomal ECP contributes to
inflammatory responses.

Induction of growth hormone (GH), TNF superfam-
ily (TNFSF8), and Titin by overexpression of ECP in
T cells. To understand the underlying T cell responses that
drive spontaneous inflammation in Lck-ECP–transgenic mice,
T cells from 8-month-old Lck-ECP–transgenic mice were iso-
lated and subjected to single-cell RNA sequencing. Dimension-
ality reduction/clustering analyses by Seurat grouped T cells
from Lck-ECP and wild-type mice into 11 distinct clusters
according to gene expression (Figure 5A). Clusters 1, 2, 5, 10,
and 11 were identified as CD4+ T cells, while clusters 3, 4,
6, 7, 8, and 9 were identified as CD8+ T cells (Figure 5A).
According to the expression levels of CD44 and CD62L
(Supplementary Figure 9A, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41920/abstract), cluster 2 was mainly memory T cells, clus-
ters 1 and 3 were identified as naive T cells, and cluster 4 was
identified as effector T cells.

ECP overexpression in T cells resulted in decreased num-
bers of naive CD8+ T cells (cluster 3), increased numbers of
effector CD8+ T cells (cluster 4), and increased numbers of mem-
ory CD4+ T cells (cluster 2) (Figure 5A). Consistent with these
findings, flow cytometry data showed an increase in the numbers
of effector memory T cells (CD62L�CD44+) and central memory
T cells (CD62L+CD44+) in 16-week-old Lck-ECP–transgenic
mice (Supplementary Figure 9B). Expression levels of 51 genes,
including CD28 and CD69, were significantly up-regulated
(>1.166 fold; P < 0.05) in Lck-ECP–transgenic mouse T cells
(Figure 5B). Clusters 2 and 4 were enhanced in Lck-ECP–
transgenic mouse T cells (Figure 5A); both clusters displayed
T cell activation and inflammation signatures (Supplementary
Figures 9C and D). KEGG pathway analyses revealed that the
51 genes that were up-regulated in Lck-ECP–transgenic mouse
T cells belonged to the TNF/NFκB signaling pathway, IL-2/STAT5
signaling pathway, T cell activation, and inflammatory responses
(Supplementary Figure 10, Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41920/abstract).
Moreover, GH was the most up-regulated gene in Lck-ECP–
transgenic mouse T cells compared to wild-type mouse T cells
(Figures 5B and C).

Expression of multiple inflammation-related genes, such as
TNFAIP3, TNFSF8, S100a6, and IFNγ, was also significantly
increased in Lck-ECP–transgenic mouse T cells (Figures 5B and
C). The increased IFNγ expression in Lck-ECP–transgenic mouse
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T cells (Figure 5C) was consistent with the increased serum IFNγ
levels in Lck-ECP–transgenic mice and enhanced Th1 differentia-
tion of Lck-ECP–transgenic mouse T cells (Figure 3C and

Supplementary Figure 11, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41920/
abstract). In vitro Th17 differentiation was also modestly enhanced

Figure 5. Induction of tumor necrosis factor (TNF) signaling and interferon-γ (IFNγ) production by overexpression of ECP in T cells. A, Distribution
and classification of T cells from Lck-ECP–transgenic and WT mice. Data were visualized using Uniform Manifold Approximation and Projection
(UMAP). Values listed for each cluster are the percentage of the cell subset among all T cells. B, Volcano plot showing the selected differentially
expressed genes (DEGs) in Lck-ECP–transgenic versus WT mouse T cells. The q values were determined by Fisher’s exact test. C, Violin plots
showing the expression of selected DEGs in WT and Lck-ECP–transgenic mouse T cells. P values were determined by Wilcoxon’s rank sum test.
D, Violin plots showing the expression of follicular helper T (Tfh) cell markers (interleukin-21 [IL-21], CXCR5, inducible costimulator [ICOS], and pro-
grammed death 1 [PD-1]) in WT and Lck-ECP–transgenic mouse T cells. P values were determined by Wilcoxon’s rank sum test. ab = antibody;
GH = growth hormone; TNFSF8 = tumor necrosis factor superfamily 8 (see Figure 3 for other definitions).
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in Lck-ECP–transgenic mouse T cells (Supplementary Figure 11).
Interestingly, Lck-ECP–transgenic mouse T cells displayed signifi-
cant induction of Tintin (Figures 5B and C), an intrasarcomeric

filamentous protein, which was also identified in T cell–derived
CD9+ exosomes from SLE patients by proteomics
(Supplementary Table 2). These results suggest that ECP

Figure 6. Increase in follicular helper T (Tfh) cell and plasma B cells numbers, and autoantibody levels, in Lck-ECP–transgenic mice. A, Flow
cytometric analysis of Tfh (CD3+CD4+IL-21+ or CD3+CD4+CXCR5+) cells in the spleens (Sp) of 8-week-old and 16-week-old WT and Lck-
ECP–transgenic mice. B, Flow cytometric analysis of B220+ B cells (B220+CD21+/mature B or B220+CD23+/naive B cells) in the spleens of
8-week-old and 16-week-old WT and Lck-ECP–transgenic mice. C, Flow cytometric analysis of plasma B (B220+CD138+) cells in the bone mar-
row (BM) of 8-week-old and 16-week-old WT and Lck-ECP–transgenic mice. Values next to the outlined areas in A–C are the number of positive
cells. D, Serum antinuclear antibody (ANA) and rheumatoid factor (RF) levels in 8-week-old and 16-week-old WT mice (blue) and Lck-ECP–
transgenic mice (pink), determined by enzyme-linked immunosorbent assay. Each symbol represents an individual mouse; bars show the mean
� SEM. * = P < 0.05; ** = P < 0.01, by Student’s 2-tailed t-test. See Figure 3 for other definitions.
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overexpression in T cells induces T cell activation and inflammatory
responses.

Increased numbers of follicular helper T (Tfh) cells
and plasma B cells, and increased autoantibody levels,
in Lck-ECP–transgenic mice. Lck-ECP–transgenic mouse
T cells showed significant induction of mRNA for IL-21, CXCR5,
and inducible costimulator (Figure 5D), which are cell markers
for Tfh cells. It is notable that programmed death 1 (PD-1) mRNA
levels were not significantly increased in Lck-ECP T cells
(Figure 5D).

To study whether the Tfh cell population or plasma B cell
population was increased in Lck-ECP–transgenic mice, murine
spleen cells and bone marrow cells were analyzed by flow cytom-
etry. We found that the percentages of both CD4+IL-21+ T cells
and CD4+CXCR5+ T cells were increased in 8-week-old Lck-
ECP–transgenic mice compared to wild-type mice (Figure 6A);
these 2 T cell subpopulations were further enhanced in
16-week-old mice (Figure 6A). Moreover, the percentage of
mature B cells (B220+CD21+) was increased, while the percent-
age of naive B cells (B220+CD23+) was decreased, in the
spleens of 16-week-old but not 8-week-old Lck-ECP–transgenic
mice, compared to wild-type mice (Figure 6B). The percentage
of plasma B cells (B220lowCD138+) was modestly increased in
the bone marrow of 8-week-old Lck-ECP–transgenic mice and
was further enhanced in 16-week-old Lck-ECP–transgenic mice
(Figure 6C).

Histologic analysis also showed an increased number of ger-
minal centers in 16-week-old Lck-ECP–transgenic mice
(Supplementary Figure 12, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41920/abstract). Consistent with these findings, serum levels of
ANA were slightly induced in 8-week-old Lck-ECP–transgenic
mice and further increased in 16-week-old Lck-ECP–transgenic
mice (Figure 6D). Serum levels of RF were also increased in
16-week-old, but not 8-week-old, Lck-ECP–transgenic mice
compared to wild-type mice (Figure 6D). These findings suggest
that induction of Tfh cells in Lck-ECP–transgenic mice results in
an increase in the number of plasma B cells, facilitating subse-
quent autoantibody production.

DISCUSSION

A key finding of this study was the identification of one novel
T cell exosomal protein, ECP, which plays an important role in
SLE pathogenesis. ECP overexpression in T cells resulted in
enhancement of inflammatory responses and T cell activation.
Notably, ECP-containing exosomes from T cells targeted several
tissues (such as the liver, kidney, and joint) of the recipient mice,
leading to tissue inflammation. These data suggest that ECP-
overexpressing T cells or ECP-containing exosomes may act as
a causal factor in SLE.

One of the notable findings of this study is that T cell–derived
exosomal ECP contributes to autoimmune diseases. This is the
first study to show that ECP is an exosomal protein. Extracellular
ECP stimulation using ECP recombinant protein induces cell
death, including necrosis and apoptosis (29,31,32); however, T
cell development in Lck-ECP–transgenic mice was not affected.
The data suggest that ECP recombinant protein acts differently
from exosomal and intracellular ECP. In support of this notion,
soluble ECP levels were not increased in the sera of human SLE
patients. These findings also suggest that exosomal ECP and
ECP-overexpressing T cells contribute to autoimmune responses
through cell death–independent pathways. Furthermore, adop-
tive transfer of ECP-containing exosomes induced autoantibody
production and inflammation expansion; it is likely that the T cell–
derived exosomes from Lck-ECP–transgenic mouse T cells con-
tain other inflammatory molecules in addition to ECP proteins.

Besides induction of the proinflammatory cytokine IFNγ, Lck-
ECP–transgenic mice manifested the induction of Tfh cells,
plasma B cells, and autoantibodies. These results suggest that
ECP overexpression in T cells induces the Tfh cell population,
facilitating plasma B cell differentiation, leading to overproduction
of autoantibodies. Besides induction of plasma B cells through
Tfh cells, it is also possible that secreted molecules from ECP-
overexpressing T cells or other proteins within ECP+ exosomes
may stimulate/activate other potential target cells (e.g., B cells,
macrophages, dendritic cells, or osteoclasts), leading to multiple
inflammatory phenotypes.

The aforementioned findings are consistent with our single-
cell RNA-sequencing data using Lck-ECP–transgenic mouse
T cells. First, Lck-ECP–transgenic mouse T cells showed highly
increased levels of GH, which induces T cell survival and activa-
tion (37,38). Consistent with these findings, T cell activation, T cell
proliferation, and adaptive immune response pathways were
indeed induced in Lck-ECP–transgenic mouse T cells. Lck-
ECP–transgenic mouse T cells also showed induction of IFNγ+
Th1 differentiation.

Second, ECP signaling induced several proinflammatory
cytokines/chemokines, including TNFSF8 (also called CD30
ligand [CD30L]), S100 proteins, and IFNγ, that may contribute to
inflammation of multiple tissue types. CD30L up-regulation is
involved in the pathogenesis of human SLE, RA, Hodgkin lym-
phoma, and anaplastic large cell lymphoma (39). S100 protein
enhancement contributes to arthritis and neural degenerative dis-
eases (40,41). Chronic IFNγ overproduction induces hepatoxicity
(42,43); IFNγ also plays a crucial role in the development of
nephritis (44,45). Interestingly, our ELISA data also showed early
induction of IFNγ in Lck-ECP–transgenic mice. These previous
publications and our data suggest that ECP-overexpressing
T cells and ECP-containing exosomes cooperate with the afore-
mentioned proinflammatory cytokines/chemokines to induce
nephritis, arthritis, and hepatitis in Lck-ECP–transgenic mice and
maybe also in human SLE patients.
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Third, surface receptors on exosomes may determine their
tissue tropisms. It would be interesting to study whether the exo-
somal olfactory receptor 7D2, identified in this study as being
enriched in SLE (Supplementary Table 2), controls the tissue tro-
pism of inflammatory T cell exosomes. Finally, the role of ECP-
inducible Titin, an intrasarcomeric filamentous protein, in SLE
pathogenesis needs to be explored.

Taken together, these findings indicate that ECP overexpres-
sion in T cells contributes to inflammatory responses through
both intrinsic and extrinsic events. To distinguish the specific role
of ECP in T cells versus exosomes is highly challenging, if not
impossible, due to the following two reasons. First, there is no
definitive ECP orthologous gene (46) for the generation of ECP-
knockout mice. Second, there are no exosome-specific surface
markers for the depletion of exosomes in vivo.

SLE patients experience damage to multiple organs and
complex symptoms (1). Understanding the causal factors of indi-
vidual symptoms will help in the development of novel therapeu-
tics for SLE. In this study, we found that ECP-containing
exosomes induce arthritis, hepatitis, and nephritis in mice.
According to our clinical data and proteomics analysis, 5 SLE
patients had ECP-containing exosomes derived from T cells,
while all of these 5 SLE patients developed arthritis. The data sug-
gest that the novel pathogenic factor, ECP-containing exosome,
may also be a biomarker for SLE-associated arthritis. In addition,
2 of these 5 SLE patients have developed nephritis; however, it
is difficult to diagnosis SLE-associated nephritis at an early stage.
ECP-containing exosomes may help in the early diagnosis of
SLE-associated nephritis. Although up to 50% of SLE patients
develop hepatitis, the exact diagnosis of hepatitis remains chal-
lenging due to complex conditions, including infection, drug treat-
ment, or SLE (47). Notably, Lck-ECP–transgenic mice
spontaneously developed hepatitis, suggesting that hepatitis in
SLE patients may be a consequence of the induction of
ECP-containing exosomes. Thus, exosomal ECP may also be a
potential biomarker for SLE-associated hepatitis.

Taken together, our findings suggest that ECP overexpres-
sion in T cells or T cell–derived exosomes induces T cell hyperac-
tivation and proinflammatory cytokine production through both
intrinsic and extrinsic events, leading to inflammation in multiple
organs and autoimmune responses. Thus, ECP-overexpressing
T cells and ECP-containing exosomes are potential biomarkers
for SLE.
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Anti–Double-Stranded DNA Antibodies Recognize DNA 
Presented on HLA Class II Molecules of Systemic Lupus 
Erythematosus Risk Alleles
Hideaki Tsuji,1  Koichiro Ohmura,2 Hui Jin,3 Ryota Naito,1 Noriko Arase,4  Masako Kohyama,5 
Tadahiro Suenaga,5 Shuhei Sakakibara,6 Yuta Kochi,7 Yukinori Okada,8  Kazuhiko Yamamoto,9 
Hitoshi Kikutani,6 Akio Morinobu,2 Tsuneyo Mimori,2 and Hisashi Arase10

Objective. Specific HLA class II alleles are associated with susceptibility to systemic lupus erythematosus (SLE). 
The role of HLA class II molecules in SLE pathogenesis remains unclear, although anti-DNA antibodies are specific 
to SLE and correlate with disease activity. We previously demonstrated that misfolded proteins bound to HLA class II 
molecules are specific targets for the autoantibodies produced in autoimmune diseases. This study was undertaken 
to validate our hypothesis that DNA binds to HLA class II molecules in a manner similar to that of misfolded proteins 
and that DNA bound to HLA class II molecules is involved in SLE pathogenesis.

Methods. We analyzed the binding of DNA to HLA class II molecules, as well as the response of cells expressing 
anti-DNA B cell receptors (BCRs) to cells expressing the DNA/HLA class II complex.

Results. Efficient binding of DNA to HLA class II molecules was observed in risk alleles of SLE, such as HLA–
DRB1*15:01. The efficiency of DNA binding to each HLA–DR allele was positively associated with the risk of SLE 
conferred by the HLA–DR allele. In addition, reporter cells carrying anti-DNA BCRs were activated by cells expressing 
DNA/HLA class II complexes.

Conclusion. These results provide evidence that DNA bound to HLA class II molecules is involved in SLE 
pathogenesis.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease characterized by B cell hyperactivity and the production 
of autoantibodies against DNA and various antigens. Although 
the exact mechanism of anti-DNA antibody production remains 
unclear, DNA associated with certain molecules appears to be 
involved in the production of anti-DNA antibodies (1).

Specific HLA class II alleles are associated with susceptibility 
to SLE (2). However, the role of HLA class II molecules in SLE 
pathogenesis remains unclear (3). We recently discovered that 
HLA class II molecules transport misfolded cellular proteins to 
the cell surface without processing them into peptides. Misfolded 
proteins were found to be specific targets of autoantibodies in 
autoimmune diseases (4–6).

When nonimmune cells are exposed to certain cytokines 
such as interferon-γ (IFNγ) in inflamed tissue, HLA class II 
expression is induced (7,8). This suggests that misfolded pro-
teins, whose expression on the cell surface is induced by aber-
rantly expressed HLA class II molecules, might be involved in 
the pathogenesis of autoimmune diseases (4–6). In addition, ele-
vated blood concentrations of IFNγ (9) and up-regulation of HLA 
class II expression in the kidneys have been observed in lupus 
nephritis (8). Furthermore, in patients with active SLE, clearance 
of apoptotic cells is decreased and circulating DNA levels are 
elevated (1). Therefore, we hypothesized that DNA might also be 
associated with HLA class II molecules and that DNA bound to 
HLA class II molecules might be involved in the activation of B 
cells expressing anti-DNA B cell receptors (BCRs).

MATERIALS AND METHODS

Cells. HEK 293T cells and B16-F10 cells (RIKEN Cell Bank) 
were regularly tested for mycoplasma contamination. B16-F10 
cells lacking the major histocompatibility complex (MHC) class II 
transcription activator (CIITA) were generated using pX330 clus-
tered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated protein 9 (Cas9) vector.

Patient HLA genotyping data. Odds ratios for the asso-
ciation between HLA–DRB1 alleles and SLE risk were obtained 
from a high-resolution genotyping of HLA–DRB1 (2). Use of 
human genomic DNA for HLA genotyping was approved by the 
ethics committee of RIKEN (no. 2018-26(3)), and all participants 
provided written informed consent.

Plasmids. Complementary DNAs for different MHC class II 
alleles from peripheral blood mononuclear cells (3H Biomedical) and 
Igα (NM_007655.3) and Igβ (NM_008339.2) were cloned (4,6). HLA–
DRB1*01:01 and HLA–DRB1*15:01 containing covalently attached 
transferrin receptor (RVEYHFLSPYVSPKESP) and SP3 peptides 
(AILEFRAMAQFSRKTD) were prepared as previously reported (6,10).

DNA. Genomic DNA was prepared from mouse liver. 
Biotinylated and phosphorothioate oligonucleotides (5ʹ-biotin–
ATGCACTCTGCAGGCTTCTC-3ʹ) were synthesized at Fasmac 
(Atsugi, Japan) and Gene Design (Ibaraki, Japan), respectively.

Analysis of autoantibody binding to the DNA/MHC 
class II complex. Expression vectors encoding HLA–DRα, 
HLA–DRβ, and green fluorescent protein (GFP) were cotrans-
fected into cells using Polyethylenimine Max (Polysciences) (4,6). 
After 24 hours, the medium was replaced with medium con-
taining DNA or DNase I (0.1 mg/ml; Roche) and subsequently 
incubated at 37°C for 24 hours. B16-F10 cells were cocultured 
with DNA and IFNγ (3.16 × 104 units/ml; PeproTech). HLA–DR 
was detected with anti–HLA class II monoclonal antibody (mAb) 
L243 (ATCC), followed by allophycocyanin (APC)–conjugated 
anti-mouse IgG antibody (Jackson ImmunoResearch). B16-F10 
cells were stained with APC-conjugated anti-mouse I-Ab (M5) 
(BioLegend). DNA was detected with a human anti-DNA mAb 
(71F12) (11), followed by APC-conjugated anti-human IgG-Fc 
antibodies (Jackson). Biotinylated DNA was detected with 
APC-conjugated streptavidin (Jackson ImmunoResearch). His-
tone H3 was detected with antihistone H3 antibody ab5103 
(Abcam), followed by APC-conjugated anti-rabbit IgG antibody 
(Jackson ImmunoResearch). Stained cells were analyzed using 
FACSCalibur (Becton Dickinson). The mean fluorescence inten-
sity (MFI) of staining for each molecule on cells was calculated 
by subtracting the MFI values obtained from cells transfected 
with GFP alone.

Precipitation and immunoblotting. HLA–DRα and 
HLA–DRβ were cotransfected into HEK 293T cells, and 20-mer 
biotinylated phosphorothioate oligonucleotides were incubated at 
37°C for 24 hours. After precipitation with streptavidin–Sepharose 
(GE Healthcare), eluates from cell lysates were subjected to 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and 
blotted onto membranes (Millipore). The membranes were incu-
bated with anti-HLA–DRα antibody FL-254 (Santa Cruz Biotech-
nology) and then with anti-rabbit IgG antibody (ThermoFisher).

Anti-DNA BCR reporter assay. Human IgM (71F12) 
heavy chain, light chain, Igα, and Igβ were stably transfected 
into mouse T cell hybridomas with the NFAT-GFP reporter gene, 
using the pMXs retroviral expression vector and Plat-E retro-
viral packaging cells (4,12). Reporter cell reactivity with DNA 
was confirmed by stimulation with biotinylated DNA (0.2–2 
ng/ml) immobilized on a 10 µg/ml streptavidin-coated plate, 
and 1 × 104 B16-F10 cells incubated with DNA and IFNγ were 
cocultured with 1 × 104 reporter cells, DNA, and 3.16 × 104 
units/ml IFNγ for 48 hours in 96-well half-area plates (Corning). 
GFP expression in CD45-positive cells was analyzed using flow 
cytometry. The production of interleukin-2 (IL-2) in the super-
natants was determined using anti–IL-2 mAb (JES6-1A12) 
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and biotinylated anti-mouse IL-2 mAb (JES6-5H4) (both from 
eBioscience).

Statistical analysis. Pearson’s product-moment correla-
tion coefficient and Student’s t-test were used to calculate corre-
lations and to generate statistical comparisons. P values less than 
0.05 were considered significant.

Data availability. All data relevant to this study are avail-
able herein as well as in the supplementary data files, and upon 
request from the corresponding author.

RESULTS

Binding of DNA to HLA class II molecules. We addressed 
whether DNA could be associated with HLA class II molecules on the 
cell surface, using SLE patient–derived DNA–specific human mAb 
71F12 (11). HEK 293T cells were transfected with HLA–DR15, a 
susceptibility allele for SLE, and the transfectants were cultured in the 
presence of genomic DNA for 24 hours. DNA was readily detected 
on the cell surface of HLA–DR15 transfectants, but was sparsely 
detected on the mock transfectants (Figure 1A). When cells were 

Figure 1.  Association of DNA expression on the cell surface with major histocompatibility complex (MHC) class II molecules. A, Level of DNA on the cell 
surface of HEK 293T cells transfected with mock transfectants or HLA–DR15. B, Level of DNA on the cell surface of HEK 293T cells transfected with mock 
transfectants, HLA–DR13, or HLA–DR15. C, Level of DNA on the cell surface of HEK 293T cells transfected with HLA–DR15 in the absence or presence 
of DNase I. D, Expression of MHC class II (I-Ab) and cell surface DNA on mock B16-F10 cells in the absence or presence of interferon-γ (IFNγ) (3.16 × 104 
units/ml). E, Level of DNA on the cell surface of IFNγ-stimulated mock B16-F10 cells or MHC class II transcription activator (CIITA)–knockout (KO) B16-F10 
cells. F, Expression of MHC class II (I-Ab) and cell surface DNA on CIITA-KO B16-F10 cells in the absence or presence of IFNγ (3.16 × 104 units/ml). Data 
in A, D, and F are representative of at least 3 independent fluorescence-activated cell sorting experiments. Values in B, C, and E are the mean ± SD mean 
fluorescence intensity (MFI).* = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s t-test with Bonferroni adjustment. NS = not significant.
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transfected with HLA–DR13, a protective allele for SLE (2), less DNA 
was detected on the cell surface than when cells were transfected with 
HLA–DR15 (Figure 1B). Anti-DNA mAb binding to HLA–DR15 trans-
fectants incubated with DNA was considerably decreased by DNase 
I treatment (Figure 1C). These results indicated that mAb 71F12 spe-
cifically bound to DNA that is associated with HLA class II molecules.

We then analyzed whether DNA is presented on endoge-
nously expressed MHC class II molecules, using B16-F10 cells. 
B16-F10 is a murine cell line on which MHC class II expression is 
induced upon IFNγ stimulation (Figure 1D). As in the investigation 
using MHC class II transfectants, DNA was readily detected on 

the surface of IFNγ-stimulated B16-F10 cells after they were incu-
bated with DNA, but not on the surface of unstimulated B16-F10 
cells (Figure 1D). CIITA–knockout (KO) B16-F10 cells generated by 
CRISPR/Cas9 did not express MHC class II upon IFNγ stimulation. 
Moreover, after stimulation with IFNγ, binding of DNA on the cell sur-
face was significantly increased in cultures with mock B16-F10 cells 
when compared to CIITA-KO B16-F10 cells (Figure 1E). The binding 
of DNA to IFNγ-stimulated CIITA-KO B16-F10 cells was at almost 
the same level as that to unstimulated cells (Figure 1F). These results 
indicate that DNA can bind to endogenously expressed MHC class 
II molecules as well as to transfected MHC class II molecules.

Figure 2.  Internalized DNA presented on HLA class II molecules. A, Level of DNA on the cell surface of mock-transfected or HLA–DR15–transfected 
HEK 293T cells cultured with DNA for 1 hour at 4°C or for 1, 9, 24, or 48 hours at 37°C. B and C, Biotinylated DNA on the cell surface of mock-
transfected or HLA–DR15–transfected B16-F10 cells incubated with biotinylated oligonucleotides, expressed as a percent determined by fluorescence-
activated cell sorting (FACS) analysis (B) and as the mean fluorescence intensity (MFI) (C). D and E, DNA measured on the cell surface or intracellularly 
in mock-transfected HEK 293T cells in the absence or presence of biotinylated oligonucleotides, expressed as a percent determined by FACS analysis 
(D) and as the MFI (E). F and G, DNA measured intracellularly in mock-transfected or HLA–DR15–transfected HEK 293T cells in the absence or 
presence of biotinylated oligonucleotides, expressed as a percent determined by FACS analysis (F) and as the MFI (G). H, Level of DNA on the cell 
surface of mock-transfected or HLA–DR15–transfected HEK 293T cells cultured with genomic DNA or sonicated cell debris. Data in B, D, and F are 
representative of at least 3 independent experiments. Values in A, C, E, G, and H are the mean ± SD. * = P < 0.05; ** = P < 0.01, by Student’s t-test.
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We next examined whether DNA directly binds to HLA class 
II molecules on the cell surface or whether endocytosed DNA is 
presented on HLA class II molecules, similar to peptide antigens. 
Because endocytosis is affected by temperature, HLA class II trans-
fectants were incubated with DNA at 37°C or 4°C. DNA was detected 
on HLA–DR15–expressing cells when the cells were incubated with 
DNA at 37°C, but not at 4°C (Figure 2A). The level of cell surface 
DNA increased as the incubation time increased on HLA–DR15 
transfectants, but remained at low levels on mock transfectants. 
We further addressed whether HLA class II molecules are involved 
in endocytosis of DNA using biotinylated oligonucleotides (5ʹ-biotin–
ATGCACTCTGCAGGCTTCTC-3ʹ). When biotinylated oligonucleo-
tides were incubated with HLA–DR15 transfectants, the biotinylated 
DNA was also detected on the cell surface of HLA–DR15–expressing 
cells with APC-conjugated streptavidin but not on mock transfect-
ants (Figures 2B and C), although DNA was detected intracellularly 
(Figures 2D and E). There were no differences in the level of intracel-
lular DNA between mock transfectants and HLA–DR15 transfectants 

(Figures 2F and G). These results suggest that DNA does not bind 
directly to HLA class II molecules on the cell surface and that endocy-
tosed DNA is presented on HLA class II molecules. In addition, HLA 
class II molecules themselves do not affect the endocytosis of DNA.

Because cellular DNA is complexed with certain DNA-binding 
proteins, such as histone, under physiologic conditions, we ana-
lyzed whether nonpurified DNA from sonicated cells was also pre-
sented on HLA class II molecules. When HLA–DR15 transfectants 
were incubated with sonicated HEK 293T cell debris, more DNA 
was detected on the surface of HLA–DR15 transfectants than 
on the surface of mock transfectants (Figure 2H). These results 
indicate that HLA class II molecules can present various types of 
DNA, including DNA derived from cells.

Involvement of the peptide-binding groove of HLA 
class II molecules in the binding of DNA. We addressed 
whether DNA directly binds to HLA class II molecules. Mock trans-
fectants or HLA–DR transfectants were incubated with biotinylated 

Figure 3.  Efficiency of DNA binding to HLA class II molecules and activation of anti-DNA B cell receptors (BCRs) by DNA/major histocompatibility 
complex (MHC) class II complexes. A–C, Mean fluorescence intensity (MFI) of DNA binding to each HLA–DRB1 allele plotted against odds 
ratios for systemic lupus erythematosus (SLE) susceptibility conferred by each HLA–DRB1 allele in all SLE patients (A), anti–double-stranded 
DNA (anti-dsDNA) antibody–positive SLE patients (B), and anti-dsDNA antibody–negative SLE patients (C). D, Green fluorescent protein (GFP) 
expression in mock reporter cells or anti-DNA BCR reporter cells cultured with soluble oligonucleotide, immobilized oligonucleotide, or medium 
alone, determined by fluorescence-activated cell sorting. E, Interleukin-2 (IL-2) concentrations in culture supernatants of mock reporter cells or 
anti-DNA BCR reporter cells cultured with soluble genomic DNA, soluble oligonucleotide, immobilized oligonucleotide, or medium alone. F and 
G, Proportions of GFP-expressing reporter cells (F) and IL-2 concentrations in culture supernatants (G) when anti-DNA BCR reporter cells were 
cultured with mock B16-F10 cells or MHC class II transcription activator (CIITA)–knockout (KO) B16-F10 cells together with oligonucleotides 
and interferon-γ. Data in A–D are representative of at least 3 independent experiments. Values in E–G are the mean ± SD. ** = P < 0.01 by 
Student’s t-test. NS = not significant.
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oligonucleotides. The biotinylated oligonucleotides were precipi-
tated from the cell lysates using streptavidin-coupled Sepharose 
beads, and the precipitates were analyzed by Western blotting. 
HLA–DR was clearly detected in the precipitates of the oligonucle-
otides but not in those of the controls (Supplementary Figure 1A, 
available on the Arthritis & Rheumatology website at http://onlin​e  
libr​ary.wiley.com/doi/10.1002/art.41897/​abstract), suggesting that 
the DNA was physically associated with the HLA–DR molecules.

Next, we analyzed whether the peptide-binding groove of 
HLA class II molecules is involved in the binding of DNA. We exam-
ined HLA–DR15 molecules with covalently attached SP3 peptides 
(SP3-pep-HLA–DRB1*15:01), with high affinity for HLA–DR15 (10). 
Although expression levels of HLA–DR were the same in both wild-
type HLA–DR15 and HLA–DR15 with SP3 peptides, the binding of 
DNA to the HLA–DR15–expressing cells decreased in the presence 
of the peptides (Supplementary Figures 1B and C). Similar results 
were observed in HLA–DR1 molecules with covalently attached 
transferrin receptor peptide (Supplementary Figures 1D and E) (6). 
These findings demonstrate that the peptide-binding groove of 
HLA class II molecules is involved in the presentation of DNA.

We further investigated the involvement of histones in the 
binding of DNA to HLA class II molecules (Supplementary Fig-
ures 1F and G). Although DNA was detected on the cell surface 
of HLA–DR15–expressing cells, histones were not detected on 
the cell surface, whereas histones were well detected intracellu-
larly, suggesting that DNA binds to HLA class II molecules inde-
pendently of histones.

Significant correlation of the binding of DNA to HLA–
DR with the SLE susceptibility conferred by each HLA–DR 
allele. We addressed whether the binding of DNA to HLA–DR 
is associated with the risk of SLE conferred by each HLA class 
II allele. We analyzed the amount of cell surface DNA bound to 
HLA–DR with different alleles. HLA–DRB1*15:01, an SLE risk allele, 
exhibited the strongest binding of DNA. In contrast, DNA barely 
bound to HLA–DRB1*13:02, an allele that is protective against 
SLE. A significant positive correlation was observed between 
the binding of DNA to each HLA–DR allele and the odds ratio for 
that allele’s association with SLE (r = 0.64, P = 0.017) (Figure 3A). 
Furthermore, when SLE patients were classified into anti–double-
stranded DNA (anti-dsDNA) antibody–positive or anti-dsDNA anti-
body negative groups, a positive correlation was observed in the 
anti-dsDNA antibody–positive SLE group (r = 0.64, P = 0.018), 
but not in the anti-dsDNA antibody–negative SLE group (r = 0.48, 
P = 0.10) (Figures 3B and C). These data suggest that DNA bound 
to HLA class II molecules is involved in SLE pathogenesis as a 
target for anti-DNA antibodies.

Activation of reporter cells expressing anti-DNA 
BCR by cells expressing the DNA/MHC class II complex. 
We analyzed whether DNA bound to MHC class II molecules is 
involved in the activation of B cells expressing anti-DNA BCR. 

We generated a membrane form of BCR carrying the variable 
regions of the mAb 71F12. The 71F12 BCR was transfected into 
NFAT-GFP reporter cells that express both GFP and IL-2 upon 
receptor crosslinking (12). Anti-DNA BCR reporter cells expressed 
GFP and IL-2 when cultured in the presence of immobilized DNA 
(20-mer phosphorothioate oligonucleotides) (Figures 3D and E), 
but not when cultured in the presence of soluble DNA, suggest-
ing that soluble DNA alone could not stimulate cells expressing 
anti-DNA BCR (Figures 3D and E). When the reporter cells were 
cocultured with IFNγ-stimulated B16-F10 cells in the presence of 
soluble DNA, they expressed GFP and IL-2 (Figures 3F and G); 
in contrast, they were not activated by coculture with CIITA-KO 
B16-F10 cells that do not express MHC class II molecules. These 
results suggest that anti-DNA BCRs could be activated by DNA 
bound to MHC class II molecules.

DISCUSSION

We demonstrated that DNA expression on the cell surface 
occurs through association with MHC class II molecules. The effi-
ciency of the binding of DNA to HLA–DR alleles was significantly 
correlated with the odds ratios for the risk of SLE conferred by each 
HLA–DR allele. This indicated that individuals with HLA–DR alleles 
that are likely to form a complex with DNA are more susceptible to 
SLE than individuals with HLA–DR alleles that do not form a com-
plex with DNA. HLA–DRB1*13:02 is a risk allele for SLE in African 
American individuals with anti–β2-glycoprotein I antiphospholipid 
antibody (13), although HLA–DRB1*13:02 is protective against 
SLE in other populations  (2). DNA binding to HLA–DRB1*13:02 
was minimal in the current study. These data suggest that DNA 
bound to HLA class II molecules is not involved in the production 
of anti–β2-glycoprotein I antiphospholipid antibody.

DNA must be incorporated into the cell by endocytosis to be 
presented by MHC class II molecules. Because DNA is a DAMP, 
endocytosed DNA might induce cellular stress. Indeed, endo-
plasmic reticulum (ER) stress is elevated in neutrophils from SLE 
patients (14). Although the effect of ER stress on antigen pres-
entation is unclear, it might enhance DNA presentation by MHC 
class II molecules.

GFP reporter cells have been widely used to detect signaling 
from various cell surface molecules other than T cell receptor (TCR) 
(12). Because the reporter cells detect all the signals mediated by 
immunoreceptor tyrosine–based activation motif–containing adap-
tor molecules, we used them only to detect BCR signaling elic-
ited by antigen recognition. We demonstrated that GFP reporter 
cells expressing anti-DNA BCR were activated by DNA presented 
on MHC class II molecules on IFNγ-stimulated B16-F10 cells. 
Dendritic cells have a more active physiologic role and are more 
potent antigen-presenting cells than B16-F10 cells. Furthermore, 
response of memory B cells is much higher than that of naive B 
cells. Therefore, dendritic cells presenting DNA might efficiently 
stimulate memory B cells expressing anti-DNA BCR in SLE patients. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41897/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41897/abstract
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Although the pathophysiologic function of anti-DNA antibodies has 
remained unclear, anti-DNA antibodies bound to DNA/HLA class II 
complex might induce antibody-dependent cell-mediated cytotox-
icity to cause tissue damage.

DNA complexed with HLA class II molecules might exhibit 
a novel antigenicity for producing anti-DNA antibody. However, 
we could not induce anti-DNA antibody production by simply 
immunizing mice with transfectants expressing DNA and MHC 
class II complexes (data not shown). Therefore, certain unknown 
factors might be required for anti-DNA production, in addition 
to DNA/HLA class II complex. DNA-reactive CD4+ T cells could 
be involved in anti-DNA antibody production. However, the TCR 
recognizing DNA has not been reported (3). Therefore, there is 
a possibility that bystander T cells recognizing certain antigens 
other than DNA might be involved in anti-DNA IgG production 
(15). Alternatively, it is possible that certain peptides containing 
CD4+ T cell epitopes might be associated with DNA, and the 
DNA/peptide complex presented on HLA class II molecules could 
be involved in anti-DNA antibody production through activation 
of CD4+ helper T cells. Further studies are required to elucidate 
how DNA/HLA class II complexes could be involved in anti-DNA 
antibody production.
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Phase III/IV, Randomized, Fifty-Two–Week Study of the
Efficacy and Safety of Belimumab in Patients of Black African
Ancestry With Systemic Lupus Erythematosus
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Objective. Enrollment of patients of Black African ancestry with systemic lupus erythematosus (SLE) in phase II and
phase III of the belimumab trials was not reflective of the racial distribution observed in the lupus population. This study
was undertaken to assess the efficacy and safety of intravenous (IV) belimumab plus standard therapy in patients of
self-identified Black race.

Methods. EMBRACE (GSK Study BEL115471; ClinicalTrials.gov identifier: NCT01632241) was a 52-week multi-
center, double-blind, placebo-controlled trial in adults of self-identified Black race with active SLE who received
monthly belimumab 10 mg/kg IV, or placebo, plus standard therapy. The optional 26-week open-label extension phase
included patients who completed the double-blind phase. The primary end point of the study was SLE Responder
Index (SRI) response rate at week 52 with modified proteinuria scoring adapted from the SLE Disease Activity Index
2000 (SLEDAI-2K) (SRI–SLEDAI-2K). Key secondary end points included SRI response rate at week 52, time to first
severe SLE flare, and reductions in prednisone dose.

Results. The modified intent-to-treat population comprised 448 patients, of whom 96.9% were women and the
mean � SD age was 38.8 � 11.42 years. The primary end point (improvement in the SRI–SLEDAI-2K response rate
at week 52) was not achieved (belimumab 48.7%, placebo 41.6%; odds ratio 1.40 [95% confidence interval 0.93,
2.11], P = 0.1068); however, numerical improvements favoring belimumab were observed, in which the SRI–SLEDAI-
2K response rates were higher in those who received belimumab compared with those who received placebo, espe-
cially in patients with SLE who had high disease activity or renal manifestations at baseline. The safety profile of belimu-
mab was generally consistent with that observed in previous SLE trials. Adverse events were the primary reasons for
double-blind phase withdrawals (belimumab 5.4%, placebo 6.7%).

Conclusion. The primary end point of this study was not achieved, but improvement with belimumab versus pla-
cebo was observed, suggesting that belimumab remains a suitable treatment option for SLE management in patients
of Black African ancestry.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease that affects multiple organs, including skin, joints,
heart, lungs, and kidney (1,2). Black African ancestry is associ-
ated with a higher prevalence of SLE, greater disease severity,
an increased risk of cardiovascular events, more end-organ dam-
age, and higher mortality rates, compared with a White racial
background (3–10).

Belimumab is a humanmonoclonal antibody that binds to and
inhibits the biologic activity of the B lymphocyte stimulator, which
plays a key role in B cell selection and differentiation (11,12).
The efficacy and safety of intravenous (IV) and subcutaneous
belimumab have been demonstrated in phase II and III studies
of SLE (13–16). Due to underrepresentation of patients of Black
African ancestry in these trials, underpowered subgroup analy-
ses of this population yielded conflicting efficacy data between
the phase II and III studies. Post hoc analysis of the phase II
study data demonstrated an improved Safety of Estrogens in
Lupus Erythematosus National Assessment version of the SLE
Disease Activity Index (SELENA–SLEDAI) response in patients
of Black African ancestry who received belimumab compared
with those who received placebo (17). In contrast, post hoc
analysis of pooled data from 2 pivotal phase III studies showed
that patients of Black African ancestry had a higher SLE
Responder Index (SRI) response rate at week 52 with placebo
compared with belimumab (18).

The 52-week EMBRACE study investigated the efficacy
and safety of belimumab 10 mg/kg IV plus standard therapy
compared with placebo plus standard therapy in adults with
SLE of self-identified Black race. This report presents results
of the efficacy and safety end point analyses from data col-
lected up to the week 52 visit of the double-blind phase, and

the subsequent 24-week open-label extension phase of
EMBRACE. Additionally, results presented include subgroup
analyses.

PATIENTS AND METHODS

Study design. EMBRACE (GSK Study BEL115471;
ClinicalTrials.gov identifier: NCT01632241) was a phase III/IV, mul-
ticenter, randomized, double-blind, placebo-controlled, 52-week
study (Figure 1) conducted at 88 centers in Brazil, Colombia,
France, South Africa, the UK, and the US. The study consisted of
a screening phase of up to 5 weeks and a 52-week double-blind
phase (date of initiation [first patient’s first visit] February 19, 2013;
date of double-blind end point analysis June 18, 2018), followed
by an optional 6-month open-label extension phase.

Patients. Full selection criteria are provided in the Supple-
mentary Material (available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41900/
abstract). Briefly, for inclusion in the double-blind phase, patients
had to be age ≥18 years and of self-identified Black race, with a
SELENA–SLEDAI score of ≥8 at the time of screening and positiv-
ity for antinuclear antibodies (titer ≥1:80 and/or anti–double-
stranded DNA [≥30 IU/ml]). Key exclusion criteria included previ-
ous treatment with belimumab, severe lupus kidney disease or
active nephritis, or central nervous system lupus.

All patients provided written informed consent prior to enroll-
ment. Approval was obtained for all study sites from the ethics com-
mittee or institutional review board (IRB) (IRB HGS1006-C1112/
tracking QUI1-12-249). The study was conducted in accordance
with the ethics principles of the Declaration of Helsinki (19), the
International Council for Harmonisation Guidelines for Good Clinical
Practice, and any applicable country-specific regulatory
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requirements. The reporting of this study conforms to the Consoli-
dated Standards of Reporting Trials 2010 guidelines (20).

Randomization and treatment. Using an interactive
voice/web response system, patients receiving standard therapy
were randomized 2:1 to receive either belimumab 10 mg/kg IV
or placebo, which was administered on days 0, 14, and 28 and
every 28 days thereafter up to week 48, with a final evaluation at
week 52. Randomization was stratified by screening SELENA–
SLEDAI score (≤9 versus ≥10), region (US/Canada versus rest of
world), and complement level (≥1 test finding showing low C3/
C4 [less than the lower limit of normal] versus C3/C4 other [the
lower limit of normal or above]). Detailed randomization data are
provided in Supplementary Material (http://onlinelibrary.wiley.
com/doi/10.1002/art.41900/abstract).

Patients who successfully completed the initial 52-week
double-blind phase could enter an optional 6-month open-label
extension phase, during which they received belimumab 10 mg/kg
IV every 28 days plus standard therapy, irrespective of their previ-
ous study assignment. The first dose was given at the week
52 (day 364) visit of the double-blind period (day 1 of the open-label
extension phase). Patients who completed the 52-week double-
blind phase, but did not enter the 6-month open-label extension
phase, were required to return for an additional follow-up visit
8 weeks after their last dose. Patients who withdrew early were
required to return for an exit visit 4 weeks after their last dose and
a follow-up visit 8 weeks after their last dose.

The original protocol plan was to randomize 816 patients,
providing ≥90% power to detect ≥12% absolute improvement in
the SRI response rate in the belimumab group compared with
the placebo group at a 5% significance level. Due to enrollment
challenges, a revised sample size was calculated to include
501 patients (≥334 patients in the belimumab group and ≥167
patients in the placebo group). This sample size provided ≥90%
power to detect a minimum 15.55% absolute improvement in
SRI–SLEDAI-2K response rate in the belimumab group relative
to the placebo group at a 5% significance level (based on the
pooled data from efficacy studies BEL112341 and BEL113750)
(15,21). These calculations assumed a placebo response rate of
43.95% at week 52.

Study end points and assessments. The primary effi-
cacy end point was the SRI–SLEDAI-2K response rate (defined
in the Supplementary Material) at week 52 of the double-blind
phase. Unlike in the phase II and phase III studies, the
SRI–SLEDAI-2K was selected because of the simplification it
offers in proteinuria assessment as compared with the
SELENA–SLEDAI proteinuria component; both are clinically
meaningful (22). The primary efficacy end point for the open-label
extension phase was SRI–SLEDAI-2K response rate at open-
label extension week 24. If the open-label extension week 24 data
were missing, data from the open-label extension week 28/exit

visit were used. This time point is referred to as “open-label exten-
sion week 24” throughout the text. Data related to the primary
efficacy end point, e.g., the response rate over time, percentage
of patients with a durable SRI–SLEDAI-2K response from week
44 through week 52, time to first SRI–SLEDAI-2K response that
was maintained through week 52, and duration of longest SRI–
SLEDAI-2K response among patients with ≥1 SRI–SLEDAI-2K
responses were summarized.

The key secondary end points were SRI–SELENA–SLEDAI at
week 52 (open-label extension week 24), time to first severe SLE
flare (measured by the SELENA–SLEDAI flare index [SFI]), and
proportion of patients whose average prednisone dose had been
reduced by ≥25% from baseline to ≤7.5 mg/day during week
40 through week 52 (open-label extension week 28/exit visit), in
patients receiving >7.5 mg/day at baseline. Key renal end points
included time to first renal flare over 52 weeks and over 28 weeks
in the open-label extension, SELENA–SLEDAI–SLEDAI-2K renal
domain improvement at week 52, SELENA–SLEDAI–SLEDAI-2K
renal domain worsening at week 52, percentage reduction in pro-
teinuria by visit and at week 52 and open-label extension week
24 and week 28/exit visit among those with baseline proteinuria
>0.5 gm/24 hours, and proteinuria shift at week 52 and open-label
extension week 24 and week 28/exit visit among those with base-
line proteinuria >0.5 gm/24 hours. Renal flare is defined in the Sup-
plementary Material (http://onlinelibrary.wiley.com/doi/10.1002/art.
41900/abstract).

Biomarkers measured included percentage changes in
serum IgG level, anti-dsDNA antibody level (in those who were
anti-dsDNA positive [≥30 IU/ml] at baseline), and complement
(C3 and C4) levels from baseline. Safety was evaluated by moni-
toring adverse events (AEs), serious AEs (SAEs), AEs of special
interest, vital signs, clinical laboratory test results, and immunoge-
nicity up to 8 weeks posttreatment and throughout the open-label
extension phase.

Data analyses. For the double-blind phase, safety analy-
ses were performed on the safety population, defined as all
patients who were randomized and treated with at least 1 dose
of investigational product. Data on the safety population were
summarized according to the treatment the patient was random-
ized to receive rather than by the treatment that was received, but
both were the same for this study. Efficacy analyses were per-
formed on the modified intent-to-treat (ITT) population, defined
as the safety population minus those patients who had any
assessment at any of 3 study sites that were excluded from the
efficacy analyses before the database lock because of potential
Good Clinical Practice noncompliance.

For analysis of the primary and 3 key secondary efficacy end
points, a step-down sequential testing procedure was used as
described in the Supplementary Material. The following subgroup
analyses were performed for the primary analysis (SRI–SLEDAI-
2K response at week 52): region (US/Canada versus rest of
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world), baseline SELENA–SLEDAI–SLEDAI-2K score (≤9 versus
≥10), baseline anti-dsDNA antibody level (≥30 IU/ml versus <30
IU/ml), baseline complement levels (≥1 test finding showing low
C3/C4 [less than the lower limit of normal] versus C3/C4 other
[the lower limit of normal or above]), and baseline complement
and anti-dsDNA antibody levels (≥1 test finding showing low
C3/C4 and anti-dsDNA ≥30 IU/ml versus C3/C4 other and anti-
dsDNA ≥30 IU/ml). The odds of an SRI–SLEDAI-2K response
with belimumab treatment versus placebo were estimated using
logistic regression analysis.

For the open-label extension phase, all patients received beli-
mumab, no formal statistical hypothesis testing was completed,
and all analyses using descriptive statistics were exploratory in
nature. Safety analyses were performed on the ITT population,
defined as all randomized patients who received ≥1 dose of treat-
ment (i.e., at double-blind week 52/open-label extension day 1 or
a later open-label extension visit). Efficacy analyses were

performed on the open-label extension modified ITT population,
excluding the same patients as described above for the modified
ITT population in the double-blind phase.

Data availability. Anonymized individual participant data
and study documents can be requested for further research at
http://www.clinicalstudydatarequest.com.

RESULTS

Patient population. In total, 503 patients were random-
ized, of whom 496 received at least 1 dose of investigational
product (safety population), and 448 comprised the modified ITT
population that was included in the efficacy analyses. Three hun-
dred forty-five patients in the modified ITT population completed
the 52-week double-blind phase; 334 entered the open-label
extension phase, and 313 completed the 6-month open-label

Belimumab 10 mg/kg IV + standard therapy
(n=109, 100.0%)

EMBRACE: 52-week, double-blind phase

Entry into 6-month, open-label extension phase

Not treated (n=7, 1.4%)

Excluded from mITT due to site
non-compliance (n=48, 9.7%)

Randomized (N=503)

Safety population (n=496)

mITT population*  (n=448)

Withdrawn (n=67, 22.4%)
most commonly due to:
• AE (n=16, 5.4%)
• Lack of efficacy (n=14, 4.7%)
• Patient decision (n=13, 4.3%)
• Physician decision (n=10, 3.3%)
• Lost to follow-up (n=8, 2.7%)
• Protocol deviation (n=6, 2.0%)

Withdrawn (n=36, 24.2%)
most commonly due to:
• AE (n=10, 6.7%)
• Patient decision (n=9, 6.0%)
• Lack of efficacy (n=8, 5.4%)
• Physician decision (n=7, 4.7%)
• Lost to follow-up (n=1, 0.7%)
• Protocol deviation (n=1, 0.7%)

Belimumab 10 mg/kg IV + standard therapy
(n=299)

Placebo + standard therapy
(n=149)

Completed Week 52 visit
(n=232, 77.6%)

Completed Week 52 visit
(n=113, 75.8%)

Belimumab 10 mg/kg IV + standard therapy
(n=225, 100.0%)

Completed open-label extension
(n=211, 93.8%)

Completed open-label extension
(n=102, 93.6%)

Withdrawn (n=14, 6.2%)
due to:
• Lack of efficacy (n=2, 0.9%)
• Patient decision (n=2, 0.9%)
• Physician decision (n=4, 1.8%)
• Lost to follow-up (n=4, 1.8%)
• Protocol deviation (n=2, 0.9%)

Withdrawn (n=7, 6.4%)
due to:
• AE (n=1, 0.9%)
• Patient decision (n=5, 4.6%)
• Lost to follow-up (n=1, 0.9%)

Figure 2. Flow chart of patient disposition. * The modified intent-to-treat (mITT) population consisted of all patients who were randomized and
received ≥1 dose of the study agent (48 patients were excluded from efficacy analyses due to noncompliance). IV= intravenous; AE= adverse event.
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extension phase (Figure 2). The most frequent reasons for with-
drawal in the double-blind safety population were AEs (5.8%),
patient decision (4.8%), and lack of efficacy (4.8%). In the open-
label extension modified ITT population, study closure/
termination due to noncompliance at the aforementioned 3 study
sites was the main reason for withdrawal (2.8%), followed by
patient decision (1.9%), physician decision, and lost to follow-up
(both 1.4%).

Patient demographics and baseline characteristics of the
modified ITT population were generally similar between treatment

groups and were representative of this type of study design
(Table 1 and Supplementary Table 1, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41900/abstract). In the double-blind phase, patients
had a mean � SD age of 38.8 � 11.4 years, 7 patients (1.6%)
were age ≥65 years, and 96.9% were women.

Baseline disease activity was similar between treatment
groups (Table 1), except for a slightly lower percentage of patients
in the placebo group with ≥1 British Isles Lupus Assessment
Group A organ domain involvement (23) (belimumab 17.4%,

Table 1. Patient demographics and baseline characteristics in the modified ITT population*

Double-blind phase Open-label extension phase

Belimumab,
10 mg/kg IV Placebo

Continuous belimumab,
10 mg/kg IV

Placebo-to-belimumab,
10 mg/kg IV

(n = 299) (n = 149) (n = 225) (n = 109)

Female 290 (97.0) 144 (96.6) 219 (97.3) 107 (98.2)
Age, mean � SD years 38.6 � 11.1 39.3 � 12.2 39.4 � 10.6 41.6 � 12.1
Race
Black African ancestry
or African American

293 (98.0) 143 (96.0) 220 (97.8) 103 (94.5)

Multiple 6 (2.0) 6 (4.0) 5 (2.2) 6 (5.5)
Region
US/Canada 131 (43.8) 65 (43.6) 96 (42.7) 44 (40.4)
Rest of world 168 (56.2) 84 (56.4) 129 (57.3) 65 (59.6)

BMI, mean � SD kg/m2 29.46 � 7.38† 28.97 � 6.96‡ 29.48 � 7.09§ 29.62 � 7.02¶
SLE disease duration, 7.3 � 7.08** 6.9 � 7.38 7.5 � 7.29 8.2 � 8.03
mean � SD years#

BILAG organ domain
involvement††

≥1A or 2B 215 (71.9) 107 (71.8) 170 (75.6) 25 (22.9)
≥1A 52 (17.4) 16 (10.7) 42 (18.7) 5 (4.6)
≥1B 273 (91.3) 140 (94.0) 204 (90.7) 51 (46.8)
No A or B 14 (4.7) 4 (2.7) 10 (4.4) 56 (51.4)

SELENA–SLEDAI
category

≤9 146 (48.8) 59 (39.6) 109 (48.4) 87 (79.8)
10–11 77 (25.8) 46 (30.9) 56 (24.9) 9 (8.3)
≥12 76 (25.4) 44 (29.5) 60 (26.7) 13 (11.9)

SELENA–SLEDAI, mean � SD 9.9 � 3.52 10.2 � 2.90 9.9 � 3.31 5.5 � 4.20
SELENA–SLEDAI–SLEDAI-2K

category
≤9 141 (47.2) 56 (37.6) 106 (47.1) 86 (78.9)
10–11 74 (24.7) 45 (30.2) 53 (23.6) 9 (8.3)
≥12 84 (28.1) 48 (32.2) 66 (29.3) 14 (12.8)

SELENA–SLEDAI–SLEDAI-2K 10.2 � 3.68 10.5 � 3.08 10.2 � 3.52 5.7 � 4.20
score, mean � SD

≥1 test finding of low C3/C4 108 (36.1) 57 (38.3) 79 (35.1) 34 (31.2)
Anti-dsDNA ≥30 IU/ml 181 (60.5) 99 (66.4) 135 (60.0) 63 (57.8)
≥1 test finding of low C3/C4 and

anti-dsDNA ≥30 IU/ml
91 (30.4) 50 (33.6) 66 (29.3) 30 (27.5)

Renal involvement (SLEDAI-2K 55 (18.4) 34 (22.8) 39 (17.3) 21 (19.3)
organ domain)

Proteinuria >0.5 gm/24 hours 53 (17.7) 33 (22.1) 37 (16.4) 22 (20.2)
Average prednisone equivalent

dose
0 mg/day 53 (17.7) 22 (14.8) – –

0–7.5 mg/day 62 (20.7) 32 (21.5) – –

>7.5 mg/day 184 (61.5) 95 (63.8) – –

(Continued)
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placebo 10.7%). There were unexpected imbalances in baseline
SELENA–SLEDAI scores and SELENA–SLEDAI–SLEDAI-2K
scores, with a larger proportion of patients in the belimumab
group having SELENA–SLEDAI scores ≤9 (belimumab 48.8%,
placebo 39.6%) and SELENA–SLEDAI–SLEDAI-2K scores ≤9
(belimumab 47.2%, placebo 37.6%).

Efficacy results. The SRI–SLEDAI-2K response rate at
week 52, the primary efficacy end point of the double-blind phase,
was numerically but not statistically greater in the belimumab
group (48.7%) compared with the placebo group (41.6%) (odds
ratio 1.40 [95% confidence interval 0.93, 2.11], P= 0.1068). Over
time, the SRI–SLEDAI-2K (or SRI–SELENA–SLEDAI) response
rates were consistently greater in the belimumab group compared
with the placebo group, starting at week 28 (Supplementary
Figures 1A and B, http://onlinelibrary.wiley.com/doi/10.1002/art.
41900/abstract). The SRI–SLEDAI-2K response rate at open-
label extension week 24, the primary efficacy end point of the
open-label extension phase, was 73.6% and 18.8% in the contin-
uous belimumab group and the placebo-to-belimumab group,
respectively, since the start of belimumab treatment (i.e., over
76 weeks in the continuous belimumab group and 24 weeks in
the placebo-to-belimumab group). Components of the primary

end point of the double-blind and open-label extension phases
are shown in Figure 3.

A durable SRI–SLEDAI-2K response from week 44 through
week 52 was achieved by 126 patients (42.3%) in the belimumab
group and 48 patients (32.2%) in the placebo group (odds ratio
1.66 [95% confidence interval 1.08, 2.56], P = 0.0209). The 25th
percentile of the time to SRI–SLEDAI-2K response maintained until
week 52 was 116 days (16.6 weeks) in the belimumab group and
204 days (29.1 weeks) in the placebo group (hazard ratio 1.41
[95% confidence interval 1.04, 1.90], P = 0.0256) (Supplementary
Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/art.41900/
abstract). The mean � SD duration of longest SRI–SLEDAI-2K
response among patients with ≥1 response was longer in the beli-
mumab group (172.9 � 115.65 days [24.7 weeks]) compared with
the placebo group (139.1 � 110.08 days [19.9 weeks]), resulting in
an adjusted treatment difference of 40.10 days (95% confidence
interval 14.74, 65.46, P = 0.0020).

Since the primary end point did not meet statistical signifi-
cance, key secondary end points in the prespecified sequence
(SRI–SELENA–SLEDAI response, time to first severe SFI flare,
and prednisone use) could not be declared as statistically signifi-
cant. The percentage of SRI–SELENA–SLEDAI responders is
presented in the Supplementary Material and in Supplementary

Table 1. (Cont’d)

Double-blind phase Open-label extension phase

Belimumab,
10 mg/kg IV Placebo

Continuous belimumab,
10 mg/kg IV

Placebo-to-belimumab,
10 mg/kg IV

(n = 299) (n = 149) (n = 225) (n = 109)

Prednisone dose, mean � 12.1 � 10.71 12.2 � 9.95 – –

SD mg/day
Patients receiving treatment
Steroids 246 (82.3) 127 (85.2) – –

Antimalarials 237 (79.3) 124 (83.2) – –

Immunosuppressants 167 (55.9) 88 (59.1) – –

Aspirin 40 (13.4) 33 (22.1) – –

NSAIDs 62 (20.7) 20 (13.4) – –

Steroids, immunosuppressants, 113 (37.8) 58 (38.9) – –

and antimalarials
Steroids and antimalarials only 84 (28.1) 45 (30.2) – –

Steroids and 28 (9.4) 18 (12.1) – –

immunosuppressants only
Steroids only 21 (7.0) 6 (4.0) – –

Antimalarials only 25 (8.4) 10 (6.7) – –

Immunosuppressants and 15 (5.0) 11 (7.4) – –

antimalarials only
Immunosuppressants only 11 (3.7) 1 (0.7) – –

* Except where indicated otherwise, values are the number (%). Low C3/C4 is defined as less than the lower limit of normal (<90 mg/dl for C3
and <10 mg/dl for C4). ITT = intent-to-treat; IV = intravenous; BMI = body mass index; SLE = systemic lupus erythematosus; BILAG = British
Isles Lupus Assessment Group; SELENA–SLEDAI= Safety of Estrogens in Lupus Erythematosus National Assessment–SLE Disease Activity Index;
SLEDAI-2K = SLE Disease Activity Index 2000; anti-dsDNA = anti–double-stranded DNA; NSAIDs = nonsteroidal antiinflammatory drugs.
† n = 229.
‡ n = 115.
§ n = 176.
¶ n = 83.
# Defined as (treatment start date – SLE diagnosis date +1)/365.25.
** n = 298.
†† Patients may have been included in >1 category.
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Figure 1B (http://onlinelibrary.wiley.com/doi/10.1002/art.41900/
abstract). The SELENA–SLEDAI–SLEDAI-2K change from base-
line over time is shown in Supplementary Figure 3 (http://
onlinelibrary.wiley.com/doi/10.1002/art.41900/abstract).

Over the 52-week double-blind phase, patients in the beli-
mumab group had a 23% lower risk of experiencing a severe
SFI flare than those in the placebo group (hazard ratio 0.77 [95%
confidence interval 0.51, 1.17], P = 0.2264). Among patients
experiencing a severe SFI flare (58 of 299 [19.4%] in the belimu-
mab group; 37 of 149 [24.8%] in the placebo group), the median
time to first severe SFI flare was similar between the belimumab
and placebo groups (study day 176 in the belimumab group

versus study day 175 in the placebo group). During the open-
label extension phase, 4.0% of patients (9 of 225) and 5.5% of
patients (6 of 109) in the continuous belimumab and placebo-to-
belimumab groups, respectively, experienced a severe SFI flare.

There was no forced steroid tapering in this study. At base-
line, 279 patients (modified ITT population; 184 in the belimumab
group and 95 in the placebo group) received prednisone at
>7.5 mg/day. Of these patients, 27 (14.7%) in the belimumab
group and 12 (12.6%) in the placebo group achieved a reduction
in prednisone dose by ≥25% from baseline to ≤7.5 mg/day during
week 40 to week 52 of the double-blind phase (odds ratio 1.30
[95% confidence interval 0.61, 2.80], P = 0.4996). In the open-
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Figure 3. Response rates based on the 3 individual components of the Systemic Lupus Erythematosus (SLE) Responder Index–SLEDiseaseActivity
Index 2000 (SLEDAI-2K) response,withmodifiedSLEDAI scoring for proteinuria, at week 52of the double-blind phase andat week 24 of the open-label
extension (OLE) phase in themodified intent-to-treat population. Odds ratios (ORs) with 95% confidence intervals (95%CIs) andP values were derived
using a logistic regression model to compare belimumab with placebo, with covariates of treatment group, baseline Safety of Estrogens in Lupus Ery-
thematosusNational Assessment–SLEDAI (SELENA–SLEDAI)–SLEDAI-2K (SS-S2K) score (≤9 versus≥10), baseline complement levels (≥1 test finding
showing low C3/C4 [less than the lower limit of normal] versus C3/C4 other [the lower limit of normal or above]), and region (US/Canada versus rest of
world). The open-label extension phase used observed data, and the double-blind phase used nonresponder imputation for withdrawals or treatment
failures. TheORwas not calculated for the open-label extension phase, as no formal hypothesis testingwas performed. * Open-label extension baseline
(pre-belimumab) was used for the SELENA–SLEDAI–SLEDAI-2K analysis, with modified SLEDAI scoring for proteinuria, of the open-label extension
phase. Patients in the continuous belimumabgroup received belimumab for 18months, and those in theplacebo-to-belimumabgroup received belimu-
mab for 6 months. IV= intravenous; PGA= physician global assessment; BILAG= British Isles Lupus Assessment Group.
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label extension phase, 31.9% of patients (44 of 138) in the contin-
uous belimumab group had achieved a reduction in prednisone
dose to ≤7.5 mg/day compared with the start of the double-blind
phase, whereas 14.8% of patients (8 of 54) in the placebo-to-
belimumab group achieved this compared with the start of the
open-label extension phase.

Subgroup analyses revealed that belimumab-treated
patients had greater SRI–SLEDAI-2K response rates compared
with patients who received placebo if they had the following at
baseline: 1) SELENA–SLEDAI–SLEDAI-2K scores ≥10 (52.5%
versus 40.9%), 2) positive anti-dsDNA antibody levels (46.4% ver-
sus 36.4%), 3) low complement levels (47.2% versus 24.6%), or
4) low complement levels and positive anti-dsDNA (45.1% versus
24.0%) (Figure 4). Patients in the US/Canada had similar SRI–
SLEDAI-2K response rates with belimumab as with placebo
(37.4% versus 38.5%), whereas those in the rest of the world
had a higher response rate with belimumab compared with pla-
cebo (57.5% versus 44.0%).

Patients in the double-blind phase who received belimumab
had a 46% lower risk of experiencing a renal flare compared with
those who received placebo (hazard ratio 0.54 [95% confidence
interval 0.21, 1.36], P = 0.1880). Among patients who experi-
enced a renal flare (9 of 299 [3.0%] in the belimumab group;
9 of 149 [6.0%] in the placebo group), the median study day of
the renal flare was day 196 (range 57–309) in the belimumab
group and day 153 (range 30–337) in the placebo group. In
the open-label extension phase, 3.1% of patients (7 of 225) in
the continuous belimumab group and 4.6% of patients (5 of

109) in the placebo-to-belimumab group experienced renal
flares over 28 weeks. Among these patients, the median study
day of the renal flare was day 169 (range 162–193) in the contin-
uous belimumab group and day 169 (range 85–197) in the
placebo-to-belimumab group.

In the double-blind phase, among patients with baseline
SELENA–SLEDAI–SLEDAI-2K renal involvement, more patients
in the belimumab group (41.8% [23 of 55]) experienced improve-
ment in this domain compared with those in the placebo group
(20.6% [7 of 34]). Among those without baseline SELENA–SLE-
DAI–SLEDAI-2K renal involvement, the percentage of patients
who experienced worsening in this domain was low in both
groups (6.1% [15 of 244] in the belimumab group; 7.8% [9 of
115] in the placebo group). Changes in proteinuria by visit in
patients in the double-blind phase with baseline proteinuria >0.5
gm/24 hours are shown in Supplementary Figure 4 (http://
onlinelibrary.wiley.com/doi/10.1002/art.41900/abstract). The
median percentage change in proteinuria at week 52 among
patients with baseline proteinuria >0.5 gm/24 hours was numeri-
cally greater with belimumab treatment compared with placebo
(�65.27% [interquartile range �81.1, �38.8], n = 38 versus
�32.89% [interquartile range �76.6, 36.3], n = 23). Among
patients with baseline proteinuria >0.5 gm/24 hours in the open-
label extension phase, the median percentage change in protein-
uria at open-label extension week 24 was �73.99% (interquartile
range �91.3, �36.4) in 34 patients receiving continuous belimu-
mab since the start of the double-blind phase and �34.30%
(interquartile range �58.8, 29.4) in 17 patients who switched from

Overall (n=298 [belimumab] vs 149 [placebo])
Region
USA/Canada (n=131 vs 65)
Rest of world (n=167 vs 84)
Baseline SS-S2K score
≥10 (n=158 vs 93)
≤9 (n=140 vs 56)
Baseline C3/C4 levels*

≥1 low C3/C4 (n=108 vs 57)
C3/C4 other (n=190 vs 92)
Baseline anti-dsDNA
≥30 UI/mL (n=181 vs 99)
<30 IU/mL (n=117 vs 50)
Baseline C3/C4 levels*  and anti-dsDNA
≥1 low C3/C4 and ≥30 IU/mL (n=91 vs 50)
C3/C4 other and ≥30 IU/mL (n=207 vs 99)

48.7 vs 41.6

37.4 vs 38.5
57.5 vs 44.0

52.5 vs 40.9
44.3 vs 42.9

47.2 vs 24.6
49.5 vs 52.2

46.4 vs 36.4
52.1 vs 52.0

45.1 vs 24.0
50.2 vs 50.5

1.40 (0.93, 2.11)

Belimumab 10 mg/kg IV
vs placebo, (%) OR (95% CI)

0.97 (0.52, 1.81)
1.81 (1.05, 3.13)

1.76 (1.03, 3.00)
0.97 (0.51, 1.85)

3.00 (1.45, 6.23)
0.92 (0.55, 1.54)

1.60 (0.95, 2.68)
1.05 (0.52, 2.11)

3.00 (1.35, 6.68)
1.01 (0.62, 1.66)

0.1 1
OR, belimumab 10 mg/kg IV vs placebo

10

Figure 4. Subgroup analysis of SLE Responder Index–SLEDAI-2K (SS-S2K) response rates at week 52. * Low C3/C4 is defined as C3/C4 levels
less than the lower limit of normal (<90 mg/dl for C3 and <10 mg/dl for C4), and C3/C4 other is defined as levels at the lower limit of normal or
above. Anti-dsDNA = anti–double-stranded DNA (see Figure 3 for other definitions).
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placebo to belimumab at the start of the open-label extension
phase. At week 52 of the double-blind phase, 16 patients
(42.1%) in the belimumab group and 6 (26.1%) in the placebo
group with baseline proteinuria >0.5 gm/24 hours experienced a
downward shift in proteinuria to ≤0.5 gm/24 hours. At open-label
extension week 24, 20 patients (58.8%) in the continuous belimu-
mab group and 6 (35.3%) in the placebo-to-belimumab group
experienced a downward shift in proteinuria to ≤0.5
gm/24 hours since the start of the double-blind phase and the
start of the open-label extension phase, respectively.

Biomarker results are shown in Supplementary Table 2
(http://onlinelibrary.wiley.com/doi/10.1002/art.41900/abstract).
With belimumab versus placebo treatment in the double-blind
phase, there was a greater reduction in the percentage change
in IgG levels from baseline (P < 0.0001) and percentage change
in anti-dsDNA levels from baseline (P = 0.0004 among patients
who were anti-dsDNA positive at baseline). Greater increases
in C3 and C4 levels were observed in those who received beli-
mumab versus those who received placebo (P = 0.0087 and
P < 0.0001, respectively).

Safety. In the double-blind phase, the proportion of patients
who experienced at least 1 AE was similar between treatment
groups (83.7% in the belimumab group; 87.3% in the placebo
group). In the open-label extension phase, the proportion of
patients who experienced at least 1 AE was 62.8% and 66.7%
in the continuous belimumab and placebo-to-belimumab groups,
respectively (Table 2 and Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.41900/abstract).

The AEs most commonly reported in either treatment group
during the double-blind phase were upper respiratory tract infec-
tion (14.8% in the belimumab group; 8.5% in the placebo group)
and urinary tract infection (13.0% in the belimumab; 12.7% in the
placebo group). In the open-label extension phase, in which all
patients received belimumab, the AEs most commonly reported
(occurring in ≥5% of patients) were upper respiratory tract infection
(6.7%), influenza (6.4%), and urinary tract infection (5.6%). AEs in

the double-blind phase occurring more commonly in belimumab-
treated patients compared with placebo-treated patients (and
occurring in ≥5% of patients) and with a between-group difference
in incidence of ≥1%were upper respiratory tract infection, diarrhea,
sinusitis, vomiting, cough, and hypertension.

In the double-blind phase, the incidence of SAEs was lower
in the belimumab group (10.9%) compared with the placebo
group (18.8%), and the SAE with the highest incidence was infec-
tions and infestations (3.3% in the belimumab group; 7.9% in the
placebo group). There was a similar incidence of infections and
infestations between the belimumab group and placebo group
(59.2% and 60.0%, respectively) and a similar incidence of seri-
ous infections and serious infestations between the belimumab
group and placebo group (3.3% and 7.9%, respectively). The
rate of opportunistic infection AEs of special interest, including
active tuberculosis and herpes zoster, was 0.6% in the belimu-
mab group and 1.2% in the placebo group. Overall, during the
open-label extension phase, 5.3% of patients experienced at
least 1 SAE.

In total, 6.6% of patients in the belimumab group and 7.3%
in the placebo group discontinued treatment due to an AE in the
double-blind phase. In the belimumab group, treatment was dis-
continued most commonly because of lupus nephritis (0.9%).
Two patients in the belimumab group (0.6%) died, and none
died in the placebo group. Both deaths were considered not to
be related to belimumab by the study investigator. The death in
1 patient was attributable to nosocomial meningitis, secondary
to an SAE of severe cerebrovascular accident (76 days after
administration of the first dose of belimumab, where there was
a possibility that the cerebrovascular accident was due to beli-
mumab). The patient had a history of hypertension and infection.
The second patient, who received 1 dose of belimumab and
developed multidrug-resistant pneumonia 8 days later, died on
day 46. There were no deaths in the open-label extension
phase, and 1 patient in the placebo-to-belimumab group experi-
enced an AE that resulted in treatment discontinuation (Table 2).
No clinically meaningful differences between treatment groups

Table 2. Summary of treatment-emergent AEs in the safety population*

Double-blind phase Open-label extension phase

Belimumab,
10 mg/kg IV Placebo

Continuous belimumab,
10 mg/kg IV

Placebo-to-belimumab,
10 mg/kg IV

(n = 331) (n = 165) (n = 242) (n = 117)

Any AE 277 (83.7) 144 (87.3) 152 (62.8) 78 (66.7)
Treatment-related AEs 111 (33.5) 47 (28.5) 36 (14.9) 20 (17.1)
Serious AEs 36 (10.9) 31 (18.8) 13 (5.4) 6 (5.1)
Severe AEs 46 (13.9) 37 (22.4) 9 (3.7) 10 (8.5)
Serious and/or severe 57 (17.2) 46 (27.9) 17 (7.0) 15 (12.8)
AEs

AEs resulting in
treatment

22 (6.6) 12 (7.3) 0 1 (0.9)

discontinuation
Deaths 2 (0.6) 0 0 0

* Values are the number (%). AEs = adverse events; IV = intravenous.
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were found in the incidence of malignancy, postinfusion reac-
tions, or psychiatric disease.

DISCUSSION

To our knowledge, this is the first randomized, placebo-
controlled clinical trial in SLE focusing on patients of self-identified
Black race. The response to treatment with belimumab 10 mg/kg
IV plus standard therapy did not achieve statistical superiority over
placebo plus standard therapy when assessed on the basis of the
double-blind phase primary end point; however, SRI–SLEDAI-2K
response rates were numerically higher in those who received beli-
mumab. Although the magnitude of the treatment group difference
favoring belimumab is lower in this study (response rate 49% with
belimumab versus 42% with placebo, odds ratio 1.40 [95% confi-
dence interval 0.93, 2.11]) when compared with that observed in
the 2 pivotal phase III studies of IV belimumab (response rate in
the Study of Belimumab in Subjects with SLE 52-week trial
[BLISS-52], 58% with belimumab versus 44% with placebo, odds
ratio 1.83 [95% confidence interval 1.30, 2.59]; response rate in
the BLISS 76-week trial [BLISS-76], 43% with belimumab versus
34% with placebo, odds ratio 1.52 [95% confidence interval 1.07,
2.15]), the efficacy results are directionally consistent (13,14,24).
Our results support the post hoc analysis of the previous phase II
study, which showed an improved SELENA–SLEDAI response
with belimumab compared with placebo in patients of Black African
ancestry (17) and contradicted the post hoc analyses of the pivotal
phase III studies (18,25).

The large difference in SRI–SLEDAI-2K response in the open-
label extension phase between the 2 treatment groupsmay be due
to the difference in the length of time that patients received belimu-
mab (>76 weeks in the continuous belimumab group versus
24 weeks in the placebo-to-belimumab group). At open-label
extension baseline (start of belimumab treatment), the placebo-to-
belimumab group also had lower disease activity compared with
the continuous belimumab group, which may have made it more
difficult to meet the SLEDAI component of the SRI end point.

The durable SRI–SLEDAI-2K response showed a greater dif-
ference between treatment groups relative to that in the primary
analysis. The time to first SRI–SLEDAI-2K response that was
maintained through week 52 occurred earlier in the belimumab
group compared with the placebo group, and the belimumab
group had a longer duration of SRI–SLEDAI-2K response com-
pared with the placebo group.

The population recruited in this study had a generally lower
disease activity than the overall population in the pivotal phase III
studies (13,14,16), which may have contributed to the reduced
effect size observed. However, subgroup analyses showed
higher SRI–SLEDAI-2K responses in the belimumab group com-
pared with the placebo group among patients with high disease
activity at baseline (i.e., SELENA–SLEDAI–SLEDAI-2K score ≥10,
low complement levels, and low complement levels plus positive

anti-dsDNA). This finding is consistent with subgroup analyses
of the pivotal phase III trials, in which patients with high disease
activity had a greater SRI–SELENA–SLEDAI effect size with beli-
mumab compared with standard therapy (Supplementary
Figure 5, http://onlinelibrary.wiley.com/doi/10.1002/art.41900/
abstract) (26). These findings add to the growing body of evi-
dence supporting the benefit of belimumab in patients with high
disease activity, regardless of race. High disease activity is more
common in those of non-White descent, including African
descendants (10), and this classification may be useful to practic-
ing clinicians to more easily identify patients who might have an
enhanced response to belimumab.

Regional analyses of the primary end point showed that
patients in the rest-of-world subgroup compared with the
US/Canada subgroup had a higher response to belimumab than
to placebo, while those in the US/Canada subgroup had a similar
response between treatment groups. A lower proportion of
patients in the US/Canada subgroup had low complement levels
at baseline than those in the rest-of-world subgroup. Due to this
imbalance of baseline disease activity by region, post hoc analyses
for response by region and baseline complement level were per-
formed. In patients with low complement levels in both regions, a
benefit was observed with belimumab compared with placebo.
These regional baseline differences may have contributed to the
higher response difference favoring belimumab in the rest-of-world
subgroup compared with the US/Canada subgroup.

Renal involvement is more common and severe in patients of
Black African ancestry (10,27–29). Although this study was not
powered to determine a treatment difference in renal end
points, patients treated with belimumab had an improved
SELENA–SLEDAI–SLEDAI-2K renal domain score, decrease in
proteinuria, and a downward shift in proteinuria among those with
high proteinuria at baseline. In this study, the observation that
patients with renal manifestations may benefit from treatment with
belimumab is supported by the post hoc analysis performed by
Dooley et al and was confirmed in the BLISS in Lupus Nephritis
study (ClinicalTrials.gov identifier: NCT01639339), which also
included patients of Black African ancestry (30,31).

Immunoglobulin and SLE biomarker responses from this
study were consistent with those in the pivotal belimumab studies
(13,14). The incidences of AEs, and the AE and SAE profile in this
study, were consistent with those in the overall SLE population of
the BLISS-52, BLISS-76, and BLISS-SC trials (13,14,16).
Although patients in the open-label extension continuous belimu-
mab group received more exposure to belimumab than those in
the placebo-to-belimumab group, no clinically meaningful safety
differences were observed.

This study has several limitations. The introduction of the SRI–
SLEDAI-2K as a treatment response end point was expected to
increase the sensitivity of the study to identify a between-group
treatment difference as compared with that assessed using the
SRI–SELENA–SLEDAI, and consequently, the sample size was
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reduced from the original protocol (816 to 501 patients). Unfortu-
nately, the predicted increase in sensitivity was not realized and
this, combined with the loss of 48 participants from the modified
ITT population due to site noncompliance, resulted in reduced
power. Despite stratification at screening, a higher proportion of
patients in the belimumab group had a SELENA–SLEDAI–SLE-
DAI-2K score of ≤9 at baseline, and the mean baseline SELENA–
SLEDAI–SLEDAI-2K score was slightly lower compared with the
placebo group. It is possible that a 4-point reduction in the score
may therefore have been harder to achieve in the belimumab group
compared with the placebo group due to disease changes after
screening. Furthermore, subgroup analyses across studies have
consistently demonstrated that patients with baseline SELENA–
SLEDAI scores of ≥10 benefit more from treatment with belimumab
compared with those with baseline scores of ≤9 (Supplementary
Figure 5, http://onlinelibrary.wiley.com/doi/10.1002/art.41900/
abstract). Therefore, this imbalance may have contributed to the
reduction in the overall effect size on the primary end point.

This study was initiated as one of the postapproval commit-
ments for belimumab. The decision not to include forced steroid
tapering, which was made to ensure the study design was compa-
rable to that of the pivotal BLISS studies, may have contributed to
the inability to differentiate between the 2 groups. Although a
reduction in steroid use without mandated tapering has been dem-
onstrated following belimumab treatment (32), steroid tapering is
an important consideration for the design of future studies in order
to ensure that the full treatment effect of a new medicine may be
demonstrated. Other than self-identification, no definitions were
applied to the inclusion criteria of Black race. This resulted in the
inclusion of a proportion of patients who did not identify as being
primarily of Black race but considered themselves of mixed race.
Although there is variability in the population of patients who self-
identified as being of Black race, this study is unique in the SLE field
in that it limits the inclusion criteria by race.

Overall, belimumab 10 mg/kg IV plus standard therapy was
generally well tolerated; no new safety signals were observed, and
findings were consistent with the known safety profile of belimu-
mab. Efficacy and safety appear to be maintained over time.
Although statistical significance was not achieved overall, a greater
percentage of patients attained the primary end point in the belimu-
mab group compared with the placebo group. Importantly,
patients with baseline high disease activity or renal disease
benefited from treatment with belimumab, a finding that adds to
the growing body of evidence supporting the benefit of belimumab
in these groups (13,14,16,30). This study provides clinically mean-
ingful evidence to inform clinicians regarding the management of
SLE in patients of Black African ancestry, especially those with high
disease activity, a patient population with high unmet needs.
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Phase IIa Global Study Evaluating Rituximab for the
Treatment of Pediatric Patients With Granulomatosis
With Polyangiitis or Microscopic Polyangiitis
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Objective. To assess the safety, tolerability, pharmacokinetics, and efficacy of rituximab (RTX) in pediatric patients
with granulomatosis with polyangiitis (GPA) or microscopic polyangiitis (MPA).

Methods. The Pediatric Polyangiitis Rituximab Study was a phase IIa, international, open-label, single-arm study.
During the initial 6-month remission-induction phase, patients received intravenous infusions of RTX (375 mg/m2 body
surface area) and glucocorticoids once per week for 4 weeks. During the follow-up period, patients could receive fur-
ther treatment, including RTX, for GPA or MPA. The safety, pharmacokinetics, pharmacodynamics, and exploratory
efficacy outcomes with RTX were evaluated.

Results. Twenty-five pediatric patients with new-onset or relapsing disease were enrolled at 11 centers (19 with GPA
[76%] and 6 with MPA [24%]). The median age was 14 years (range 6–17 years). All patients completed the remission-
induction phase. During the overall study period (≤4.5 years), patients received between 4 and 28 infusions of RTX. All
patients experienced ≥1 adverse event (AE), mostly grade 1 or grade 2 primarily infusion-related reactions. Seven patients
experienced 10 serious AEs, and 17 patients experienced 31 infection-related AEs. No deaths were reported. RTX clear-
ance correlatedwith body surface area. The body surface area–adjusted RTX dosing regimen resulted in similar exposure
in both pediatric and adult patients with GPA orMPA. Remission, according to the Pediatric Vasculitis Activity Score, was
achieved in 56%, 92%, and 100% of patients by months 6, 12, and 18, respectively.

Conclusion. In pediatric patients with GPA or MPA, RTX is well tolerated and effective, with an overall safety profile
comparable to that observed in adult patients with GPA or MPA who receive treatment with RTX. RTX is associated
with a positive risk/benefit profile in pediatric patients with active GPA or MPA.

ClinicalTrials.gov identifier: NCT01750697 and EudraCT database
no. 2012-002062-13.
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INTRODUCTION

The antineutrophil cytoplasmic antibody (ANCA)–associated
vasculitides (AAVs) granulomatosis with polyangiitis (GPA) and
microscopic polyangiitis (MPA) are rare, potentially organ- and
life-threatening, systemic autoimmune small vessel vasculitides.
GPA and MPA are associated with the presence of ANCAs
against proteinase 3 (PR3) or myeloperoxidase (MPO) (1). Pediat-
ric patients with GPA or MPA share many signs and symptoms of
these diseases with adult patients (2). Childhood-onset disease
carries considerable disease-related morbidity and mortality,
mainly as a result of progressive renal failure or aggressive respira-
tory involvement (2).

The conventional treatment for severe GPA or MPA in
patients is remission induction with cyclophosphamide (CYC) (3)
or mycophenolate mofetil (MMF) (4) in combination with glucocor-
ticoids (GCs), usually followed by maintenance with azathioprine
(AZA) or methotrexate (5). CYC in combination with GCs does
not prevent frequent relapses in the majority of children with
GPA or MPA, and this treatment is associated with a significant
toxicity risk (2). Relapses may occur more frequently in pediatric
patients treated with MMF than in those treated with CYC (4).
Pediatric patients with GPA or MPA therefore have major unmet
needs, including the lack of improvement in remission rates as
well as inability to prevent flares and reduce the toxic effects of
GCs and immunosuppressive therapies. Because children and
adolescents require treatment during critical periods of growth
and development and require treatment for a longer duration than
adult patients, it is important to have alternatives to GCs and toxic
immunosuppressants.

There is strong evidence to indicate that B cells play a crucial
role in the pathogenesis of GPA and MPA (6,7). B cells may con-
tribute to GPA and MPA pathogenesis by acting as antigen-
presenting cells, through the production of various cytokines or
through ANCA autoantibody production by their progenitor cells
(7). Rituximab (RTX) is an anti-CD20monoclonal antibody that tar-
gets and depletes CD20+ B cells. Thus, RTX may disrupt the crit-
ical functions of B cells in the pathogenesis and progression of
AAVs. The efficacy and safety of RTX as remission-induction
treatment in adult patients with severe GPA or MPA were demon-
strated in the Rituximab in ANCA-Associated Vasculitis (RAVE)
trial (8). RTX, in combination with GCs, was approved worldwide
for the treatment of GPA and MPA in adult patients. Recently,
the Rituximab versus Azathioprine in ANCA-Associated Vasculitis
trial (9) demonstrated the efficacy of RTX for remission mainte-
nance in adult patients with GPA or MPA, leading to regulatory
approvals in the US and European Union.

Due to the rare nature of AAVs, controlled clinical trials in
pediatric patients with GPA or MPA are difficult to conduct (2).
RTX is increasingly being used as a first-line remission-induction
treatment in children with AAVs, instead of CYC (10); however,
limited data are available regarding pediatric RTX use. Since the

pathogenesis of GPA and MPA is similar in adult and pediatric
patients, efficacy can be extrapolated from the outcomes data
obtained in adult patients in the RAVE trial (8).

The objective of this first company-sponsored global clinical
study was to evaluate the safety, pharmacodynamics (PD), and
pharmacokinetics (PK) of RTX in pediatric patients with GPA or
MPA. Exploratory efficacy outcomes were also evaluated. Our
study led to the US Food and Drug Administration and European
Medicines Agency approving RTX for the treatment of GPA and
MPA in pediatric patients ≥2 years of age in September 2019
and March 2020, respectively (11,12).

PATIENTS AND METHODS

Patient population. Eligibility criteria included being
between age 2 years and age 18 years at the time of screening,
having received a diagnosis of either GPA (13) or MPA (14), and
having newly diagnosed or relapsing disease, defined as the
recurrence or new onset of potentially organ- or life-threatening
disease (≥1 major Birmingham Vasculitis Activity Score [BVAS]
for GPA [15]) or disease activity severe enough to require treat-
ment with CYC or immunosuppressive therapy. Exclusion cri-
teria included having received a diagnosis of eosinophilic GPA,
having severe disease requiring mechanical ventilation due to
alveolar hemorrhage, requiring plasmapheresis or dialysis at
the time of screening, or receiving prior treatment with RTX or
other B cell–targeted therapy within 6 months prior to the base-
line visit.

Written informed consent was obtained from all pediatric
patients or from patients’ parents or legal guardians, with assent
provided by the patient as appropriate, depending on the
patient’s age and level of understanding. The trial was conducted
in accordance with the Declaration of Helsinki. Ethics approval for
this study was obtained from the respective institutional review
boards or ethics committees (see the Supplementary Methods,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41901/abstract).

Study design. The Pediatric Polyangiitis and Rituximab
Study (PePRS) (clinical study no. WA25615; ClinicalTrials.gov
identifier: NCT01750697; European Clinical Trials database
no. 2012-002062-13) (see Appendix A for a list of members of
the PePRS Study Group) is a phase IIa, international, multicenter,
open-label, single-arm uncontrolled study consisting of a screen-
ing period of ≤28 days and an initial 6-month remission-induction
phase followed by a minimum additional 12-month follow-up
phase (Supplementary Figure 1, available on the Arthritis & Rheu-

matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41901/abstract).

During the remission-induction phase, RTX was adminis-
tered as an intravenous (IV) infusion of 375 mg/m2 (≤1 gm/dose)
once a week for 4 consecutive weeks, at baseline (day 1) and on
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days 8, 15, and 22. The RTX dose was calculated according to
the body surface area of each patient assessed at the screening
visit and remained the same for all 4 infusions. Pediatric patients
received acetaminophen and an antihistamine prior to each RTX
infusion. Before the first RTX infusion, patients received 3 separate
IV infusions of methylprednisolone (MP) (each at a dosage of
30 mg/kg/day; maximum dosage of 1 gm/day) at any time after
the screening visit, up to and including day 1. If clinically indicated
and at the investigator’s discretion, up to 3 additional IV infusions
of MP could be administered prior to the first RTX infusion. All
patients received concomitant oral prednisolone or prednisone
(1 mg/kg/day, up to a maximum dosage of 60 mg/day) tapering
to ≤0.2 mg/kg/day by month 6 (maximum dosage 10 mg/day)
and mandatory prophylactic treatment for Pneumocystis jirovecii

infection. During the remission-induction phase, concomitant
use of immunosuppressive agents for GPA or MPA was not per-
mitted. However, patients who experienced a disease flare that
could not be controlled using glucocorticoids prior to month
6 could receive standard of care treatment and remain in the
study.

During the follow-up phase, further RTX infusions were
administered at the discretion of the investigator according to
local practice to maintain remission or to treat disease activity.
After month 6, other immunosuppressive treatments for GPA or
MPA were permitted in accordance with the clinical judgment of
the investigator (Supplementary Table 1, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41901/abstract). After month 18, pediatric patients
continued to be followed up at study visits every 3 months until
the common closeout date, May 10, 2018, 18 months after the
last patient was enrolled.

Outcomes and assessments. The safety and tolerability
of RTX were evaluated based on an assessment of all adverse
events (AEs) and serious AEs (SAEs), vital signs, and routine
laboratory test results. The severity of AEs was graded accord-
ing to the National Cancer Institute Common Terminology Cri-
teria for Adverse Events (CTCAE) version 4.0. Infusion-related
reactions were defined as AEs that occurred during or within
24 hours of an RTX infusion and were classified within the
Roche standard AE definition of infusion-related reactions with
hypersensitivity (Medical Dictionary for Regulatory Activities
[MedDRA] version 20.1; available online at http://www.
meddramsso.com/). Total serum Ig, IgG, and IgM levels were
regularly measured every 8–12 weeks throughout the treatment
period and follow-up period. Abnormal laboratory test results
indicating prolonged low levels of IgG or IgM were defined as
IgG or IgM levels less than the lower limit of normal (LLN) for
a ≥4-month period. Antidrug antibody positivity and titers were
monitored throughout the study.

During the remission-induction phase, serum samples were
collected for a population PK analysis prior to the first, second,

third, and fourth infusions; after the completion of the first and
fourth infusions; and subsequently at months 1, 2, 4, and
6. The PK parameters that we assessed included RTX clear-
ance, volume of distribution, and exposure (measured as area
under the curve [AUC]). The influence of several covariates, such
as demographic characteristics (e.g., body surface area, sex,
and the presence of antidrug antibodies), on PK parameters
was tested. The relationship between RTX exposure and effi-
cacy, B cell counts, and safety parameters was also assessed.
In an exploratory analysis, the PD effects of RTX were evaluated
using a longitudinal assessment of circulating CD19+ B cell
counts.

All efficacy end points were exploratory in nature. Achieve-
ment of remission by months 6, 12, and 18 was assessed, with
remission defined based on the Pediatric Vasculitis Activity
Score (PVAS) (16), according to either of 2 different definitions:
1) a PVAS score of 0 and achievement of an oral prednisone
dose (or prednisolone equivalent dose) of ≤0.2 mg/kg/day (max-
imum dosage of 10 mg/day); or 2) a PVAS score of 0 on 2 con-
secutive visits ≥4 weeks apart, irrespective of the dose of GC
being received. Other exploratory efficacy end points included
BVAS, physician global assessment of disease activity (evalu-
ated using a 0–100-mm visual analog scale, with 0 defined as
no disease activity and 100 defined as maximum disease activ-
ity), Pediatric Vasculitis Damage Index (PVDI) (17,18), and cumu-
lative GC dose.

Statistical analysis. We did not conduct formal statistical
hypothesis testing for any of the study end points. Nonlinear
mixed-effects modeling (NONMEM 7.4.1; ICON Development
Solutions) (19) was used to analyze PK data from pediatric and
adult patients with GPA and MPA enrolled in this study and the
RAVE study (8), respectively, and nonlinear mixed-effects model-
ing was also used to characterize the sources contributing to var-
iability in the frequency of exposure to RTX.

Exploratory analyses. For the exposure-efficacy analysis,
cumulative exposure over the remission-induction phase for each
pediatric patient (AUC of cumulative exposure to RTX over
180 days [baseline to month 6] [AUC0–180]) was computed using
the individual pediatric patient’s dosing history and the individual
PK parameters from the final population PK model. Logistic
regression models were used to assess the association between
the probability of disease being in PVAS-based remission by
6 months and RTX exposure (AUC0–180). A logistic regression
model was fitted to these remission data, and a confidence inter-
val (CI) was defined around the regression line. For each exposure
value, a 90% CI was defined as the 5th and 95th percentiles
of the predictions among 1,000 bootstrap data sets. Logistic
regression models were used to assess any correlation
between probability of the occurrence of selected AEs and RTX
exposure in pediatric patients. The selected AEs included SAEs,
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grade ≥3 AEs, infusion-related reactions, serious infections, and
hypogammaglobulinemia.

For the exploratory efficacy analyses, all data were summa-
rized using descriptive statistics. For binary end points, the num-
ber and percentage of patients are presented by visit. At key
time points (months 6, 12, and 18), 2-sided 95% CIs were calcu-
lated for the percentage of pediatric patients who achieved PVAS-
based remission. For continuous end points, the median and
interquartile range (IQR) are presented.

RESULTS

Characteristics of the patients at baseline. Between
May 23, 2013 and Nov 16, 2016, the study enrolled 25 patients
from 11 investigational sites across 6 countries, of whom
17 (68%) were from Europe and 8 (32%) were from North Amer-
ica. Most patients were female (80%), White (68%), and
between 12 and 17 years of age (76.0%) (Table 1). A total of
19 patients (76%) had GPA and 6 patients (24%) had MPA. A
total of 18 patients (72.0%) had newly diagnosed disease at
baseline and 7 patients (28%) had relapsing disease. Two
patients (8%) with relapsing disease had received prior CYC
therapy, but not within the 4 months prior to the baseline visit.
A total of 22 patients (88%) were positive for ANCAs at baseline.
Of the 3 patients who were negative for ANCAs at baseline,
2 patients with relapsing disease were perinuclear ANCA
(pANCA)–positive and/or MPO-positive at initial diagnosis, and
1 was a patient with newly diagnosed disease who was positive
for pANCAs 51 days before the baseline visit. At baseline, the
most common disease manifestations were arthralgia/arthritis,
nasal crusts/ulcers, hematuria/proteinuria, and purpura (Table 1).
A total of 15 patients (60%) experienced renal involvement,
4 patients (16%) experiencedmajor renal disease, and 11 patients
(44%) experienced vasculitis-related pulmonary involvement
(Table 1).

Treatment regimens. All 25 patients completed the per-
protocol RTX regimen (infusions of 375 mg/m2 once per week
for 4 weeks) and also completed the 6-month remission-
induction phase (Supplementary Figure 2, available on the Arthri-

tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41901/abstract). A total of 24 patients completed
≥18 months of follow-up; 1 patient withdrew from the study
around month 16 due to either an administrative reason or
another reason, and was transferred back to a local hospital for
care. Eight patients discontinued participation between month
18 and the common closeout date, primarily due to either an
administrative reason or some other reason, such as a physician
or family decision or transfer to adult care services for their GPA
or MPA. There were no withdrawals due to AEs. During the overall
study period, patients received 4–28 infusions of RTX. The mean
number of infusions per patient was 8. The majority of patients

(68%) were followed up for 18 months to 3 years, and 6 patients
(24%) were followed up for 3–4.5 years. Overall, the total duration
of observation was 61.1 patient-years of follow-up.

In total, 17 patients (68%) received additional RTX treatment
at or after month 6 until the common closeout date, the dosing of
which was variable and determined at the discretion of the treat-
ing physician. Among these 17 patients, 5 received infusions of
RTX (375 mg/m2) approximately every 6 months administered

Table 1. Demographic and baseline clinical characteristics of the
patients treated with rituximab (N = 25)*

Sex, female 20 (80.0)
Age, median (range) years 14.0 (6.0–17.0)
Age group
<12 years 6 (24.0)
≥12 years 19 (76.0)

Race
Asian 4 (16.0)
Black or African American 1 (4.0)
White 17 (68.0)
Other or multiple 3 (12.0)

Height, median (range) cm 154.9 (120.0–175.2)
Weight, median (range) kg 50.9 (23.0–80.8)
Diagnosis
Newly diagnosed GPA 13 (52.0)
Newly diagnosed MPA 5 (20.0)
Relapsing GPA 6 (24.0)
Relapsing MPA 1 (4.0)

Disease duration, median (range) months 0.5 (0.2–72.1)
ANCA positivity† 22 (88.0)
MPO-ANCA positivity 8 (32.0)
PR3-ANCA positivity 14 (56.0)

Estimated GFR, median (IQR)
ml/minute/1.73 m2

138.0 (120.0–157.0)

PVAS, median (IQR) score (scale 0–63) 8.0 (5.0–15.0)
PhGA, median (IQR) score 46.0 (29.0–71.0)
PVDI, median (IQR) score (scale 0–72) 0.0 (0.0–3.0)
IgG, median (IQR) gm/liter 9.24 (8.5–12.6)
IgM, median (IQR) gm/liter 1.36 (0.8–1.7)
Previous CYC therapy 2 (8.0)
Disease manifestations at baseline
Arthralgia/arthritis 16 (64.0)
Nasal crusts/ulcers 14 (56.0)
Hematuria 13 (52.0)
Proteinuria 7 (28.0)
Purpura 10 (40.0)
Renal involvement‡ 15 (60.0)
Major renal disease§ 4 (16.0)
Pulmonary involvement 11 (44.0)

* Except where indicated otherwise, values are the number (%) of
patients. MPA = microscopic polyangiitis; MPO = myeloperoxidase;
PR3 = proteinase 3; GFR = glomerular filtration rate;
IQR = interquartile range; PhGA = physician global assessment of
disease activity; PVDI = Pediatric Vasculitis Damage Index;
CYC = cyclophosphamide.
† Three patients with relapsing disease were negative for antineu-
trophil cytoplasmic antibodies (ANCAs) at screening but positive
for ANCAs at the time of the original diagnosis.
‡ According to the Pediatric Vasculitis Activity Score (PVAS) criteria.
§ Based on the definitions in the Birmingham Vasculitis Activity
Score for granulomatosis with polyangiitis (GPA), with presence of
either red blood cell casts or a significant decline in renal function
(rise in creatinine levels ≥30% above baseline values or >25% reduc-
tion in creatinine clearance).
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once weekly for 4 weeks, and 5 received 1 infusion of RTX
(375 mg/m2) every 6 months; a further 7 patients received other,
varied doses of RTX within individualized regimens. A total of
9 patients (36%) received ≥1 additional immunosuppressive ther-
apy for GPA or MPA between months 6 and 18 (Supplementary
Table 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41901/abstract).

Safety based on AEs and SAEs. During the 6-month
remission-induction phase, all 25 patients (100%) experienced
≥1 AE; 158 AEs were reported, 10 of which were SAEs that
occurred in 7 patients (28%) (Table 2). Most AEs (147 [93%],
which occurred in 18 patients [72%]), were CTCAE grade 1 or
2 (mild to moderate). A total of 11 grade 3 AEs were reported in
7 patients (28%). No grade 4 or 5 AEs were reported. The most
common AEs by MedDRA SystemOrgan Class (SOC) were infec-
tions and infestations (31 AEs that occurred in 17 patients [68%]).
The most common AEs by MedDRA Preferred Term (PT) were
infusion-related reactions, reported in 15 patients (60%), followed
by headache, upper respiratory tract infection, and nausea,
reported in 4 patients (16%) each (Table 2). The most frequently
reported SAEs classified by MedDRA SOC were infections and
infestations (3 that occurred in 3 patients [12%]) and vascular dis-
orders (4 that occurred in 3 patients [12%]). The SAEs classified
by MedDRA PT that occurred most frequently were related to

worsening GPA (disease flare); these flares were reported to
occur in 3 patients (12%) with either GPA (n = 3 events) or vascu-
litis (n = 1 event) (Table 2).

During the overall study period (6-month remission-induction
and follow-up phases), the safety profile of RTX was consistent
with what was reported during the remission-induction phase
(Supplementary Table 2, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41901/abstract). Due to the longer data collection period (up to
4.5 years compared to 6 months), the total number of AEs that
were reported was greater (404 AEs were reported to have
occurred in 25 patients [100%], 27 of which were SAEs that
occurred in 12 patients [48%]). The majority of AEs (370 [92%])
were either grade 1 or 2 in intensity, 32 AEs were grade 3, and
2 AEs were grade 4. No AEs led to discontinuation of study treat-
ment. No deaths, malignancies, progressive multifocal leukoen-
cephalopathy (PML), or other opportunistic infections were
reported. During the overall study period, the majority of AEs that
resulted in dose modification or treatment interruption were
infusion-related reactions (21 AEs that occurred in 10 patients
[40%]). The most frequently reported SAEs were consistent with
those reported during the remission-induction phase.

Among the SAEs classified by MedDRA SOC, most of them
were infections and infestations (9 SAEs that occurred in
7 patients [28%]) and vascular disorders (7 SAEs that occurred
in 5 patients [20%]). The SAEs that occurred most frequently by
PT were related to worsening GPA and were reported to occur
in a total of 6 patients (24%) in conjunction with GPA (n = 6
events), ANCA-positive vasculitis (n = 1 event), or vasculitis
(n = 1 event) (Supplementary Table 2, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41901/abstract).

Infusion-related reactions. Infusion-related reactions
predominantly occurred after the first infusion (8 of 25 patients
[32%]). The most frequently reported symptoms of infusion-
related reactions during the remission-induction phase were rash
(n= 3 events), headache (n= 2 events), rhinorrhea (n= 2 events),
and pyrexia (n = 2 events), occurring in 2 patients each. The inci-
dence of infusion-related reactions decreased with repeated RTX
infusions over time (Supplementary Figure 3, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41901/abstract). One serious infusion-
related reaction (generalized edema) was reported and was sus-
pected to be attributable to the concomitant use of GCs. The
majority of infusion-related reactions that were reported during
the study were grade 1 or 2; 2 nonserious grade 3 infusion-related
reactions were reported to occur in 1 patient. No grade 4 or 5 infu-
sion-related reactions were reported.

Infections. During the remission-induction phase, a total of
31 infection-related AEs (serious and nonserious) were reported

Table 2. AEs and SAEs reported during the remission-induction
phase in patients treated with rituximab (N = 25)

No. (%) of
patients

No. of
events

AEs*
Infusion-related reaction 15 (60.0) 29
Headache 4 (16.0) 4
Upper respiratory tract
infection

4 (16.0) 4

Nausea 4 (16.0) 5
Upper abdominal pain 3 (12.0) 3
Constipation 3 (12.0) 3
Arthralgia 3 (12.0) 3
Back pain 3 (12.0) 3
Cough 3 (12.0) 3
Epistaxis 3 (12.0) 3

SAEs 7 (28.0) 10
GPA worsening† 3 (12.0) 4
Influenza 1 (4.0) 1
Lower respiratory tract
infection

1 (4.0) 1

Viral gastroenteritis 1 (4.0) 1
Infusion-related reaction‡ 1 (4.0) 1
Myopathy 1 (4.0) 1
Bronchial stenosis 1 (4.0) 1

* Only adverse events (AEs) reported in ≥10% of patients are shown.
† Includes 4 serious AEs (SAEs) of worsening vasculitis in 3 patients,
reported with the Medical Dictionary for Regulatory Activities Pre-
ferred Terms granulomatosis with polyangiitis (GPA) (3 events) and
vasculitis (1 event).
‡ The event was generalized edema that occurred after the fourth
rituximab infusion.
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to occur in 17 patients (68%), the most frequent being upper
respiratory tract infections (occurring in 4 patients [16%])
(Table 2). The majority of infections (90%) were either grade 1 or
2 and were nonserious, resolving without sequelae. In the overall
study period, 105 infection-related AEs, of which the majority
(91%) were considered to be nonserious, were reported, occur-
ring in 23 patients (92%). Similar to that observed during the
remission-induction phase, the most frequent infections that
occurred during the overall study period were upper respiratory
tract infections.

A total of 3 serious infections in 3 patients (12%) were
reported during the remission-induction phase (Table 2): influ-
enza, lower respiratory tract infection, and gastroenteritis. During
the overall study period, 9 serious infections were reported to
have occurred in 7 patients (28%), including influenza (occurring
in 2 patients [8%]) and lower respiratory tract infection (occurring
in 2 patients [8%]) as the most frequently occurring events
(Supplementary Table 2, available on the Arthritis & Rheumatol-

ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41901/abstract). Overall, the majority of serious infections
resolved without sequelae.

During the overall study period, 6 of the 18 patients in whom
prolonged low serum levels of IgG were observed subsequently
experienced a total of 7 serious infections, and 6 of the 19 patients
in whom prolonged low serum levels of IgM were observed sub-
sequently experienced a total of 8 serious infections. Most of the
infections were reported as being unrelated to study treatment.

Laboratory test results. IgG, IgM, and total Ig serum
concentrations decreased from baseline values over the course
of the study. Median IgG levels decreased below the LLN within
the first month and returned to within-normal limits between
months 9 and 12, with a subsequent slight decrease below the
LLN observed through month 18 (Figure 1). Median IgM levels fell
below the LLN by month 2 and remained below the LLN through
month 18 (Figure 1). The proportions of patients with low levels
of IgG and IgM at key study points are shown in Supplementary
Table 3 (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41901/abstract). A
total of 3 patients experienced hypogammaglobulinemia AEs, for
which they received treatment with intravenous immunoglobulin.
All of these patients had previous and concomitant use of steroids
and immunosuppressive medications. During the study, no
clinically significant changes or abnormalities were observed in
other laboratory analyses (e.g., chemistry, hematology, urinalysis)
and other safety tests (e.g., vital signs, chest radiographs,
electrocardiogram).

Immunogenicity. Of 21 evaluable patients, 4 (19%) devel-
oped treatment-induced antidrug antibodies during the overall
study period. One patient tested antidrug antibody–positive at
month 4 and subsequently at each study visit until month 18. This
patient achieved PVAS-based remission by month 6, which was
maintained through month 18. The 3 other patients tested posi-
tive for antidrug antibodies at month 18, and all were in PVAS-

Figure 1. Levels of IgG (A) and IgM (B) at each study visit in the serum of 25 pediatric patients with granulomatosis with polyangiitis or micro-
scopic polyangiitis. Bars show the median with interquartile range. Top and bottom horizontal lines show the lowest upper limit of normal and
the highest lower limit of normal (in A, 12.29 gm/liter and 7.68 gm/liter, respectively; in B, 1.97 gm/liter and 0.6 gm/liter, respectively). Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41901/abstract.
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based remission at month 18. No serious infusion-related reac-
tions or increases in the occurrence of nonserious infusion-related
reactions were observed after the development of antidrug anti-
bodies, and no trends or differences were observed in the type
of AEs reported in antidrug antibody–positive patients compared
to antibody-negative patients. Two of the patients received repeat
RTX treatment after the development of antidrug antibodies, and,
as expected, depletion of CD19 B cells occurred following
repeated exposure to RTX.

PK analysis. A population PK analysis of the RTX treatment
populations was conducted, using 204 serum samples from the
25 pediatric patients in the present study and 487 serum samples
from the 97 adult patients with AAVs in the RAVE trial (8). Model
parameters for a typical patient (body surface area 1.9 m2 and
absence of antidrug antibodies), such as RTX clearance
(258 ml/day), RTX intercompartmental clearance (317 ml/day),
central volume (3,070 ml), peripheral volume (4,160 ml), and ter-
minal half-life (25.6 days), were in the typical range for monoclonal
antibodies and were consistent with the known PK of RTX in other
autoimmune diseases. The 2 covariates impacting RTX PK were
body surface area and the presence of antidrug antibodies. As is
typical for monoclonal antibodies, RTX clearance and the volume
of distribution parameters increased with body surface area.
Because of the effect of body surface area on RTX PK parame-
ters, RTX clearance was lower in pediatric patients compared to
adult patients, but RTX exposure (AUC0–180) was similar between
adult patients and pediatric patients because dosages were
based on body surface area (Figure 2). As a result, the body sur-
face area–adjusted RTX dosing regimen ensured similar exposure
across the whole range of body surface area in pediatric patients
with GPA or MPA. Patients with detected antidrug antibodies
had 38.2% higher clearance, resulting in a 27.6% lower AUC.

The efficacy-exposure analysis did not show any relationship
between RTX exposure variability (in terms of dosing regimens)
and achievement of PVAS-based remission (Supplementary
Figure 4, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41901/abstract).
Moreover, the exposure-safety analysis did not reveal a relation-
ship between RTX exposure and the occurrence of SAEs
grade ≥3, infusion-related reactions, serious infections, or labora-
tory abnormalities, indicating prolonged low serum levels of IgG,
during the remission-induction phase (each P > 0.05).

PD analysis. Consistent with its mode of action, RTX treat-
ment resulted in sustained CD19+ peripheral B cell depletion that
persisted until at least month 6 (Supplementary Figure 5, available
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41901/abstract). By month 18, B cell levels
had increased slightly but still remained low (median 58 cells/μl),
which is consistent with levels in patients receiving repeat RTX treat-
ment. Among the pediatric patients from the current PePRS study

and the adult patients from the RAVE trial, B cell depletion lasted lon-
ger in patients with higher levels of exposure (Supplementary
Figure 6, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41901/abstract).

Exploratory efficacy. Disease activity was primarily
assessed using PVAS as an exploratory efficacy outcome measure.
PVAS was adapted from BVAS for use in childhood vasculitis.
PVAS-based remission was achieved in 14 patients (56.0%),
23 patients (92.0%), and 25 patients (100.0%) by months 6, 12, and
18, respectively (Table 3). Of the 25 patients who achieved PVAS-
based remission by month 18, remission was achieved in 24 patients
according to the criteria of either the first definition of remission or both
the first and second definitions of remission, and in 1 patient, only the
criteria of the second definition of remission were met. The
mean � SD duration of remission during the study was
71.7 � 50.9 weeks. The shortest duration of remission was
6.9 weeks, and the longest was 193.4 weeks (~3.5 years). The rate
of remission achievement at key study visits is shown in Supplemen-
tary Table 4 (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41901/abstract).

Figure 2. Relationship between the rate of rituximab clearance and
body surface area (BSA) (A) and between the cumulative exposure to
rituximab over the remission-induction phase (measured as the area
under the curve over the first 180 days [AUC0–180]) and body surface
area (B) in antidrug antibody–negative adult and pediatric patients
with granulomatosis with polyangiitis or microscopic polyangiitis.
Relationships were assessed by linear regression analyses. Red sym-
bols represent predicted individual rituximab clearance (A) and AUC0–

180 values (B) in pediatric patients in the Pediatric Polyangiitis and
Rituximab Study. Blue symbols represent the respective predicted
individual values in adult patients in the Rituximab in ANCA-
Associated Vasculitis trial (8). Circled red symbols in B denote pediat-
ric patients in remission by month 6.
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Median PVAS scores decreased throughmonth 18 (Supple-
mentary Figure 7, available on the Arthritis & Rheumatologyweb-
site at http://onlinelibrary.wiley.com/doi/10.1002/art.41901/
abstract). There was no obvious impact of PR3-ANCA or MPO-
ANCA status on remission achievement. A decrease in median
physician global assessment of disease activity scores from base-
line was reported at months 6, 12, and 18 (Table 3), indicating a
reduction in disease activity over the course of the study. The
median PVDI was 0 at baseline and 2.0 at months 6, 12, and 18.
Thus, after an initial increase in the median PVDI from baseline to
month 6 (PVDI score of 0 at baseline to 2.0 at 6 months), no further
damage was accrued between months 6 and 18.

During the administration of protocol-defined oral steroids
in tapering doses, a clinically meaningful decline in the overall
dose of oral GCs was observed fromweek 1 to month 6 (median
prednisolone equivalent dose 45 mg [IQR 35–60] at week 1 to
7.5 mg [IQR 4–10] at month 6). This dose tapering of oral GCs
was subsequently maintained at month 12 (median predniso-
lone equivalent dose 5 mg [IQR 2–10]) and month 18 (median
prednisolone equivalent dose 5 mg [IQR 1–5]) (Figure 3).

A post hoc sensitivity analysis of the exploratory efficacy
outcome (i.e., achievement of PVAS-based remission) was
conducted in which 2 patients were excluded who had been
continuously receiving additional immunosuppressive therapies
(both receiving MMF) between the baseline visit and month
6 and who were considered to be RTX nonresponders. The
results of the sensitivity analysis did not change the overall
results with regard to the exploratory efficacy outcome at month
6 (data available upon request from the corresponding author).
Of the 9 patients who received additional immunosuppressive
therapy between months 6 and 18, 5 patients were nonre-
sponders at each of the efficacy time points. Two of these
patients received AZA for a short duration (<1 month), which
was determined to not have affected whether a patient
achieved PVAS-based remission through month 18. Among
the 2 patients who received CYC as well as maintenance doses
of RTX, efficacy outcomes were variable: PVAS-based remis-
sion was achieved at month 12 and month 18 in 1 of the
2 patients, while the other patient was a nonresponder at both
time points (Supplementary Table 1, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41901/abstract).

DISCUSSION

In the PePRS single-arm, open-label clinical study, RTX was
evaluated as an alternative treatment option for pediatric patients
with GPA or MPA. In the study, safety data regarding RTX use in
pediatric patients was consistent with data from adult patients
with GPA or MPA, in whom the efficacy and safety profile of RTX
is well established. This is the first company-sponsored global
clinical trial investigating the use of RTX in pediatric patients with
active GPA or MPA. In our study, RTX, administered as 4 weekly
IV infusions of 375 mg/m2 for remission induction followed by
repeat treatment as determined by the treating physician, was

Figure 3. Oral glucocorticoid use over time in 25 pediatric patients with granulomatosis with polyangiitis or microscopic polyangiitis. Bars show
the median with interquartile range. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41901/abstract.

Table 3. Efficacy outcomes in patients treated with rituximab
(N = 25) by each follow-up time point*

Achievement of PVAS-based
remission, no. (% [95% CI])

Month 6 14 (56.0 [34.9–75.6])
Month 12 23 (92.0 [74.0–99.0])
Month 18 25 (100.0 [86.3–100.0])

Change in PhGA score from
baseline, median (IQR)

Month 6 –39.0 (64.5–16.0)
Month 12 –39.0 (64.0–16.0)
Month 18 –46.0 (72.0–17.0)

* Seventeen pediatric patients received additional rituximab treat-
ment at or after month 6 until the common closeout date.
PVAS = Pediatric Vasculitis Activity Score; 95% CI = 95% confidence
interval; PhGA = physician global assessment of disease activity;
IQR = interquartile range.
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generally safe and well tolerated (for up to 4.5 years). Further-
more, findings from the exploratory efficacy analyses demon-
strated a clinical benefit with RTX for achieving PVAS-based
remission.

There were no new or unexpected safety findings. The safety
profile of RTX in pediatric patients was consistent with the safety
profile previously observed in adult patients with GPA or MPA (8)
and was consistent with the well-characterized safety profile of
RTX for approved autoimmune indications (11,12). Over the
course of the study, no patients died or experienced AEs leading
to withdrawal, and no malignancies, PML, or other opportunistic
infections were reported.

Safety events were associated with confounding/contribu-
tory risk factors (e.g., past or concomitant medication use, such
as oral GC use), were associated with underlying conditions
(GPA or MPA), or were events that were expected with RTX treat-
ment (adverse drug reactions including infusion-related reactions
and infections). The most common AEs were infusion-related
reactions, which decreased in frequency throughout the study
and with repeated treatment. Pretreatment with MP can reduce
the incidence and severity of infusion-related reactions (20); how-
ever, because patients received high doses of MP prior to the
baseline visit, up to day 1, IV MP premedication was optional.
The overall incidence and type of infections were characteristic
of the general population and pediatric population of AAV patients
receiving oral GCs and immunosuppressive therapy.

Low serum levels of IgG or IgM have also been observed in
adult patients with autoimmune diseases treated with RTX, which
may have no clinical consequence and often do not require spe-
cific medical management (21,22). In this study, no consistent
pattern in IgG or IgM levels over time was observed, and the
majority of patients with prolonged low levels of IgG or IgM did
not experience any serious infections. The incidence of antidrug
antibodies in pediatric patients (19%) was similar to the incidence
observed in adult patients (23% in the RAVE study). In both popu-
lations, the presence of antidrug antibodies had no apparent
effect on the efficacy, safety, or PD of RTX.

Since RTX dose was based on body surface area, the dosing
regimen used in this trial (375 mg/m2) resulted in similar levels of
RTX exposure in pediatric patients compared to those observed
in adult patients in the RAVE study, in whom a positive benefit/risk
profile of RTX was demonstrated (8). Furthermore, the PD effects
on CD19 peripheral B cells were similar between pediatric and
adult patients, further supporting the idea that efficacy observed
in the adult patients could be extrapolated to the pediatric popula-
tion. There was no relationship between exposure variability and
achievement of efficacy outcomes. In addition, findings from the
exposure-safety analysis suggested a lack of a relationship
between the occurrence of AEs in the safety analysis and RTX
exposure.

Clinical disease remission findings from the exploratory
efficacy analyses indicated that RTX had an important

clinical benefit, with PVAS-based remission of GPA or MPA
achieved in 56%, 92%, and 100% of patients by months
6, 12, and 18, respectively. In a post hoc sensitivity analy-
sis, excluding 2 patients who had received additional immu-
nosuppressive therapies during the remission-induction
period did not change the overall exploratory efficacy out-
come conclusions at month 6. Despite the important role
of GCs in the treatment and control of GPA and MPA,
RTX treatment allowed for a clinically meaningful rapid
reduction in the tapering dose of oral GCs from the baseline
visit to month 6, which was subsequently maintained at
months 12 and 18.

This study was not without limitations. Our small sample
size limits the generalizability of the findings to all pediatric
patients with GPA or MPA. The inclusion of predominantly
female patients is consistent with published reports indicating
that AAV is more common in female pediatric patients than in
male pediatric patients (23). The PePRS study was designed
as an open-label, single-arm, uncontrolled study. The lack of a
comparator arm prevents direct comparison of the treatment
outcomes with conventional standard of care treatments, such
as GCs or CYC. However, given the rarity of the disease and
alternative treatment options for pediatric patients newly diag-
nosed as having GPA or MPA or those who were diagnosed
as having relapsing GPA or MPA, an open-label design was
considered to be the most appropriate and acceptable study
design by global ethics and regulatory agencies. Since other
induction regimens (i.e., combining RTX with low-dose CYC)
were not studied, the question of whether other approaches
could induce remission faster and/or improve overall remission
rates with acceptable levels of safety could not be answered in
this study.

In summary, treatment with 4 weekly infusions of RTX in
combination with a tapering dose of oral GCs was demonstrated
to have a clinically important effect on remission induction in
pediatric patients who were newly diagnosed as having GPA or
MPA or in those with relapsing active GPA or MPA. RTX was well
tolerated, with an overall safety profile comparable to that
observed in adult patients with GPA or MPA who were treated
with RTX, and was an effective long-term approach for disease
maintenance or for treating relapsing disease through
≥18 months of follow-up.
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A Worldwide Pharmacoepidemiologic Update on  
Drug-Induced Antineutrophil Cytoplasmic Antibody–Associated 
Vasculitis in the Era of Targeted Therapies
Samuel Deshayes,1  Charles Dolladille,1 Anaël Dumont,2  Nicolas Martin Silva,2 Basile Chretien,3  
Hubert De Boysson,1 Joachim Alexandre,1 and Achille Aouba1

Objective. The literature supporting the role of a specific drug in the onset of drug-induced antineutrophil 
cytoplasmic antibody–associated vasculitis (AAV) mainly relies on case reports or short series and implicates old 
treatments. The advent of new treatments may have modified the epidemiology of these adverse drug reactions. 
This study was undertaken to update the list of drugs associated with AAV by using a pharmacovigilance-based data 
mining approach.

Methods. We collected data on adverse drug reactions reported using the Medical Dictionary for Regulatory 
Activities preferred term “anti-neutrophil cytoplasmic antibody positive vasculitis” up to November 2020 from the 
World Health Organization pharmacovigilance database (VigiBase). For each retrieved drug, a case–noncase analysis 
was performed, and disproportionate reporting was calculated by using the information component (IC). A positive 
IC025 value, which is the lower end of the 95% credibility interval, was considered significant.

Results. A total of 483 deduplicated individual case safety reports of drug-induced AAV involving 15 drugs with 
an IC025 >0 were retrieved. Of the individuals with drug-induced AAV for whom data on sex were available (n = 371), 
264 (71.2%) were women. The median age at onset of drug-induced AAV was 62 years (quartile 1 [Q1]–Q3 45–72 
years), and the median time from the introduction of the suspected drug to the onset of drug-induced AAV was   
9 months (Q1–Q3 1–36 months). Drug-induced AAV was considered serious in 472 (98.1%), and was fatal in 43 (8.9%), 
of 481 cases. The drugs associated with the highest disproportionate reporting were hydralazine, propylthiouracil, 
thiamazole, sofosbuvir, minocycline, carbimazole, mirabegron, and nintedanib.

Conclusion. Our findings strengthen the evidence of an association of AAV with previously suspected drugs, but 
also identify 3 new drugs that may cause drug-induced AAV. Particular attention should be given to these drugs by 
prescribers and in experimental studies.

INTRODUCTION

Antineutrophil cytoplasmic antibody (ANCA)–associated 
vasculitis (AAV) includes primary AAV, such as granulomatosis 
with polyangiitis (GPA), eosinophilic granulomatosis with pol-
yangiitis (EGPA), and microscopic polyangiitis (MPA), as well as 
drug-induced AAV (1). The identification of drugs involved in this 
adverse drug reaction has important epidemiologic and clinical 
implications, because patients diagnosed as having drug-induced 
AAV seem to have a better prognosis with less severe vasculitis, 

resulting in better overall and renal survival and less frequent 
relapses than seen in those diagnosed as having primary AAV (2–
5). In addition, the withdrawal of the culprit drug is sometimes 
sufficient to achieve resolution of vasculitis in mild cases, without 
the need for immunosuppressants, and may obviate the need 
for maintenance treatment (5,6). However, it is difficult to attribute 
AAV to a suspected drug, and the data in the literature supporting 
the role of a drug in the onset of AAV mainly rely on case reports 
or short series and mostly implicate old treatments, such as prop-
ylthiouracil, hydralazine, allopurinol, D-penicillamine, minocycline, 
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leukotriene antagonists, and, more recently, anti–tumor necrosis 
factor (7,8). The advent of new treatments may have modified 
the epidemiology of these adverse drug reactions. We therefore 
aimed to update the list of drugs associated with drug-induced 
AAV by using a pharmacovigilance-based data mining approach.

METHODS

Study design. For this retrospective disproportionality anal-
ysis, we used the World Health Organization (WHO) pharmaco
vigilance database (VigiBase), managed by the Uppsala Monitoring 
Centre (Uppsala, Sweden). As of 2020, this database contained 
>23,000,000 individual case safety reports (ICSRs) from >130 
countries.

We collected data on all adverse drug reactions reported with 
the Medical Dictionary for Regulatory Activities (MedDRA) version 
23.1 preferred term “anti-neutrophil cytoplasmic antibody positive 
vasculitis” from the introduction of this preferred term in 2006 to 
November 2020. The drugs considered were those denoted as 
suspected or interacting. We did not study the following drugs 
due to potential indication bias, since these drugs are indicated 
in the management of AAV (9): azathioprine, cyclophosphamide, 
leflunomide, methotrexate, methylprednisolone, mycophenolic 
acid, prednisolone, prednisone, rituximab, glucocorticoids, and 
trimethoprim/sulfamethoxazole.

Each report included administrative information (reporter and 
reporting region, year and date), patient characteristics (sex and 
age at onset), drug(s) (suspected, interacting, and concomitant, 
with start and end dates and dosage), and reaction(s) (including 
seriousness and death) (10). A serious adverse drug reaction 
was defined as an adverse drug reaction that caused death; was 
life-threatening; required or prolonged hospitalization; or led to a 

persistent or significant disability, congenital anomaly, birth defect, 
or to any other medically important condition. The study was 
approved by the local ethics committee of Caen University Hospi-
tal (Comité Local d’Ethique de la Recherche en Santé, no. 2008).

Statistical analysis. For each suspected drug, a case–
noncase analysis of AAV reporting was performed. We calculated 
disproportionality using the information component (IC), as well as 
the reporting odds ratio (ROR) and its 95% confidence interval. 
The IC is a validated Bayesian indicator that compares the num-
ber of cases observed for a specific drug–adverse drug reaction 
pair with the number of cases expected for that pair given the 
hypothesis of an independent distribution of the reporting of the 
adverse drug reaction and the drug in VigiBase. The IC is com-
puted using the following formula:

where Nexpected = (Ndrug*Nadverse reaction)/Ntotal, and Nobserved is the actual 
number of case reports for the drug–adverse drug reaction 
combination; Nexpected is the number of case reports expected for 
the drug–adverse drug reaction combination; Nadverse reaction is the 
number of case reports for the adverse reaction, regardless of 
the drug; Ndrug is the number of case reports for the drug, regard-
less of the adverse drug reaction; and Ntotal is the total num-
ber of case reports in the database. Since the preferred term 
“anti-neutrophil cytoplasmic antibody positive vasculitis” was 
introduced in 2006, the IC and ROR were calculated with the 
number of cases (Nexpected, Ndrug, and Ntotal) reported since 2006. 
The IC025, which is the lower end of the 95% credibility interval 
for the IC, was used to test significance (associations were con-
sidered significant if IC025 was greater than 0) (10). Descriptive 

IC = log2([Nobserved + 0.5]∕[Nexpected + 0.5])

Table 1.  Drugs with significantly disproportional reporting of an association with AAV in VigiBase, sorted by decreasing IC025 
value*

Drug

No. 
of 

ICSRs

No. (%) 
fatal 

reactions IC025/IC ROR (95% CI)

Time from introduction of the drug 
to onset of AAV, median (Q1–Q3) 

days/no. with data available
Hydralazine 208 19 (9) 8.2/8.4 2,683.5 (2,269.3–3,173.3) 1,277/1
Propylthiouracil 108 4 (4) 7.2/7.5 1,201.5 (974.8–1,480.9) 1,003 (425–1,959)/19
Thiamazole 40 5 (13) 5.2/5.6 138.7 (100.7–191.1) 411 (58–966)/6
Sofosbuvir 46 0 (0) 4.9/5.3 74.6 (55.3–100.8) NA
Minocycline 17 0 (0) 3.8/4.6 72.4 (44.7–117.3) NA
Carbimazole 6 0 (0) 2.0/3.4 44.9 (20.1–100.4) 92/1
Mirabegron 7 2 (29) 1.5/2.7 11.1 (5.3–23.3) 291 (289–415)/3
Nintedanib 6 2 (33) 1.4/2.8 14.2 (6.3–31.7) 56 (36–132)/4
Penicillamine 4 1 (25) 1.4/3.1 170.3 (63.5–456.3) NA
Influenza vaccine 29 2 (7) 1.3/1.9 4.1 (2.8–6.0) 24 (20–26)/7
Allopurinol 7 2 (29) 1.2/2.4 8.0 (3.8–16.8) NA
Rifampicin 7 2 (29) 0.6/1.9 4.7 (2.2–9.8) NA
PEGylated interferon 

alfa-2b
4 0 (0) 0.3/2.1 7.0 (2.6–18.6) 98/1

Montelukast 4 4 (100) 0.2/1.9 5.8 (2.2–15.5) NA
Rosuvastatin 6 0 (0) 0.1/1.5 3.4 (1.5–7.5) NA

* AAV = antineutrophil cytoplasmic antibody–associated vasculitis; IC025 = lower end of the 95% credibility interval for the 
information component; ICSRs = individual case safety reports; ROR = reporting odds ratio; 95% CI = 95% confidence interval; 
Q1 = quartile 1; NA = not available. 
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data are presented as the median (quartile 1 [Q1]–Q3) or number 
(percentage).

RESULTS

A total of 635 deduplicated ICSRs of drug-induced AAV 
between 2006 and November 2020 were identified in VigiBase. 
Overall, 15 drugs with an IC025 >0 (Table 1), accounting for 483 
ICSRs, were included after the exclusion of drugs with potential 
indication or protopathic biases (Figure 1).

The drugs associated with the highest disproportionate 
reporting and the highest number of reported cases (Table 1) were 
hydralazine (IC025 8.2) (43.1%; n = 208), propylthiouracil (IC025 7.2) 
(22.4%; n = 108), thiamazole (IC025 5.2) (8.3%; n = 40), and sofos-
buvir (IC025 4.9) (9.5%; n = 46). After hydralazine, the second most 
frequently reported pharmaceutical class was antithyroid drugs, 
accounting for 154 ICSRs (31.9%).

These 483 ICSRs originated from 18 different coun-
tries, mostly from the US and Japan (52.4% and 27.1%, respec-
tively). Data on reporters were available for 458 ICSRs (94.8%). Of 
these, the majority were reported by physicians (169 [36.9%]) or 
other health professionals (255 [55.7%]).

Of the individuals with drug-induced AAV for whom data 
on sex were available (371 [76.8%] of the ICSRs), 264 (71.2%) 
were women. After ICSRs associated with antithyroid drugs were 
excluded, 135 (61.6%) of the ICSRs were for women. The median 

age at onset of drug-induced AAV was 62 years (Q1–Q3 45–72 

years) (age data were available for 373 ICSRs [77.2%]). The median 

time between the introduction of the suspected drug and the onset 

of AAV was 9 months (Q1–Q3 1–36 months) (data available only 

for 44 ICSRs [9.1%]). This adverse drug reaction was consid-

ered serious in 472 (98.1%) cases (data available for 481 ICSRs 

[99.6%]), and 43 (8.9%) cases were associated with death at the 

time of reporting.

Regarding the co-reported MedDRA preferred terms, the  

most frequent were acute kidney injury (n = 51), glomerulone-

phritis rapidly progressive (n = 42), pulmonary alveolar hemor-

rhage (n = 35), glomerulonephritis (n = 29), and pulmonary renal 

syndrome (n = 27). GPA was co-reported in 11 cases, MPA in 7 

cases, and EGPA in 1 case. For exploratory purposes, we listed 

the drugs with an IC025 >0 associated with the preferred terms 

“granulomatosis with polyangiitis,” microscopic polyangiitis,” and 

“eosinophilic granulomatosis with polyangiitis” in Supplementary 

Tables 1–3, available on the Arthritis & Rheumatology website at 

http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41902/​abstract.

DISCUSSION

To our knowledge, this is the first systematic pharmacovig-

ilance study focusing on drug-induced AAV, and it includes the 

largest number of cases and drugs examined to date. In addition 

Figure 1.  Flow chart of the selection of deduplicated individual case safety reports (ICSRs) of drug-associated antineutrophil cytoplasmic 
antibody–associated vasculitis (DA-AAV) in the World Health Organization (WHO) pharmacovigilance database VigiBase. IC = information 
component.

http://onlinelibrary.wiley.com/doi/10.1002/art.41902/abstract
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to confirming significant pharmacovigilance signals associated 
with drugs previously identified as being associated with AAV, 
such as hydralazine and antithyroid drugs, this study also found 
a significant overreporting of recently developed drugs in relation 
to drug-induced AAV, including mirabegron and 2 targeted ther-
apies, sofosbuvir and nintedanib. Ultimately, these data indicate 
that prescribers should pay specific attention to these drugs, and 
support the need for experimental studies on AAV pathophysiol-
ogy and these recently developed drugs.

Multiple hypotheses have been formulated regarding the patho-
physiology of drug-induced AAV, and several have been experimen-
tally proven, mainly for propylthiouracil and hydralazine. The main 
hypotheses include an imbalance in leukotriene receptor stimulation 
responsible for an increase in the levels of leukotriene B4, a chemoat-
tractant for eosinophils and neutrophils, in the case of leukotriene 
antagonist use (11); a modification in the structure of myeloperoxi-
dase within neutrophils, resulting in the induction of ANCA (12); an 
induction of neutrophil apoptosis by drugs (12); an inhibition of the 
oxidation activity of myeloperoxidase (13,14); an immunogenicity of 
drug metabolites (13); an induction of an abnormal conformation 
and an impaired degradation of neutrophil extracellular traps (15,16); 
and a reversal of epigenic silencing of neutrophil antigens (17). In 
addition, causality criteria, at least for some drugs, have previously 
been reported, such as a temporal association in prospective stud-
ies (18), favorable outcome at dechallenge without specific treat-
ment in mild cases (6,19), and relapse after rechallenge (20,21).

The epidemiology of drug-induced AAV could be different 
from that of primary AAV, with a clear predominance of female 
patients among those with drug-induced AAV: 71.2% in our 
study versus ~50% in an international observational study of 967 
patients with primary AAV (22). However, the median age at diag-
nosis in our study (62 years) was similar to that in the previous 
study (58.3 years) (22). A possible explanation for the higher pro-
portion of female patients with drug-induced AAV is that numer-
ous reports of drug-induced AAV in our cohort were related to 
antithyroid drugs, and thyroid diseases occur far more frequently 
in women than in men (23).

Hydralazine is a well-known cause of systemic lupus erythe-
matosus, which occurs in up to 5–15% of patients (24,25). More-
over, several case reports and case series have also described 
vasculitis involvement with antimyeloperoxidase antibodies asso-
ciated with the introduction of hydralazine (15,26,27), consistent 
with the results of our study.

The association between antithyroid drugs and AAV has 
been extensively studied and has been reported in >250 patients. 
The majority, i.e., 75%, of these cases of antithyroid drug–induced 
AAV were associated with thiouracil derivatives (propylthiouracil 
and benzylthiouracil), and the remaining 25% were associated 
with methyl mercaptoimidazole derivatives (methimazole/thiama-
zole and carbimazole) (28). AAV affects ~3% of patients treated 
with antithyroid drugs (28,29), with an annual incidence estimated 
at between 5.3 and 7.9 patients per 100,000 (30). These rates are 

higher than those in the general population, where the prevalence 
and annual incidence of primary AAV are estimated to be <0.5% 
and 3.5 per 100,000, respectively (31–33). Of note, in our study,  
we found that among antithyroid drugs, the strongest pharmaco
vigilance signal implicated propylthiouracil, followed by thiamazole,  
whereas this association was less well described in the literature. 
Among antithyroid drugs, only benzylthiouracil did not show sig-
nificant overreporting, but a lack of power cannot be excluded.

Regarding minocyclin, which was identified as being associ-
ated with drug-induced AAV in this study, the possibility of infor-
mation bias (misclassification of the disease) cannot be excluded. 
Indeed, despite the presence of perinuclear ANCA positivity, the 
previously described clinical picture in the literature corresponded 
to polyarteritis nodosa with the involvement of medium-sized ves-
sels (34).

Montelukast, which was also identified as being associated 
with drug-induced AAV in this study, along with almost every 
drug associated with EGPA, will be more of a subject of contro-
versy (Supplementary Table 3). Indeed, the hypotheses regarding 
whether montelukast or other drugs for asthma actually provoke 
EGPA, or are rather prescribed because of the severity of the 
asthma that precedes the full spectrum of EGPA (protopathic 
bias), have not yet been settled because of conflicting results of 
previous studies (20,35–37).

Regarding other drugs associated with a significant dispro-
portionality in our study, only a few case reports or small case 
series have been published implicating penicillamine (38,39), 
influenza vaccine (40), allopurinol (39,41), rifampicin (42), or inter-
feron-α (43). Of note, several previous studies did not find an 
increased risk of AAV relapse after influenza vaccination (44–46), 
and the overreporting we found needs to be studied further to 
exclude bias, including recall and notoriety bias, with regard to 
this single-injection drug administered once a year. For sofos-
buvir, which is a more recently engineered treatment for chronic 
hepatitis C infection, only 2 articles have been published to our 
knowledge in the setting of drug-induced AAV (47,48). However, 
since hepatitis C infection may itself induce ANCAs (49) and cry-
oglobulinemia production in the context of systemic small vessel 
vasculitis that may mimic clinical manifestations of AAV, informa-
tion bias cannot be excluded. However, the high disproportional 
reporting associated with sofosbuvir in our study is evidence of a 
need for particular attention to this drug and further observational 
and experimental studies.

To our knowledge, no case of AAV associated with rosuvas-
tatin, mirabegron, or nintedanib has previously been reported, 
although we cannot eliminate a protopathic bias with regard to 
nintedanib (prescription of the drug in response to some early 
symptoms of the disease). Indeed, nintedanib was mainly engi-
neered to treat idiopathic pulmonary fibrosis, the diagnosis of 
which requires the exclusion of other causes of lung involvement. 
Some patterns of fibrotic interstitial lung disease may be observed 
in the spectrum of AAV, notably as the first manifestation of MPA 
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(50). Therefore, we cannot exclude the possibility that nintedanib 
overreporting in our study was secondary to a misdiagnosis of idi-
opathic pulmonary fibrosis with unrecognized AAV at its onset, and 
therefore this apparent association should be interpreted with cau-
tion. In addition, since nintedanib has shown efficacy for the treat-
ment of interstitial lung involvement secondary to connective tissue 
diseases such as systemic sclerosis, mixed connective tissue dis-
ease, and rheumatoid arthritis (51), the possibility that this new drug 
will also be offered for the treatment of interstitial lung involvement 
secondary to AAV cannot be excluded. Therefore, future studies 
are needed to clarify the potential association with AAV.

Of note, levamisole was not associated with a significant dis-
proportionality in our study, although it is a well-known inducer of 
AAV. This is probably because levamisole is no longer used as an 
immunomodulator in humans (withdrawn from the US market in 
2000) but as an adulterant for cocaine.

This study has several limitations that are common to 
studies based on pharmacovigilance databases (10), including 
notoriety bias (increased number of reports after safety alerts in 
the media), missing data (including on the delay between the intro-
duction of the drug and the onset of AAV, which was available for 
<10% of the patients), and bias related to its retrospective and 
declarative design. Moreover, the significant associations found, 
defined by a positive IC025, do not imply causality. However, this 
data mining approach allows for the automated detection of drug 
safety signals associated with rare events such as AAV and for the 
description of the largest series of drug-induced AAV.

To conclude, this first worldwide systematic pharmacovigi-
lance study described the largest series of drug-induced AAV 
cases, implicating several drugs, some of which were already sus-
pected to be a cause of drug-induced AAV. In addition to strength-
ening the suspected associations between drug-induced AAV 
and previously reported drugs, such as hydralazine and antithy-
roid drugs, this study also showed that several recently developed 
drugs, including sofosbuvir, mirabegron, and nintedanib, are sig-
nificantly associated with AAV overreporting. Specific prescriber 
attention to these drugs is needed, as well as experimental and 
observational studies to confirm these epidemiologic data.
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Time-Dependent Analysis of Risk of New-Onset
Heart Failure Among Patients With Polymyositis
and Dermatomyositis

Chun-Yu Lin,1 Hung-An Chen,2 Tsai-Ching Hsu,3 Chun-Hsin Wu,1 Yu-Jih Su,4 and Chung-Yuan Hsu5

Objective. To determine the risk and time trends of heart failure (HF) leading to hospitalization in individuals newly diag-
nosed as having polymyositis/dermatomyositis (PM/DM) relative to non-PM/DM controls at the general population level.

Methods. A retrospective cohort study was conducted using data from a nationwide insurance database in Taiwan.
Patients with incident PM/DM and without a history of HF were selected between 2000 and 2013. Unmatched and pro-
pensity score–matchedcohortswere establishedseparately. AmultivariableCoxproportional hazards regressionmodel
was used to estimate the adjusted hazard ratio (HR) for the risk of HF in the unmatched cohort. In the propensity score–
matched cohort, general population controls were selected andmatched at a 1:1 ratio to the patientswith PM/DMbased
on propensity scores, which accounted for the confounding factors of age, sex, index date (year) of first diagnosis,
comorbidities, and medication usage. The cumulative incidence of HF was estimated using the Kaplan-Meier method.
A stratified Cox proportional hazards model was used to calculate the HR for the risk of HF events at different follow-up
time points among patients with PM/DM compared with non-PM/DM controls in the propensity score–matched cohort.

Results. In the unmatched cohort, the study assessed 2,025 patients with PM/DM and 196,109 general population
controls. Results of multivariable Cox regression analysis, adjusted for age, sex, comorbidities, and medication usage,
revealed a greater risk of HF leading to hospitalization in the PM/DM group than in the control group (adjusted HR 3.29,
95% confidence interval [95% CI] 2.60–4.18). After matching based on propensity score, a total of 1,997 pairs of
PM/DM patients and general population controls were identified. In this propensity score–matched cohort, the cumu-
lative incidence of HF in patients with PM/DM at 3 years, 5 years, and 10 years was 3.3%, 4.4%, and 7.4%, respec-
tively. The absolute difference in HF risk in the PM/DM group compared with the control group was 1.8% at 3 years,
2.1% at 5 years, and 3.0% at 10 years. Compared with general population controls, patients with PM/DM exhibited
an augmented risk of HF (HR 2.06, 95% CI 1.36–3.12). Analyses stratified according to follow-up time point revealed
that the increased risk of HF persisted for up to 10 years after the PM/DM diagnosis.

Conclusion. These results indicate that the risk of HF leading to hospitalization was increased in patients with
PM/DM throughout the study period, supporting the need for greater vigilance in the monitoring of patients with
PM/DM for the development of this potentially lethal complication.

INTRODUCTION

Polymyositis (PM) and dermatomyositis (DM) are immune-
mediated diseases that are characterized by infiltration of
inflammatory cells in the skeletal muscle and progressive muscle

weakness (1,2). Extramuscular manifestations, such as interstitial
lung disease, gastrointestinal involvement, and cardiac involve-
ment, can occur in PM/DM (3). Before the 1970s, cardiac involve-
ment was thought to be a rare event in the idiopathic inflammatory
myopathies (4). Following the introduction of more sensitive and
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noninvasive techniques into daily practice, there have been more
reports of cases of subclinical and clinically relevant cardiac man-
ifestations occurring in patients with PM/DM (5–12). Recent find-
ings in a few epidemiologic studies have indicated that the risk of
atherosclerosis and myocardial infarction are higher among
patients with PM/DM compared with general population controls
(13,14). However, the actual frequency of cardiac manifestations,
apart from coronary heart disease, in patients with PM/DM
remains uncertain, as there is a paucity of large-scale epidemio-
logic studies investigating cardiac risks in patients with PM/DM.

The most frequently reported, clinically evident cardiac mani-
festation in PM/DM is heart failure (HF), but there is a wide variation
in its reported frequency, ranging from 32% to 77% (4,5,15). Based
on a systematic review, HF is the leading cause of cardiac death in
patients with PM/DM, followed by acute myocardial infarction and
complete heart block (8). However, previous studies regarding the
risk of HF in patients with PM/DM have been limited by several fac-
tors, including the following: small numbers of patients studied,
cross-sectional study designs, being limited to a single-center
study, lack of long-term follow-up data, use of a target population
with overlap syndrome, and lack of a matched control population.
Consequently, it has been difficult to infer the relative risk of HF in
PM/DM. In the present study, we therefore aimed to investigate
the risk and magnitude of new-onset HF among patients with
PM/DM compared with general population controls, using a nation-
wide, population-based administrative health database in Taiwan.

PATIENTS AND METHODS

Study design, data source, and ethics approval. An
observational, retrospective cohort study design was used. All data
were retrieved from the Taiwan National Health Insurance Research
Database (NHIRD). The NHIRD was constructed to collate data
from a national single-payment health care insurance program that
was launched in 1995 in Taiwan. Currently, ~99% of the residents
of Taiwan are enrolled in this program. The cost of a wide range of
health care services, including ambulatory care, inpatient care, den-
tal treatment, prescriptionmedication use, invasive procedures, and
surgeries, are covered by this health insurance program. Therefore,
the NHIRD is a rich source of health care information and is one of
the most comprehensive administrative health databases in the
world. To date, several NHIRD-based epidemiologic and compara-
tive effectiveness studies have been published (16,17). In the
NHIRD, the personal information and identification number of each
NHIRD enrollee are scrambled to ensure privacy, and thus informed
consent for this study was not required. The National Cheng Kung
University Hospital Institutional Review Board approved the study
protocol (approval no. A-EX-109-017).

Study population. Individuals with a documented diagno-
sis of new-onset PM/DM were identified between January 1,
2000 and December 31, 2013, using International Classification

of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM)
codes (for DM, ICD-9-CM code 710.3; for PM, ICD-9-CM code
710.4). To ensure that only patients with valid diagnoses were
included in the PM/DM groups, patients were also required to
have catastrophic illness certificates (CICs). In Taiwan, patients
with certain types of severe illnesses can apply for CICs in order
to be exempted from copayment when seeking medical services
for these illnesses. Malignancy, stroke, neurodegenerative dis-
eases, and the majority of systemic autoimmune diseases are cat-
egorized as catastrophic illnesses in Taiwan’s health care system.
In issuing CICs for corresponding diseases, the patient’s medical
records, laboratory data, and imaging findings are reviewed to
ascertain diagnostic accuracy; for example, CICs can be issued
to PM/DM patients only when their clinical symptoms and exami-
nation results are compatible with the Bohan and Peter criteria for
PM/DM (18).

Patients without a CIC for PM/DM-related illnesses were not
included in our study. At least 2 independent certified rheumatol-
ogists are required to review relevant medical records before the
approval of CICs for PM/DM. Therefore, the accuracy of our study
in identifying patients with inflammatory myositis was high. The
index date was defined as the date of the first diagnosis of
PM/DM. Patients who were <18 years of age at the start of the
study and those who developed HF before the index date were
excluded. Only incident cases were included, and we searched
the records before the index date to confirm that no prior diagno-
sis of PM/DM was made. We also excluded patients who were
diagnosed as having other autoimmune diseases, such as sys-
temic lupus erythematosus, systemic sclerosis, or primary Sjög-
ren’s syndrome, within a 1-year period prior to the index date,
thereby ensuring that there were no overlap syndromes in our
enrolled participants.

Selection of non-PM/DM controls. Individuals who were
never diagnosed as having PM/DM during the study period were
randomly selected from the NHIRD and identified as controls.
The index date for each subject in the control group was ran-
domly assigned and corresponded to the distribution of index
dates in the PM/DM group. We also excluded from the control
group any patients who were <18 years of age at the start of the
study and those who were diagnosed as having HF before the
matched index date.

Potential confounders. We recorded each patient’s age
and sex at the time of the index date. In addition, we identified
the presence of the following comorbidities using the relevant
ICD-9-CM diagnostic codes: diabetes mellitus (ICD-9-CM code
250), hypertension (ICD-9-CM codes 401–405), dyslipidemia
(ICD-9-CM code 272), ischemic heart disease (ICD-9-CM codes
410–414), atrial fibrillation (ICD-9-CM code 427.31), peripheral
artery disease (ICD-9-CM code 443), chronic obstructive pulmo-
nary disease (COPD) (ICD-9-CM codes 491, 492, and 496), and
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chronic kidney disease (ICD-9-CM codes 580–588). We deter-
mined whether these comorbidities occurred within a 1-year
period before the index date. Patients were categorized as having
a certain comorbidity only if the corresponding diagnostic codes
were reported in the inpatient claims records at least once or in
outpatient claims records more than 3 times.

With regard to medication usage, several medications were
identified as pharmacotherapies that had been prescribed to the
patients with PM/DM based on a review of the dispensed pre-
scriptions during a 3-month period. The following medications
prescribed to patients at least 28 days prior to the index date
were recorded: nonsteroidal antiinflammatory drugs (NSAIDs),
aspirin, systemic glucocorticoids, statins, warfarin, and digoxin.

Ascertainment of HF diagnoses. The main outcome of
this study was new-onset HF, defined as the first hospitalization
attributable to acute HF. All HF-related hospital admissions were
identified by noting the presence of ICD-9-CM code 428.xx and
the primary diagnosis contained within each patient’s discharge
record. The diagnostic code for HF was validated in the NHIRD
database, yielding a positive predictive value for identification of
HF of 97.6% (19). The patients with PM/DM and controls were fol-
lowed up until the first HF-related hospitalization, death, or the
end of the study (December 31, 2013), whichever occurred first.

Process of propensity score matching. We studied a
propensity score–matched cohort to eliminate the influence of
confounding factors and to determine the “marginal effect” of
PM/DM on the occurrence of HF (20). To estimate the propensity
score, first, a logistic regression model was constructed, with the
dependent variable being diagnosis of PM/DM and the indepen-
dent variables being age, sex, index date (year of first diagnosis),
presence of diabetes, hypertension, COPD, hyperlipidemia,
chronic kidney disease, atrial fibrillation, and peripheral artery dis-
ease, and medication usage, including usage of NSAIDs, aspirin,
systemic glucocorticoids, statins, warfarin, and digoxin. Subse-
quently, the PM/DM cohort was matched with the control cohort
at a 1:1 ratio, using nearest-neighbor matching without replace-
ment and a caliper width of 0.1 of the pooled standard deviation
of the logit of the propensity score. The adequacy of the balance
across these covariates between groups was expressed as the
mean standardized difference. If the absolute mean standardized
difference between 2 groups was <0.1, the balance of the con-
founding variable was considered acceptable (21).

Statistical analysis. Continuous variables are presented
as the mean � SD, and categorical variables as a percentage.
HF incidence rates during the follow-up period were calculated
by dividing the number of events by the corresponding person-
time at risk; results are presented as the number of events per
1,000 person-years. Incidence rate ratios were estimated using
Poisson regression. The cumulative incidence of HF in the

PM/DM patients and matched controls was estimated and
graphically presented using the Kaplan-Meier method. We used
a stratified log-rank test that accounted for the matching prop-
erty (22) to determine whether significant differences in the HF risk
existed between the PM/DM patients and matched controls.

Two different analyses were performed to assess the relative
risk of HF associated with PM/DM. First, a multivariable Cox pro-
portional hazards regression model, adjusted for age, sex,
comorbidities, and medication usage, was used to derive the
“conditional effect” of PM/DM on HF in the cohorts before pro-
pensity score matching (20). In other analyses, a stratified Cox
model was used to estimate the magnitude of the “marginal
effect” of PM/DM on HF at the population level, with stratification
based on matched pairs in the cohorts after propensity score
matching. The stratified Cox model was suggested in this sce-
nario to account for the propensity score–matched nature of the
cohort (22). Tests of the proportional hazards assumption with
inspection of log-based survival curves and a scaled Schoenfeld
residuals test did not reveal significant violations of the hazards
assumption.

We also calculated stratum-specific crude and adjusted haz-
ard ratios (HRs) for the risk of HF at different follow-up time
periods (<1 year, <3 years, <5 years, and < 10 years) following
the diagnosis of PM/DM. All participants were included for analy-
sis in each period, and patient data were treated as censored
observations if a patient did not develop HF at the end of each
time period. Subgroup analyses were carried out to examine the
moderating effects of various subgroup variables on the associa-
tion between PM/DM and HF. A significant interaction was deter-
mined using the likelihood ratio test. Apart from the stratified Fine
and Gray model used in the sensitivity analysis, which was con-
structed using R, version 3.6.1, all other statistical analyses were
performed using the STATA statistical package (version 13.0;
StataCorp). All statistical tests were 2-sided, and P values less
than 0.05 were considered significant.

Sensitivity analyses. We performed a sensitivity analysis
in the propensity score–matched cohort using a stratified Fine
and Gray competing risk regression model (23), with the event of
death used as a competing event. To assess the robustness of
our results, a second sensitivity analysis was conducted in which
we used the ICD-9-CM diagnostic codes 425.4, 425.9, 402.01,
402.11, 402.91, 404.01, 404.03, 404.11, 404.13, 404.91,
404.93, and 428.xx for the diagnosis of HF, which have been pre-
viously validated as having a high sensitivity for identification of HF
(96.3%) (24).

We conducted a third sensitivity analysis in which we con-
structed another logistic regression model to estimate the pro-
pensity score. We used the same variables as used in the main
propensity score analysis except for the variable of glucocorticoid
usage, which was excluded from the propensity score model.
Subsequently, the same matching algorithm used in the main
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analysis was applied in this new calculation of the propensity
score.

Availability of data and materials. The data sets used
and/or analyzed in the present study are available from the corre-
sponding author upon request.

RESULTS

Clinical characteristics of the patients. Before pro-
pensity score matching, a total of 2,025 patients with incident
PM/DM and 196,109 non-PM/DM controls were identified
between 2000 and 2013. Baseline characteristics of the patients

Table 1. Demographic and baseline clinical characteristics of the patients with PM/DM and controls in the unmatched and propensity score–
matched cohorts, and standardized mean difference in the propensity score–matched cohort*

Characteristic

Unmatched cohort Propensity score–matched cohort

PM/DM
(n = 2,025)

Controls
(n = 196,109)

PM/DM
(n = 1,997)

Controls
(n = 1,997)

Standardized
mean difference

Age, mean � SD years 50.2 � 14.6 43.7 � 16.6 50.2 � 14.6 50.8 � 17.3 �0.038
Sex 0.000
Male 666 (32.9) 98,173 (50.1) 661 (33.1) 661 (33.1)
Female 1,359 (67.1) 97,936 (49.9) 1,336 (66.9) 1,336 (66.9)

Comorbidities
Hypertension 367 (18.1) 19,479 (9.9) 362 (18.1) 406 (20.3) �0.056
Diabetes mellitus 190 (9.4) 10,516 (5.4) 186 (9.3) 204 (10.2) �0.030
Ischemic heart disease 136 (6.7) 5,430 (2.8) 131 (6.6) 137 (6.8) �0.012
Dyslipidemia 212 (10.5) 9,658 (4.9) 206 (10.3) 213 (10.6) �0.011
Atrial fibrillation 9 (0.44) 482 (0.25) 9 (0.45) 13 (0.65) �0.027
Chronic kidney disease 54 (2.7) 1,890 (1.0) 53 (2.7) 60 (3.0) �0.021
COPD 114 (5.6) 2,703 (1.4) 113 (5.6) 99 (5.0) 0.031
Peripheral artery disease 95 (4.7) 726 (0.4) 68 (3.4) 67 (3.3) 0.003

Medication
Aspirin 95 (4.7) 4,753 (2.4) 86 (4.3) 105 (5.2) �0.045
NSAID 455 (22.5) 5,739 (2.9) 446 (22.3) 444 (22.2) 0.002
Statin 22 (1.1) 3,237 (1.65) 22 (1.1) 29 (1.4) �0.031
Glucocorticoid 1,585 (78.3) 5,585 (2.9) 1,557 (77.9) 1,560 (78.1) �0.004
Warfarin 12 (0.59) 271 (0.14) 9 (0.5) 8 (0.4) 0.008
Digoxin 6 (0.30) 295 (0.15) 6 (0.3) 7 (0.4) �0.009

* Except where indicated otherwise, values are the number (%). PM/DM = polymyositis/dermatomyositis; COPD = chronic obstructive pulmo-
nary disease; NSAID = nonsteroidal antiinflammatory drug.

Table 2. Incidence and risk of HF in patients with PM/DM compared with controls in the unmatched and propensity score–matched cohorts*

PM/DM Controls P

Unmatched cohort
Total no. of patients 2,025 196,109 –

HF events, no. (%) 90 (4.4) 2,726 (1.4) –

Total follow-up time, person-years 10,792 1,266,921 –

Follow-up duration, mean � SD years 5.3 � 4.2 6.5 � 4.0 –

Incidence rate per 1,000 person-years 8.3 2.2 –

Incidence rate ratio (95% CI) 3.88 (3.11–4.78) 1.0 (referent) <0.001
Crude HR for HF (95% CI) 3.87 (3.14–4.78) 1.0 (referent) <0.001
Adjusted HR for HF (95% CI)† 3.59 (2.90–4.44) 1.0 (referent) <0.001
Fully adjusted HR for HF (95% CI)‡ 3.29 (2.60–4.18) 1.0 (referent) <0.001

Propensity score–matched cohort
Total no. of patients 1,997 1,997 –

HF events, no. (%) 89 (4.5) 61 (3.1) –

Total follow-up time, person-years 10,598 12,884 –

Follow-up duration, mean � SD years 5.3 � 4.2 6.5 � 4.0 –

Incidence rate per 1,000 person-years 8.4 4.7 –

Incidence rate ratio (95% CI) 1.77 (1.27–2.50) 1.0 (referent) <0.001
HR for HF (95% CI), stratified Cox model 2.06 (1.36–3.12) 1.0 (referent) <0.001

* HF = heart failure; PM/DM = polymyositis/dermatomyositis; HR = hazard ratio; 95% CI = 95% confidence interval.
† Adjusted for age, sex, comorbidities, and medication usage at baseline (as listed in Table 1, but with exclusion of glucocorticoid usage).
‡ Adjusted for age, sex, comorbidities, and medication usage at baseline (as listed in Table 1).
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with PM/DM and controls are summarized in Table 1. The
mean � SD age of the PM/DM patients was 50.2 � 14.6 years,
and women accounted for two-thirds of the PM/DM cohort. The
most common comorbidities in the PM/DM cohort were hyper-
tension, diabetes mellitus, and dyslipidemia. The prevalence of
comorbidities was higher in the PM/DM patients compared with
the control group. A high percentage of PM/DM patients were
receiving treatment with glucocorticoids and NSAIDs at baseline.

In total, 1,997 pairs of PM/DM patients and controls were
included in the propensity score–matched cohort after 1:1 pro-
pensity score matching. The absolute standardized differences
across all clinical variables, including age, sex, comorbidities,

and medication usage, were < 0.1, indicating an acceptable bal-
ance of confounders between the PM/DM and control cohorts.
The mean follow-up duration was estimated to be 5.3 years for
the PM/DM patients and 6.5 years for the controls (Table 2).

Occurrence and relative risk of HF.Conditional effect of
PM/DM. In the unmatched cohort, 90 (4.4%) of the 2,025
patients with PM/DM experienced an HF event. In contrast, of
196,109 controls, 2,726 (1.4%) experienced an HF event
(Table 2).

The incidence rate of HF was 8.3 per 1,000 person-years in
patients with PM/DM and 2.2 per 1,000 person-years in non-
PM/DM controls (Table 2). The HF incidence rate ratio in patients
with PM/DM compared with the controls was 3.88 (95% confi-
dence interval [95%CI] 3.11–4.78) in the total unmatched popula-
tion. The crude HR for HF, calculated using the unadjusted Cox
model, was 3.87 (95% CI 3.14–4.78) in patients with PM/DM rel-
ative to controls.

The conditional effect of PM/DM, estimated with a multivari-
able Cox regression model adjusted for age, sex, comorbidities,
and medication usage, revealed a similar strength of association
of PM/DM with subsequent HF events (adjusted HR 3.29, 95%
CI 2.60–4.18). This adjusted effect of PM/DM increased when
glucocorticoid usage was not included in the multivariable model
(adjusted HR 3.59, 95% CI 2.90–4.44).

Marginal effect of PM/DM. In the propensity score–matched
cohort, 89 patients with PM/DM (4.5% of 1,997) and 61 controls
(3.1% of 1,997) experienced an HF event (Table 2). The HF inci-
dence rate was 8.4 per 1,000 person-years among patients with
PM/DM and 4.7 per 1,000 person-years among non-PM/DM

Figure 1. Cumulative incidence of hospitalization for heart failure
among patients with polymyositis/dermatomyositis (PM/DM) compared
with non-PM/DM control subjects in the propensity score–matched
cohort.

Table 3. Incidence and risk of HF in patients with PM/DM according to follow-up time interval after the PM/DM diagnosis*

Follow-up time

Unmatched cohort Propensity score–matched cohort

PM/DM Controls PM/DM Controls

<1 year
Participants, no. 2,025 196,109 1,997 1,997
HF events, no. (%) 30 (1.48) 400 (0.2) 30 (1.5) 14 (0.7)
HR (95% CI)† 5.75 (3.66–9.01)‡ 1.0 2.34 (1.24–4.40)§ 1.0

<3 years
Participants, no. 2,025 196,109 1,997 1,997
HF events, no. (%) 54 (2.67) 1,108 (0.56) 54 (2.7) 27 (1.35)
HR (95% CI)† 4.59 (3.34–6.30)‡ 1.0 2.32 (1.45–3.71)¶ 1.0

<5 years
Participants, no. 2,025 196,109 1,997 1,997
HF events, no. (%) 67 (3.31) 1,626 (0.83) 66 (3.3) 37 (1.85)
HR (95% CI)† 4.01 (3.03–5.31)‡ 1.0 2.25 (1.42–3.57)¶ 1.0

<10 years
Participants, no. 2,025 196,109 1,997 1,997
HF events, no. (%) 85 (4.2) 2,522 (1.29) 84 (4.21) 56 (2.8)
HR (95% CI)† 3.35 (2.62–4.29)‡ 1.0 2.09 (1.37–3.19)‡ 1.0

* HF = heart failure; PM/DM = polymyositis/dermatomyositis; 95% CI = 95% confidence interval.
† In the unmatched cohort, analyses of the hazard ratio (HR) were adjusted for age, sex, comorbidities, and medication usage at baseline
(as listed in Table 1).
‡ P < 0.001 versus controls.
§ P = 0.009 versus controls.
¶ P = 0.001 versus controls.
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controls (Table 2). The HF incidence rate ratio in the patients with
PM/DM was 1.77 (95% CI 1.27–2.50) relative to controls.

The cumulative incidence of HF was significantly higher in the
PM/DM cohort compared with the matched control cohort
(P < 0.001 by stratified log-rank test) (Figure 1). The cumulative
HF incidence at 1, 3, 5, and 10 years among patients with PM/DM
was 1.7% (95% CI 1.2–2.4%), 3.3% (95% CI 2.6–4.4%), 4.4%
(95% CI 3.5–5.7%), and 7.4% (95% CI 6.0–9.8%), respectively.
In contrast, the cumulative HF incidence at 1, 3, 5, and 10 years
in the matched controls was 0.75% (95% CI 0.44–1.3%), 1.5%
(95% CI 1.1–2.2%), 2.3% (95% CI 1.6–3.2%), and 4.4% (95%
CI 3.4–6.0%), respectively. The absolute between-group risk dif-
ferences at 3, 5, and 10 years were 1.8% (95% CI 0.7–2.9%),
2.1% (95% CI 0.8–3.3%), and 3.0% (95% CI 0.9–5.1%), respec-
tively. The stratified Cox model revealed that the risk of HF associ-
ated with PM/DM remained statistically significant (HR 2.06, 95%
CI 1.36–3.12).

Risk of HF according to time since diagnosis of
PM/DM. Table 3 presents the risk of HF detected at 4 different
follow-up time points (<1 year, <3 years, <5 years, and < 10
years) following the PM/DM diagnosis in the unmatched and pro-
pensity score–matched cohorts. In the unmatched cohort, the
risk of HF in patients with PM/DM was significantly increased at
all time points, with the greatest risk observed within the first year
after the initial PM/DM diagnosis (adjusted HR 5.75, 95%CI 3.66–
9.01). In the propensity score–matched cohort, the relative risk of
HF in PM/DM patients compared with controls seemed to be sim-
ilar across each time point.

Subgroup analysis. The adjusted risks of HF stratified by
age, sex, and comorbidities in patients with PM/DM compared
with controls are presented in Figure 2. No significant interaction
across subgroups was detected, except for the subgroups of
atrial fibrillation and chronic kidney disease. Only 9 patients with

Figure 2. Risk of heart failure (HF) leading to hospitalization among patients with polymyositis/dermatomyositis (PM/DM), according to various
subgroups based on demographic and clinical characteristics. Forest plots show the adjusted hazard ratios (with 95% confidence intervals
[95% CIs]) for the risk of HF, estimated using a Cox proportional hazards model with adjustment for age, sex, comorbidities, and medication
usage. The likelihood ratio test was used to determine the P for interaction. COPD = chronic obstructive pulmonary disease. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41907/abstract.
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PM/DM were identified as having atrial fibrillation, none of whom
developed HF. Similarly, the subgroup of PM/DM patients with
chronic kidney disease was small, comprising only 54 patients,
of whom only 1 developed HF.

Findings from sensitivity analyses. In a sensitivity anal-
ysis using the diagnostic codes that were validated as having high
sensitivity for identification of HF, we observed that the risk of HF
remained higher in the PM/DM group compared with the
matched controls (HR 1.48, 95% CI 1.02–2.15) (Table 4). A com-
peting risk regression model analysis yielded similar results as
those of the primary analysis with regard to risk of HF in patients
with PM/DM (HR 1.68, 95% CI 1.16–2.43). A sensitivity analysis
using a second propensity score model (glucocorticoid usage
was not included as a matching variable) showed a higher esti-
mated risk of HF in patients with PM/DM compared with controls
(HR 2.51, 95% CI 1.78–3.54) than that seen in the primary pro-
pensity score–matched analysis.

DISCUSSION

To the best of our knowledge, this is the first nation-scale
study in which an unselected, validated cohort of patients with
PM/DM was used to investigate the risk of new-onset HF in
PM/DM patients compared with controls from the general popu-
lation. We observed that PM/DM was associated with a

significantly increased risk of HF-related hospitalization through-
out the study period. The enhanced risk of HF seemed to be the
highest during the first year following the diagnosis of PM/DM.

PM/DM-related inflammation is primarily found in skeletal
muscle; however, increasing evidence has shown that the simulta-
neous occurrence of myocardial inflammation in these patients
may have been underestimated (10). An earlier autopsy study of
PM/DM patients revealed several histopathologic findings indica-
tive of the presence of interstitial inflammatory cell infiltration,
contraction-band necrosis, myocyte degeneration, focal fibrosis,
vasculitis, and medial sclerosis of the vessels in the myocardium
(25). These pathologic changes resemble the inflammation
observed in skeletal muscle, indicating that the heart is also an
autoimmune target in PM/DM (26,27). Recently, owing to its nonin-
vasiveness and high resolution, gadolinium-enhanced cardiac
magnetic resonance imaging (MRI) has been used to facilitate the
detection and diagnosis of myocardial inflammation. In a study
conducted in Greece, 20 patients with active PM/DM were evalu-
ated using cardiac MRI, with the results showing that 75% of the
study participants exhibited evidence of myocarditis (28). In
another study, a total of 16 PM/DM patients without clinically signif-
icant cardiac symptoms underwent cardiac MRI, with the findings
showing late gadolinium enhancement in 56% of the patients,
which indicates a high percentage of inflammatory injury and fibro-
sis in the myocardium (29). In a more recent study from Germany
involving 53 PM/DM patients, myocardial inflammation and fibrosis
were detected in 62.3% of the patients who had lesions present
mainly in the lateral and inferior segments of the heart (30). There-
fore, direct myocardial injury caused by inflammatory cell infiltration
or myocarditis is one of the possible mechanisms contributing to
the higher risk of HF observed in patients with PM/DM in our study.

It has already been established that systemic inflammation is
closely linked to various cardiovascular diseases, including myo-
cardial infarction and ischemic stroke (31). Several autoimmune
diseases, such as rheumatoid arthritis, systemic lupus erythema-
tosus, and PM/DM, have been demonstrated to be associated
with elevated risks of ischemic heart disease and stroke in various
large-scale epidemiologic studies (14,32), in which chronic sys-
temic inflammation was considered as the main contributor inde-
pendent of traditional risk factors. HF is a clinical syndrome with
mixed etiology. For decades, the predominant focus of research
on the mechanisms of HF has been analyses of activation of the
sympathetic and neurohormonal systems (33,34). In recent years,
accumulating evidence has demonstrated that inflammatory
mechanisms play a pivotal role in the development and progres-
sion of both HF subtypes, HF with preserved ejection fraction
and HF with reduced ejection fraction (34–36). Furthermore,
inflammation has been observed to be a prevalent phenomenon
in HF, which was supported by the findings from a randomized
clinical trial in which up to 57% of patients with HF had elevated
C-reactive protein levels (37). In addition, elevated serum levels
of proinflammatory cytokines, such as tumor necrosis factor

Table 4. Sensitivity analyses in the propensity score–matched
cohort*

Model

No. of HF events
in patients
with PM/DM HR (95% CI)

Primary Cox proportional
hazards analysis using
diagnostic codes with
high positive predictive
values

89 2.06 (1.36–3.12)

Cox proportional hazards
analysis using diagnostic
codes with high
sensitivity for HF

95 1.48 (1.02–2.15)

Competing risk regression
analysis using a
stratified Fine and Gray
model

89 1.68 (1.16–2.43)

Matched cohort using a
second propensity
score–matching model†

89 2.51 (1.78–3.54)

* HF = heart failure; PM/DM = polymyositis/dermatomyositis;
HR = hazard ratio; 95% CI = 95% confidence interval.
† The second propensity score was estimated using logistic regres-
sion analysis, with age, sex, index date (year) of first diagnosis, pres-
ence of diabetes, hypertension, chronic obstructive pulmonary
disease, hyperlipidemia, chronic kidney disease, atrial fibrillation,
and peripheral artery disease, and usage of nonsteroidal antiinflam-
matory drugs, aspirin, statins, warfarin, and digoxin as independent
variables. Usage of glucocorticoids was not included in this second
propensity score model.
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(TNF), interleukin-1 (IL-1), and IL-6, have been observed in patients
with HF (34,35). Interestingly, several studies have demonstrated
an overexpression of TNF, IL-1, IL-6, IL-17, and type I interferons
in the blood or muscle tissue of patients with PM/DM (38,39).
Therefore, the causal inflammatory mechanism may be partially
shared between PM/DM and HF. It is conceivable that the persist-
ing state of inflammation in patients with PM/DM could lead to sub-
sequent myocardial injury and the development of new-onset HF.

In addition to the effects of PM/DM itself, we must consider
that glucocorticoids may increase the risk of HF. Glucocorticoids
can bind to the mineralocorticoid receptors, in addition to the glu-
cocorticoid receptors (40,41). Activation of the mineralocorticoid
receptor signaling pathway not only increases sodium and fluid
retention but also aggravates HF by promoting remodeling
through the fibrosis of the atria and ventricles (42). In a large-scale
population-based study, treatment with oral glucocorticoids was
shown to be associated with an elevated risk of HF (43). There-
fore, although glucocorticoids can effectively control disease
activity in PM/DM, the subsequent adverse effects on the heart
should be noted. Thus, the greater risk of hospitalization for HF
observed in patients with PM/DM in the present study may also
be attributable to long-term treatment with glucocorticoids, in
addition to cardiac involvement.

The risk of cardiac involvement varies among patients with
PM/DM, with certain subgroups having a higher risk. The propor-
tion of PM/DM patients who are positive for antimitochondrial
antibodies differs between cohorts, and a previous study showed
that antimitochondrial antibody positivity may account for ~11%
of patients with idiopathic inflammatory myopathies (44).
Recently, it has been suggested that antimitochondrial
antibody–associated myositis should be considered a distinct
inflammatory myopathy phenotype that is frequently associated
with myocardial involvement (45). However, we did not analyze
the risk of HF in this subgroup, as myositis-related antibody test
results were not available in our database.

When we assessed the potential impact of sex and various
comorbidities on the association between PM/DM and HF events,
we observed differential effects of PM/DM across the subcate-
gories of atrial fibrillation and chronic kidney disease. This variabil-
ity associated with these 2 comorbidities may be attributed to the
fact that the number of patients with PM/DM in these 2 subgroups
was relatively small compared with the other subgroups, which
made the estimates less reliable. Further research is required to
investigate the true moderating effect of these comorbidities.

Previous studies have evaluated the disease course in adult
or juvenile patients with DM in the context of treatment with gluco-
corticoids, and it was observed that DM disease activity was high-
est during the first 6–12 months following the diagnosis, with
improvement in disease activity apparently occurring subsequent
to the initiation of glucocorticoid treatment (46–48). In addition,
the requirement for use of glucocorticoids to control disease
activity was lower after 12 months of treatment (47). Given that

both inflammation resulting from PM/DM and treatment with glu-
cocorticoids may contribute to the development of HF, our find-
ings showing that the risk of HF appeared to be greatest within
the first few years of PM/DM diagnosis (according to the findings
from the multivariable regression model) could be partly attribut-
able to the subsequent attenuation of disease activity with treat-
ment, as well as to the reduction in glucocorticoid dosage
following appropriate treatment in some patients.

There was a certain degree of discrepancy in the estimated
impact of PM/DM on the risk of hospitalized HF between the
estimates obtained with the multivariable Cox regression model
and the estimates obtained with propensity score matching
(point estimate of effect 3.29 versus 2.06). This phenomenon
could be explained by the difference in the meaning of the term
conditional effect and the meaning of the term marginal effect
(49). The effect of PM/DM on the occurrence of HF derived from
traditional Cox regression analyses adjusted for covariates in our
study was referred to as a “conditional estimate or effect”; the
resulting HR was conditional on the other covariates in the
model (49). In brief, the conditional effect is the average effect
of moving an individual from nonexposed to exposed at the indi-
vidual level. In contrast, the effect of PM/DM estimated from pro-
pensity score matching was referred to as the marginal HR (49).
The marginal effect denoted the average effect of moving an
entire population from nonexposed to exposed at the popula-
tion level. A previous simulation study revealed that the marginal
effect, as measured by the HR or odds ratio, is, in general, closer
to the null effect than the conditional effect (50). The divergence
between the conditional effect and marginal effect is larger if
the model includes more prognostic factors, has stronger covar-
iates, or has a larger exposure/treatment effect (50). Although
the strength of the estimated conditional and marginal effects
of PM/DM differed in our analysis, their direction was concor-
dant and far away from the effect of null.

The major strength of our study was the use of a nationwide
database that includes all levels of health care and almost the entire
population of Taiwan; this ensured that selection bias and referral
bias were minimized. A broad range of diseases and related medi-
cal services are covered by Taiwan’s national insurance program,
which enabled us to obtain complete data sets with minimal loss
to follow-up. We used CICs, which have been determined to be
highly valid for identifying patients with PM/DM; this ensured the
high accuracy of the PM/DM diagnosis in our investigation. Further-
more, we conducted sensitivity analyses using different statistical
methods and different outcome definitions, and our results
remained significant, indicating the robustness of our study findings.

There are, however, some important study limitations that
must be mentioned. First, the misclassification of outcomes is an
inherent limitation in research based on administrative health
databases. However, to minimize the risk of miscoding, we used
a diagnostic code for HF that has previously been validated with
a high positive predictive value (19). Additionally, even when we
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changed the definition of HF using different sets of diagnostic
codes with high sensitivity, the association between PM/DM and
HF remained significant. Second, we did not have access to data
regarding the levels of serum creatinine kinase and acute-phase
reactants. Therefore, we could not assess the severity of disease
activity in patients with PM/DM, which precluded further analysis
of the associated influence on the outcomes. Third, echocardiog-
raphy results were not available in our study. Therefore, it is not
clear whether the higher HF rate observed in PM/DM patients
was a result of systolic or diastolic dysfunction.

In summary, the results of the present study from Taiwan
indicate a time-dependent increased risk of hospitalization for
HF in patients with PM/DM. The risk remains elevated for up to
10 years following the PM/DM diagnosis. These results suggest
that there should be increased physician vigilance and awareness
regarding this potentially lethal complication. We recommend that
rheumatologists regularly assess patients with PM/DM for associ-
ated symptoms and signs of HF during clinical management.
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Effect of Clonally Expanded PD-1highCXCR5–CD4+ Peripheral
T Helper Cells on B Cell Differentiation in the Joints of
Patients With Antinuclear Antibody–Positive Juvenile
Idiopathic Arthritis

Jonas Fischer,1 Johannes Dirks,1 Julia Klaussner,1 Gabriele Haase,1 Annette Holl-Wieden,1 Christine Hofmann,1

Stephan Hackenberg,1 Hermann Girschick,2 and Henner Morbach1

Objective. Antinuclear antibody (ANA)–positive juvenile idiopathic arthritis (JIA) is characterized by synovial B cell
hyperactivity, but the precise role of CD4+ T cells in promoting local B cell activation is unknown. This study was
undertaken to determine the phenotype and function of synovial CD4+ T cells that promote aberrant B cell activation
in JIA.

Methods. Flow cytometry was performed to compare the phenotype and cytokine patterns of PD-1highCD4+ T
cells in the synovial fluid (SF) of patients with JIA and T follicular helper cells in the tonsils of control individuals. TCRVB
next-generation sequencing was used to analyze T cell subsets for signs of clonal expansion. The functional impact of
these T cell subsets on B cells was examined in cocultures in vitro.

Results. Multidimensional flow cytometry revealed the expansion of interleukin-21 (IL-21) and interferon-γ (IFNγ)–
coexpressing PD-1highCXCR5–HLA–DR+CD4+ T cells that accumulate in the joints of ANA-positive JIA patients.
These T cells exhibited signs of clonal expansion with restricted T cell receptor clonotypes. The phenotype resembled
peripheral T helper (Tph) cells with an extrafollicular chemokine receptor pattern and high T-bet and B lymphocyte–
induced maturation protein 1 expression, but low B cell lymphoma 6 expression. SF Tph cells, by provision of IL-21
and IFNy, skewed B cell differentiation toward a CD21low/–CD11c+ phenotype in vitro. Additionally, SF Tph cell fre-
quencies correlated with the appearance of SF CD21low/–CD11c+CD27–IgM– double-negative (DN) B cells in situ.

Conclusion. Clonally expanded CD4+ Tph cells accumulate in the joints of ANA-positive JIA patients and, in par-
ticular, promote CD21low/–CD11c+ DN B cell differentiation. The expansion of Tph cells and DN B cells might reflect
the autoimmune response in the joints of ANA-positive JIA patients.

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common child-
hood rheumatic disease and is characterized by synovial lympho-
cyte infiltration and progressive joint destruction (1). Findings
from functional and genetic analyses indicate that CD4+ T helper
cells may play a central role in JIA pathogenesis (2). Additionally,
autoantibodies (e.g., antinuclear antibodies [ANAs]) can be
detected in ~50% of patients with JIA, and the presence of ANAs
is correlated with synovial lymphoid neogenesis and B cell

hyperactivity (3). However, the mechanisms that promote the
aberrant activation of autoreactive B cells in JIA are still poorly
understood.

In JIA patients, the synovial B cell compartment mainly
consists of activated memory B cells and, among these,
CD21low/–CD11c+CD27–IgM– double-negative (DN) B cells
seem to be preferentially expanded in the joints of ANA-positive
patients (3–7). CD21low/–CD11c+ B cells constitute a discrete
B cell population that expresses transcription factor T-bet,
accumulates in inflamed tissue, and is expanded in many
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autoimmune diseases (8,9). The subset of CD21low/–CD11c+ B
cells in humans resembles age-associated B cells in mice,
which have been shown to play a central role in the pathogene-
sis of murine lupus (10). The human CD21low/–CD11c+ B cell
population often overlaps with CD27–IgD– DN B cells or atypi-
cal memory B cells that are expanded in settings of chronic
autoantigen/antigen exposure (11,12). CD21low/–CD11c+ DN
B cell differentiation seems to depend on the interaction of
these cells with CD4+ T helper cells and their secreted cyto-
kines (7,10,12,13). However, which T helper cell subsets may
promote pathogenic B cell responses at the site of inflammation
in JIA patients is not yet known.

T follicular helper (Tfh) cells have been implicated in the
pathogenesis of many autoimmune diseases (14,15). They are
characterized by the lineage-defining transcription factor Bcl-6, high
expression of programmed death 1 (PD-1), and the chemokine
receptor CXCR5 that recruits them into the follicles of secondary
lymphoid organs (16). These cells exert their specific “Bhelper” func-
tion through the secretion of cytokines (e.g., interleukin-21 [IL-21])
and by production of costimulatory molecules (e.g., inducible T
cell costimulator, OX40, CD154) (17). In contrast to classic Tfh
cells, which act in the germinal centers of secondary lymphoid
organs, extrafollicular or peripheral T helper (Tph) cell subsets
have been detected in the inflamed joint tissue of patients with
autoimmune diseases, and also have been observed in various
murine models of autoimmune disease (18,19). In particular, Tph
cells that accumulated in the joints of patients with seropositive
rheumatoid arthritis (RA) also secreted IL-21 but did not express
Bcl-6 and CXCR5, and therefore Tph cells in RA seem to differ
from classic Tfh cells (20). Interestingly, IL-21–expressing CD4+
T helper cells could also be detected in the inflamed joints of
ANA-positive JIA patients; however, neither the phenotype nor
the function of this T helper cell subset has been investigated in
detail to date (21). Therefore, in this study, we investigated the
occurrence and phenotype of CD4+ T cells that exhibit a “B
helper” function at the site of inflammation in JIA patients and
examined the functional impact of these cells on B cell
differentiation.

PATIENTS AND METHODS

Patients. This study included 53 patients with active JIA, in
whom joint puncture had been performed for intraarticular steroid
injection (Supplementary Table 1, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41913/abstract). All patients were followed up at the
Children’s Hospital at the University Hospital of Würzburg. Human
palatine tonsil samples were obtained from patients undergoing
tonsillectomy due to recurrent tonsillitis and/or tonsillotomy due
to tonsillar hypertrophy. Written informed consent was obtained
from the patients’ legal guardians. The study protocol was
reviewed by the Research Ethics Committee of the University of

Würzburg (approval no. 299/17) and was conducted in accor-
dance with the Declaration of Helsinki.

Sample preparation. Synovial fluid (SF) and peripheral
blood (PB) samples were collected in EDTA tubes. Mononuclear
cells were isolated using Ficoll density-gradient centrifugation.
Tonsil mononuclear cells were obtained using mechanical disag-
gregation followed by Ficoll density-gradient centrifugation. Cells
were stored in liquid nitrogen until used.

Flow cytometry and cell sorting. Details on the flow
cytometry and cell sorting procedures and antibodies used are
included in Supplementary Materials and Methods (available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41913/abstract).

TCRVB repertoire sequencing. SF CD4+CD45RO+
CXCR5–PD-1highHLA–DR+ and CD4+CD45RO+CXCR5–PD-
1low/–HLA–DR– T cells obtained from 4 ANA-positive JIA patients
were sorted using flow cytometry. Gene sequencing was per-
formed on each sorted cell subset to identify the TCRVB reper-
toire. Additional details are included in Supplementary Materials
and Methods (available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.41913/abstract).
This targeted locus study project has been deposited at DataBank
of Japan/ European Nucleotiode ArchiveA/GenBank under the
accession no. KEXF00000000. The version described in this
report is the first version, accession no. KEXF01000000.

T cell/B cell coculture. A total of 30,000 sorted SF or tonsil
CD4+PD-1+ T cells were cocultured with sorted healthy control PB
CD19+CD27+IgM– B cells at a 1:1 ratio and were stimulated with
staphylococcal enterotoxin B (0.1 μg/ml) in a 96-well plate in 200 μl
of RPMI 1640 medium supplemented with 10% fetal calf serum
(FCS) and penicillin/streptomycin. For blocking experiments,
10 μg/ml of IL-21 receptor–Fc (R&D Systems), 10 μg/ml of anti–
interferon-γ (anti-IFNγ) (cloneB27; BioLegend), and/or 0.1 μg/ml of
ruxolitinib (InvivoGen) was added to the cultures. After 7 days, B cell
differentiation was analyzed using flow cytometry, and total IgG con-
centrations in culture supernatants were measured using an in-
house enzyme-linked immunosorbent assay (22). To analyze T-bet
induction in B cells, T cells were sorted as described above andwere
cocultured for 48 hours with allogenic B cells that had been immuno-
magnetically purified from the PB of healthy controls using CD20
microbeads (Miltenyi Biotec). B cells were additionally stimulated
with F(ab0)2–anti-IgM (5 μg/ml; The Jackson Laboratory), and in
CD19+CD27– gated naive B cells, intracellular T-bet expression
was analyzed using flow cytometry.

B cell activation assays. B cells were purified from the
PB of healthy controls using CD20 microbeads (Miltenyi Biotec).
A total of 30,000 purified B cells were cultured in a 96-well plate
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in 200 μl of RPMI 1640medium supplemented with 10% FCS and
penicillin/streptomycin in the presence of CD40L (5 μg/ml)
(BioLegend), with the addition of either IFNγ or IL-21 or both (each
at a concentration of 100 ng/ml). After 2 days, intracellular
expression of T-bet in CD19+CD27– gated naive B cells was
analyzed using flow cytometry.

Statistical analysis. Statistical analyses were performed
using GraphPad Prism software version 8.0. Hierarchical cluster
analysis and principal components analysis were performed using
ClustVis. Data are expressed as scattered individual values and
the mean � SD. Either Student’s 2-tailed t-test or one-way analy-
sis of variance with Tukey’s multiple comparisons test was used

Figure 1. CD4+Tcellswith highexpressionof programmeddeath1 (PD-1high) are characterizedbycoexpressionof interleukin-21 (IL-21) and interferon-
γ (IFNγ) in the synovial fluid (SF) of patientswith juvenile idiopathic arthritis (JIA).A, Representative dot plots showingPD-1 expression onmatchedperipheral
blood (PB) andSFCD45RO+CD4+T cells from1patientwith JIA.B andC, Representative dot plots (B) and themean frequencies of cytokine-expressing
cells (C) within CD45RO+PD-1low/– or CD45RO+PD-1high CD4+ T cells from the PB or SF of JIA patients. D, Heatmaps of merged data derived from t-
distributedstochasticneighborembedding (t-SNE)analysisshowingexpressionofPD-1, IL-21, IFNγ, tumornecrosis factor (TNF),and IL-17onCD4+Tcells
from the SF of 5 JIA patients. Colors indicate the expression level of each marker. E, Polyfunctional cytokine expression data in SF PD-1high or PD-1low/–

CD4+Tcells. PercentagesofCD4+Tcells displayingeachcytokine coexpressionpattern in theSFof 7 JIApatientsweredeterminedusing flowcytometry,
with aBoolean gating strategy. InC andE, symbols represent individual samples; bars inC show themean � SD. *=P < 0.05; **=P < 0.01, by one-way
analysisof variancewithTukey’smultiple comparisons test for comparisonsbetween>2groups (C) andpaired t-test for comparisonsbetween2groups (E).
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41913/abstract.
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to compare data sets with either 2 or >2 continuous variables,
respectively. Pearson’s correlation coefficient was used to ana-
lyze the correlation between variables. A chi-square test with
Yates’ correction was used for contingency tables. P values less
than 0.05 were considered significant.

RESULTS

Correlation of high expression of PD-1 on SF CD4+ T
cells with a distinct cytokine pattern characterized by
coexpression of IL-21 and IFNγ. We used PD-1 as a surro-
gate surface marker to explore the SF CD4+ T cell compartment
in the joints of patients with JIA for the presence of activated T
helper cells with a potential B helper function (e.g., IL-21 expres-
sion). The SF CD45RO+CD4+ memory T cell compartment was
significantly enriched in PD-1high cells as compared to the
CD45RO+CD4+ memory T cell compartment in matched PB
samples from each individual patient (mean � SD 3.0 � 1.7% in
the PB versus 34.4 � 19.0% in the SF; P < 0.001) (Figure 1A).
We then investigated whether these PD-1highCD4+ T cells
express a distinct cytokine pattern characteristic of B helper cells
or whether the high expression of PD-1 in these cells could be
indicative of a state of exhaustion (23).

We therefore assessed the capacity of SF PD-1highCD4+
T cells to express IL-21, IFNγ, tumor necrosis factor (TNF), and
IL-17 upon restimulation (Supplementary Figure 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41913/abstract). In the SF from patients
with JIA, the PD-1high T cell subset was particularly enriched in
IL-21–expressing cells, whereas there was only a slight difference
in the cytokine patterns seen between SF and PB PD-1low/–

T cells and PB PD-1high T cells. Moreover, compared to these
other cell subsets, the SF PD-1high T cell population contained
high levels of IFNγ-expressing and significantly higher levels of
TNF-expressing cells, but similar levels of IL-17–expressing cells
(Figures 1B and C). Indeed, up to 40% of SF PD-1high cells
showed high expression of IL-21, and >50% of this cell subset
showed increased expression of IFNγ and TNF, suggesting that
within this cell population, there may be a potential overlap
between the “B helper” cytokine signature (i.e., increased levels
of IL-21) and the Th1 cytokine signature (i.e., increased levels of
IFNγ and TNF) (Figures 1B and C).

To strengthen this hypothesis, we performed an unsuper-
vised analysis of multiparameter flow cytometry–based cytokine
expression data derived from the SF CD4+ T cells obtained from
5 JIA patients. A t-distributed stochastic neighbor embedding
analysis of SF CD4+ T cells revealed an island of IL-21–
expressing T cells that was characterized by high expression of
PD-1 together with high expression of IFNγ and TNF, but not
IL-17 (Figure 1D). Using a Boolean gating strategy, we further
analyzed polyfunctional cytokine combinations at the single-cell
level within PD-1high and PD-1low/– SF CD4+ T cells obtained from

7 additional JIA patients. CD4+ T cells that expressed IL-21
together with IFNγ and/or TNF, but not IL-17, were more enriched
in PD-1high cells compared to PD-1low/– cells (Figure 1E). Of note,
the cytokine pattern of SF PD-1highCD4+ T cells was divergent
from classic Tfh cells, since expression of IFNγ and/or TNF could
not be observed within IL-21–expressing PD-1highCD4+ T cells
derived from tonsil tissue, which, in contrast, contained higher
levels of IL-4–expressing T cells and IL-10–expressing T cells
compared to that observed in the SF (Supplementary Figures 2A
and B, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41913/abstract).

Therefore, we conclude that IL-21 is a signature cytokine of
SF PD-1highCD4+ T cells in JIA patients, but unlike classic Tfh
cells, coexpression of IFNγ and TNF also indicates skewing
toward a Th1 phenotype. Furthermore, the robust capacity of SF
PD-1highCD4+ T cells to express cytokines upon stimulation is
evidence against the presence of an exhaustive state that might
be indicated by high expression of PD-1.

Signs of activation and an extrafollicular/peripheral
migration pattern in PD-1highCD4+ T cells accumulating
at the site of inflammation. Based on the cytokine pattern,
we postulated that SF PD-1highCD4+ T cells differ from classic
Tfh cells and PD-1low/– memory T helper cells and may rather
constitute a distinct T effector subset. Therefore, we further aimed
to delineate this T cell subset in more detail by comparing its
extended phenotype to that of PD-1low/– memory CD4+ T cells
in SF and that of classic Tfh cells in the tonsils from control individ-
uals (Supplementary Figure 3, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41913/abstract). Indeed, principal components analysis and hier-
archical clustering of a flow cytometry data set comprising 17 dif-
ferent markers clearly distinguished SF PD-1high and PD-1low/–

CD4+ T cells, as well as tonsil PD-1highCD4+ T cells, the latter
representing classic Tfh cells (Figures 2A and B). In contrast to
classic Tfh cells derived from tonsils, SF PD-1highCD4+ T cells
lacked the chemokine receptor CXCR5 that classically character-
izes Tfh cells (Figures 2B–D).

Aside from a lack of CXCR5 expression, both SF CD4+
T cell populations (PD-1high as well as PD-1low/–) significantly dif-
fered from classic Tfh cells, as evidenced by a peripheral/
inflammatory and extrafollicular migration pattern with increased
expression of CCR2, CCR5, and P-selectin glycoprotein ligand
1 (Figures 2B–D and Supplementary Figures 4A and B, avail-
able on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41913/abstract). Addi-
tionally, SF PD-1highCD4+ cells differed from SF PD-1low/–

CD4+ cells and also from tonsil Tfh cells by increased expres-
sion of activation markers (e.g., HLA–DR, OX40), as well as by
high expression of the Th1 transcription factor T-bet, higher
expression of B lymphocyte–induced maturation protein 1
(BLIMP-1), and lower expression of Tfh lineage-defining
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transcription factors Bcl-6 and c-MAF (Figures 2B–D and Sup-
plementary Figures 4A and B, available on the Arthritis & Rheu-

matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41913/abstract).

Taken together, these markers established a signature that
clearly distinguishes SF PD-1highCD4+ T cells from classic Tfh
cells as well as PD-1low/– memory T cells. Hence, the extended
phenotype of SF PD-1highCD4+ T cells is characterized by
signs of sustained activation (i.e., enrichment of HLA–DR+
cells), an inflammatory/peripheral chemokine receptor pattern

(i.e., enrichment of CXCR5– cells), and a mixed pattern of tran-
scription factors that partially resembles that seen in Tfh cells
or Th1 cells.

Since a significant proportion of pathogenic Th1 cells in the
joints of JIA patients is derived from a shift of Th17 cells to
nonclassic Th1 cells, which can be defined by persistent CD161
expression, we also assessed CD161 expression in SF
PD-1highCD4+ T cells (24–26). In contrast to tonsil PD-1highCD4+
T cells that were shown to haveminimal CD161 expression, a con-
siderable percentage of SF PD-1highCD4+ T cells expressed

Figure 2. SF PD-1high CD4+ T cells show signs of activation and express an extrafollicular/inflammatory migration pattern. A, Principal compo-
nents (PC) analyses of flow cytometry data assessing the phenotypes of SF PD-1high and PD-1low/– CD4+ T cells from 5 JIA patients and tonsil
PD-1high CD4+ T cells from 5 controls. B, Unsupervised hierarchical clustering analysis of the 17 different markers from the flow cytometry data
set. Patterns of expression are shown as heatmaps, in which colors in each row represent the normalized marker expression, and data are split
into 3 clusters. C, Representative histograms showing CXCR5, CCR5, Bcl-6, T-bet, and HLA–DR expression on tonsil (To) PD-1high CD4+ T cells,
SF PD-1low/– CD4+ T cells, and PD-1high CD4+ T cells. D, Flow cytometry analysis of PD-1high and PD-1low/– CD4+ T cells from the SF of 5 JIA
patients and PD-1high CD4+ T cells from the tonsils of 5 controls showing mean frequencies of marker-expressing cells or mean fluorescence
intensity (MFI) of marker expression. Symbols represent individual samples; bars show the mean � SD. * = P < 0.05; **** = P < 0.0001, by
one-way analysis of variance with Tukey’s multiple comparisons test. TIGIT = T cell immunoreceptor with Ig and ITIM domains;
ICOS = inducible costimulator; PSGL-1 = P-selectin glycoprotein ligand 1; BLIMP-1 = B lymphocyte–induced maturation protein 1; TIM-3 =

T cell immunoglobulin and mucin domain–containing protein 3; NS = not significant (see Figure 1 for other definitions).
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CD161 (Figures 3A and B). We further examined IL-17–expressing
and/or IL-21–expressing CD4+ T cell subsets to investigate coex-
pression of CD161 (Supplementary Figure 5, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41913/abstract).

As expected, most of the IL-17–expressing cells were
CD161+ cells, which was independent of IL-21 coexpression.
However, >50% of the IL-21–expressing cells that did not coex-
press IL-17 (IL-17–IL-21+) also expressed CD161 (Figures 3C
and D). The majority of these IL-21+ cells (including the very rare
population of IL-17+IL-21+ cells) were from the PD-1high com-
partment, whereas the IL-17+ cells that did not coexpress IL-
21 were from the PD-1low/– compartment (Figures 3C and D).

Additionally, expression levels of the Th17-defining transcription
factor retinoic acid receptor–related orphan nuclear receptor γt
(RORγt) within the 3 cell subsets was similar to those of
CD161, with lower but residual expression of RORγt in IL-17–
IL-21+ cells (Figures 3C and D). Expression levels of RORγt, as
well as CD161, within the cytokine-expressing T cell subsets
were independent of IFNγ coexpression (Supplementary
Figure 6, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41913/abstract).
Hence, a considerable percentage of PD-1highIL-21+IL-17–
CD4+ T cells in the joints of JIA patients coexpress CD161,
suggesting that these cells may have originated from the Th17
subset of T helper cells.

Figure 3. Coexpression of CD161 in PD-1highHLA–DR+ and IL-21+CD4+ T cells from the SF of JIA patients. A, Representative dot plots show-
ing CD161 and HLA–DR expression on SF and tonsil PD-1low/– and PD-1high CD4+ T cells. B, Mean frequencies of CD161+ cells among PD-1high

and PD-1low/– CD4+ T cells from the SF of 5 JIA patients and PD-1high CD4+ T cells from the tonsils (To) of 5 controls. C, Representative histo-
grams showing PD-1, CD161, and receptor–related orphan nuclear receptor γt (RORγt) expression in SF IL-17+IL-21–, IL-17+IL21+, and
IL-17–IL-21+ CD4+ T cells. D, Flow cytometry analysis of IL-17– and/or IL-21–expressing CD4+ T cells from the SF of 5 JIA patients, showing
mean frequencies of PD-1+ or CD161+ cells or mean fluorescence intensity (MFI) of RORγt expression. In B and D, symbols represent individual
samples; bars show the mean � SD. The broken line shows the MFI of the isotype control. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by one-
way analysis of variance with Tukey’s multiple comparisons 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.41913/abstract.
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PD-1highCXCR5–HLA–DR+CD4+ T cells identified as
a clonally expanded population in the SF of patients
with JIA. The preferential occurrence of a subset of highly acti-
vated effector CD4+ T cells in the joints of JIA patients raises the
question of whether this accumulation might be elicited by
antigen-driven clonal expansion or rather a random influx into
the inflamed joints. The SF PD-1highCXCR5–HLA–DR+CD4+
T cell population (PD-1high) was more enriched in cells expressing
Ki-67 compared to the matched PD-1low/–HLA–DR–CD45RO+
memory cell population (PD-1low/–) (Figure 4A), suggestive of
recent proliferation in vivo and a potential antigen encounter.

Next, we performed TCRVB next-generation sequencing on
matched SF PD-1high and PD-1low/– T cells from 4 JIA patients
(Supplementary Figure 7, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.419
13/abstract). Additionally, we analyzed the TCRVB repertoire of
both T cell populations derived from 2 separate joints from 1 of
these patients. Despite the fact that the number of cells in each
T cell subset was equal in the matched pairs of SF samples
from individual patients, the number of unique clones was lower
in the PD-1high T cell subset than in the PD-1low/– T cell subset
(Supplementary Table 2, available on the Arthritis & Rheumatology

Figure 4. Signs of clonal expansion in SF PD-1highCXCR5–HLA–DR+CD4+ T cells from patients with JIA.A, Representative dot plots showing Ki-
67 expression and the Ki-67+ cell frequency within PD-1highCXCR5–HLA–DR+ and PD-1low/–CXCR5–HLA–DR– CD4+ T cells from the SF of 5 JIA
patients.B, Clonal diversity analysis of the TCRVB repertoire in both T cell populations in 5 different joints from 4 JIA patients, using the Hill generalized
diversity index. The diversity index (qD) was calculated over a range of diversity orders (q) and was plotted as a smooth curve. Representative curves
from 1 patient are shown.C, Representations of species richness (q= 0), Shannon diversity index (q= 1), Simpson diversity index (q= 2), and diver-
sity 50 (D50) index in both T cell subsets. Symbols represent individual values of each T cell population from a single joint sample from the same
patient. Significance was determined by paired t-test. D, Stacked bar graphs showing the clonal proportion of the top n clonotypes within each T cell
subset from the joint samples from4 JIA patients.E, Pie charts showing the proportions of shared clonotypeswithin both T cell subsets between 2 dif-
ferent joints from the same JIA patient. The proportion of shared clones in the PD-1highCXCR5–HLA–DR+ cells was compared to that of the matched
PD-1low/–CXCR5–HLA–DR– T cell subsets from the same joint. P values were determined by chi-square test with Yates’ correction. 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.41913/abstract.
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website at http://onlinelibrary.wiley.com/doi/10.1002/art.41913/
abstract).

We therefore analyzed the clonal diversity of each T cell sub-
set using the Hill diversity index as a surrogate marker of clonal
expansion, in which q values of 0, 1, or 2 are used, equivalent to
measures of diversity such as the species richness, Shannon
entropy index, and the inverse Simpson index. Clonal diversity
was significantly lower in the PD-1high T cell subset compared to
the matched PD-1low/– T cell subset (Figures 4B and C). The
D50 index, indicating the frequency of most abundant clones
(top clones) of all clones accounting for 50% of all unique
sequences, was significantly lower in the PD-1high subset, and
the top clones occupied more repertoire space in the PD-1high

subset compared to the matched PD-1low/– subset from the
same joint sample (Figures 4C and D). These findings indicate

significantly reduced clonal diversity in the PD-1high cell subset,
suggestive of a clonally expanded population.

When we assessed the extent of shared clonotypes of cell
subsets from 2 different joints in the same patient, we observed
that the PD-1high cell subset showed significantly higher clonal
overlap than the PD-1low/– subset (Figure 4E). Furthermore, the
clonal overlap within samples obtained from different JIA patients
was higher in the PD-1high subset than in the PD-1low/– subset
(Supplementary Figure 8A, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41913/abstract). Moreover, a particular set of TCRVB and TCRJB

gene segments was overrepresented in the PD-1high subset in
each of the analyzed joint samples obtained from the JIA patients
(Supplementary Figures 8B and C). Hence, the PD-1high subset
appears to represent a distinct population within SF CD4+

Figure 5. Accumulation of PD-1highCXCR5–HLA–DR+CD4+ T cells in the joints of antinuclear antibody (ANA)–positive JIA patients is correlated
with the proportion of CD21low/– double-negative (DN) B cells. A and B, Representative dot plots showing PD-1 and HLA–DR expression on SF
CXCR5–CD4+ T cells from JIA patients (A) and the distribution of SF PD-1highCXCR5–HLA–DR+ CD4+ T cell frequencies stratified according
to the subgroup of JIA patients (9 patients with enthesitis-related arthritis [ERA], 32 with oligoarticular JIA [oligo-JIA], 8 with polyarticular JIA
[poly-JIA], and 4 with psoriatic arthritis [PsA]–JIA), and within these subgroups (including all JIA patients except for those with ERA), stratified
according to ANA status (30 ANA+ patients versus 14 ANA– patients) and age at disease onset (B). Symbols represent individual patients; bars
show the mean � SD. * = P < 0.05; ** = P < 0.01, by unpaired t-test for comparison between 2 groups and one-way analysis of variance with
Tukey’s multiple comparisons test for comparisons between >2 groups. C, Correlation between the frequency of SF PD-1highCXCR5–HLA–DR+
CD4+ T cells and frequency of SF CD27++CD38++ plasmablasts/plasma cells and CD21low/– CD27–IgM– DN B cells in 43 JIA patients. Corre-
lations were determined using Pearson’s correlation coefficient. See Figure 1 for other definitions.
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T helper cells that is clonally expanded and potentially driven by
antigens that are present at the site of inflammation.

Correlation of PD-1highCXCR5–HLA–DR+CD4+ T cells
in the joints of ANA-positive JIA patients with expansion
of CD21low/–CD11c+ DN B cells. The oligoclonal expansion of
PD-1highCXCR5–HLA–DR+CD4+ T cells secreting the B helper

cytokine IL-21 at the site of inflammation raises the question of
whether this T cell subset might preferentially expand in a distinct
subgroup of JIA patients who display a clinical phenotype charac-
terized by signs of B cell dysregulation, such as the presence of
ANAs. Therefore, we analyzed the distribution of PD-1high T cells
within the SF CD4+ T cell compartment in a larger cohort of JIA
patients (Supplementary Figure 9 and Supplementary Table 1,

Figure 6. SF PD-1high CD4+ T cells skew B cell differentiation toward a CD21low/–CD11c+T-bet+ phenotype in vitro. A, Representative dot plots
showing the frequencies of CD38++CD27++ plasmablasts (top) and CD21low/–CD11c+ B cells (bottom) in T cell/B cell cocultures in vitro. Cocul-
tures with T cells included CD19+CD27+IgM– switched memory B cells from healthy controls under conditions of no stimulation (NS), using stim-
ulation with staphylococcal enterotoxin B (SEB) alone, or using stimulation with SEB and culturing with sorted PD-1high CD4+ T cells from control
tonsils (To) or SF from JIA patients.B–D, Frequencies of CD27++CD38++ plasmablasts and CD21low/�CD11c+ B cells as well as IgG concentra-
tion in T cell/B cell cocultures. E and F, Frequencies of stimulated plasmablasts (E) and CD21low/–CD11c+ B cells (F) in cocultures of SF PD-
1highCD4+ T cells from JIA patients with switched memory B cells from healthy controls in the absence or presence of IL-21 receptor–Fc, anti-IFNγ,
and/or the inhibitor ruxolitinib (Ruxo.). Frequencies were determined relative to the values in stimulated cell cultures without any inhibitors (set at
100%). In B–F, symbols represent individual values; bars show the mean � SD. * = P < 0.05; ** P < 0.01; *** = P < 0.001; **** = P < 0.0001, by
unpaired Student’s t-test for comparisons between 2 groups (B–D) and one-way analysis of variance with Tukey’s multiple comparisons test for
comparisons between >2 groups (E and F). Non-PB = non-plasmablast; n.s. = not significant (see Figure 1 for other definitions). Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41913/abstract.
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available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41913/abstract).

The frequency of PD-1high T cells was highest in the SF from
patients with oligoarticular JIA and those with polyarticular JIA
and was lowest in the SF from patients with enthesitis-related
arthritis (Figures 5A and B). Since ANA-positive patients within
the oligoarticular JIA, polyarticular JIA, and psoriatic arthritis–JIA
group seem to constitute a clinically homogeneous group of
patients characterized by an early age at disease onset (27,28),
we further compared the ANA-positive patients to the ANA-
negative patients. Indeed, the frequency of PD-1high T cells was
significantly higher within the SF of ANA-positive patients com-
pared to ANA-negative JIA patients (Figure 5B). However, the fre-
quencies of PD-1high T cells did not correlate with age at onset
(r = 0.09, P = 0.57) (data not shown), and no differences were
observed between patients with early or later disease onset
(Figure 5B).

Next, we used an existing flow cytometry B cell data set
derived from the patients analyzed above to address the distribu-
tion of different SF B cell populations in order to explore the asso-
ciation between the expansion of SF PD-1high T cells and distinct
effector B cell subsets (5). Whereas the frequency of CD21low/–

CD11c+ DN B cells significantly correlated with that of SF
PD-1high T cells, the frequency of CD27++CD38++ plasma-
blasts/plasma cells did not show a significant correlation with
PD-1high T cells (Figure 5C). Therefore, we conclude that the
accumulation of PD-1highCXCR5–HLA–DR+CD4+ T cells
together with CD21low/–CD11c+ DN B cells represents a charac-
teristic cellular pattern within the inflamed joints of JIA patients
who are ANA positive.

B cell differentiation skewed toward CD21low/–

CD11c+ cells in vitro in the presence of SF PD-1highCD4+
T cells. The correlation between SF PD-1highCXCR5–HLA–
DR+CD4+ T cells and CD21low/–CD11c+ DN B cells in situ, as
well as the distinct cytokine patterns of these T cells with coex-
pression of IL-21 and IFNγ, suggests a different functional impact
on B cell differentiation than that expected from classic Tfh cells.
Therefore, we utilized activation assays in vitro to compare
the functional impact on B cell differentiation between this
PD-1highCD4+ T helper cell subset derived from SF of JIA patients
and Tfh cells derived from the tonsils of control individuals. While
SF PD-1highCD4+ T cells induced plasmablast differentiation and
Ig secretion that was as potent as classic tonsil Tfh cells, the SF
PD-1high T cells, but not tonsil Tfh cells, skewed B cell differentia-
tion toward a CD21low/–CD11c+ phenotype (Figures 6A–D and Sup-
plementary Figure 10, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41913/
abstract).

Blocking IFNγ, and particularly IL-21, impaired plasmablast
differentiation induced by SF PD-1high T cells (Figure 6E),
whereas blocking each cytokine alone did not significantly impair

CD21low/–CD11c+ B cell differentiation (Figure 6F). However,
a strategy of co–cytokine blockade, with blocking of IFNγ together
with IL-21, partially impaired the induction of CD21low/–CD11c+ B
cells by SF PD-1high T cells (Figure 6F). Additionally, inhibiting
JAK/STAT signaling with ruxolitinib completely blocked plasma-
blast differentiation and effectively impaired, but did not totally
abrogate, the SF PD-1high T cell–induced differentiation of
CD21low/–CD11c+B cells in vitro (Figure 6F).

Since T-bet has been characterized as one of the defining
transcription factors of CD21low/–CD11c+ B cells, we additionally
analyzed whether SF PD-1highCD4+ T cells would also induce
T-bet expression in B cells in vitro. Indeed, SF PD-1highCD4+
T cells induced T-bet expression in control B cells with levels that
tended to be higher than those obtained using coculture with ton-
sil Tfh cells (Supplementary Figure 11, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41913/abstract).

Paralleling this observation and in accordance with
the different cytokine profiles observed in the SF and tonsil
PD-1highCD4+ T cells, the addition of IFNγ, but not IL-21 alone,
significantly induced in vitro T-bet expression in CD40L-
stimulated control B cells (Supplementary Figure 12, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41913/abstract). However, adding
IL-21 had a synergistic effect on T-bet expression in IFNγ/
CD40L-stimulated B cells (Supplementary Figure 12). Hence,
the SF PD-1highCD4+ T cell subset exerts a potent B helper
function, not only inducing plasma cell differentiation, but also
particularly skewing B cell differentiation toward a T-bet–
expressing CD21low/–CD11c+ phenotype, partly through the influ-
ence of IL-21 and IFNγ.

DISCUSSION

Synovial inflammation in ANA-positive JIA is characterized by
B cell hyperactivity; however, the mechanisms driving aberrant B
cell activation at the site of inflammation are not yet understood
(3,4,6,7). We have previously demonstrated that the SF CD4+
T helper cell pool in ANA-positive JIA patients is particularly
enriched in IL-21–secreting cells (21). We have also shown that
CD21low/–CD11c+ DN B cells accumulate in the joints of these
patients (5). In the present study, we demonstrate that the expan-
sion of IL-21–secreting cells is attributable to a distinct subset of
PD-1highCXCR5–HLA–DR+ CD4+ T cells. This CD4+ T helper
cell subset exerts a potent B helper function and particularly skews
B cell differentiation toward a CD21low/–CD11c+ phenotype
in vitro, suggesting a functional relationship between both cell
subsets.

High expression of activation and proliferation markers,
as well as contraction of the TCRVB repertoire within SF
PD-1highCXCR5–HLA–DR+CD4+ T cells, indicates clonal expan-
sion of this T cell subset within the joints of JIA patients.
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Furthermore, the increased clonal overlap of PD-1highCXCR5–
HLA–DR+CD4+ T cells between different joint sites in individual
patients and between different JIA patients, as well as the prefer-
ential accumulation in the joints of ANA-positive JIA patients, may
also suggest that clonal expansion has been elicited after encoun-
tering currently unknown autoantigens/antigens that are present
at the site of inflammation. Therefore, PD-1highCXCR5–HLA–
DR+CD4+ T cells appear to represent a pathogenic T cell subset
that is expanded in a subgroup of JIA patients, particularly in
ANA-positive patients. Dysregulation of T helper cells has been
observed in the PB of JIA patients (29,30). A circulating subset of
“pathogenic-like” CD4+ T helper cells has been detected in the
PB of JIA patients that partially resembles the PD-1highCXCR5–
HLA–DR+CD4+ T cell subset described in the present report
(29). However, whereas these circulating CD4+ T helper cells dis-
played an inflammatory cytokine pattern, including increased
expression of IFNγ, TNF, and IL-17, the PD-1highCXCR5–HLA–
DR+CD4+ T cell subset in the SF of JIA patients in the present
study also showed increased expression of IFNγ and TNF, but did
not show an increase in IL-17 levels. Furthermore, high PD-1
expression on CD4+ T cells in the SF of JIA patients was particu-
larly correlated with increased expression of IL-21.

Hence, high PD-1 expression on SF CD4+ T helper cells
seems to represent a surrogate marker of a clonally expanded
T helper cell subset that is characterized by IL-21 expression,
thereby suggesting a B helper function. This T helper cell subset
appears to be functionally distinct from other proinflammatory
T helper cell subsets that have previously been characterized in
the joints of JIA patients, e.g., Th1, Th17, and Th1/Th17 cells
(24,26). However, CD161 expression on a majority of these
IL-21+IFNγ+IL-17–PD-1high CD4+ T cells suggests that these
cells may have originated from the Th17 subset of T helper cells,
as has been described previously as the potential origin of non-
classic Th1 cells (24–26,31–33). IL-12, which, in an environment
of inflammation, has been shown to induce a shift from Th17 to
Th1/Th17 or nonclassic Th1 cells and has been shown to induce
IL-21 and IFNγ–coexpressing T helper cells in vitro, might be one
of the factors involved in the conversion of Th17 cells to IL-21+
IFNγ+IL-17– PD-1high CD4+ T cells (7,24–26).

The PD-1highCXCR5–HLA–DR+CD4+ T cells in the joints
of JIA patients shared a distinct phenotype with other IL-21–
secreting CD4+ T helper cell subsets detected within the inflamed
tissue in patients with different autoimmune diseases (20,34). In
particular, expression of activation markers (PD-1, OX40, HLA–
DR) and a high BLIMP-1:Bcl-6 ratio in conjunction with c-MAF
expression, as well as an extrafollicular/inflammatory chemokine
receptor pattern (CCR2+CXCR5–), also characterize the tran-
scriptional program of synovial Tph cells first described in patients
with seropositive RA (20). Since then, using PD-1highCXCR5– as
the common denominator in the phenotype of Tph cells, a poten-
tial circulating counterpart of this subset has been detected in the
PB of patients with systemic lupus erythematosus and type

1 diabetes and is thought to contribute to disease pathogenesis
by inducing autoantibody/antibody-secreting plasma cells
(35,36). Indeed, synovial Tph cells in seropositive RA displayed a
potent B helper function, as assessed by the capacity to induce
plasma cell differentiation and Ig secretion in vitro (20).

Consistent with those studies, we also provide the first evi-
dence of a potent B helper cell function of PD-1highCXCR5–
HLA–DR+ T helper cells derived from the SF of ANA-positive JIA
patients. Extending the previous work on Tph cells, our current
analysis establishes a more differentiated functional impact of
Tph cells on B cell differentiation. Indeed, the results we have pre-
sented from in vitro experiments and ex vivo studies highly sug-
gest that SF PD-1highCXCR5–HLA–DR+ CD4+ T cells not only
induce plasma cell differentiation and Ig secretion but also partic-
ularly skew B cell differentiation toward CD21low/–CD11c+DN B
cells. We assume that the cellular pattern observed in the SF of
JIA patients mirrors that in the synovia. However, we were not
able to extend our analysis to include synovial tissue from JIA
patients, since synovectomy is rarely performed in JIA and ethical
considerations prevented collecting synovial biopsy specimens
from the children included in the analysis.

CD4+ T helper cells coexpressing IL-21 and IFNγ have been
detected in several infections and autoimmune diseases, accord-
ing to the corresponding setting and cellular phenotype: “Th1-Tfh
cells,” Tfh-like cells or, as discussed above, Tph cells (18,19,37–
44). Concomitantly, differentiation of CD21low/–CD11c+ DN B
cells appeared to depend on IFNγ and IL-21, and expansion of
Th1-Tfh cells correlates with the presence of CD21low/–CD11c+
DN B cells (10,41,45).

Consistent with the results from these studies, several find-
ings from our experiments also suggest that Tph cells secreting
IL-21 in conjunction with IFNγ support the differentiation of
CD21low/–CD11c+ DN B cells in the joints of JIA patients. These
findings include 1) the correlation between numbers of CD21low/–

CD11c+ DNB cells and numbers of IL-21 and IFNγ–coexpressing
PD-1highCD4+ T cells in the SF of JIA patients, 2) the need for co–
cytokine blockade with blocking of IFNγ together with IL-21 to
impair SF PD-1highCD4+ T cell–induced B cell differentiation
toward CD21low/–CD11c+ B cells in vitro, 3) the lack of in vitro
induction of CD21low/–CD11c+ B cells by tonsil Tfh cells that pre-
dominantly express IL-21 and IL-4 but do not show increased
expression of IFNγ, and 4) the synergistic effect of IFNγ and IL-21
on T-bet induction in CD40L-stimulated control B cells in vitro.
However, whereas plasmablast/plasma cell differentiation in vitro
was essentially dependent on JAK/STAT signaling, and in particu-
lar was dependent on the expression of IL-21, the mechanisms
underlying the induction of CD21low/–CD11c+ B cells by SF Tph
cells seem to be more complex, since blocking JAK/STAT signal-
ing (thereby blocking the effects of IFNγ and IL-21) only partially
impaired differentiation in vitro.

Of note, another essential prerequisite for the formation of
CD21low/–CD11c+DN B cells is the engagement of B cell–intrinsic
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Toll-like receptors (TLRs), including TLR-7 and TLR-9, which
sense components of nuclear antigens that are delivered via
antinuclear B cell receptors (BCRs) (10,12,13,46). Although this
process could not be addressed in the present study, it is
tempting to speculate that expansion of CD21low/–CD11c+
DN B cells in the joints of ANA-positive JIA patients might have
been induced after concomitant signaling through antinuclear
BCRs and TLR-7/TLR-9 in the presence of IL-21 and IFNγ
secreted by Tph cells (10,47).

In summary, we have characterized a distinct subset of
PD-1highCXCR5–HLA–DR+ CD4+ T cells that is clonally ex-
panded in the joints of ANA-positive JIA patients and that displays
a phenotype similar to that of Tph cells. These Tph cells function-
ally differ from classic Tfh cells and particularly promote differenti-
ation of CD21low/–CD11c+ DN B cells that are concomitantly
expanded in the joints of ANA-positive JIA patients. These cells
are potentially triggered by autoantigens/antigens present at the
site of inflammation. Hence, the characteristic expansion of Tph
cells and CD21low/–CD11c+ DN B cells in the joints of ANA-
positive JIA patients might reflect the autoimmune response at
the site of inflammation.
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Variants on the UBE2L3/YDJC Autoimmune Disease Risk
Haplotype Increase UBE2L3 Expression by Modulating
CCCTC-Binding Factor and YY1 Binding

Jaanam Gopalakrishnan,1 Kandice L. Tessneer,2 Yao Fu,2 Satish Pasula,2 Richard C. Pelikan,2 Jennifer A. Kelly,2

Graham B. Wiley,2 and Patrick M. Gaffney1

Objective. Genetic variants spanning UBE2L3 are associated with increased expression of the UBE2L3-encoded
E2 ubiquitin-conjugating enzyme H7 (UbcH7), which facilitates activation of proinflammatory NF-κB signaling and sus-
ceptibility to autoimmune diseases. We undertook this study to delineate how genetic variants carried on the UBE2L3/
YDJC autoimmune risk haplotype function to drive hypermorphic UBE2L3 expression.

Methods. We used bioinformatic analyses, electrophoretic mobility shift assays, and luciferase reporter assays to
identify and functionally characterize allele-specific effects of risk variants positioned in chromatin accessible regions
of immune cells. Chromatin conformation capture with quantitative polymerase chain reaction (3C-qPCR), chromatin
immunoprecipitation (ChIP)–qPCR, and small interfering RNA (siRNA) knockdown assays were performed on patient-
derived Epstein-Barr virus–transformed B cells homozygous for the UBE2L3/YDJC nonrisk or risk haplotype to deter-
mine if the risk haplotype increases UBE2L3 expression by altering the regulatory chromatin architecture in the region.

Results. Of the 7 prioritized variants, 5 demonstrated allele-specific increases in nuclear protein binding affinity and
regulatory activity. High-throughput sequencing of chromosome conformation capture coupled with ChIP (HiChIP) and
3C-qPCR uncovered a long-range interaction between the UBE2L3 promoter (rs140490, rs140491, rs11089620) and
the downstream YDJC promoter (rs3747093) that was strengthened in the presence of the UBE2L3/YDJC risk haplo-
type, and correlated with the loss of CCCTC-binding factor (CTCF) and gain of YY1 binding at the risk alleles. Depleting
YY1 by siRNA disrupted the long-range interaction between the 2 promoters and reduced UBE2L3 expression.

Conclusion. The UBE2L3/YDJC autoimmune risk haplotype increases UBE2L3 expression through strengthening
a YY1-mediated interaction between the UBE2L3 and YDJC promoters.

INTRODUCTION

The ubiquitin-conjugating enzyme E2 L3 gene (UBE2L3),
located on 22q11.21, encodes E2 ubiquitin-conjugating enzyme
H7 (UbcH7). UbcH7 is a functional subunit of the linear ubiquitin
chain assembly complex (LUBAC), a crucial regulator of the
canonical NF-κB signaling pathway (1–4). In the LUBAC, UbcH7
facilitates formation of linear polyubiquitin chains that are conju-
gated to the NF-κB essential modulator (NEMO). Ubiquitinated
NEMO dissociates from the IKK, allowing activated IKK to

degrade the inhibitory subunit, IκB. Activated NF-κB then translo-
cates to the nucleus to initiate transcription of proinflammatory
mediators (2–4). In human primary B cells and monocytes,
increased UbcH7 expression enhanced LUBAC-mediated
NF-κB activation, as well as the proliferation of plasmablasts and
plasma cells (5,6), thus implicating UBE2L3/UbcH7 as a critical
regulator of proinflammatory responses in immune cells.

UBE2L3 is a prominent genetic susceptibility locus for several
autoimmune diseases, including systemic lupus erythematosus
(SLE) (5–13), rheumatoid arthritis (5,13–15), celiac disease (5,16),
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Crohn’s disease (5,17,18), inflammatory bowel disease (5,19), juve-
nile idiopathic arthritis (5,20), and psoriasis (5,21). Transracial map-
ping of European, Asian, and African American SLE populations
identified a single 67-kb autoimmune disease-associated risk haplo-
type that spans the UBE2L3 gene body and extends to the nearby
YDJC gene (10). Although it has been established that this risk hap-
lotype is correlated with increased UBE2L3 messenger RNA and
UbcH7 protein expression (5,6,10), the genetic regulatory mecha-
nisms driving increased expression in the context of the UBE2L3/
YDJC autoimmune risk haplotype remain poorly understood.

In this study, we prioritized 7 risk variants spanning the
UBE2L3/YDJC autoimmune risk haplotype positioned in regions
of high chromatin accessibility. We discovered that 4 of the 7 risk
variants co-bound the transcription factors YY1 and CCCTC-
binding factor (CTCF). The risk alleles at each variant demon-
strated increased binding affinity for YY1 at the expense of CTCF
and strengthened the long-range interactions between the pro-
moters of UBE2L3 and YDJC. Our findings delineate a novel
mechanism that explains how the risk haplotype likely drives ele-
vated UBE2L3 expression in autoimmune disease.

MATERIALS AND METHODS

Cell lines and reagents. Jurkat and THP-1 cells were pro-
cured from ATCC. Epstein-Barr virus (EBV)–transformed B cell lines
were obtained from the Lupus Family Registry and Repository
housed by the Oklahoma Rheumatic Disease Research Cores
Center at the Oklahoma Medical Research Foundation with institu-
tional review board approval (22). Sanger sequencing was used to
verify the genotype of EBV B cell lines carrying the risk allele (A) or
nonrisk allele (C) of the index single-nucleotide polymorphism
(SNP), rs140490. Jurkat, THP-1, and EBV B cells were maintained
in RPMI 1640 medium supplemented with 10% fetal bovine serum,
1� penicillin/streptomycin antibiotic mixture (Atlanta Biologicals)
and 2 mM L-glutamine (Lonza). THP-1 cell medium was also sup-
plemented with 50 μM ß-mercaptoethanol. Where indicated, cells
were stimulated with phorbol 12-myristate 13-acetate and ionomy-
cin (P/I; 50 ng/ml, 500 ng/ml, respectively) for 2 hours prior to har-
vest. For the small interfering RNA (siRNA) knockdown of CTCF or
YY1, EBV B cells homozygous for theUBE2L3/YDJC nonrisk or risk
haplotype were transiently transfected with 10 nM siRNA using 4D
Amaxa Nucleofector Unit for EBV B cells (Nucleofector SF kit no.
V4XC-2032;Lonza). On-Target plus human CTCF siRNA Smart-
Pool (no. L-020165-00-0005), human YY1 siRNA SmartPool
(no. L-011796-00-0005), and nontargeting scrambled siRNA pool
(no. D-001810-10-05) were purchased from Dharmacon. All stock
laboratory chemicals were from Sigma-Aldrich or ThermoFisher.

Electrophoretic mobility shift assays (EMSAs).
Complementary pairs of 41-bp nonrisk and risk probes of individual
variants were chemically synthesized by Integrated DNA Technolo-
gies (Supplementary Table 1, available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41925/abstract), annealed, and end-labeled with γ32P-
adenosine triphosphate (PerkinElmer) using T4 polynucleotide
kinase (no. M0201S; New England Biolabs). Nuclear proteins were
extracted from Jurkat cells, EBV B cells, and THP-1 cells that were
unstimulated or were stimulated with P/I for 2 hours. Ten micro-
grams of nuclear protein were incubated with labelled 50,000
counts per minute of nonrisk or risk probes in binding buffer (1 μg
poly dI-dC, 20 mM HEPES, 1 mM MgCl2, 100 mM Tris HCl, pH
7.4, and 0.5 mM EDTA) for 30 minutes at room temperature.
DNA–protein complexes were resolved on a non-denaturing 5%
acrylamide gel in 0.5� Tris–borate/EDTA. Gels were dried and
exposed overnight on a phosphor screen. DNA–protein complexes
were visualized on a Phosphorimager (GS-360; Bio-Rad) and
quantified using Bio-Rad Quantity 1D Analysis software. For com-
petition assays, 10-, 50-, and 100-fold excess of unlabeled nonrisk
or risk probes were added to the EMSA binding reactions.

Dual-luciferase reporter assay. We cloned ~350 bp of
the DNA sequences surrounding the nonrisk or risk alleles of
selected UBE2L3 or YDJC variants (Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract)
into the promoterless firefly luciferase plasmid, pGL4.14, or the
minimal promoter firefly luciferase plasmid, pGL4.23 (Promega).
Site-directed mutagenesis was used to separate the physically
close risk variants, rs140491 and rs11089620 or rs12484550,
rs5998599, and rs9621715 (Supplementary Table 2). The empty
vector, nonrisk clone, or risk clone was transiently cotransfected
with the transfection control Renilla luciferase plasmid, pRL-TK,
into homozygous nonrisk EBV B cells using a 4D Amaxa Nucleo-
fector Unit for EBV B cells (Nucleofector SF kit no.V4XC-2032;
Lonza). Twenty-four hours posttransfection, cells were left unsti-
mulated or were stimulated with P/I for 2 hours. Promoter or
enhancer activity was determined using a Promega dual-
luciferase reporter assay according to the instructions of the man-
ufacturer. Relative luciferase units (RLUs) for each sample were
determined by normalizing the firefly luciferase activity to the
Renilla luciferase activity. RLU was further normalized to the vec-
tor only control and reported as normalized RLU.

High-throughput sequencing of chromosome confor-
mation capture coupled with chromatin immunoprecipi-
tation (HiChIP). H3K27ac- and CTCF-mediated chromatin
interactions were measured for the whole genome of EBV B cells
as part of a previously published study (GEO accession
no. GSE116193) (23). HiChIP raw reads (fastq files) were aligned
to the hg19 human reference genome using HiC-Pro (24). Aligned
data were processed and analyzed through the hichipper pipeline
(25). MACS2 was used for anchor calling based on ChIP-enriched
regions (26). Loops were derived from the linked paired-end
reads that overlapped with anchors. DNAlandscapeR was used
to visualize the long-range interactions in 2 dimensions.
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Chromatin conformation capture with quantitative
PCR (3C-qPCR). As previously described (27), 3C-qPCR was per-
formed with minor modifications. Ten million cells from EBV B cell
lines homozygous for the UBE2L3/YDJC nonrisk or risk haplotype
were used per 3C library preparation. For 3C analysis of YY1
knockdown, EBV B cells transfected with YY1-targeted or scram-
bled siRNA were harvested after 24 hours, and 3 million cells were
used per 3C library preparation. Cells were crosslinked with 2%
formaldehyde at room temperature for 10 minutes, then quenched
with 125mM glycine for 5 minutes at room temperature. Cells were
lysed, then the nuclei were pelleted and resuspended in 1.25�
CutSmart Buffer (no. B7204S; New England Biolabs). Nuclei were
treated with 0.3% sodium dodecyl sulfate (SDS) at 37�C for 1 hour,
then 2% Triton X-100 for 1 hour. Chromatin was digested over-
night at 37�C using 200 units of BssSI-v2 (no. R0680L; New
England Biolabs). Ligation was performed overnight at 16�C or on
ice using T4 DNA ligase (no. M0202M; New England Biolabs), with
similar results. Chromatin was then de-crosslinked by adding pro-
teinase K and incubating overnight at 65�C. RNase A treatment
was used to remove RNA contamination from the chromatin. Next,
3C DNA template was purified by phenol–chloroform–isoamyl
alcohol extractions, repeated twice.

The 3C-qPCR primers were designed to anneal in close
proximity to BssSI-v2 cutting sites and amplify 9 fragments span-
ning the UBE2L3/YDJC 3C locus (Supplementary Table 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract). Primer
efficiency was validated and normalized using template DNA from
bacterial artificial chromosome (BAC) clone CTD3095B9
(no. 96012; ThermoFisher Scientific), digested with BssSI-v2. All
qPCR assays were performed using LightCycler480 SYBR Green
probe according to instructions of the manufacturer (Roche Diag-
nostics). The relative interaction frequency (RIF) was calculated by
normalizing the interaction frequencies to the interaction fre-
quency of the random ligation control (fragment 2). Interactions
were considered positive if the RIF was greater than the interac-
tions between the anchor and the negative control of the locus
(fragments 3, 4, 5, 6, 9) (28,29).

ChIP–qPCR. ChIP assays were performed using a TruChIP
chromatin shearing reagent kit (no. 520154; Covaris) to test CTCF
and YY1 binding at the UBE2L3 and YDJC promoter regions.
Briefly, 1.5 � 107 EBV B cells that were homozygous for the
UBE2L3/YDJC nonrisk or risk haplotype were crosslinked with 1%
formaldehyde. Nuclei were isolated and sonicated in 1ml of shearing
buffer with a Covaris S1 sonicator (no. E220). Sheared chromatin
was precleared using Magna ChIP Protein A + G magnetic beads
(no. 16-663; Millipore) blocked in phosphate buffered saline (PBS)
with bovine serum albumin, protease inhibitor cocktail (no. 539132;
EMDMillipore), and Halt phosphatase inhibitors (no. 1862495; Ther-
moFisher Scientific). Chromatin–protein complexes were then
immunoprecipitated overnight at 4�C by mild agitation with blocked
and precleared Magna Protein A + G magnetic beads and

antibodies specific for CTCF (no. D31H2; Cell Signaling Technol-
ogy), YY1 (no. sc-7341X; Santa Cruz Biotechnology), or respective
normal IgG isotype controls (normal rabbit IgG [no. 2729S] or normal
mouse IgG [no. 5415S]; Cell Signaling Technology). DNAwas eluted
from the immunoprecipitated chromatin complexes, reverse-cross-
linked, purified by Agencourt AMPure XP beads (Beckman Coulter),
and subjected to real-time qPCR analysis using LightCycler480
SYBRGreen and primers flanking theUBE2L3 or YDJC risk variants
(Supplementary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/
art.41925/abstract). All primer pairs were validated using input
DNA prior to performing ChIP-qPCR.

Western blotting. EBV B cells were harvested 24 hours,
48 hours, or 72 hours posttransfection with targeted or scrambled
siRNA, pelleted, washed in cold PBS, and lysed with RIPA lysis
buffer (no. 9806S; Cell Signaling Technology) containing protease
inhibitor cocktail (no. 539132; EMDMillipore). Cell lysates were col-
lected and protein concentrations were determined by Qubit Pro-
tein Assay Kit (no. Q33212; ThermoFisher Scientific). Proteins
were denatured in 4� SDS loading buffer at 95�C for 5 minutes,
separated by SDS–polyacrylamide gel electrophoresis, transferred
to PVDF membrane (no. 1620177; Bio-Rad), blocked with 5%
nonfat dairy milk, and analyzed by Western blotting, as indicated,
using antibodies against UBE2L3/UbcH7 (no. 3848S; Cell Signal-
ing Technology), YY1 (no. sc-7341; Santa Cruz Biotechnology);
CTCF (no. D31H2; Cell Signaling Technology), and β-actin
(no. 4967S, loading control; Cell Signaling Technology). Blots were
developed using Clarity Western ECL Substrate (no. 1705060) and
visualized using a ChemiDocMP Imaging System (both Bio-Rad).

RNA extraction and real-time quantitative reverse
transcription–PCR (qRT-PCR). Total RNA was isolated from
EBV B cells carrying the UBE2L3/YDJC nonrisk or risk haplo-
type using a Direct-zol RNA MiniPrep Plus kit, according to the
instructions of the manufacturer (Zymo Research). Comple-
mentary DNA synthesis was performed using a QuantiTect
reverse transcriptase kit, according to the instructions of the
manufacturer (Qiagen). Gene expression was measured by
real-time PCR analysis using Light Cycler480 SYBR Green.
Gene expression primers for human UBE2L3, human YDJC,
human SDF2L1, and human PPIL2 were purchased from Inte-
grated DNA Technologies (Supplementary Table 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract);
human GAPDH (no. PPH00150F) was from Qiagen.

RESULTS

Prioritization of candidate variants spanning the
UBE2L3/YDJC autoimmune risk haplotype. We hypothe-
sized that candidate variants positioned in regions of open chro-
matin would have an increased potential to modulate
transcription factor binding and UBE2L3 expression (30,31). We
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identified 7 variants that colocalized with assay for transposase
accessible chromatin sequencing (ATAC-seq) peaks from pub-
licly available data from primary B cells, T cells, and monocytes
using the UCSC Genome Browser (GEO accession nos.
GSE74912, GSE74310) (32) (Supplementary Figures 1 and 2A–C,
http://onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract).
One variant, rs140490, located in the UBE2L3 promoter, has
been the most frequently reported index SNP marking the
UBE2L3/YDJC risk haplotype (5,10) (Supplementary Figure 1).
Of the remaining 6 variants, 2 are located in the UBE2L3 pro-
moter region (rs140491, rs11089620), 3 in the UBE2L3 first
intron (rs12484550, rs5998599, rs9621715), and 1 in the YDJC
promoter region (rs3747093). These variants also colocalized
with areas enriched for ENCODE-reported chromatin marks of
functional regulatory elements, including the following: 1) the
epigenetic marker of active enhancers, acetylation at lysine
27 on histone H3 (H3K27ac; Supplementary Figure 2D, http://

onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract); 2) the
epigenetic marker of promoters, trimethylation at lysine 4 on
histone H3 (H3K4Me3; Supplementary Figure 2E); 3) genomic
regions enriched with guanine-cytosine dinucleotide repeats
(CpG islands) that are DNA methylation regions in promoters
(Supplementary Figure 2F); and 4) ChIP sequencing (ChIP-seq)
clusters of transcription factor binding sites (Supplementary
Figure 2G).

Risk alleles on the UBE2L3/YDJC autoimmune risk
haplotype increase nuclear protein complex binding.
To assess the functional potential of the prioritized variants, we
performed EMSAs using radiolabeled oligonucleotides carrying
the risk or nonrisk alleles of each variant and nuclear proteins
extracted from 3 immune-relevant human immortalized cell lines
left unstimulated or stimulated with P/I for 2 hours: EBV B cell
lines, Jurkat cell lines, and THP-1 cell lines representing B cell, T

Figure 1. Risk alleles on theUBE2L3/YDJC autoimmune risk haplotype increase the binding affinities of nuclear protein complexes. Electrophoretic
mobility shift assays were performed using radiolabeled oligonucleotides containing the nonrisk (NR) or risk (R) alleles of the indicated risk variants car-
ried on the UBE2L3/YDJC autoimmune haplotype. Nuclear extracts (NE) were isolated from Epstein-Barr virus (EBV)–transformed B cells (A and B),
Jurkat cells (C), or THP-1 cells (D) at rest (Supplementary Figure 3, http://onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract). In A, images are
representative of 3 experiments, * represents variants that exhibit allele-specific mobility shift, and arrowheads indicate the allele-specificmobility shift
that was quantified in B for each indicated nuclear protein–bound probe. B–D, Quantitative densitometry of the nuclear protein–bound oligonucleo-
tides shown in A and Supplementary Figures 3B and C. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001, by paired t-test (n = 3 experiments).
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cell, and monocytoid lineages, respectively. For the 3 UBE2L3

promoter variants (rs140490, rs140491, rs11089620), 1 UBE2L3
intronic variant (rs12484550), and the YDJC promoter variant
(rs3747093), we observed significant increases in the nuclear
protein binding to the risk alleles compared to the nonrisk alleles,
in all 3 cell lines at rest and after P/I stimulation (Figure 1 and Sup-
plementary Figures 3 and 4, http://onlinelibrary.wiley.com/doi/
10.1002/art.41925/abstract). In unstimulated Jurkat cells only,
the UBE2L3 intronic variant, rs5998599, showed a modest
increase in binding to the risk allele, compared to nonrisk allele
(Figure 1C and Supplementary Figure 3B), which was lost after
P/I stimulation (Supplementary Figures 3B and 4B, http://
onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract). The
UBE2L3 intronic variant, rs9621715, was the only tested variant
that did not exhibit allele-specific binding in any of the 3 cell lines
(Figure 1 and Supplementary Figures 3 and 4). The specificity of

our EMSA probes were confirmed by competition binding with
unlabeled probes using EBV B cell nuclear extracts
(Supplementary Figure 5, http://onlinelibrary.wiley.com/doi/10.
1002/art.41925/abstract).

Risk variants on the UBE2L3/YDJC autoimmune risk
haplotype exhibit allele-specific increases in reporter
gene expression. Using a promoterless luciferase reporter con-
struct, we observed that the risk alleles of the UBE2L3 and YDJC
promoter region variants, rs140490 and rs3747093, exhibited sig-
nificant increases in reporter gene expression, which was further
increased following P/I stimulation (Figures 2A and B). In contrast,
the risk alleles of the UBE2L3 promoter region variants, rs140491
and rs11089620, cloned in combination (due to close positional
proximity) or separately, demonstrated significant allele-specific
promoter activity only after P/I stimulation (Figure 2C).

Figure 2. Risk variants on the UBE2L3/YDJC autoimmune risk haplotype exhibit allele-specific increases in reporter gene expression.
Sequences carrying the nonrisk or risk alleles of the indicated variants were cloned into a promoterless vector (pGL4.14) (A–C) or minimal pro-
moter vector (pGL4.23) (D). See Supplementary Tables 1 and 2 for nonrisk (NR) and risk (R) sequences (http://onlinelibrary.wiley.com/doi/10.
1002/art.41925/abstract). Site-directed mutagenesis was used to dissect physically close variants that were originally cloned together (C and
D). Luciferase activity was measured after transient transfection of Epstein-Barr virus B cells homozygous for theUBE2L3/YDJC nonrisk haplotype
at rest or after 2 hours of stimulation with phorbol 12-myristate 13-acetate and ionomycin (P/I). Luciferase activity was normalized to Renilla trans-
fection control, then the vector-only control (gray line), and reported as the mean � SEM of normalized relative fluorescence units (RLUs).
* = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Student’s t-test (n ≥ 4 experiments).
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We then tested the UBE2L3 intronic region variants,
rs12484550, rs5998599, and rs9621715, using a minimal-
promoter luciferase construct that measures enhancer-like func-
tion. We found that the risk alleles of these variants demonstrated
enhancer activity when tested in combination (due to positional
proximity) independent of stimulation (Figure 2D). When tested
individually, each variant demonstrated enhancer-like function;
however, the allele-specific effect was only observed for the
rs12484550 risk allele (Figure 2D). Taken together, the increases
in nuclear protein binding in the EMSA and the increased expres-
sion of the luciferase reporter gene in the context of the risk alleles
are concordant with the elevated expression of UBE2L3
observed in previously published studies (5,6,10).

UBE2L3/YDJC autoimmune risk haplotype strengthens
long-range looping between the UBE2L3 and YDJC pro-
moter regions. Since changes in transcription activity are often
accompanied by changes in chromatin conformation, we lever-
aged a H3K27ac and CTCF HiChIP data set from EBV B cell lines

(GEO accession no. GSE116193) to assess chromatin organiza-
tion in the region of UBE2L3/YDJC (23). A robust H3K27ac loop
was observed between the UBE2L3 and YDJC promoter ele-
ments, while a weaker interaction was seen with both promoters
and the UBE2L3 intronic enhancer (Supplementary Figure 6,
http://onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract).
In addition, the YDJC promoter element was positioned in a
CTCF loop anchor that interacts with the 30UTR of UBE2L3.
Thus, the UBE2L3/YDJC haplotype risk alleles may alter the
regulatory function of the UBE2L3 and YDJC promoters, as well
as the UBE2L3 intronic enhancer, by modulating long-distance
DNA interactions.

To confirm the HiChIP results and determine the effect of the
risk haplotype on chromatin organization, we performed 3C-
qPCR in EBV B cell lines homozygous for theUBE2L3/YDJC non-
risk or risk haplotype. Long-range interactions between the
UBE2L3 promoter region (anchor fragment 1, upstream of
rs140490) and other potential contact points across the UBE2L3/
YDJC locus (fragments 2–9) were measured (Figure 3A).

Figure 3. Risk variants carried on the UBE2L3/YDJC autoimmune risk haplotype strengthen long-range interactions between the UBE2L3 and
YDJC promoters. A, Schematic depiction of chromatin conformation capture with quantitative polymerase chain reaction (3C-qPCR) primers rel-
ative to the UBE2L3/YDJC locus and indicated systemic lupus erythematosus (SLE) risk variants in the UCSC Genome Browser is shown. B,
Chromatin conformation capture with qPCR was performed in quiescent Epstein-Barr virus–transformed B cells homozygous for the UBE2L3/
YDJC nonrisk (NR) or risk (R) haplotype using the anchor fragment (fragment 1) and test fragments shown in A (see Supplementary Table 3,
http://onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract). Relative interaction frequency between the anchor fragment and each test frag-
ment was normalized to the UBE2L3 bacterial artificial chromosome clone, then to the random ligation control, and plotted according to the inter-
action fragment number from the anchor as the mean � SEM. * = P < 0.05 by Student’s t-test (n = 3 experiments).
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Consistent with the HiChIP data, we observed a long-range inter-
action between the UBE2L3 promoter (anchor fragment 1) and
the YDJC promoter (fragments 7 and 8) in EBV B cells homozy-
gous for the UBE2L3/YDJC nonrisk haplotype (Figure 3B). More-
over, we observed evidence of significantly increased long-range
interactions between the same fragments in EBV B cells homozy-
gous for the UBE2L3/YDJC risk haplotype. In contrast to the
HiChIP data, we did not detect an interaction between either pro-
moter element and the UBE2L3 intronic enhancer (fragment 4)
using 3C-qPCR (Figure 3B). Overall, these results suggest that
the risk alleles of the selected variants in the promoter regions of
UBE2L3 and YDJC strengthen long-range physical interactions
between the 2 promoters.

Alteration of CTCF and YY1 transcription factor
binding due to risk variants on the UBE2L3/YDJC autoim-
mune risk haplotype. CTCF and YY1 are ubiquitously
expressed proteins that function to regulate mammalian gene
expression through their influence on 3-dimensional (3-D) chro-
matin organization (33–38). In addition, co-binding of CTCF and
YY1 has been shown to regulate gene transcription for a large
number of mammalian promoters, with YY1 playing a dominant
role in promoting transcription (35). Analysis of transcription factor
ChIP-seq clusters from ENCODE revealed CTCF and YY1 binding

motifs in the UBE2L3 and YDJC promoter regions
(Supplementary Figures 7A and C, http://onlinelibrary.wiley.com/
doi/10.1002/art.41925/abstract), but not in the UBE2L3 intronic
region (Supplementary Figure 7B).

Furthermore, UBE2L3 promoter variants, rs140491 and
rs11089620, are positioned in the ENCODE reported YY1 bind-
ing site (Supplementary Figure 7A), and the YDJC promoter vari-
ant, rs3747093, is positioned in an overlapping CTCF and YY1
binding site (Supplementary Figure 7C). Therefore, we hypothe-
sized that the binding of CTCF and/or YY1 might be altered in
the presence of the risk alleles. To test this hypothesis, we per-
formed ChIP-qPCR for each variant and observed significantly
lower CTCF binding to the risk alleles of rs140491, rs11089620,
rs12484550, and rs3747093, relative to the respective nonrisk
alleles (Figure 4A). CTCF binding to rs140490 was near baseline
and exhibited no allele-specific differences. In contrast, we
observed significant increases in YY1 binding in the presence of
the UBE2L3 (rs140490, rs140491, rs11089620) and YDJC

(rs3747093) promoter variant risk alleles compared to the nonrisk
alleles (Figure 4B). YY1 enrichment was not observed with the
UBE2L3 intronic variant, rs12484550. These results suggest that
the autoimmune risk alleles exert their effect on UBE2L3 tran-
scription by preferentially binding YY1, at the expense of CTCF,
at the promoters of both UBE2L3 and YDJC.

Figure 4. Risk variants carried on the UBE2L3/YDJC autoimmune risk haplotype exhibit allele-specific binding to CCCTC-binding factor (CTCF)
and YY1 transcription factors. Chromatin immunoprecipitation with quantitative polymerase chain reaction was performed in Epstein-Barr virus–
transformed B cells homozygous for the UBE2L3/YDJC nonrisk (NR) or risk (R) haplotype using antibodies against CTCF (A) or YY1 (B). Primers
were designed to flank indicated variants (see Supplementary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.41925/abstract). Rabbit or
mouse IgG was used as an isotype control. Data show the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s t-test
(n ≥ 5 experiments for CTCF, and n = 3 experiments for YY1).
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Knockdown of YY1 disrupts the UBE2L3/YDJC regula-
tory network and subsequent UBE2L3 expression. We
hypothesized that, if a gain in YY1 binding was responsible for
increased interactions between the UBE2L3 and YDJC promoter
regions and increased UBE2L3 transcription, then loss of YY1
expression would attenuate these interactions. To test this, we
transfected EBVB cells homozygous for theUBE2L3/YDJC nonrisk
haplotype with YY1 or CTCF siRNA, then measured CTCF, YY1,
and UBE2L3/UbcH7 protein levels at 24 hours, 48 hours, and
72 hours posttransfection. CTCF knockdown (Figure 5A and Sup-
plementary Figures 8A and B, http://onlinelibrary.wiley.com/doi/
10.1002/art.41925/abstract) and YY1 knockdown (Figure 5B
and Supplementary Figures 8C andD) reached ~80%at 24 hours,
relative to the scrambled control. Interestingly, the transient

knockdown of YY1 reduced UBE2L3/UbcH7 expression
(Figure 5B and Supplementary Figures 8C and D), while CTCF
knockdown resulted in the loss of both UBE2L3/UbcH7 and
YY1 protein expression (Figure 5A and Supplementary
Figures 8A and B), suggesting that CTCF might be an upstream
regulator of YY1 expression. Furthermore, UBE2L3/UbcH7 pro-
tein levels paralleled the recovery of both CTCF and YY1 protein
expression 72 hours posttransfection.

The reduction in UBE2L3/UbcH7 protein expression after
YY1 knockdown, despite sustained CTCF protein levels
(Figures 5A and B), suggests that YY1 binding at the UBE2L3

and YDJC promoters likely modulates UBE2L3 expression by
promoting long-range interactions. To further assess the effect
of YY1 knockdown in mediating the long-range interaction
between the UBE2L3 and YDJC promoters, we performed
3C-qPCR after siRNA-mediated knockdown of YY1 in EBV B
cells homozygous for the UBE2L3/YDJC nonrisk or risk haplo-
type. YY1 knockdown significantly decreased the interaction fre-
quency between the UBE2L3 promoter and YDJC promoter
(fragments 7 and 8) proportionally in both risk and nonrisk EBV
B cell lines relative to scrambled siRNA transfection (Figure 5C).
Although our YY1 knockdown was not allele-specific, the experi-
ments do support a mechanism whereby increased binding of
YY1 at the UBE2L3 and YDJC promoters in the presence of the
risk alleles strengthens the interaction between the 2 promoters
and increases expression of UBE2L3.

Genes that share long-range DNA contacts with the
UBE2L3 and YDJC promoters also demonstrate increased
expression in the context of the risk haplotype. We
noticed that our HiChIP analysis also revealed several additional
H3K27ac-mediated long-range interactions between anchors in
the UBE2L3 locus and genes downstream: YDJC, CCDC116,
SDF2L1, and PPIL2 (Supplementary Figure 6, http://onlinelibrary.
wiley.com/doi/10.1002/art.41925/abstract). Of these, only YDJC,
SDF2L1, and PPIL2 demonstrated expression in EBV B cell lines
(Supplementary Figure 9, http://onlinelibrary.wiley.com/doi/10.
1002/art.41925/abstract); thus, we limited our qRT-PCR studies
to these 3 genes and UBE2L3 in EBV B cells homozygous for the
risk or nonrisk haplotype. We observed the expected increase in
UBE2L3 transcript expression, but also found significantly
increased expression of YDJC, SDF2L1, and PPIL2 in cells homo-
zygous for the risk haplotype compared with the nonrisk haplotype
(Figure 6A). These results suggest that the mechanisms defined
herein, which result in increased UBE2L3 expression from the
autoimmune risk haplotype, extend to a larger chromatin network
that includes YDJC, SDF2L1, and PPIL2.

DISCUSSION

The primary objective of this study was to develop a mecha-
nistic understanding of how functional risk variants carried on the

Figure 5. YY1 knockdown reduces UBE2L3 expression and impairs
the long-range DNA looping between the UBE2L3 and YDJC pro-
moters. A and B, Western blotting was performed to analyze expres-
sion levels of YY1, ubiquitin-conjugating enzyme E2 L3 (UBE2L3),
CCCTC-binding factor (CTCF), and β-actin at 24 hours, 48 hours,
and 72 hours post–transient transfection of CTCF small interfering
RNA (siRNA) (A) or YY1 siRNA (B) in Epstein-Barr virus (EBV)–
transformed B cells homozygous for the nonrisk UBE2L3/YDJC haplo-
type. In A, images are representative of 3 experiments. Expression in
scrambled siRNA–transfected EBV B cells is shown in Supplementary
Figures 8A and C (http://onlinelibrary.wiley.com/doi/10.1002/art.
41925/abstract). Quantitative densitometry normalized to β-actin is
shown in Supplementary Figures 8B and D. C, Chromatin conforma-
tion capture with quantitative polymerase chain reaction was per-
formed with scrambled or YY1 siRNA–transfected EBV B cells
carrying the UBE2L3/YDJC nonrisk (NR; circle) or risk (R; square) hap-
lotype. Relative interaction frequency was normalized to the UBE2L3
bacterial artificial chromosome clone, then to the random ligation con-
trol, and plotted as the mean � SEM. * = P < 0.05; ** = P < 0.01, by
Student’s t-test (n = 3 experiments). NS = not significant.
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UBE2L3/YDJC autoimmune disease risk haplotype drive hyper-
morphic UBE2L3 expression implicated in autoimmune disease
pathogenesis. We used a combination of in vitro assays designed

to measure the allele-specific regulatory effects of 7 risk variants,
positioned in regions of high chromatin accessibility in several
immune cell types. We discovered that 3 variants in the UBE2L3
promoter (rs140490, rs140491, rs11089620) and 1 in the YDJC

promoter (rs3747093) likely facilitate the hypermorphic expres-
sion effect of the UBE2L3/YDJC risk haplotype by increasing the
binding of YY1 over CTCF, strengthening a long-range DNA inter-
action between the 2 promoters, and increasing the transcrip-
tional activity of the regulatory network (Figures 6B and C).

YY1 and CTCF are both implicated in transcriptional regula-
tion and stabilization of long-range DNA interactions and chroma-
tin regulatory networks. In primate lymphoblastoid cells, co-
bound YY1 and CTCF were shown to be enriched in transcrip-
tionally active regions across the genome and function to stabilize
and modulate transcription within chromatin regulatory networks
(35). Furthermore, YY1 was shown to mediate interactions
between enhancer and promoter elements to promote global
transcription in murine embryonic stem cells (33). In this model,
loss of YY1 significantly reduced global gene expression, sup-
porting a role of YY1 as a global regulator of transcription and sta-
bility of long-range interactions. Consistently, we observed a loss
of UBE2L3 expression in EBV B cells after YY1 siRNA knock-
down. Loss of UBE2L3 expression coalesced with reduced
long-range interaction frequencies between the UBE2L3 and
YDJC promoters in YY1-depleted EBV B cells.

Interestingly, we discovered that risk alleles of variants car-
ried on the UBE2L3/YDJC risk haplotype increased YY1 binding
and strengthened the long-range interaction between the 2 pro-
moters. Similar allele-specific changes in the binding affinity of
YY1 and subsequent disruptions in enhancer–promoter interac-
tions were reported for several risk variants associated with type
1 diabetes mellitus (37). To our knowledge, this is the first report
implicating co-bound YY1 and CTCF in the regulation of
UBE2L3. Additionally, given that YY1 is ubiquitously expressed
and exhibits global regulation in other cell models, it is tempting
to speculate that altered affinity for YY1 may affect gene expres-
sion in the context of other autoimmune disease risk haplotypes.

Our study should be interpreted in the context of the follow-
ing caveats. First, we utilized immortalized cell lines from 3 different
immune cell subtypes to perform in vitro assays to independently
assess the allele-specific binding affinity and regulatory function of
each selected risk variant, and immortalized cell lines do not pre-
cisely replicate the transcriptional regulation of primary immune
cells. Second, the in vitro assays precluded our ability to deter-
mine how allele-specific effects of each variant function within
the context of the native chromatin architecture. However, the
increase we observed in nuclear protein binding and enhanced
regulatory activity for 5 of the 7 risk alleles across all cell types
are consistent with the established hypermorphic effect of the
UBE2L3/YDJC risk haplotype. Moreover, these results were inter-
nally consistent with 3C-qPCR analyses performed in EBV B cells
that demonstrated strengthened DNA looping in the context of

Figure 6. The UBE2L3/YDJC haplotype functions by differentially
binding CCCTC-binding factor (CTCF) and YY1 to strengthen interac-
tions between UBE2L3 and YDJC promoters to increase UBE2L3
expression. A, Real-time quantitative reverse transcription–
polymerase chain reaction was used to measure the expression of
the indicated genes in quiescent Epstein-Barr virus B cells homozy-
gous for the nonrisk (NR) (circle) or risk (R) (square) UBE2L3/YDJC
haplotype. Expression was normalized to GAPDH in nonrisk EBV B
cells. Data are the mean � SEM (n ≥ 8 experiments). ** = P < 0.01,
by Student’s t-test. B and C, Schematic depiction of how risk alleles
carried on the UBE2L3/YDJC autoimmune risk haplotype increase
YY1 binding affinity, at the expense of CTCF binding, is shown.
Increased YY1 binding strengthens a long-distance interaction
between the UBE2L3 and YDJC promoters that facilitates both
UBE2L3 and YDJC expression, relative to the nonrisk haplotype.
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the UBE2L3/YDJC risk haplotype. While EBV B cells do not pre-
cisely replicate the genomic architecture of primary B cells, they
represent an important resource for evaluating allele-specific
effects of genetic variants in the context of native chromatin archi-
tecture (23,39–41). Finally, we acknowledge that the bioinformatic
approach we used to prioritize candidate variants based on posi-
tioning in chromatin accessible regions potentially omitted other
functional variants.

Despite these caveats, we successfully characterized 5 func-
tional variants carried on the largely uncharacterized UBE2L3/
YDJC risk haplotype and delineated a novel mechanism that
explains how the risk haplotype likely drives hypermorphic
UBE2L3 expression in autoimmune disease pathogenesis. Fur-
thermore, analysis of available HiChIP data and our qRT-PCR
studies suggest the presence of additional, higher-order chroma-
tin interactions that may extend the effect of the UBE2L3/YDJC
risk haplotype to other genes within the shared 3-D chromatin
network, including SDF2L1 and PPIL2. Future targeted gene-
editing strategies in an isogenic cell line will be important to further
elucidate the effects of differential CTCF/YY1 binding on UBE2L3
expression and downstream cellular signaling.

ACKNOWLEDGMENT

We thank Kiely Grundahl from the Oklahoma Medical Research
Foundation Genes and Human Disease Research Program for her tech-
nical assistance and helpful discussions.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically
for important intellectual content, and all authors approved the final ver-
sion to be published. Dr. Gaffney had full access to all of the data in the
study and takes responsibility for the integrity of the data and the accu-
racy of the data analysis.
Study conception and design. Gopalakrishnan, Fu, Gaffney.
Acquisition of data. Gopalakrishnan, Fu, Pasula, Pelikan, Wiley,
Gaffney.
Analysis and interpretation of data. Gopalakrishnan, Tessneer, Fu,
Pelikan, Kelly, Gaffney.

REFERENCES

1. Rittinger K, Ikeda F. Linear ubiquitin chains: enzymes, mechanisms
and biology [review]. Open Biol 2017;7:170026.

2. Iwai K. Linear polyubiquitin chains: a new modifier involved in NFκB
activation and chronic inflammation including dermatitis. Cell Cycle
2011;10:3095–104.

3. Tokunaga F, Sakata SI, Saeki Y, Satomi Y, Kirisako T, Kamei K, et al.
Involvement of linear polyubiquitylation of NEMO in NF-κB activation.
Nat Cell Biol 2009;11:123–32.

4. Fujita H, Rahighi S, Akita M, Kato R, Sasaki Y, Wakatsuki S, et al.
Mechanism underlying IκB kinase activation mediated by the lin-
ear ubiquitin chain assembly complex. Mol Cell Biol 2014;34:
1322–35.

5. Lewis MJ, Vyse S, Shields AM, Boeltz S, Gordon PA, Spector TD,
et al. UBE2L3 polymorphism amplifies NF-κB activation and promotes

plasma cell development, linking linear ubiquitination to multiple auto-
immune diseases. Am J Hum Genet 2015;96:221–34.

6. Lewis M, Vyse S, Shields A, Boeltz S, Gordon P, Spector T, et al. Effect
of UBE2L3 genotype on regulation of the linear ubiquitin chain assembly
complex in systemic lupus erythematosus. Lancet 2015;385 Suppl 1:9.

7. International Consortium for Systemic Lupus Erythematosus Genetics
(SLEGEN), Harley JB, Alarc�on-Riquelme ME, Criswell LA, Jacob CO,
Kimberly RP, et al. Genome-wide association scan in women with
systemic lupus erythematosus identifies susceptibility variants in
ITGAM, PXK, KIAA1542 and other loci. Nat Genet 2008;40:204–10.

8. Taylor KE, Chung SA, Graham RR, Ortmann WA, Lee AT,
Langefeld CD, et al. Risk alleles for systemic lupus erythematosus in
a large case-control collection and associations with clinical subphe-
notypes. PLoS Genet 2011;7:e1001311.

9. Bentham J, Morris DL, Graham DS, Pinder CL, Tombleson P,
Behrens TW, et al. Genetic association analyses implicate aberrant
regulation of innate and adaptive immunity genes in the pathogenesis
of systemic lupus erythematosus. Nat Genet 2015;47:1457–64.

10. Wang S, Adrianto I, Wiley GB, Lessard CJ, Kelly JA, Adler AJ, et al. A
functional haplotype of UBE2L3 confers risk for systemic lupus ery-
thematosus. Genes Immun 2012;13:380–7.

11. Agik S, Franek BS, Kumar AA, Kumabe M, Utset TO, Mikolaitis RA,
et al. The autoimmune disease risk allele of UBE2L3 in African Ameri-
can patients with systemic lupus erythematosus: a recessive effect
upon subphenotypes. J Rheumatol 2012;39:73–8.

12. Sun C, Molineros JE, Looger LL, Zhou XJ, Kim K, Okada Y, et al. High-
density genotyping of immune-related loci identifies new SLE risk vari-
ants in individuals with Asian ancestry. Nat Genet 2016;48:323–30.

13. Orozco G, Eyre S, Hinks A, Bowes J, Morgan AW, Wilson AG, et al.
Study of the common genetic background for rheumatoid arthritis
and systemic lupus erythematosus. Ann Rheum Dis 2011;70:463–8.

14. Stahl EA, Raychaudhuri S, Remmers EF, Xie G, Eyre S, Thomson BP,
et al. Genome-wide association study meta-analysis identifies seven
new rheumatoid arthritis risk loci. Nat Genet 2010;42:508–14.

15. Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, et al. Genetics of
rheumatoid arthritis contributes to biology and drug discovery. Nature
2014;506:376–81.

16. Dubois PC, Trynka G, Franke L, Hunt KA, Romanos J, Curtotti A, et al.
Multiple common variants for celiac disease influencing immune gene
expression. Nat Genet 2010;42:295–302.

17. Fransen K, Visschedijk MC, van Sommeren S, Fu JY, Franke L,
Festen EA, et al. Analysis of SNPs with an effect on gene expression
identifies UBE2L3 and BCL3 as potential new risk genes for Crohn’s
disease. Hum Mol Genet 2010;19:3482–8.

18. Franke A, McGovern DP, Barrett JC, Wang K, Radford-Smith GL,
Ahmad T, et al. Genome-wide meta-analysis increases to 71 the num-
ber of confirmed Crohn’s disease susceptibility loci. Nat Genet 2010;
42:1118–25.

19. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY,
et al. Host-microbe interactions have shaped the genetic architecture
of inflammatory bowel disease. Nature 2012;491:119–24.

20. Hinks A, Cobb J, Marion MC, Prahalad S, Sudman M, Bowes J, et al.
Dense genotyping of immune-related disease regions identifies
14 new susceptibility loci for juvenile idiopathic arthritis. Nat Genet
2013;45:664–9.

21. Tsoi LC, Spain SL, Knight J, Ellinghaus E, Stuart PE, Capon F, et al.
Identification of 15 new psoriasis susceptibility loci highlights the role
of innate immunity. Nat Genet 2012;44:1341–8.

22. Rasmussen A, Sevier S, Kelly JA, Glenn SB, Aberle T, Cooney CM,
et al. The lupus family registry and repository. Rheumatology
(Oxford) 2011;50:47–59.

23. Pelikan RC, Kelly JA, Fu Y, Lareau CA, Tessneer KL, Wiley GB, et al.
Enhancer histone-QTLs are enriched on autoimmune risk haplotypes

GOPALAKRISHNAN ET AL172



and influence gene expression within chromatin networks. Nat Com-
mun 2018;9:2905.

24. Servant N, Varoquaux N, Lajoie BR, Viara E, Chen CJ, Vert JP, et al.
HiC-Pro: An optimized and flexible pipeline for Hi-C data processing.
Genome Biol 2015;16:259.

25. Lareau CA, Aryee MJ. hichipper: a preprocessing pipeline for calling
DNA loops from HiChIP data. Nat Methods 2018;15:155–6.

26. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE,
et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol
2008;9:R137.

27. Hagège H, Klous P, Braem C, Splinter E, Dekker J, Cathala G, et al.
Quantitative analysis of chromosome conformation capture assays
(3c-qpcr). Nat Protoc 2007;2:1722–33.

28. Dekker J, Rippe K, Dekker M, Kleckner N. Capturing chromosome
conformation. Science 2002;295:1306–11.

29. Naumova N, Smith EM, Zhan Y, Dekker J. Analysis of long-range
chromatin interactions using Chromosome Conformation Capture.
Methods 2012;58:192–203.

30. Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: a
method for assaying chromatin accessibility genome-wide. Curr Pro-
toc Mol Biol 2015;109:21.29.1–9.

31. Klemm SL, Shipony Z, Greenleaf WJ. Chromatin accessibility and the
regulatory epigenome [review]. Nat Rev Genet 2019;20:207–20.

32. Corces MR, Buenrostro JD, Wu B, Greenside PG, Chan SM,
Koenig JL, et al. Lineage-specific and single-cell chromatin accessibil-
ity charts human hematopoiesis and leukemia evolution. Nat Genet
2016;48:1193–203.

33. Weintraub AS, Li CH, Zamudio AV, Sigova AA, Hannett NM, Day DS,
et al. YY1 is a structural regulator of enhancer-promoter loops. Cell
2017;171:1573–88.

34. Beagan JA, Duong MT, Titus KR, Zhou L, Cao Z, Ma J, et al. YY1 and
CTCF orchestrate a 3D chromatin looping switch during early neural
lineage commitment. Genome Res 2017;27:1139–52.

35. Schwalie PC, Ward MC, Cain CE, Faure AJ, Gilad Y, Odom DT, et al.
Co-binding by YY1 identifies the transcriptionally active, highly con-
served set of CTCF-bound regions in primate genomes. Genome Biol
2013;14:R148.

36. Pentland I, Campos-Le�on K, Cotic M, Davies KJ, Wood CD,
Groves IJ, et al. Disruption of CTCF-YY1–dependent looping of the
human papillomavirus genome activates differentiation-induced viral
oncogene transcription. PLoS Biol 2018;16:e2005752.

37. Gao P, Uzun Y, He B, Salamati SE, Coffey JK, Tsalikian E, et al. Risk
variants disrupting enhancers of TH1 and TREG cells in type 1 diabetes.
Proc Natl Acad Sci U S A 2019;116:7581–90.

38. Stik G, Vidal E, Barrero M, Cuartero S, Vila-Casadesús M, Mendieta-
Esteban J, et al. CTCF is dispensable for immune cell transdifferentia-
tion but facilitates an acute inflammatory response. Nat Genet 2020;
52:655–61.

39. Hernando H, Shannon-Lowe C, Islam AB, Al-Shahrour F, Rodríguez-
Ubreva J, Rodríguez-Cortez VC, et al. The B cell transcription pro-
gram mediates hypomethylation and overexpression of key genes in
Epstein-Barr virus-associated proliferative conversion. Genome Biol
2013;14:R3.

40. Hernando H, Islam AB, Rodríguez-Ubreva J, Forné I, Ciudad L,
Imhof A, et al. Epstein-Barr virus-mediated transformation of B cells
induces global chromatin changes independent to the acquisition of
proliferation. Nucleic Acids Res 2014;42:249–63.
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Hypogammaglobulinemia in rheumatoid arthritis
patients treated with rituximab: should we switch
biologics? Comment on the article by Fraenkel et al

To the Editor:
We read with great interest the 2021 guideline for the treat-

ment of rheumatoid arthritis (RA) from the American College of
Rheumatology (1) as reported by Dr. Fraenkel and colleagues.
Among the various issues covered by the guideline was hypogam-
maglobulinemia in RA patients receiving treatment with rituximab.
Hypogammaglobulinemia has been reported in ~17–43% of
rituximab-treated patients with RA (2). Risk factors for hypogam-
maglobulinemia are not well defined, but the number of treatment
cycles with rituximab and patients’ baseline levels of immunoglobu-
lins are the factors that have received the most study (2–7).

In the guideline it is conditionally recommended that in the
setting of persistent hypogammaglobulinemia without infection,
rituximab should be continued rather than having the patient
switch to another biologic disease-modifying antirheumatic drug
(bDMARD) (1). Although there are no data to support arguments
for or against this recommendation, we believe the reasons behind
it could be further clarified by referring to a handful of studies of
hypogammaglobulinemia in patients with RA (2–10). These studies
could help the reader in forming a more comprehensive opinion.

First, results from studies on the risk of infection in rituximab-
treated RA patients who develop hypogammaglobulinemia have
been conflicting, as at least 50% of the larger studies failed to
show such risk (2,5–7,10). It should be highlighted that all studies
refer to serious infections, which are defined as those requiring
intravenous antibiotics (2), and there are no available data about
the frequency of infections that could lead to the interruption/
switching of treatment.

Second, the definition of hypogammaglobulinemia differed
across studies (8,9). Therefore, providing a cutoff value for defining
the range of low and high serum immunoglobulin levels would be
helpful. As was also stated in the recommendations, the degree
of hypogammaglobulinemia might play some role in a clinician’s
decision to switch treatment from rituximab to another bDMARD.
In a recently published study from our group, the reduction in IgG
levels was mild (500–700 mg/dl) in the majority of patients (2).

It should be stressed that the definition of “hypogammaglo-
bulinemia” usually encompasses low IgG, IgM, and/or IgA levels,
with the latter being very rarely affected in patients treated with
anti-CD20 therapy (2). In fact, in RA patients treated with rituxi-
mab, low IgM levels are encountered more frequently than low

IgG levels (2,7,9). This is being increasingly appraised by the rheu-
matology community. However, its clinical significance is still
vague. Of note, in a recently published study, including 83 RA
patients with a mean � SD follow-up of 4.4 � 2.2 years, low
IgM levels were associated with better outcomes in patients with
RA (assessed with the Disease Activity Score in 28 joints using
the C-reactive protein level [11]) and the achievement of low dis-
ease activity state at the end of follow-up (2). Moreover, the term
“persistent hypogammaglobulinemia” might be confusing.
Although a study from our group showed that none of the patients
developed transient hypogammaglobulinemia, other authors
have described transient hypogammaglobulinemia in this setting,
with older age being a risk factor (7).

In conclusion, given the lack of data in support of switching
treatment to another bDMARD in cases of hypogammaglobuline-
mia in patients with RA, we do not disagree with the conditional
recommendation to continue rituximab therapy. However, we
wanted to shed light on the issues mentioned above (type and fre-
quency of infections, degree and persistence of hypogammaglo-
bulinemia, and type of immunoglobulins affected), which may
help clinicians in their decision.
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Reply

To the Editor:
We thank Dr. Evangelatos and colleagues for their interest in

the 2021 guideline for the treatment of rheumatoid arthritis from
the American College of Rheumatology and for their efforts to fur-
ther clarify the recommendations for rituximab therapy in patients
with RA and persistent hypogammaglobulinemia. During the pro-
cess of developing the guideline, the voting panel thoroughly dis-
cussed many of the aspects of hypogammaglobulinemia during
rituximab treatment that Evangelatos et al have adeptly
described. The conditional recommendation to continue treat-
ment with rituximab over switching to another biologic or targeted
synthetic disease-modifying antirheumatic drug among patients
at target with persistent hypogammaglobulinemia without infec-
tion was informed by the paucity of evidence and consideration
by the voting panel.
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Importance of internal and external validity in clinical
research: comment on the article by Fatima et al

To the Editor:
In a cohort study recently published in Arthritis & Rheumatol-

ogy, Dr. Fatima and colleagues showed that a higher Health
Assessment Questionnaire (HAQ) disability index score (1) was
associated with higher mortality among patients with early rheu-
matoid arthritis (RA) (2). This study is important because the
authors focused on functional disability as measured by HAQ dis-
ability index in patients with early RA, which they found to be more
strongly associated with mortality than a measure of disease
activity and damage, the Disease Activity Score in 28 joints
(DAS28) (3), in patients with established RA (4). The study by
Fatima et al will contribute to further clinical research regarding
physical functioning by predicting mortality in patients with early
RA. However, we have some concerns with regard to this study’s
internal and external validity.

Our first concern is the fact that separate statistical models
were used in the study by Fatima et al. In one model, the authors
evaluated the association of baseline HAQ disability index scores
with mortality, and in the other model, they assessed the associa-
tion of HAQ disability index scores at 1 year with mortality. How-
ever, the baseline HAQ disability index score correlated with the
HAQ disability index score at 1 year, and therefore these HAQ
scores from both time points should have been included in the
same statistical model in the evaluation of an association with
mortality. One way to solve this problem would be to change the
definition of exposure; for example, defining progression of the
HAQ disability index score between designated time points as a dif-
ference of 2 points may be a suitable alternative for describing the
progression of disability in patients with early RA (5). Another alter-
native would be to adjust the 1-year HAQ disability index scores
for the baseline HAQ disability index scores in a single model. A
higher HAQ disability index score at baseline is frequently found to
be associated with a higher HAQ disability index score at 1 year,
leading to increased mortality rates (6); therefore, if the baseline
HAQ disability index score is not taken into account, confounding
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bias may occur. To estimate the association between disability
measured by HAQ and mortality without the influence of bias, it is
necessary to either use the suggested definition of HAQ progres-
sion or adjust for baseline HAQ score in the HAQ at 1-year models.

Our second concern is with regard to the study’s external valid-
ity. Fatima and colleagues emphasized that their study had good
external validity because the cohort used in their study, the Canadian
Early Arthritis Cohort (CATCH), was designedwith a sample size that
they seem to have considered to be sufficient for reliable estimation
of an association with mortality (2); however, of the 3,195 partici-
pants with early RA in their cohort, only 1,724 participants (54.0%)
were eligible in the final analysis, which suggests a reduction in exter-
nal validity. Furthermore, there were no details regarding missing
data, which may cause a reduction in sample size.

In addition, Fatima et al presented the DAS28 using
C-reactive protein level (DAS28-CRP) and the DAS28 using eryth-
rocyte sedimentation rate (DAS28-ESR) as comparable disease
activity measures, but each of these (DAS-CRP and DAS-ESR)
are calculated using different formulas and thus may not be inter-
changeable among patients with high disease activity, such as the
participants in the study by Fatima et al (7). Such an incomplete
presentation of the data implies that data are missing. To avoid
further reduction of sample size due to missing data, the authors
should have described the missing data and dealt with them in
an appropriate manner (e.g., multiple imputations) (8).

In summary, the results of the study by Fatima et al and the
interpretations of those results may be biased due to insufficient
internal validity (i.e., inaccurate statistical models) and reduced
external validity (i.e., reduced sample size regarding eligible partic-
ipants and missing data). Both internal and external validity are
essential in clinical research; therefore, further studies that com-
pensate for the limitations mentioned above are still warranted.
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Considerations for a study using the Health
Assessment Questionnaire to predict all-cause
mortality in early rheumatoid arthritis: comment
on the article by Fatima et al

To the Editor:
We read with great interest the article by Dr. Fatima and col-

leagues (1), in which the authors concluded that higher Health
Assessment Questionnaire (HAQ) disability index scores (2) and
higher Disease Activity Scores in 28 joints (3) at 1 year were signifi-
cantly associated with all-cause mortality in patients with early
rheumatoid arthritis (RA). We agree with the use of discrete multi-
variate analysis to analyze these data in the Canadian Early Arthritis
Cohort (CATCH) in the study by Fatima et al. However, we would
like to point out some issues with the methodology used in their
study.

First, the inclusion criteria should have been described in
greater detail. Though solid administrative data were obtained from
the CATCH cohort (4), precise information with regard to how the
duration of joint swelling was documented was not provided. Fur-
thermore, the enrollment criteria used (presence of swollen joints
for <1 year and treatment with 1 or more disease-modifying anti-
rheumatic drugs [DMARDs]) might not be perfectly representative
of the entire population of patients with early RA. More comprehen-
sive criteria, including presence of morning stiffness and presence
of joint pain (as determined by the metatarsophalangeal joint
squeeze test) should have been included, as was done in a previ-
ously published study that used data from the CATCH cohort (5).
In addition, determination of the serum levels of anti–cyclic citrulli-
nated peptide (anti-CCP) is a well-knownmethod that has excellent
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specificity and sensitivity for the identification of early RA, and can
be useful as a diagnostic criterion for RA (6). Therefore, if the anti-
CCP level had been considered as part of the inclusion criteria in
the study by Fatima et al, the study cohort may have been more
representative of an early RA population.

Second, in the study by Fatima et al, patients who had not
completed a HAQ disability index at either baseline or
12 months and patients who had not received treatment with
a DMARD or biologic agent in their first year of follow-up were
excluded, and therefore selection bias may have had some
influence on the results. It is possible that patients with incom-
plete HAQ information had poorer adherence to treatment and
subsequently worse outcomes. As for patients who did not
receive DMARDs/biologic agents in the first year of follow-up,
this group of patients may have already been experiencing
severe symptoms at baseline, and therefore they may have
been reluctant to allow the addition of DMARDs to their existing
treatment regimen. In summary, the exclusion criteria used in
the study by Fatima et al could have overlooked early RA
patients who were either poorly adherent to treatment or were
experiencing severe underlying disease, making the study
sample less representative.

Finally, we have some sincere concerns with regard to the
potential influence of several residual confounders. Although
the authors utilized the Rheumatic Disease Comorbidity Index
(7) to minimize the effect of comorbidities on all-cause mortality,
there are still a few factors to consider in terms of those that
might potentially convey a risk of confounding of the study
results, including frequency of alcohol consumption, presence
of cirrhosis or chronic kidney disease, and each patient’s
nutrition status and body mass index at baseline and over
follow-up.
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doi=10.1002%2Fart.41916%file=art41916-sup-0001-Disclosureform.pdf.
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Functional capacity at 1 year predicts all-cause
mortality in patients with rheumatoid arthritis:
comment on the article by Fatima et al

To the Editor:
We read with interest the article by Dr. Fatima and colleagues

on the use of the Health Assessment Questionnaire (HAQ) to pre-
dict all-cause mortality in patients with early rheumatoid arthritis
(RA) (1). The conclusion of their study demonstrated that higher
HAQ disability index scores (2) and Disease Activity Scores in
28 joints (DAS28) (3) at 1 year are significantly associated with
all-cause mortality in a large cohort of patients with early RA.

We would like to point out our earlier findings from a pro-
spective follow-up survey of a cohort of 100 RA patients, in
which patients were followed up at 11 years (4), 15 years (5,6),
25 years (7), and 40 years (8) after study inception, and data on
clinical features and incidence of death were collected at each
time point. The unique aspect of this series was the fact that
we were able to obtain follow-up data from all 100 patients in
the cohort, in contrast to the survey from the Canadian Early
Arthritis Cohort (CATCH) used by Fatima et al, which captured
follow-up data on 1,724 patients from a cohort that initially
included 3,195 participants. Our original cohort of 100 sequential
patients with RA seen within the first year of disease was referred
to The Royal National Hospital for Rheumatic Diseases in Bath,
England between 1957 and 1963. The patients were referred
to one of the consultants (John A. Cosh), who documented all
of the data available at that time. This series of studies predated
the introduction of the HAQ and DAS28 as measures of physical
function and disease activity. At that time, the diagnosis of RA
was categorized as classical, definite, or possible RA according
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to the original American College of Rheumatology diagnostic
criteria (9), and functional capacity was assessed using the
Steinbrocker criteria (10). Other details were collected and
sequentially reported at the designated follow-up time points.
At study inception, all patients had a diagnosis of definite or
classical RA.

In our cohort of 100 RA patients, the functional capacity of
the patients, asmeasured with the Steinbroker criteria after 1 year,
had been significantly worse among those who died by the
15-year follow-up (P < 0.001) (5). This finding was confirmed in
the subsequent studies of patients in the Bath series (6–8).

Features at 1 year after the start of the disease that were
associated with mortality up to 40 years after onset of RA symp-
toms by regression analysis included older age (P < 0.0001),
lower hemoglobin level (P = 0.0461), and reduced functional
capacity (P < 0.0001) (8). The standardized mortality ratio of the
cohort at 40 years was 2.13 (95% confidence interval 1.26–
3.60). The median survival was reduced by 10 years for men
and 11 years for women, compared with the general population
in Bath and the surrounding area. It is worth noting that all of the
patients recruited lived within a 10-mile radius of the hospital and
over the 40 years of reporting they all lived within 30 miles of Bath.

One other aspect to consider is that our cohort was inade-
quately treated by today’s standards. Several received gold injec-
tions and subsequently penicillamine. Thus, the natural course of
RA was observed in that earlier cohort, which would not be seen
today in the majority of RA patients undergoing treatment in mod-
ern health care systems, since most are receiving the current opti-
mal treatments for the disease.

The study of the Bath cohort in 1981 demonstrated that
functional capacity at 1 year predicts all-cause mortality in
patients with early RA, even when measured with the crude Stein-
brocker method. It is interesting to see that the HAQ score
showed similar prognostic significance in the CATCH survey
~40 years later.
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Reply

To the Editor:
We appreciate the interest in our article concerning the HAQ

disability index (1) in an early RA incident cohort (the CATCH),
which we assessed at baseline and at several follow-up time
points for its predictive capacity in estimating the risk of all-cause
mortality among patients with RA. We will now address the con-
cerns outlined by each set of authors.

Dr. Matsuo and colleagues suggested that the HAQ disability
index score at 1 year of follow-up depends on the HAQ disability
index score at baseline. This is a true but different study question.
We aimed to understand if residual disability at 1 year of treatment
in early RA is associated with all-cause mortality, rather than
whether change in disability over 1 year predicts mortality. We
therefore performed additional analyses, as suggested, in which
we adjusted for the baseline HAQ disability index score, with the
results showing similar levels of association with mortality but
without improvement in the fit of the model (Table 1).

A second point that was raised by Matsuo and colleagues
was regarding the potential impact of missing data on the validity
and generalizability of the findings of our study. Our colleagues
point out that at the time that our report was published, CATCH
had enrolled 3,195 participants, yet only 1,724 participants
(54%) were included in the analysis. Our study, however, had
additional inclusion and exclusion criteria, such as including
patients enrolled between January 2007 and March 2016, as we
wanted to allow time for the event of interest (death) to occur.
Treatment for RA was required during the first year, and only
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patients with active disease were eligible for this study. After
applying the aforementioned criteria, there were 2,407 eligible
participants and for 1,724 of the patients, we had complete data
on the HAQ disability score at baseline and 1 year, DAS28 scores
(2) from baseline and 1 year, data on an inflammation marker
(either the ESR or the CRP level) available at baseline and 1 year,
and data on the known vital status of each patient. This repre-
sented 72% of all eligible participants. It is up to clinicians to
presume whether these patients with early RA could be gener-
alizable to their clinic patients. The reasons for the missing data
in our study are likely to be similar to those in other cohorts of
patients with early RA, in which patients may have missed a visit
or did not complete all forms at key time points, or laboratory tests
may have been performed outside of the visit time window.

To address other concerns raised by Dr. Ko and colleagues,
the inclusion criteria of the CATCH cohort were well described,
including establishing the date of disease onset as the date at
which the initial symptoms of RA (i.e., presence of joint swelling)
were recorded, and determining eligibility on the basis of applica-
tion of the RA criteria at the time of enrollment (3). Nearly all of the
patients in the CATCH cohort met the American College of
Rheumatology/European League Against Rheumatism 2010 cri-
teria for RA (4), but patients with a suspected diagnosis of RA
were included in this study if the patient began treatment with a
DMARD. However, in many studies of patients with early RA, only
~50–60% of patients are positive for anti–CCP antibodies, so we
would have removed many patients with RA if that criterion had
been applied to the cohort (3).

We agree with Ko and colleagues that inclusion of patients
without follow-up or missing baseline HAQ disability index data
could bias the study, but likely this bias would skew the results
toward a more conservative estimate of mortality risk, as patients

who do not attend follow-up visits may be less adherent to treat-
ment and often have lower socioeconomic status. Nearly 100%
of the CATCH cohort was prescribed DMARDs, and in the major-
ity of these patients the prescription was provided at the first rheu-
matology visit, and therefore a lack of treatment with DMARDs
would be very rare. Ko et al are correct in assuming that some
serious comorbidities, such as cirrhosis and renal failure, are not
necessarily part of the Rheumatic Disease Comorbidity Index (5)
and could increase the rate of all-cause mortality and also may
be a confounder in the patient’s function scores, potentially result-
ing in a higher HAQ disability index score. However, some of
these patients would not have been prescribed a DMARD due to
severe comorbidity and contraindications to methotrexate; there-
fore they would have been excluded from the analyses. However,
as mentioned, the frequency of use of DMARDs in the first year of
follow-up in the CATCH cohort was nearly 100%. Therefore, any
patients who had no history of DMARD use would have been very
rare in this cohort.

There was a concern that DAS28-ESR and DAS28-CRP
scores are not interchangeable. In our study, continuous scores of
DAS28-ESR and DAS28-CRP were used. Thus, in our cohort,
the DAS28-ESR and DAS28-CRP disease state scores were not
interchangeable, because the DAS28-CRP scores were lower; nev-
ertheless, the continuous scores for the DAS28-ESR and DAS28-
CRP were highly correlated (>0.9) (7). In some jurisdictions in
Canada, reimbursement for ESR testing was discontinued over the
study period. Therefore, given that data on ESR or CRP were miss-
ing due to a system change, and that continuous DAS28 scores
were used for covariate adjustment, we were able to use both the
DAS28-ESR score (in 93% of patients) and the DAS28-CRP score
(in 7% of patients); the latter was only imputed when the ESR result
was missing. We repeated the analyses using only DAS28-ESR
data and this did not substantially change the results.

Finally, Dr. Jacoby and colleagues described the results from
their study of 100 patients with incident RA who were followed up
for 4 decades, in which it was observed that poor functional capacity
was predictive of mortality. A diagnosis of RA ascertained decades
ago would likely be very different due to lack of early RA clinics, lack
of classification criteria, and fewer available DMARDs. Worse func-
tional class in their study and impaired patient self-reported function
as measured by the HAQ disability index in our study were both pre-
dictive of mortality. We appreciate the comparison of the unique
observations made by following up patients closely for decades.

We thank these colleagues for raising interesting points with
respect to the methods and generalizability of our findings and
comparing our results to those in a historical cohort of patients
with incident RA who were followed up for 40 years.

The CATCH study was independently designed and imple-
mented by the investigators. It has been financially supported
through unrestricted research grants from Amgen, Pfizer

Canada, AbbVie, Medexus, Inc., Eli Lilly Canada, Merck Canada,
Sandoz, Canada Biopharmaceuticals, Hoffmann-LaRoche,

Table 1. Association of HAQ disability index scores at baseline and
1 year with risk of mortality in patients with early rheumatoid arthritis,
as determined in the original model versus models with different
adjustments*

HAQ–mortality risk model

Baseline HAQ,
HR (95% CI)

1-year HAQ,
HR (95% CI)

Original model (no
adjustments)

1.30 (0.84–2.00) 1.73 (1.09–2.74)

Model substituting
DAS28-ESR

1.33 (0.84–2.00) 1.72 (1.20–3.09)

Model substituting
DAS28-CRP

1.35 (0.86–2.13) 1.72 (1.02–2.88)

Model adjusted for
baseline HAQ score

– 1.79 (1.05–3.04)

* Values are the hazard ratio (HR) with 95% confidence interval (95%
CI) for associations of baseline or 1-year Health Assessment Ques-
tionnaire (HAQ) disability index scores with risk of mortality, based
on the model originally published in Fatima et al (6) and in models
adjusted for the Disease Activity Score in 28 joints using the erythro-
cyte sedimentation rate (DAS28-ESR), DAS28 using the C-reactive
protein level (DAS28-CRP), and baseline HAQ disability index score.
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