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

Shared Immune Cell Signatures Can Be Used to Stratify Patients
Until now, patient stratifi cation approaches in 
primary Sjӧgren’s syndrome (SS) and systemic 
lupus erythematosus (SLE) have been primarily 
directed at cohorts of patients with the same 

diagnosis. In this issue, 
Martin-Gutierrez et al 
(p. 1626) describe an 

immune cell toolkit that may be useful in 
differentiating, with high accuracy, the immu-
nologic profi les of patients with primary SS 
and patients with SLE. Such a toolkit could aid 
in achieving targeted therapeutic approaches.

The study included patients with well-
controlled or mild-to-moderately active 
disease. As all the patients were women, the 
authors note that they were unable to evaluate 

the impact of high disease activity or severe 
fl ares on the identifi ed immune signatures, 
and they were also unable to evaluate the 
infl uence of sex bias. Nevertheless, their 
analysis revealed 2 new disease endotypes, 
which were characterized by differential 
immune signatures that had a higher capacity 
for discriminating between patients than the 
immune signatures associated with the diag-
nostic label. The researchers report here, for 
the fi rst time, that patients with primary SS 
and patients with SLE with low-to-moderate 
or no disease activity have very few signifi -
cant differences in immunologic architecture.

The authors propose a new classifi cation 
for patients with primary SS, those with SLE, 

p.  1626

Association Between Gut Microbiota and Symptomatic Hand OA
Several studies have demonstrated that 
patients with infl ammatory arthritis have a 
decreased relative abundance of the genus 
Roseburia in the gut microbiome. More-

over, researchers have 
proposed several biologic 
mechanisms linking the 

gut microbiome to systemic infl ammation. 
For example, Bilophila member species have 
been shown to produce lipopolysaccharides 
that, in mouse models, promote intestinal 
barrier dysfunction, bile acid dysmetabo-
lism, and infl ammation. 

In this issue, Wei et al (p. 1656) describe 
results from their large, Chinese popula-
tion-based study. The researchers’ fi ndings 
provide the fi rst evidence that alterations 
in the composition of the gut microbiome 
among study participants with symptom-
atic hand osteoarthritis (OA) were asso-
ciated with prevalent symptomatic hand 
OA. These alterations included, at the 
genus level, a low relative abundance of 
Roseburia combined with a high relative 

abundance of Bilophila and Desulfovibrio. 
The authors suggest that their population-
based study should be generalizable to the 
entire Chinese population.

In their study, the investigators profi led 
the gut microbiomes using 16S rRNA 
gene sequencing. They acknowledge that, 
although this technology can identify 

p.  1656

and those with SLE/SS, and suggest that their 
fi ndings may lead to a new stratifi cation of 
patients with primary SS based on one of the 
2 immune signatures derived from this anal-
ysis. The new fi ndings also have implications 
for therapy, because, while several B cell–
targeted biologic therapies have been sepa-
rately investigated in patients with primary 
SS and patients with SLE, the only licensed 
anti–B cell biologic therapy for SLE (beli-
mumab) is approved solely for patients with 
nonrenal SLE manifestations. These fi ndings 
indicate that machine learning approaches 
can be used to select and validate patients for 
targeted therapeutic approaches including 
anti–B cell biologic therapy.

Figure 1. Differences in the composition of the gut microbiota at the genus level between individuals with 
symptomatic hand OA (n = 72) (red) and individuals without symptomatic hand OA (controls) (n = 1,316) 
(blue), after adjustments for age, sex, body mass index, alcohol consumption, and frequency of dietary intake 
of meat/eggs, dairy, and vegetables.

microbial taxonomies and composition, it 
has only a limited ability to genetically iden-
tify specifi c species and strains. Neverthe-
less, the authors suggest that their fi ndings 
may help other investigators understand the 
role of the microbiome in the development of 
symptomatic hand OA, as well as contribute 
to potential translational opportunities.



Rheumatoid arthritis (RA) is characterized by a high degree of 
heterogeneity in terms of synovial tissue (ST) inflammation at 
disease onset, likely influencing the different treatment response 
rate among patients.  Assessment of ST, despite having the potential 
to support the guidance of individual patient management, is not 
currently included in RA treatment recommendations. 

Alivernini et al tested the diagnostic value of the Krenn syno-
vitis score (KSS), a hematoxylin and eosin–based tool used to distin-
guish between low- and high-grade synovitis in ST samples obtained 
from minimally invasive ultrasound-guided biopsies in a large biologic 
sample data set of RA patients. The aim of the study was to test 
the diagnostic value of the KSS and ST cell composition, to identify 
pretreatment synovial biomarkers associated with disease charac-
teristics, and to predict treatment response in treatment-naive RA.

This cross-sectional analysis of 1,015 patients undergoing ST 
biopsy revealed that KSS distribution and ST inflammation composi-
tion are contingent on disease phase in RA and other chronic inflam-
matory joint diseases. In particular, they found that KSS score is 
differentially distributed among inflammatory and noninflammatory 
joint disorders being increased in treatment-naive RA compared to 
other forms of inflammatory (i.e., PsA) or low-inflammatory joint 
diseases (i.e., OA), and contingent on the disease activity in RA. In 

treatment-naive RA, KSS score is influenced by symptom duration 
and autoantibody positivity; it was significantly higher in patients posi-
tive for anti–cyclic citrullinated protein antibody and/or rheuma-
toid factor and in patients whose ST was analyzed >3 months after 
symptom onset. Moreover, treatment-naive RA patients with a base-
line KSS score of ≥5 had the lowest chance of achieving DAS28-based 
remission at 6 months compared to those with a KSS score of <5. 
Therefore, the authors developed a nomogram (subjected to 1,000 
bootstrap resamples to assess predictive accuracy) that integrates 
the individual clinical and ST characteristics, enabling them to quan-
tify the probability of first-line treatment success. 

Questions

1. What is currently known about ST analysis as a prognostic 
biomarker of treatment response in RA?

2.  What is the correlation between H&E-based and immunohisto-
chemical-based assessment of the degree of ST inflammation?

3.  Is the identified cutoff value applicable to quantification of ST 
inflammation in every joint?

4. How did the developed nomogram perform? How does it 
compare with similar measures in the literature?

Inclusion of Synovial Tissue–Derived Characteristics in a Nomogram for the 
Prediction of Treatment Response in Treatment-Naive RA Patients

HCQ Not Associated with Significant Cardiovascular Risk
Rheumatologists prescribe hydroxy-
chloroquine (HCQ) in recognition of its 
immunomodulatory, antiinflammatory, 
vasoprotective, and antithrombotic proper-

ties. Physicians have also 
prescribed HCQ with the 
intention of improving 

outcomes in patients with COVID-19. One 
(since retracted) study raised concerns, 
however, when it showed a higher risk of 
in-hospital mortality and ventricular arrhyth-
mias in COVID-19 patients receiving HCQ. 
In this issue, Faselis et al (p. 1589) report 
that during the first year after the initiation 
of HCQ or another nonbiologic disease-
modifying antirheumatic drug (DMARD), 
patients with rheumatoid arthritis (RA) have 

a low incidence of long QT syndrome and 
arrhythmia-related hospitalization. The 
investigators also found no evidence that 
HCQ was associated with a higher risk of 
adverse cardiovascular events or death.

The observational study measured 87 
baseline characteristics for which treatment 
groups were balanced (HCQ group, n = 4,426; 
non-HCQ group, n = 4,426). Patients had a 
mean ± SD age of 64 ± 12 years; 14% were 
women and 28% were African American. The 
team documented 3 long QT syndrome events, 
2 of which occurred in patients receiving HCQ. 
They also documented 56 arrhythmia-related 
hospitalizations, 30 of which occurred in the 
HCQ group. All-cause mortality was 144 in 
the patients in the HCQ group and 136 in the 

patients in the non-HCQ group. During the first 
30 days of follow-up, the investigators identi-
fied 0 long QT syndrome events, 2 arrhythmia-
related hospitalizations (none in the HCQ 
group), and 13 deaths (6 in the HCQ group).

The researchers found that <1% of patients 
with newly diagnosed RA had incident long 
QT syndrome or arrhythmia-related hospital-
izations during the first 12 months after initia-
tion of HCQ or another nonbiologic DMARD. 
Their results suggest that the overall incidence 
of long QT syndrome is extremely low and 
the risk for patients started on HCQ is not 
significantly higher. In addition, cardiovas-
cular risk was not significantly higher in 
patients started on HCQ compared to those 
started on another nonbiologic DMARD.

p.  1589

Journal Club

Alivernini et al. Arthritis Rheumatol. 2021;92:1601–1613

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



Clinical Connections
Eosinophil ETosis–Mediated Release  
of Galectin-10 in EGPA 
Fukuchi et al,  Arthritis Rheumatol 2021;92:1683–1693

CORRESPONDENCE 
Shigeharu Ueki, MD, PhD: shigeharu.ueki@gmail.com

SUMMARY  
Eosinophils are major inflammatory cells in the 
pathogenesis of eosinophilic granulomatosis 
with polyangiitis (EGPA).  An active cytolytic cell 
death termed ETosis, which is characterized by 
the release of filamentous chromatin structures, 
has been recognized. Human eosinophil ETosis 
(EETosis) is dependent on NADPH oxidase 
(NOX) and peptidylarginine deiminase 4 
(PAD4)–dependent histone citrullination. 
Fukuchi et al found that upon stimuli-induced 
EETosis, galectin-10, a nonsecreted protein that 
is highly abundant in eosinophil cytoplasm, is 
released extracellularly. Eosinophils infiltrating 
affected tissues from patients with EGPA undergo 
EETosis.  Serum galectin-10 levels were increased 
in active EGPA but not in EGPA in remission, in 
patients with stable asthma, or in healthy controls. 
Galectin-10 levels positively correlated with 
disease activity in patients with EGPA. Serum 
interleukin-5 (IL-5) was significantly increased in 
active EGPA patients and positively correlated 
with galectin-10 levels.  These data indicate that 
serum galectin-10 levels might reflect systemic 
occurrence of EETosis-mediated cytolysis and be 
a novel biomarker for EGPA. 

KEY POINTS  
•  Stimuli-induced NOX and PAD4 activation acts as intracellular signaling that induces EETosis.

•  EETosis is accompanied by the release of galectin-10 and is observed in diseased tissue from patients with EGPA.

•  Serum galectin-10 levels are associated with disease activity and serum IL-5 in patients with EGPA. 



Clinical Connections

KEY POINTS  
•  SSc monocytes exhibit 

an activation phenotype 
with a predominance of 
induced adhesion.

•  CD52 regulates integrin-
dependent processes.

•  CD52 influences type I 
IFN signaling.

•  CD52 expression 
is regulated by 
inflammation-dependent 
mechanisms via JAK/STAT 
signaling.

SUMMARY  
Infiltration of inflammatory cells into bodily organs (e.g., skin, lungs) is a major process leading to fibrosis, remodeling, 
and organ dysfunction in systemic sclerosis (SSc). Monocyte adhesion is a key process for cell infiltration; however, 
its pathomechanisms in SSc remain elusive. Rudnik et al investigated the role of CD 52 in monocyte adhesion 
and type I interferon (IFN) signaling in SSc patients. CD52 is a negative regulator of T cell receptor and NF-κB 
signaling. Upon stimulation with type I IFN, expression levels of CD52 decreased in a histone deacetylase type IIa–
dependent manner.  This resulted in the activation of integrin αM/β2 complex and enhanced monocyte adhesion.  
Additionally, deficiency of CD52 led to higher production of CXCL9, CXCL10, and STAT1 and development of 
the IFN signature. These data demonstrate new aspects of monocyte adhesion and proinflammatory type I IFN 
signaling in the context of SSc. 

Regulation of Monocyte Adhesion and 
Interferon Type I Signaling by CD52 in  
SSc Patients
Rudnik et al, Arthritis Rheumatol 2021;92:1720–1730

CORRESPONDENCE 
Gabriela Kania, PhD: gabriela.kania@uzh.ch
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E D I T O R I A L

Few Adverse Cardiovascular Events Among Patients With 
Rheumatoid Arthritis Receiving Hydroxychloroquine: 
Are We Reassured?
Candace H. Feldman1  and Mark S. Link2

Hydroxychloroquine (HCQ), an antimalarial agent, was first 
approved by the US Food and Drug Administration (FDA) for the 
treatment of rheumatic diseases in 1955 and has since become 
a crucial disease- modifying antirheumatic drug (DMARD). It is 
now a standard- of- care medication for the treatment of systemic 
lupus erythematosus (SLE) and part of the triple- therapy regimen 
for rheumatoid arthritis (RA). While risks of cardiotoxicity and spe-
cifically conduction abnormalities have been documented, they 
are thought to be rare. HCQ is known to block the rapid cardiac 
delayed- rectifier potassium current (IKr) channel, which may lead 
to a prolonged QT interval, which is a risk factor for torsades de 
pointes and sudden death (1,2). This effect is additive to other drugs 
that prolong the QT interval, and to congenital long QT syndrome.

HCQ was promoted as a treatment of severe acute respiratory 
syndrome coronavirus 2 (SARS– CoV- 2), and among patients who 
were very ill and receiving HCQ, significant QT interval prolongation 
was observed, particularly when HCQ was used in combination 
with azithromycin (3). These data prompted an analysis of cardiac 
safety events linked to HCQ using the FDA Adverse Event Report-
ing System pharmacovigilance database, and there were multiple 
reports of cardiac arrhythmias and other cardiac conditions (4). A 
key limitation of these data, however, is that the baseline cardio-
vascular status and risk factors for these patients was not known. 
In addition, the number of exposures was unknown so that the 
prevalence of these toxicities could not be determined.

To date, rheumatologists have not routinely monitored the 
corrected QT (QTc) interval of patients receiving HCQ and, in gen-
eral, have not hesitated to prescribe HCQ to patients with cardiac 
risk factors. In fact, studies among patients with SLE have shown 
HCQ to be potentially cardioprotective, with significantly reduced 
risk of coronary artery disease (5) and thrombosis (6). A recently 
published retrospective study examined QTc prolongation using 

electrocardiograms (EKGs) of 819 mostly male patients with rheu-
matic diseases treated with HCQ (2). The study demonstrated 
that 7% of patients had a QTc of 470– 500 msec and 1.5% had 
a QTc of >500 msec. The authors also found that chronic kid-
ney disease, history of atrial fibrillation, and heart failure were key 
risk factors for prolongation. Importantly, they also demonstrated 
that among the subset of patients with EKGs prior to initiating 
HCQ, there was a statistically significant mean increase in QTc of 
7.6 msec, with nearly 4% demonstrating a >15% prolongation or 
a QTc of >500 msec. These findings, combined with data from 
pharmacovigilance studies and from patients with SARS– CoV- 2, 
have appropriately prompted a critical reevaluation of the cardio-
vascular safety of HCQ among patients with rheumatic conditions.

In this issue of Arthritis & Rheumatology, Faselis et al (7) pres-
ent cardiovascular outcome data from a retrospective, observa-
tional study of 8,852 US veterans with incident RA, comparing 
half who received HCQ to half who received another nonbiologic 
DMARD. Ideally, a randomized controlled trial would be conducted 
to ascertain adverse cardiovascular risk associated with HCQ use, 
with systematic collection of baseline cardiovascular risk factors, 
comorbidities, serial EKGs, and long- term EKG monitoring. How-
ever, with the urgent safety concerns raised in the COVID era, rig-
orous analyses of readily available data are needed to help guide 
current clinical practice.

The study by Faselis et al included a cohort of mostly male 
(86%) US veterans with a mean age of 64 years with newly diag-
nosed RA. Twenty- eight percent were African American and 10% 
were Hispanic. A significant percentage of the population had a 
history of cardiovascular disease. Patients who were prescribed 
HCQ (mean dosage ~370 mg/day) for the first time were com-
pared to patients prescribed a nonbiologic DMARD; both groups 
were followed up for 12 months. Arrhythmogenic outcomes were 
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rare and did not differ significantly between the 2 groups. There 
were 3 documented episodes of long QT syndrome (0.03%), as 
determined by billing codes, 2 of which occurred in the HCQ 
group. In addition, there were 56 arrhythmia- related hospitali-
zations, 30 of which occurred among those treated with HCQ, 
with no significantly increased risk. There was no difference in all- 
cause mortality between the groups.

This study has a number of methodologic strengths. The 
authors designed the study to approximate a randomized con-
trolled trial. To accomplish this, they used an active comparator 
design; patients receiving HCQ were compared with patients 
receiving nonbiologic DMARDs, drugs that are used relatively 
interchangeably for the treatment of RA. This design attempts 
to address confounding by indication by identifying 2 groups 
of patients who would receive medications for similar reasons, 
both measurable and unmeasurable (8). In addition, the authors 
used a new user design by comparing HCQ initiators to nonbio-
logic DMARD initiators. This allows for discrete periods for collec-
tion of baseline variables prior to medication use, and a follow- up 
period after initiation to assess outcomes, and allows early adverse 
events to be captured (8). This is in contrast to a prevalent user 
design, which may be biased toward individuals who “survived” 
on the drug because individuals with early events, for exam-
ple, may discontinue treatment or die, thereby excluding them 
from the study cohort. In addition, the authors used propensity 
score matching to balance measured confounders between the 2 
comparator groups. The cohort included patients with incident RA 
to minimize the possibility that duration of disease, as well as prior 
treatments, contributed to the outcomes of interest. The data set 
included claims data, medication refill data, and laboratory values, 
allowing for a robust set of measured potential confounders.

However, there were also limitations that should give clinicians 
pause in their desire to be entirely reassured by the findings. First, 
this study was restricted to the first year of HCQ treatment among 
patients with incident RA, and outcomes, as they were meas-
ured, were rare. It is not known whether longer duration of HCQ 
treatment, or of RA, may be associated with more cardio  vascular 
events. In addition, outcomes presented in this study are limited 
to those identified by billing codes. EKGs were not collected at 
prespecified intervals for this cohort. If, in addition to billing codes, 
EKG and clinical note data were included, outcomes likely would 
have been higher. Billing codes have not been previously vali-
dated, meaning that the positive (or negative) predictive value 
of a diagnosis code of long QT syndrome is unknown. While all- 
cause mortality was considered, sudden cardiac death, which is 
an important outcome of interest when considering the conse-
quences of prolonged QT intervals, could not be assessed.

The population studied was mostly male, which is not con-
sistent with the demographic distribution of RA and thus may not 
be broadly generalizable to all patients with RA. In addition, QTc 
intervals are higher in women than in men, and QT prolongation 

is more common (9). A significant percentage of this cohort had 
underlying cardiovascular disease and while, on one hand, it is a 
“real world” cohort, it is also challenging to assess what may be 
a drug- related complication versus a preexisting condition. While 
propensity score matching minimizes the likelihood that cardio-
vascular conditions were significantly different between groups, 
residual unmeasured confounding likely remained. Further, this 
study was limited to RA patients and therefore findings may not 
be applicable to SLE patients, the most frequent HCQ utilizers, 
who may possess a different constellation of risk factors, concom-
itant medications, and comorbid conditions.

In addition, this study was conducted with an intent- to- 
treat design. This means that individuals who initiated HCQ 
were assumed to have continued HCQ throughout the follow- up 
period, and regardless of potential discontinuation, outcomes 
occurring in that group were attributed to HCQ exposure. It is well 
documented that there is a high rate of discontinuation of HCQ. 
An alternative and possibly better analysis would have been an 
as- treated analysis, in which medication refill data were used dur-
ing the follow- up period to ensure that individuals were taking (or 
at least refilling) their drug throughout the time period leading up to 
the event. The authors did conduct an analysis examining 90- day 
adherence and did not find a difference between the arms when 
taking this into account. However, adherence data for the full 12- 
month follow- up period would have helped clarify the degree to 
which events could be attributed to the drug of interest.

Taking these limitations into account, the key question is 
whether clinicians can feel reassured by this study. Importantly, 
among nearly 9,000 individuals with incident RA, many with 
underlying cardiovascular disease, billing codes for long QT syn-
drome and arrhythmia- related hospitalizations were extremely 
rare, both among those receiving HCQ and those receiving other 
nonbiologic DMARDs during the first year of treatment. Certainly, 
further studies in cohorts that are diverse with respect to sex 
and race/ethnicity are needed to systematically collect EKG data 
longitudinally at prespecified intervals, and to account for HCQ 
dose, adherence, and duration of use. In addition, parallel studies 
among patients with SLE are necessary to understand whether 
the risk calculus is different. Overall, the results of this methodo-
logically rigorous study suggest that HCQ administration among 
patients with RA is unlikely to be associated with a significant 
enough risk to dissuade clinicians from continuing to safely pre-
scribe the medication. However, additional studies are essential 
to guide strategies for monitoring of QTc intervals, and to iden-
tify individuals at significantly higher risk of adverse outcomes for 
whom clinicians may consider avoiding HCQ.
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Moving the Goalpost Toward Remission: The Case for 
Combination Immunomodulatory Therapies in Psoriatic 
Arthritis
Jose U. Scher,1  Alexis Ogdie,2 Joseph F. Merola,3 and Christopher Ritchlin4

The challenge: a path to remission in psoriatic 
arthritis

Following the pivotal report that outlined unique disease 
features half a century ago (1), investigators in the field of psori-
atic arthritis (PsA) have extrapolated clinical trial data and molec-
ular insights from the more expansive experience in rheumatoid 
arthritis (RA). As a result, many of the diagnostic approaches, 
imaging modalities, therapeutics, and outcome measures par-
alleled (and at times became identical to) those developed for 
RA. This paradigm was reinforced 20 years ago when it was 
found that tumor necrosis factor inhibitors (TNFi) significantly 
improved signs and symptoms not only of RA, but also of PsA 
and psoriasis (2). However, and as practitioners familiarized 
themselves with its diagnosis and management, it became 
apparent that PsA was highly varied in presentation and clinical 
course. This heterogeneity and complexity are largely due to 
the interaction of multiple different tissue pathologies, orches-
trated by an array of immune cells and molecular mediators 
(beyond TNF) not directly involved in RA pathogenesis. The rev-
elation that psoriatic disease pathogenesis is orchestrated by 
the  interleukin- 23 (IL- 23)/IL- 17 axis, coupled with the domain 
approach to diagnostics and therapeutics, established PsA 
as markedly distinct from RA (3). Nonetheless, the therapeu-
tic landscape and management strategies for both diseases 
remain remarkably analogous to date.

The arrival of monoclonal antibodies targeting IL- 23 and 
IL- 17 marked a transformative era characterized by extraor-
dinary improvement in outcomes for patients with cutaneous 
psoriasis. Musculoskeletal responses to these same biologic 
therapies in PsA, however, did not significantly advance when 
compared to the American College of Rheumatology (ACR) 
composite outcomes reported in the first PsA TNFi trial in 2001 
(2). Indeed, 12 agents (the TNF inhibitors etanercept, adali-
mumab, infliximab, golimumab, and certolizumab, the IL- 17 
inhibitors secukinumab and ixekizumab, the IL12/IL- 23 inhib-
itor ustekinumab, the IL- 23 inhibitor guselkumab, the phos-
phodiesterase 4 inhibitor apremilast, the CTLA4- Ig abatacept, 
and the JAK inhibitor tofacitinib) with remarkably similar levels 
of efficacy are currently approved by the US Food and Drug 
Administration for treatment of PsA. Importantly, and although 
still the benchmark for regulatory approval, the ACR criteria for 
20% improvement (ACR20) (developed for RA) (4) as the pri-
mary end point is known to be clinically inadequate for most 
patients with PsA (5). Moreover, measures that resemble a 
state of low disease activity or remission, such as minimal dis-
ease activity (MDA), are achieved in a relatively small proportion 
of PsA patients, irrespective of the therapeutic agent (6). Taken 
together, these findings underscore the concept that there 
are multiple diverse pathways, cell types, and cytokines that 
promote and sustain synovio– entheseal disease and demand 
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new and fundamentally different treatment methodologies to 
achieve the depth of responses observed in psoriasis.

A new therapeutic paradigm: combining 
immunomodulatory drugs

In 1965, Emil Freireich and colleagues hypothesized that acute 
lymphocytic leukemia is best treated with combinations of drugs, 
each with a different mechanism of action, to decrease the chances 
of tumor resistance (7). After many experimental challenges, the 
group simultaneously administered methotrexate, vincristine, 
6- mercaptopurine, and prednisone (i.e., the VAMP regimen), which 
induced long- term remissions in children with acute leukemia. They 
concluded that combinations of effective agents produce an additive 
increase in rates of complete remission that far exceed responses 
with single therapies. The premise of induction and maintenance of 
remission is a guiding principle that has successfully governed the 
approach to oncologic therapeutics ever since (8).

Support for a parallel approach to address chronic joint 
inflammation emerged based on the concept that multiple differ-
ent cell lineages and disease pathways initiate and sustain joint 
inflammation and damage. To this end, RA investigators have 
tested combination strategies in recent decades, albeit with rather 
disappointing outcomes. 

The original interest in combination anticytokine therapy orig-
inated from translational and clinical work showing that TNF, as 
well as IL- 1, IL- 6, and plasma cells, are pivotal in the development 
and maintenance of inflammatory arthritis (9). Murine models 
based on a combination strategy with proven efficacy paved the 
way for dual biologic treatment in human RA (10). The first such 
trial examined the potential for synergistic effects of combination 
therapy with etanercept (at full or half dose) and anakinra (11). 
Regrettably, no added efficacy was demonstrated compared to 
etanercept monotherapy and a higher overall incidence of serious 
adverse events and severe infections was observed, in an anak-
inra dose– dependent manner. These negative results were reca-
pitulated with different combination strategies, including abatacept 
or rituximab in addition to etanercept (12,13), and were validated 
in a recent meta- analysis (14). Importantly, a bispecific TNF-  and 
IL- 17– targeted variable domain immunoglobulin (i.e., ABT- 122) 
did not provide greater efficacy compared to adalimumab in RA, 
although, in contrast to previous combination strategies, major 
safety signals did not arise in these relatively small studies (15,16). 
In a subsequent trial, RA patients with inadequate response to 
certolizumab at 8 weeks were treated with bimekizumab (an 
IL- 17A/F inhibitor) or placebo (17). The 28- joint Disease Activity 
Score response (18) was numerically greater in the combination 
treatment group without a clinically meaningful increase in safety 
signals, although the rate of treatment- emergent adverse events 
was twice as high.

Dual inhibition of IL- 17 and TNF would be expected to 
be more effective in PsA than in RA based on the current disease 

paradigm, and a proof- of- concept study with ABT- 122 was also 
performed in PsA patients with inadequate response to metho-
trexate (16). Intriguingly, and although ACR20 response was not 
different compared to that observed with adalimumab, the effi-
cacy of ABT- 122 based on the ACR50/ACR70 and the Psoriasis 
Area and Severity Index criteria for 75% improvement (PASI75)/
PASI90 (19) was statistically significantly superior at several time 
points. These data, coupled with a safety profile comparable to 
that of adalimumab, provided rationale for the pursuit of further 
program development of ABT- 122. The experience with this 
compound illustrates how a dual immunomodulatory strategy 
can concomitantly improve clinically relevant synovio– entheseal 
(e.g., ACR70) and skin (e.g., PASI90) outcomes in PsA patients 
without increased risk of infection. A variety of case reports have 
described significant clinical improvement with simultaneous 
use of TNFi and ustekinumab or guselkumab in 15 patients with 
recalcitrant PsA that was nonresponsive to multiple biologic 
disease- modifying antirheumatic drug (DMARD) monotherapy 
regimens (20). However, these patients had chronic, advanced 
disease and almost half of them developed infections. Moreover, 
the study was not blinded and may have been subject to publi-
cation bias.

Combinations with highest potential for 
increased efficacy and safety

Decisions regarding which combination(s) might yield an 
 optimal balance of efficacy and safety in patients with PsA 
should be informed by our current understanding of the path-
ogenic mechanisms of the disease and synergistic effects, 
combined with data that might predict adverse events. Our 
emphasis is to consider the combination of 2 targeted anticy-
tokines or a biologic with a targeted oral small molecule. This 
view is based on the experience that, unlike in RA, the use 
of methotrexate (21) or apremilast in randomized controlled 
trials or registry- based studies demonstrates no additional effi-
cacy in PsA beyond that obtained with biologic monotherapy. 
Importantly, the improved safety profiles of newer, targeted 
second- generation biologics or targeted JAK inhibitors support 
the rationale for combination approaches that include IL- 23i, 
IL- 17i, or deucravacitinib, for example, with the expectation that 
patients would experience fewer adverse events than observed 
with historic combinations (TNFi with IL- 1 or rituximab).

TNFi has demonstrated robust efficacy in the treatment of 
PsA. Yet, with IL- 23i treatment, skin clearance rates increased to 
levels never before witnessed with first- generation biologics, while 
providing a remarkable safety profile coupled with infrequent dos-
ing. It therefore stands to reason that combining these 2 classes 
with novel dosing provides an opportunity to optimize outcomes 
for both skin and synovio- entheseal components of psoriatic dis-
ease. This view is further supported by in vitro data demonstrating 
a synergistic effect of TNF and the IL- 23/IL- 17 axis on the enthesis 
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(22) and a deep suppression of cutaneous molecular pathways 
with IL- 23i compared to other drug classes (23).

Finally, as an ever- increasing number of oral JAK inhibi-
tors becomes available, it is intriguing to postulate combination 

strategies in PsA that include this class of drugs. Specific agents 
include nonselective JAK inhibitors (e.g., tofacitinib), and JAK1- 
selective inhibitors (e.g., upadacitinib), which have demonstrated 
TNFi- like efficacy in PsA.

Figure 1. Psoriatic arthritis (PsA) pathogenesis and proposed treatment strategies. Unlike psoriasis and rheumatoid arthritis, the pathogenesis 
of PsA is orchestrated by a specific set of hyperactivated inflammatory pathways, with synergistic effects that cause damage in a variety 
of tissues, including skin, synovium, and entheses (A). Although monotherapy approaches blocking primarily tumor necrosis factor (TNF), 
interleukin- 17 (IL- 17), and IL- 23 have led to extraordinary improvements in psoriatic skin inflammation, treatments targeting these same 
cytokines with monoclonal antibodies have not achieved parallel, clinically meaningful responses in synovio– entheseal outcomes (B). We 
propose an array of regimens combining multiple therapeutic strategies including dual cytokine blockade and/or combination with intracellular 
kinase inhibitors, with the ultimate goal of very low disease activity or even remission in patients with PsA (C). IFNα = interferon-α; IL- 23R =  
IL- 23 receptor; BMP = bone morphogenetic protein; ILC3 = group 3 innate lymphoid cells; PASI90 = Psoriasis Area and Severity Index criteria 
for 90% improvement; ACR70 = American College of Rheumatology criteria for 70% improvement (developed for RA).
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Potential timing and dosing considerations

Insights gained from combination therapy in oncology are 
instructive. Examples include the timing of pathway- specific 
treatments and the concept that order matters (i.e., initial target-
ing of a tumor with chemotherapy allows for immunotherapies to 
become more effective). Mechanism also matters— allowing one 
therapy to open the tumor microenvironment may then allow a 
subsequent therapy to enter the tumor (24). Although parallel 
strategies may be effective in treating synovitis, studies exploring 
novel interventions in inflammatory arthritis are exceedingly rare.

Thus, prospective proof- of- concept studies are needed to 
test strategies in PsA that consider various dosages, sequence, 
and frequency of therapies. Several approaches are envisioned 
(Figure 1). For example, in early, moderate- to- severe, multidomain 
PsA, we propose a combination induction regimen using 2 com-
plementary pathways at approved doses in order to induce rapid 
remission, followed by anticytokine (or oral small molecule) mono-
therapy for maintenance. Combinations of conventional synthetic 
DMARDs such as methotrexate, leflunomide, and sulfasalazine 
are problematic in PsA due to the high prevalence of obesity and 
fatty liver disease, while pulse steroids may trigger erythroderma 
during steroid taper. Other conceivable designs include the syn-
chronous and sustained use of 2 different biologics (including 
novel bispecifics) at lower doses, or the administration of 2 differ-
ent immunomodulators in an asynchronous manner.

Another intriguing possibility would entail a domain- driven 
approach in which, depending on the dominant clinical pheno-
type, a “background” drug can be used as monotherapy with the 
possibility of adding a second agent on an as-needed basis. This 
“boost” approach can be exemplified by the initiation of a TNFi 
or oral small molecule in an arthritis- predominant case, comple-
mented with the use of a lower dose/less frequent IL- 23i or IL- 17i 
if and when there is a flare in the skin domain or full clearance is 
not achieved. Another important consideration with the domain- 
driven strategy is the differential timing of response for individ-
ual tissues, as skin response may be observed early, followed 
by improvement in joint symptoms, while reduction of enthesitis 
and nail symptoms may take place at later time points. With this 
in mind, targeting skin early, followed by addition of a second 
agent to target persistently active domains, may be a successful 
approach. An alternative strategy is to start with a combination of 
agents and then decrease or discontinue medications once sig-
nificant responses in individual domains are achieved (25). Finally, 
if circulating, cutaneous, or synovial biomarkers to stratify hetero-
geneous subtypes could be identified, strategies to direct therapy 
combination, order, or dosing could be used to induce remission.

In pursuance of PsA remission: the way forward

There is mounting evidence supporting the notion that 
improved outcomes, and specifically remission, can be achieved in 

early and moderate- to- severe PsA. As the field prepares for clinical 
trials to address this unmet need, multiple elements are required 
for the planning and execution phases. Critically, relevant insights 
will be derived from similar efforts in inflammatory bowel diseases. 
The VEGA study, for example, is investigating the efficacy and 
safety of combination therapy with guselkumab and golimumab 
in moderate- to- severe active ulcerative colitis (26). Interestingly, this 
phase II proof- of- concept randomized trial compares dual block-
ade versus either agent as monotherapy, with remission outcomes 
assessed at 12 weeks. Regardless of efficacy, this is the first trial 
using this combination, and will provide highly relevant safety data to 
inform potential applicability in PsA. Importantly, the implementation 
of these more aggressive approaches should be paired with inno-
vative trial designs that incorporate stringent composite end points 
that document remission in skin and synovio– entheseal domains 
as desired targets, including MDA/very low disease activity, Disease 
Activity in Psoriatic Arthritis score (27), and composite indices such 
as the ACR70 and PASI100. Concomitantly, and analogous to the 
positron emission tomography– computed tomography approach 
to surveillance in various solid tumors, the incorporation of novel 
imaging modalities (i.e., evaluation of subclinical changes on whole- 
body magnetic resonance imaging or musculoskeletal ultrasound) 
has potential to document the achievement of “deep tissue remis-
sion.” Applying state- of- the- art immunophenotyping platforms and 
novel biomarkers will also be essential to characterize and under-
stand the ideal order in which the specific pathways should be 
targeted to maximize the probability of long- term, deep remission.

We recognize that there may be other ways to enhance 
PsA response rates, including earlier initiation of biologic treat-
ment, prevention strategies, and personalized medicine (i.e., 
biomarker- based therapeutic decision- making), all of which are 
also viable options. However, and based on the accumulated 
body of immunologic, molecular, and clinical evidence, we pro-
pose the hypothesis that PsA remission can best be achieved 
when diverse pathobiologic pathways are targeted with a com-
bination approach comprising agents with distinct, but synergis-
tic, mechanisms of action that counter inflammatory events in all 
affected domains. This approach has proven highly effective in 
patients with oncologic disease, which has many parallels with 
chronic immune- mediated inflammatory disorders. Rigorous 
proof- of- principle trials emphasizing both efficacy and safety 
(both short-  and long- term) and coupled with state- of- the- art 
translational investigation should reveal whether these combina-
tion strategies can profoundly alter the current therapeutic para-
digm in PsA and foster deep and long- lasting remission.
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Semaphorins: From Angiogenesis to Inflammation in 
Rheumatoid Arthritis
Jérôme Avouac,1  Sonia Pezet,2 Eloïse Vandebeuque,3 Cindy Orvain,2 Virginie Gonzalez,2 Grégory Marin,4 
Gaël Mouterde,5 Claire Daïen,5 and Yannick Allanore1

Objective. To study the potential role of semaphorins in the pathogenesis of rheumatoid arthritis (RA).
Methods. Microarray experiments were performed on Affymetrix GeneChip Human Exon 1.0 ST arrays in RA  

endothelial cells (ECs) and control ECs derived from circulating progenitors. Expression of class 3 and class 4  
semaphorins and their receptors in the serum of RA patients and healthy controls was assessed by immuno 
histochemical analysis in synovial tissue and by enzyme linked immunosorbent assay.

Results. Microarray analysis revealed differential expression of class 3 and class 4 semaphorins and their 
receptors in RA ECs. Semaphorin 4A (SEMA4A), plexin D1, and neuropilin 1 messenger RNA (mRNA) levels were 
markedly increased in RA ECs by 1.75 , 2.21 , and 1.68 fold, respectively. Stimulation with tumor necrosis factor 
(TNF) led to a 2 fold increase in SEMA4A mRNA levels in RA ECs, and deficient SEMA4A expression modified RA EC 
angiogenic properties. Class 3 and class 4 semaphorins as well as their receptors were overexpressed in RA synovial 
tissue. A respective 1.30 fold increase and 1.54 fold increase in SEMA4A and SEMA3E, as well as a 24% decrease 
in SEMA3A, was observed in the serum of RA patients. Serum levels of SEMA4A, SEMA4D, and SEMA3A correlated 
with levels of inflammation and proangiogenic markers. In 2 independent cohorts of patients with low disease activity 
or with RA in remission, the presence of SEMA4A identified patients with residual disease activity.

Conclusion. Gene expression profiling of ECs identified class 3 and class 4 semaphorins as potential biomarkers 
and therapeutic candidates in RA, with confirmed overexpression in ECs, synovial vessels, and serum, and correlation 
with validated markers of inflammation and angiogenesis. Thus, semaphorins might be novel and appealing EC 
derived inflammatory and proangiogenic targets in RA.

INTRODUCTION

Inflammatory diseases are associated with pathologic angi-
ogenesis (1,2). The proposed mechanism for this association is 
the induction of angiogenesis by secreted mediators of tissue- 
infiltrating inflammatory cells (3,4). However, recent evidence has 
suggested primary involvement of angiogenesis in the onset of 
tissue inflammation, which occurs prior to inflammatory cell infil-
tration (5). Angiogenesis may precede leukocyte infiltration in 
experimental models of inflammatory diseases. These findings 
add to the accumulating evidence of the importance of endothelial 
function in the pathophysiologic processes of inflammation.

Rheumatoid arthritis (RA) is the most frequently observed 
inflammatory rheumatic disorder (6). The synovium is the affected 
tissue in the inflammatory process that may lead to irreversible 
damage of adjacent cartilage and bone. New blood vessel for-
mation is an initial and critical event to stimulate the growth of the 
hyperplasic proliferative pathologic synovium. Increased vascular 
density results from the unrestrained activation of angiogenesis 
and vasculogenesis by inflammatory cytokines and growth factors 
synthetized from tissue infiltrating inflammatory cells, which lead to 
the uncontrolled formation of new blood vessels (1– 4).

Endothelial cell (EC) activation, proliferation, and migration are 
critical for the formation of new blood vessels. We have developed 
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a relevant technique to obtain ECs in cell cultures derived from cir-
culating endothelial progenitors (7,8). These cells represent valu-
able tools to study endothelial biologic processes since they have 
the phenotype of genuine ECs, display robust proliferative poten-
tial, exhibit in vitro angiogenic properties, and have the capacity 
to constitute and orchestrate vascular remodeling in vivo (7,9,10).

To better understand the involvement of angiogenesis and 
vasculogenesis in RA, we investigated the gene expression profile 
of RA and control circulating progenitor– derived ECs by compre-
hensive microarray analysis. This analysis revealed a semaphorin 
signature in RA ECs. The semaphorin family comprises a group of 
structurally similar molecules characterized by the presence of a 
Sema domain of ~500 amino acids. Semaphorins are expressed 
in a wide range of immune cells and have roles in various immune 
responses. In the context of RA, class 3 and class 4 semaphorins 
have been implicated in the regulation of T cell response, the pro-
motion of synovial cell proliferation, or the induction of proinflam-
matory cytokine production by monocytes (11). However, their 
specific contribution to synovial neovascularization has not yet 
been studied. Thus, our aim was to investigate the relevance of 
semaphorins in RA vasculogenesis and synovial angiogenesis, as 
well as their merit as circulating markers reflecting disease- related 
joint/systemic inflammation and angiogenesis.

PATIENTS AND METHODS

Patient recruitment and synovial tissue samples. The 
present study included 200 patients who fulfilled the 2010 Amer-
ican College of Rheumatology/European Alliance of Associations 
for Rheumatology (EULAR) criteria for RA (12,13). The first set of 
130 consecutive patients with RA, who were classified as the dis-
covery cohort, was recruited from the rheumatology department 
at Cochin Hospital (Paris, France). A second prospective set of 70 
patients with RA in remission or with low disease activity, who were 
classified as the replication cohort, was recruited from the rheu-
matology department at Lapeyronie Hospital (Montpellier, France). 
Patients in the replication cohort had a Disease Activity Score in 
28 joints using the C- reactive protein level (DAS28- CRP) of <3.2 
and no active synovitis (i.e., swollen and tender joints) detected 
by clinical examination at the inclusion visit. Treatment was kept 
unchanged (no tapering strategy), and patients were followed up 
for 12 months with visits performed regularly every 3 months.

The present study also included 30 age-  and sex- matched 
control subjects recruited from the rheumatology department of 
Cochin Hospital (Paris, France). Synovial tissue from the knee 
joints of RA patients and control subjects was obtained in collab-
oration with the department of orthopedic surgery at Cochin Hos-
pital (Paris, France). Detailed characteristics of the patients and 
control subjects are provided in Table 1. The number of samples 
used for each experiment is presented in Supplementary Table 1, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41701/ abstract.

All patients and controls provided written informed consent. 
The study was approved by the local institutional review boards 
in Paris and Montpellier, France (Comité de Protection des Per-
sonnes, Paris Ile de France 3 and Comité de Protection des Per-
sonnes Sud Méditerranée III).

Table 1. Demographic features and clinical characteristics of the 
study population*

Discovery 
cohort 
(Paris) 

(n = 130)

Replication 
cohort 

(Montpellier) 
(n = 70)

Demographic features
Age, mean ± SD years 58.2 ± 12.9 59.6 ± 13.8
Female sex 111 (85.3) 53 (75.7)

Disease characteristics
Dis ease duration, mean ± SD 

years
13.9 ± 11.2 8.6 ± 9.4

RF positivity 102 (78.5) 53 (75.7)
Anti- CCP2 antibody positivity 105 (80.8) 60 (85.7)
Ero sions on hand/foot 

radiographs
79 (60.8) 37 (52.9)

Disease activity
Tender joint count, mean ± SD 3.7 ± 4.9 0.5 ± 1.0
Swollen joint count, mean ± SD 4.0 ± 5.2 0.4 ± 0.8
DAS28 score, mean ± SD 3.52 ± 1.39 2.10 ± 0.70
DAS28 category

<2.6 35 (26.9) 14 (82.3)†
2.6– 3.2 21 (16.2) 3 (17.7)†
>3.2 74 (56.9) 0 (0)
>5.1 15 (11.5) 0 (0)

DAS28- CRP score, mean ± SD 3.02 ± 1.39 1.90 ± 0.59
DAS28- CRP category

<2.6 43 (33.1) 64 (91.4)
2.6– 3.2 30 (23.1) 6 (8.6)
>3.2 57 (43.8) 0 (0)
>5.1 14 (10.8) 0 (0)

ESR, mean ± SD mm/hour 19.6 ± 16.2 14.6 ± 11.0
ESR >28 mm/hour 29 (22.3) 3 (17.7)†
CRP, mean ± SD mg/liter 8.1 ± 21.2 5.6 ± 10.1
CRP >10 mg/liter 25 (19.2) 8 (11.4)

Ultrasound assessment
Hand synovitis 76 (58.4) 49 (70)
Patients with grade ≥1 

synovitis on PDUS
Grade 1 51 (39.2) 49 (70)
Grade 2 34 (26.2) 27 (38.6)
Grade 3 16 (12.3) 0 (0)

Current treatment
Glucocorticoids 87 (66.9) 24 (34.3)
Conventional DMARDs 118 (90.8) 63 (90)
Anti- TNF 26 (20) 30 (42.9)
Rituximab 27 (20.7) 0 (0)
Tocilizumab 12 (9.2) 10 (14.3)
Abatacept 8 (6.2) 5 (7.1)

* Except where indicated otherwise, values are the number (%). The
study population also included 30 control subjects with a mean ± 
SD age of 59.4 ± 15.3 years, of whom 26 (86.7%) were female. RF =  
rheumatoid factor; anti- CCP2 = anti– cyclic citrullinated peptide 
2; DAS28 = Disease Activity Score in 28 joints; DAS28- CRP = DAS28 
using the C- reactive protein level; ESR = erythrocyte sedimentation 
rate; PDUS = power Doppler ultrasonography; DMARDs = disease- 
modifying antirheumatic drugs; anti-TNF = anti–tumor necrosis factor. 
† Data were available for 17 patients. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract
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Data collection. Review of medical files was systematically 
performed to collect patient history, current and past medication 
use, physical examination data, and results of laboratory tests. RA 
disease activity was evaluated by the DAS28 (14), using erythrocyte 
sedimentation rate (ESR) and CRP levels (15). Systematic radio-
graphs of the hands and feet were used to assess the presence of 
erosions. Blood tests were performed on the morning of hospital 
visit, including complete blood cell count, Westergren ESR (con-
sidered elevated if >28 mm/hour), CRP concentration (considered 
elevated if >10 mg/liter), and serum creatinine concentration. Lev-
els of rheumatoid factor (RF) and second- generation anti– cyclic 
citrullinated peptide 2 (anti- CCP2) antibodies were measured by 
enzyme- linked immunosorbent assay (ELISA).

Ultrasound assessment. Power Doppler ultrasonography 
(PDUS) examinations were performed with a multiplanar technique, 
as recommended by the EULAR guidelines for musculoskele-
tal ultrasound in rheumatology (16), with a 7– 15 MHz linear array 
transducer (Toshiba Aplio) in Paris and a 12– 18 MHz probe (Esaote 
MyLab 70) in Montpellier. Semiquantitative scales were used to 
score hypoechoic synovial hyperplasia and joint effusion (both 
assessed using grayscale ultrasound) and synovial vascularization 
(evaluated with power Doppler). Synovitis, indicated by the pres-
ence of synovial hyperplasia and the absence of joint effusion on 
PDUS, was scored in each joint according to the semiquantitative 
Outcome Measures in Rheumatology (OMERACT)– EULAR ultra-
sound composite PDUS scale (17). A global synovitis score, derived 
from the Global OMERACT- EULAR Synovitis Score (GOESS), was 
determined from the sum of the composite PDUS scores for all 
assessed joints and was calculated for 16 paired joints: both hands 
(metacarpophalangeal [MCP] joints 1– 5 and proximal interphalan-
geal [PIP] joints 1– 5), both wrists (radioulnar, mediocarpal, and radi-
ocarpal joints), and both forefeet (metatarsophalangeal [MTP] joints 
1– 5), with a potential score range of 0– 96 (18).

Cell culture. At the time of hospitalization, blood samples 
were obtained from the forearms of patients in a resting state,  
and 50 ml of heparinized blood was collected into tubes for labora-
tory testing and other routine analyses. Samples were immediately 
transported to the laboratory for testing. Cell culture methods have 
been described previously and were suitable to obtain and expand 
late outgrowth endothelial progenitor cell (EPC)– derived colonies 
(7). Blood mononuclear cell fraction was collected by Ficoll (Pan-
coll) density-gradient centrifugation and suspended in complete 
endothelial growth medium 2 (EGM-2; Lonza). Then, cells were 
seeded onto separate wells of a 12- well tissue culture plate pre-
coated with type I rat tail collagen (BD Biosciences) and stored 
at a temperature of 37°C with an atmosphere consisting of 5% 
CO2 in a humidified incubator. After 24 hours, nonadherent cells 
and debris were aspirated, adherent cells were washed once with 
phosphate buffered saline, and complete EGM- 2 medium was 
added to each well. Medium was changed daily for 7 days, and 

then every other day until the first passage. Colonies of ECs gen-
erally appeared between 8 and 26 days of culture and were identi-
fied as well- circumscribed monolayers of cells with a cobblestone 
appearance. After the third passage, endothelial phenotyping was 
confirmed by flow cytometry, and ECs were then suspended in 
fetal bovine serum supplemented with 20% DMSO, frozen in liquid 
nitrogen, and stored until used (7). In a subset of experiments, RA 
ECs were stimulated with 50 ng/ml of tumor necrosis factor (TNF) 
or 100 ng/ml of  interleukin- 6 (IL-6; Miltenyi Biotec) for 6 hours.

Microarray analysis. Microarray analysis was performed 
on 29 samples from the Paris cohort (discovery cohort) obtained 
from 18 RA patients and 11 control subjects (Supplementary 
Table 1, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41701/ abstract). Affyme-
trix Microarray technology was used to analyze gene expression 
levels (Affymetrix GeneChip Human Exon 1.0 ST Arrays). Labeling 
and microarray processing were performed according to the man-
ufacturer’s protocol (8,9). These procedures are described in detail 
in the Supplementary Methods, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41701/abstract. All data obtained by microarray analysis 
have been deposited on the GEO Omnibus site with accession 
no. GSE12 1894 (https://www.ncbi.nlm.nih.gov/geo/query/ acc.
cgi?acc=GSE12 1894).

Quantitative reverse transcription– polymerase 
chain reaction (RT- PCR). Total RNA isolation was performed 
using an RNeasy Mini kit (Qiagen) according to the manufactur-
er’s protocol. First- strand complementary DNA was synthesized 
from 500 ng of total RNA using random primers and 200 units/
µl of Superscript II reverse transcriptase (Invitrogen). Quantitative 
PCR was performed on a 7300 Real- Time PCR system (Applied 
Biosystems). We used primer sequences to detect the genes 
for semaphorin 4A (SEMA4A) (Hs00223617_m1), SEMA4D 
(Hs00925667_m1), SEMA3A (Hs00173810_m1), SEMA3E 
(Hs00180842_m1), plexin D1 (PLXND1) (Hs00892410_m1), vas-
cular endothelial growth factor A (VEGF- A) (Hs00900054_m1), 
vascular cell adhesion molecule 1 (VCAM- 1) (Hs00365486_m1), 
intercellular adhesion molecule 1 (ICAM- 1) (Hs00277001_m1), 
and neuropilin 1 (NRP- 1) (Hs00826128_m1) (all inventoried by 
Applied Biosystems). Levels of messenger RNA (mRNA) were 
normalized to the levels of human HPRT1 (Hs99999909_m1) and 
GAPDH (Hs02786624_m1).

Western blot analysis. For Western blot analyses, 20 μg 
of protein was loaded onto 10% polyacrylamide gels, and then 
transferred to PVDF membranes (PerkinElmer Life Sciences). 
Membranes were blocked in 5% milk for 1 hour and immu-
noblotted with monoclonal or polyclonal antibodies directed 
against SEMA4A (R&D Systems), SEMA4D (Abcam), SEMA3A 
(Abcam), SEMA3E (Novus Biologicals), PLXND1 (Abcam), and 

http://onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121894
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121894
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121894


AVOUAC ET AL 1582       |

NRP- 1 (Abcam) at a 1:1,000 dilution each or against SEMA3E 
(Novus Biologicals) at a 1:750 dilution. Protein bands were 
detected with Amersham ECL Prime Western blotting detection 
reagent (GE Healthcare Life Sciences). Signals from bands were 
quantified using Fusion FX7 system imaging (Vilber Lourmat).

Enzyme- linked immunosorbent assay (ELISA). Periph-
eral blood samples were obtained from patients for ELISA anal-
yses, at the same time that blood was collected for routine 
analyses. The blood was stored in a Vacutainer tube and left  
undisturbed at room temperature, allowing for clot formation. 
Serum was obtained by centrifuging whole blood at 1,000– 2,000g 
for 10 minutes in a refrigerated centrifuge. Serum concentrations 
of SEMA4A, SEMA4D, SEMA3A, and SEMA3E were measured by 
quantitative ELISAs (Cloud- Clone Corp [SEMA4A and SEMA4D] 
and Wuhan Fine Biotech [SEMA3A and SEMA3E]). Intraassay/
interassay coefficients of variation, recovery, and linearity are pro-
vided for each marker in Supplementary Table 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41701/ abstract.

Serum concentrations of VEGF, soluble TIE- 2, angiopoietin 1, 
soluble VCAM- 1, and interleukin- 8 (IL- 8; CXCL8) were measured 
in the discovery cohort by quantitative ELISAs (R&D Systems and 
RayBiotech) according to the manufacturer’s recommendations, 
as previously described (19).

Immunohistochemical analysis. Paraffin- embedded 
synovial tissue sections were rehydrated, permeabilized, and 
stained overnight at 4°C, with primary antibodies directed 
against SEMA4A (R&D Systems), SEMA4D (Abcam), SEMA3A 
(Abcam), SEMA3E (Novus Biologicals), PLXND1 (Abcam), and 
NRP- 1 (Abcam) at a 1:50 dilution each and against SEMA4D 
(Abcam) and NRP- 1 (Abcam) at a 1:100 dilution each after anti-
gen retrieval and blocking. Polyclonal antibodies (Dako) labeled 
with horseradish peroxidase were used as secondary antibodies 
for 1 hour at room temperature. Immunoreaction products were 
revealed using diaminobenzidine solution with the Liquid DAB+ 
Substrate Chromogen System (Dako). Samples were analyzed 
using the Lamina Multilabel Slides Scanner (PerkinElmer). The 
amount of immunoreactivity was quantified using ImageJ soft-
ware (http://rsbweb.nih.gov/ij/docs/examp les/stain ed- secti ons/ 
index.html). Isotype controls for all immunohistochemistry stain-
ings are shown in Supplementary Figure 1, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41701/ abstract.

Immunofluorescence analysis. Paraffin- embedded 
sy no vial tissue sections obtained from RA patients and control 
subjects were rehydrated, permeabilized, and incubated after 
antigen retrieval and blocking with primary monoclonal antibod-
ies directed against SEMA4A (R&D Systems), SEMA4D (Abcam), 
PLXND1 (Abcam), and NRP- 1 (Abcam) at a dilution of 1:100 each 

and against SEMA3A (Abcam) and SEMA3E (Novus Biologicals) 
at a dilution of 1:50 each. Slides were then incubated with Alexa 
Fluor– conjugated secondary antibodies (Invitrogen) at a dilution 
of 1:200, and samples were analyzed using the Lamina Multilabel 
Slides Scanner (PerkinElmer).

Small interfering RNA (siRNA) transfection.  Control 
siRNA (D- 001810- 10- 05; On- Target Plus Non- Targeting Pool)  
or SEMA4A siRNA (L- 015686- 01- 0005; On- Target Plus Human  
SEMA4A siRNA SMARTpool) (both On- Target Pools from Hori-
zon Discovery) were used at a final concentration of 10 nM. RA 
ECs were transfected with siRNA successively on day 0 and 
day 1 using INTERFERin (Polyplus Transfection) according to the   
manufacturer’s protocol. Forty- eight hours after PEC transfection, 
RNAs and proteins were extracted.

Assessment of tube formation. ECs were coated with 10 
µl of Matrigel in an angiogenesis µ- Slide solution (ibidi) at a cell den-
sity of 10,000 cells per well. Tube formation was assessed at 2, 4, 
6, and 8 hours by visual microscopy with an inverted microscope 
(Olympus). Different parameters of tube formation were analyzed by 
using the Angiogenesis analysis plug- in of Image J software.

Statistical analysis. Statistical analyses were conducted 
using GraphPad Prism 7.0a software. Unpaired t- tests were used 
to compare 2 different groups of samples. One- way analysis of 
variance with Tukey’s multiple comparisons test was conducted to 
compare data among 3 or more independent groups. Spearman’s 
rank correlation was used to summarize the strength and direction 
of the relationship between 2 variables.

RESULTS

Gene expression profiles of cultured ECs identifying 
a semaphorin signature in RA patients. Unsupervised analy-
ses by hierarchical clustering was used to distinguish gene expres-
sion profiles between RA patients and healthy controls. Supervised 
analyses identified 879 differentially expressed genes in unstimu-
lated RA ECs compared to cells obtained from healthy controls. In 
these genes, IPA revealed an enrichment of class 3, class 4, and 
class 5 semaphorins and their receptors in RA EPC- derived ECs 
(Supplementary Table 3, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41701/ 
abstract). Semaphorins were then entered with a list of top differ-
entially expressed genes and their upstream regulators, chosen 
according to their consistency score, resulting P values (<0.05), 
fold change, and IPA findings (Supplementary Table 4), into the 
biologic database STRING to construct a functional protein asso-
ciation network. This analysis revealed a cluster of genes centered 
by VEGF- A interacting with the semaphorin family (Supplementary 
Figure 2). We then selected the following 4 semaphorins and their 
receptors (SEMA3A, SEMA3E, SEMA4A, SEMA4D, NRP- 1, and 
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Figure 1. Expression of semaphorin 4A (SEMA4A) and its receptors in endothelial cells (ECs). A– C, Levels of SEMA4A (A), plexin D1 (PLXND1) 
(B), and neuropilin 1 (NRP- 1) (C) mRNA, quantified by quantitative reverse transcription–polymerase chain reaction in rheumatoid arthritis (RA) 
and control ECs. D– F, Top, Western immunoblotting for (SEMA4A (D), PLXND1 (E), and NRP- 1 (F) proteins in cell extracts from cultured RA 
ECs. Representative results are shown. Bottom, Quantification of the immunoblotting results in RA patients (n = 6) and healthy controls (n = 3). 
Symbols represent individual subjects; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01, by Student’s t- test.

Figure 2. Effects of SEMA4A inhibition on angiogenic properties of ECs obtained from RA patients and transfected with SEMA4A small 
interfering RNA (siRNA). A, Levels of vascular endothelial growth factor (VEGF), intercellular adhesion molecule (ICAM), and vascular cell 
adhesion molecule (VCAM) mRNA expression, quantified by quantitative reverse transcription–polymerase chain reaction, in mock- transfected 
RA ECs (control siRNA) and SEMA4A- transfected RA ECs (SEMA4A siRNA) stimulated with 50 ng/ml of tumor necrosis factor (TNF) for 5 
hours or left unstimulated (not stimulated [NS]). B, Representative images of tube formation at the indicated time points in mock- transfected 
and SEMA4A- transfected RA ECs. Original magnification × 4. C, Analysis of tube formation, measured as the number of nodes, junctions, 
and branches at the indicated time points in mock- transfected and SEMA4A- transfected RA ECs (left) and the area under the curve (AUC) for 
detection of tube formation using numbers of nodes, junctions, and branches in mock- transfected and SEMA4A- transfected RA ECs (right). 
In A and C, symbols represent individual subjects (n = 3 per group in A; n = 4 per group in C); bars show the mean ± SEM.* = P <0.05; ** =  
P < 0.01, by Student’s t- 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.41701/abstract.
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PLXND1) for further investigations of ECs, synovial tissue sam-
ples, and serum samples, based on a combination of P value 
(<0.05) and fold change (>1.5).

Increased expression of SEMA4A and its receptors 
in RA ECs. Quantitative RT- PCR confirmed a 1.75- fold increase 
in SEMA4A mRNA levels in unstimulated ECs from RA patients 
compared with controls (P = 0.002) (Figure 1A). Messenger 
RNA levels of the receptors PLXND1 (Figure 1B) and NRP- 1 
(Figure 1C) were also markedly increased by 2.21-  and 1.68- fold 
in RA ECs compared to control cells (P = 0.009 and P = 0.004, 
respectively). The gene expression level of other semaphorins 
(SEMA3A, SEMA3E, and SEMA4D) was not significantly differ-
ent between RA patients and controls (data not shown). In addi-
tion, the protein levels of SEMA4A and its receptors, NRP- 1 and 
PLXND1, measured by Western blot analysis, were substantially 
increased in EC lysates obtained from RA patients when com-
pared to those obtained from controls (Figures 1D– F).

SEMA4A is induced by TNF and displays both proan-
giogenic and antiangiogenic properties in RA ECs. Given 
the increased expression of SEMA4A in RA ECs, we next aimed to 
assess the regulation of its expression by inflammatory cytokines 
and its angiogenic properties in RA ECs. Messenger RNA levels 
of SEMA4A were increased by 209% following the stimulation 
of RA ECs with TNF (P = 0.043), but remained unchanged with 

IL- 6 stimulation (Supplementary Figure 3 [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41701/ abstract]).

To assess whether decreased SEM4A expression may con-
tribute to the angiogenic properties of RA ECs, we then transfected 
these cells with SEMA4A siRNA (Supplementary Figures 4A and B, 
available on the Arthritis & Rheumatology website at http://online 
library.wiley.com/doi/10.1002/art.41701/abstract). RA ECs trans-
fected with SEMA4A siRNA showed reduced sensitization to TNF. 
Indeed, the transfection of RA ECs with SEMA4A siRNA led to a 26% 
decrease in TNF- induced VEGF mRNA levels (Figure 2A). Consistent 
with this finding, SEMA4A knockdown resulted in an 11% and 35% 
reduction in TNF- dependent expression of the adhesion molecules 
ICAM- 1 and VCAM- 1, respectively (Figure 2A). Conversely, transfec-
tion of RA ECs with SEMA4A siRNA was associated with acceler-
ated tube formation, with a higher number of nodes, junctions, and 
branches observed at 2, 4, and 6 hours (Figures 2B and C).

Synovial and circulating levels of semaphorins are ele-
vated in patients with RA. A marked overexpression of SEMA4A 
(Figures 3A and B) and SEMA4D (Supplementary Figures 5A and 
B, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract), SEMA3A 
(Supplementary Figures 5D and E), and SEMA3E (Supplementary 
Figures 5G and H) was observed in the synovial tissue of patients 
with RA, and the expression was prominent in immune cells and 
the vascular endothelium. Double labeling for CD31, as a marker 

Figure 3. Synovial expression of SEMA4A and its receptors. A, D, and G, Representative immunohistochemical staining for SEMA4A (A), 
PLXND1 (D), and NRP- 1 (G) in synovial tissue lesions from a patient with RA compared to synovial tissue from a healthy control. Bars =  
50 µm. Insets, Higher- magnification views of the outlined areas. B, E, and H, Relative amount of immunoreactivity of SEMA4A (B), PLXND1 
(E), and NRP1 (H) in ECs from 5 RA patients and 5 healthy controls, quantified using ImageJ software. Bars show the mean ± SEM. C, F, and I, 
Representative immunofluorescence staining for SEMA4A (C), PLXND1 (F), and NRP- 1 (I) in ECs from a representative patient with RA. Bars =  
20 µm. * = P < 0.05; ** = P < 0.01, by Student’s t- test. See Figure 1 for definitions.
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for vascular endothelium, and SEMA4A (Figure 3C), or SEMA4D 
(Supplementary Figure 5C), SEMA3A (Supplementary Figure 5F), 
or SEMA3E (Supplementary Figure 5I) confirmed endothelial expres-
sion of these semaphorins in lesional synovial tissue of RA patients. 
The expression of the receptors PLXND1 and NRP- 1 was also strik-
ingly increased in the synovial tissue of RA patients (Figures 3D, E, G, 
and H), and endothelial expression was confirmed by double labe-
ling of these receptors with CD31 (Figures 3F and I).

After analysis of semaphorin expression in tissue samples, we 
assessed circulating levels of semaphorins in a cohort of 130 RA 
patients and 30 age and sex- matched controls. Levels of SEMA4A 
(mean ± SEM 65.92 ± 27.11 versus 51.16 ± 23.59 ng/ml; P = 0.007) 
(Figure 4A) and SEMA3E (1.21 ± 0.884 versus 0.78 ± 0.80 ng/
ml; P = 0.041) (Figure 4D) were significantly increased in patients 
with RA compared to controls, and no difference was observed 
for SEMA4D (3.59 ± 7.39 versus 4.29 ± 10.19 ng/ml; P = 0.331) 
(Figure 4B). SEMA3A serum levels were markedly lower in patients 
with RA compared to control subjects (13.93 ± 5.69 versus 
18.29 ± 6.69 ng/ml; P < 0.001) (Figure 4C).

Semaphorin levels correlate with validated mark-
ers of inflammation. Class 4 semaphorins. Serum levels 
of SEMA4A positively correlated with swollen joint count (r = 0.26, 
P = 0.003) (Figure 5A), global arthritis score assessed by PDUS 
(r = 0.21, P = 0.030) (Figure 5B), and CRP levels (r = 0.34, 
P < 0.001) (Figure 5C). Levels of SEMA4A positively correlated 
with DAS28 scores (r = 0.19, P = 0.039) (Figure 5D) and DAS28- 
CRP scores (r = 0.25, P = 0.005) (Figure 5F). Indeed, RA patients 

with high disease activity, which was defined by a DAS28 or a 
DAS28- CRP score of >5.1, had increased serum concentra-
tions of SEMA4A when compared to RA patients with moderate 
or low disease activity (Figure 5E and G). The diagnostic value 
of SEMA4A identifying patients with an “inflammatory profile” 
was defined by a sensitivity of 67%, a specificity of 89%, and an 
area under the curve (AUC) of 0.80 (P < 0.001), with 12 patients 
characterized as having an “inflammatory profile” who each had 
a DAS28 score of >3.2, CRP level of >10 mg/liter, and a global 
arthritis score assessed by PDUS of >7 (Figure 5H).

SEMA4D serum levels inversely correlated with global arthri-
tis score assessed by PDUS (r = – 0.24, P = 0.013) (Supplemen-
tary Figure 6A, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41701/ abstract) 
and CRP levels (r = – 0.24, P = 0.005) (Supplementary Figure 6B). 
Serum levels of SEMA4D inversely correlated with DAS28 scores 
(r = – 0.21, P = 0.017) (Supplementary Figure 6C) and DAS28- 
CRP scores (r = – 0.23, P = 0.010) (Supplementary Figure 6E). 
Patients with high disease activity (a DAS28 or a DAS28- CRP 
score of >5.1) were more likely to have decreased serum levels 
of SEMA4D (Supplementary Figures 6D and F).

Serum levels of SEMA4A were significantly decreased in 
patients treated with targeted biologic therapies compared to 
patients treated with conventional synthetic DMARDs only, inde-
pendently of disease activity (Supplementary Figure 7A, available 
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41701/abstract). Conversely, serum levels of  
SEMA4D were significantly increased in patients receiving targeted 
biologic therapies, especially in patients with low disease activity or 
disease in remission (DAS28 of ≤3.2) (Supplementary Figure 7B).

Class 3 semaphorins. Serum levels of SEMA3A inversely cor-
related with global arthritis scores assessed by PDUS (r = – 0.22, 
P = 0.022), CRP levels (r = – 0.22, P = 0.012), and with DAS28 
scores (r = – 0.18, P = 0.042). No correlation was observed 
between serum levels of SEMA3E and markers of inflammation.

Utility of semaphorins in detecting residual disease 
activity in patients with RA in remission or low disease 
activity. Discovery cohort (Paris). In the subset of 56 patients 
with RA in remission or low disease activity as defined by a 
DAS28 score of <3.2, serum levels of SEMA4A positively corre-
lated with swollen joint counts (r = 0.40, P = 0.002) and DAS28- 
CRP score (r = 0.21, P = 0.022). Expression levels of SEMA4A 
and SEMA4D identified patients with infraclinical residual dis-
ease activity, defined by the persistence of synovial hyperemia 
detected in at least 1 joint, with a sensitivity of 57% and 78%, 
a specificity of 81% and 68%, and an AUC of 0.70 and 0.71 
(P = 0.008 and P = 0.012) for SEMA4A and SEMA4D, respec-
tively (Figure 5I and Supplementary Figure 6G).

Replication cohort (Montpellier). Semaphorin concen-
trations obtained in the replication cohort, which included 
70 patients with RA in remission or low disease activity, are 

Figure 4. Serum concentrations of SEMA4A (A), SEMA4D (B), 
SEMA3A (C), and SEMA3E (D) in 30 healthy controls and 130 
patients with RA from the discovery cohort. Symbols represent 
individual subjects; open bars indicate the mean, and the joined 
horizontal red lines show the SEM. * = P < 0.05; ** = P < 0.01; *** =  
P < 0.001, by Student’s t- test. See Figure 1 for definitions. Color 
figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract.
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presented in Supplementary Table 5 [http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41701/ abstract]. A correlation was  
observed between baseline DAS28- CRP score and serum  
concentrations of SEMA4A (r = 0.24; P = 0.004). No association 
was seen between SEMA4A levels and the persistence of syn-
ovial hyperemia. In addition, SEMA4A levels were significantly 
higher at baseline in the 14 patients who did not maintain sus-
tained remission during 12 months of follow- up as compared to 
patients who maintained sustained remission (DAS28 of <2.6) 
(mean ± SD 72.67 ± 25.59 ng/ml versus 59.63 ± 19.92 ng/
ml; P = 0.002). Analysis of SEMA4D expression did not detect 
residual disease activity in the replication cohort, and analysis 
of SEMA3A or SEMA3E expression did not detect residual dis-
ease activity in either cohort.

Semaphorin levels correlate with validated markers 
of angiogenesis. In the Paris cohort, expression of SEMA4A pos-
itively correlated with serum levels of the proangiogenic markers 
VEGF (r = 0.19, P = 0.042), soluble TIE-2 (r = 0.19, P = 0.046), and 
IL- 8 (r = 0.30, P = 0.002). Expression of SEMA3E only correlated 

with serum levels of soluble VCAM (r = 0.21, P = 0.033) (Sup-
plementary Table 6 [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41701/ abstract]). No correlation with angiogenic markers was 
detected for SEMA4D or SEMA3A expression.

DISCUSSION

Semaphorins were originally identified as neural guid-
ance molecules that lead neuronal axons to their appropriate tar-
gets (20). Since their initial characterization, however, the results 
of myriad studies have demonstrated that semaphorins, through 
interactions with their receptors, plexins and neuropilins, function 
in many physiologic and pathologic processes beyond neuronal 
guidance (11,21). Recently, the implication of semaphorins in 
the pathology of RA has been investigated, with class 3 being 
the most studied semaphorin family. However, their specific con-
tribution in synovial neoangiogenesis has not yet been evaluated.

Our results provide the first experimental evidence of a tran-
scriptional semaphorin signature in RA ECs, which, given the 
implication of this family in inflammation and angiogenesis, may 

Figure 5. Correlation of semaphorin 4A (SEMA4A) serum concentrations with validated markers of disease activity. A– D and F, Correlations 
between serum levels of SEMA4A and swollen joint count (A), global arthritis score assessed by power Doppler ultrasonography (PDUS) (B), C- 
reactive protein (CRP) level (C), Disease Activity Score in 28 joints (DAS28) (D), and the DAS28 using the CRP level (DAS28- CRP) (F). E and G, 
Serum levels of SEMA4A in patients stratified by categories of scores on the DAS28 (E) and DAS28- CRP (G). H, Receiver operating characteristic 
(ROC) curve illustrating the diagnostic value of SEMA4A for the identification of patients with an “inflammatory profile” (n = 12 patients with a DAS28 
score of >3.2, a CRP level of >10 mg/liter, and a global arthritis score of >7 assessed by PDUS). A global synovitis score of >7 corresponded to 
the 75th percentile value, and this cutoff provided the best sensitivity and specificity for active disease, as defined by a DAS28 score of >5.1. I, 
ROC curve illustrating the diagnostic value of SEMA4A for the identification of patients with persistence of synovial hyperemia detected in >1 joint. 
In E and  G, symbols represent individual subjects; open bars indicate the mean, and the joined horizontal black or red lines show the SEM. * = P 
< 0.05; ** = P < 0.01, by Spearman’s rank correlation test in A– D and F; by analysis of variance with Tukey’s post hoc test for multiple comparisons 
in E and G. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41701/abstract.
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contribute to the activated and proangiogenic profile of these cells 
as recently described (22). Messenger RNA and protein levels 
of SEMA4A, PLXND1, and NRP1 were significantly increased in 
RA ECs and were overexpressed in the lesional tissue obtained 
from patients with RA, with prominent expression in the vascular 
endothelium. This finding is consistent with a previous observation 
by Wang et al of increased SEMA4A mRNA levels in the syno-
vial tissue of RA patients, though Wang and colleagues did not 
conduct an analysis of SEMA4A- expressing cells (23). The pres-
ent study provides insight about the function of SEMA4A in RA 
ECs. The precise role of SEMA4A in angiogenesis is considered 
a subject of controversy, as recent studies demonstrated either 
proangiogenic or antiangiogenic SEMA4A effects depending on 
the experimental settings (24), which is consistent with our find-
ings. Indeed, SEMA4A invalidation was associated with increased 
tube formation in RA ECs, this antiangiogenic property being con-
sistent with the previous description of a SEMA4A- induced sup-
pression of VEGF- mediated EC migration and proliferation (25). 
Conversely, SEMA4A invalidation led to decreased mRNA levels 
of VEGF in RA ECs, which is consistent with the previous descrip-
tion of enhanced VEGF production by the SEMA4A– PLXND1 axis 
in different cell types (26).

In addition to EC and synovial tissue overexpression, we 
showed for the first time markedly increased serum SEMA4A 
concentrations in patients with RA. This finding is consistent with 
the Sema4A overexpression observed in the synovial fluid from a 
small group of 12 RA patients compared to a group of 12 osteoar-
thritis patients (23). Serum levels of SEMA4A correlated with mul-
tiple clinical, biologic, and PDUS markers of disease activity and 
angiogenesis, including the DAS28 and DAS28- CRP compos-
ite scores, which is consistent with the previously reported cor-
relation between the presence of SEMA4A in synovial fluid and 
DAS28 scores that was observed in 12 RA patients (23). Beyond 
its potential implication in angiogenesis, SEMA4A may be directly 
implicated in the inflammatory process of the disease by its dual 
action on RA fibroblast- like synoviocytes (FLS). Indeed, SEMA4A 
was shown to induce IL- 6 expression by RA FLS and to enhance 
the invasive ability of RA FLS by promoting the plexin D1– 
dependent expression of matrix metalloproteinase 3 (MMP- 3) and 
MMP- 9. In addition, autocrine Sema4A- plexin D1 signaling has 
been shown to act as a negative regulator of Th1 skewing and, 
conversely, as a key mediator in Th2 and Th17 differentiation (27).

We also demonstrate for the first time in 2 independent 
cohorts that SEMA4A may be a relevant marker of residual clinical 
disease activity and persistent synovial hyperemia in patients with 
disease in remission or patients with low disease activity, which is 
of importance to the clinician for the identification of patients who 
need continued treatment, as well as patients with disease activity 
in stringent clinical and infraclinical remission who would be candi-
dates for treatment reduction.

SEMA4D, SEMA3A, and SEMA3E were also differen-
tially expressed in the synovial tissue and/or in the serum of RA 

patients. SEMA4D has also been implicated in the pathogenesis of 
RA (28), and this semaphorin is thought to exacerbate the inflam-
matory responses of patients with RA via a positive feedback loop 
involving soluble SEMA4D, proinflammatory cytokines (IL-6 and 
TNF), and ADAMTS4. Treatment with an anti–SEMA4D antibody 
also prevented the development of arthritis in a collagen- induced 
arthritis mouse model (28). Negative correlations were observed 
between levels of SEMA4D and different markers of disease activity, 
which is in contrast to findings from a previous study that showed a 
positive correlation between serum levels of Sema4D and DAS28 
scores (28). This discrepancy was not explained by the clinical 
characteristics of patients included in both studies, which were 
very similar. Opposite effects of SEMA4A and SEMA4D on prop-
erties of human umbilical vein ECs have been reported, although 
these 2 semaphorins share the PLXND1 receptor, suggesting 
potential competition for receptor binding between 2 semaphorins. 
This finding is supported by our data, which showed that markers 
of disease activity correlated positively with SEMA4A and nega-
tively with SEMA4D and also demonstrated a significant reduction 
in serum concentrations of SEMA4A upon treatment with targeted 
biologic agents, contrasting with a significant increase in SEMA4D 
under the same conditions.

Discordant data have been reported regarding the expression 
and role of SEMA3A in RA. Decreased expression of SEMA3A 
has been shown to correlate with disease activity and the pres-
ence of histologic features of RA (29), which contrasts with the 
description of increased expression of Sema3A in RA patients, 
and has been shown to have a positive correlation with inflam-
matory factors, autoantibody production, and bone destruc-
tion (30). SEMA3A has been shown to induce the migration 
and invasive capacity of FLS (31), contrasting with the reduc-
tion in inflammation and progression of experimental autoim-
mune arthritis resulting from the administration of plasmid DNA 
encoding SEMA3A (32). Our data support a tissue specificity 
of SEMA3A expression, the levels of which are reduced in the  
serum of patients with RA, showing a correlation with markers of 
disease activity and an association with increased synovial tissue 
expression in patients with RA. SEMA3E has not yet been impli-
cated in the pathogenesis of RA, whereas in other autoimmune 
diseases, including systemic sclerosis, overexpression of sema-
phorins has been observed in the skin and serum of patients (11).

In conclusion, gene expression profiling of ECs revealed 
semaphorins as potential biomarkers and therapeutic candidates 
in RA, and validation of their use as biomarkers in larger prospec-
tive cohorts is needed. More importantly, semaphorins contribute 
to complementary processes involved in the pathogenesis of RA. 
Therefore, targeting semaphorins might be a novel and appealing 
inflammatory and proangiogenic target in RA.
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Cardiovascular Safety of Hydroxychloroquine in US 
Veterans With Rheumatoid Arthritis
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Objective. Hydroxychloroquine (HCQ) may prolong the QT interval, a risk factor for torsade de pointes, a potentially 
fatal ventricular arrhythmia. This study was undertaken to examine the cardiovascular safety of HCQ in patients with 
rheumatoid arthritis (RA).

Methods. We conducted an active comparator safety study of HCQ in a propensity score– matched cohort of 
8,852 US veterans newly diagnosed as having RA between October 1, 2001 and December 31, 2017. Patients were 
started on HCQ (n = 4,426) or another nonbiologic disease- modifying antirheumatic drug (DMARD; n = 4,426) after RA 
diagnosis, up to December 31, 2018, and followed up for 12 months after therapy initiation, up to December 31, 2019.

Results. Patients had a mean ± SD age of 64 ± 12 years, 14% were women, and 28% were African American. The 
treatment groups were balanced with regard to 87 baseline characteristics. There were 3 long QT syndrome events 
(0.03%), 2 of which occurred in patients receiving HCQ. Of the 56 arrhythmia- related hospitalizations (0.63%), 30 
occurred in patients in the HCQ group (hazard ratio [HR] associated with HCQ 1.16 [95% confidence interval (95% 
CI) 0.68– 1.95]). All- cause mortality occurred in 144 (3.25%) and 136 (3.07%) of the patients in the HCQ and non- HCQ 
groups, respectively (HR associated with HCQ 1.06 [95% CI, 0.84– 1.34]). During the first 30 days of follow- up, there 
were no long QT syndrome events, 2 arrhythmia- related hospitalizations (none in the HCQ group), and 13 deaths (6 
in the HCQ group).

Conclusion. Our findings indicate that the incidence of long QT syndrome and arrhythmia- related hospitalization 
is low in patients with RA during the first year after the initiation of HCQ or another nonbiologic DMARD. We found no 
evidence that HCQ therapy is associated with a higher risk of adverse cardiovascular events or death.

INTRODUCTION

Hydroxychloroquine (HCQ) may prolong the QT interval, 
which in turn may increase the risk of torsade de pointes arrhyth-
mias and sudden cardiac death (1). The evidence supporting 

this effect of HCQ in humans is primarily derived from occa-
sional case reports (1). Chloroquine, the parent drug of HCQ 
and an antimalarial drug, is prescribed annually to several hun-
dred million individuals worldwide without any surveillance 
reports of sudden unexpected death associated with its use (2). 
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However, controversies surrounding the now- revoked brief author-
ization for the limited, unapproved use of HCQ in patients with  
COVID- 19 early in the pandemic have renewed concerns about its 
adverse cardiovascular effects (1,3). These concerns were further 
heightened by observational studies that suggested a higher risk 
of adverse cardiovascular events and mortality associated with 
HCQ use in hospitalized patients with COVID- 19 (4– 7). Because 
patients with rheumatic diseases are often treated with HCQ, they 
have been most affected by these controversies and concerns 
(8,9). The objective of the present study was to examine the car-
diovascular safety of HCQ in US veterans with rheumatoid arthritis 
(RA) before the COVID- 19 pandemic, emulating the design of a 
randomized controlled trial (RCT) (10).

PATIENTS AND METHODS

Data source. We used data from the US Department of 
Veterans Affairs (VA) national electronic health record archived 
by the Corporate Data Warehouse (CDW) and available via the 
VA Informatics and Computing Infrastructure workspace. These 
data sets contain extensive baseline and longitudinal information 
on demographic characteristics, clinical characteristics, treat-
ment, and outcomes for >25 million veterans starting October 
1, 1999. To ensure that a patient was a user of the VA health 
care system, we required each patient to have an outpatient 
health care visit to a VA medical facility in the 24 months prior 
to enrollment in the study. The study was exempted from review 
by the Institutional Review Board and approved by the Research 
and Development Committee of the Washington DC VA Medical 
Center.

RCT emulation. Study population eligibility. An RCT of 
HCQ in patients with RA will enroll patients with RA diagnosed by 
physical examination and laboratory markers such as rheumatoid 
factor (RF) and anti– citrullinated protein antibody (ACPA). To mimic 
that design, we identified all veterans in the VA CDW database 
between ages 18 and 100 years who had new International Clas-
sification of Diseases, Ninth Revision, Clinical Modification (ICD- 
9- CM) or ICD- 10- CM codes of 714.0 or M05.9, respectively, for 
RA at ≥2 visits separated by ≥7 days between October 1, 2001 
and December 31, 2017. RA was considered newly diagnosed 
if there was no record of ICD codes for RA in the 24 months 
preceding the first mention. We began our enrollment on October 
1, 2001 to allow a 24- month window to verify prior RA from the 
CDW start date of October 1, 1999. This process yielded a total 
of 79,888 unique veterans with at least 2 instances of ICD codes 
for RA in their medical records (Figure 1).

We required these patients to have filled ≥1 prescription 
for a disease- modifying antirheumatic drug (DMARD), including 
HCQ, after the initial instance of ICD codes for RA. The addition 
of DMARD use to ICD codes in the algorithms for the diagnosis 
of RA has been shown to improve positive predictive value (11). 

Thus, we excluded 28,844 patients who never received a pre-
scription for DMARDs (n = 27,552) or received one before the first 
ICD code for RA diagnosis was recorded (n = 1,292) (Figure 1). 
We then required every patient to have laboratory documentation 
of a test for either RF or ACPA done after the diagnosis of RA 
or within 24 months before the diagnosis. We excluded 11,578 
patients who did not meet these criteria (Figure 1).

Active-comparator new-user design. Observational stud-
ies that compare prevalent users of a drug with nonusers of the 
drug are often confounded by selection and indication biases 
(10,12,13). These biases can be attenuated by using an active- 
comparator new- user design in which new users of a drug are 
compared with new users of another drug with a similar indication 
(13). Findings from observational studies based on a new- user 

Figure 1. Flow chart showing the assembly of a matched cohort 
of US veterans newly diagnosed as having rheumatoid arthritis (RA) 
and started on hydroxychloroquine (HCQ) or another nonbiologic 
disease- modifying antirheumatic drug (DMARD). International Clas-
sification of Diseases, Ninth Revision, Clinical Modification (ICD- 
9- CM) code 714.0 and ICD- 10- CM code M05.9 were used to 
identify US veterans with RA. RF = rheumatoid factor; ACPA = anti– 
citrullinated protein antibody.
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design have been shown to approximate those from RCTs (14,15). 
We used non- HCQ nonbiologic DMARDs as active comparators 
in the present study, since these drugs are often prescribed for 
the same indication as HCQ. Information about these drugs was 
obtained from VA CDW pharmacy files that contain detailed data 
on all prescription drugs (16). As such, from the cohort of 39,466 
patients with ICD codes for RA who received DMARDs and were 
tested for ACPA or RF, we selected 27,411 patients who received 
a prescription for either HCQ or a non- HCQ nonbiologic DMARD 
after RA diagnosis, up to December 31, 2018 (Figure 1). We lim-
ited treatment initiation to December 31, 2018, to allow all patients 
to have a minimum follow- up of 12 months, up to December 31, 
2019.

We then assembled a cohort of new users of HCQ or non- 
HCQ nonbiologic DMARDs by excluding patients who received 
prescriptions for these drugs during their respective washout peri-
ods preceding the first prescription (10). Patients were required to 
have ≥1 health care encounter during washout periods recorded 
to confirm that they did not receive these drugs. The duration of 
each drug’s washout period was separately estimated as 5 times 
the elimination half- life of the drug (17), plus 90 days to account for 
the longest duration of a prior prescription. Using a terminal blood 
half- life of 40 days, we estimated the washout period for HCQ to 
be 290 days (18). After excluding 14,390 patients who received 
HCQ or a non- HCQ DMARD during the washout period, the final 
pre- match cohort consisted of 13,021 patients who received 
a new prescription for HCQ (n = 4,749) or another nonbiologic 
DMARD (n = 8,272) (Figure 1).

Outcome-blinded assembly of a balanced cohort. In an 
RCT of HCQ, all patients will have a 50% probability of receiving 
HCQ regardless of whether one receives it or not. In contrast, in 
the clinical practice setting, this probability would vary between 
0 and 100% depending on many measured and unmeasured 
baseline characteristics that would be considered before initiat-
ing HCQ. This probability can be estimated as propensity scores 
using measured baseline characteristics and can be used 
to match patients started on HCQ and patients not started on 
HCQ (19,20). As 2 patients in an RCT, one receiving an active 
treatment and the other receiving placebo, will have the same 
50% probability of receiving the drug but may not have similar 
baseline characteristics, 2 patients within a propensity score–
matched pair with similar probabilities of receiving a drug may 
not have similar baseline characteristics. However, in a matched 
cohort the collective parity in the probability of receiving a drug 
ensures that patients receiving the drug and those not receiving 
the drug are balanced with regard to measured baseline char-
acteristics. Another advantage of propensity score matching is 
that the process of assembling a balanced cohort is blinded with 
regard to the outcome as it would be in an RCT (21,22). Still, 
unlike in an RCT, the process cannot ensure balance with regard 
to unmeasured baseline characteristics. However, formal sen-
sitivity analyses can determine whether significant associations 

observed in the matched cohort could be confounded by a 
potential unmeasured baseline characteristic (23).

We used a nonparsimonious multivariable logistic regres-
sion model to estimate propensity scores for the initiation of HCQ 
for each of the 13,021 patients in the pre- match cohort (Figure 1) 
(24,25). We used 87 baseline patient characteristics displayed 
in Table 1 as covariates in the model. Using a greedy matching 
algorithm, we matched 4,426 (93% of 4,749) patients started 
on HCQ with 4,426 patients started on a non- HCQ nonbiologic 
DMARD based on their propensity scores. Because propensity 
score models are sample- specific adjusters and are not intended 
to be used for out- of- sample prediction or estimation of coeffi-
cients, fitness and discrimination measures are not important 
for assessing the model’s effectiveness (26– 28). The propensity 
score model’s appropriateness is assessed by comparing the dis-
tribution of the measured baseline characteristics between the 2 
treatment groups in the matched cohort (26). As such, we esti-
mated absolute standardized differences (ASDs) for all 87 baseline 
characteristics before and after matching (24,28). ASDs directly 
quantify bias in the means (or proportions) of baseline characteris-
tics across the groups and are expressed as a percentage of the 
pooled standard deviation (26). Because unlike statistical tests of 
significance, ASDs are not affected by sample size, ASD values 
before and after matching are directly comparable (26). An ASD 
of 0% indicates no residual bias, and ASD values of <10% are 
considered inconsequential.

Study outcomes. Our primary outcomes of interest were 
incident long QT syndrome, arrhythmia- related hospitalization, 
and all- cause mortality. Secondary outcomes included all- cause 
hospitalization, the combined end point of arrhythmia- related hos-
pitalization or all- cause mortality, and the combined end point of 
all- cause hospitalization or all- cause mortality. All outcomes were 
assessed for 12 months from the receipt of the first prescrip-
tion and continued up to December 31, 2019, to allow at least 
12 months of follow- up. A diagnosis of long QT syndrome was 
ascertained using ICD- 9- CM code 426.82 or ICD- 10- CM code 
I45.81. The ICD- 9- CM and ICD- 10- CM codes for arrhythmia- 
related hospitalizations are provided in Table 2. Data on death and 
time to death were collected from the Vital Status File in CDW 
that contains death dates for all VA beneficiaries and is updated 
quarterly. More than 98% of deaths in the VA data are confirmed 
by data in the National Death Index.

Statistical analysis. Baseline characteristics were com-
pared between the 2 treatment groups using Pearson’s chi- square 
and Wilcoxon’s rank sum tests as appropriate. Associations 
between starting on HCQ and outcomes were assessed in the 
balanced matched cohort. Kaplan- Meier plots were generated 
to compare outcomes between the 2 treatment groups. Hazard 
ratios (HRs) and 95% confidence intervals (95% CIs) for out-
comes associated with HCQ initiation were estimated using Cox 
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Table 1. Baseline characteristics of the patients with RA started on HCQ or a non- HCQ nonbiologic DMARD*

Before propensity score matching 
(n = 13,021)

After propensity score matching 
(n = 8,852)

Non- HCQ DMARD 
(n = 8,272)

HCQ 
(n = 4,749) ASD†

Non- HCQ DMARD  
(n = 4,426)

HCQ  
(n = 4,426) ASD†

Age, mean ± SD years 64.3 ± 11.7 63.6 ± 12.1 6 63.9 ± 11.9 63.9 ± 12.0 0
Women 815 (9.9) 729 (15.4) 17 629 (14.2) 613 (13.8) 1
African American 2,106 (25.5) 1,352 (28.5) 7 1,229 (27.8) 1,221 (27.6) 0
Non- Hispanic ethnicity 7,433 (89.9) 4,267 (89.9) 0 3,986 (90.1) 3,969 (89.7) 1
Duration of RA, mean ± SD years 1.7 ± 2.9 2.4 ± 3.2 23 2.2 ± 3.3 2.2 ± 3.1 0
HCQ started during hospitalization 203 (2.5) 95 (2) 3 101 (2.3) 92 (2.1) 1
HCQ dosage, mean ± SD mg/day‡ – 372.3 ± 82.4 NA – 372.6 ± 81.5 NA
Medical history

Any hospitalization in past 12 months 1,136 (13.7) 702 (14.8) 3 631 (14.3) 641 (14.5) 1
Current smoker 1,719 (20.8) 1,131 (23.8) 7 1,029 (23.2) 1,018 (23) 1
Long QT syndrome 6 (0.1) 4 (0.1) 0 5 (0.1) 4 (0.1) 1
Atrial fibrillation 688 (8.3) 414 (8.7) 1 386 (8.7) 383 (8.7) 0
Other arrhythmias 1,837 (22.2) 1,099 (23.1) 2 1,018 (23) 1,001 (22.6) 1
Hypertension 6,159 (74.5) 3,467 (73) 3 3,258 (73.6) 3,255 (73.5) 0
Coronary artery disease 2,734 (33.1) 1,480 (31.2) 4 1,372 (31) 1,398 (31.6) 1
Acute myocardial infarction 684 (8.3) 357 (7.5) 3 338 (7.6) 335 (7.6) 0
Coronary artery bypass graft surgery 150 (1.8) 88 (1.9) 0 78 (1.8) 82 (1.9) 1
Percutaneous coronary intervention 437 (5.3) 229 (4.8) 2 218 (4.9) 214 (4.8) 0
Heart failure 827 (10) 468 (9.9) 0 444 (10) 437 (9.9) 1
Defibrillator use 88 (1.1) 48 (1) 1 53 (1.2) 45 (1) 2
Pacemaker use 180 (2.2) 115 (2.4) 2 115 (2.6) 106 (2.4) 1
Diabetes mellitus 2,613 (31.6) 1,358 (28.6) 7 1,255 (28.4) 1,289 (29.1) 2
Stroke 122 (1.5) 63 (1.3) 1 66 (1.5) 62 (1.4) 1
Peripheral arterial disease 1,297 (15.7) 755 (15.9) 1 704 (15.9) 715 (16.2) 1
Hypothyroidism 946 (11.4) 588 (12.4) 3 555 (12.5) 535 (12.1) 1
Lipid disorder 5,871 (71) 3,178 (66.9) 9 3,017 (68.2) 3,012 (68.1) 0
Liver disease 507 (6.1) 559 (11.8) 20 416 (9.4) 441 (10) 2
Renal failure/dialysis 752 (9.1) 524 (11) 6 469 (10.6) 468 (10.6) 0
Autoimmune disease 1,326 (16) 779 (16.4) 1 715 (16.2) 724 (16.4) 1
Chronic obstructive pulmonary 

disease
2,199 (26.6) 1,379 (29) 5 1,254 (28.3) 1,263 (28.5) 0

Asthma 888 (10.7) 556 (11.7) 3 510 (11.5) 512 (11.6) 0
Cancer 3,817 (46.1) 2,365 (49.8) 7 2,184 (49.3) 2,181 (49.3) 0
Anemia of chronic disease 220 (2.7) 174 (3.7) 6 147 (3.3) 144 (3.3) 0
Osteoarthritis 5,328 (64.4) 3,158 (66.5) 4 2,995 (67.7) 2,937 (66.4) 3
Depression 3,288 (39.7) 2,039 (42.9) 6 1,857 (42) 1,872 (42.3) 1
Dementia 141 (1.7) 96 (2) 2 83 (1.9) 83 (1.9) 0
Hyperkalemia 291 (3.5) 176 (3.7) 1 157 (3.5) 162 (3.7) 1
Hypokalemia 399 (4.8) 292 (6.1) 6 247 (5.6) 258 (5.8) 1
Hypomagnesemia 85 (1) 77 (1.6) 5 58 (1.3) 65 (1.5) 1
Hypocalcemia 52 (0.6) 24 (0.5) 2 27 (0.6) 23 (0.5) 1

Medication
Biologic DMARDs 870 (10.5) 306 (6.4) 15 281 (6.3) 301 (6.8) 2
Azithromycin 209 (2.5) 109 (2.3) 2 114 (2.6) 108 (2.4) 1
Other antibiotics 386 (4.7) 206 (4.3) 2 202 (4.6) 192 (4.3) 1
Antifungal medications 192 (2.3) 100 (2.1) 1 98 (2.2) 96 (2.2) 0
Antipsychotics 39 (0.5) 24 (0.5) 0 26 (0.6) 23 (0.5) 1
Tricyclic antidepressants 364 (4.4) 208 (4.4) 0 194 (4.4) 196 (4.4) 0
Tetracyclic antidepressants 226 (2.7) 142 (3) 2 122 (2.8) 133 (3) 1
Atypical antidepressants 324 (3.9) 211 (4.4) 3 200 (4.5) 188 (4.2) 1
Antihistamines 857 (10.4) 472 (9.9) 1 433 (9.8) 446 (10.1) 1
Anticonvulsants 72 (0.9) 36 (0.8) 1 31 (0.7) 33 (0.7) 1
Amiodarone 51 (0.6) 31 (0.7) 0 35 (0.8) 31 (0.7) 1
Other antiarrhythmic drugs 79 (1) 48 (1) 1 47 (1.1) 47 (1.1) 0
Loperamide 75 (0.9) 40 (0.8) 1 35 (0.8) 37 (0.8) 1
Lithium 22 (0.3) 18 (0.4) 2 17 (0.4) 15 (0.3) 1
Diuretics 1,344 (16.2) 765 (16.1) 0 726 (16.4) 716 (16.2) 1
Sulfonylureas 387 (4.7) 202 (4.3) 2 186 (4.2) 197 (4.5) 1

 (Continued)



CARDIOVASCULAR SAFETY OF HYDROXYCHLOROQUINE IN RHEUMATOID ARTHRITIS |      1593

regression models. The proportional hazards assumption was 
assessed by visual examinations of the log (minus log) curves. 
All outcomes were compared at 30 days and after 12 months 
of follow- up. Time to event was calculated from baseline to the 
first instance of the codes for these events during the specified 
 follow- up period (30 days or 12 months). For the mortality out-
come, patients who did not die were censored at the study end 
(30 days or 12 months), and for non- mortality outcomes, patients 
who did not experience the outcome of interest were censored at 
study end (30 days or 12 months) or at the time of death, which-
ever occurred first.

Because none of the associations in the matched cohort 
were significant, formal sensitivity analyses using Rosenbaum’s 
approach were not conducted (23). We conducted subgroup 
analyses to check for homogeneity of the associations in clini-
cally relevant subgroups. Even though we were able to match 
93% (4,426 of 4,749) of the patients in the HCQ group, only 54% 
(4,426 of 8,272) of the patients in the active comparator group 
were included in the matched cohort. Therefore, we also exam-
ined the association between HCQ initiation and outcomes in the 
pre- match cohort in a Cox regression model adjusted for propen-
sity score.

Before propensity score matching 
(n = 13,021)

After propensity score matching 
(n = 8,852)

Non- HCQ DMARD 
(n = 8,272)

HCQ 
(n = 4,749) ASD†

Non- HCQ DMARD  
(n = 4,426)

HCQ  
(n = 4,426) ASD†

Steroids 1,462 (17.7) 704 (14.8) 8 652 (14.7) 674 (15.2) 1
Aspirin 970 (11.7) 562 (11.8) 0 546 (12.3) 528 (11.9) 1
Acetaminophen 2,111 (25.5) 1,165 (24.5) 2 1,108 (25) 1,092 (24.7) 1
NSAIDs 2,899 (35) 1,712 (36) 2 1,595 (36) 1,571 (35.5) 1
SSRI 1,164 (14.1) 699 (14.7) 2 639 (14.4) 643 (14.5) 0
SNRI 325 (3.9) 203 (4.3) 2 192 (4.3) 190 (4.3) 0
Methadone 109 (1.3) 72 (1.5) 2 66 (1.5) 68 (1.5) 0
Other opioids 1,679 (20.3) 964 (20.3) 0 875 (19.8) 891 (20.1) 1
Loratadine 479 (5.8) 330 (6.9) 5 292 (6.6) 294 (6.6) 0
Warfarin 374 (4.5) 190 (4) 3 177 (4) 181 (4.1) 0
Metformin 785 (9.5) 371 (7.8) 6 344 (7.8) 356 (8) 1
ACE inhibitors 2,025 (24.5) 1,034 (21.8) 6 1,006 (22.7) 984 (22.2) 1
Angiotensin receptor blockers 487 (5.9) 250 (5.3) 3 221 (5) 242 (5.5) 2
Beta blockers 1,994 (24.1) 1,108 (23.3) 2 1,037 (23.4) 1,038 (23.5) 0
Calcium channel blockers 1,169 (14.1) 710 (15) 2 682 (15.4) 662 (15) 1
Digoxin 136 (1.6) 50 (1.1) 5 42 (0.9) 50 (1.1) 2

Vital signs, mean ± SD
Pulse, beats/minute 76.9 ± 14.1 76.3 ± 13.8 4 76.5 ± 13.8 76.3 ± 13.8 1
Systolic blood pressure, mm Hg 132.3 ± 17.0 131.9 ± 17.1 2 132.0 ± 16.8 132.0 ± 17.1 0
Diastolic blood pressure, mm Hg 75.7 ± 11.0 76.0 ± 10.8 3 75.9 ± 10.9 76.0 ± 10.8 1
Body mass index, kg/m2 29.3 ± 5.9 29.0 ± 5.9 5 29.1 ± 5.8 29.1 ± 6.0 0

Laboratory values (serum/plasma)
RF positive 8,210 (99.3) 4,697 (98.9) 4 4,384 (99.1) 4,382 (99) 0
ACPA positive 1,990 (24.1) 1,376 (29) 11 1,218 (27.5) 1,226 (27.7) 0
RF or ACPA positive 4,637 (56.1) 2,861 (60.2) 8 2,607 (58.9) 2,630 (59.4) 1
Erythrocyte sedimentation rate,  

mm/hour
32.3 ± 28.1 27.9 ± 24.4 17 27.8 ± 23.9 28.3 ± 24.7 2

C- reactive protein, mg/dl 2.4 ± 4.0 1.8 ± 3.7 16 1.8 ± 3.0 1.9 ± 3.8 3
Hemoglobin, gm/dl 13.6 ± 1.7 13.7 ± 1.7 6 13.7 ± 1.7 13.7 ± 1.7 0
White blood cells, 109/liter 8.0 ± 2.7 7.7 ± 3.5 10 7.8 ± 2.6 7.7 ± 3.6 3
Platelets, 109/liter 265.9 ± 93.6 247.2 ± 86.4 21 249.7 ± 81.5 249.4 ± 87.2 0
Glucose, mg/dl 114.7 ± 44.3 111.8 ± 40.3 7 112.4 ± 42.3 112.3 ± 40.6 0
Creatinine, mg/dl 1.0 ± 0.4 1.1 ± 0.5 22 1.0 ± 0.4 1.1 ± 0.4 3
Sodium, mEq/liter 138.9 ± 3.0 138.8 ± 2.9 3 138.9 ± 3.0 138.9 ± 2.9 0
Potassium, mEq/liter 4.2 ± 0.4 4.2 ± 0.4 0 4.2 ± 0.4 4.2 ± 0.4 0
Total cholesterol, mg/dl 172.4 ± 41.3 172.3 ± 41.5 0 173.3 ± 41.0 172.6 ± 41.4 2

* Except where indicated otherwise, values are the number (%). RA = rheumatoid arthritis; HCQ = hydroxychloroquine; DMARD = disease- 
modifying antirheumatic drug; NSAIDs = nonsteroidal antiinflammatory drugs; SSRI = selective serotonin reuptake inhibitor; SNRI = selective 
norepinephrine reuptake inhibitor; ACE = angiotensin- converting enzyme; RF = rheumatoid factor; ACPA = anti– citrullinated protein antibody. 
† We estimated absolute standardized differences (ASDs) because unlike statistical tests of significance, ASDs are not affected by sample size, 
and as such, ASD values before and after matching are directly comparable. ASDs directly quantify bias in the means (or proportions) of baseline 
characteristics across the groups and are expressed as a percentage of the pooled standard deviation. The goal of propensity score matching is 
to achieve ASD values of <10% for all measured baseline characteristics, since at those values, any residual bias is considered inconsequential. 
An ASD of 0% indicates no residual bias. 
‡ Not included in the propensity score model. 

Table 1. (Cont’d)
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Finally, we assessed the impact of treatment adherence on 
the observed associations using several approaches. We esti-
mated 90- day medication adherence using the proportion of days 
covered (PDC) approach and used a PDC of ≥80% as evidence 
of adequate adherence (29). PDC is calculated as the number of 
days “covered” by a prescription (e.g., 30 days or 90 days) divided 
by the total number of days intended to be covered (90 days in 
this case; examples provided in Table 3) (30). Patients in the HCQ 
and non- HCQ groups had a mean ± SD 90- day PDC of 68 ± 31% 
and 65 ± 30%, respectively (P < 0.001).

First, we examined the associations between HCQ ini-
tiation and 90- day outcomes in the 4,426 pairs of matched 
patients before and after adjusting for PDC as a continuous 
variable. Second, we examined these associations in patients 
who met the 80% PDC threshold for adequate adherence. Of 
the 8,852 matched patients, 3,856 (44%) had ≥80% PDC during 
the first 90 days of follow- up, of whom 2,061 (47% of 4,426) 
were in the HCQ group, and 1,795 (41% of 4,426) were in the 
non- HCQ group. Third, because these 3,856 patients (2,061 + 
1,795) with a 90- day adherence of ≥80% are a subset of the 
balanced matched cohort of 8,852 patients, to examine these 
associations in a balanced cohort, we assembled a separate 
propensity score– matched balanced cohort of 2,988 patients. 
Finally, we examined the associations between HCQ initiation 
and outcomes in subgroups of patients who received a 90- 
day prescription. Of the 8,852 matched patients, 2,781 (31%) 
received a 90- day prescription, and of these 1,771 (40% of 
4,426) were in the HCQ group and 1,010 (23% of 4,426) were in 
the non- HCQ group.

All statistical tests were 2- tailed and were conducted using 
SAS for Windows version 9.2. P values less than 0.05 were con-
sidered significant.

RESULTS

Baseline characteristics of the patients. Patients 
in the matched cohort (n = 8,852) had a mean ± SD age of 
64 ± 12 years, 14% were women, and 28% were African 
American. Before matching, patients in the HCQ group had a 
longer mean duration of disease, and a lower proportion received 
biologic DMARDs (Table 1). After matching, ASDs for all 87 base-
line characteristics were <4%, with 32 at 0% (Table 1), suggest-
ing a balanced distribution between the 2 treatment groups. 
The mean ± SD daily dosages of HCQ before and after matching 
were 372 ± 82 mg and 373 ± 82 mg, respectively.

Long QT syndrome. Overall, 3 (0.03% of 8,852) matched 
patients had incident long QT syndrome during the first 
12 months of follow- up, of which 2 (0.05% of 4,426) were in 
the HCQ group (Table 2). All 3 incidences of long QT syndrome 
occurred in the first 90 days (Table 3) and none during the first 
30 days (Table 2).

Arrhythmia- related hospitalization. During 12 months 
of follow- up, arrhythmia- related hospitalizations occurred in 30 
(0.68%) of 4,426 and 26 (0.59%) of 4,426 matched patients in  
the HCQ and other nonbiologic DMARD groups, respectively  
(HR associated with HCQ initiation 1.16 [95% CI 0.68– 1.95]) (Table 2 

Table 2. Outcomes according to treatment in a propensity score– matched cohort of patients with RA*

Outcomes by event type and 
follow- up duration

All patients  
(n = 8,852)

Non- HCQ DMARD  
(n = 4,426)

HCQ 
(n = 4,426)

HR associated with 
HCQ initiation  

(95% CI)
During the first 30 days of follow- up

Long QT syndrome 0 (0.00) 0 (0.00) 0 (0.00) – 
Hospitalizations due to arrhythmias† 2 (0.02) 2 (0.05) 0 (0.00) – 
All- cause mortality 13 (0.15) 7 (0.16) 6 (0.14) 0.86 (0.29– 2.55)
Hospitalizations due to all causes 174 (1.97) 87 (1.97) 87 (1.97) 1.00 (0.74– 1.35)
Arrhythmia hospitalization or all- cause 

mortality
15 (0.17) 9 (0.20) 6 (0.14) 0.67 (0.24– 1.87)

All- cause hospitalization or all- cause mortality 182 (2.06) 90 (2.03) 92 (2.08) 1.02 (0.77– 1.37)
During the first 12 months of follow- up

Long QT syndrome 3 (0.03) 1 (0.02) 2 (0.05) 2.00 (0.18– 22.06)
Hospitalizations due to arrhythmias† 56 (0.63) 26 (0.59) 30 (0.68) 1.16 (0.68– 1.95)
All- cause mortality 280 (3.16) 136 (3.07) 144 (3.25) 1.06 (0.84– 1.34)
Hospitalizations due to all causes 1,246 (14.08) 650 (14.69) 596 (13.47) 0.92 (0.82– 1.02)
Arrhythmia hospitalization or all- cause 

mortality
333 (3.64) 161 (3.64) 172 (3.89) 1.07 (0.86– 1.33)

All- cause hospitalization or all- cause mortality 1,398 (15.79) 720 (16.27) 678 (15.32) 0.94 (0.85– 1.04)
* Hazard ratios (HRs) were not significant for any outcome. Values are the number (%) of events. RA = rheumatoid arthritis;
HCQ = hydroxychloroquine; DMARD = disease- modifying antirheumatic drug; 95% CI = 95% confidence interval. 
† International Classification of Diseases, Ninth Revision, Clinical Modification (ICD- 9- CM) codes for arrhythmia hospitalizations 
included 425.4, 425.5, 426, 426.1, 426.11, 426.12, 426.13, 426.3, 426.4, 426.5, 426.53, 426.54, 426.6, 426.7, 426.89, 427, 427.1, 
427.2, 427.31, 427.32, 427.41, 427.5, 427.6, 427.61, 427.69, 427.81, 427.89, 427.9. ICD- 10- CM codes for arrhythmia hospitalizations 
included I42.0, I42.7, I42.8, I42.9, I44.0, I44.1, I44.2, I44.39, I44.7, I45.10, I45.19, I45.2, I45.5, I45.81, I45.89, I46.9, I46.9, I47.1, I47.2, 
I48.0, I48.1, I48.19, I48.2, I48.20, I48.3, I48.4, I48.91, I48.92, I49.01, I49.01, I49.1, I49.2, I49.3, I49.5, I49.8, I49.9. 
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and Figure 2). Of the 56 arrhythmia- related hospitalizations, 13 (23%) 
occurred during the first 90 days and 2 (3.57%) during the first 30 
days, and neither were associated with HCQ initiation (Tables 2 and 3).

All- cause mortality. All- cause mortality occurred in 144 
(3.25%) of 4,426 and 136 (3.07%) of 4,426 matched patients in 
the HCQ and non- HCQ nonbiologic DMARD groups, respectively 
(HR associated with HCQ initiation 1.06 [95% CI 0.84– 1.34]) 

(Table 2 and Figure 2). Thirty- day and 90- day mortality occurred in 
13 and 55 patients, respectively, and neither was associated with 
HCQ initiation (Tables 2 and 3).

Combined end point of arrhythmia- related hospital-
ization or all-cause mortality. The initiation of HCQ was not 
associated with the 12- month combined end point of arrhythmia- 
related hospitalization or all- cause mortality (HR 1.07 [95% CI 

Table 3. Ninety- day outcomes according to treatment in a propensity score– matched cohort of patients with RA, before and 
after accounting for 90- day adherence to HCQ treatment*

Outcomes by adherence Overall Non- HCQ DMARD HCQ

HR associated with 
HCQ initiation  

(95% CI)
Propensity score–matched cohort†

No. of patients 8,852 4,426 4,426
Long QT syndrome 3 (0.03) 1 (0.02) 2 (0.05) 2.00 (0.18– 22.06)
Hospitalizations due to arrhythmias‡ 13 (0.15) 6 (0.14) 7 (0.16) 1.17 (0.39– 3.47)
All- cause mortality 55 (0.62) 27 (0.61) 28 (0.63) 1.04 (0.61– 1.76)
Hospitalizations due to all causes 446 (5.04) 220 (4.97) 226 (5.11) 1.02 (0.85– 1.24)
Arrhythmia hospitalization or all- cause 

mortality
67 (0.76) 32 (0.72) 35 (0.79) 1.09 (0.68– 1.77)

All- cause hospitalization or all- cause mortality 478 (5.40) 236 (5.33) 242 (5.47) 1.03 (0.86– 1.23)
Patients with ≥80% adherence (PDC)§

No. of patients 3,856 1,795 2,061
Long QT syndrome 2 (0.05) 1 (0.06) 1 (0.05) 0.87 (0.06– 13.94)
Hospitalizations due to arrhythmias‡ 5 (0.13) 2 (0.11) 3 (0.15) 1.31 (0.22– 7.83)
All- cause mortality 24 (0.62) 11 (0.61) 13 (0.63) 1.03 (0.46– 2.30)
Hospitalizations due to all causes 179 (4.64) 79 (4.40) 100 (4.85) 1.11 (0.82– 1.49)
Arrhythmia hospitalization or all- cause 

mortality
29 (0.75) 13 (0.72) 16 (0.78) 1.07 (0.52– 2.23)

All- cause hospitalization or all- cause mortality 194 (5.03) 86 (4.79) 108 (5.24) 1.10 (0.83– 1.46)
Propensity score–matched cohorts of patients 

with ≥80% adherence (PDC)¶
No. of patients 2,988 1,494 1,494
Long QT syndrome 1 (0.03) 1 (0.07) 0 (0.00) – 
Hospitalizations due to arrhythmias‡ 4 (0.13) 2 (0.13) 2 (0.13) 1.00 (0.14– 7.10)
All- cause mortality 17 (0.57) 9 (0.60) 8 (0.54) 0.89 (0.34– 2.31)
Hospitalizations due to all causes 133 (4.45) 69 (4.62) 64 (4.28) 0.93 (0.66– 1.30)
Arrhythmia hospitalization or all- cause 

mortality
21 (0.70) 11 (0.74) 10 (0.67) 0.91 (0.39– 2.14)

All- cause hospitalization or all- cause mortality 141 (4.72) 71 (4.75) 70 (4.69) 0.98 (0.71– 1.37)
Patients who received a 90- day prescription

No. of patients 2,781 1,010 1,771
Long QT syndrome 0 (0.00) 0 (0.00) 0 (0.00) – 
Hospitalizations due to arrhythmias‡ 3 (0.11) 1 (0.10) 2 (0.11) 1.15 (0.10– 12.63)
All- cause mortality 16 (0.58) 4 (0.40) 12 (0.68) 1.72 (0.55– 5.32)
Hospitalizations due to all causes 109 (3.92) 35 (3.47) 74 (4.18) 1.21 (0.81– 1.82)
Arrhythmia hospitalization or all- cause 

mortality
19 (0.68) 5 (0.50) 14 (0.79) 1.60 (0.58– 4.45)

All- cause hospitalization or all- cause mortality 121 (4.35) 39 (3.86) 82 (4.63) 1.21 (0.83– 1.77)
* Hazard ratios (HRs) were not significant for any outcome. Values are the number (%) of events. RA = rheumatoid arthritis; HCQ = 
hydroxychloroquine; DMARD = disease- modifying antirheumatic drug; 95% CI = 95% confidence interval. 
† Propensity score– matched cohort as shown in Table 2. These associations did not change when adjusted for proportion of days 
covered (PDC) as a continuous variable. 
‡ See Table 2 for ICD- 9 codes for arrhythmia hospitalizations. 
§ The PDC was calculated as the number of days “covered” by a medication dispensed to a patient divided by the total number of 
days intended to be covered. For example, if a patient receives a 90- day prescription on day 1, his or her 90- day PDC will be 100% 
(90/90 = 1.00). Similarly, if a patient receives a 30- day prescription on day 1 and refills on days 31 and 61, he or she will also have a 
90- day PDC of 100% (90/90 = 1.00). However, if a patient receiving a 30- day prescription on day 1 misses the first refill on day 31 and 
gets the second refill on day 65, then the total days covered would be 55 days (30 + 0 + 25) with a 90- day PDC of 61% (65/90 = 0.61). 
Similarly, if a patient receiving a 30- day prescription on day 1 received the first refill on day 16 and the second refill on day 61, then 
the total days covered would be 75 days (30 + 30 – 15 + 30) with a 90- day PDC of 83% (75/90 = 0.83). 
¶ The propensity score model included all 87 variables listed in Table 1, plus the PDC as a continuous variable. 
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0.86– 1.33]) (Table 2). There were 15 and 67 combined end point 
events during the first 30 and 90 days, respectively, but no asso-
ciation with HCQ initiation (Tables 2 and 3). HCQ initiation had no 
association with the combined end point of all- cause hospitaliza-
tion or all- cause mortality (Tables 2 and 3).

Subgroup analyses. There was no evidence of heter-
ogeneity in the association of HCQ initiation with the 12- month 
combined end point of arrhythmia- related hospitalization or 
total mortality in any of the clinically relevant subgroups examined 
(Figure 3).

Propensity score– adjusted associations in the pre- 
match cohort. None of the propensity score– adjusted asso-
ciations between HCQ initiation and 12- month outcomes in the 
pre- match cohort was significant except for all- cause hospitaliza-
tion (HR 0.90 [95% CI 0.82– 0.99]; P = 0.031), which was consist-
ent with that in the matched cohort (HR 0.92 [95% CI 0.82– 1.02]; 
P = 0.120) (Table 2).

Treatment adherence and outcomes in the matched 
cohort. HRs for 90- day long QT syndrome, arrhythmia- related 
hospitalization, and all- cause mortality associated with HCQ initi-
ation were 2.00 (95% CI 0.18– 22.06), 1.17 (95% CI 0.39– 3.47), 
and 1.04 (95% CI 0.61– 1.76), respectively (Table 3). These asso-
ciations remained unchanged when adjusted for 90- day adher-
ence as well as in subgroups with adequate 90- day adherence 
(Table 3).

DISCUSSION

In the present study, <1% of the patients with newly diag-
nosed RA had incident long QT syndrome or arrhythmia- related 
hospitalizations during the first 12 months after initiation of HCQ or 
another nonbiologic DMARD, and patients started on HCQ did not 
have a significantly higher risk of these events than those started 
on another nonbiologic DMARD. We also observed that HCQ 
initiation had no association with all- cause mortality or all- cause 
hospitalization. To the best of our knowledge, this is the largest 
observational comparative safety study of HCQ initiation in a pro-
pensity score– matched balanced cohort of patients with RA that 
provides new information about the cardiovascular safety of HCQ.

The findings of our study suggest that the overall incidence 
of long QT syndrome is extremely low and that the risk is not sig-
nificantly higher in patients started on HCQ. HCQ prolongs the 
QT intervals by inhibiting the rapid cardiac delayed- rectifier potas-
sium current (IKr) in cardiac cells (1,31). However, the association 
between long QT syndrome and sudden death is complex, and 
all QT- prolonging drugs are not associated with sudden death. A 
sudden cardiac death autopsy study that adjudicated the cause 
of sudden death could not validate the association between  

Figure 2. Kaplan- Meier plots for arrhythmia- related hospitalization, 
all- cause mortality, and the combined end point of arrhythmia- related 
hospitalization or all- cause mortality in patients with rheumatoid 
arthritis started on hydroxychloroquine (HCQ) or another nonbiologic 
disease- modifying antirheumatic drug (DMARD). Hazard ratios 
(HRs) and 95% confidence intervals (95% CIs) are based on Cox 
proportional hazards models, with the other nonbiologic DMARD 
group as the reference.
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QT- prolonging drugs and sudden arrhythmic death (32). The lack 
of electrocardiographic confirmation of long QT syndrome may 
have underestimated incident long QT syndrome in our study, 
which in turn may have underpowered it to detect a significant 
risk difference. However, long QT syndrome is extremely rare. In 
one study of 2,000 elite athletes (mean age 20 years), 0.15% (3 of 
2,000) had electrocardiographic evidence of heart rate– corrected 
QT values >0.500 msec, which is highly suggestive of long QT syn-
drome (33). The prevalence of long QT syndrome in our study was 
0.10% (10 of 13,021), and the 12- month incidence was 0.03% 
(3 of 8,852). These lower estimates may, in part, be because long QT 
syndrome is less common in older men (34). Patients in our study 
had a mean age of 64 years, and 86% were men. Because HCQ 
is a slow- acting drug (18), it is possible that the incidence of long 
QT syndrome would be higher during more prolonged therapy.

HCQ is known for its immunomodulatory, antiinflammatory, 
vasoprotective, and antithrombotic properties (35). HCQ also 
suppresses Toll- like receptors (36), which have been shown to be 
activated in atherosclerosis in animal models and human studies 
(37). HCQ use has been associated with a lower risk of cardio-
vascular disease and diabetes mellitus in patients with RA (38) 
and a lower risk of death in SLE (8,39). Although patients with RA 
are at high risk of cardiovascular death, like those with SLE (40), 

we observed that HCQ use was not associated with a lower risk 
of all- cause mortality in patients with RA. It is possible that our 
use of other nonbiologic DMARDs as active comparators atten-
uated between- group mortality differences in our study. It is also 
possible that, unlike in patients with SLE in whom HCQ use is 
associated with a lower risk of death, HCQ use may not improve 
survival in patients with RA. One prior study that observed a lower 
risk of death associated with methotrexate use in patients with RA 
showed no such association with HCQ use (41).

Recent studies of the association of HCQ with outcomes have 
primarily been focused on hospitalized patients with  COVID- 19 
(42– 44). Two of those studies found no significant association 
with abnormal electrocardiographic findings or in- hospital mortality 
(42,43). The third study reported a higher risk of in- hospital mortal-
ity and ventricular arrhythmias in patients receiving HCQ but has 
since been retracted (44,45). Two recent RCTs of HCQ in patients 
with COVID- 19 also found no association with mortality or cardiac 
arrhythmias (46,47). In another study of patients with RA without 
COVID- 19, based on 14 sources of claims data or electronic med-
ical records from 6 countries, including VA data for 32,028 veter-
ans with RA taking HCQ alone, there was no evidence of a higher 
risk of short- term mortality (48). Primarily based on these find-
ings, the COVID- 19 clinical task force of the American College of 

Figure 3. Forest plots showing hazard ratios for the combined end point of arrhythmia- related hospitalization or all- cause mortality during 
the first 12 months after initiation of hydroxychloroquine (HCQ), according to clinically relevant subgroups based on baseline characteristics 
in US veterans who were newly diagnosed as having rheumatoid arthritis (RA) and were not taking HCQ prior to diagnosis. Seropositive RA 
was defined as a positive result on a test for either rheumatoid factor or anti– citrullinated protein antibody. 95% CI = 95% confidence interval; 
DMARDs = disease- modifying antirheumatic drugs.
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Rheumatology recommended that HCQ be temporarily withheld 
following  COVID- 19 infection “highlighting the potential for cardio-
toxicity (primarily QT prolongation and arrhythmias) that could be 
heightened in the context of COVID- 19 and the receipt of other QT- 
prolonging agents that are common among hospitalized patients” 
(49). Although we found no evidence of a higher risk of long QT syn-
drome associated with HCQ use, our subgroup analyses suggest a 
higher risk in those receiving other QT- prolonging drugs. However, 
results of subgroup analyses need to be interpreted with caution 
(50).

Adherence to HCQ therapy in patients with rheumatic dis-
eases, including RA, is generally low (51,52). It has been reported 
that adherence may be further lowered due to perceived con-
cerns surrounding its adverse cardiovascular effect in patients 
with COVID- 19 (9). The findings of our study provide much- 
needed information for patients with RA about the cardiovas-
cular safety of HCQ and suggest that these patients need not 
stop their HCQ based on the recent publicity. The findings of 
the present study also provide new information for clinicians 
that suggests that there is no need to avoid the use of HCQ 
when indicated in newly diagnosed patients with RA. Although 
our study was limited to patients with RA, these findings provide 
information about the safety of HCQ in those who might be tak-
ing the drug for other indications.

This study has some limitations. As in any observational 
study, residual bias or bias due to unmeasured confounders is 
possible. However, patients in our study were balanced with 
regard to 87 measured baseline characteristics, and the lack of 
significant associations precluded formal sensitivity analyses for 
potential confounding unmeasured baseline characteristics. The 
lack of a significant association also attenuates concerns about 
residual and unmeasured confounding. We did not have access 
to electrocardiograms, and it is possible that the incidence of QT 
prolongation was underestimated and/or misclassified. However, 
those would be expected to occur randomly in both treatment 
groups. The findings of the present study are based on male vet-
erans with RA from before the COVID pandemic, which may limit 
generalizability, especially to patients with COVID- 19.

In conclusion, the incidence of long QT syndrome and 
arrhythmia- related hospitalization during the first 12 months after ini-
tiation of a nonbiologic DMARD is infrequent in patients with RA, and 
the risk is not significantly higher in patients started on HCQ com-
pared to those started on another nonbiologic DMARD. Although 
the very low incidence of long QT syndrome in our study is generally 
consistent with that reported in the literature, future studies need 
to replicate these findings with electrocardiographically adjudicated 
incident long QT syndrome events.
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Inclusion of Synovial Tissue– Derived Characteristics in a 
Nomogram for the Prediction of Treatment Response in 
Treatment- Naive Rheumatoid Arthritis Patients
Stefano Alivernini,1  Barbara Tolusso,2 Marco Gessi,2 Maria Rita Gigante,2 Alice Mannocci,3 Luca Petricca,2 
Simone Perniola,4  Clara Di Mario,5 Laura Bui,2 Anna Laura Fedele,2 Annunziata Capacci,2 Dario Bruno,5 
Giusy Peluso,2 Giuseppe La Torre,3 Francesco Federico,2 Gianfranco Ferraccioli,5 and Elisa Gremese1

Objective. This study applied a synovitis score obtained during routine care from ultrasound (US)– guided 
biopsies of synovial tissue (ST) in patients with rheumatoid arthritis (RA) and patients with other inflammatory and 
noninflammatory joint diseases to identify pretreatment synovial biomarkers associated with disease characteristics, 
and to integrate the findings into a multiparameter nomogram for use in baseline prediction of diagnosis and treatment 
response in treatment- naive rheumatoid arthritis (RA) patients.

Methods. The study enrolled a total of 1,015 patients with various autoimmune diseases (545 patients with RA, 
167 patients with psoriatic arthritis [PsA], 199 patients with undifferentiated peripheral inflammatory arthritis [UPIA], 18 
patients with crystal- induced arthritis, 26 patients with connective tissue diseases, and 60 patients with osteoarthritis 
[OA] [as part of the SYNGem cohort]). All patients underwent a US- guided ST biopsy at baseline, and patients were 
then stratified according to disease phase. The KSS, along with disease characteristics and clinical outcomes, were 
incorporated into a nomogram for prediction of achievement of clinical remission in RA patients who were previously 
naive to treatment. In patients in whom a treat- to- target strategy was applied, remission was defined as change in 
the Disease Activity Score in 28 joints (DAS28) at 6 months after treatment initiation.

Results. The KSS significantly differed among RA patients, as well as PsA patients and UPIA patients, when compared 
to OA patients. In RA, the KSS directly correlated with the DAS28 and was related to autoantibody positivity in treatment- 
naive RA patients. Moreover, at baseline, treatment- naive RA patients achieving 6- month remission according to DAS28 
had a lower KSS, shorter duration of symptoms (very early RA [VERA]), and lower disease activity than treatment- naive 
RA patients not achieving remission according to DAS28. Results of logistic regression analysis identified the following 
synergistic predictive factors of achievement of DAS28- based disease remission at 6 months: having a short disease 
duration (VERA), not having high disease activity, and having a KSS of <5 at baseline. A nomogram integrating these 
baseline clinical and histologic characteristics in treatment- naive RA patients yielded an up to 81.7% probability of 
achieving 6- month remission according to the DAS28.

Conclusion. The KSS is a reliable tool for synovitis assessment on US- guided ST biopsy, contingent on the phase 
of the disease and the autoimmune profile of each patient. This tool could be integrated within a therapeutic response– 
predictive nomogram for the prediction of treatment response in RA patients who were previously naive to treatment.

Supported in part by the Italian Ministry of Health (Ricerca Finalizzata 
grant GR-2018-12366992).

1Stefano Alivernini, MD, PhD, Elisa Gremese, MD: Fondazione 
Policlinico Universitario Agostino Gemelli, IRCCS, and Università Cattolica 
del Sacro Cuore, Rome, Italy; 2Barbara Tolusso, BSc, Marco Gessi, MD, 
Maria Rita Gigante, MD, Luca Petricca, MD, Laura Bui, BTech, Anna Laura 
Fedele, MD, Annunziata Capacci, MD, Giusy Peluso, MD, PhD, Francesco 
Federico, MD, PhD: Fondazione Policlinico Universitario Agostino Gemelli, 
IRCCS, Rome, Italy; 3Alice Mannocci, PhD, Giuseppe La Torre, MD, PhD: 
Sapienza University of Rome, Rome, Italy; 4Simone Perniola, MD: 
Fondazione Policlinico Universitario Agostino Gemelli, IRCCS, Rome, Italy, 

and University of Verona, Verona, Italy; 5Clara Di Mario, BSc, Dario Bruno, 
MD, Gianfranco Ferraccioli, MD: Università Cattolica del Sacro Cuore, 
Rome, Italy.

No potential conflicts of interest relevant to this article were reported.
Address correspondence to Stefano Alivernini, MD, PhD, or Elisa 

Gremese, MD, Università Cattolica del Sacro Cuore, Fondazione 
Policlinico Universitario Agostino Gemelli, IRCCS, Largo A. Gemelli 
1, 00168 Rome, Italy. Email: stefano.alivernini@unicatt.it or elisa.
gremese@unicatt.it.

Submitted for publication June 17, 2020; accepted in revised form March 
4, 2021.

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:
https://orcid.org/0000-0002-7383-4212
https://orcid.org/0000-0001-6918-4731
mailto:
https://orcid.org/0000-0002-2248-1058
mailto:stefano.alivernini@unicatt.it
mailto:elisa.gremese@unicatt.it
mailto:elisa.gremese@unicatt.it
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41726&domain=pdf&date_stamp=2021-08-09


ALIVERNINI ET AL 1602       |

INTRODUCTION

Rheumatoid arthritis (RA) is the most prevalent type of auto-
immune arthritis, and it affects the synovial tissue (ST), leading 
to joint destruction. RA is characterized by a high degree of het-
erogeneity in terms of ST inflammation at disease onset, likely 
influencing the different treatment response rates among patients 
(1,2). Assessment of ST, despite having the potential to guide indi-
vidual patients’ disease management, is not currently included in 
RA treatment recommendations (3). However, a recent analysis 
of the Pathobiology of Early Arthritis Cohort demonstrated the 
ability to refine early clinical classification criteria using synovial 
pathobiologic markers (1). In particular, systematic assessment of 
the cellular and molecular characterization of ST from treatment- 
naive early RA patients revealed that discrete pathotypes mirror 
different ST transcriptomic signatures and prognostic profiles in 
RA, indicating that such an approach may be useful in deciding 
whether more aggressive treatment is needed (1,4).

To date, among the available scoring methods, the Krenn 
synovitis score (KSS) is a feasible hematoxylin and eosin (H&E)– 
based staining system that includes assessment of 3 histologic 
features, which enables discrimination between low-  and high- 
grade synovitis in routine pathologic settings (5). Until now, the 
KSS has been applied mainly to ST biopsy specimens obtained 
during surgical procedures in patients with longstanding RA, 
whereas KSS scores assessed in ST biologic samples obtained 
from cross- sectional cohorts are lacking. In this context, minimally 
invasive ultrasound (US)– guided ST biopsy is a well- tolerated pro-
cedure for basic and translational studies of chronic inflammatory 
joint diseases, such as RA, that has been successfully applied, 
providing high- quality tissue samples regardless of disease stage 
(4,6,7).

The aims of this study were 1) to assess the diagnostic value 
of the KSS using ST samples obtained from minimally invasive 
US- guided biopsies in a large biologic sample data set of RA 
patients compared to patients with different inflammatory and 
noninflammatory joint diseases; 2) to identify pretreatment syn-
ovial biomarkers associated with specific disease characteristics; 
and 3) to predict treatment response in RA patients who were 
previously naive to treatment.

PATIENTS AND METHODS

Selection and management of patients. The study 
enrolled a total of 1,015 patients undergoing US- guided ST biopsy 
at the Fondazione Policlinico Universitario A. Gemelli IRCCS– 
Università Cattolica del Sacro Cuore, Division of Rheumatology 
(SYNGem cohort). At study entry, patients were categorized 
based on clinical diagnosis, as shown in Supplementary Figure 1A 
(available available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41726/ abstract). 
A total of 545 patients who fulfilled the 2010 European Alliance 

of Associations for Rheumatology (EULAR)/American College of 
Rheumatology (ACR) classification criteria for RA (8) (240 patients 
naive to treatment with conventional disease- modifying antirheu-
matic drugs [DMARDs], 213 patients resistant to conventional 
DMARDs, and 92 patients who had achieved sustained clinical 
remission and who were in remission based on the findings from 
US assessment of synovitis [7]), 167 patients who fulfilled the 
classification criteria for psoriatic arthritis (PsA) (103 patients naive 
to treatment with conventional DMARDs, 48 patients resistant to 
conventional DMARDs, and 27 who had achieved sustained clin-
ical remission and who were in remission based on the findings 
from US assessment of synovitis [7,9]), 199 patients classified 
as having undifferentiated peripheral inflammatory arthritis (UPIA) 
(10), 18 patients with crystal- induced arthritis, 26 patients with 
connective tissue diseases (CTDs), and 60 patients with osteoar-
thritis. The clinical and laboratory parameters for the disease cate-
gories of enrolled patients are listed in Table 1. All treatment- naive 
RA patients were treated according to a treat- to- target strategy 
(11). Briefly, all treatment- naive RA patients began taking conven-
tional DMARDs, such as methotrexate, at the maximum tolerated 
dosage (up to 20 mg/week) according to the recommendations 
for RA management (12) and were followed up every 3 months to 
record the DAS28- based disease remission rate after 6 months 
of follow- up (13). The study protocol was approved by the Ethics 
Committee of the Università Cattolica del Sacro Cuore (approval 
no. 6334/15). All subjects provided signed informed consent.

US assessment. At baseline, each patient underwent US 
assessment following the same protocol (13) using gray- scale 
and power Doppler sonography (PDS) of the biopsied joint. US 
assessment was performed by 2 rheumatologists experienced in 
US (MRG and LP), who were unaware of the clinical and labo-
ratory findings. US was conducted using a commercially availa-
ble real- time scanner (MyLabTwice from Esaote). ST hypertrophy 
was measured (in centimeters), and a semiquantitative scor-
ing method, which consists of a 0– 3 scale, was used to grade 
the severity of synovitis based on power Doppler signals, in which 
a score of 0 = no power Doppler, 1 = minimal power Doppler, 
2 = moderate power Doppler, and 3 = severe power Doppler 
(10,14).

ST biopsy performance and KSS assessment. Each 
patient underwent US- guided knee ST biopsy following the 
published protocol (15,16). Using the US view, the best point of 
entrance for the biopsy needle was identified on the lateral mar-
gin of the suprapatellar recess. Each patient was provided with 
a face mask and cap, and the procedure was performed under 
sterile conditions. Skin was disinfected twice with iodine solution, 
starting from the point of needle entrance up to 25 cm proximally 
and distally. The skin, subcutaneous tissue, and joint capsule were 
anesthetized with 10 ml of 2% lidocaine. Next, a 14- gauge nee-
dle (Precisa 1410- HS Hospital Service Spa) was inserted into the 

http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
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joint. Regions of synovial hypertrophy were identified under gray- 
scale guidance to ensure sampling of representative ST. As shown 
in Supplementary Figure 1A (available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41726/ abstract), all ST specimens obtained (at least 6– 8 frag-
ments) were fixed in 10% neutral buffered formalin, embedded 
in paraffin, sectioned at 3 μm, and stained with H&E as follows: 
sections were deparaffinized in xylene and rehydrated in a series 
of graded ethanol, stained in hematoxylin, and counterstained 
in eosin/phloxine. Finally, sections were dehydrated, cleared in 
xylene, and mounted with Bio Mount (Bio- Optica).

Slides were examined using a light microscope (Leica 
DM2000) by 2 trained pathologists (MG and FF) who were unaware 
of the patients’ clinical and immunologic characteristics. Synovitis 
severity was graded according to 3 ST features (synovial lining 
cell layer, stromal cell density, and inflammatory infiltrates), each 
ranked on a scale where 0 = none, 1 = slight, 2 = moderate, and 
3 = strong. The analysis was done manually and included assess-
ment of the whole tissue sections (at least 2 sequential sections 
for each patient) (mean ± SEM number of sections 2.29 ± 0.10 
sections), and the highest score obtained from the analysis was 
recorded. The values of the parameters were summed and inter-
preted as follows: a score of 0– 1 = no synovitis, 2– 4 = low- grade 
synovitis, and 5– 9 = high- grade synovitis (5) (Supplementary Fig-
ures 1B and C, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41726/ abstract).

Moreover, the presence or absence of lymphocytes, plasma 
cells, and mucin was assessed for each ST sample. Briefly, using 
a high- magnification field of the whole tissue section, cells were 
considered to be lymphocytes if they were as small as erythrocytes 
and consisted almost entirely of nuclei and had only minimal cyto-
plasm visible on deep staining with hematoxylin. Conversely, cells 
were defined as plasma cells if they were larger than lymphocytes, 
were a round- to- ovoid shape containing abundant cytoplasm with 
a pale perinuclear area corresponding to the Golgi apparatus, and 
had a round, eccentrically placed nucleus with coarse chromatin 
arranged in a clock face (art wheel) pattern (Supplementary Fig-
ures 2A and B, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41726/ abstract). 
The microanatomic organization of ST inflammation was catego-
rized into “aggregate” or “no aggregate” based on the presence 
of inflammatory cell aggregates within 2 sequential ST sections in 
the same patient: if no inflammatory cell aggregates were found 
in the whole tissue section, the synovitis pattern was defined as 
“no aggregate.”

Finally, 97 ST samples obtained from treatment- naive RA  
patients were processed for pathotype assessment using 
immunohistochemical (IHC) analysis. This is described in the 
Supplementary Materials and Methods (available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41726/ abstract).

Statistical analysis. The statistical analysis was performed 
using SPSS version 20.0 and GraphPad Prism software pack-
ages. Categorical and quantitative variables were described using 
frequencies, percentages, and mean ± SEM. Demographic and 
clinical features were compared between patients using the non-
parametric Mann- Whitney U test or chi- square test, as appropri-
ate. Spearman’s rank correlation test was used for assessment of 
correlation between variables in all analyses.

An exploratory univariate analysis was first conducted to 
assess adequate event frequency between the outcomes and the 
candidate prognostic factors. Univariate associations between 
candidate predictors and outcomes were assessed using multi-
variable logistic regression analyses. In particular, predictors with 
univariate associations (P < 0.05) were included in the multivaria-
ble model. Finally, a nomogram was built to distinguish between 
treatment- naive RA patients with the outcome (i.e., achievement 
of clinical remission at 6 months following treatment initiation, 
assessed according to the DAS28) and those without the out-
come. The performance of the nomogram was assessed using 
discrimination and calibration analyses. The discriminative abil-
ity of the model was determined by the area under the receiver 
operating characteristic (ROC) curve, which ranged from 0.5 (no 
discrimination) to 1 (perfect discrimination). The calibration of the 
prediction model was performed using a visual calibration plot 
comparing the predicted and actual probability of remission. In 
addition, the nomogram was subjected to 1,000 bootstrap resa-
mples for internal validation, to assess their predictive accuracies. 
The model was developed and validated.

All statistical analyses and generation of graphics were per-
formed using the Regression Modeling Strategies package of R 
3.5.3 (The R Foundation). For all analyses, P values less than 0.05 
were considered significant, and all tests were 2- tailed, unless 
otherwise indicated.

RESULTS

Effect of disease phase on features of synovial 
inflammation in RA and other chronic inflammatory 
joint diseases. Table 1 shows the demographic and clini-
cal characteristics of the 1,015 enrolled patients. As shown 
in Figure 1A, KSS category distribution was contingent on 
disease category in patients with inflammatory and nonin-
flammatory joint diseases. In particular, treatment- naive RA 
patients had the highest rate of high- grade synovitis (54.6%) 
compared to OA patients (2.9%; P < 0.0001) (Figure 1B). 
Moreover, treatment- naive RA patients had higher KSS scores 
(mean ± SEM 4.81 ± 0.15) compared to UPIA patients 
(2.80 ± 0.14; P < 0.001), treatment- naive PsA patients 
(3.00 ± 0.17; P < 0.001), CTD patients (2.90 ± 0.50; P < 0.001), 
patients with crystal- induced arthritis (3.44 ± 0.42; P = 0.01), 
and OA patients (1.70 ± 0.15; P < 0.001) (Figure 1C).

http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
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Considering the different disease phases, the KSS was higher 
in treatment- naive RA patients (mean ± SEM 4.81 ± 0.15) and 
in RA patients resistant to conventional DMARDs (4.24 ± 0.15) 
compared to RA patients who had achieved sustained remission 
(1.69 ± 0.13; P < 0.0001, by analysis of variance [ANOVA]); sim-
ilar findings were observed in PsA patients (treatment- naive PsA 
patients and PsA patients resistant to conventional DMARDs had 
scores of 3.00 ± 0.17 and 3.73 ± 0.42 in treatment-naive PsA 
patients and PsA patients resistant to conventional DMARDs, 
respectively, versus 2.04 ± 0.26 in PsA patients who had achieved 
sustained remission; P = 0.0023, by ANOVA) (Figure 1C). More-
over, considering the 3 subitems composing the KSS, treatment- 
naive RA patients had significantly higher KSS scores for synovial 
hyperplasia (P = 0.0064), stromal cell density (P = 0.0366), and 
inflammatory infiltrates (P = 0.0235) when compared to the KSS 

scores for these components in RA patients resistant to con-
ventional DMARDs (Supplementary Figure 3A, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41726/ abstract).

In analyzing the semiqualitative composition of the ST infil-
trates, ST from treatment- naive RA patients was more likely to 
be enriched with plasma cells (65.4%), lymphocytes (95.0%), 
and mucin (87.1%) than ST from RA patients resistant to con-
ventional DMARDs (56.3% plasma cells [P < 0.0001], 90.1% 
lymphocytes [P < 0.0001], 79.3% mucin [P < 0.0001]) and 
RA patients who had achieved sustained remission (26.1% 
plasma cells [P < 0.0001], 65.2% lymphocytes [P < 0.0001], 
and 68.5% mucin [P < 0.0001]) (Supplementary Figures 3B– D,  
available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41726/ abstract). 

Figure 1. Degree of synovial tissue (ST) inflammation in relation to disease category among patients with inflammatory and noninflammatory 
joint conditions in the SYNGem cohort. A, Distribution of Krenn synovitis scores (KSS) according to disease category among patients with 
osteoarthritis (OA) (n = 60), patients who achieved sustained clinical remission (Rem) and ultrasound (US) imaging– based remission (psoriatic 
arthritis [PsA] n = 27, rheumatoid arthritis [RA] n = 92), patients with crystal- induced arthritis (n = 18), patients with connective tissue diseases 
(CTDs) (n = 26), patients with undifferentiated peripheral inflammatory arthritis (UPIA) (n = 199), patients resistant to treatment with conventional 
disease- modifying antirheumatic drugs (PsA n = 48, RA n = 47), and treatment- naive patients (PsA n = 103, RA n = 240). B, Degree of synovitis 
according to disease category. C, Distribution of mean KSS scores according to disease category. Each circle represents a single patient; 
values are the mean ± SEM. D, Follicular synovitis based on presence versus absence of inflammatory cell aggregates within 2 sequential ST 
sections from OA patients and RA patients stratified by disease category. E, Correlation between KSS scores and Disease Activity Scores in 28 
joints (DAS28) in RA patients (n = 545) stratified by disease category.

http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
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Moreover, in RA, the microanatomic organization of the ST 
inflammatory infiltrate was dependent on disease phase, and 
there was a significant reduction in the synovial inflammatory 
cell aggregate rate in RA patients who had achieved sustained 
remission (19.5%) compared to treatment- naive RA patients 
(48.8%; P < 0.001) or RA patients resistant to conventional 
DMARDs (43.7%; P < 0.001) (Figure 1D). Finally, analyzing 
the whole RA cohort (n = 545), the KSS of the biopsied joint 
directly correlated with the DAS28 at the time that the ST 
biopsy was performed (P < 0.001) (Figure 1E). Hence, results 
from the assessment of ST directly mirror the disease activity 
status across the whole disease course of RA.

Effect of US features on KSS in RA and other chronic 
inflammatory joint diseases. Assessment of synovial hyper-
trophy and findings from PDS of the biopsied joint were recorded 
for each patient and compared across different disease categories 

(Figure 2A). As shown in Figure 2B, treatment- naive RA patients had 
higher ST thickness than OA patients (P < 0.001). Moreover, ST 
hyperplasia was contingent on disease phase in both RA patients 
(mean ± SEM degree of synovial hypertrophy 1.10 ± 0.03 cm, 
1.0 ± 0.02 cm, and 0.84 ± 0.02 cm in treatment- naive RA patients, 
RA patients resistant to conventional DMARDs, and RA patients 
in sustained remission, respectively; P < 0.0001 by ANOVA) and 
PsA patients (mean ± SEM 1.12 ± 0.04 cm, 1.15 ± 0.05 cm, and 
0.90 ± 0.06 cm in treatment- naive PsA patients, PsA patients resist-
ant to conventional DMARDs, and PsA patients in sustained remis-
sion, respectively; P = 0.0112 by ANOVA) (Figure 2B).

When considering the extent of disease activity in the ST 
samples, treatment- naive RA patients had a higher power Dop-
pler score in the biopsied joint than that when compared to UPIA 
patients (P < 0.001), CTD patients (P = 0.03), and OA patients 
(P <0.001), but the scores were similar to those of RA patients 
resistant to conventional DMARDs (P = 0.27) and patients with 

Figure 2. Features of US- assessed synovitis in relation to disease category among patients with RA and other chronic inflammatory joint 
diseases in the SYNGem cohort. A, Images from power Doppler sonography (PDS) assessment of knee ST from patients in each disease 
category. B, Distribution of the degree of synovial membrane hypertrophy (SMH), measured as ST thickness on PDS, in the biopsied joints of 
patients according to disease category. In treatment- naive RA patients, ST thickness was significantly higher than that in OA patients (mean ±  
SEM 1.10 ± 0.03 cm versus 0.75 ± 0.04 cm; P < 0.001), but did not differ from that in UPIA patients (1.01 ± 0.02 cm; P = 0.1733). C, 
Distribution of PD synovial hypertrophy scores in the ST biopsy samples from patients according to disease category. In treatment- naive RA 
patients, PD scores were significantly higher than those in UPIA patients (1.71 ± 0.10 versus 1.24 ± 0.07; P < 0.001), CTD patients (1.26 ± 
0.19; P = 0.03), and OA patients (0.38 ± 0.07; P < 0.001), but were similar to that in RA patients resistant to treatment (1.58 ± 0.10; P = 0.27) 
and patients with crystal- induced arthritis (1.67 ± 0.25; P = 0.88). In B and C, each circle represents a single patient; values are the mean ± 
SEM. See Figure 1 for other definitions.
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crystal- induced arthritis (P = 0.88). Additionally, the power Dop-
pler score directly correlated with the KSS in the correspond-
ing joint in the whole study cohort (P < 0.0001), as well as in 
RA patients (P < 0.0001), PsA patients (P = 0.002), and UPIA 
patients (P = 0.004) (Supplementary Figures 4A– D, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41726/ abstract).

Effect of disease characteristics on KSS and synovial  
inflammation in treatment- naive RA patients. In strat-
ifying treatment- naive RA patients (n = 240) based on demo-
graphic characteristics (age and sex), there were no significant 
differences in terms of KSS distribution (data not shown). How-
ever, when considering treatment-naive RA patients accord-
ing to the time since the onset of symptoms to the time of 
ST biopsy, treatment- naive RA patients whose ST was biop-
sied within 3 months of joint symptom onset had lower KSS 
scores (mean ± SEM 4.11 ± 0.26) than RA patients whose ST 

was analyzed within 3– 12 months (4.88 ± 0.26; P = 0.04) or 
>12 months (5.19 ± 0.23; P =  0.002) since symptom onset 
 (Figures 3A– C). Moreover, treatment- naive RA patients whose ST 
was biopsied within 3 months of joint symptom onset had lower 
scores for synovial hyperplasia, stromal cell density, and inflam-
matory infiltrates (mean ± SEM 1.37 ± 0.12, 1.49 ± 0.10, and 
1.26 ± 0.10, respectively) when compared to RA patients whose 
ST was biopsied >12 months since the onset of symptoms 
(mean ± SEM scores 1.79 ± 0.10, 1.81 ± 0.10, and 1.62 ± 0.10, 
respectively; P = 0.007, P = 0.01, and P = 0.01, respectively) 
(Figure 3D). However, the microanatomic organization of the 
synovial inflammatory infiltrates, in terms of the follicular struc-
ture, did not differ when comparing RA patients whose ST was 
biopsied within 3 months of the onset of joint symptoms (44.4%) 
and RA patients whose ST was biopsied within 3– 12 months 
(47.6%; P = 0.740) or >12 months (52.7%; P = 0.332) since 
symptom onset (Figure 3E), as well as when comparing the 
percentages of plasma cells, lymphocytes, and mucin in the ST 

Figure 3. ST inflammation in relation to disease characteristics in treatment- naive RA patients. A, Hematoxylin and eosin staining of ST 
obtained using minimally invasive US- guided biopsy of the knees of treatment- naive RA patients. Each image shows a biopsy sample from 
an individual patient according to disease duration (time since symptom onset to time of biopsy <3 months [MO], 3– 12 months, or >12 
months). B, Distribution of mean KSS scores in treatment- naive RA patients according to disease duration. C, Heatmap showing distribution 
of KSS scores in treatment- naive RA patients according to disease duration. Each bar represents a single patient. D, Distribution of mean 
scores for subcomponents of the KSS (synovial hyperplasia, stromal cell density, and inflammatory infiltrates) in treatment- naive RA patients 
according to disease duration. In B and D, each circle represents a single patient; values are the mean ± SEM. E, Follicular synovitis based 
on presence versus absence of inflammatory cell aggregates in treatment- naive RA patients according to disease duration. See Figure 1 for 
other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
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(Supplementary Figures 5A– C, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41726/ abstract). Finally, US features in treatment- naive RA 
patients did not differ based on the timeframe from joint symp-
tom onset (Supplementary Figures 6A– B, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41726/abstract).

To determine whether the semiquantitative evaluation of the 
degree of synovitis using the KSS is representative of the cel-
lular composition of synovial inflammation, 97 ST samples from 
treatment- naive RA patients were analyzed by IHC for the dis-
tribution of CD68, CD20, CD3, and CD138 cells (Supplemen-
tary Table 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41726/ abstract), 
revealing that treatment- naive RA patients with a lympho-myeloid 

pathotype had the highest KSS scores (mean ± SEM 5.67 ± 0.26) 
compared to treatment- naive RA patients with a diffuse myeloid 
pathotype (4.06 ± 1.71; P < 0.0001) and those with a pauci- 
immune pathotype (2.30 ± 0.26; P < 0.0001) (Supplementary 
Figure 7A, available on the Arthritis & Rheumatology website at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract). 
Moreover, KSS- based evaluation of the degree of synovitis 
directly correlated with IHC- based synovitis assessment in terms 
of CD68, CD20, CD3, and CD138 IHC scores (Supplemen-
tary Figure 7B). Interestingly, ROC curve analysis revealed that 
a KSS of ≥6 had significant capacity to identify treatment- naive 
RA patients who were more likely to have a lympho-myeloid 
pathotype (51.0% sensitivity, 82.6% specificity; area under the 
curve [AUC] 0.79 [95% confidence interval (95% CI) 0.70– 0.89] 
[P < 0.0001]). Conversely, a KSS of ≤2 had greater capacity to 

Figure 4. Composition of ST inflammation in relation to disease category and autoantibody status. A– C, Left, Hematoxylin and eosin (H&E) 
staining of ST obtained using minimally invasive US- guided biopsy of the knee. Images show ST from treatment- naive RA patients positive for 
ACPA and/or IgM/IgA– rheumatoid factor autoantibodies (Abpos), displaying enrichment of plasma cells (A) and infiltration of lymphocytes (B) and 
mucin (C) (indicated by green arrowheads). Original magnification × 40. Right, Results of H&E staining quantified as the percentage of plasma 
cells (A), lymphocytes (B), and mucin (C) among patients with PSA in each disease category, RA patients in each disease category stratified by 
autoantibody status, UPIA patients stratified by autoantibody status, and OA patients. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
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identify treatment- naive RA patients were are more likely to have 
a pauci- immune pathotype (50.0% sensitivity, 96.5% specific-
ity; AUC 0.09 [95% CI 0.02– 0.17] [P < 0.0001]) (Supplementary 
 Figures 7C and D).

Since autoantibody positivity was found to be related to 
the composition of ST inflammation in RA (17), the study cohort 
was stratified based on the presence of anti– cyclic citrullinated 
protein antibodies (ACPAs) and/or IgM–rheumatoid factor 
(IgM-RF) and IgA-RF at the time that ST biopsy was performed. 
Treatment- naive RA patients positive for ACPA and/or IgM/
IgA-RF had higher KSS scores (mean ± SEM 5.05 ± 0.19) than 
RA patients negative for ACPA and/or IgM/IgA- RF (4.43 ± 0.22; 
P = 0.04) (Supplementary Figure 8A, available on the Arthritis 
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/  
10.1002/art.41726/ abstract), and treatment- naive RA patients 
negative for ACPA and/or IgM/IgA- RF had significantly higher 

KSS scores (4.43 ± 0.22) compared to treatment- naive PsA 
patients (2.99 ± 0.17; P < 0.0001). Interestingly, treatment- naive 
RA patients positive for IgM/ ACPA and/or IgA- RF had signif-
icantly higher scores for inflammatory infiltrates (mean ± SEM 
1.61 ± 0.07) compared to treatment- naive RA patients negative 
for ACPA and/or IgM/IgA- RF (1.35 ± 0.09; P = 0.03), whereas 
no significant difference in the scores for synovial hyperplasia 
or stromal cell density were observed between the positive and 
negative autoantibody groups (Supplementary Figures 8B– D). 
Moreover, the KSS directly correlated with plasma levels of 
ACPAs (P = 0.016), IgM- RF (P = 0.009), and IgA- RF (P = 0.005) 
in treatment- naive RA patients (Supplementary Figures 8E– G), 
whereas no significant differences were found in KSS scores in 
RA patients resistant to conventional DMARDs or in RA patients 
who had achieved sustained remission based on autoantibody 
positivity (Supplementary Figures 8A– D).

Figure 5. Nomogram for the prediction of early achievement of clinical remission based on the Disease Activity Score in 28 joints (DAS28) 
in treatment- naive RA patients. A and B, Distribution of mean KSS scores (A) and mean histology scores for subcomponents of the KSS (B) 
in treatment- naive RA patients based on achievement versus lack of achievement of DAS28- based clinical remission at 6 months (MO). Each 
circle represents a single patient; values are the mean ± SEM. C, Distribution of lymphocytes, plasma cells, and mucin presence in ST from 
treatment- naive RA patients based on presence versus absence of achievement of DAS28- based clinical remission at 6 months. D and E, 
Odds of achieving DAS28- based remission at 6 months (D) and percentage of patients achieving DAS28- based remission at 6 months (E) 
among treatment- naive RA patients according to different baseline characteristics, including presence versus absence of very early RA (VERA), 
presence versus absence of high disease activity (HDA), and a KSS score categorized as <5 versus ≥5. Values in D are the odds ratio (with 95% 
confidence interval) for achievement of DAS28- based remission at 6 months. F, Nomogram for the computation of the probability of achieving 
DAS28- based remission at 6 months in treatment- naive RA patients. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41726/abstract
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In analyses of the composition of ST inflammatory infiltrates, 
ST from treatment- naive RA patients positive for ACPA and/or IgM/
IgA- RF was enriched with plasma cells to a greater extent than ST 
from treatment- naive RA patients negative for ACPA and/or IgM/
IgA- RF (72.1% versus 54.8%; P = 0.006) (Figure 4A). Conversely, 
no significant differences in terms of lymphocytes and mucin pres-
ence were found when RA patients were stratified based on pres-
ence versus absence of ACPA and/or IgM/IgA- RF (Figures 4B– C). 
Therefore, the timing of first medical referral, the autoimmune 
features, and the baseline disease burden significantly impact the 
degree of ST inflammation in treatment- naive RA patients.

Baseline KSS as a predictor of early achievement of 
DAS28- based remission in treatment- naive RA patients. 
Among the 240 enrolled treatment- naive RA patients, 217 
(90.4%) reached at least 6 months of follow- up, of whom 86 
(39.6%) achieved DAS28- based remission. A total of 23 patients 
(9.6%) were lost to follow- up. The baseline characteristics that 
were differentially distributed among treatment- naive RA patients 
based on achievement of DAS28- based remission at 6 months 
were investigated. The comparison revealed that DAS28 scores 
at baseline were lower in treatment- naive RA patients achieving 
DAS28- based remission at 6 months compared to those who did 
not achieve DAS28- based remission at 6 months (mean ± SEM 
5.00 ± 0.12 versus 5.83 ± 0.10; P < 0.001), and patients in the 
remission group were more likely referred to a first medical eval-
uation within 3 months of symptom onset compared to patients 
in the no remission group (37.2% versus 19.8%; P = 0.005). In 
addition, the characteristics of the ST samples identified by US at 
baseline did not differ in treatment- naive RA patients with or with-
out achievement of DAS28- based remission at 6 months (Supple-
mentary Table 2. available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41726/ abstract). 
However, treatment- naive RA patients who achieved DAS28-
based remission at 6 months had lower KSS scores at baseline 
(mean ± SEM 4.24 ± 0.25) than treatment- naive RA patients who 
did not achieve this outcome (5.26 ± 0.18; P < 0.001) (Figure 5A 
and Supplementary Table 2).

In considering the 3 components of synovial inflammation 
assessed in the KSS, scores for synovial hyperplasia, stromal 
cell density, and inflammatory infiltrates were significantly lower at 
baseline in treatment- naive RA patients achieving DAS28- based 
remission at 6 months compared to those who did not achieve 
DAS28- based remission at 6 months (mean ± SEM scores 
1.47 ± 0.11, 1.49 ± 0.09, and 1.33 ± 0.10, respectively, in the 
remission group versus 1.79 ± 0.08, 1.83 ± 0.07, and 1.65 ± 0.07, 
respectively, in the no remission group; P = 0.01, P = 0.02, and 
P = 0.02, respectively) (Figure 5B). In addition, fewer ST samples 
from treatment- naive RA patients who achieved DAS28- based 
remission at 6 months were enriched with plasma cells at baseline 
compared to ST samples from RA patients who did not achieve 

6- month DAS28- based remission (53.5% versus 74.0% of ST 
samples enriched with plasma cells; P = 0.002) (Figure 5C).

ROC curve analysis revealed that, compared to a KSS of 
≥5, a KSS of <5 at baseline was more likely to identify treatment- 
naive RA patients who would achieve DAS28- based remission 
at 6 months (53.1% with KSS <5 versus 28.9% with KSS ≥5 
achieving DAS28- based remission at 6 months; AUC 0.66 [95% 
CI 0.57– 0.74] [P = 0.001]), with an odds ratio (OR) of 2.8 (95% 
CI 1.6– 4.9) (P < 0.001); similar findings from ROC curve analy-
ses were obtained in treatment- naive patients with very early 
RA (VERA) compared to those who did not develop VERA (non-
VERA) (55.2% versus 34.0% achieving DAS28- based remis-
sion at 6 months; OR 2.4 [95% CI 1.3– 4.4] [P = 0.01]) and in 
treatment- naive RA patients who did not have high disease 
activity at baseline compared to those who had high disease 
activity at baseline (58.6% versus 26.9% achieving DAS28-   
based remission at 6 months; OR 3.8 [95% CI 2.2– 6.8] [P < 0.001]).

Both treatment- naive VERA patients and treatment- naive 
non- VERA patients with a KSS of <5 at baseline were more likely 
to achieve DAS28- based remission at 6 months compared to 
treatment- naive VERA patients and treatment- naive non- VERA 
patients with a KSS of ≥5 at baseline (42.2% of VERA patients and 
44.4% of non-VERA patients achieving remission in the KSS <5 
group versus 16.7% of VERA patients and 27.1% of non-VERA 
patients achieving remission in the KSS ≥5 group; P = 0.011 
for VERA patients with KSS <5 versus VERA patients with KSS 
≥5, P = 0.01 for non- VERA patients with KSS <5 versus non-
VERA patients with KSS ≥5) (Figure 5D, Supplementary Figures 
9A– D, and Supplementary Figures 10A and B, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/  
doi/10.1002/art.41726/ abstract). Interestingly, treatment- naive VERA  
patients with low- grade synovitis (KSS <5) and without high dis-
ease activity at baseline were more likely to achieve DAS28- based 
remission at 6 months than treatment- naive RA patients not fulfill-
ing all these criteria (87.5% versus 17.6% achieving remission; OR 
32.7 [95% CI 6.4– 150.5] [P < 0.0001]) (Figure 5E).

Nomogram for the prediction of early achieve-
ment of DAS28- based remission in treatment- naive 
RA patients. Based on the variables incorporated into the final 
regression analysis, a nomogram was constructed including the 
3 significant risk factors (having VERA, not having high disease 
activity at baseline, and having a KSS of <5) to predict the achieve-
ment of DAS28- based remission at 6 months in treatment- naive 
RA patients (Figure 5F). The value of each variable was given a 
score on the points scale axis. A total score was calculated by 
adding each single- point score and projecting the value of the 
“total points” score to the lower “probability” line. The nomogram 
was validated, and as shown in Supplementary Figure 11  (available 
on the Arthritis & Rheumatology website at http://onlin e libr ary.
wiley.com/doi/10.1002/art.41726/ abstract), a calibration curve 
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confirmed that the probability of remission predicted by the nomo-
gram was consistent with the actual probabilities.

DISCUSSION

This study is the first to apply semiquantitative assessment 
of ST inflammation to the largest available data set of ST sam-
ples at a single center (n = 1,015) obtained by minimally invasive 
US- guided biopsy from cross- sectional cohorts of patients with 
inflammatory diseases and patients with noninflammatory dis-
eases  who were stratified based on disease phase. The results of 
this study show that the KSS is a reliable tool to apply in the sem-
iquantitative assessment of synovitis, not only in RA, but also in 
other different inflammatory and noninflammatory joint disorders. 
In particular, in treatment- naive RA patients, the KSS is contin-
gent on patients’ characteristics (i.e., autoantibody positivity), dis-
ease activity, and treatment response, and the integration of the 
KSS, at the time of the first medical evaluation, within a multipar-
ametric nomogram enabled prediction of 6- month achievement 
of DAS28- based remission in up to 80% of treatment- naive RA 
patients.

Differential response rates to various therapies in RA may 
partially be a result of the high heterogeneity of the degree of 
inflammation of RA target tissue, the synovial membrane (18). In 
this context, at the ST level, treatment- naive RA patients may dis-
play 3 specific pathotypes in terms of the microanatomic organ-
ization of inflammation and the transcriptomic signature, which 
are directly linked to different clinical phenotypes, disease activity/
severity, and response to treatment with conventional DMARDs 
(4). Moreover, using ST/peripheral blood paired samples, the 
ST immune response was shown to be associated with differ-
ential blood immune signals (19), and interestingly, the elevation 
of  myeloid-  and lymphoid- associated ST gene expression strongly 
correlates with conventional DMARD response in treatment- naive 
RA patients at 6 months (4).

The KSS has been previously developed and validated using 
ST surgery specimens, thereby enabling semiquantitative cate-
gorization of patients according to degrees of synovitis in large 
cohorts, including low- and high-grade synovitis in patients with 
longstanding RA and OA (5). The KSS may also reflect clinical 
disease activity in patients with longstanding RA (20). Addition-
ally, synovitis semiquantification using H&E staining enabled the 
categorization of RA patients into different histologic subtypes 
(low, mixed, and high inflammation) that can predict ST genomic 
subtypes associated with disease- specific features (i.e., systemic 
inflammation and autoantibody positivity) (2).

Therefore, the semiquantitative assessment of ST inflamma-
tion using the KSS was included in the set of items for the analysis 
of synovial biopsy specimens in clinical practice and translational 
research from the EULAR Synovitis and Outcome Measures in 
Rheumatology ST Biopsy Groups (21). However, to date, despite 
being widely used in clinical and translational research, no studies 

have widely applied this tool for the semiquantitative assessment of 
inflammation in ST samples obtained using minimally invasive US- 
guided ST biopsies from cross- sectional cohorts (4,22). The findings 
from this study show that KSS scores are differentially distributed 
among inflammatory and noninflammatory joint disorders and are 
significantly increased in treatment- naive RA patients compared to 
patients with other forms of inflammatory diseases (i.e., PsA) or low- 
grade inflammatory joint diseases (i.e., OA) and is contingent on the 
disease phase mirroring the disease activity (i.e., DAS28) in RA.

Large cohort studies identified a 3- month window of oppor-
tunity as the time with the best therapeutic chance for a patient 
to achieve complete disease remission and stop bone damage 
in RA (23– 26); however, no studies have explored the impact of 
joint symptom duration on ST inflammatory features in treatment- 
naive RA patients. In particular, in considering RA classification 
criteria, RA patients who fulfilled the ACR 1997 criteria for RA (27) 
had higher KSS scores than RA patients who fulfilled the 2010 
ACR/EULAR criteria for RA (28) without any difference in terms of 
the frequencies of ST pathotypes, regardless of symptom dura-
tion (1). Our findings show that treatment- naive VERA patients 
(<3 months since symptom onset) have lower KSS scores than 
treatment- naive RA patients who were referred to a first medi-
cal evaluation >12 months since symptom onset, despite no dif-
ferences in the microanatomic organization of the inflammatory 
infiltrate, suggesting that ST inflammation dynamically changes 
during the course of RA. These findings provide biologic support 
for early intervention in RA disease management aimed at achiev-
ing the highest possible remission rate (24) and suggest that ST 
analysis within 3 months of symptom onset is very likely the most 
informative time point to predict the future course of the disease.

In the context of biomarkers for RA patient stratification, 
ACPA and RF positivity can be used to identify RA patients with 
the highest likelihood of developing early bone erosions (29,30), 
chronic destructive disease (31,32), and extraarticular manifesta-
tions (33,34). IHC assessment showed that ST from treatment- 
naive RA patients positive for ACPAs is more enriched with B 
lymphocytes and lymphoid aggregates than ST from RA patients 
negative for ACPAs and is related to higher rate of erosive disease 
and a worse prognosis (17). In our study, H&E- based staining of 
ST revealed that the KSS is higher in patients positive for IgM/
IgA- RF and/or ACPA than treatment- naive RA patients nega-
tive for IgM/IgA- RF and/or ACPA, which directly correlated with 
ACPA and IgM/IgA- RF plasma levels at the time that ST biopsy 
was performed. In addition, the systematic analysis of disease 
phase in cross- sectional RA cohorts showed that this difference 
is lost when considering RA patients resistant to conventional 
DMARDs and patients with RA in sustained remission. Moreover, 
at a treatment- naive stage, ST from RA patients positive for IgM/
IgA- RF and/or ACPA was found to be more enriched with plasma 
cells than ST from RA patients negative for IgM/IgA- RF and/or 
ACPA, as previously described (35), supporting the reliability of this 
H&E- based scoring method.
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Precision medicine is an approach to disease treatment that 
considers individual pathobiologic variability to more accurately 
predict which treatment strategies will be more successful in 
specific groups of patients. In this context, RA may be an ideal 
setting for patient stratification aimed at treatment optimization. 
In this study, we identified and validated a cutoff value of KSS 
scores based on which treatment- naive RA patients with ST with 
a KSS of <5 at the first medical evaluation are more likely to 
achieve DAS28- based remission at 6 months. These findings 
were confirmed even after patient stratification based on disease 
duration and activity, with both confirmed as prognostic factors 
of treatment success (24,36). Moreover, as is used in cancer 
and in other chronic inflammatory diseases (37,38), we devel-
oped the first multiparametric nomogram (SYNGem nomogram) 
that is able to easily predict the probability of early achievement 
of DAS28- based remission in treatment- naive RA patients at 
a first medical evaluation. Based on the proposed nomogram, 
treatment- naive RA patients without high disease activity, at a 
first medical evaluation within 3 months since the onset of joint 
symptoms, and with a KSS of <5 have an 81.7% probability 
of achieving DAS28- based remission at 6 months compared to 
treatment- naive RA patients who did not fulfill any of the above-
mentioned criteria, whose probability of achieving DAS28- based 
remission drops to 17.8%. This easy tool may be useful for strat-
ification of patients with early disease in clinical practice, in par-
ticular, in predicting whether treatment- naive patients with very 
early RA will require more intensive treatment, with the goal of 
optimization of disease management.

Despite being the first cross- sectional study to include ST 
samples collected using minimally invasive US- guided biopsy, 
the limitations of this study include the lack of information about 
the cell- specific contribution (i.e., myeloid and lymphoid) within 
ST inflammation, which could be solved by combining IHC stain-
ing (including staining of CD68, CD20, CD3, and CD138 cells) 
(1,4). The inclusion of IHC staining of these cells led to a better 
sensitivity and specificity than KSS scores when treating patients 
with longstanding RA taking immunosuppressants, represent-
ing a more functional synovitis evaluation (6,39). However, in this 
study, KSS- based assessment of synovitis was contingent on the 
synovial pathotype defined using IHC assessment, directly corre-
lating with the IHC scores of all the cells identified as playing a role 
in synovial inflammation, including CD68, CD20, CD3, and CD138 
cells (1). Therefore, despite the KSS, semiquantitative assessment 
of the degree of ST inflammation is simple, with high rates of inter-
reader and intrareader agreement, and it is informative for predict-
ing response to first- line therapy. In patients with more advanced 
clinical phases of RA, deeper analyses of immunomolecular func-
tions and transcriptomic signatures could be helpful to define ther-
apeutic strategies and interpret their outcomes.

In conclusion, the semiquantitative assessment of the 
degree of synovitis, using the H&E- based KSS method, is a 

reliable tool to apply to biologic samples obtained using a mini-
mally invasive technique in the routine clinical care of RA. Addi-
tionally, synovitis assessment of treatment- naive RA patients at 
a first medical evaluation may help identify important disease 
characteristics for prognosis, and such an approach may be 
included in future multiparametric algorithms aimed at optimizing 
disease management.
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Neutrophil Phospholipase Cγ2 Drives Autoantibody- 
Induced Arthritis Through the Generation of the 
Inflammatory Microenvironment
Krisztina Futosi,  Orsolya Kása,  Kata P. Szilveszter,  and Attila Mócsai

Objective. Gain- of- function mutations and genome- wide association studies have linked phospholipase Cγ2 
(PLCγ2) to various inflammatory diseases, including arthritis in humans and mice. PLCγ2- deficient (Plcg2– /– ) mice are 
also protected against experimental arthritis. This study was undertaken to test how PLCγ2 triggers autoantibody- 
induced arthritis in mice.

Methods. PLCγ2 was deleted from various mouse cellular lineages. Deletion efficacy and specificity were tested 
by immunoblotting and intracellular flow cytometry. Autoantibody- induced arthritis was triggered by K/BxN serum 
transfer. The role of neutrophil PLCγ2 was further investigated by analysis of the inflammatory exudate, competitive 
in vivo migration assays, and in vitro functional studies.

Results. PLCγ2 deficiency in the entire hematopoietic compartment completely blocked autoantibody- induced 
arthritis. Arthritis development was abrogated by deletion of PLCγ2 from myeloid cells or neutrophils but not from 
mast cells or platelets. Neutrophil infiltration was reduced in neutrophil- specific PLCγ2- deficient (Plcg2ΔPMN) mice. 
However, this was not due to an intrinsic migration defect since Plcg2ΔPMN neutrophils accumulated normally when 
wild- type cells were also present in mixed bone marrow chimeras. Instead, the Plcg2ΔPMN mutation blocked the 
accumulation of interleukin- 1β, macrophage inflammatory protein 2 (MIP- 2), and leukotriene B4 (LTB4) in synovial 
tissues and reduced the secondary infiltration of macrophages. These findings were supported by in vitro studies 
showing normal chemotactic migration but defective immune complex– induced respiratory burst and MIP- 2 or LTB4 
release in PLCγ2- deficient neutrophils.

Conclusion. Neutrophil PLCγ2 is critical for arthritis development, supposedly through the generation of the 
inflammatory microenvironment. PLCγ2- expressing neutrophils exert complex indirect effects on other inflammatory 
cells. PLCγ2- targeted therapies may provide particular benefit in inflammatory diseases with a major neutrophil 
component.

INTRODUCTION

Phospholipase Cγ2 (PLCγ2) is a tyrosine kinase– activated 
PLC isoform primarily expressed in the hematopoietic system. 
Although the role of PLCγ2 is most prominent in B cells (1,2), it 
is also present in other lineages such as neutrophils (3,4), mac-
rophages (1,5), mast cells (1,5), natural killer cells (1,6,7), plate-
lets (1,8,9), and osteoclasts (10– 12). PLCγ2 mediates signaling 
from diverse cell surface receptors including B cell receptors, Fc 

receptors (FcR), integrins, C- type lectins, and the collagen recep-
tor glycoprotein VI (1– 8,10,12,13).

PLCγ2 plays important roles in human autoimmune and 
inflammatory diseases. Deletion of late PLCG2 exons causes an 
autosomal- dominant disease (PLCγ2- associated antibody defi-
ciency and immune dysregulation [PLAID]) leading to high prevalence 
of various autoimmune diseases and antinuclear autoantibodies 
(14– 16). Missense mutations in PLCγ2 trigger a distinct autosomal- 
dominant autoinflammatory disease (autoinflammation and PLAID 
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[APLAID]) with blistering dermatitis, arthralgia, uveitis, and ulcerative 
colitis (17). Genetic studies have also linked PLCG2 to inflammatory 
bowel disease (18), nephrotic syndrome (19), Alzheimer’s disease 
(20), and dermatomyositis (21).

Several studies indicate the role of PLCγ2 in autoimmune and 
inflammatory diseases in experimental mice. Random mutagen-
esis generated 2 different gain- of- function mutations of Plcg2 
(Ali5 and Ali14), triggering various forms of inflammatory dis-
eases including arthritis, dermatitis, and glomerulonephritis 
(22,23). PLCγ2- deficient (Plcg2– /– ) animals were protected against 
autoantibody- induced (4,24) and antigen- induced arthritis (25). 
PLCγ2 is also involved in osteoclast biology, as indicated by oste-
oporosis in Ali14 mice (23) and increased trabecular bone mass 
and defective osteoclast development in Plcg2−/− animals (10– 12).

It is at present unclear in which cell type(s) PLCγ2 needs 
to be expressed during autoantibody- induced arthritis. Gain- of- 
function mutations in humans (14,17) and mice (22,23), as well 
as PLCγ2 deficiency in mice (1,2), indicate a prominent role for 
PLCγ2 in B cells. However, inflammatory changes in APLAID 
patients are dominated by a granulocytic infiltrate (17), and the 
autoinflammatory phenotype of Ali5 mice also develops on the 
Rag1−/− background (22). Autoantibody- induced arthritis could 
also be triggered in Rag1−/− or B cell– deficient mice (26), suggest-
ing a role for PLCγ2 in a non- lymphoid compartment.

A number of hematopoietic lineages including neutrophils 
(27– 30), macrophages (31), platelets (32), and mast cells (33) 
have been implicated in autoantibody- induced arthritis (26). All of 
these lineages express and utilize PLCγ2 (1,3– 5,8,9). However, it 
is unclear whether and how PLCγ2 expressed within these line-
ages contributes to arthritis development.

The studies described above prompted us to test the role of 
PLCγ2 in the autoantibody- induced K/BxN serum– transfer arthri-
tis model in a lineage- specific manner, with further emphasis on 
the role of neutrophil PLCγ2. PLCγ2 expression in neutrophils, but 
not in mast cells or platelets, was critical for arthritis development, 
supposedly through the organization of the inflammatory process 
without a direct role in neutrophil migration.

MATERIALS AND METHODS

Animals. Mice carrying the Plcg2tm1Jni (referred to as Plcg2−) 
(1) mutation inactivating the PLCγ2- encoding gene were kept in 
heterozygous form and bred to obtain Plcg2−/− animals. Lineage- 
specific deletion of PLCγ2 was achieved by crossing Vav1- Cre (34), 
LysM- Cre (35), MRP8- Cre (36), Mcpt5- Cre (37), or PF4- Cre (38) 
transgenic mice with animals carrying a floxed Plcg2 (Plcg2tm1Kuro, 
referred to as the Plcg2flox) (2) allele to obtain Vav1- Cre+Plcg2flox/flox  
(referred to as Plcg2ΔHaemo), LysM- Cre+Plcg2flox/flox (Plcg2ΔMyelo), 
MRP8- Cre+Plcg2flox/flox (Plcg2ΔPMN), PF4- Cre+Plcg2flox/flox (Plcg2ΔPlt), 
and Mcpt5- Cre+Plcg2flox/flox (Plcg2ΔMC) mice. CD18- deficient  
(Itgb2tm2Bay/tm2Bay, referred to as Itgb2– /– ) mice (39) were obtained by 
crossing Itgb2−/− and Itgb2+/− mice. Mice carrying the KRN T cell 

receptor transgene (40) were maintained in heterozygous form. 
Mutant mice were obtained from James Ihle (Plcg2−), Arthur Beau-
det (Itgb2−), Tomihiro Kurosaki (Plcg2flox), Emmanuelle Passegue 
(MRP8- Cre), Axel Roers (Mcpt5- Cre), or Diane Mathis and Christo-
phe Benoist (KRN), or were purchased from The Jackson Labora-
tory (Vav1- Cre, LysM- Cre, and PF4- Cre). All transgenic mice were 
backcrossed to the C57BL/6 genetic background for at least 6 
generations. Genotyping was performed by allele- specific polymer-
ase chain reaction. Wild- type control C57BL/6, NOD, and B6.SJL- 
Ptprca mice were purchased from The Jackson Laboratory.

Mice were bred and maintained in individually sterile venti-
lated cages (Tecniplast) in a specific pathogen– free facility and 
transferred to a conventional facility for experiments. Animal 
experiments were approved by the Animal Experimentation 
Review Board of Semmelweis University.

For bone marrow transplantation, B6.SJL- Ptprca (CD45.1) 
recipient mice were lethally irradiated with 11 Gy from a 137Cs 
source using a GSM D1 irradiator, followed by intravenous injec-
tion of unfractionated donor mouse bone marrow cells. Four 
weeks after transplantation, peripheral blood samples were 
stained for Ly6G and CD45.2 (clones 1A8 and 104, respectively; 
both from BD Biosciences) and analyzed on a BD FACSCalibur 
flow cytometer as previously described (41).

K/BxN serum– transfer arthritis. KRN transgene– 
positive (arthritic) K/BxN mice and transgene- negative (nonarthritic) 
BxN mice were obtained as previously described (4,40), and their 
sera were pooled separately. Mice were randomly assigned to the 
arthritis group (~60% of mice) or the control group (~40%) and 
injected intraperitoneally with 300 μl K/BxN serum (arthritis group) 
or BxN serum (control group). Arthritis severity was assessed daily 
for 2 weeks by clinical scoring (0– 1 = normal; 2– 3 = mild arthritis; 
4– 6 = moderate arthritis; 7– 10 = severe arthritis) and by measur-
ing the ankle thickness using a spring- loaded caliper (Kroeplin) as 
previously described (4,42,43).

Cell culture and isolation. Neutrophils were freshly isolated 
from the bone marrow of mouse femurs and tibias by hypotonic lysis 
followed by Percoll (GE Healthcare) gradient centrifugation (42– 44). 
For immunoblotting studies, cells were labeled with Ly6G antibod-
ies and sorted on a BD FACSAria III cell sorter. Bone marrow– 
derived macrophages (BMMs) were cultured from bone marrow 
cells in the presence of murine macrophage colony- stimulating fac-
tor (PeproTech) as previously described (45). Platelets were freshly 
isolated from peripheral blood by mild centrifugation in the presence 
of heparin as previously described (46). Bone marrow– derived mast 
cells (BMMCs) were cultured from bone marrow cells in the presence 
of murine interleukin- 3 (IL- 3) and stem cell factor (both from Pepro-
Tech) as previously described (46). Their purity was tested by flow 
cytometry using an anti- FcεR antibody (clone MAR- 1; eBioscience). 
Splenic B cells were labeled with B220 antibodies (clone RA3- 6B2; 
BD Biosciences) and sorted on a BD FACSAria III cell sorter.
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Immunoblotting and intracellular flow cytometry. 
For immunoblotting, neutrophils, BMMs, platelets, BMMCs, and B 
cells were lysed in a Triton X- 100– based lysis buffer with protease 
and phosphatase inhibitors (46). Triton- soluble fractions were run 
on sodium dodecyl sulfate– polyacrylamide gel electrophoresis 
and immunoblotted using antibodies against PLCγ2 (Q- 20) or 
β- actin (clone AC- 74; Sigma- Aldrich) followed by peroxidase- 
labeled secondary antibodies (GE Healthcare) and development 
using an ECL system (GE Healthcare).

For intracellular flow cytometry, peripheral blood samples 
were stained for Ly6G, CD11b, and B220, followed by hypo-
tonic lysis. Cells were fixed and permeabilized using an eBio-
science kit and stained with anti- PLCγ2 (Q- 20) and fluorescein 
isothiocyanate– labeled anti- rabbit antibodies.

Analysis of the inflammatory infiltrate. Mice were 
killed 5 days after serum transfer, and their front and hind paws 
were flushed with 1 ml phosphate buffered saline supplemented 
with 10 mM EDTA and 20 mM HEPES (pH 7.4). Infiltrating cells 
were identified by flow cytometry based on their forward- scatter/
side- scatter profile and Ly6G, F4/80, and CD11b staining char-
acteristics (clones 1A8, A3- 1, or M1/70, respectively; BD Bio-
Sciences) as previously described (41).

Parallel measurements of neutrophil counts and hemoglo-
bin concentration in the blood and synovial infiltrate revealed that 
not more than 6% of synovial neutrophils derived from the circu-
lation after day 3, and this percentage was even <2% at clinical 
scores >4. IL- 1β, macrophage inflammatory protein 2 (MIP- 2), 
and leukotriene B4 (LTB4) levels in the cell- free supernatant of the 
synovial infiltrates were tested by enzyme- linked immunosorbent 
assay (ELISA; R&D Systems) as previously described (41).

Competitive in vivo migration experiments. Mixed 
bone marrow chimeras were used for in vivo competitive migra-
tion assay (41). CD45.1- expressing wild- type mouse bone mar-
row cells were mixed at 2:3 or 3:2 ratios with CD45.2- expressing 
wild- type, CD18- deficient (Itg2b−/−), or Plcg2ΔPMN mouse bone  
marrow cells, and were injected intravenously into lethally 
 irradiated CD45.1- expressing recipient mice. Four weeks later, K/
BxN serum transfer arthritis was induced in the chimeras (day 0).  
Peripheral blood samples were taken on days 0, 3, and 5. 
The mice were killed on day 5 and their synovial infiltrates were 
analyzed by flow cytometry, with additional labeling for CD45.2 
(clone 104). Relative migration of CD45.2- expressing neutrophils 
(relative to CD45.1- expressing cells) was calculated as previously 
described (41).

In vitro neutrophil studies. Neutrophil assays were per-
formed at 37°C in Hanks’ balanced salt solution supplemented 
with 20 mM HEPES (pH 7.4). Transwell migration through 
fibrinogen- coated polycarbonate filters with 3- μm pore size 
(Corning) during a 60- minute incubation was tested as previously 

described (4,41,43,47). Chemoattractants included 100 ng/ml 
MIP- 2 or 10- fold diluted synovial lavage fluid from wild- type mice 
7 days after arthritis induction.

Immune complex– induced neutrophil responses were tested 
as previously described (41,43,47– 49) using 20 μg/ml human 
serum albumin (HSA) with 1:400 anti- HSA (“strong” stimula-
tion) or with 2- fold dilution of both reagents (“weak” stimulation; 
all  reagents from Sigma- Aldrich). Respiratory burst was tested 
spectrophotometrically using 100 nM ferricytochrome c (Sigma- 
Aldrich). MIP- 2 and LTB4 production during a 6- hour period was 
determined by ELISA. Cell viability and the basal rate of apopto-
sis was tested by flow cytometry using Live/Dead and annexin V 
staining (both from Invitrogen) within the Ly6G- positive gate.

Statistical analysis. Experiments were performed the indi-
cated number of times. Data are presented as the mean ± SEM 
from all independent in vitro experiments or from all individual mice 
tested. Statistical analyses were performed using StatSoft Sta-
tistica. Kolmogorov- Smirnov test for normality found mostly 
normal distribution of outcome parameters within groups. Com-
petitive migration assays were analyzed by one- way analysis of 
variance (ANOVA). All other experiments were analyzed using 
two- way ANOVA, with treatment and genotype as the 2 inde-
pendent variables. In the case of time courses, area under the 
curve (generated by adding together all outcome parameters for a 
given sample) as a simple measure of the response was used for 
statistical analysis. Reported P values refer to comparison of the 
indicated mutant genotype with parallel wild- type measurements. 
P values less than 0.05 were considered significant.

RESULTS

Abrogation of K/BxN serum– transfer arthritis upon 
complete or hematopoietic deletion of PLCγ2. We used 
the K/BxN serum– transfer model, a widely used model of 
autoantibody- induced arthritis in mice, to delineate the role of 
PLCγ2 in experimental arthritis. Arthritogenic (K/BxN) serum injec-
tion triggered robust arthritis in wild- type mice (Figures 1A– C). 
Consistent with prior reports (4,24), PLCγ2- deficient (Plcg−/−) mice 
were completely protected against arthritis development (P =  
3.8 × 10−10 and P = 8.6 × 10−5 for clinical score and ankle thick-
ness, respectively, versus wild- type mice) (Figures 1A– C).

We next transplanted wild- type or Plcg2−/− mouse 
bone  marrow cells into lethally irradiated wild- type or Plcg2−/− 
recipient mice. Arthritis development was completely abrogated 
in wild- type recipients transplanted with Plcg2−/− donor cells (P =  
2.2 × 10−4 and P = 0.0026 for clinical score and ankle thickness, 
respectively, versus wild- type recipients transplanted with wild- 
type donor cells) (Figures 1D and E). In contrast, Plcg2−/− recip-
ients transplanted with wild- type bone marrow cells developed 
robust arthritis comparable to that in similarly treated wild- type 
recipients (P = 0.20 and 0.17 for clinical score and ankle thickness, 
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respectively) (Figures 1D and E), although they tended to show a 
faster recovery during the second week of the experiment.

We also generated mice with Cre/lox– mediated conditional 
deletion of PLCγ2 from the entire hematopoietic compartment. The 
resulting Vav1- Cre+Plcg2flox/flox (Plcg2ΔHaemo) mice were also com-
pletely protected against K/BxN serum– transfer arthritis (P = 5.0 
× 10−4 and P = 7.3 × 10−4 for clinical score and ankle thickness, 
respectively, versus wild- type mice) (Figures 1A, F, and G). Taken 
together, these findings indicate that autoantibody- induced arthritis 
requires PLCγ2 expression within the hematopoietic compartment.

PLCγ2 expression in hematopoietic lineages. PLCγ2 
has been shown to be expressed and functionally important in 
a number of different hematopoietic lineages (1– 9). Consistent 
with the results of those studies, in the present study PLCγ2 
was detected in lysates of freshly isolated bone marrow neutro-
phils, peripheral blood platelets, or splenic B cells, or in in vitro 
differentiated primary BMMs or BMMCs from wild- type mice   
(Figures  2A– E). Importantly, no PLCγ2 was detected in similar 
cells from Plcg2– /–  animals (Figures 2A– E).

Efficacy and specificity of lineage- specific PLCγ2 
deletion. To test the role of PLCγ2 in autoantibody- induced 
arthritis in more detail, we generated several further lineage- 
specific PLCγ2- deficient mouse strains. These included PLCγ2 
deletion in multiple (though not all) myeloid- lineage cells (LysM- 
Cre+Plcg2flox/flox; referred to as Plcg2ΔMyelo), neutrophils (MRP8- 
Cre+Plcg2flox/flox; Plcg2ΔPMN), platelets (PF4- Cre+Plcg2flox/flox; 
Plcg2ΔPlt), or mast cells (Mcpt5- Cre+Plcg2flox/flox; Plcg2ΔMC).

We next tested PLCγ2 expression in various lineages from 
the mutants listed above by immunoblotting (Figures 2A– E). 
PLCγ2 was absent from all Plcg2−/− and Plcg2ΔHaemo samples. 
PLCγ2 expression was strongly reduced in Plcg2ΔMyelo BMMs 
but was normal in Plcg2ΔPMN, Plcg2ΔPlt, and Plcg2ΔMC BMMs 
(Figure 2A). PLCγ2 expression was greatly reduced in Plcg2ΔMyelo  
and Plcg2ΔPMN neutrophils but was normal in Plcg2ΔPlt and 
Plcg2ΔMC neutrophils (Figure 2B). PLCγ2 was nearly absent from 
Plcg2ΔPlt platelets but was present at normal levels in Plcg2ΔMyelo, 
Plcg2ΔPMN, and Plcg2ΔMC platelets (Figure 2C). PLCγ2 expression 
was partially reduced in Plcg2ΔMC BMMCs but not in Plcg2ΔMyelo, 
Plcg2ΔPMN, or Plcg2ΔPlt BMMCs (Figure 2D). None of the mutations 

Figure 1. Autoantibody- induced arthritis requires phospholipase Cγ2 in the hematopoietic system. Wild- type (WT) mice, Plcg2−/− mice, and 
Plcg2ΔHaemo mice or bone marrow chimeras were injected with BxN (control) or K/BxN (arthritogenic) serum intraperitoneally on day 0. A, Arthritis 
development in the hind limb of a mouse from each strain, representative of 4– 11 control serum– treated mice and 11– 16 arthritogenic serum– 
treated mice per group from at least 4 independent experiments B, D, and F, Clinical score in the hind limb in Plcg2−/− mice (B), bone marrow 
chimeras (D), and Plcg2ΔHaemo mice (F). C, E, and G, Ankle thickness in Plcg2−/− mice (C), bone marrow chimeras (E), and Plcg2ΔHaemo mice (G). 
In D and E, bone marrow chimeras were generated by transplanting WT or Plcg2−/− bone marrow cells into WT recipient mice (labeled WT→WT 
and knockout [KO]→WT, respectively) or WT bone marrow cells into Plcg2−/− recipient mice (labeled WT→KO). In B– G, values are the mean 
± SEM. Values for all control samples were combined in D and E. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract
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(except Plcg2−/− and Plcg2ΔHaemo) affected PLCγ2 expression in B 
cells (Figure 2E). Densitometric analysis (Figure 2F) of cells from 
Plcg2−/− and Plcg2ΔPMN mice (which are the main subjects of our 
study) confirmed the complete absence of PLCγ2 from all Plcg2– /–   
cells (P = 2.3 × 10−11 to 2.3 × 10−8 versus wild- type cells), and a 
strong but incomplete deletion of PLCγ2 from Plcg2ΔPMN neutro-
phils (P = 0.033), without a substantial deletion in other lineages 
(P = 0.026 for B cells and P = 0.15– 0.67 for the other lineages 
versus wild- type cells). Results of additional densitometric analyses 
are available upon request from the corresponding author.

We also performed intracellular staining of PLCγ2 in circulat-
ing neutrophils, monocytes, and B cells from wild- type, Plcg2−/−, 
and Plcg2ΔPMN mice (Figures 2G and H). Compared to the wild- type 

cells, PLCγ2 staining was strongly reduced in all Plcg2−/− cells 
(P = 4.0 × 10−8 to 1.1 × 10−6). Plcg2ΔPMN neutrophils showed strongly 
(though incompletely) reduced PLCγ2 expression (P = 1.9 × 10−6), 
while monocytes (P = 0.065) and B cells (P = 0.68) were not affected. 
These results confirmed the strong and specific, though incomplete, 
deletion of PLCγ2 from Plcg2ΔPMN neutrophils.

Abrogation of K/BxN serum– transfer arthritis 
upon myeloid- specific deletion of PLCγ2. To test the effect 
of conditional PLCγ2 deletion, we first subjected Plcg2ΔMyelo  
mice to K/BxN serum– transfer arthritis. Plcg2ΔMyelo mice did 
not show visible signs of arthritis (Figure 3A), and quantitative 
analysis revealed nearly complete protection of Plcg2ΔMyelo mice 

Figure 2. Efficacy and specificity of lineage- specific phospholipase Cγ2 (PLCγ2) deletion in mice. The efficacy and specificity of lineage- 
specific deletion was tested by immunoblotting or intracellular staining in flow cytometry. A– E, Immunoblotting of whole cell lysates of bone 
marrow– derived macrophages (BMMs) (A), neutrophils (B), platelets (C), bone marrow mast cells (BMMCs) (D), and splenic B cells (E) from 
wild- type (WT) mice and mice with the indicated PLCγ2 mutations, against PLCγ2 or actin (as a loading control). Results are representative of 
2– 3 independent experiments. F, Densitometric analysis of immunoblots for PLCγ2 expression in different cell subsets from WT, Plcg2– /– , and 
Plcg2ΔPMN mice. Bars show the mean ± SEM (n = 2– 3 independent experiments). G and H, Representative histograms (G) and relative mean 
fluorescence intensity (MFI) values (H) from flow cytometric analysis of intracellular PLCγ2 expression in circulating neutrophils, monocytes, and 
B cells. Results in G are representative of 2– 3 individual mice per group from 3 independent experiments. Bars in H show the mean ± SEM 
(n = 2– 3 individual mice per group from 3 independent experiments). Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract
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against arthritis development (P = 1.5 × 10−14 and P = 5.6 × 
10−10 for clinical score and ankle thickness, respectively, ver-
sus wild- type mice) (Figures 3B and C). In an assay of articular 
function (testing how long the mice were able to hold on to 
the bottom of a wire grid; data available upon request from 
the corresponding author), most arthritogenic serum– treated 
wild- type mice fell off the grid within a few seconds, whereas 
similarly treated Plcg2ΔMyelo mice were able to hold on to the grid 
similar to control serum– treated animals (P = 3.7 × 10−5). These 
results indicate a critical role for PLCγ2 expression within mye-
loid lineage cells.

Neutrophil- specific PLCγ2 deletion protects mice 
against arthritis. Analysis of the effects of PLCγ2 deletion 
from the neutrophil compartment revealed no visible signs of  
K/BxN serum– transfer arthritis in Plcg2ΔPMN animals (Figure 3A) 
and strong protection of Plcg2ΔPMN mice in quantitative studies 
(P = 7.4 × 10−9 and P = 3.5 × 10−4 for clinical score and ankle 
thickness, respectively, versus wild- type mice) (Figures 3D and 
E). Arthritogenic serum– treated Plcg2ΔPMN mice were able to hold 
on to the bottom of a wire grid, indicating protection against 

arthritis- induced loss of articular function (P = 0.017) (data avail-
able upon request from the corresponding author). These results 
suggest that PLCγ2 expression within neutrophils is critical for 
autoantibody- induced arthritis.

Function of PLCγ2 in platelets or mast cells is dispen-
sable with regard to arthritis development. Platelets (32) 
and mast cells (33) have also been implicated in the development 
of autoantibody- induced arthritis. Therefore, we generated and 
tested mice with platelet- specific (Plcg2ΔPlt) or mast cell– specific 
(Plcg2ΔMC) PLCγ2 deletion.

The Plcg2ΔPlt mutation failed to block visible signs of K/BxN 
serum– transfer arthritis (Figure 3A), and this was also confirmed 
by quantitative analyses (P = 0.77 and P = 0.85 for clinical score 
and ankle thickness, respectively, versus wild- type mice) (Figures 
3F and G). Similarly, no visible protection was observed in Plcg2ΔMC 
animals (Figure 3A), and no such protection was revealed during 
quantitative analyses either (P = 0.91 and P = 0.95 for clinical 
score and ankle thickness, respectively, versus wild- type mice) 
(Figures 3H and I). Therefore, PLCγ2 within platelets or mast cells 
is likely not critical for arthritis development in our model.

Figure 3. Myeloid-  or neutrophil- specific deletion of phospholipase Cγ2 abrogates arthritis development. Wild- type (WT), Plcg2ΔMyelo, Plcg2ΔPMN, 
Plcg2ΔPlt, and Plcg2ΔMC mice were injected with BxN (control) or K/BxN (arthritogenic) serum intraperitoneally on day 0. A, Arthritis development 
in the indicated mouse strains. B, D, F, and H, Clinical score in the hind limbs in Plcg2ΔMyelo (B), Plcg2ΔPMN (D), Plcg2ΔPlt (F), and Plcg2ΔMC (H) 
mice. C, E, G, and I, Ankle thickness in Plcg2ΔMyelo (C), Plcg2ΔPMN (E), Plcg2ΔPlt (G), and Plcg2ΔMC (I) mice. Values are the mean ± SEM (n = 6– 15 
control serum– treated mice and 12– 29 arthritogenic serum– treated mice per group from 4 independent experiments in B and C; 11– 17 control 
and 23– 26 arthritogenic serum– treated mice per group from 6 independent experiments in D and E; 10– 13 control and 13– 34 arthritogenic 
serum- treated individual mice per group from at least 5 independent experiments in F and G; and 8– 12 control and 11– 33 arthritogenic serum– 
treated mice per group from at least 4 independent experiments in H and I).
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Neutrophil- specific PLCγ2 deletion blocks leuko-
cyte infiltration. To test how neutrophil PLCγ2 contributes 
to autoantibody- induced arthritis, we analyzed leukocyte infil-
tration into the synovial tissue. As shown in Figure 4A, K/BxN 
serum– transfer arthritis triggered robust infiltration of neutro-
phils into the synovial tissue, whereas hardly any neutrophils 
appeared in Plcg2ΔPMN mice (P = 7.6 × 10−4). Interestingly, the 

Plcg2ΔPMN mutation also abrogated accumulation of monocyte/
macrophages in the synovial tissue of arthritogenic serum– 
injected mice (P = 0.0010 and P = 5.8 × 10−4 for Ly6G−F4/80+ 
and Ly6G−CD11b+ cells, respectively) (Figures 4B and C). 
Therefore, neutrophil PLCγ2 is critical for the accumulation of 
both neutrophils and monocyte/macrophages at the site of  
inflammation.

Figure 4. Accumulation of myeloid cells at the site of inflammation. Wild- type (WT) and Plcg2ΔPMN mice (A– C) and chimeras of bone marrow 
from CD45.1- expressing WT and CD45.2- expressing WT, CD18- deficient (Itgb2−/−), or Plcg2ΔPMN hematopoietic cells (D– J) were subjected 
to K/B×N serum–transfer arthritis. A– C, In vivo accumulation of neutrophils (A), Ly6G−F4/80+ monocyte/macrophages (Mono/Mϕ) (B), and 
Ly6G−CD11b+ monocyte/macrophages (C) in WT and Plcg2ΔPMN mice, determined by flow cytometric analysis on day 5. Bars show the 
mean ± SEM (n = 5– 6 control and 10– 12 arthritic mice per group from 5 independent experiments). D– F, CD45.2 expression in neutrophils in 
blood and synovial infiltrate from chimeras with mixed bone marrow cells from a CD45.1- expressing WT mouse and a CD45.2- expressing WT 
mouse (WT:WT chimeras) (D), a CD45.1- expressing WT mouse and a CD45.2- expressing CD18- deficient mouse (WT:Itgb2−/− chimeras) (E), 
and a CD45.1- expressing WT mouse and a CD45.2- expressing Plcg2ΔPMN mouse (WT:Plcg2ΔPMN chimeras) (F), determined by flow cytometric 
analysis on day 5. Results are representative of 5 independent experiments. G, Correlation between the percentage of CD45.2- expressing 
polymorphonuclear neutrophils (PMNs) in the synovial infiltrate (day 5) and percentage of CD45.2-expressing PMNs in the peripheral blood 
(average of days 0, 3, and 5) in the indicated mixed bone marrow chimeras, determined by flow cytometric analysis. H, Relative migration of 
CD45.2- expressing neutrophils in the indicated chimeras, determined by flow cytometric analysis. Data in G and H are derived from the same 
data set. I and J, Relative change in CD45.2- expressing neutrophils in the peripheral blood, determined by flow cytometric analysis (I), and 
clinical scores (J) in the indicated chimeras on days 0, 3, and 5. In H– J, bars show the mean ± SEM (n = 5 mice per group from 3 independent 
experiments). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract
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Normal intrinsic migratory ability of Plcg2ΔPMN neu-
trophils. The simplest explanation for the above findings would 
be a role for PLCγ2 in the transendothelial migration of neutro-
phils, a supposedly β2 integrin– mediated process. To test that 
possibility, we compared the accumulation of wild- type and 
Plcg2ΔPMN or CD18- deficient (Itgb2−/−) neutrophils within the 
same individual mice using a competitive migration approach. 
To this end, lethally irradiated mice were transplanted with 
a mixture of bone marrow cells from a CD45.1- expressing wild- 
type mouse and a CD45.2- expressing wild- type mouse (WT:WT 
chimeras) (Figure 4D), CD18- deficient mouse (WT:Itgb2−/− chi-
meras) (Figure 4E), or Plcg2ΔPMN mouse (WT:Plcg2ΔPMN chimeras) 
(Figure 4F). Autoantibody- induced arthritis was then triggered 
(day 0), the clinical score (Figure 4J) was recorded and blood was 
taken on days 0, 3, and 5, and the mice were killed and their joint 
areas flushed on day 5. The percentage of CD45.2- expressing 
cells within the neutrophil compartment was then determined in all 
blood and synovial exudate samples by flow cytometry.

CD45.2 expression profiles in peripheral blood and synovial 
neutrophils of the mixed bone marrow chimeras described above 
are shown in Figures 4D– F. As expected, similar percentages of 
CD45.2 cells were observed in the peripheral blood and synovial 
tissue of WT:WT chimeras (Figure 4D). Consistent with the expected 
cell- autonomous requirement for CD18, the percentage of CD45.2 
neutrophils was substantially lower in the synovial tissue than in 
the peripheral blood in WT:Itgb2– /–  chimeras (Figure 4E). Impor-
tantly, no difference between the percentage of the CD45.2 cells 
in the peripheral blood and the synovial infiltrate was observed in  
WT:Plcg2ΔPMN chimeras (Figure 4F), providing evidence against a 
cell- autonomous migration defect of Plcg2ΔPMN neutrophils.

Results of all such mixed chimera experiments are sum-
marized in Figures 4G and H. While the data points represent-
ing individual WT:WT and WT:Plcg2ΔPMN chimeras lined up on a 
diagonal 45- degree axis (indicating similar ratios in the blood and 
the synovium), WT:Itgb2−/− chimeras showed a substantially lower 
percentage of CD45.2 (Itgb2−/−) neutrophils in the synovium than 
in the peripheral blood, indicating a cell- autonomous migration 

defect of Itgb2−/− but not Plcg2ΔPMN neutrophils. Relative migration 
calculated from the same data (Figure 4H) revealed a dramati-
cally reduced accumulation of Itgb2−/− (P = 3.8 × 10−7) but normal 
accumulation of Plcg2ΔPMN (P = 0.93) neutrophils.

Analysis of blood samples alone (Figure 4I) (additional data are 
available upon request from the corresponding author) revealed 
that the percentage of CD45.2- expressing circulating neutrophils 
remained stable during the course of the above experiments in 
WT:WT chimeras, whereas it increased significantly in WT:Itgb2−/− 
chimeras (P = 0.043) but not in WT:Plcg2ΔPMN chimeras (P = 0.75). 
These results again suggested that Plcg2ΔPMN neutrophils, but not 
Itgb2−/− neutrophils, were able to leave the circulation during arthritis.

Requirement of neutrophil PLCγ2 for the genera-
tion of the inflammatory microenvironment. A possible 
explanation for the defective neutrophil accumulation in intact 
Plcg2ΔPMN mice (Figure 4A) despite apparently normal intrin-
sic migration of Plcg2ΔPMN neutrophils (Figures 4D– I) and the defec-
tive accumulation of Plcg2ΔPMN monocyte/macrophages (Figures 
4B and C) which likely express normal PLCγ2 levels (Figures 2A 
and F– H) would be a role for neutrophil PLCγ2 in the generation 
of the inflammatory microenvironment. This was tested by meas-
uring the levels of inflammatory mediators in the synovial tissue.

As shown in Figure 5A, arthritis induction triggered a robust 
accumulation of IL- 1β in wild- type mice, whereas no such 
response was observed in Plcg2ΔPMN mice (P = 0.0045). Sim-
ilarly, MIP- 2 chemokine levels were strongly increased in wild- 
type but not Plcg2ΔPMN animals (P = 0.0019) (Figure 5B). Finally, 
autoantibody- induced arthritis led to the accumulation of LTB4 in 
wild- type but not Plcg2ΔPMN mice (P = 0.029) (Figure 5C). There-
fore, PLCγ2- expressing neutrophils likely contribute to the gener-
ation of the inflammatory microenvironment.

Normal in vitro migration of PLCγ2- deficient neu-
trophils. We also performed in vitro experiments to corrobo-
rate the in vivo findings described above. As shown in Figure 6A, 
both Plcg2−/− neutrophils (P = 0.40) and Plcg2ΔPMN neutrophils 

Figure 5. Neutrophil phospholipase Cγ2 (PLCγ2) is required for the generation of the inflammatory microenvironment. K/BxN serum– transfer 
arthritis was induced in wild- type (WT) and Plcg2ΔPMN mice on day 0. The synovial area was flushed on day 5. Levels of interleukin- 1 (IL- 1β) (A), 
macrophage inflammatory protein 2 (MIP- 2) (B), and leukotriene B4 (LTB4) (C) in cell- free supernatants of the synovial infiltrates are shown. Bars 
show the mean ± SEM (n = 3– 6 control mice and 5– 13 arthritic mice per group from at least 3 independent experiments.)
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(P = 0.41) migrated normally toward MIP- 2 in a Transwell assay, 
similar to wild- type mouse cells. In addition, wild- type neutro-
phils migrated toward cell- free synovial infiltrates from arthrito-
genic serum– treated animals, and this response was also normal 
in Plcg2−/− (P = 0.94) and Plcg2ΔPMN (P = 0.69) cells (Figure 6B). 
These results confirmed the normal intrinsic migratory ability of 
PLCγ2- deficient neutrophils.

Requirement of PLCγ2 for immune complex– induced 
neutrophil responses. We also plated neutrophils on immo-
bilized IgG immune complexes, an in vitro surrogate of in vivo 
autoantibody deposition. We used two different conditions trig-
gering different levels of cellular activation. As shown in Figures 
6C and D, immune complexes triggered a robust respiratory 
burst from wild- type neutrophils, whereas Plcg2−/− neutrophils 
were completely protected (P = 2.7 × 10−8 versus wild- type) and 
Plcg2ΔPMN neutrophils also showed a strongly reduced response 
(P = 4.9 × 10−4 versus wild- type).

As shown in Figure 6E, immune complex stimulation also trig-
gered robust MIP- 2 release from wild- type neutrophils, whereas 
Plcg2−/− neutrophils did not show any such response (P = 6.8 
× 10−7), and Plcg2ΔPMN neutrophils also showed a strong defect 
(P = 4.2 × 10−6). Similarly, wild- type neutrophils but not Plcg2– /− 
neutrophils (P = 4.3 × 10−5) showed robust LTB4 release under 
these conditions (Figure 6F), and Plcg2ΔPMN neutrophils were also 
strongly defective in this response (P = 8.5 × 10−5). These findings 

confirm the role of neutrophil PLCγ2 in the generation of the 
inflammatory microenvironment.

PLCγ2 deficiency does not affect neutrophil survival. 
Finally, we tested the effect of PLCγ2 deficiency on neutrophil 
survival and apoptosis. As shown in Figure 6G, approximately 
two- thirds of wild- type neutrophils died during a 24- hour in vitro 
culture period, which was not affected by the Plcg2−/− (P = 0.93) 
or Plcg2ΔPMN (P = 0.80) mutations. Similarly, the majority of wild- 
type neutrophils were apoptotic by the end of the 24- hour  culture 
period (Figure 6H), and similar levels were also observed in 
Plcg2−/− samples (P = 0.52) and Plcg2ΔPMN samples (P = 0.75). 
Therefore, it is unlikely that the defective neutrophil accumulation 
in Plcg2ΔPMN mice (Figure 4A) is due to a change in neutrophil 
survival.

DISCUSSION

Our experiments identified PLCγ2 expressed in neutrophils 
to be critical for autoantibody- induced arthritis (Figure 3) and the 
generation of the inflammatory microenvironment (Figures 5 and 
6), with supposedly secondary defects in neutrophil and mono-
cyte/macrophage accumulation (Figure 4).

Several different hematopoietic lineages have been impli-
cated in autoantibody- induced arthritis (27– 33). Of those, our 
results indicate a role for PLCγ2 expressed in neutrophils but not 

Figure 6. In vitro analysis of neutrophil function. A and B, In vitro migration of neutrophils isolated from wild- type (WT), Plcg2−/−, and Plcg2ΔPMN 
mice through fibrinogen- coated Transwell membranes toward 100 ng/ml macrophage inflammatory protein 2 (MIP- 2) (A) or diluted synovial fluid 
from control serum–treated mice and arthritogenic serum–treated mice (B). C and D, Superoxide production of neutrophils plated on weakly 
(C) or strongly (D) activating immobilized immune complex (IC) surfaces. E and F, MIP- 2 release (E) and leukotriene B4 (LTB4) release (F) from 
neutrophils plated on weakly or strongly activating immobilized IC surfaces. G and H, Percentage of dead cells (G) and apoptotic cells (H) 2 
and 24 hours after the isolation of neutrophils. Values are the mean ± SEM (n = 3 independent experiments). Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41704/abstract.
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in platelets or mast cells (Figure 3). However, care should be taken 
when interpreting results from lineage- specific conditional deletion 
approaches because of the limitation of the efficacy and speci-
ficity of those approaches. In particular, we cannot exclude the 
role of PLCγ2 in monocyte/macrophages because of the diver-
sity of those cells and the lack of mouse strains with efficient but 
strictly monocyte/macrophage- specific Cre expression, and the 
confounding effect of Cre expression in neutrophils from the LysM- 
Cre promoter (Figure 2) (see also ref. 50). It should also be noted 
that Plcg2ΔPMN mutants consistently showed less severe defects 
than Plcg2−/− ones both in vivo (compare Figures 1B and C and 
Figures 3D and E) and in vitro (Figures 6C– F). While this is likely 
due in part to the incomplete deletion of PLCγ2 from Plcg2ΔPMN 
neutrophils (Figure 2), an additional factor may be the contribution 
of monocyte/macrophage PLCγ2 to arthritis development. In addi-
tion, though our results support a role of PLCγ2 in hematopoietic 
lineage(s) (Figures 1 and 3), we cannot exclude the additional role 
of PLCγ2 in nonhematopoietic lineage(s) either, especially given the 
somewhat faster recovery of Plcg2−/− recipients transplanted with 
wild- type bone marrow cells (Figures 1D and E).

CD18- deficient mice are protected against autoantibody- 
induced arthritis (42,51), and we hypothesized that defective 
CD18- dependent migration may also explain the phenotype of 
Plcg2−/− and Plcg2ΔPMN animals. However, the different behavior 
of Itgb2−/− and Plcg2ΔPMN neutrophils in mixed bone marrow chi-
mera experiments (Figure 5) and the normal in vitro migration of 
Plcg2−/− and Plcg2ΔPMN neutrophils (Figures 6A and B) suggest that 
PLCγ2- deficient neutrophils have normal migratory ability. Neu-
trophils also release proinflammatory mediators (52,53) and our 
findings indicate that neutrophil PLCγ2 is critical for this response 
(Figures 5 and 6C– F), therefore contributing to the generation of 
the inflammatory microenvironment during the amplification of 
arthritis. The defective accumulation of monocyte/macrophages 
at the inflammatory site in Plcg2ΔPMN mice (Figures 4B and C) is 
likely due to secondary activation of macrophages by PLCγ2- 
expressing neutrophils. Those results indicate a master regulatory 
role for neutrophils during autoantibody- induced arthritis. Our 
results also suggest that PLCγ2- expressing neutrophils partici-
pate in feedback amplification loops by releasing mediators that 
attract further neutrophils to the inflammatory site (54). However, it 
is still unclear whether PLCγ2 participates in the accumulation of 
the first neutrophils during arthritis development.

Src family kinases, Syk, Vav family members, and SLP- 76 
(3,4,24,41,49,55) are likely upstream activators of PLCγ2. It would 
be reasonable to assume that this pathway acts downstream of β2 
integrins, which are also required for arthritis development (42,51). 
However, autoantibody- induced arthritis depends on lymphocyte 
function– associated antigen 1 (LFA- 1) but not Mac- 1 (51), whereas 
the molecules listed above have primarily been implicated in Mac- 
1– dependent functional responses (3,4,56,57), and the suppos-
edly LFA- 1– dependent accumulation of neutrophils is not affected 
by the Plcg2ΔPMN mutation (Figure 4). An alternative explanation is 

that the role of PLCγ2 in arthritis is linked to its role in FcR signaling 
in neutrophils (4). The components downstream of PLCγ2 is less 
clear but may involve caspase recruitment domain 9– mediated 
NF- κB activation and chemokine/cytokine release (43), as well as 
LTB4 production through PLCγ2- mediated Ca2+ signaling.

PLCγ2 has been implicated in a number of diseases ranging 
from immune dysfunction through autoimmune and autoinflam-
matory diseases to Alzheimer’s disease (14– 21). It is reasonable 
to assume that the pathways described in this article contribute 
to the pathogenesis of at least some of those diseases and pos-
sibly to other inflammatory diseases where the role of PLCγ2 
has not yet been tested. Our results also suggest that targeting 
PLCγ2 may be particularly useful in inflammatory diseases with a 
substantial neutrophilic component.
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Stratification of Patients With Sjögren’s Syndrome and 
Patients With Systemic Lupus Erythematosus According 
to Two Shared Immune Cell Signatures, With Potential 
Therapeutic Implications
Lucia Martin-Gutierrez,1Junjie Peng,1NicolynL. Thompson,1GeorgeA. Robinson,1Meena Naja,2 
Hannah Peckham,1WingHan Wu,1Hajar J’bari,3Nyarko Ahwireng,3KirstyE. Waddington,1ClaireM. Bradford,1 
Giulia Varnier,1Akash Gandhi,3Rebecca Radmore,3Vivek Gupta,3DavidA. Isenberg,2 ElizabethC. Jury,2  
andCoziana Ciurtin2

Objective. Similarities in the clinical and laboratory features of primary Sjögren’s syndrome (SS) and systemic 
lupus erythematosus (SLE) have led to attempts to treat patients with primary SS or SLE with similar biologic 
therapeutics. However, the results of many clinical trials are disappointing, and no biologic treatments are licensed 
for use in primary SS, while only a few biologic agents are available to treat SLE patients whose disease has remained 
refractory to other treatments. With the aim of improving treatment selections, this study was undertaken to identify 
distinct immunologic signatures in patients with primary SS and patients with SLE, using a stratification approach 
based on immune cell endotypes.

Methods. Immunophentyping of 29 immune cell subsets was performed using flow cytometry in peripheral blood 
from patients with primary SS (n = 45), patients with SLE (n = 29), and patients with secondary SS associated with 
SLE (SLE/SS) (n = 14), all of whom were considered to have low disease activity or be in clinical remission, and sex- 
matched healthy controls (n = 31). Data were analyzed using supervised machine learning (balanced random forest, 
sparse partial least squares discriminant analysis), logistic regression, and multiple t- tests. Patients were stratified by 
K- means clustering and clinical trajectory analysis.

Results. Patients with primary SS and patients with SLE had a similar immunologic architecture despite having 
different clinical presentations and prognoses. Stratification of the combined primary SS, SLE, and SLE/SS patient 
cohorts by K- means cluster analysis revealed 2 endotypes, characterized by distinct immune cell profiles spanning the 
diagnoses. A signature of 8 T cell subsets that distinctly differentiated the 2 endotypes with high accuracy (area under 
the curve 0.9979) was identified in logistic regression and machine learning models. In clinical trajectory analyses, 
the change in damage scores and disease activity levels from baseline to 5 years differed between the 2 endotypes.

Conclusion. These findings identify an immune cell toolkit that may be useful for differentiating, with high accuracy, 
the immunologic profiles of patients with primary SS and patients with SLE as a way to achieve targeted therapeutic 
approaches.

The views expressed in this article are those of the authors and not
necessarilythoseoftheNHS,theNIHR,ortheDepartmentofHealth.

SupportedbygrantsfromVersusArthritis(grants21593and20164),Great
OrmondStreetChildren’sCharity,andtheNIHRBiomedicalResearchCentres
at Great Ormond Street Hospital (GOSH) and University College London
Hospitals (UCLH).MsMartin-Gutierrez’sworkwassupportedbyTheDunhill
MedicalTrust(grantRPGF1902\117).Mr.Peng’sworkwassupportedbyVersus
Arthritis (grant21226).Dr.Thompson’sworkwassupportedbyaUniversity
CollegeLondon (UCL)DivisionofMedicinePhDStudentship.Dr.Robinson’s
workwassupportedbyLUPUSUK,RosetreesTrust(grantM409),andVersus
Arthritis (grant 21593). Ms Naja’s work was supported by the NIHR UCLH
BiomedicalResearchCentre(grantBRC525/III/CC/191350).MsPeckham’swork
wassupportedbyaVersusArthritisPhDStudentship(grant22203).

1LuciaMartin-Gutierrez,MSc, Junjie Peng,MSc, Nicolyn L. Thompson,
PhD, George A. Robinson, PhD, Hannah Peckham, MSc, WingHan Wu,

BSc, Kirsty E. Waddington, PhD, Claire M. Bradford, PhD, Giulia Varnier,
MBBS:UniversityCollegeLondon,London,UK;2MeenaNaja,MBBS,David
A. Isenberg, MD, Elizabeth C. Jury, PhD, Coziana Ciurtin, PhD: University
College London and University College London Hospitals, London, UK;
3Hajar J’bari, BNS, Nyarko Ahwireng, BNS, AkashGandhi,MBBS, Rebecca
Radmore,MBBS,VivekGupta,MBBS:UniversityCollegeLondonHospitals,
London,UK.

MsMartin-GutierrezandMr.Pengcontributedequallytothiswork.Drs.
JuryandCiurtincontributedequallytothiswork.

Nopotentialconflictsofinterestrelevanttothisarticlewerereported.
AddresscorrespondencetoCozianaCiurtin,PhD,FRCP,UniversityCollege

London,DepartmentofRheumatology,3rdFloorCentral,250EustonRoad,
LondonNW12PG,UK.Email:c.ciurtin@ucl.ac.uk.

Submitted for publication October 2, 2020; accepted in revised form
February18,2021.

https://orcid.org/0000-0001-9514-2455
https://orcid.org/0000-0002-2389-3396
mailto:
https://orcid.org/0000-0002-8911-4113
mailto:c.ciurtin@ucl.ac. uk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41708&domain=pdf&date_stamp=2021-08-06


SS AND SLE STRATIFICATION BASED ON SHARED IMMUNE CELL SIGNATURES |      1627

INTRODUCTION

Primary Sjögren’s syndrome (SS) and systemic lupus erythe-
matosus (SLE) are chronic autoimmune rheumatic diseases that 
primarily affect women and that share common characteristics, 
including genetic, as well as clinical and serologic characteristics 
(1). Although significant progress has been made toward improv-
ing treatment and patient- related outcomes in primary SS and 
SLE, there is still a need for improvement in early diagnosis and 
adequate therapy monitoring, as well as new treatments for man-
ifestations refractory to approved therapies and better strategies 
to address comorbidities (1).

Primary SS and SLE share etiopathogenic links. Both dis-
eases are associated with a large number of major genetic sus-
ceptibility loci, such as HLA class II variants BLK, IRF5, and STAT4 
(2– 4), while neutrophil degranulation was identified as the most 
significantly enriched functional epigenetic pathway in both dis-
eases (5). In addition, a gene expression meta- analytic strategy 
identified transcriptomic similarities comprising overexpressed 
genes related to interferon (IFN)– mediated signaling pathways 
as well as pathways mediated by other cytokines, and similar 
responses to viral infection (6). The IFN signature, defined as an 
increased expression of type I IFN– regulated genes, has been 
shown to be associated with increased disease activity in both 
SLE and primary SS (7,8). SLE and SS are also characterized by 
common environmental factors (9,10), aberrant B cell (11) and T 
cell activation (12,13), and autoantibody production (14,15), which 
are reflected in the similar therapeutic approaches (16,17).

However, the clinical evolution of both primary SS and SLE 
is difficult to predict, as patients present at different stages in the 
course of their disease with diverse clinical manifestations. This 
suggests that distinct pathways driving chronic inflammation and 
immune dysregulation in primary SS and SLE are activated at a 
certain point in the disease course (18,19). Therefore, recognizing 
the underlying molecular and cellular abnormalities characterizing 
patient- specific disease manifestations could identify markers for 
disease course prediction and tailored treatment strategies.

Previous efforts to stratify patients with SLE based on gene 
expression identified different mechanisms of disease progres-
sion, as well as distinct clinical manifestations (20,21). Similarly, 
research into stratification of patients with primary SS revealed dis-
tinct patient clusters driven by an association between activated 
CD4+ and CD8+ T cell signatures, disease activity and glandular 
inflammation (22), presence or absence of SSA/SSB antibodies, 
presence or absence of various HLA genetic markers (23), or dis-
tinctive clinical phenotypes (24). Recognizing that immune signa-
tures, rather than the diagnostic label in certain patients, are likely 
to be more important in defining the disease, researchers recently 
proposed a molecular taxonomy– derived reclassification of auto-
immune rheumatic diseases to reflect their pathogenesis and sup-
port better patient selection for clinical trials (the PRECISESADS 
project) (25).

Our hypothesis is that patients with primary SS and patients 
with SLE share immunologic features that span diagnostic bound-
aries, and recognition of these features could support the develop-
ment of personalized medicine strategies and thus lead to better 
treatment selection. In particular, we suggest that stratification based 
on immune cell phenotype between certain groups of patients with 
primary SS and patients with SLE could support the implementation 
of similar therapeutic strategies (e.g., use of treatments licensed for 
SLE in patients with primary SS with similar immunologic makeup). 
Furthermore, we propose a new approach of including patients with 
an overlapping clinical phenotype and features of both diseases, 
such as patients with secondary SS associated with SLE (SLE/SS), 
which account for 14– 17.8% of SLE patient cohorts (26,27).

Using machine learning approaches in a mixed cohort of 
patients with primary SS, those with SLE, and those with SLE/
SS, we established 2 new disease endotypes based on peripheral 
blood immune signatures. Results were predictive of characteris-
tic long- term disease activity and damage trajectories.

PATIENTS AND METHODS

Study subjects. Peripheral blood was obtained from patients 
with primary SS (n = 45), patients with SLE (n = 29), and patients 
with SLE and secondary SS (n = 14) who were recruited from the 
Autoimmune Rheumatic Diseases Clinic at the University College 
London Hospitals NHS Foundation Trust. Patients with primary SS 
or SLE/SS satisfied the American– European Consensus Group 
criteria for SS (28). All SLE patients fulfilled the revised Systemic 
Lupus International Collaborating Clinics (SLICC) criteria for SLE 
(29). Table 1 shows baseline clinical and demographic character-
istics of the patient cohorts. Healthy controls with no symptoms 
of dryness (n = 31; mean age 44 years, range 20– 77 years) were 
also recruited, matched for sex (all participants were women) and 
ethnicity. All subjects were enrolled in accordance with ethics regu-
lations approved by the National Research Ethics Service Commit-
tee South East Coast– Surrey (reference no. 14/LO/2016) following 
written informed consent. Peripheral blood mononuclear cells 
(PBMCs) were isolated from peripheral blood using Ficoll- Hypaque 
density- gradient centrifugation. A detailed description of data col-
lection methodology is available in the Supplementary Methods 
(available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41708/ abstract).

Flow cytometry. A total of 106 PBMCs were prelabeled 
with LIVE/DEAD Fixable Blue Dead Cell Stain (Invitrogen Life Tech-
nologies) before washing and resuspending in cell staining buffer 
(1% fetal bovine serum, 0.01% sodium azide) and surface staining 
for B cell and T cell subsets for 30 minutes at 4°C. Cells were 
fixed in 1% paraformaldehyde prior to analysis (See Supplemen-
tary Figure 1 for gating strategy, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41708/ abstract). A minimum of 3 × 105 events were collected 

http://onlinelibrary.wiley.com/doi/10.1002/art.41708/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41708/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41708/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41708/abstract
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Table 1. Demographic and baseline clinical characteristics of the patients with primary SS, patients with SLE, and patients with SLE/SS*

Primary SS SLE SLE/SS P†
No. of patients 45 29 14 – 
Demographic characteristics

Age, mean (range) years 59 (30– 78) 48 (21– 72) 55 (26– 56) 0.003‡
Race/ethnicity, no.

White 31 14 8 NS
Asian 9 6 3 NS
Black 5 7 3 NS
Other/unknown 0 2 0 – 

Disease duration, mean (range) years 11.84 (3– 33) 20.15 (0– 39) 24.71 (9– 38) 0.002‡
Laboratory markers

WBC count, median (IQR) ×103/mm3 (normal 3– 10) 4.92  
(4.14– 6.53)

5.59  
(4.24– 7.46)

5.645  
(4.64– 8.60)

NS

Neutrophils, median (IQR) ×109/liter (normal 2.0– 7.5) 2.965  
(1.99– 4.25)

3.42  
(2.56– 4.26)

3.55  
(2.88– 4.54)

NS

Lymphocytes, median (IQR) ×109/liter (normal 1.2– 3.65) 1.42  
(1.11– 1.79)

1.49  
(1.01– 2.22)

1.615  
(1.30– 2.31)

NS

Hgb, median (IQR) mg/liter (normal 115– 155) 130  
(120.0– 134.2)

128  
(123– 140)

125.5  
(114.7– 136.0)

NS

Platelets, median (IQR) ×109/liter (normal 150– 400) 226.5  
(213.5– 273.0)

248  
(213.5– 297.0)

249  
(233.0– 278.5)

NS

ESR, median (IQR) mm/hour (normal 0– 20) 14  
(5.50– 22.5)

16  
(8– 23)

24  
(7.25– 41.5)

NS

C- reactive protein level, median (IQR) gm/liter (normal 
0– 5 mg/liter)

1.4  
(0.75– 2.55)

2.4  
(1.34– 4.65)

3.1  
(1.03– 6.15)

NS

Complement C3 level, median (IQR) gm/liter (normal 
0.9– 1.8)

1.06  
(0.91– 1.26)

1  
(0.86– 1.28)

0.9  
(0.83– 1.14)

NS

IgG, median (IQR) gm/liter (normal 7– 16) 14.19  
(11.5– 17.6)

12.6  
(9.11– 15.1)

18.53  
(14.0– 20.5)

NS

Anti- Ro/SSA positive, no. (%) 37 (82) 13 (45) 10 (71) 0.0033
Anti- La/SSB positive, no. (%) 24 (53) 5 (17) 4 (29) 0.0056
RF, no. (%) 27 (60) 2 (7) 3 (21) <0.0001
Anti- dsDNA positive, no. (%) 2 (4) 11 (38) 6 (42) 0.007
Positive findings on salivary gland biopsy 10 (22) NA 4 (29) NS

Disease activity and damage scores
SLEDAI- 2K

Median (IQR) NA 2 (0– 4) 2 (0– 4) NS
Mean (range) NA 2.50 (0– 10) 1.92 (0– 4) NS

SLICC/ACR damage index
Median (IQR) NA 0 (0– 0.25) 1 (0– 2) 0.0385
Mean (range) NA 0.32 (0– 2) 1.08 (0– 4) 0.0385

ESSDAI
Median (IQR) 1 (0– 2.5) NA 1.50 (0– 3.5) NS
Mean (range) 2.07 (0– 18) NA 2.67 (0– 13) NS

SSDDI
Median (IQR) 1 (1– 2) NA 2 (1– 2) NS
Mean (range) 1.65 (0– 8) NA 1.58 (0– 4) NS

Treatments, no. (%)
HCQ 24 (53) 21 (72) 2 (14) 0.0016
Prednisolone <10 mg/day 3 (7) 17 (59) 4 (29) <0.0001
Prednisolone ≥10 mg/day 0 (0) 1 (3) 1 (7) NS
AZA 1 (2) 6 (21) 3 (21) 0.0219
MMF 0 (0) 7 (24) 3 (21) 0.0026
MTX 2 (4) 1 (3) 1 (7) NS
CYC 1 (2) 5 (17) 3 (21) 0.0367
RTX 0 (0) 4 (14) 0 (0) 0.0141

Time since last dose of RTX, mean (range) years – 8 (4– 16) – – 
*Allpatientswerewomen.NS=notsignificant;WBC=whitebloodcell;IQR=interquartilerange;Hgb=hemoglobin;ESR=erythrocytesedi-
mentationrate;RF=rheumatoidfactor;anti-dsDNA=anti–double-strandedDNA;NA=notapplicable;SLEDAI-2K=SystemicLupusErythematosus
DiseaseActivityIndex2000;SLICC/ACR=SystemicLupusInternationalCollaboratingClinics/AmericanCollegeofRheumatology;ESSDAI=EULAR
Sjögren’sSyndromeDiseaseActivityIndex;SSDDI=Sjögren’sSyndromeDiseaseDamageIndex;HCQ=hydroxychloroquine;AZA=azathioprine;
MMF=mycophenolatemofetil;MTX=methotrexate;CYC=cyclophosphamide;RTX=rituximab.
†Exceptwhereindicatedotherwise,Pvaluesareforcomparisonsamongall3groups,determinedusingKruskal-WallistestorMann-Whitneytest
andDunn’stestformultiplecomparisons.Pvalueslessthan0.05wereconsideredsignificant.
‡PatientswithprimarySjögren’ssyndrome(SS)versuspatientswithsystemiclupuserythematosus(SLE).



SS AND SLE STRATIFICATION BASED ON SHARED IMMUNE CELL SIGNATURES |      1629

on an LSRII flow cytometer (Becton Dickinson), and data were 
analyzed using FlowJo software (Tree Star).

Statistical analysis. The study design and statistical  
analyses are summarized in Figure 1. Analysis of the demo  graphic  
data was performed using GraphPad Prism software ver-
sion 8. In each group, values are expressed as the mean and  
range or median and interquartile range, depending on data dis-
tribution, which was tested using the Kolmogorov- Smirnov test. 
Nonparametric 2- tailed Mann- Whitney test, Kruskal- Wallis test, 
and Dunn´s multiple comparison test were performed. Categorical 
variables were compared using chi- square tests. Correlation analy-
ses of nonparametric data were performed using Spearman’s cor-
relation tests. P values less than 0.05 were considered significant. 
Data, including demographic data, immunophenotyping data, and 
longitudinal clinical data, were stored in Microsoft Excel.

The immunophenotyping data were compared between the 
different populations including healthy controls, those with SS, 
those with SLE, those with SLE/SS, and the stratified patient 
groups. Other statistical analyses were performed in R version 
3.5.2 (https://www.R- proje ct.org/).

Logistic regression for association analysis. The 
association between the immunophenotypes of 29 parame-
ters and patient groups was assessed, adjusted for age and 

ethnicity. For each measurement, the odds ratio (OR) and the 
95% confidence interval (95% CI) were determined, and the 
P value was calculated. Forest plots were produced with the 
ggplot2 package in R, with significant associations highlighted 
in red (P < 0.05).

Machine learning approaches. Supervised machine 
learning approaches, balanced random forest plots, and sparse 
partial least squares discriminant analysis were applied for 
classification and parameter identification. A balanced random 
forest model was used for classification and variable selection 
using the randomForest package in R. A balanced random for-
est is an ensemble machine learning algorithm for classification, 
 consisting of numerous decision trees that can increase model 
accuracy while minimizing the risk of model overfitting, which is 
often encountered in rare data sets from smaller cohorts; thus, 
this approach has been employed as a way to obtain validated 
data from smaller samples (30). Parameters were optimized 
for the best outcome in each model. A detailed description of 
the machine learning models and data analysis platforms is 
available in the Supplementary Methods (available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41708/ abstract).

Clinical trajectory analysis. The trajectories of patient 
clinical measures over time (expressed as visits/year; n = 5) are 
depicted by a spaghetti plot. The flow of the longitudinal data of 
patients (those with SS, those with SLE, and those with SLE/SS; 
n = 88) is shown in each plot, where each line represents one 
parameter from each patient. Smoothing lines were added to indi-
cate the trend of patient groups as identified from K- means clus-
tering analysis. Plots were produced using R package “ggplot2.”

RESULTS

Similar immunologic architecture comprising a 
shared immune signature in patients with primary 
SS and patients with SLE. We compared routinely available 
clinical information from patients with primary SS, those with 
SLE, and those with SLE/SS to determine whether it could be 
used to identify similarities and differences between the patient 
groups irrespective of diagnosis (Table 1). Patients with primary 
SS were older (mean age 59 years, range 30– 78 years) com-
pared to patients with SLE (mean age 48 years, range 21– 72 
years) and patients with SLE/SS (mean age 55 years, range 26– 
56 years). All patients were women. Disease activity scores were 
not different between the patient groups when comparing the 
EULAR Sjögren’s Syndrome Disease Activity Index (ESSDAI) (31) 
and Systemic Lupus Erythematosus Disease Activity Index 2000 
(SLEDAI- 2K) (32) scores, as applicable. Of note, the majority 
of patients included in this study had low or no disease activ-
ity. In comparing the SLICC/American College of Rheumatology 

Figure 1. Flow diagram showing the statistical analyses in the study. 
HC = healthy control; pSS = primary Sjögren’s syndrome; SLE = systemic 
lupus erythematosus; ML = machine learning; BRF = balanced random 
forest; sPLS- DA = sparse partial least squares discriminant analysis. 
Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41708/abstract.
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Damage Index (SDI) scores (33) between groups, patients with 
SLE/SS had increased SDI scores compared to SLE patients, 
whereas SDI scores were not significantly different between 
patients with primary SS and patients with SLE/SS.

The 3 patient groups were also strikingly similar in most 
other clinical and laboratory features, except in the comparison 
of disease duration, which was significantly longer in patients 
with SLE compared to patients with primary SS. Anti- Ro and 

Figure 2. Immunologic architecture in patients with primary Sjögren’s syndrome (pSS) and patients with systemic lupus erythematosus (SLE). A, Volcano 
plots showing differences in B and T cell subset frequencies (among 29 immune cell subsets) in patients with primary SS (n = 45) versus patients with SLE   
(n = 29) (more details in Supplementary Figure 1 [http://onlinelibrary.wiley.com/doi/10.1002/art.41708/ abstract]). Log10 P values were determined by 
unpaired t-test; horizontal line indicates the cutoff for a significant difference in fold change values. B, Violin plots showing percentages of immune cell 
subsets in patients with SLE and patients with primary SS. Data are the mean ± SEM. * = P < 0.05; ** = P < 0.01, by unpaired t-test. C, Forest plots showing 
odds ratios with 95% confidence intervals (95% CIs) for the differential frequencies of 29 immunologic parameters between patients with SLE and patients 
with primary SS, in a univariate logistic regression model adjusted for age and ethnicity. All patients were women. D, Area under the receiver operating 
characteristic curve (AUC) assessing performance of the balanced random forest model, adjusted for age and ethnicity, for distinguishing patients with SLE 
from patients with primary SS based on immune cell profiles. E, Sparse partial least squares discriminant analysis (sPLS-DA) assessing overlap of all 29 
immune cell types between patients with primary SS and patients with SLE. Results are individual distribution points with confidence ellipses, in SLE (blue) 
and primary SS (orange). Bm = mature B; eBm5 = effector memory Bm5; lBM5 = late memory Bm5; CM = central memory T; EMRA = CD45RA+ effector 
memory T; TEM = effector memory T; CD4+ act = activated CD4+ T cells; CD8+ Resp = responder CD8+ T cells. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41708/abstract.
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anti- La autoantibodies and rheumatoid factor were more com-
mon in patients with primary SS compared to patients with SLE. 
 Frequency of treatment with conventional disease- modifying anti-
rheumatic drugs differed significantly among the 3 patient popula-
tions. This reflects current practice: fewer patients with primary SS 
were treated with these agents, as the evidence of their efficacy 
is very limited. Only 14% of SLE patients had received rituximab 
4– 16 years before blood samples were collected.

To assess whether immune cell phenotyping could be 
used to stratify patients within the 3 different autoimmune dis-
eases, 29 different B cell, CD4+ T cell, and CD8+ T cell sub-
sets were examined (See Figure 1 for the analysis strategy and 

Supplementary Figure 1 for the gating strategies, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41708/ abstract). As expected, patients 
with primary SS and patients with SLE had disrupted immune 
cell profiles compared to healthy controls, including alterations 
in both B cell and T cell subpopulation frequencies (Supplemen-
tary Figures 2A– F and Supplementary Figures 3A– F, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41708/ abstract), which has also been 
reported in other studies (34,35).

However, when comparing the immune profiles of patients 
with primary SS and patients with SLE using a variety of statistical 

Figure 3. Differences in immunologic architecture between patients in group 1 (G1) and patients in group 2 (G2) based on multiple t-test 
comparisons. A, Volcano plots showing differences in B and T cell subset frequencies (among 29 immune cell subsets) in group 2 versus 
group 1. K-means cluster analysis was used to group all patients into 2 endotypes with distinct immune cell profiles. Log10 P values were 
calculated using unpaired t-test; horizontal line indicates the cutoff for significance. B, Correlation analyses of immunophenotype data from 
patients in group 1 and group 2. Colors in the heatmap represent Spearman’s correlation coefficients for pairs of immune cell types (among 29 
immunologic features) in group 1 (upper left) and group 2 (bottom right) (red = positive correlation; blue = negative correlation; dark gray = no 
significant difference compared to group 1). The intensity of the color is proportional to the strength of the correlation. Color boxes outlined in 
white indicate significantly different correlations in group 2 compared to group 1 at P < 0.05, while those outlined in black indicate significant 
differences at P < 0.01. See Figure 2 for other definitions.
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and machine learning approaches, very few statistically significant 
differences were observed between the 2 cohorts (Figure 2). Only 
5 of 29 immune cell subsets had differential frequencies between 
patients with primary SS and patients with SLE, as determined by 
the Mann- Whitney test, Kruskal- Wallis test, and a univariate logistic 
regression analysis: transitional mature B cells (Bm2′), late mem-
ory mature Bm5 cells, IgD– CD27–  B cells, and CD8+ naive T and 
effector memory T (Tem) cells (Figures 2A– C). These findings were 
confirmed using machine learning approaches, with the optimized 
balanced random forest model showing a poor performance of 
these immune cell profiles in distinguishing between primary SS and 
SLE (area under the curve [AUC] 0.7096) (Figure 2D). Results from 
the sparse partial least squares discriminant analysis model showed 
a large overlap between the immune cell profiles of patients with 
primary SS and those with SLE (Figure 2E). Together, the results 
of these comprehensive comparison analyses suggest that while 
patients with SLE and those with SS had multiple significant immune 
phenotype differences compared to healthy controls, few statisti-
cally significant differences in the immune phenotype were observed 
between patients with SLE and those with SS, despite the patients 
having different clinical presentations and diagnoses.

Two groups of patients identified as having shared 
immune signatures across primary SS, SLE, and SLE/
SS phenotypes irrespective of diagnosis. Based on the 
observed similarities of the immunologic architecture and the 
heterogeneous nature of the disease features of both primary SS 
and SLE, we hypothesized that immune- based subtypes could 
be shared between patients with primary SS, those with SLE, 
and those with SLE/SS. To investigate this, K- means clustering 
in an unsupervised machine learning algorithm was applied to 
the immunologic features of the combined patient cohorts (Sup-
plementary Methods, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41708/ 
abstract). Two distinct patient groups (defined by patient’s immune 
cell profiles) were identified across the combined primary SS, SLE, 
and SLE/SS patient cohorts (Supplementary Figure 4, available 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41708/ abstract): 
group 1 (n = 49, including 24 with primary SS, 19 with SLE, and 6 
with SLE/SS) and group 2 (n = 39, including 21 with primary SS, 
10 with SLE, and 8 with SLE/SS).

Using the same approach for comparison analysis (as shown 
in Figure 1), multiple t- test comparisons of the B cell and T cell 
subsets revealed significantly different immune cell phenotype 
patterns with clear differentiation between the groups (Figure 3A 
and Supplementary Figure 5, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41708/ abstract). Patients in group 1 had elevated frequencies 
of B cell subsets: late memory Bm5 cells and unswitched memory 
(IgD+CD27+) B cells, and T cell subsets: total CD4+, CD4+ naive, 
CD4+ central memory T (Tcm) cells, and regulatory, CD8+ naive, 
CD8+ Tcm, and responder (CD8+CD25– CD127+) T cells, as well 

as an elevated CD4+:CD8+ T cell ratio compared to patients in 
group 2. Frequencies of Bm2′ plasmablasts (Bm3– 4), total CD8+, 
CD8+ Tem cells, CD4+ and CD8+ CD45RA+ effector memory T 
(Temra) (CD27– CD45RA+), and CD8+CD25– CD127–  cells were 
significantly reduced in group 1 compared to group 2 (Figure 3A 

Figure 4. Differences in immunologic architecture between patients 
in group 1 (G1) and patients in group 2 (G2) based on univariate 
logistic regression analyses (adjusted for age and ethnicity). A, Forest 
plots show the odds ratios with 95% CIs for the associations of 29 
immunologic parameters in group 1 and group 2. B and C, AUCs 
were calculated to assess performance of the balanced random 
forest model (adjusted for age and ethnicity) in distinguishing group 
1 from group 2 patients and group 1 and group 2 patients from 
healthy controls (HC) (B). The top 10 variables contributing to the 
balanced random forest model are shown (C). The mean decrease 
in Gini measures the importance of each variable to the model, in 
that a higher score indicates a higher importance of the variable. 
D, Sparse partial least squares discriminant analysis with all 29 
immune cell types was performed to validate the top hits from the 
predictive model. Results are shown as individual distribution points 
with confidence ellipses for group 1 (blue) and group 2 (orange). 
E, Factor- loading weights in component 1 are shown for the top 
10 ranked immunologic parameters. Colors indicate the group with 
the maximal mean value. See Figure 2 for other definitions. Color 
figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41708/abstract.
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and Supplementary Figure 5, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41708/ abstract). Furthermore, a correlation analysis of immune 
cell frequencies revealed significant differences in immune cell 
associations between group 1 and group 2 (Figure 3B).

To support these findings, a univariate logistic regression 
analysis was performed. Nearly half of the immune cell subsets 
(13 of 29) showed significant alterations in their frequencies 
between groups (Figure 4A). These results were further confirmed 
using machine learning approaches, in which the optimized 
balanced random forest model, with classifications assessed 
using 10- fold cross- validation, yielded an AUC of 0.9942 for 
 distinguishing between the 2 patient groups (Figure 4B).

The top contributing immune features ranked using the mean 
decrease in Gini coefficient suggested a strong divergence of 
CD8+ T cell subsets between patients in group 1 and patients 
in group 2, including CD8+CD25– CD127– , CD8+ responder 
(CD127+CD25– ), CD8+ Temra, CD8+ naive, CD8+ Tem, and 
total CD8+ T cells (Figure 4C). Balanced random forest classifica-
tion models performed better when discriminating between group 
2 and healthy controls (AUC 0.8999) compared to discriminat-
ing between group 1 and healthy controls (AUC 0.7749), sug-
gesting that patients in group 2 had more aberrant immune cell 

profiles compared to healthy controls than did patients in group 
1 (Figure 4B). Sparse partial least squares discriminant analysis 
also showed a clear separation between the 2 patient groups 
(Figure 4D) and identified similar immune cell subsets as being 
important in driving the group 1 stratification compared to group 
2 (Figure 4E). Comparison of the results from multiple analysis 
approaches revealed that 8 immune cell subsets were common 
to all 4 analysis methods: total CD4+ and CD4+ Temra T cells, 
total CD8+ and CD8+ naive, Tem, Temra, responder T cells, and 
CD25– CD127–  T cells (Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41708/ abstract).

Moreover, using these combined subsets maintained and 
slightly improved the performance of the model in differentiating 
between the groups (AUC 0.9979) compared to individual immune 
cell subsets alone (Supplementary Figures 6A– C, available at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41708/ abstract).  
In addition, the accuracy of the classification models was main-
tained at 96.16% in the 10- fold cross- validation analysis. Thus, 
despite patients with primary SS and those with SLE having low 
or no disease activity, these patients could still be stratified using 
their immune cell profile (Supplementary Table 2, available at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41708/ abstract). These 

Figure 5. Differential clinical trajectories identified in patients in group 1 compared to those in group 2. Individual clinical trajectories across the 3 
disease phenotypes were assessed as spaghetti plots, according to disease- specific activity scores (combined Systemic Lupus Erythematosus 
Disease Activity Index and EULAR Sjögren’s Syndrome Disease Activity Index [31,32]; cutoffs for moderately active disease are similar) and 
damage scores (combined Systemic Lupus International Collaborating Clinics/American College of Rheumatology damage index and Sjögren’s 
Syndrome Disease Damage Index [54]) (A) and laboratory markers, including hemoglobin (Hgb) level and erythrocyte sedimentation rate (ESR) 
(B), at 5 annual clinical encounters. Each line represents 1 patient. Smoothing lines were added to indicate the trend of individual clinical 
trajectories corresponding to patients in group 1 (blue) and those in group 2 (orange). 95% t- test– based confidence intervals for each group 
are shown (gray-shaded area).
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findings suggest that differences in global immunologic features in 
these patients are a reflection of the underlying immunopathogen-
esis of shared pathogenesis, rather than being a reflection of the 
level of disease activity or the specific disease diagnosis.

Increased disease activity in patients in group 2. To 
assess whether the distinct immunologic profiles also reflect differ-
ences in clinical and disease features, laboratory markers (including 
anti- Ro and anti- La autoantibodies and rheumatoid factor), dis-
ease activity and damage scores, and treatments were compared 
between patients in group 1 and group 2 at the time of sample 
collection (Supplementary Table 3 and Supplementary Figure 7, 
available at http://onlin elibr ary.wiley.com/doi/10.1002/art.41708/ 
abstract). Patients from both groups had had similar disease out-
comes and serologic biomarker levels overall, although patients 
in group 2 had a significantly elevated erythrocyte sedimentation 
rate (ESR), decreased hemoglobin (Hgb) levels, and increased 
ESSDAI scores compared to patients in group 1, suggesting that 
the disease state was more active at baseline in group 2, although 
disease activity was still predominantly low overall. In addition, 
frequencies of different therapies were not significantly different 
between SLE patients in group 1 and SLE patients in group 2 (SLE 
patients have more treatment options compared to the options 
available for patients with primary SS) (Supplementary Table 4, 
available at http://onlin elibr ary.wiley.com/doi/10.1002/art.41708/ 
abstract), thus suggesting that the identified immune cell signa-
tures were not driven by differences in treatment, but rather could 
reflect the underlying disease pathogenesis.

To further investigate whether the grouping was clini-
cally meaningful as a potential predictor of disease course, a wide 
range of clinical measurements were collected longitudinally at 5 
subsequent annual encounters, including serologic markers and 
disease- specific outcome measures. Individual patients’ disease 
trajectories for these assessments were compared between group 
1 and group 2. Over the 5- year clinical encounter timeframe, 
patients in group 2 had overall higher disease activity compared to 
patients in group 1. Although, as expected, disease activity fluctu-
ated over time in the SLE and SLE/SS patient groups (measured 
using the SLEDAI- 2K), despite patients having low disease activity 
(SLEDAI- 2K <3), there was a general trend toward more active 
SLE in group 2. The ESSDAI scores were characterized by less 
fluctuation over time and were marginally increased in the patients 
with primary SS and those with SLE/SS from group 2. Interestingly, 
all patients in group 2, irrespective of diagnosis, had increased SDI 
damage scores (Figure 5A and Supplementary Figure 8,  available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41708/ abstract). Patients in group 2 
overall also had decreased Hgb levels and elevated ESR, which 
corresponded to their slightly more increased disease activity 
(Figure 5B). No other laboratory biomarkers had the capacity to 
discriminate between patients in group 1 and group 2.

Correlations between immune cell subtypes and 
baseline clinical measurements. To assess whether the 
distinct immune cell profiles identified across the 3 disease phe-
notypes were associated with distinct clinical features, a correla-
tion analysis was performed within the mixed patient population. 
Correlations between the immune cell frequencies and clinical 
characteristics of patients in each group were calculated using 
Pearson’s correlation coefficients (Supplementary Figure 9, availa-
ble on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41708/ abstract). In concordance with 
the baseline immune cell phenotype characterization and trajec-
tory analysis, ESR was significantly correlated with 4 CD8+ T cell 
subtypes, 3 CD4+ T cell subtypes, and 2 B cell subpopulations, 
which overlapped with the cell subsets driving the K- means clus-
tering of patients in groups 1 and 2. Hgb level only correlated pos-
itively with the frequency of CD8+ Tcm cells in the mixed patient 
population. Disease damage scores across the mixed patient 
populations significantly correlated with CD8+ T cell frequen-
cies, including CD8+CD25– CD127, CD8+ responder T cells, and 
CD8+ Temra cells, which were the top ranked immune features 
from the machine learning models.

DISCUSSION

We propose new classification for patients with primary SS, 
those with SLE, and those with SLE/SS based on unique periph-
eral blood immune signatures that are predictive of distinct long- 
term disease activity and damage trajectories in those with low 
or no disease activity. The 2 patient groups (endotypes) spanning 
the diagnostic boundaries we describe here are robust, as they 
have been derived from a complex analysis with several cross- 
validation steps.

Even if initial characterization of the 3 disease phenotypes 
included in our analysis showed differences in age and disease 
duration, as well as serologic markers and treatment, as pre-
viously reported in another study in patients with primary SS, 
those with SLE, and those with SLE/SS (36), we have shown 
for the first time that patients with primary SS and patients with 
SLE with low- to- moderate or no disease activity have very 
few significant differences in immunologic architecture. This 
comprised differences in 5 of 29 immune cell subsets, which 
included transitional Bm2′ cells, late memory Bm5 cells, IgD– 
CD27–  B cells, and CD8+ naive and CD8+ Tem cells. Previ-
ous immunophenotyping studies in primary SS indicated a 
predominance of naive B cells, as well as lower frequencies 
and absolute numbers of memory B cells (37,38) and opposite 
trends in SLE (39), findings which were replicated in our study 
as well. The role of T cells in the pathogenesis of both primary 
SS (12) and SLE (13) has been established in the literature. SLE 
is associated with T cell functional alterations and increased 
effector and decreased regulatory T cell responses, while an 
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overall shift toward Th1 phenotype activation has been previ-
ously identified in primary SS.

Our analysis identified 2 new disease endotypes within 
our mixed cohort, which were characterized by differential 
immune signatures that had a higher capacity for discriminat-
ing between patients than the immune signatures associated 
with the diagnostic label (receiver operating characteristic curve 
0.99 compared to 0.70). These findings highlight the shared 
 immunopathogenic processes underlying primary SS and 
SLE manifestations that are likely to be more relevant for treat-
ment selection strategies than basing treatment selection on 
disease diagnosis alone. In addition, the altered immune land-
scape associated with the 2 endotypes had predictive value for 
determining long- term disease trajectories related to disease 
activity and damage.

Previous patient stratification approaches in primary SS 
and SLE were mainly directed at cohorts of patients with the 
same diagnosis, despite the use of shared treatment strategies 
across many autoimmune rheumatic diseases. However, poten-
tial biomarkers shared by different autoimmune diseases have 
been described, including an expanded CD8+ memory T cell 
population associated with poor prognosis in both small vessel 
vasculitis and SLE (40) or elevated expression of genes related 
to CD8+ T cell responses, which correlated with poor progno-
sis in Crohn’s disease and ulcerative colitis (41). This suggests 
that exploring biomarker commonalities within autoimmune dis-
eases could expand the understanding of their potential shared 
pathogenic mechanisms. Prior efforts to elucidate the molecular 
heterogeneity of SLE revealed that IFN signatures are associ-
ated with disease activity (21,42) and the enrichment of neu-
trophil transcripts during the progression to active nephritis (21) 
also revealed transcriptional fingerprints that were shared across 
various autoimmune, inflammatory, and infectious diseases and 
were found to be associated with SLE disease progression (43). 
Our future studies will focus on exploring the role of these signa-
tures in our patient groups.

Several B cell– targeted biologic therapies have been sepa-
rately investigated in both patients with primary SS and patients 
with SLE (16,44). However, the only licensed anti– B cell biologic 
therapy for SLE (belimumab) is only approved for use in patients 
with nonrenal SLE manifestations (45) and has no proven clinical 
efficacy in primary SS, despite findings showing that this treat-
ment normalizes the B cell frequency, phenotype, and function 
in patients with primary SS (46). Anti- CD20 monoclonal anti-
body therapy failed to meet the primary end point evaluated in 
 randomized controlled trials in primary SS or SLE, despite being 
associated with some benefits (47,48) and being proven effec-
tive in other studies and case series (49– 51). Exciting data have 
recently emerged regarding the potential clinical efficacy of a new 
biologic therapy for primary SS, ianalumab, which has a dual mode 
of action combining BAFF receptor inhibition and B cell depletion 
(52). Therefore, to date, the limited therapeutic success in primary 

SS and SLE emphasizes the need to rethink the way that treat-
ment targets are selected, in order to pinpoint the role of shared 
pathogenic communalities across diseases, rather than selecting 
patients based on diagnostic labels or composite measures of dis-
ease activity.

The likely impact of our findings will include a new classifica-
tion of patients with primary SS based on one of the two immune 
signatures derived from this analysis, using a simplified immuno-
logic toolkit that includes the immune markers that drove patient 
clustering in group 1 compared to group 2. As patients included in 
group 1 had better outcomes based on disease trajectories, with 
no difference in medications used, and also had CD4+:CD8+ T 
cell ratios within normal range (compared to significantly increased 
ratios in group 2; P < 0.0002), we can hypothesize that patients 
with a group 2 immune signature across the 3 disease phenotypes 
could benefit from treatment with  mycophenolate mofetil (which 
has been shown to restore the significantly lower CD4+:CD8+ T 
cell ratio associated with SLE in patients who responded to treat-
ment with mycophenolate mofetil [53]). Also, since treatment with 
belimumab is associated with the depletion of naive and transi-
tional B cells in patients with primary SS who responded to therapy 
(46), we could hypothesize that patients with primary SS stratified 
in group 1 are more likely to respond to belimumab, as they have 
an increased transitional B cell (Bm2′) signature.

Further research, including patient stratification, using the 
identified signatures to determine inclusion in interventional clinical 
trials of therapies that predominantly target B cells (rituximab, beli-
mumab) compared to T cells (abatacept) is required to establish if 
the signatures we identified have predictive biomarker values for 
responses to certain therapies. In addition to stratifying patients 
for better treatment selection, our results can offer new thera-
peutic options for patients with primary SS who share immune 
signatures with selected SLE patients, by providing access to 
treatments licensed for use in SLE. This can lead to changes 
in clinical practice through the implementation of best- evidence 
personalized treatment strategies derived from interventional clin-
ical trials using the stratification tool we are proposing here, to 
improve the benefit to the patient and justify access to existing 
SLE treatments for selected patients with primary SS.

Although patients included in our analysis have well- 
controlled or mild- to- moderately active disease, the disease 
trajectory analysis identified differences in accumulated damage 
over time between the 2 groups and higher ESSDAI scores in 
group 2, suggesting that closer monitoring may be required for 
patients with a group 2 immunologic signature. Investigating the 
immune signatures associated with various severe organ and sys-
tem flares, as well as exploring the immune signatures present in 
target- organ tissue biopsy specimens, were beyond the scope of 
this study, as this would have introduced additional confounding 
factors and would have required a much larger sample size.

Our study has certain limitations: the patients were all 
women and all had well- controlled or mild- to- moderate disease 
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activity; therefore, we were unable to evaluate the influence of 
sex bias or the impact of high disease activity or severe flares 
on the identified immune signatures. This was an exploratory 
study; therefore, corrections for multiple comparisons were not 
performed so that potentially important markers would not have 
been excluded; thus, Type 1 family- wise errors could occur for 
some analyses. External validation will be required to assess 
whether the identified signatures can be reproduced in a study 
with a larger sample size, as well as to account for potential 
Type 1 family- wise errors and investigate whether other immune 
signatures, which this study had no statistical power to detect, 
could be identified. While in this study we stratified patients 
based on statistically significant differences in immune cell phe-
notype frequencies, functional experimental work is needed to 
categorically define whether patients in the stratified groups are 
immunologically similar, which will be the focus of future studies.

In conclusion, we propose the reclassification of patients with 
primary SS, patients with SLE, and patients with SLE/SS based 
on an immune cell toolkit comprising a limited immune cell set that 
can differentiate patients with high accuracy. Our results demon-
strate that selection and validation of patients using machine learn-
ing approaches could be proven to be a suitable strategy to select 
patients for targeted therapeutic approaches.
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Association of Machine Learning– Based Predictions of 
Medial Knee Contact Force With Cartilage Loss Over 2.5 
Years in Knee Osteoarthritis
Nicholas M. Brisson,1  Anthony A. Gatti,2 Philipp Damm,3 Georg N. Duda,3 and Monica R. Maly4

Objective. The relationship between in vivo knee load predictions and longitudinal cartilage changes has not 
been investigated. We undertook this study to develop an equation to predict the medial tibiofemoral contact force 
(MCF) peak during walking in persons with instrumented knee implants, and to apply this equation to determine the 
relationship between the predicted MCF peak and cartilage loss in patients with knee osteoarthritis (OA).

Methods. In adults with knee OA (39 women, 8 men; mean ± SD age 61.1 ± 6.8 years), baseline biomechanical 
gait analyses were performed, and annualized change in medial tibial cartilage volume (mm3/year) over 2.5 years 
was determined using magnetic resonance imaging. In a separate sample of patients with force- measuring tibial 
prostheses (3 women, 6 men; mean ± SD age 70.3 ± 5.2 years), gait data plus in vivo knee loads were used to develop 
an equation to predict the MCF peak using machine learning. This equation was then applied to the knee OA group, 
and the relationship between the predicted MCF peak and annualized cartilage volume change was determined.

Results. The MCF peak was best predicted using gait speed, the knee adduction moment peak, and the vertical 
knee reaction force peak (root mean square error 132.88N; R2 = 0.81, P < 0.001). In participants with knee OA, the 
predicted MCF peak was related to cartilage volume change (R2 = 0.35, β = −0.119, P < 0.001).

Conclusion. Machine learning was used to develop a novel equation for predicting the MCF peak from external 
biomechanical parameters. The predicted MCF peak was positively related to medial tibial cartilage volume loss in 
patients with knee OA.

INTRODUCTION

Mechanical loading is implicated in the onset and progres-
sion of cartilage loss, a hallmark of knee osteoarthritis (OA) (1– 
7). Mechanical loads are theorized to be related to cartilage loss 
through their role in increasing compressive forces across joint 
surfaces (8). However, such a relationship has not yet been verified 
in patients with knee OA, since noninvasive, in vivo force measure-
ment is not possible; direct measurement of knee contact forces 

is only possible using instrumented knee implants (9). Therefore, 
loads acting within native knees are estimated using musculoskel-
etal modeling from motion analysis data, or surrogate measures 
reflecting knee joint loading are calculated using inverse dynamics.

Key external biomechanical parameters used to describe 
loading across knee joint surfaces include the knee adduc-
tion moment (KAM), the knee flexion moment (KFM), the vertical 
knee reaction force (vKRF), gait speed, and measures of body size 
(height, body mass, and body mass index [BMI]). The KAM reflects 
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the distribution of load between medial and lateral knee compart-
ments (10). The KFM provides insight into net muscle contraction 
across the knee (11). During the stance phase, the quadriceps 
produce an internal knee extension moment to counterbalance 
the external KFM, increasing compressive forces within the joint 
(1). The vKRF represents an equal and opposite vertical force act-
ing between the tibia and femur, without accounting for muscle 
forces (12). Finally, although gait speed and measures of body size 
do not directly reflect joint loading, these are main effectors of the 
vertical ground reaction force (13), a primary determinant of the 
KAM, KFM, and vKRF (12,14,15).

Due to the theoretical relationship between mechanical loads 
and cartilage degeneration, and due to the high prevalence of tibi-
ofemoral OA in the medial compartment (16), measurement and 
prediction of medial knee contact forces (MCFs) are of particular 
interest. Direct measurements in patients with instrumented tibial 
prostheses and estimates from tibiofemoral contact force models 
confirm correlations between external biomechanical parameters 
and MCFs during gait (9,10,17– 22). In patients with instrumented 
knee implants, the KAM (9,17– 19), vKRF (10), and gait speed 
(17) were independently positively associated with the MCF. Inter-
estingly, combining the KFM with the KAM enabled more useful 
predictions of the MCF than when either variable was analyzed 
separately (9,18), supporting the notion that these variables col-
lectively describe the knee loading environment (1,3,18). Further-
more, higher body mass and BMI were each associated with 
greater peak knee compressive forces in persons with knee OA 
(20– 22).

Ample evidence links external gait measures to medial carti-
lage loss in knee OA. For instance, a higher KAM peak (3,4) and 
KAM impulse (4,6) at baseline predicted greater loss of medial 
knee cartilage over 1– 5 years. A greater KFM peak at baseline 
was associated with reduced medial knee cartilage over 5 years 
(3). Furthermore, a higher BMI at baseline predicted greater medial 
knee cartilage loss over 2 years (23). Interestingly, the impact of 
a higher KAM peak and KAM impulse at baseline on medial knee 
cartilage loss over 2.5 years was amplified with increasing BMI 
(7). Conversely, no known work has examined the relationship 
between vKRF or gait speed and morphologic cartilage changes 
in knee OA, though their relationship with cartilage loss seems 
logical as these parameters directly influence knee load mag-
nitudes. Since instrumented knee prostheses lack cartilage, 
MCF measurements acquired with such technology cannot be 
used to directly predict cartilage loss. Instead, biomechanical and/
or statistical predictions of MCF can be developed in persons with 
instrumented prostheses and then validated in the population of 
interest (i.e., patients with knee OA).

A primary research goal is to confirm whether knee contact 
forces are in fact related to cartilage loss. Thus far, studies have 
examined the relationship between external knee loading varia-
bles as surrogates of contact forces and medial knee cartilage 
loss. To our knowledge, the relationship between the MCF (what 

the surrogate measures are said to represent) and cartilage loss 
has not yet been modeled directly. The purpose of the present 
study was to confirm the relationship between the predicted MCF 
peak during walking and changes in medial tibial cartilage volume 
over a period of 2.5 years in participants with clinical and radio-
graphic knee OA. To accomplish this, we developed an equation 
to predict the MCF peak from external knee loading parameters 
using data from patients with instrumented tibial prostheses, 
which was then used to predict the MCF peak for a separate sam-
ple of participants with knee OA. It was hypothesized that a higher 
predicted MCF peak at baseline would be associated with greater 
cartilage volume loss in patients with knee OA.

PATIENTS AND METHODS

This analysis was performed using 2 data sets: 1 from partic-
ipants with knee OA and 1 from patients with instrumented tibial 
prostheses. First, gait biomechanics and knee cartilage volume 
change were documented in a subset of participants with knee 
OA enrolled in a longitudinal, observational study. This study was 
approved by the Hamilton Integrated Research Ethics Board 
(no. 10- 475). Second, gait biomechanics data from a sample of 
patients who received instrumented knee implants were used to 
derive a statistical model predicting the MCF peak. This study was 
approved by the ethics board of the Charité Universitätsmedizin 
Berlin (no. EA4/069/06) and registered at the German Clinical 
Trials Register (no. DRKS00000606; www.ortho load.com). This 
research was completed in compliance with the Declaration of 
Helsinki. All participants provided written informed consent.

Participants with knee OA. The knee OA cohort com-
prised a convenience sample of 64 adults with clinical knee OA, 
ages 40– 70 years, who were recruited from local rheumatology 
and orthopedic clinics. Clinical knee OA was diagnosed according 
to the American College of Rheumatology criteria (24). Potential 
participants were excluded if they had other types of arthritis, past 
lower extremity joint injury and/or surgery, ipsilateral hip or ankle 
conditions (including OA), regular need for an adaptive walking 
aid, or lower extremity trauma or intraarticular therapies within 
3 months prior to commencing the study. If participants had bilat-
eral OA, the more symptomatic knee was studied.

At baseline, Kellgren/Lawrence (K/L) scores (25) were 
determined by an experienced radiologist using anteroposte-
rior weight- bearing knee radiographs acquired in a standardized 
fixed- flexion position (26). These measurements have demon-
strated moderate-to–very good interobserver reliability with intra-
class correlation coefficients (ICCs) ranging between 0.51 and 0.89 
(27). In addition, descriptive statistics were recorded, including sex, 
age, height, body mass, BMI, and anatomic knee alignment (28). 
In the current analysis, only participants with radiographic knee OA 
(i.e., K/L score ≥2) at baseline and those who had baseline and 
follow- up cartilage measurements were included (n = 47). There 
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were 39 women and 8 men included, with a mean ± SD age of 
61.1 ± 6.8 years. Eighteen participants had a K/L score of 2, 18 
participants had a K/L score of 3, and 11 participants had a K/L 
score of 4.

Cartilage morphology. At baseline and after ~2.5 years 
of follow- up, participants with knee OA underwent magnetic 
resonance imaging (MRI) of the study knee using the same 1T 
peripheral scanner (OrthOne; ONI Medical Systems). Participants 
underwent knee scans in the morning and were asked to mini-
mize weight- bearing prior to MRI acquisition. For analysis of car-
tilage morphometry, MRI scans were acquired using a coronal, 
T1- weighted, fat- saturated, spoiled gradient- recalled acquisition 
in the steady- state sequence with an in- plane resolution of 0.3125 
× 0.3125 mm and a slice thickness of 1.5 mm (60 msec repetition 
time, 12.4 msec echo time, 40° flip angle).

Medial tibial cartilage volume was determined using auto-
mated, atlas- based segmentations of MRI scans (Qmetrics) (29). 
Test– retest precision error for medial tibial cartilage volume using 
the same 1T scanner was 3.6% (30). Baseline and follow- up 
cartilage values were used to calculate annualized cartilage vol-
ume change (mm3/year) for each participant using the following 
equation:

Biomechanical assessment. Within 1 week of the baseline 
MRI, participants with knee OA underwent gait analyses to calcu-
late 3- dimensional (3- D) knee kinematics and kinetics during self- 
paced barefoot walking. Active infrared markers, mounted in triads 
on rigid plates, were fixated to the sacrum, and lateral aspects of 
the mid- thigh, mid- shank, and foot of the study leg. Standard bony 
anatomic landmarks were digitized to create participant- specific 
rigid link- segment models of the pelvis and leg, as described 
previously (31). Marker trajectories were collected at 100 Hz with 
a 9- camera motion capture system (Optotrak Certus; North-
ern Digital). Kinetics were recorded synchronously at 1,000 Hz  
with a floor- embedded force platform (OR6- 7- 1000; AMTI). Data 
from 5 self- paced barefoot gait trials, in which the foot of the study 
leg landed fully on the force platform, were collected.

Gait data were processed with commercial software (Visual 
3D; C- Motion). Marker trajectory and force plate data were filtered 
with a second- order, low- pass (6 Hz cutoff), bidirectional But-
terworth filter (32). External knee moments and reaction forces 
were resolved in a 3- D floating axis coordinate system (33) using 
inverse dynamics (12). The following external biomechanical 
parameters, representing theoretically relevant potential predictors 
of MCF (9,10,17– 22), were computed and extracted for 5 gait 
cycles and then averaged: gait speed, external KAM peak, exter-
nal KAM impulse, external KFM peak, and vKRF peak. Given the 
importance of the first KAM and KFM peaks to the progression of 

cartilage loss in knee OA (3,6), and to ensure analysis of tempo-
rally matched outcomes between participants, the peak values 
for the kinetic outcomes (i.e., KAM, KFM, vKRF) were extracted 
from the first 50% of the stance phase. The KAM impulse, which 
captures both the magnitude and duration of load (34), was com-
puted for the entire stance phase using trapezoidal integration of 
only positive values.

In vivo knee loads in patients with instrumented 
knee implants. To allow for predictions of the in vivo MCF peak, 
gait data were also acquired in a separate sample of patients with 
force- measuring tibial prostheses as a result of total knee arthro-
plasty to treat advanced OA (n = 9; 3 women, 6 men; mean ± SD 
age 70.3 ± 5.2 years) (9,17,35). Details of the design, calibration, 
and accuracy of the instrumented tibial tray have been reported 
elsewhere (36,37). Gait data were collected over 8 years (1– 3 time 
points per participant); the earliest time point was 11.2 months 
after implantation. Marker trajectories (100 Hz or 120 Hz; Vicon), 
ground reaction forces (1,000 Hz or 960 Hz; AMTI), and internal 
knee implant kinetics (~100 Hz; Innex; Zimmer) were collected 
synchronously during barefoot walking at self- determined slow, 
natural, and fast walking speeds. A range of walking speeds 
was included to capture greater variability in MCF peaks and 
to allow for broader generalizability of the model. Marker trajec-
tory and force plate data were processed using the same rigid 
link- segment model and processing parameters (i.e., filter, joint 
coordinate system, inverse dynamics) as described for the knee 
OA group, and the same descriptive statistics and external bio-
mechanical parameters were computed. To enable prediction of 
the MCF peak from external parameters and to ensure temporal 
consistency with the extracted kinetic outcomes (i.e., KAM peak, 
KFM peak, vKRF peak), the first peak of the MCF was extracted 
from the measured in vivo loads for each trial. In total, 218 gait 
trials were analyzed, representing an average of 24.2 trials per 
participant (minimum 7, maximum 40).

Predictions of the MCF peak. The best combination 
of predictors of the measured MCF peak was determined in 
patients with instrumented knee implants using the machine 
learning method Least Absolute Shrinkage and Selection Oper-
ator (LASSO) regression (38,39). LASSO is a regularized form 
of least squares regression that uses a tunable parameter (λ). 
When the lambda value is set to 0, LASSO is equivalent to least 
squares regression; as the lambda value increases, unimportant 
beta coefficients are reduced to 0. Model selection was therefore 
simplified to identify the lambda value between 0 and 100 with 
the smallest out- of- sample root mean square error (RMSE) using 
leave- one- out cross- validation (38,39). In other words, the RMSE 
was assessed for the samples of data left out during each cross- 
validation step and represents the prediction error for data not 
used to fit the model. To prevent data leakage, cross- validation 
was performed at the participant level instead of at the trial level. 

Δ Cartilage∕year =
Cartilage volume at follow-up−cartilage volume at baseline

No. of years between time points
.
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Potential predictors included height, body mass, BMI, gait speed, 
KAM peak, KAM impulse, KFM peak, and vKRF peak, as well as 
the squared versions of each term and all possible 2- way inter-
actions. To create the final model, predictors with non- zero beta 
coefficients at the optimal lambda values were fitted to the data 
from all 218 trials using least squares regression. To account for 
non- independence of repeated measurements, a cluster- robust 
variance matrix was used (40).

Predicted MCF model fit parameters, including the fitted 
beta coefficients, R2

, and RMSE, as well as the out- of- sample 
cross- validation RMSE, were calculated. In addition, simple linear 
regressions were run for each of the identified predictors to deter-
mine how well they individually predicted the MCF peak.

Statistical analysis. Descriptive statistics were calculated 
as the mean ± SD for continuous data and the number (percent-
age) for categorical data. Demographic, anthropometric, and 
overground, self- paced gait data were compared between the 2 
groups (knee OA and instrumented knee implant) using independ-
ent sample t- tests. If assumptions of normality or homogeneity of 
variance were not met, a 2-sample Mann- Whitney U test was used. 
To determine whether cartilage volume changed from baseline to 
follow- up in participants with knee OA, a 1- sample t- test was used.

To determine the relationship between the predicted MCF 
peak and the change in medial tibial cartilage volume, a 2- step 
approach was used. First, predictions of the MCF peak were cal-
culated for all participants with knee OA using the aforementioned 
equation generated in patients with instrumented knee implants. 
Second, the relationship between the predicted MCF peak and 
the annualized cartilage volume change was fitted using ordinary 
least squares regression.

To assess the fidelity of the MCF peak predictions in the 
knee OA group, and their relationship with cartilage change, addi-
tional analyses were performed. Reliability of the MCF peak pre-
dictions was determined using data from a subsample of knee 
OA patients (n = 40) for whom gait data were available from a 
second occasion ~6 months following the baseline assessment. 
Relative and absolute test– retest reliabilities were estimated using 
a Shrout and Fleiss type 2,1 ICC and the SEM, respectively. Fur-
thermore, the predictive model of cartilage change was assessed 
for assumptions of linear regression, including linearity, normality 
of residuals, and homoscedasticity. Finally, a multivariate linear 
regression model between the identified predictors of the MCF 
peak and cartilage volume change was created. The goodness 
of fit of this multivariate model was compared to that of the MCF 
peak model using the likelihood ratio test. All data and statistical 
analyses were performed with StatsModels for Python 3.7 (41).

RESULTS

At baseline, the knee OA group had a higher proportion 
of women (P = 0.001), and patients with knee OA were on 
average younger (P < 0.001) than those in the instrumented 
knee implant group. Participants with knee OA also tended 
to be shorter (P = 0.002) and weigh less (P = 0.010) (likely 
attributable to the sex discrepancy between groups); however, 
the groups did not differ in BMI (P = 0.326). Demographic 
and anthropometric data as well as all tested biomechani-
cal parameters for the knee OA group and the instrumented 
knee implant group are described in Table 1. The KAM peak 
(∆ = −12.79 Nm; P = 0.017) and KAM impulse (∆ = −6.57 Nm 
× s; P = 0.016) were lower in the knee OA group compared 
to the instrumented knee implant group. No between- group 

Table 1. Demographic, anthropometric, and gait data at baseline 
for the knee OA and instrumented knee implant groups*

Knee OA 
(n = 47)

Knee implant 
(n = 9) P

Female sex, no. (%) 39 (83) 3 (33) 0.001
Age, years 61.1 ± 6.8 70.3 ± 5.2 <0.001
Height, meters 1.63 ± 0.08 1.72 ± 0.04 0.002
Body mass, kg 76.1 ± 16.1 91.1 ± 12.5 0.010
BMI, kg/m2 28.8 ± 5.8 30.8 ± 4.5 0.326
Coronal knee 

alignment, degrees
−2.3 ± 3.5† 2.4 ± 4.2‡ NA§

Gait speed, meters/
second

1.17 ± 0.22 1.16 ± 0.11 0.350

KAM peak, Nm 25.03 ± 14.35 37.82 ± 13.53 0.017
KAM impulse, Nm × s 9.15 ± 6.58 15.72 ± 7.23 0.016
KFM peak, Nm 43.33 ± 18.09 30.78 ± 11.86 0.051
vKRF peak, N 749.64 ± 136.64 803.21 ± 113.79 0.275
Measured MCF peak, N – 1,578.75 ± 264.21 – 
Predicted MCF peak, N 1,355.25 ± 326.02 – 0.058¶

* Gait data are for overground barefoot walking trials performed 
at a self- selected, natural speed. Except where indicated otherwise, 
values are the mean ± SD. BMI = body mass index; NA = not applicable; 
KAM = knee adduction moment; KFM = knee flexion moment; vKRF = 
vertical knee reaction force; MCF = medial knee contact force. 
† Anatomic tibiofemoral angle determined from weight- bearing 
anteroposterior knee radiographs acquired in a fixed- flexion position 
(see ref. 28). A negative value indicates valgus alignment. 
‡ Mechanical tibiofemoral angle (hip- knee- ankle angle) determined 
from standing anteroposterior full- leg radiographs (see ref. 28). A 
positive value indicates varus alignment. 
§ Knee alignment measurements were not compared statistically,
because anatomic (knee osteoarthritis [OA] sample) and mechanical 
(knee implant sample) alignments are inconsistent with one another 
(see ref. 28). 
¶ Versus measured MCF peak in the knee implant group. 

Table 2. Final linear regression model to predict the measured MCF 
peak from external biomechanical gait outcomes in the patients with 
instrumented knee implants*

β SE P
Intercept −446.21 303.75 0.142
Gait speed, meters/

second
398.06 67.90 <0.001

KAM peak, Nm 15.27 3.35 <0.001
vKRF peak, N 1.27 0.32 <0.001

* Final linear regression model included fit parameters of R2 = 0.81 
(P < 0.001), root mean square error (RMSE) = 132.88N, and cross- 
validation RMSE = 196.58N. MCF = medial knee contact force; KAM = 
knee adduction moment; vKRF = vertical knee reaction force. 
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differences were observed for gait speed, KFM peak, vKRF 
peak, or measured/predicted MCF peak (P > 0.05).

In patients with instrumented knee implants, the identified 
parameters that best predicted the MCF peak using LASSO 
regression were gait speed, KAM peak, and vKRF peak. The 
optimal lambda value of the LASSO regression was 10.5. The 
linear model fit using the predictors identified from the LASSO 
analysis and all data from the 218 trials showed R2 = 0.81 
(P < 0.001) and RMSE = 132.88N (Table 2). Leave- one- out cross- 
validation showed that the model had an out- of- sample RMSE of 
196.58N. Figure 1 shows a visual assessment of model fit for the 
predicted MCF peak model, including a Q– Q plot, a P– P plot, a 
histogram of residuals, and a plot of measured versus predicted 
MCF peaks. Simple linear regression of the identified predictors 
showed that they were each related to the MCF peak (gait speed 
R2 = 0.19 [P = 0.018]; KAM peak R2 = 0.55 [P = 0.006]; vKRF 
peak R2 = 0.49 [P = 0.025]) (Table 3).

For the knee OA group, the mean ± SD follow- up time was 
2.57 ± 0.53 years. Between baseline and follow- up assess-
ments, medial tibial cartilage volume was reduced by a mean ± SD 
of 47.95 ± 65.72 mm3/year (P < 0.001), which is equivalent to 
a mean ± SD of 2.63 ± 3.88% per year. The mean ± SD total 
change in cartilage volume over the duration of the study was 

6.39 ± 9.41%, which was greater than the measurement error 
of 3.6%. No evidence of a ceiling effect on cartilage change was 
observed in participants with K/L grade– 4 knees, as this subgroup 
experienced significant cartilage loss over the duration of the 
study (P = 0.005). Test– retest reliability estimates for the predicted 
MCF peak were as follows: ICC = 0.908 (95% confidence interval 
0.833– 0.950) and SEM = 102.48N, which is equivalent to 7.6% of 
the group mean. The predicted MCF peak was a significant pre-
dictor of annualized change in medial tibial cartilage volume over a 
period of 2.5 years (RMSE 52.60 mm3/year; R2 = 0.35, β = −0.119 
[P < 0.001]) (Figure 2). An R2 of 0.35 renders a Cohen’s f 2 of 0.54, 
signifying a large effect of the MCF peak on cartilage loss (42). 
The multivariate model of cartilage volume change containing the 
3 predictors of the MCF peak (gait speed, KAM peak, vKRF peak) 
produced an R2 of 0.41 (P < 0.001); however, the goodness of fit 
was not different between the multivariate model and the single 
predictor (MCF peak) model (P = 0.094).

DISCUSSION

This study is the first to provide direct evidence that the 
MCF is positively related to loss of medial tibial cartilage volume 
in people with knee OA, supporting the notion that mechanical 
loading is a key contributor to structural disease progression. 
While direct measurement of knee contact forces in patients 
with instrumented tibial prostheses represents the gold standard 
for determining internal joint loads, such measurements are not 
possible in native knees. Accurate and reliable predictions of the 
MCF peak can be statistically modeled based on specific external 
biomechanical gait parameters obtained with motion analysis and 
inverse dynamics. The implication of a higher gait speed, KAM 
peak, and vKRF peak when increasing the compressive forces 
across the joint surfaces and ultimately contributing to cartilage 

Figure 1. Visual assessment of model fit for the medial knee 
contact force (MCF) peak as predicted from external biomechanical 
gait outcomes. A Q– Q plot of residuals (A), a P– P plot of residuals (B), 
a histogram of residuals (C), and a scatterplot of measured versus 
predicted MCF peaks (D) are shown. For the Q– Q plot, P– P plot, 
and histogram, the solid orange line represents a theoretical normal 
distribution. For the Q– Q plot and P– P plot, limited deviation of the 
blue scatter points from the orange line indicates that the residuals 
follow a normal distribution. In the scatterplot of measured versus 
predicted MCF peaks, the orange line represents a 1:1 relationship 
between measured and predicted values; tighter fit of the scatter 
points indicates smaller error in the predicted MCF peak.

Table 3. Univariate linear regression models between each 
predictor of the MCF peak identified by LASSO regression (gait 
speed, KAM peak, vKRF peak) and the measured MCF peak in 
patients with instrumented knee implants*

β SE P
Gait speed model†

Intercept 894.57 174.58 <0.001
Gait speed, meters/second 643.98 216.17 0.003

KAM peak model‡
Intercept 743.19 200.67 <0.001
KAM peak, Nm 22.43 6.13 <0.001

vKRF peak model§
Intercept 74.82 548.80 0.892
vKRF, N 1.95 216.17 0.006

* LASSO = Least Absolute Shrinkage and Selection Operator (see
Table 2 for other definitions). 
† Gait speed model included fit parameters of R2 = 0.19 (P = 0.018), 
RMSE = 275.86N, cross- validation RMSE = 330.97N. 
‡ KAM peak model included fit parameters of R2 = 0.55 (P = 0.006), 
RMSE = 206.60N, cross- validation RMSE = 268.33N. 
§ vKRF peak model included fit parameters of R2 = 0.49 (P = 0.025),
RMSE = 218.29N, cross- validation RMSE = 311.14N. 
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breakdown make these biomechanical parameters ideal targets 
for intervention. Strategies to reduce the magnitude of the MCF 
peak may curb the deleterious effects of knee biomechanics on 
the progression of cartilage loss in knee OA.

The predicted MCF peak explained 35% (P < 0.001) of the 
variance in 2.5- year changes in medial tibial cartilage volume. Prior 
studies have modeled the relationship between biomechanical 
outcomes (e.g., KAM) and medial tibial cartilage volume change; 
however, direct comparisons with the current model are not pos-
sible, because either the R2 was not reported (6) or the model 
included multiple covariates (7). Instead, our multivariate analy-
sis may provide insight into this. The multiple linear regression model 
of cartilage change that included the 3 predictors of the MCF peak 
(gait speed, KAM peak, vKRF peak) as individual variables yielded 
an R2 of 0.41 (P < 0.001). It was expected that this multivari-
ate model would yield a higher R2 than that of the single predictor 
MCF peak model, because it is based on the same core predictors 
but has more degrees of freedom (3 versus 1). The greater degrees 
of freedom with the same inputs necessarily improve model flexi-
bility and fit, thereby decreasing the RMSE and increasing the R2. 
Nonetheless, the goodness of fit between the 2 models was not 
different. Therefore, the MCF peak model predicted cartilage loss 
in a way that was comparable to that of the best possible linear 
combination of the same core predictors, demonstrating good gen-
eralizability of the MCF peak prediction equation in the OA group. 
Ultimately, the fact that the measurement of interest (MCF peak) 
had the ability to predict the future outcome (cartilage loss) to which 
it is theorized to be related (8) provides predictive validity (43), a form 
of criterion validity, for the MCF peak equation.

In the current analysis, the MCF prediction model showed 
a positive relationship between all predictors and the MCF peak, 
explaining 81% of the variance. These findings, and those from 

the univariate regression analyses, corroborate findings from prior 
works in patients with instrumented knee implants. For instance, 
single- subject analyses that included different gait patterns (e.g., 
normal, medial thrust, walking poles) showed that the first KAM 
peak was independently associated with the first MCF peak 
(R2 = 0.57) (18); the current study showed nearly the same strength 
of association (R2 = 0.55). In a different analysis, the first vKRF 
peak predicted the first MCF peak (R2 = 0.38) (10); a stronger 
association (R2 = 0.49) between these variables was observed 
in the present study, which may be attributed to its larger sample 
size (n = 9 versus n = 1). The only known study examining the link 
between gait speed and the MCF was performed on baseline data 
from the same patients with instrumented knee implants included 
in the current analysis. In that study, gait speed explained 49% 
of the variance in the MCF peak during the early stance phase 
(17). The current study noted a weaker univariate association 
(R2 = 0.19), likely because the MCF was analyzed as a discrete 
peak rather than continuous data (17). Ultimately, it seems intuitive 
that the MCF is best predicted by a combination of measures that 
reflect axial loading (vKRF), mediolateral force distribution (KAM), 
and a general mediator of knee loads (gait speed).

Joint contact forces have been predicted using 2 pri-
mary modeling methods: statistical and musculoskeletal. Sta-
tistical models predict measured contact forces from extracted 
biomechanical measurements, such as from patients with instru-
mented knee implants (9,10,17– 19). For single- subject analyses 
of different gait patterns, the lowest reported RMSEs were 15% 
(10) and 32% body weight (18) for the first MCF peak. Alterna-
tively, musculoskeletal models estimate the muscle forces nec-
essary to generate the measured joint mechanics, resolving for 
physiologic joint loads (44– 47). For example, using the common 
approach of minimizing the sum of muscle activations squared, 
an error of 40% body weight was obtained for the predicted first 
peak of the compressive joint reaction force (cJRF: compressive 
tibiofemoral load along the long axis of the tibia) during gait (47). 
By tuning muscle parameters of the same general model to match 
the peak cJRF*, lower errors were achieved (e.g., RMSE of 28% 
body weight over the entire gait cycle waveform) (44). More com-
plex approaches have incorporated subject- specific musculo-
skeletal geometry, joint kinematics determined from fluoroscopy, 
and different electromyography- informed optimization methods 
to resolve muscle forces (45). These approaches, depending on 
the model and optimization used, yielded RMSEs from ~22% to 
105% body weight (~150N to >700N) when predicting the MCF 
for the stance phase waveform. The current analysis yielded a 
cross- validation RMSE of 196.58N (22.0% body weight) and an 
RMSE of 132.88N (14.9% body weight) when tested on all par-
ticipants used to fit the model. These errors are comparable to 

Figure 2. Predicted medial knee contact force (MCF) peak versus 
annualized change in medial tibial cartilage volume over 2.5 years 
in participants with knee osteoarthritis. The fitted model (diagonal 
line) and its 95% confidence band (shaded area) are overlaid on a 
scatterplot of individual observations (n = 47 subjects).

*The authors tuned a set of muscle synergies which penalized individual 
muscles or groups of muscles using weighting constants. All possible 
weighting constants were tested, and the combination that produced the 
smallest compressive force with an error less than 20% was selected. 
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those from the aforementioned “best” statistical models (10,17) 
and the most complex musculoskeletal models (45).

However, when comparing the ability of models to pre-
dict their respective outcomes, factors other than reported 
errors must be considered. First, predictions from most statis-
tical models and all musculoskeletal models referenced above 
were fitted and then tested on data from a single participant, 
likely resulting in overfit models. Given the rarity of the data and 
complexity involved in modeling, the analysis of a single partic-
ipant is not surprising and represents unique, important data to 
advance the field. Second, while muscle parameter tuning can 
reduce model errors, this approach is only possible with data 
from instrumented prostheses (44,45). Without muscle tuning, 
RMSEs were relatively high at ~100% body weight for predic-
tions of the entire MCF stance phase waveform (45). Third, the 
resources and competencies required for scaling musculoskele-
tal models, as well as collecting and analyzing medical imaging, 
fluoroscopy, and electromyography data are immense. Finally, no 
known comparable studies have performed any form of model 
validation. The comparable errors obtained in the present analy-
sis using only motion capture data, model validation using both 
cross- validation and predictions of cartilage loss in persons with 
knee OA, the excellent reliability of the MCF predictions in the 
knee OA group, and the considerably lower barrier to implemen-
tation make using such a statistical equation to predict the MCF 
appealing.

This study had limitations. Most patients with knee implants 
were men, whereas most knee OA patients were women. Fur-
thermore, the equation to predict the MCF peak was derived 
using gait data from 9 patients with total knee replacements. Yet, 
the observed relationship between the predicted MCF peak and 
cartilage volume loss in persons with knee OA provides criterion 
validity of the generated equation. In addition, the MCF prediction 
equation was based on barefoot gait data only, thereby limiting 
its generalizability to shod conditions. Finally, the knee OA sam-
ple comprised mostly older, overweight women with radiographic 
disease. Thus, the extent to which the association between the 
predicted MCF peak and cartilage loss can be extended to other 
populations is uncertain.

In conclusion, results from this study provide robust evi-
dence supporting the role of higher MCFs in cartilage volume loss 
in persons with clinical and radiographic knee OA. Using gold 
standard measurements from patients with instrumented tibial 
prostheses, reliable, accurate, and generalizable predictions of 
the MCF peak were statistically modeled based on key external 
biomechanical gait parameters obtained with motion analysis and 
inverse dynamics. This work acts as a stepping stone toward con-
firming the theoretical relationship between the MCF and cartilage 
loss; with technological and analytical advancements, future stud-
ies can improve upon our predictions. Nonetheless, these find-
ings underscore the notion that accurate knee load predictions 
can be obtained without the need for far more resource- intensive 

approaches. Strategies to reduce the MCF magnitude may aid in 
curbing structural disease progression associated with mechani-
cal loading in knee OA.
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Efficacy and Safety of Diclofenac– Hyaluronate Conjugate 
(Diclofenac Etalhyaluronate) for Knee Osteoarthritis: 
A Randomized Phase III Trial in Japan
Yoshihiro Nishida,1  Kazuyuki Kano,2 Yuji Nobuoka,2 and Takayuki Seo2

Objective. To confirm the efficacy and safety of intraarticular (IA) injection of diclofenac covalently linked to 
hyaluronic acid (diclofenac etalhyaluronate [DF- HA]; ONO- 5704/SI- 613) in patients with knee osteoarthritis (OA).

Methods. In a phase III multicenter, randomized, double- blind, placebo- controlled trial, eligible subjects ages 
40– 75 years with symptomatic knee OA (Kellgren/Lawrence score of 2 or 3) were randomly assigned to receive IA 
injections of DF- HA 30 mg or placebo (citric acid– sodium citrate buffered solution; 1:1) once every 4 weeks for 20 
weeks (a total of 6 injections). Subjects were followed up for 24 weeks. The primary end point was the mean change 
from baseline to 12 weeks in Western Ontario and McMaster Universities Osteoarthritis Index version 3.1 (WOMAC) 
pain subscale scores, measured on a 100- mm visual analog scale. Safety was evaluated by adverse event monitoring.

Results. All 440 subjects received investigational products (220 received placebo and 220 received DF- HA). 
The full analysis set and safety population comprised 438 subjects (220 in the placebo group and 218 in the DF- 
HA group) and 440 subjects, respectively. At 12 weeks, subjects receiving DF- HA showed significant improvement 
from baseline in the WOMAC pain subscale score (– 23.2 mm) compared to subjects receiving placebo ( −17.1 mm), 
with a difference of −6.1 mm (95% confidence interval −9.4, −2.8; P < 0.001). The difference between groups was 
significant as early as week 1, and a difference was maintained for 24 weeks, although the difference at week 24 was 
not significant. Anaphylactic reactions were observed in 2 subjects receiving DF- HA.

Conclusion. Our findings indicate that treatment with DF- HA results in significant improvement in the WOMAC 
pain subscale score compared to placebo over 12 weeks. Anaphylactic reactions were observed, and further safety 
evaluation is needed.

INTRODUCTION

Osteoarthritis (OA) is the most common degenerative joint 
disease, occurring frequently in the elderly (1). Current dis-
ease management mainly focuses on the treatment of symptoms 
(pain relief) to improve joint function and quality of life until the late 
stages of arthritis leading to knee replacement (2). The selection 
of knee OA treatment depends on disease severity, comorbidity, 
and patient preference (1,3– 5). Main treatment options include 
conservative therapies such as exercise therapy, physiother-
apy, and pharmacotherapy. Pharmacotherapies include oral or 
topical nonsteroidal antiinflammatory drugs (NSAIDs), selective 

cyclooxygenase 2 (COX- 2) inhibitors, and intraarticular (IA) injec-
tion of glucocorticoids or hyaluronic acid (HA). NSAIDs are most 
commonly used for the symptoms of knee OA (6); however, upper 
and lower gastrointestinal (GI) tract disorders, adverse cardiovas-
cular (CV) reactions, and renal dysfunction are associated with the 
long- term use of oral NSAIDs (7– 10). Therefore, lower dosing of 
oral NSAIDs for a shorter period is recommended in patients at 
risk of these adverse events (1,4). In addition, topical NSAIDs are 
recommended for patients with knee OA who have these comor-
bid conditions (4).

Although IA injection of glucocorticoids or HA is used for the 
conservative treatment of knee OA, these agents are a subject 
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of controversy. IA glucocorticoids should be used for short- term 
pain relief because of their short- lived efficacy and safety issues 
(1,11– 13). The benefits of HA have been reported in multiple 
studies, although there is conflicting data. Clinical and nonclinical 
reports suggest that IA HA has antiinflammatory and analgesic 
effects, suppresses joint cartilage degeneration, and normalizes 
synovial fluid. HA also functions as a lubricant due to its viscoe-
lasticity (14,15). Nevertheless, treatment of knee OA with IA HA 
has not yet been established, and most guidelines do not cur-
rently recommend the use of IA HA based on poor evidence of its 
 benefits (1,3,5).

In pursuit of OA treatments, Seikagaku Corporation devel-
oped a novel compound, diclofenac etalhyaluronate (DF- HA; 
ONO- 5704/SI- 613), which is DF covalently linked to HA. It is a 
high molecular weight fermented HA (600– 1,200 kd) combining 
the purported advantages of IA HA injection and NSAIDs: anti-
inflammatory and analgesic effects, suppression of joint cartilage 
degeneration, and normalization of synovial fluid function (16,17). 
Compared with oral DF therapy, IA injection of DF- HA is thought 
to reduce systemic exposure to DF because the amount of DF 
released from DF- HA is ~3.5 mg/dose. Indeed, in rabbits with 
antigen- induced arthritis, systemic exposure to DF was much 
lower after a single effective IA dose of DF- HA than after a sin-
gle effective oral dose of diclofenac sodium (16). Furthermore, the 
sustained release of DF from DF- HA after 1 injection into the joint 
tissue has potential analgesic effects lasting up to 28 days (16). 
The efficacy and safety of DF- HA in patients with knee OA was 
confirmed in a previous trial (18), in which patients who received 
a total of 3 injections of DF- HA, one every 4 weeks for 12 weeks, 
showed significant improvements in the Western Ontario and 
McMaster Universities Osteoarthritis Index 3.1 (WOMAC) (19) pain 
subscale score compared to patients who received placebo, with 
no major safety concerns.

We conducted a phase III trial to confirm the efficacy and 
safety of IA injection of DF- HA 30 mg every 4 weeks into the 
knee joint cavities of patients with knee OA. The primary objective 
was to verify the superiority of DF- HA over placebo by showing a 
greater change from baseline in the WOMAC pain subscale score 
over 12 weeks. The primary end point was the 12- week mean 
change from baseline in WOMAC pain subscale score to verify 
the results of the phase II trial. The secondary objective was to 
evaluate the safety of DF- HA when injected 6 times, once every 
4 weeks, up to 24 weeks compared with placebo.

PATIENTS AND METHODS

Study design and characteristics of the subjects. 
A phase III multicenter, randomized, double- blind, placebo- 
controlled trial was performed at 50 sites in Japan. The study was 
conducted in accordance with the Declaration of Helsinki and the 
International Council for Harmonisation Guidelines for Good Clin-
ical Practice and was approved by the institutional review boards 

at the central boards or at each local site. All subjects provided 
written informed consent.

Eligible subjects were ages 40– 75 years and had knee OA 
(not secondary OA caused by trauma or another disease) with a 
Kellgren/Lawrence (K/L) grade of 2 or 3 diagnosed radiographi-
cally, pain for at least 1 year in the target knee, and a WOMAC 
pain subscale score and pain score on the 50- foot walking test 
of 50– 90 mm (on a 100- mm visual analog scale [VAS]) in the tar-
get knee and ≤30 mm in the contralateral knee at the time of 
screening. Patients with lower extremity pain caused by other dis-
eases; inflammation, infection, skin disease, or systemic disease 
at the target knee; body mass index (BMI) ≥35.0 kg/m2, which 
indicates a high risk of complications; hypersensitivity to DF, HA, 
or acetaminophen; aspirin- induced asthma; surgical or invasive 
treatment within 1 year; or joint effusion removal within 7 days 
prior to screening were excluded.

Randomization and blinding. Subjects were allocated to 
receive either DF- HA (30 mg/3 ml in a prefilled syringe; Seikagaku 
Corporation) or placebo (citric acid– sodium citrate buffered solution 
[3 ml in a prefilled syringe; Seikagaku Corporation]) at a 1:1 ratio, and 
randomization was performed using an interactive web response 
system. Balance between the treatment groups at each site was 
achieved using a minimization method (20). Groups were stratified 
by K/L grade, mean baseline WOMAC pain subscale score, and 
sex.

Both treatments were clear, colorless, and identical in 
appearance; however, the force needed to inject them differed 
because DF- HA has a greater viscosity. To maintain blinding, an 
investigator other than the one who administered the injection 
performed all postinjection evaluations. Moreover, the investiga-
tor who administered the injection was prohibited from divulging 
information about the treatment to the investigators conducting 
the assessments or the subjects.

Procedures. Screening was conducted 1 week before ran-
domization and on the day of randomization. The entire volume 
(3 ml) of study drug or placebo was injected IA into the target knee 
of each subject a total of 6 times, once every 4 weeks (at weeks 
0, 4, 8, 12, 16, and 20). Although the administration method was 
not specified, IA injection was given by an orthopedist or a general 
physician who routinely performs IA injections, following the same 
procedure as in their normal clinical practice. The observation 
period began on the day of the first injection and ended at week 
24. Efficacy and safety were assessed on the day of the first injec-
tion (week 0), and at weeks 1, 2, 4, 6, 8, 10, 12, 16, 20, and 24.

Analgesic agents (IA HA products, NSAIDs, glucocorticoids, 
opioid analgesics, and psychotherapeutic drugs), which are 
known to affect the underlying disease and its assessment, were 
prohibited from the specified washout period prior to the screen-
ing through the end of the study. Acetaminophen was provided for 
all subjects as a rescue medication from 7 days prior to screening 
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through the end of the study and permitted at a dosage of up to 
3,600 mg/day but was proscribed starting 2 days before each 
visit.

Outcome measures. The primary outcome measure was 
the WOMAC pain subscale score, measured on a 100- mm VAS, 
and the primary end point was the mean change from baseline 
in WOMAC pain subscale score at 12 weeks. The secondary 
outcome measures were WOMAC index score (stiffness sub-
scale score, physical function subscale score, and total score on 
a 100- mm VAS), pain score on a 100- mm VAS after a 50- foot 
walking test, daily pain score on an 11- point numerical rating scale 
as recorded in the subject’s diary, rates of responders and strict 
responders according to the Outcome Measures in Rheumatol-
ogy (OMERACT)– Osteoarthritis Research Society International 
(OARSI) response criteria (21), patient global assessment, phy-
sician global assessment, Medical Outcomes Study Short Form 
36 (SF- 36) health survey (22– 24), EuroQol 5- domain (EQ- 5D) (25), 
and acetaminophen consumption.

Safety was evaluated by monitoring treatment- emergent 
adverse events (TEAEs) after the initial injection, based on the 
definitions listed in Supplementary Table 1, available on the 

Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41725/ abstract. AEs that led to study drug with-
drawal were considered important AEs, while those that occurred 
at the injection site, and were associated with GI disorders, CV 
disorders, renal dysfunction, anaphylactic reaction, or hypersensi-
tivity were considered AEs of special interest.

Clinical laboratory tests (hematology, blood biochemistry, and 
urine test), measurement of vital signs (body temperature, blood 
pressure, and pulse rate), examination of the target knee (for joint 
effusion, swelling, redness, and warmth) to assess the injection 
site reaction, and radiography, including anteroposterior standing, 
lateral standing, and patellar axial radiographs to observe struc-
tural changes (worsening) in the target knee (osteophytes, joint 
space narrowing, osteosclerosis, or deformity of epiphysis) were 
conducted based on the protocol at preinjection and at 24 weeks 
or at the time of study discontinuation. To prevent variations in 
evaluation at each site, instructions for radiography were distrib-
uted (Supplementary Table 2, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41725/ abstract). Imaging evaluation was performed by the 
investigator. Findings that were judged by the investigator to be 
unfavorable or unintended were considered AEs.

Figure 1. Disposition of the study subjects. Details are given according to the Consolidated Standards of Reporting Trials (CONSORT) 
statement for reporting randomized controlled trials. DF- HA = diclofenac etalhyaluronate.
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Statistical analysis. We estimated that a sample size of 220 
subjects per group would be needed to attain at least 90% power 
to detect a significant difference between groups with a 2- sided sig-
nificance level of 5%, assuming that the difference between groups 
in the change from baseline in WOMAC pain subscale score was 
−7.5 mm, with an SD of 23 mm and a dropout rate of ~10% (18).

Efficacy analyses were conducted in the full analysis set, which 
included subjects who received ≥1 injection and were evaluated 
for efficacy. For the primary analysis, the mean change from base-
line in the WOMAC pain subscale score over 12 weeks was ana-
lyzed using a mixed- effects model for repeated measures (MMRM) 
at each time point from weeks 1 through 12. The model included 
treatment group, time point, treatment group– by– time point inter-
action, baseline WOMAC pain subscale score, K/L grade, sex, 
and pooled site as fixed effects. The covariance structure was 
assumed to be unstructured. The Kenward- Roger method was 
used to calculate degrees of freedom. For the secondary analysis, 
the change from baseline in WOMAC pain subscale score at each 
time point of weeks 1 through 24 was compared between the 
groups using the same MMRM as used in the primary analysis. 
To evaluate the impact of missing data, a sensitivity analysis was 
conducted using the pattern- mixture model approach to multi-
ple imputation under the missing- not- at- random assumption by 
creating control- based pattern imputation. Mean changes from 
baseline in WOMAC pain subscale score over 12 weeks in the 
subgroups were analyzed using the same MMRM model without 
K/L grade, sex, and pooled site.

Secondary continuous outcomes expected for EQ- 5D 
and mean daily acetaminophen consumption were analyzed 
using the same MMRM as used for analyses of the primary out-
come. The responder rate and strict responder rate were ana-
lyzed using a generalized estimating equation. The odds ratio 
over 12 weeks and at each time point were calculated using 
the model that included treatment group, time point, treatment 
group– by– time point interaction, baseline WOMAC pain subscale 
score, K/L grade, sex, and pooled site. The covariance structure 
was assumed to be unstructured. The change from baseline in 
the mean daily acetaminophen consumption at each time point 
was compared with that in the placebo group using Wilcoxon’s 
rank sum test.

Responder analyses were performed post hoc to interpret 
clinically meaningful treatment benefits of group differences (26). 
These analyses were conducted using the percentages of sub-
jects with an improvement in WOMAC pain subscale score from 
baseline of >20%, >30%, or >50%, who were considered to have 
clinically meaningful pain reduction, and subjects whose WOMAC 
pain subscale score reached <40 mm, <30 mm, or <20 mm 
based on different levels of response on ratings of treatment sat-
isfaction at 1, 4, 12, and 24 weeks.

TEAEs and other safety outcomes were summarized in the 
safety population, which included subjects who received treat-
ment at least once. The incidences of TEAEs were calculated for 

each treatment group. TEAEs were coded using the Medical Dic-
tionary for Regulatory Activities (MedDRA) version 21.1. TEAEs 
associated with GI disorders, CV disorders, renal dysfunction, 
anaphylactic reaction, or hypersensitivity were categorized using 
a standardized MedDRA query.

SAS software, version 9.4 (SAS Institute) was used for all 
statistical analyses. P values less than 0.05 (2- sided) were con-
sidered significant.

RESULTS

Between March 24, 2017 and July 30, 2018, 539 subjects 
were screened (Figure 1). Of the 539 subjects, 440 were deter-
mined to be eligible for the study, randomized, and received treat-
ment (220 received placebo and 220 received DF- HA). The safety 

Table 1. Baseline characteristics of the subjects with knee OA*

Placebo 
(n = 220)

DF- HA 30 mg 
(n = 218)

Age, years 62.4 ± 8.1 63.3 ± 8.7
Sex, no, (%) male/female 75 (34.1)/ 

145 (65.9)
75 (34.4)/ 
143 (65.6)

BMI, kg/m2 25.61 ± 3.95 25.46 ± 3.75
Duration of current pain, weeks 268.3 ± 257.8 252.4 ± 262.0
K/L grade, no. (%)

2 124 (56.4) 122 (56.0)
3 96 (43.6) 96 (44.0)

WOMAC pain score, mm† 65.2 ± 7.6 64.9 ± 7.9
WOMAC pain score category, 

no. (%)†
<70 mm 163 (74.1) 162 (74.3)
≥70 mm 57 (25.9) 56 (25.7)

WOMAC stiffness score, mm† 57.5 ± 21.4 56.6 ± 20.9
WOMAC physical function 

score, mm†
61.3 ± 12.8 59.8 ± 12.8

WOMAC total score, mm† 61.8 ± 11.0 60.6 ± 11.3
50- foot walking test pain score, 

mm†
68.0 ± 7.6 68.0 ± 8.5

Daily pain score 6.69 ± 1.20‡ 6.60 ± 1.27
Patient global assessment 

score, mm†
70.1 ± 12.7 69.7 ± 12.9

Physician global assessment 
score, mm†

62.5 ± 14.1 62.9 ± 14.0

SF- 36 summary score
MCS score 55.8 ± 8.3 55.4 ± 8.1
RCS score 45.1 ± 13.0 47.2 ± 13.1
PCS score 25.8 ± 10.5 25.9 ± 11.6

EQ- 5D
QOL score 0.6778 ± 

0.1354
0.6906 ± 

0.1254
VAS score 66.3 ± 16.2 67.0 ± 16.3

Daily acetaminophen dosage, 
mg/day

220.5 ± 390.0 230.2 ± 399.5

* Except where indicated otherwise, values are the mean ± SD. OA = 
osteoarthritis; DF- HA = diclofenac etalhyaluronate; BMI = body mass 
index; K/L = Kellgren/Lawrence; WOMAC = Western Ontario and 
McMaster Universities Osteoarthritis Index; SF- 36 = Short Form 36; 
MCS = mental component summary; RCS = social role component 
summary; PCS = physical component summary; EQ- 5D = EuroQol 
5- domain; QOL = quality of life. 
† On a 100- mm visual analog scale (VAS). 
‡ Data were available for 219 patients. 
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population comprised 440 subjects (220 in the placebo group and 
220 in the DF- HA group), and the full analysis set comprised 438 
subjects (220 in the placebo group and 218 in the DF- HA group), 
which was the safety population minus 2 subjects who had no 
efficacy evaluation data. Demographic and other baseline charac-
teristics were similarly distributed between the treatment groups 
(Table 1).

The least squares mean (LSM) change from baseline in the 
WOMAC pain subscale score at 12 weeks was −17.1 mm for 
placebo and −23.2 mm for DF- HA (Table 2). The difference in LSM 
between the groups was −6.1 mm (95% confidence interval [95% 
CI] −9.4, −2.8; P < 0.001), which demonstrates the superiority of 
DF- HA over placebo. Results of the MMRM sensitivity analysis 
using placebo multiple imputation were similar to the results of 
the primary analysis without imputation of missing data. Figure 2 
shows forest plots of the difference in LSM between the groups 
and the 95% CI for all subjects and for subgroups of subjects. 
The change from baseline in WOMAC pain subscale score over 
12 weeks was greater in all DF- HA subgroups than in all placebo 
subgroups. The between- group differences in LSM were similar 
for all subgroups.

Table 2 also shows the results of the secondary out-
comes over 12 weeks. Significant differences were observed 
for all outcomes except for the mental component summary 
score and social role component summary score of the SF- 36. 

OMERACT- OARSI responder analysis indicated that the responder 
and strict responder rates at week 12 were 63.7% for placebo 
versus 76.7% for DF- HA and 41.0% for placebo versus 54.3% 
for DF- HA, respectively (Supplementary Table 3, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41725/ abstract). The odds ratios for achieving a 
response or a strict response at week 12 with DF- HA versus pla-
cebo were 1.69 (95% CI 1.24, 2.30; P < 0.001) and 1.74 (95% CI 
1.25, 2.43; P = 0.001), respectively (Table 2).

Figure 3 shows the time course of the WOMAC pain sub-
scale score, WOMAC function subscale score, and patient global 
assessment score, which improved after each DF- HA injection. 
The between- group difference was significant beginning at week 
1, and a difference was maintained for 24 weeks, although the 
difference at week 24 was not significant. The between- group dif-
ferences in LSM in WOMAC pain subscale score were −7.2 mm 
at week 1 (95% CI −10.5, −3.9; P < 0.001), −6.2 mm at week 
4 (95% CI −9.9, −2.5; P = 0.001), −6.1 mm at week 12 (95% 
CI −10.3, −2.0; P = 0.004), and −4.0 mm at week 24 (95% CI 
−8.6, 0.5; P = 0.082) (Supplementary Table 4, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41725/ abstract). Similar effects were observed 
for the secondary outcomes (Supplementary Tables 4– 10, 
 available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41725/ abstract).

Table 2. Primary and secondary outcomes at 12 weeks*

LSM change from baseline (95% CI)
Difference 
(95% CI) PPlacebo DF- HA

Primary outcome
WOMAC pain score, mm†

Primary analysis −17.1 (−19.8, −14.4) −23.2 (−25.9, −20.4) −6.1 (−9.4, −2.8) <0.001
Sensitivity analysis −17.2 (−19.9, −14.4) −23.2 (−25.9, −20.4) −6.0 (−9.3, −2.7) <0.001

Secondary outcomes
WOMAC stiffness score, mm† −13.3 (−16.1, −10.5) −17.9 (−20.7, −15.1) −4.6 (−8.0, −1.2) 0.008
WOMAC physical function score, mm† −13.2 (−15.8, −10.5) −18.9 (−21.5, −16.2) −5.7 (−8.9, −2.5) <0.001

Total score −14.0 (−16.6, −11.4) −19.6 (−22.2, −16.9) −5.6 (−8.7, −2.4) <0.001
50- foot walking test pain score, mm† −21.3 (−24.3, −18.2) −28.1 (−31.1, −25.1) −6.8 (−10.5, −3.2) <0.001
Mean daily pain score −1.20 (−1.41, −0.99) −1.76 (−1.97, −1.55) −0.56 (−0.82, −0.31) <0.001
Patient global assessment score, mm† −18.1 (−20.7, −15.4) −24.6 (−27.2, −22.0) −6.5 (−9.7, −3.3) <0.001
Physician global assessment score, mm† −16.4 (−18.6, −14.2) −20.9 (−23.1, −18.7) −4.5 (−7.2, −1.9) <0.001
SF- 36 summary score

MCS −0.1 (−1.0, 0.7) 0.5 (−0.3, 1.4) 0.6 (−0.4, 1.7) 0.209
RCS 2.5 (1.2, 3.8) 2.1 (0.8, 3.4) −0.4 (−2.0, 1.1) 0.588
PCS 4.3 (3.0, 5.6) 5.9 (4.5, 7.2) 1.6 (0.0, 3.2) 0.049

OMERACT- OARSI response
Responder‡ −0.11 (−0.36, 0.14)§ 0.41 (0.15, 0.67)§ 1.69 (1.24, 2.30)¶ <0.001
Strict responder# −1.26 (−1.56, −0.97)§ −0.71 (−0.99, −0.43)§ 1.74 (1.25, 2.43)¶ 0.001

* OMERACT- OARSI = Outcome Measures in Rheumatology– Osteoarthritis Research Society International (see Table 1 for other
definitions). 
† On a 100- mm visual analog scale. 
‡ Responders were defined as subjects with ≥20% improvement from baseline and an absolute change of ≥10 mm in ≥2 of the 
following 3 measures: WOMAC pain subscale score, WOMAC physical function subscale score, and/or patient global assessment 
score. 
§ Values are the log odds (95% confidence interval [95% CI]). 
¶ Values are the odds ratio (95% CI). 
# Strict responders were defined as subjects with ≥50% improvement from baseline and absolute change of ≥20 mm in the WOMAC 
pain subscale score or WOMAC physical function subscale score. 
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The OMERACT- OARSI response rates were higher in the DF- 
HA group than the placebo group at all time points until week 
24. The response rates for placebo versus DF- HA were 26.9% 

versus 45.0% at week 1 and 71.8% versus 81.1% at week 24, 
and the response rates in each group increased after injection 
(Supplementary Table 3). The decrease from baseline in mean 

Figure 3. Time course of change from baseline in Western Ontario and McMaster Universities Osteoarthritis Index version 3.1 (WOMAC) pain 
subscale, WOMAC physical function subscale, and patient global assessment scores up to week 24 in the full analysis set of patients with 
knee OA receiving diclofenac etalhyaluronate (DF- HA) or placebo. Values are the least squares mean (LSM) change from baseline with 95% 
confidence interval (95% CI). * = P < 0.05 versus placebo.

Figure 2. Forest plot showing the change from baseline over 12 weeks in Western Ontario and McMaster Universities Osteoarthritis Index 
(WOMAC) pain subscale score in the full analysis set (overall) and in the indicated subgroups of subjects with knee osteoarthritis receiving 
diclofenac etalhyaluronate (DF- HA) or placebo. Values are the least squares mean (LSM) change from baseline (95% confidence interval [95% 
CI]). Values were estimated using a mixed- effects model for repeated measures. K/L = Kellgren/Lawrence.
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daily acetaminophen consumption at each time point was greater 
in the DF- HA group than in the placebo group, and the difference 
was significant at all time points through week 12 (Supplemen-
tary Table 11, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41725/ abstract).

Post hoc responder analyses showed that the DF- HA group 
had a higher proportion of subjects with improved pain than the 
placebo group at all cutoffs and time points in terms of the per-
centages of subjects with clinically meaningful pain reduction 
(improvement of >20%, >30%, or >50%), and subjects report-
ing different levels of response on ratings of treatment satisfac-
tion (pain level of <40 mm, <30 mm, or <20 mm) (Supplementary 
Table 12, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41725/ abstract). 
The proportions of subjects with improvement from baseline of 
>20%, >30%, and >50% at week 12 in the placebo group ver-
sus the DF- HA group were 66.5% versus 78.1%, 56.1% versus 
71.0%, and 38.2% versus 51.9%, respectively, and the pro-
portions of subjects with a pain level of <40 mm, <30 mm, and 
<20 mm at week 12 in the placebo group versus the DF- HA group 
were 49.5% versus 61.4%, 37.3% versus 48.6%, and 26.9% ver-
sus 38.1%, respectively (Supplementary Table 12, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41725/ abstract).

Table 3 shows that the incidence of TEAEs was 126 (57.3%) 
in the placebo group and 134 (60.9%) in the DF- HA group. No 
severe TEAEs occurred in either group. The incidence of serious 
TEAEs was 1 (0.5%) in the placebo group and 5 (2.3%) in the 
DF- HA group. Serious TEAEs were nausea and vomiting in 1 sub-
ject in the placebo group and anaphylactic shock, anaphylactic 
reaction, autonomic seizure, unstable angina, and strabismus cor-
rection in 1 subject each in the DF- HA group. All serious TEAEs 
were moderate in severity and were resolved with complete recov-
ery except for unstable angina (resolving). Anaphylactic shock and 
anaphylactic reaction occurred on the first day of DF- HA injection. 
The subject with anaphylactic shock was not hospitalized, and the 
subject with anaphylactic reaction was hospitalized. Anaphylactic 
shock and anaphylactic reaction were mitigated on the day the 
subjects received various antianaphylaxis therapies or medica-
tions and were resolved at 6 and 8 days after onset, respectively. 
Autonomic seizure was caused by pain during puncture and was 
judged to be a serious TEAE based on symptoms such as SpO2 
decline. Emergency treatment was performed, and recovery was 
confirmed 2 hours after the onset. Unstable angina and strabis-
mus correction were judged to be serious TEAEs because of hos-
pitalization for treatment (Supplementary Table 13,  available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41725/ abstract).

TEAEs leading to study drug withdrawal were joint swelling 
and injection site pain in 1 subject each in the placebo group, 
and anaphylactic shock, anaphylactic reaction, and autonomic 
seizure (these 3 events were the serious TEAEs described above) 

in 1 subject each in the DF- HA group. The incidence of TEAEs 
of special interest at the injection site was 20 (9.1%) in the pla-
cebo group and 19 (8.6%) in the DF- HA group (Supplementary 
Table 14, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41725/ abstract). 
The incidence of TEAEs associated with GI disorders was 1 
(0.5%) in the DF- HA group and was not reported in the placebo 
group; the incidence of TEAEs associated with CV disorders was 
3 (1.4%) in the placebo group and 7 (3.2%) in the DF- HA group; 
and the incidence of TEAEs associated with renal dysfunction was 
1 (0.5%) in both groups (Supplementary Table 14, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41725/ abstract). TEAEs associated with ana-
phylactic reaction and hypersensitivity were evaluated because 
serious TEAEs of anaphylaxis were observed in this study. The 
incidence of TEAEs associated with anaphylactic reaction was 
6 (2.7%) in the placebo group and 4 (1.8%) in the DF- HA group, 
and the incidence of TEAEs associated with hypersensitivity was 
12 (5.5%) in both groups (Supplementary Table 14). Overall, there 
was no clear between- group difference in the incidence of TEAEs.

Table 3. Overview of treatment- emergent adverse events*

Placebo  
(n = 220)

DF- HA  
(n = 220)

All events 126 (57.3) 134 (60.9)
Severity of events

Mild 107 (48.6) 114 (51.8)
Moderate 19 (8.6) 20 (9.1)
Severe 0 (0) 0 (0)

Death 0 (0) 0 (0)
Serious events 1 (0.5) 5 (2.3)
Events leading to study drug 

withdrawal
2 (0.9) 3 (1.4)

Common events (in ≥2% of 
patients)

Nasopharyngitis 30 (13.6) 37 (16.8)
Eczema 2 (0.9) 5 (2.3)
Arthralgia 7 (3.2) 10 (4.5)
Back pain 7 (3.2) 7 (3.2)
Myalgia 1 (0.5) 5 (2.3)
Osteoarthritis 8 (3.6) 7 (3.2)
Injection site joint pain 6 (2.7) 6 (2.7)
Contusion 5 (2.3) 4 (1.8)
Ligament sprain 1 (0.5) 7 (3.2)

Events of special interest
Events at injection site 20 (9.1) 19 (8.6)
Gastrointestinal disorders† 0 (0) 1 (0.5)
Cardiovascular disorders† 3 (1.4) 7 (3.2)
Renal dysfunction† 1 (0.5) 1 (0.5)
Anaphylactic reaction† 6 (2.7) 4 (1.8)
Hypersensitivity† 12 (5.5) 12 (5.5)

* Adverse events were classified based on the Medical Dictionary for 
Regulatory Activities (MedDRA) version. 21.1. Values are the number 
(%). 
† Standardized MedDRA query (broad scope) term. The term “gas -
trointestinal disorders” indicates gastrointestinal perforation, 
ulceration, hemorrhage, or obstruction. “Cardiovascular disorders” 
indicates acute cardiac failure, ischemic heart disease, or cardiac 
arrhythmias. “Renal dysfunction” indicates acute renal failure or 
chronic kidney disease. 
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There were no noteworthy changes from baseline in lab-
oratory values and vital signs. The percentage of subjects who 
experienced worsening from baseline on target knee examination 
was low for each outcome measure in both the placebo and DF- 
HA groups. The frequency did not increase with dose and was 
similar between groups (Supplementary Table 15, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41725/ abstract). Some subjects were determined 
to have structurally “changed” (worsening) target knees on radiog-
raphy, but there was no between- group difference (Supplemen-
tary Table 16, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41725/ abstract).

DISCUSSION

We achieved the primary objective of a significant improve-
ment in WOMAC pain subscale score in subjects receiving DF- 
HA compared to those receiving placebo for 12 weeks. Sensitivity 
analysis demonstrated the robustness of the results. Furthermore, 
the results were not influenced by demographic characteristics 
according to subgroup analysis, and there were no between- 
group differences in demographic or other baseline characteristics. 
Similar to the primary outcome, most of the secondary outcomes 
indicated the superiority of 12 weeks of treatment with DF- HA 
compared to placebo. These results confirmed the efficacy of DF- 
HA and reproduced the results of our previous phase II study (18).

According to Initiative on Methods, Measurement, and Pain 
Assessment in Clinical Trials (IMMPACT) recommendations (26), 
the clinical importance of a group difference should be evalu-
ated by demonstrating a significant improvement in the primary 
end point relative to placebo, but also by multiple other factors. 
Responder analyses using the percentages of subjects with clin-
ically meaningful pain reduction and subjects reporting different 
levels of response on ratings of treatment satisfaction are con-
sidered useful for interpreting between- group differences (26). In 
this study, when the percentages of subjects with improved pain 
at multiple cutoffs were compared between groups, they were 
higher in the DF- HA group than in the placebo group for all cut-
offs at all time points. In addition, the OMERACT- OARSI response 
rate was higher in the DF- HA group than the placebo group at all 
time points. Improvement was demonstrated in ~50% of DF- HA– 
treated subjects at week 1, and this was extended to >80% of 
DF- HA– treated subjects at week 24.

Moreover, DF- HA improved pain as well as physical function 
and global assessment. In a clinical trial conducted in patients with 
knee OA, assessment of pain, physical function, and global func-
tion were important outcomes (27). DF- HA also improved the qual-
ity of life and decreased the use of acetaminophen as outcomes for 
chronic pain (28). These results suggest that DF- HA improves mul-
tiple symptoms including pain in knee OA. Of note, in the present 
study DF- HA decreased WOMAC pain subscale scores from as 
early as week 1, and this level of decrease was maintained for 4 

weeks. This effect was extended to 24 weeks by injection once 
every 4 weeks.

However, WOMAC pain subscale scores were decreased 
from baseline after each injection in both the DF- HA and placebo 
groups, and there were many responders in the placebo group. 
These results may be explained by the placebo effect. The large 
placebo effects related to IA injection are likely to be caused by the 
invasiveness of the administrative procedure and the physiologic 
response to liquid injected into the articular cavity (29,30). In the 
present study, injections were administered frequently (6 times), 
which may have further increased the placebo effect (30). Indeed, 
a large placebo effect is always a concern in clinical trials using IA 
injection, and many trials in OA fail to show a significant difference 
between placebo and the study drug. In addition, the between- 
group difference in WOMAC pain subscale scores was not sig-
nificant at week 24, which may result from floor effects as well 
as large placebo effects. As described above, some benefits of 
DF- HA were confirmed, but further studies are needed to evaluate 
their clinical importance.

Regarding safety, anaphylactic shock and anaphylactic reac-
tion in 1 subject each were judged to be moderate and were 
resolved after pharmacotherapy. Because anaphylactic symptoms 
in response to DF- HA may not be ruled out for clinical use, care-
ful monitoring and immediate treatment with established anaphylaxis 
therapies will be required. No clinically important GI-  or CV- related 
TEAEs, which have been observed with oral NSAIDs and selec-
tive COX- 2 inhibitors, or clinically important renal dysfunction, were 
observed in the DF- HA group. This promising safety profile may be 
related to the lower dose needed and reduced systemic exposure 
to DF that occurs when DF- HA is administered via injection.

In a previous phase II study, joint inflammation at the injection 
site was observed in 1 subject. Therefore, we performed examina-
tion of the target knee to evaluate the safety of injection into the local 
joint. No clinical issues were revealed on target knee examination, 
demonstrating that AEs similar to those in the previous study did 
not occur in the present study despite the larger number of DF- HA 
injections. No differences in the incidence of TEAEs at the injection 
site were observed between the treatment groups, whereas these 
local reactions have been reported for other HA preparations (31). 
Finally, no clinical issue was observed on radiography. Nevertheless, 
NSAIDs have been reported to be deleterious to joint cartilage (32). 
Although no particular concern was confirmed by the findings of 
this study, further studies are needed to determine the effects of DF- 
HA on joint cartilage, since DF- HA, after approval, would be the first 
IA preparation of NSAIDs to be injected into human knee cavities.

Some existing IA preparations are effective when injected once 
every 3 or 6 months. However, DF- HA requires repeated injections 
every 4 weeks to maintain efficacy. This is a limitation of the prac-
tical use of DF- HA. Furthermore, although not confirmed in this 
study, joint infection is a common risk of IA injection, and the risk is 
higher with more frequent administration compared with IA prepa-
rations administered once every 3 or 6 months. Given that serious 
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safety issues caused by DF- HA were confirmed in this study, it is 
necessary to compare the risk/benefit ratio with that of other IA 
preparations. In particular, a head- to- head study of DF- HA versus 
an approved HA is required to determine whether there is a great 
enough benefit of DF- HA to justify the monthly injection frequency 
versus the semiannual injection frequency of most HA preparations.

This study had some limitations. Data were collected from a 
limited population that only comprised Japanese patients, there 
were no data for the excluded patient population (e.g., patients 
with a BMI of ≥35.0 kg/m2), no information was obtained on 
combinations with other analgesics because use of other anal-
gesics was prohibited, and the study did not evaluate safety with 
regard to joint tissues, including joint cartilage. Active treatment– 
controlled clinical trials are needed to evaluate the clinical use-
fulness of DF- HA, and how long the effect of DF- HA lasts after 
IA treatment is stopped should be investigated in future clinical 
studies. Additional safety data are needed, since the number 
of subjects in this study was relatively small, and the long- term 
safety of DF- HA treatment exceeding 24 weeks should be deter-
mined because the treatment term may be longer in actual clinical 
practice than that assessed in this study. In addition, evaluation 
of safety with regard to the joint tissue including joint cartilage is 
needed, using imaging techniques other than radiography by a 
central measurement.

In conclusion, DF- HA, a conjugated compound with the 
advantages of IA HA and NSAIDs, promoted significant improve-
ments in symptoms, with fast- acting, long- lasting efficacy in knee 
OA patients when injected once every 4 weeks. Anaphylactic 
reactions were observed, and further safety evaluation is needed. 
Although future studies are needed to further demonstrate its clini-
cal usefulness, DF- HA is expected to be a novel therapeutic agent 
fulfilling an unmet need for pharmacotherapy for knee OA.
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B R I E F  R E P O R T

Association Between Gut Microbiota and Symptomatic 
Hand Osteoarthritis: Data From the Xiangya Osteoarthritis 
Study
Jie Wei,1 Chenhong Zhang,2 Yuqing Zhang,3  Weiya Zhang,4 Michael Doherty,4 Tuo Yang,5 Guangju Zhai,6

Abasiama D. Obotiba,4  Houchen Lyu,7 Chao Zeng,8 and Guanghua Lei8

Objective. Systemic inflammatory factors have been implicated in symptomatic hand osteoarthritis (OA). Gut 
microbiome dysbiosis promotes systemic inflammation. The aim of this study was to examine the association 
between the gut microbiome and the presence of symptomatic hand OA in a population- based study.

Methods. Study participants were subjects of the Xiangya Osteoarthritis Study, a community- based observational 
study conducted in the Hunan Province of China. Symptomatic hand OA was defined as the presence of both 
symptoms and radiographic OA in the same hand. The gut microbiome was analyzed using 16S ribosomal RNA gene 
sequencing in stool samples. We examined the relation of α-diversity, β-diversity, relative abundance of taxa, and 
potential bacterial functional pathways to symptomatic hand OA.

Results. A total of 1,388 participants (mean age 61.3 years, 57.4% women) were included in the study, of whom 
72 had symptomatic hand OA (prevalence of symptomatic hand OA 5.2%). Beta- diversity of the gut microbiome, but 
not α- diversity, was significantly associated with the presence of symptomatic hand OA (P = 0.003). Higher relative 
abundance of the genera Bilophila and Desulfovibrio as well as lower relative abundance of the genus Roseburia 
was associated with symptomatic hand OA. Most functional pathways (i.e., those annotated in the KEGG Ortholog 
hierarchy) that were observed to be altered in participants with symptomatic hand OA belonged to the amino acid, 
carbohydrate, and lipid metabolic pathways.

Conclusion. This large, population- based study provides the first evidence that alterations in the composition 
of the gut microbiome were observed among study participants who had symptomatic hand OA, and a low relative 
abundance of Roseburia but high relative abundance of Bilophila and Desulfovibrio at the genus level were associated 
with prevalent symptomatic hand OA. These findings may help investigators understand the role of the microbiome in 
the development of symptomatic hand OA and could contribute to potential translational opportunities.

INTRODUCTION

Hand osteoarthritis (OA) is highly prevalent within middle- 
aged and older populations (1). Individuals with hand OA may 
experience pain and stiffness and develop structural joint damage, 

which can impair their ability to undertake activities of daily liv-
ing (1). Results from previous studies have shown that symptom-
atic hand OA can have a clinical burden comparable to that of 
rheumatoid arthritis (2). Although the pathogenesis of hand OA 
remains largely unknown, systemic factors, including systemic 
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inflammation, have been implicated as a potential risk factor for 
symptomatic hand OA (1,3).

Gut microbiome dysbiosis can lead to the dysregulation of 
various important physiologic functions, such as production of 
small molecules that interact with the host, synthesis of essential 
amino acids, and regulation of fat metabolism, which can in turn 
contribute to the development of systemic inflammation (4). Over 
recent decades, many studies have found that the gut microbiome 
and its metabolites play important roles in the pathologic develop-
ment and progression of several systemic inflammatory diseases, 
including inflammatory bowel disease, inflammatory arthritis, mul-
tiple sclerosis, and systemic lupus erythematosus (4). However, to 
the best of our knowledge, no study has examined the associa-
tion between the gut microbiome and hand OA. Elucidating this 
association would help clarify the role of the microbiome in the 
development of hand OA and contribute to potential translational 
opportunities for the prevention and treatment of this common 
condition.

To help fill this knowledge gap, we examined the association 
between the gut microbiome and prevalent symptomatic hand 
OA, using data collected from the Xiangya Osteoarthritis (XO) 
Study, a population- based observational study conducted among 
the residents of rural areas of China.

PATIENTS AND METHODS

Study participants. The XO Study is a population- based 
longitudinal study of the natural history of and risk factors for 
the development of OA in a rural area of China (ClinicalTrials.gov 
identifier: NCT04033757) (5). Participants in the XO Study were 
a randomly selected sample of residents age ≥50 years from 
rural mountainous villages in Longshan County in the Hunan Prov-
ince. Specifically, for selection of the initial 14 communities, we first 
adopted a sampling method of probability proportionate to popu-
lation size. All of the villages in the selected communities were then 
listed in a random order. The village- to- village recruitment began 
in the first village in the first community until the number of partici-
pants in that community met the predetermined quota. Eventually, 
a total of 25 rural mountainous villages in Longshan County were 
included in the XO Study. Of note, the XO Study includes 3 subco-
horts (i.e., subcohorts I, II, and III), comprising participants recruited 
in 2015, 2018, and 2019, respectively.

The XO Study was approved by the Research Ethical Com-
mittee of Xiangya Hospital, Central South University (approval no. 
201510506). All participants gave their written informed consent 
to participate in the studies.

Assessment of hand OA. Posteroanterior radiographs of 
both hands were obtained from each participant in the XO Study. 
Radiographs of the bilateral second to fifth distal interphalan-
geal joints, second to fifth proximal interphalangeal joints, first to 
fifth metacarpophalangeal joints, thumb interphalangeal joints, 
and thumb base (carpometacarpal) joints were graded using 
a modified Kellgren/Lawrence (K/L) scale for radiographic hand 
OA (6). All hand radiographs were read by a single musculoskel-
etal researcher (TY; an orthopedic surgeon who was the primary 
reader). With each new batch of radiographs (n = 50 films), we 
commingled 5 previously read radiographs to test intrarater reli-
ability. For assessment of interrater reliability, another reader (ADO; 
a musculoskeletal imaging specialist) scored a selected subset 
of 30 films independently. Intra-  and interrater reliabilities were 
assessed using kappa statistics with 95% confidence intervals 
(95% CIs). Radiographic hand OA was defined as the presence of 
a K/L radiographic severity grade of ≥2 in any of the joints of each 
hand (i.e., those joints listed above). The intrarater reliability for the 
identification of radiographic hand OA (presence versus absence) 
was a kappa of 0.91 (95% CI 0.83– 0.99), and the interrater reli-
ability was a kappa of 0.71 (95% CI 0.45– 0.96).

Presence of hand symptoms was ascertained by noting the 
patient’s response to the question, “On most days, do you have 
pain, aching, or stiffness in your left/right hand?” (7). Symptom-
atic hand OA was defined as the presence of both self- reported 
symptoms and radiographic OA in the same hand. Participants 
were defined as having symptomatic hand OA if they had symp-
tomatic hand OA in at least one hand (7).

Stool sample collection and DNA extraction. Stool 
samples collected from the participants at the recruitment site 
were immediately frozen and transported on dry ice within 20 min-
utes. Samples were stored in freezers at a temperature of −80°C 
until analyzed. For DNA assessment, DNA was extracted from 
200 mg of each stool sample using a Magen Hipure Soil DNA 
kit, according to the manufacturer’s protocol. DNA was quantified 
using a Qubit version 2.0 fluorometer.

Gut microbiome analysis using 16S ribosomal RNA 
(rRNA) gene sequencing. The 16S rRNA gene was amplified 
using a 341F/806R primer set targeting the V3– V4 hypervariable 
region. DNA was sequenced using an Illumina MiSeq platform. 
Bioinformatics analysis of the gut microbiome was performed 
using a QIIME 2 2019.10 platform (https://qiime2.org). Raw 
sequence data were demultiplexed and quality filtered using a q2- 
demux plugin, followed by denoising with DADA2 (via q2- dada2).
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All amplicon sequence variants (ASVs) were aligned with mafft 
(via q2- alignment) and used to construct a phylogeny with fast-
tree2 (via q2- phylogeny). Metrics for α- diversity and β- diversity 
and data from principal coordinates analysis (PCoA) were esti-
mated using q2- diversity after samples were rarefied (subsampled 
without replacement) to the minimal number of reads per sample. 
Taxonomy was assigned to ASVs using a q2- feature- classifier, 
classify- sklearn naive Bayes taxonomy classifier, against the 
Greengenes 13_8 99% operational taxonomic units (OTUs) from 
reference sequences. All 16S rRNA sequencing data obtained in 
this study are available for download from the European Nucle-
otide Archive (project no. PRJEB33926; https://www.ebi.ac.uk/
ena/brows er/home).

Statistical analysis. Similarities in the composition of the 
gut microbiome between participants with symptomatic hand OA 
(i.e., the symptomatic hand OA group) and those without symp-
tomatic hand OA (i.e., the control group) were compared using 
α- diversity as measured by the Shannon diversity index, and  
β- diversity as measured by the unweighted Unifrac distance. We 
used a Wilcoxon’s rank sum test to determine the differences in 
α- diversity between groups, and a permutation multivariate analysis 
of variance test to determine the differences in β- diversity between 
groups.

To gain more insight into which gut microbiome taxonomies 
drive the association with symptomatic hand OA, we performed mul-
tivariate linear regression analyses at the phylum, family, and genus 
levels, with adjustments for age, sex, body mass index (BMI), alco-
hol consumption, and frequency of dietary intake of meat/eggs, 
dairy, and vegetables. Specifically, we removed from the analyses 
any microbiome taxa that were present in <20% of samples, and 
then compared the difference in relative abundance of taxa at the 
phylum, family, and genus levels between the symptomatic hand 
OA and control groups. Bacterial metagenomes were imputed 
from 16S rRNA sequencing– based microbial DNA data using the 
Phylogenetic Investigation of Communities by Reconstruction of Unob-
served States (PICRUSt) software package. Functional annotation 
was applied using the annotated pathways from the KEGG catalog 
(http://www.genome.ad.jp/kegg). We performed multivariate linear 
regression analyses to assess differences in KEGG level 3 pathways 
(i.e., those present in more than 20% of samples) between partic-
ipants with and those without symptomatic hand OA, with adjust-
ments for age, sex, BMI, alcohol consumption, and frequency of 
dietary intake of meat/eggs, dairy, and vegetables. Significant dif-
ferences were assessed using P values corrected for multiple test-
ing with the Benjamin and Hochberg false discovery rate method; 
corrected P values (and Q values) less than 0.1 were considered 
statistically significant.

Figure 1. Profiling of the gut microbiome using 16S ribosomal RNA (rRNA) sequencing in subjects from the Xiangya Osteoarthritis (XO) 
Study cohort. A, Selection process of study subjects with symptomatic hand osteoarthritis (SHOA) and those without symptomatic hand OA 
(controls). B, Shannon index of microbial diversity (α- diversity) in each group. Results are shown as box plots, in which symbols represent 
individual subjects, the horizontal line inside the box represents the median, each box represents the 25th to 75th percentiles, and the lines 
outside the box represent the smallest and largest value of 1.5 × the interquartile range. C, Principle coordinates analysis (PCoA) plots of β- 
diversity in each group, constructed using the unweighted Unifrac distance. RA = rheumatoid arthritis.
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In addition, 3 sensitivity analyses were performed to assess 
the robustness of our study findings. First, to minimize the poten-
tial residual effect of antibiotic use, we compared the differences 
in relative abundance of microbiota at the genus level between the 
symptomatic hand OA group and the control group, after exclu-
sion of individuals who reported having received antibiotics within 
2 or 3 months prior to the stool sample collection. Second, we 
conducted a matched case– control study in which up to 4 controls 
were matched to each case by age, sex, and BMI. We compared 
the difference in relative abundance of the microbiome genera and 
KEGG level 3 pathways between the case and control groups 
using multivariate linear regression analyses adjusted for alcohol 
consumption and frequency of dietary intake of meat/eggs, dairy, 
and vegetables. Third, we performed a sex- specific analysis to 
explore the potential sex interaction between the microbiome and 
symptomatic hand OA. Detailed information on the methods and 
analysis codes used are provided in the Supplementary Methods 
(available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41729/ abstract).

RESULTS

A flow chart depicting the participant selection process is 
shown in Figure 1A. Baseline characteristics of the 1,388 included 
study participants are shown in Supplementary Table 1 (avail able 
on the Arthritis & Rheumatology website at http://onlin e library.
wiley.com/doi/10.1002/art.41729/ abstract). Participants with 
symptomatic hand OA (n = 72) were older than participants with-
out symptomatic hand OA (n = 1,316) (age 70.9 years versus 
62.8 years; P < 0.001), and those with symptomatic hand OA 
were more likely to be women (75% versus 57%; P = 0.003).

A total of 90,608,388 raw sequence reads (mean reads per 
sample 65,279) were generated from all stool samples obtained 
from eligible participants. After quality filtering and removal of con-
taminants, there were 61,294,662 high- quality reads that were 
used for analysis (mean reads per sample 44,160). Among all 
samples, 31,355 different ASVs were discovered.

The Shannon index of microbial α- diversity was not signifi-
cantly different between patients with symptomatic hand OA and 

Figure 2. Differences in the composition (relative abundance) of the gut microbiota at the family level (A– D) and genus level (E– G) between 
individuals with symptomatic hand osteoarthritis (OA) (n = 72) (red) and individuals without symptomatic hand OA (controls) (n = 1,316) (blue), 
after adjustments for age, sex, body mass index, alcohol consumption, and frequency of dietary intake of meat/eggs, dairy, and vegetables. 
Data are shown as box plots, in which the horizontal line inside the box represents the median, each box represents the 25th to 75th percentiles, 
and the lines outside the box represent the smallest and largest value of 1.5 × the interquartile range. Circles represent individual outliers.
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controls without symptomatic hand OA (P = 0.095) (Figure 1B). 
However, the PCoA plot constructed using unweighted Uni-
Frac distances showed that the structure and composition of 
the gut microbiome differed significantly between the 2 groups 
(P = 0.003) (Figure 1C). In both groups, the profile of the gut micro-
biome appeared to be dominated by Firmicutes and Bacteroide-
tes at the phylum level, by Lachnospiraceae, Bacteroidaceae, 
Prevotellaceae, and Ruminococcaceae at the family level, and by 
Bacteroides, Prevotella, Faecalibacterium, and Roseburia at the 
genus level (for details, see Supplementary Figures 1, 2, and 3, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41729/ abstract), consistent with  
the usual composition of the human gut microbiome.

The associations between microbiome taxonomies and 
symptomatic hand OA are shown in Figure 2. After adjustment 
for age, sex, BMI, alcohol consumption, and frequency of die-
tary intake of meat/eggs, dairy, and vegetables, there was no 
apparent difference in microbiome taxa at the phylum level 
between subjects with and those without symptomatic hand 
OA. However, at the family level, individuals with symptomatic 
hand OA had a higher relative abundance of Christensenel-
laceae (P < 0.001, Q < 0.001) (Figure 2A), Desulfovibrionaceae 
(P = 0.001, Q = 0.008) (Figure 2B), and Mogibacteriaceae 

(P = 0.01, Q = 0.053) (Figure 2C), but a lower relative abun-
dance of Lachnospiraceae (P = 0.02, Q = 0.092) (Figure 2D) 
compared to those without symptomatic hand OA. Statistically 
significant differences in the gut microbiome were also observed 
at the genus level. Individuals with symptomatic hand OA had 
higher relative abundances of Bilophila (P = 0.001, Q = 0.006) 
(Figure 2E) and Desulfovibrio (P = 0.012, Q = 0.064) (Figure 2F) but 
a lower relative abundance of Roseburia (P = 0.011, Q = 0.062) 
(Figure 2G) compared to those without symptomatic hand OA. 
Full summary statistics of the associations of microbiome taxon-
omies with symptomatic hand OA adjusted for age, sex, BMI, 
alcohol consumption, and frequency of dietary intake of meat/
eggs, dairy, and vegetables, determined using multivariate linear 
regression analyses, are presented in Supplementary Tables 2– 
4 (available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41729/ abstract). After 
exclusion of individuals who reported having received antibiotic 
treatment within 2 months or 3 months prior to the stool sam-
ple collection, the associations remained statistically significant 
(Supplementary Tables 5 and 6; http://onlin elibr ary.wiley.com/
doi/10.1002/art.41729/ abstract).

Sensitivity analyses conducted in case– control studies, with  
matching for age, sex, and BMI (68 participants with symptom atic 

Figure 3. Differences in the relative abundance of predicted functions (third level of the KEGG Ortholog hierarchy), expressed as either a 
decrease or increase in the relative abundance of each level 3 functional pathway in individuals with symptomatic hand osteoarthritis (SHOA) 
(n = 72) (red) compared to individuals without symptomatic hand OA (controls) (n = 1,316) (blue), based on the Phylogenetic Investigation 
of Communities by Reconstruction of Unobserved States (PICRUSt) data set. Data are shown as box plots, in which the line inside the box 
represents the median, each box represents the 25th to 75th percentiles, and the lines outside the box represent the smallest and largest value 
of 1.5 × the interquartile range. Circles represent individual outliers.
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hand OA versus 234 matched controls without symptomatic hand 
OA) showed similar results (Supplementary Table 7; http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41729/ abstract). The sex- specific 
analysis undertaken in the 54 women with symptomatic hand OA 
yielded results consistent with the primary analysis in terms of tax-
onomic associations with symptomatic hand OA (i.e., for Bilophila, 
β = 0.008, P = 0.003, Q = 0.031; for Desulfovibrio, β = 0.011, 
P = 0.026, Q = 0.148; for Roseburia, β = −0.046, P = 0.006, 
Q = 0.049). However, taxonomic associations in the 18 men with 
symptomatic hand OA were not statistically significant, although 
the findings were similar to that in women (i.e., relative abundance 
of the genera Bilophila and Desulfovibrio increased, and relative 
abundance of the genus Roseburia decreased in men with symp-
tomatic hand OA).

The functional analysis, performed by reconstructing metage-
nomes using PICRUSt software, identified 15 KEGG level 3 path-
ways that were altered in association with symptomatic hand 
OA (Figure 3). Most KEGG pathways that were related to amino 
acids (metabolism of amino acids, tyrosine and lysine degrada-
tion, and cyano– amino acid metabolism), carbohydrates (metab-
olism of starch, sucrose, amino sugar and nucleotide sugar, and 
butanoate and propanoate), and lipids (sphingolipid metabolism) 
were significantly altered in individuals with symptomatic hand 
OA compared to controls. Full summary statistics of the asso-
ciations of KEGG level 3 pathways with symptomatic hand OA 
adjusted for age, sex, BMI, alcohol consumption, and frequency 
of dietary intake of meat/eggs, dairy, and vegetables, determined 
using multivariate linear regression analyses, are presented in 
Supplementary Table 8 (available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41729/ 
abstract). Similar results were observed in the case– control study 
with matching for age, sex, and BMI (Supplementary Table 9; 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41729/ abstract).

DISCUSSION

Several studies have demonstrated that patients with inflam-
matory arthritis have a decreased relative abundance of the genus 
Roseburia (8), and there was a strong positive correlation between 
the relative abundance of the genus Desulfovibrio and inflamma-
tory blood biomarkers in the general population (9). In accord with 
those findings, our results suggest that a high relative abundance 
of the genus Desulfovibrio but low relative abundance of the genus 
Roseburia may play a role in symptomatic hand OA. Furthermore, 
previous work has shown that metabolic pathways, namely those 
affecting metabolism of the branched- chain amino acids, from 
arginine and phosphatidylcholine to lysophosphatidylcholine, 
were significantly associated with the pathogenesis of OA (10). 
Similarly, our results based on reconstruction of metagenomes 
using PICRUSt software also identified altered KEGG pathways 
related to metabolism of amino acids, lipids, and carbohydrates 
in association with symptomatic hand OA. Taken together, our 

findings suggest that metabolic dysfunction of the gut microbi-
ome may play a key role in the state of systemic inflammation in 
patients with symptomatic hand OA by affecting the host metab-
olite levels, a concept that warrants further investigation.

Several biologic mechanisms linking the gut microbiome to 
systemic inflammation have been proposed. Bilophila member 
species have been shown to produce lipopolysaccharides that 
promote intestinal barrier dysfunction, bile acid dysmetabolism, 
and inflammation in mouse models (11). In addition, in in vitro 
experiments, a species belonging to Bilophila was able to convert 
taurine to the toxic metabolite hydrogen sulfide (H2S), which plays 
an important role in systemic inflammation (12). OTUs in Desulfo-
vibrio have been shown to have a strong correlation with systemic 
and chronic inflammation in models of mice fed a high- fat diet, 
suggesting that OTUs in Desulfovibrio might influence chronic 
inflammation in the host in a way that relates to weight gain and 
glucose tolerance (13). Several species included in Roseburia 
have been reported to serve an antiinflammatory function by pro-
ducing butyrate, which is the main source of energy for colonic 
epithelial cells and which inhibits messenger RNA expression of 
proinflammatory cytokines in the mucosa by inhibiting NF- κB 
 activation (14).

Several strengths of our study are noteworthy. This was a 
population- based study, and thus the findings may be general-
izable to the entire Chinese population, among subjects with 
similar characteristics. This is supported by the prevalence of 
symptomatic hand OA in our study (5.2%), which was similar to 
that reported in other parts of China (15). In addition, our results 
provided novel evidence linking the gut microbiome composition 
to the prevalence of symptomatic hand OA. The significant asso-
ciations of several genera with symptomatic hand OA parallel pre-
vious observations in inflammatory arthritis studies, supporting the 
validity of our findings. Furthermore, we demonstrated that several 
altered KEGG metabolism pathways were associated with symp-
tomatic hand OA. This information may contribute to translational 
opportunities for the identification and treatment of individuals with 
symptomatic hand OA, and warrants further studies in indepen-
dent populations.

There are several limitations of our study. First, the gut micro-
biomes were profiled by 16S rRNA gene sequencing. Although 
this technology can identify microbial taxonomies and compo-
sition, it has limitations in identifying genetically specific species 
and strains. Future studies using metagenomic approaches are 
needed to evaluate the relationship of a specific bacterial gene(s) 
and its function to symptomatic hand OA. Second, the current 
study was a cross- sectional study; thus, we could not assess 
the temporal sequence between the gut microbiome and occur-
rence of symptomatic hand OA. Third, the present results were 
not validated and reproduced in an independent cohort. Changes 
in specific microbiome genera may not be replicable in other 
populations, given the heterogeneity of the gut microbiome in 
different geographic locations. Finally, although the main findings 
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were shown to be similar in women with symptomatic hand OA, 
there may have been insufficient power to detect an association 
in sex- specific analyses due to the relatively small number of men 
in the study, particularly in terms of fully exploring the potential sex 
interaction between the gut microbiome and symptomatic hand 
OA; this warrants further study.

This large population- based study provides the first evidence 
that alterations in the gut microbiome composition are present in 
individuals with symptomatic hand OA, and a low relative abun-
dance of Roseburia but high relative abundance of Bilophila and 
Desulfovibrio at the genus level were associated with prevalent 
symptomatic hand OA in this population. Our findings may help 
investigators understand the role of the microbiome in the devel-
opment of symptomatic hand OA, and could contribute to poten-
tial translational opportunities.
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Withdrawing Ixekizumab in Patients With Psoriatic Arthritis 
Who Achieved Minimal Disease Activity: Results From a 
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Objective. To evaluate the effect of withdrawing ixekizumab in patients with psoriatic arthritis (PsA) in whom 
minimal disease activity (MDA) has been achieved after open- label ixekizumab treatment.

Methods. SPIRIT- P3 was a multicenter, randomized, double- blind withdrawal study of biologic treatment– naive 
adult patients with PsA who were treated with open- label ixekizumab for 36 weeks (160 mg at week 0, then 80 mg every 
2 weeks). Patients in whom MDA was sustained for >3 consecutive months were randomized 1:1, between weeks 36 
and 64, to undergo blinded withdrawal of ixekizumab treatment (placebo) or to continue ixekizumab treatment every 
2 weeks up to week 104. The primary efficacy end point was time to relapse (loss of MDA) for randomized patients. 
Patients who experienced a relapse were re- treated with ixekizumab every 2 weeks up to week 104.

Results. A total of 394 patients were enrolled and received open- label ixekizumab every 2 weeks. Of those 
patients, 158 (40%) achieved sustained MDA and were randomized to undergo withdrawal of ixekizumab treatment 
(placebo every 2 weeks; n = 79) or to continue ixekizumab treatment every 2 weeks (n = 79). Disease relapse occurred 
more rapidly with treatment withdrawal (median 22.3 weeks [95% confidence interval (95% CI) 16.1– 28.3]) compared 
to those who continued treatment with ixekizumab (median not estimable; P < 0.0001). Sixty- seven patients (85%) 
compared to 30 patients (38%) experienced relapse in the placebo group and the continued treatment group, 
respectively. Median time to achieving MDA again with re- treatment was 4.1 weeks (95% CI 4.1– 4.3); in 64 of 67 
patients (96%) who experienced relapse with treatment withdrawal, MDA was achieved again with re- treatment. 
Safety was consistent with the known safety profile for ixekizumab.

Conclusion. Continued ixekizumab therapy is superior to ixekizumab withdrawal in maintaining low disease 
activity in biologic treatment– naive patients with PsA. Re- treatment with ixekizumab following a relapse may restore 
disease control in cases of treatment interruption.
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INTRODUCTION

Psoriatic arthritis (PsA) is a chronic, heterogeneous, inflam-
matory disease that may lead to serious disability if not appro-
priately treated (1– 3). There are a number of disease- modifying 
antirheumatic drugs (DMARDs) available to patients with PsA, 
including conventional synthetic DMARDs (csDMARDs) and 
biologic DMARDs (bDMARDs) (4,5). These treatments can help 
patients achieve low disease activity or remission across the man-
ifestations of PsA; however, it is unclear whether patients with 
long- term low disease activity or remission need to continue 
treatment to maintain this outcome. Dose tapering or treatment 
discontinuation may potentially be cost effective and could limit 
potential side effects associated with PsA treatments. Data on 
treatment withdrawal in PsA are limited and inconsistent, with 
a few small observational, uncontrolled studies available (6– 10). 
These studies used various outcome measures to evaluate the 
effect of bDMARD treatment withdrawal (8,10) or to compare 
csDMARD and bDMARD withdrawal (6,7,9), or analyzed patients 
from a PsA registry (10), indicating that further assessment in a 
large, controlled withdrawal trial is warranted.

Ixekizumab, a high- affinity monoclonal antibody that selec-
tively targets interleukin- 17A (IL- 17A) (11), has been demonstrated 
to improve the signs and symptoms of active PsA in 2 phase III 
trials with long- term extensions (SPIRIT- P1 [12– 14] and SPIRIT- P2 
[15– 17]). The present study, SPIRIT- P3, is the first large, multi-
center, randomized, double- blind, placebo- controlled withdrawal 
study in patients with PsA. The study evaluated the efficacy and 
safety of withdrawing ixekizumab treatment versus continued 
ixekizumab treatment in patients who had achieved stable mini-
mal disease activity (MDA) (18) while receiving ixekizumab therapy, 
and the impact of re- treatment after relapse.

PATIENTS AND METHODS

Trial design. SPIRIT- P3 (ClinicalTrials.gov identifier 
NCT02584855; European Union Clinical Trials Register identifier 
2015- 002433- 22) was a phase III, multicenter study with an initial 
open- label treatment period, followed by a randomized double- 
blind withdrawal period (Figure 1). The study was conducted at 
86 sites in 12 countries (for a list of investigators, see Appen-
dix A). During the initial 36- week open- label treatment period, 
all patients received a starting dose of 160 mg ixekizumab at 
week 0, followed by 80 mg ixekizumab every 2 weeks to week 
36. Between weeks 36 and 64, patients who exhibited sustained
MDA for ≥4 visits over 3 consecutive months were eligible for 1:1 
blinded randomization to continue receiving ixekizumab every 2 

weeks or to undergo ixekizumab withdrawal every 2 weeks (pla-
cebo) up to week 104. Patients whose disease relapsed following 
ixekizumab withdrawal (i.e., no longer meeting MDA criteria) (see 
below) received ixekizumab every 2 weeks in a blinded manner 
until week 104. Patients who did not meet randomization criteria 
by week 64 continued receiving open- label ixekizumab every 2 
weeks uninterrupted up to week 104. Patients were discontinued 
from the study if ≥20% improvement in tender joint counts (TJCs) 
and swollen joint counts (SJCs) had not been achieved at week 
24 or at any subsequent visit through week 104, except from the 
point of randomization until the visit following relapse in patients 
during the randomized withdrawal period.

All patients provided written informed consent before any 
study assessments, examinations, or procedures were per-
formed. The study was approved by the ethical or institutional 
review boards at each participating study site and was conducted 
in accordance with the Declaration of Helsinki, the Council for 
International Organizations of Medical Sciences, the International 
Conference on Harmonisation Guidelines for Good Clinical Prac-
tice, and applicable laws and regulations.

Trial participants. SPIRIT- P3 enrolled adults age ≥18 
years with a confirmed diagnosis of active PsA for ≥6 months 
and who fulfilled the criteria of the Classification of Psoriatic 
Arthritis Study Group (19). Active PsA was defined as the pres-
ence of ≥3 of 68 tender joints and ≥3 of 66 swollen joints at 
screening and baseline. Patients were required to have docu-
mented inadequate response or intolerance to ≥1 csDMARDs 
and active psoriatic skin lesions or a documented history of 
plaque psoriasis. Exclusion criteria included current use of >1 
csDMARD, current or prior use of bDMARDs or small- molecule 
agents for treatment of psoriasis or PsA, active Crohn’s disease 
or ulcerative colitis, or active uveitis.

During the initial open- label treatment period, alteration of 
csDMARD dosage and/or introduction of a new csDMARD were 
permitted. During the randomized withdrawal period, alteration of 
the csDMARD dosage and/or introduction of a new csDMARD in 
patients who were randomized was not permitted until the point of 
relapse. Patients who were not randomized could continue altera-
tion of csDMARD dosage and/or introduction of a new csDMARD 
throughout the randomized withdrawal period.

Randomization and blinding. During the randomized 
withdrawal period, randomized treatment was assigned to eligi-
ble patients using an interactive web- response system. Patients 
who met the criteria for randomized withdrawal were assigned in a 
1:1 ratio (stratified by geographic region and csDMARD use at the 
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time of randomization) to receive blinded ixekizumab treatment 
every 2 weeks (1 80- mg subcutaneous injection or matching pla-
cebo every 2 weeks) from week 36 to week 104. Patients, study 
site personnel, and investigators remained blinded with regard to 
treatment assignment and dosage adjustments throughout the 
randomized withdrawal period from week 36 to week 104.

Procedures. Following open- label treatment with ixeki-
zumab every 2 weeks, MDA was used to establish eligibility 
for entry into the randomized withdrawal period. Patients were 
assessed for MDA at each post- baseline visit, starting at week 
2. MDA was considered to have been achieved if at least 5 of 
the following 7 disease activity measures were met: TJC ≤1, SJC 
≤1, Psoriasis Area and Severity Index (PASI) (20) total score ≤1 or 
body surface area (BSA) affected by psoriasis ≤3%, patient pain 
visual analog scale (VAS) score ≤15 (of a maximum possible 100), 
patient global assessment of disease activity (PtGA) VAS score 
≤20 (of a maximum possible 100), Health Assessment Question-
naire (HAQ) disability index (DI) (21) score ≤0.5, and number of 
tender entheseal points ≤1 (18). Patients in whom sustained MDA 
was exhibited at ≥4 visits over 3 consecutive months qualified for 
randomization to either continue ixekizumab treatment every 2 
weeks or undergo withdrawal of ixekizumab treatment (placebo). 
The first opportunity for randomization at week 36 was based on 
3 months of sustained MDA from week 24. Patients were consid-
ered to have experienced a relapse if their status could no longer 
be classified as MDA (i.e., <5 of 7 of the above criteria were met) 
at any point in the randomized withdrawal period up to week 104.

Efficacy and safety assessments. The primary effi-
cacy end point was time to relapse (loss of MDA) during the 
randomized withdrawal period. Secondary efficacy end points 
included the cumulative relapse rate and time to loss of response 

for each individual MDA component. Median time to regain MDA 
and sustained MDA was evaluated in patients who experienced a 
relapse and were re- treated with ixekizumab every 2 weeks dur-
ing the randomized withdrawal period. Post hoc efficacy analyses 
were performed for patients who experienced a relapse during the 
randomized withdrawal period, and were conducted to assess 
the number of MDA components lost at the time of relapse and to 
evaluate relapse rates in patients in whom very low disease activ-
ity (VLDA) was achieved (7 of 7 disease activity measures met) 
(22) and in patients in whom MDA was achieved but VLDA was 
not achieved. Safety assessments included treatment- emergent 
adverse events, serious adverse events, and adverse events of 
special interest.

Statistical analysis. Sample size was determined using 
the assumption that of ~400 patients who entered the initial 
open- label treatment period, 136 patients (34%) would meet 
the criteria for sustained MDA and qualify for entry into the ran-
domized withdrawal period (68 per treatment group). It was fur-
ther assumed that ~60% and ~20% of patients in the ixekizumab 
withdrawal group and the continued ixekizumab treatment every 
2 weeks group, respectively, would experience a relapse by no 
longer meeting the MDA criteria. According to these assumptions, 
39 patients were needed to meet relapse criteria in the combined 
treatment groups in order to achieve 95% power to test the supe-
riority of ixekizumab treatment compared to withdrawal of ixeki-
zumab treatment (placebo) for time to relapse with a 2- sided α 
significance level of 0.05.

The open- label population was defined as all patients who 
received at least 1 dose of open- label ixekizumab every 2 weeks 
during the open- label treatment period. The randomized with-
drawal intent- to- treat (ITT) population included all randomized 
patients (those who achieved sustained MDA and 3 patients 

Figure 1. SPIRIT- P3 study design. a Encompassed week 0 (study baseline) up to week 36. b Between weeks 36 and 64 (inclusive), patients 
treated with ixekizumab (IXE) every 2 weeks (Q2W) in whom minimal disease activity (MDA) was achieved for 4 consecutive visits for at least 
36 weeks were eligible for randomization at the visit at which these criteria were met. Patients were randomized 1:1 to the ixekizumab every 2 
weeks group or the ixekizumab withdrawal group. Patients remained in their treatment groups up to week 104 or until relapse (no longer met 
MDA), at which point they received ixekizumab every 2 weeks up to week 104. c Patients who did not meet the randomization eligibility criteria 
by week 64 continued to receive ixekizumab every 2 weeks uninterrupted up to week 104. d Patients in whom ≥20% improvement in tender 
joint count and swollen joint count at week 24 or at any subsequent visit through week 104, except from the point of randomization until the visit 
after relapse for patients in the randomized double- blind withdrawal period, were discontinued from the study. PBO = placebo.
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who did not achieve sustained MDA who were inadvertently ran-
domized). Patients in the randomized withdrawal ITT population 
were analyzed according to their treatment assignment (withdrawal 
of ixekizumab treatment [placebo] or continued ixekizumab treat-
ment every 2 weeks). The relapse population was defined as all ran-
domized patients who experienced relapse (i.e., no longer meeting 
MDA criteria) after randomization and received at least 1 dose of 
ixekizumab every 2 weeks after experiencing relapse.

The primary efficacy end point was time to relapse (loss 
of MDA) during the randomized withdrawal period for the ran-
domized withdrawal ITT population. The Kaplan- Meier product 
limit method was used to estimate survival curves for time to 
variables. Treatment comparisons were performed using a log- 
rank test, with adjustment for geographic region and csDMARD 
use at the time of randomization. P values less than 0.05 were 
considered statistically significant. Time to relapse in weeks was 
defined as follows: ([date of relapse − date of first injection of ran-
domized dose of study treatment in the randomized double-blind 
withdrawal period] + 1)/7. Patients completing the withdrawal 
period without meeting relapse criteria were censored at the date 
of completion (the date of the last scheduled visit in the withdrawal 
period). Patients without a date of completion or discontinuation 
were censored at the latest nonmissing date from the following 
dates: date of last injection of study treatment in the withdrawal 
period and date of last attended visit in the withdrawal period.

Cumulative proportion of relapse was analyzed using a logis-
tic regression model, with treatment, geographic region, and  
csDMARD use at the time of randomization as factors. Since 
the first opportunity for randomization at week 36 was based on 
3 months of sustained MDA from week 24 in a 104- week study, 
the cumulative proportion of relapse was analyzed up to the first 
40 weeks of the randomized withdrawal period.

Safety data are presented for the randomized withdrawal ITT 
population and for the all- ixekizumab combined safety population, 
which comprised all patients who received at least 1 dose of ixeki-
zumab during the study.

RESULTS

Patient disposition and baseline characteristics. 
Between November 18, 2015 and October 30, 2018, 511 patients 
were screened, of whom 100 (20%) did not pass the screening (see 
Supplementary Figure 1, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41716/ 
abstract). Three hundred ninety- four patients were enrolled in the 
study and treated with open- label ixekizumab every 2 weeks. By 
week 36, 291 patients (74%) completed the open- label treatment 
period, and 103 patients (26%) discontinued the study. The main 
reason for discontinuation was lack of efficacy. Sustained MDA 
was achieved in a total of 158 of 394 patients (40%), and they 

Table 1. Demographic and baseline clinical characteristics of patients in the SPIRIT- P3 study*

Open- label population 
(ixekizumab every 2 weeks)  

(n = 394)

Randomized withdrawal ITT population

Ixekizumab 
withdrawal 

(n = 79)

Ixekizumab every 
2 weeks  
(n = 79)

Age, years 47 ± 11.4 43 ± 10.5 44 ± 10.8
Male, no. (%) 182 (46) 40 (51) 47 (60)
BMI, kg/m2 29 ± 6.3 29 ± 7.2 28 ± 5.0
Time since PsA onset, years 7.9 ± 7.1 7.5 ± 7.5 7.1 ± 6.3
Current csDMARD use, no. (%)† 291 (74) 60 (76) 59 (75)
TJC, 68 joints 21 ± 14.3 16 ± 12.3 17 ± 11.5
SJC, 66 joints 10 ± 8.1 9.0 ± 5.6 9.4 ± 7.4
HAQ DI total score 1.2 ± 0.6 1.0 ± 0.5 1.1 ± 0.6
Pain VAS score (maximum possible 100) 61 ± 18.0 59 ± 18.9 60 ± 19.4
PtGA score (maximum possible 100) 62 ± 18.9 61 ± 19.5 59 ± 18.3
PASI total score‡ 7.1 ± 9.5 7.6 ± 10.2 8.4 ± 8.2
BSA, %§ 14 ± 17.6 14 ± 17.8 17 ± 18.2
LEI score >0, no. (%) 276 (70.1) 47 (59.5) 48 (60.8)
LEI total score¶ 2.6 ± 1.5 2.5 ± 1.3 2.4 ± 1.3
Enthesitis SPARCC score >0, no. (%) 330 (83.8) 57 (72.2) 62 (78.5)
Enthesitis SPARCC score# 5.3 ± 3.7 4.4 ± 3.3 4.6 ± 3.1

* Except where indicated otherwise, values are the mean ± SD. ITT = intent-to-treat; BMI = body mass index; PsA = psoriatic 
arthritis; TJC = tender joint count; SJC = swollen joint count; HAQ DI = Health Assessment Questionnaire disability index; VAS = 
visual analog scale; PtGA = patient global assessment of disease activity. 
† Current use of conventional synthetic disease- modifying antirheumatic drugs (csDMARDs) (methotrexate, sulfasalazine, 
leflunomide, hydroxychloroquine, or cyclosporine) reported in open- label population and at time of randomization. 
‡ In patients with a baseline Psoriasis Area and Severity Index (PASI) >0. 
§ In patients whose percentage of body surface area (BSA) affected by psoriasis was >0 at baseline. 
¶ In patients with a baseline Leeds Enthesitis Index (LEI) >0. 
# Based on 16- point entheseal point assessment in patients with a baseline Spondyloarthritis Research Consortium of Canada 
(SPARCC) enthesitis score >0. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
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qualified for double- blind randomization (79 patients were ran-
domized to the withdrawal of ixekizumab group [placebo] and 79 
were randomized to the continued ixekizumab treatment every 2 
weeks group). Sustained MDA was not achieved in a total of 133 
of the 394 patients (34%). These patients were not randomized 
and continued receiving open- label ixekizumab treatment every 
2 weeks (Supplementary Figure 1, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41716/ abstract).

Patients enrolled in the open- label study had symptoms of 
PsA for an average of 8 years. The mean age of these patients 
was 47 years, and 54% were women. The majority of patients 
were taking concomitant csDMARDs (most commonly metho-
trexate) and had high disease activity at baseline, with a mean 
TJC of 21 and a mean SJC of 10; 70% and 84% had enthesitis 
according to the Leeds Enthesitis Index (23) and Spondyloarthritis 
Research Consortium of Canada index, respectively (24) (Table 1). 

In the randomized withdrawal ITT population, a higher proportion 
of the patients were male, and disease activity was numerically 
lower, compared to the open- label population. Within the ran-
domized withdrawal ITT population, baseline demographic and 
disease characteristics were generally well balanced between 
the withdrawal of ixekizumab treatment group and the continued 
ixekizumab treatment every 2 weeks group (Table 1).

Clinical end points. Patients experienced relapse (lost 
MDA) more rapidly with treatment withdrawal compared to contin-
ued ixekizumab treatment every 2 weeks (P < 0.0001) (Figure 2). 
The median time to relapse for patients in the withdrawal of ixeki-
zumab treatment group was 22.3 weeks (95% confidence interval 
[95% CI] 16.1– 28.3), while the median time to relapse for patients 
in the continued ixekizumab treatment group was not estimable, 
as <50% of patients experienced relapse by the end of the study 

Figure 2. Time to relapse (loss of MDA) in the randomized withdrawal intent- to- treat population. ‡P < 0.0001 versus ixekizumab withdrawal. 
95% CI = 95% confidence interval; NE = not estimable (see Figure 1 for other definitions).

Figure 3. Loss of response for individual components of MDA in the randomized withdrawal intent- to- treat population. P values were 
determined by adjusted log rank test after stratification by geographic region and use of conventional synthetic disease- modifying antirheumatic 
drugs. TJC = tender joint count; SJC = swollen joint count; PASI = Psoriasis Area and Severity Index; BSA = body surface area affected by 
psoriasis; VAS = visual analog scale; HAQ DI = Health Assessment Questionnaire disability index; Nx = the number of patients who met the 
MDA component at randomization and subsequently lost the response (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
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period. The cumulative relapse rate in the first 40 weeks of the 
randomized withdrawal period was significantly higher in the treat-
ment withdrawal group (58 of 79 patients [73%]) compared to the 
continued ixekizumab treatment every 2 weeks group (27 of 79 
patients [34%]) (P < 0.0001). The cumulative relapse rate from 
week 24 to week 104 was also significantly higher in the treat-
ment withdrawal group (67 of 79 patients [85%]) compared to the 
continued ixekizumab treatment every 2 weeks group (30 of 79 
patients [38%]) (P < 0.0001).

For individual components of MDA, relapse occurred more 
frequently and time to relapse was significantly shorter in patients 
in the treatment withdrawal group compared to those in the con-
tinued ixekizumab treatment every 2 weeks group among patients 
who met the MDA component at randomization. A total of 72% 
of patients lost TJC ≤1 (at a median of 22.3 weeks) in the treat-
ment withdrawal group compared to 48% (at a median of 64.3 
weeks) in the continued ixekizumab treatment group (P = 0.0022); 
45% of patients lost SJC ≤1 (at a median of 28.7 weeks) in the 
treatment withdrawal group compared to 15% in the continued 

ixekizumab treatment group (median not estimable) (P < 0.0001); 
44% of patients lost PASI total score ≤1 (at a median of 36.0 
weeks) in the treatment withdrawal group compared to 12% in 
the continued ixekizumab treatment group (median not estimable) 
(P < 0.0001); 24% of patients lost BSA ≤3% in the treatment with-
drawal group compared to 4% in the continued ixekizumab treat-
ment group (medians not estimable) (P = 0.0001); 90% of patients 
lost patient pain VAS score ≤15 (at a median of 16.1 weeks) in the 
treatment withdrawal group compared to 42% in the continued 
ixekizumab treatment group (median not estimable) (P < 0.0001); 
and 76% of patients lost PtGA VAS score ≤20 (at a median of 20.6 
weeks) in the treatment withdrawal group compared to 26% in 
the continued ixekizumab treatment group (median not estimable) 
(P < 0.0001). For loss of the HAQ DI and enthesitis components of 
the MDA criteria, the differences between treatment groups were 
not significant (Figure 3). Kaplan- Meier curves of time to loss of all 
individual components are shown in Supplementary Figures 2– 
9, on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41716/ abstract.

Figure 4. Time to re achievement of MDA following relapse (A) or re achievement of sustained MDA (≥4 visits over 3 consecutive months) 
following relapse (B). Week 0 represents re- treatment. Data were available through week 40 in A and through week 60 in B. 95% CI = 95% 
confidence interval (see Figure 1 for other definitions).

http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract


IXEKIZUMAB WITHDRAWAL/RE-TREATMENT IN PsA PATIENTS |      1669

Median time to reachievement of MDA on re- treatment fol-
lowing relapse was 4.1 weeks (95% CI 4.1– 4.3) in the ixekizumab 
withdrawal/ixekizumab re- treatment group and 4.7 weeks (95% 
CI 4.1– 8.3) in the continued ixekizumab/ixekizumab re- treatment 
group, with week 0 representing the start of re- treatment 
(Figure 4A). MDA was reachieved during the re- treatment period 
in 64 of 67 patients (95.5%) in the ixekizumab withdrawal/  
ixekizumab re- treatment group and 27 of 30 patients (90.0%) in 
the continued ixekizumab/ixekizumab re- treatment group.

Median time to reachievement of sustained MDA (≥4 visits 
over 3 consecutive months) on re- treatment following relapse was 
16.1 weeks (95% CI 16.1– 17.1) in the ixekizumab withdrawal/
ixekizumab re- treatment group and 28.1 weeks (95% CI 16.1–  
 40.1) in the continued ixekizumab/ixekizumab re- treatment group, 
with week 0 representing the start of re- treatment (Figure 4B). 
Sustained MDA was reachieved during the re- treatment period 
in 51 of 58 patients (87.9%) in the ixekizumab withdrawal/ixeki-
zumab re- treatment group and 18 of 29 patients (62.1%) in the 
continued ixekizumab/ixekizumab re- treatment group.

In the post hoc analysis of the randomized withdrawal ITT 
population, the proportion of patients in whom VLDA was achieved 
(7 of 7 disease activity measures met) was similar in the 2 treatment 
groups at the time of randomization (see Supplementary Figure 10, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41716/ abstract). Of the 37 
patients in whom VLDA had been achieved at randomization, 30 
(81%) experienced a relapse (lost MDA) during the randomized 
withdrawal period; MDA was maintained in the other 7 patients. 
Of the 40 patients in the continued ixekizumab treatment every 2 
weeks group in whom VLDA had been achieved at randomization, 
10 (25%) experienced a relapse (lost MDA) during the randomized 
withdrawal period, and MDA was maintained in 30 patients.

In the same post hoc analysis, of the 40 patients in the treat-
ment withdrawal group in whom MDA had been achieved but 
VLDA had not been achieved at randomization, 36 patients (90%) 
experienced a relapse during the randomized withdrawal period, 
and MDA was maintained in 4 patients (Supplementary Figure 10, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41716/ abstract). 

Table 2. Safety results in patients in the SPIRIT- P3 study*

All- ixekizumab combined  
(every 2 weeks)  

(n = 394)†

Randomized withdrawal ITT population‡

Ixekizumab  
withdrawal  

(n = 79)

Ixekizumab  
every 2 weeks  

(n = 79)
Exposure, no. of person- years 631.1 42.1 71.0
TEAEs 325 (82.5) 40 (50.6) 40 (50.6)

Mild 156 (39.6) 30 (38.0) 24 (30.4)
Moderate 144 (36.5) 9 (11.4) 14 (17.7)
Severe 25 (6.3) 1 (1.3) 2 (2.5)

Serious AE 28 (7.1) 2 (2.5) 1 (1.3)
Discontinuations due to AE 21 (5.3) 1 (1.3) 0 (0)
Deaths 2 (0.5) 0 (0) 0 (0)
Most frequent TEAEs§

Nasopharyngitis 70 (17.8) 4 (5.1) 11 (13.9)
Upper respiratory tract infection 65 (16.5) 4 (5.1) 9 (11.4)
Injection site reaction 62 (15.7) 0 (0) 1 (1.3)
Bronchitis 34 (8.6) 1 (1.3) 4 (5.1)
Urinary tract infection 21 (5.3) 3 (3.8) 1 (1.3)
Sinusitis 20 (5.1) 1 (1.3) 0 (0)

AEs of special interest¶
Infections 243 (61.7) 20 (25.3) 29 (36.7)

Serious infections 5 (1.3) 1 (1.3) 0 (0)
Injection site reactions 80 (20.3) 0 (0) 2 (2.5)
Hepatic events 37 (9.4) 3 (3.8) 6 (7.6)
Allergic reactions/hypersensitivity events# 25 (6.3) 0 (0) 3 (3.8)
Cytopenias 21 (5.3) 1 (1.3) 5 (6.3)
Depression 13 (3.3) 0 (0) 0 (0)
Cerebrocardiovascular events** 3 (0.8) 0 (0) 0 (0)
Malignancies 2 (0.5) 0 (0) 0 (0)
Inflammatory bowel disease** 1 (0.3)†† 0 (0) 0 (0)

* Except where indicated otherwise, values are the number (%). ITT = intent- to- treat; TEAEs = treatment- emergent adverse events. 
† Patients who had at least 1 dose of ixekizumab. 
‡ Randomization to relapse or week 104. 
§ Defined as >5% of TEAEs reported in the all-ixekizumab combined group. 
¶ Reported as AEs according to the high- level term in Medical Dictionary for Regulatory Activities, v.21.1. Groups of AEs of special 
interest are shown. No events of interstitial lung disease were reported in any group. 
# No allergic reactions/hypersensitivity events were anaphylaxis events. 
** Adjudicated event. 
†† Crohn’s disease. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41716/abstract
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Of the 38 patients in the continued ixekizumab treatment group in 
whom MDA had been achieved but VLDA had not been achieved 
at randomization, 19 patients (50%) experienced a relapse during 
the ran domized withdrawal period, and MDA was maintained in 
19 patients.

Safety. Overall, safety data were consistent with the data 
obtained in previous studies regarding PsA treated with ixeki-
zumab, with no unexpected safety signals (Table 2). Two deaths 
(0.5%) occurred during the open- label treatment period. One 
patient died due to an accidental drowning, which was not con-
sidered to be related to the study drug. The other patient died of 
pneumonia, which the investigator considered to be related to the 
study drug. One case of inflammatory bowel disease (0.3%) (adju-
dicated as Crohn’s disease) was reported during the open- label 
treatment period. The patient had a previous history of irritable 
bowel syndrome, and the event resulted in study discontinuation.

DISCUSSION

In the SPIRIT- P3 study of biologic treatment– naive patients 
with active PsA in whom sustained MDA was achieved with 
open- label ixekizumab treatment every 2 weeks, continued ixeki-
zumab therapy was superior to withdrawal in maintaining MDA. 
Ixekizumab withdrawal resulted in significantly earlier relapse and a 
higher proportion of patients experiencing a relapse compared to 
continued treatment. Further, ixekizumab withdrawal, compared to 
continued treatment, was associated with more and earlier relapses 
in the majority of individual components of MDA. Importantly, re- 
treatment with ixekizumab resulted in a rapid return to MDA for 
the vast majority of patients who experienced a relapse following 
ixekizumab withdrawal. Overall safety findings were consistent with 
those observed in previous ixekizumab PsA studies (25).

The attainment of remission or, alternatively, a low disease 
activity status is a treatment goal in chronic inflammatory dis-
eases, including PsA. MDA is a recommended and clinically rele-
vant treat- to- target outcome in PsA (26), and is also increasingly 
being used as an end point in clinical trials due to its capacity to 
discriminate between different treatments (27). We used sustained 
achievement of MDA as a strict criterion to randomize patients 
and loss of MDA as the criterion for relapse.

In SPIRIT- P3, 73% of the patients in whom sustained MDA 
was achieved experienced a relapse in the first 40 weeks when 
ixekizumab treatment was withdrawn, while only 34% of the 
patients in the continued treatment group experienced a relapse. 
Relapse started as early as 4 weeks after ixekizumab withdrawal, 
which was the first time point of assessment after randomization. 
Treatment withdrawal impacted multiple components of MDA in 
PsA. TJC, PtGA, and pain scores were the most frequently lost 
components with ixekizumab withdrawal. In a smaller randomized 
withdrawal study in patients with PsA who experienced a relapse 
following discontinuation of tumor necrosis factor inhibitor (TNFi) 

therapy (6), PtGA and pain scores similarly worsened (10 of 12 
treated). These observations imply that patient- reported out-
comes are important indicators to assess fluctuations in disease 
activity, along with objective measures of disease activity such as 
SJC or skin scores.

Of note in the SPIRIT- P3 study, significantly more patients 
experienced a re emergence of psoriasis with treatment withdrawal 
compared to those who continued ixekizumab treatment. When 
re- treatment with ixekizumab every 2 weeks was instituted after a 
relapse, MDA was regained in 96% of patients in the ixekizumab 
withdrawal group. In many patients, MDA was regained as early 
as 4 weeks, which was the first time point of assessment after re- 
treatment. Of the 30 patients assigned to the continued treatment 
group who lost MDA and continued to receive ixekizumab every 
2 weeks, 27 patients (90%) regained MDA, and the median time 
to regain MDA was 4.7 weeks. The loss of MDA with continued 
ixekizumab treatment may partially be due to a nocebo effect, or 
reflective of temporal fluctuation in the signs and symptoms of the 
disease, which is supported by the rapid restoration of MDA even 
though the actual treatment was not changed. A small proportion 
of patients in the ixekizumab withdrawal group (12 of 79 [15%]) did 
not experience a relapse during the randomized withdrawal period. 
These patients represent drug- free remission, and elucidation of 
the characteristics of those patients in whom long- term remission 
was achieved with drug withdrawal will be of much value in clinical 
practice; however, the number of these patients was small, and the 
duration of follow- up in this study up to 104 weeks may not be long 
enough to reliably determine true long- term, drug- free remission 
status.

To date, SPIRIT- P3 is the first large, multicenter, randomized, 
double- blind withdrawal trial in PsA. There have been a few previ-
ous uncontrolled observational and open- label studies investigat-
ing the possibility of continued PsA remission/low disease activity 
following csDMARD and/or bDMARD withdrawal (6– 10). These 
studies differed in patient population and in definition of remission/
low disease activity and flare, and yielded conflicting results.

Two small studies (n = 26 and n = 17) (6,7) showed that 
disease control was quickly lost in the vast majority of patients 
with PsA after discontinuation of csDMARD or bDMARD treat-
ment, while 2 somewhat larger studies (n = 47 and n = 236) 
(8,9) showed that up to 24% of patients may be able to maintain 
drug- free remission for up to 18– 56 weeks. Finally, in an analy-
sis of TNFi withdrawal in a cohort of 325 patients from the Cor-
rona registry, low disease activity was lost in 45% of patients in 
a median of 29 months, indicating that in some patients with 
PsA, clinical benefit was maintained after TNFi discontinuation 
(10). In addition to several other important methodologic dif-
ferences, the mean duration of prior TNF therapy in patients in 
the Corrona registry was 1.5 years, which is significantly longer 
than the maximum 36- week duration of open- label ixekizumab 
treatment prior to withdrawal in our study. While the duration of 
prior low disease activity among patients with PsA in the Corrona 
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study was not reported, the duration of prior remission/low dis-
ease activity was found to be a positive predictor for maintaining 
drug- free disease control in rheumatoid arthritis (28,29). Similar 
to our findings in PsA, withdrawal of biologic treatment (TNFi) has 
generally been shown to result in rapid flare in patients with axial 
spondyloarthritis, another subset of the spondyloarthritis group 
of diseases (30–33). It remains to be evaluated which patient 
and disease characteristics, including some potential biomark-
ers, may predict the outcome of treatment discontinuation in 
patients with PsA.

The SPIRIT- P3 study has limitations that should be consid-
ered. The approved dosage regimen for PsA treatment in the US 
and Europe is ixekizumab every 4 weeks, while the dosage used in 
this study was ixekizumab every 2 weeks. This study was started 
when the pivotal phase III studies in PsA (SPIRIT- P1 and SPIRIT- P2) 
were still ongoing, evaluating the safety and efficacy of ixekizumab 
in 2 dosage regimens: 80 mg every 2 weeks or every 4 weeks. 
The efficacy and safety of ixekizumab in the 2 dosage regimens 
are similar (12,15); thus, the results from this study are scientifically 
and clinically relevant. The study was designed to assess complete 
treatment discontinuation and did not assess dosage reduction. 
Approaches in clinical practice may differ, where treatment may be 
tapered or discontinued after longer periods of sustained remis-
sion/low disease activity than assessed in this study.

In conclusion, continued ixekizumab therapy was superior 
to withdrawal in maintaining MDA in biologic treatment– naive 
patients with PsA in whom sustained MDA was achieved via treat-
ment with ixekizumab every 2 weeks. Among patients who expe-
rienced a relapse after ixekizumab withdrawal, the vast majority 
regained MDA after re- treatment with ixekizumab every 2 weeks. 
These results indicate that continuous ixekizumab treatment is 
optimal for maintaining good disease control in PsA. However, 
disease control can be regained after re- treatment with ixeki-
zumab in cases of treatment interruption.
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Mycophenolate Mofetil Versus Cyclophosphamide for 
Remission Induction in Childhood Polyarteritis Nodosa: 
An Open- Label, Randomized, Bayesian Noninferiority Trial
Paul A. Brogan,1  Barbara Arch,2 Helen Hickey,2 Jordi Anton,3  Este Iglesias,3 Eileen Baildam,4 
Kamran Mahmood,4 Gavin Cleary,4 Elena Moraitis,5 Charalampia Papadopoulou,5 Michael W. Beresford,2 
Phil Riley,6 Selcan Demir,7 Seza Ozen,7  Giovanna Culeddu,8 Dyfrig A. Hughes,8 Pavla Dolezalova,9 
Lisa V. Hampson,10 John Whitehead,10 David Jayne,11 Nicola Ruperto,12 Catrin Tudur- Smith,2 and 
Despina Eleftheriou1

Objective. Cyclophosphamide (CYC) is used in clinical practice off- label for the induction of remission in childhood 
polyarteritis nodosa (PAN). Mycophenolate mofetil (MMF) might offer a less toxic alternative. This study was undertaken 
to explore the relative effectiveness of CYC and MMF treatment in a randomized controlled trial (RCT).

Methods. This was an international, open- label, Bayesian RCT to investigate the relative effectiveness of CYC 
and MMF for remission induction in childhood PAN. Eleven patients with newly diagnosed childhood PAN were 
randomized (1:1) to receive MMF or intravenous CYC; all patients received the same glucocorticoid regimen. The 
primary end point was remission within 6 months while compliant with glucocorticoid taper. Bayesian distributions 
for remission rates were established a priori for MMF and CYC by experienced clinicians and updated to posterior 
distributions on trial completion.

Results. Baseline disease activity and features were similar between the 2 treatment groups. The primary end point 
was met in 4 of 6 patients (67%) in the MMF group and 4 of 5 patients (80%) in the CYC group. Time to remission was 
shorter in the MMF group compared to the CYC group (median 7.1 weeks versus 17.6 weeks). No relapses occurred 
in either group within 18 months. Two serious infections were found to be likely linked to MMF treatment. Physical 
and psychosocial quality- of- life scores were superior in the MMF group compared to the CYC group at 6 months and 
18 months. Combining the prior expert opinion with results from the present study provided posterior estimates of 
remission of 71% for MMF (90% credibility interval [90% CrI] 51, 83) and 75% for CYC (90% CrI 57, 86).

Conclusion. The present results, taken together with prior opinion, indicate that rates of remission induction in 
childhood PAN are similar with MMF treatment and CYC treatment, and MMF treatment might be associated with 
better health- related quality of life than CYC treatment.

INTRODUCTION

Polyarteritis nodosa (PAN) is a necrotizing vasculitis that 
causes aneurysmal nodules of medium- sized arteries (1,2). 

Childhood PAN is exceptionally rare, with a prevalence of ~1 per 
1 million children (1,3). Peak onset of childhood PAN is at age 7– 11 
years, with no sex bias (4,5). Features of childhood PAN include 
constitutional symptoms, vasculitis rash, myalgia, abdominal pain, 
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and arthropathy; however, any organ system can be affected 
(2,4,5). The etiology of childhood PAN remains unknown (6,7). 
In 2014, a monogenetic form of childhood PAN caused by defi-
ciency of adenosine deaminase 2 (DADA2) was described (8– 11).

If left untreated, the mortality rate of childhood PAN was his-
torically close to 100% within months of disease onset (12,13); 
with aggressive immunosuppression, the mortality rate is as low 
as 4% (4). Cyclophosphamide (CYC) has been used off- label for 
over 40 years in the treatment of PAN (14– 17) and is still recom-
mended for induction of remission in childhood PAN, though this 
has never been studied in a pediatric randomized controlled trial 
(RCT) (12). If alternative treatment exists, it is desirable that CYC 
treatment in children be avoided, since adverse reactions associ-
ated with CYC include infertility and malignancy (18).

Mycophenolate mofetil (MMF) is an alternative immunosup-
pressant with lymphocyte selective suppressive effects, which is 
associated with remission rates similar to those observed with 
CYC in the treatment of lupus nephritis (19) and antineutrophil 
cytoplasmic antibody (ANCA)– associated vasculitis (AAV) (20). 
MMF is not associated with urothelial malignancy or infertility and 
is used off- label in pediatric patients.

We hypothesized that MMF may be noninferior to CYC for 
induction of remission in childhood PAN and may be a less toxic 
alternative. Therefore, the purpose of the present study was to 
investigate the relative effectiveness of MMF and CYC for remis-
sion induction in childhood PAN. It is infeasible to conduct a con-
ventional, definitive phase III study of childhood PAN due to its 
rarity. We therefore opted for a Bayesian approach to assess the 
relative efficacy of MMF and CYC. This was a 2- stage process. 
Stage 1 consisted of a robust 2- day elicitation process conducted 
to quantify clinical opinion in light of results from a trial in adults 
(mycophenolate mofetil versus cyclophosphamide for remission 
induction in ANCA- associated vasculitis [MYCYC]) (20). The 
results from this trial were previously published (21). Stage 2 was 
a multicenter, open- label RCT of mycophenolate mofetil versus 
cyclophosphamide for the induction of remission of childhood 
PAN (the MYPAN trial; http://www.mypan.org.uk), and these data 
were used to further quantify the relative effectiveness of each 
treatment for remission induction in patients with newly diagnosed 
childhood PAN.

PATIENTS AND METHODS

Study design and patients. MYPAN was an interna-
tional multicenter, open- label, randomized controlled prospec-
tive trial comparing MMF treatment with intravenous (IV) CYC 

treatment for the remission of childhood PAN (Figure 1). The 
trial was sponsored by University College London, and the trial 
was coordinated and data were stored by the Liverpool Clini-
cal Trials Centre (LCTC) at the University of Liverpool. Centers 
were identified among members of the Paediatric Rheumatol-
ogy International Trials Organisation (PRINTO) (www.printo.it) 
(22).The trial was conducted using a Bayesian noninferiority 
design (noninferiority margin 10%). Children were randomized 
1:1 to receive either MMF (1,200 mg/m2/day, maximum 1 
gm twice daily) (12,23) or a standard IV CYC regimen (12). 
Randomization was achieved using a secure web- based tool 
generated centrally by the LCTC. Minimization variables for 
randomization were planned additional therapy with meth-
ylprednisolone >15 mg/kg at trial entry (yes/no) and plasma 
exchange at trial entry (yes/no). Treatment allocation prior to 
randomization was concealed from recruiting clinicians. Both 
trial groups received the same glucocorticoid treatment regi-
men per study protocol. The full protocol is available in Sup-
plementary MYPAN protocol V4.0 (available on the Arthritis & 
Rheumatology website at http://onlin elibr ary.wiley.com/doi/ 
10.1002/art.41730/ abstract).

Inclusion criteria were age at screening ≥4 years and ≤18 
years, new- onset childhood PAN (within 3 months of screening) 
classified in accordance with the European Alliance of Associa-
tions for Rheumatology/PRINTO/Paediatric Rheumatology Euro-
pean Society criteria (2,24), active vasculitis of any major organ, 
or meeting ≥3 minor components of the Pediatric Vasculitis Activ-
ity Score (PVAS) criteria (25) (see Supplementary Table 1, avail-
able on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41730/ abstract).

Children were excluded if they did not meet the classification 
criteria for childhood PAN, if they received alternative diagnoses, if 
they had chronic infection, if they experienced previous reactions 
to one of the study medications, or if they had immunodeficiency 
or malignancy. Genetic screening for ADA- 2 was administered 
as part of the routine evaluation of the patients (i.e., outside the 
protocol).

Ethics approval. The protocol was approved by the 
Multicentre Research Ethics Committee in the UK and from 
relevant ethics committees for each participating center inter-
nationally. The study was conducted in accordance with the 
ethics principles of the Declaration of Helsinki. Patient and 
public involvement informed the design of the protocol and 
patient- facing trial documents. All participants provided written 
informed consent.

from AbbVie (less than $10,000). Dr. Ozen has received consulting fees 
from Novartis and Sobi (less than $10,000). Dr. Hampson owns stock or 
stock options in Novartis. Dr. Jayne has received consulting fees from 
AstraZeneca, Chemocentryx, GlaxoSmithKline, Genentech, InflaRx, Takeda, 
and Vifor (less than $10,000 each). Dr. Ruperto has received consulting fees, 
speaking fees, and/or honoraria from Ablynx, AstraZeneca, MedImmune, 
Bayer, Biogen, Boehringer, Bristol Myers Squibb, Celgene, Eli Lilly, EMD 

Serono, GlaxoSmithKline, Hoffmann- La Roche, Janssen, Merck, Novartis, 
Pfizer, R- Pharm, Synergie, Sobi, and UCB (less than $10,000 each). No other 
disclosures relevant to this article were reported.

Address correspondence to Paul A. Brogan, MBChB, PhD, 30 Guilfor 
Street, London, UK. Email: p.brogan@ucl.ac.uk.

Submitted for publication July 9, 2020; accepted in revised form March 
11, 2021.

http://www.mypan.org.uk
http://www.printo.it
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
mailto:p.brogan@ucl.ac.uk


THE MYPAN TRIAL |      1675

Treatments. Participants received oral MMF or IV CYC 
treatment for 18 months, which comprised 3– 6 months of induc-
tion therapy (1:1 randomization); followed by 12– 15 months of oral 
azathioprine (AZA) maintenance therapy (Figure 1). Both groups in 
the trial received tapering glucocorticoids (see below). Unless par-
ticipants had an allergy, prophylaxis with trimethoprim/sulfameth-
oxazole was required until week 24. Trial treatment ended after 
18 months.

MMF was administered to patients until disease remission 
was achieved at 3– 6 months. The starting dose was 600 mg/m²/
day (maximum 1 gm/day) for the first week, followed by 1,200 mg/
m²/day (maximum 2 gm/day) in 2 divided doses (12,23,26).

CYC was administered at weeks 0, 2, and 4 and then every 
3 weeks until remission was achieved (maximum 10 IV doses 
and minimum 6 doses) (Supplementary Table 2, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41730/ abstract). The first dose was 500 mg/m2/
day, followed by 750 mg/m2/day (maximum dose 1.2 gm) (12). 
Mesna and IV fluids were administered, as per local practice. 

CYC could be discontinued after a minimum of 6 doses if disease 
was in remission. Patients were administered oral AZA (2 mg/kg/
day, maximum 200 mg/day) (12,26) the day following discontin-
uation of MMF treatment or 10– 14 days after the last dose of IV 
CYC.

All patients received prednisolone starting at 1 mg/kg/day 
(maximum 80 mg dose), which was decreased to 0.1 mg/kg/day 
by 6 months and to 0.05– 0.075 mg/kg by 9 months (Supplemen-
tary Table 3, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41730/ abstract). 
Intravenous methylprednisolone could also be administered at 
trial entry (maximum 30 mg/kg for 3 doses or 3 gm total) at the 
investigator’s discretion.

Principal investigators recorded medications received by the 
patient on a medication clinical research form during protocol 
face- to- face follow- up trial visits as specified below. In addition, 
patients completed a diary listing the medications taken as an 
outpatient, which allowed careful cross- checking of the accuracy 
of medications taken on a daily basis.

Assessments. Assessments were performed at weeks 0, 
4, 10, 16, and 24 when the primary end point of remission was 
evaluated. Thereafter, assessments occurred at weeks 36, 48, 60, 
and 72. A final follow- up visit also took place on the date of the last 
patient’s last visit, which varied considerably among the patients. 
Therefore, only results up to and including week 72 are reported 
here.

Disease activity was determined using the PVAS (25). Briefly, 
the PVAS ranges from 0 to 63, with higher scores denoting active 
clinical disease activity within 9 organ systems and a score of 
0 indicating the absence of disease activity. Safety events were 
coded using The Medical Dictionary for Regulatory Activities 
 version 19.

Primary outcome measure. The primary outcome mea-
sure was remission within 6 months, which was defined as the 
absence of disease activity (PVAS 0 [of a maximum 63]) on 2 con-
secutive visits at least 1 month apart, with adherence to gluco-
corticoid taper protocol (20,21,25). The primary end point was 
assessed at 6 months because this reflects the typical time point 
to assess the effectiveness of remission induction in routine clinical 
practice (12) and is therefore used in most vasculitis  trials (20). 
Secondary end points assessed over the full 18- month trial were 
as follows: remission within 6 months regardless of glucocorti-
coid taper; time to remission; pediatric vasculitis damage index 
(PVDI) score (27,28); mycophenolic acid 12- hour trough levels; 
the cross- culturally adapted and validated version of the Child-
hood Health Assessment Questionnaire (C- HAQ) for disability and 
the Child Health Questionnaire (CHQ) for quality of life (29); cost- 
effectiveness using the UK NHS costs and quality- adjusted life- 
years (QALYs) measurement based on the Child Health Utility- 9D 
(CHU- 9D) (30) and EuroQol- 5D- 3L (EQ- 5D- 3L) questionnaires 

Figure 1. Overview of mycophenolate mofetil (MMF) versus cyclo -
phosphamide (CYC) for the induction of remission of childhood 
polyarteritis nodosa (cPAN) (the MYPAN trial). PVAS = Pediatric 
Vasculitis Activity Score; PO = by mouth; IV = intravenous.

http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract


BROGAN ET AL 1676       |

(31); cumulative glucocorticoid dose; growth; disease relapse 
within 18 months; adverse events; withdrawal from trial due to 
drug intolerance; and mortality.

Statistical analysis. Sample size. A maximum target 
sample size of 40 was chosen pragmatically, as this was the larg-
est number feasible to recruit among PRINTO sites. A Bayesian 
approach is not restricted by small sample sizes and allows data 
to be combined with existing evidence. The larger the recruit-
ment, the greater the contribution of trial results to the totality of 
evidence, post– MYPAN trial. Bayesian sample- size calculations 
suggested that this would yield a power of 62% to ascertain 
noninferiority of the primary end point (32). The MYPAN trial was 
conducted using a Bayesian design due to the challenge of low 
participant numbers, given that childhood PAN is extremely rare. 
Bayesian power was therefore also calculated for smaller sample 
sizes (8 patients [41% power], 10 patients [52% power], and 12 
patients [53% power]).

Data analyses. Per the recommendation in the Consolidated 
Standards of Reporting Trials statement (33), reported results are 
from the intent- to- treat (ITT) population. Missing data were not 
imputed. The date at which the primary outcome was achieved 
was the first of the 2 consecutive visits in which the PVAS was 0.  
The primary outcome was examined using a Bayesian analysis. 

Bayes theorem was used to combine expert prior opinion with 
the MYPAN data to obtain posterior distributions for remission 
rates with CYC treatment (pC), remission rates with MMF treat-
ment (pM), and the log odds ratio of remission with MMF com-
pared to CYC (θ).

Full details of the primary outcome measure analysis meth-
ods were previously published (21,32). Briefly, noninferiority of 
MMF was defined as a Bayesian posterior probability of obtain-
ing remission within 6 months, within 10% (absolute difference) 
of CYC. Quantities of interest were pC, pM, and θ. Bayesian 
prior distributions for pC and pM were established during a prior 
elicitation workshop in September 2013 (before recruitment for 
the MYPAN trial began), using expert opinion and evidence pre-
sented from the MYCYC trial (20,21,32). The posterior distri-
butions for pC, pM, and θ were calculated and summarized 
by their modes, which reflected the most likely values for these 
quantities, and by 90% credibility intervals (90% CrIs), which 
quantified our certainty. We also calculated 2 posterior prob-
abilities, i.e., that the 6- month remission rate among patients 
taking MMF is noninferior to the 6- month remission rate among 
patients taking CYC (pM ≥ pC –  0.10) and that achievement 
of remission within 6 months is more likely to occur among 
patients taking MMF than among those taking CYC (pM > pC). 
All secondary outcome measures were analyzed descriptively 

Figure 2. Flow chart of patient recruitment, treatment allocation, and patient follow- up in patients receiving mycophenolate mofetil (MMF) 
versus cyclophosphamide (CYC) for the induction of remission of childhood polyarteritis nodosa (MYPAN trial).
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using frequentist statistics (i.e., number, median, and interquar-
tile range [IQR]), unless otherwise stated. Results were sum-
marized graphically using Kaplan- Meier curves, patient profile 
plots, and radar plots.

For each participant, total NHS costs associated with primary 
care, secondary care, and community care services, and medi-
cation use were measured over 18 months. This was based on 
resource use questionnaires completed by trial participants or 
their parents or guardians during clinic appointments, and via 
information from case report forms. Unit costs were obtained from 
standard NHS sources (https://impro vement.nhs.uk/resou rces/
natio nal- tarif f/). The estimation of preference weights for each 
health state was generated from patient responses to CHU- 9D 
questionnaires (30). QALYs were then computed by applying the 
trapezium rule to estimate the area under the curve. Second- year 
costs and QALYs were discounted at 3.5%. Differences between 
the MMF and CYC treatment groups in costs and QALYs were 
estimated by linear regression, with the per- patient cost (or per 
QALY) as the dependent variable and the treatment group as the 
only independent predictor. A nonparametric bootstrap analysis 
using 10,000 replicates was performed to assess the joint uncer-
tainty in mean costs and QALYs. The probability of each treatment 

being cost- effective was determined at the threshold of £20,000 
per QALY, which operates within the NHS (34) and in accordance 
with the National Institute for Health and Care Excellence guid-
ance (https://www.nice.org.uk/proce ss/pmg9/). Analyses were 
performed using R version 3.6.1 or SAS version 9.4.

RESULTS

Patients. Eleven patients with childhood PAN were enrolled 
from January 2014 to June 2018 from 5 of 13 international 
centers (Great Ormond Street Hospital [n = 3], Alder Hey Chil-
dren’s NHS Foundation Trust [n = 3], Hacettepe University Chil-
dren’s Hospital [n = 3], Royal Manchester Children’s Hospital 
[n = 1], and Hospital Sant Joan de Déu [n = 1]). The randomized 
treatment allocation is summarized in Figure 2. Six patients were 
randomized to receive MMF, and 5 patients were randomized to 
receive CYC. All 11 patients received their allocated treatment and 
were retained for the primary analysis; 1 patient withdrew from 
follow- up at 26 weeks. Baseline characteristics of the patients are 
provided in Table 1 and Supplementary Table 4 (available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41730/ abstract).

Table 1. Characteristics of the patients in the MMF group and the CYC group at trial entry*

Characteristic
MMF group   

(n = 6)
CYC group   

(n = 5)
All patients   

(n = 11)
Age at randomization, median (IQR) years 10.8 (7.0, 12.1) 7.9 (6.7, 9.4) 12.1 (4.6, 15.5)
Male 3 2 5
Female 3 3 6
Ethnicity

White 6 4 10
Mixed 0 1 1

Height Z score, median (IQR) −0.7 (−1.2, 1.0) 0.2 (−0.1, 0.2) −0.1 (−0.7, 1.0)
Weight Z score, median (IQR) −1.3 (−2.7, −0.3) 1.3 (0.7, 2.3) - 0.2 (−1.5, 1.3)
eGFR (mL/min/1.73 m2), median (IQR) 128.4 (125.8, 152.0) 101.3 (99.6, 101.9) 113.0 (101.3, 129.0)
PVAS (maximum 63), median (IQR) 8.5 (7.0, 12.0) 7.0 (6.0, 9.0) 7.0 (6.0, 12.0)
Affected organ system†

General/constitutional 6 4 10
Cutaneous 3 3 6
Eyes 1 0 1
Abdominal 5 4 9
Renal 0 1 1
Nervous 2 2 4

CRP (mg/liter; RR <5 mg/liter), median (IQR) 14.7 (4.0, 47.4) 4.0 (4.0, 38.0) 8.0 (4.0, 47.4)
ESR (mm/hour; 0– 10 mm/hour), median (IQR) 28.5 (7.0, 63.0) 16.0 (14.0, 28.0) 16.0 (7.0, 63.0)
C- HAQ disability index, median (IQR) 1.5 (0.6, 1.8) 1.5 (0.3, 1.5) 1.5 (0.6, 1.8)
Total dose of IV methylprednisolone  

pre- randomization, mg/kg
4 3 7

Median (IQR) 59.7 (45.6, 291.6) 87.2 (17.3, 222.2) 73.2 (45.0, 222.2)
Plasma exchange pre- randomization 0 0 0
ADA- 2 genetic screening‡ 5 2 7

* Except where indicated otherwise, values are the number of patients. MMF = mycophenolate mofetil; CYC = cyclophosphamide; 
IQR = interquartile range; eGFR = estimated glomerular filtration rate; PVAS = Pediatric Vasculitis Activity Score; CRP = C- reactive 
protein; ESR = erythrocyte sedimentation rate; C- HAQ = Childhood Health Assessment Questionnaire; IV = intravenous; ADA- 2 = 
adenosine deaminase 2. 
† A full breakdown list of all PVAS items is provided in Supplementary Table 4 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41730/ 
abstract). 
‡ Four patients declined genetic testing for deficiency of adenosine deaminase 2 (DADA2) (1 in the MMF group and 3 in the CYC 
group). DADA2 was excluded in all 7 patients in the MMF and CYC groups. 

https://improvement.nhs.uk/resources/national-tariff/
https://improvement.nhs.uk/resources/national-tariff/
https://www.nice.org.uk/process/pmg9/
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
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Findings for the primary outcome measure. Remission 
within 6 months of randomization occurred in 4 of 6 patients (67%) 
in the MMF group and 4 of 5 patients (80%) in the CYC group. 
The Bayesian posterior distributions for remission rates (modes) 
were 71% (90% CrI 51, 83) for MMF and 75% (90% CrI 57, 86) for 
CYC, and the odds ratio of remission within 6 months with MMF 
compared to CYC was 0.81 (90% CrI 0.40, 1.65) (Figures 3 and 4). 
The posterior probability that MMF is noninferior to CYC was 0.76, 
indicating that noninferiority is likely. Also, the posterior probability 
that the 6- month remission rate is higher in MMF than in CYC was 
0.31, indicating that MMF superiority is unlikely (Figure 3).

Findings for the secondary efficacy outcome  
measures. Remission and relapses. All patients adhered to the 
protocol for glucocorticoids; hence, remission within 6 months 
regardless of glucocorticoid taper was the same as that for the 

primary end point. Five patients in the MMF group exhibited 
remission within 18 months, at a median of 7.1 weeks (IQR 4.0, 
10.3; full range 4– 25.6). Remission was achieved in all patients 
in the CYC group within 18 months, at median of 17.6 weeks 
(IQR 6.0, 18.9; full range 4.4– 35.3) (Supplementary Figure 1, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41730/ abstract). No relapses 
occurred in either group.

Vasculitis damage, glucocorticoid exposure, and mortality. 
The median PVDI score was 0 (of a maximum 72) for both groups 
at trial entry. The median PVDI score at trial end (18 months) 
was 0 (IQR 0, 1) in the MMF group and 2 (IQR 0, 3) in the CYC 
group (Supplementary Table 5, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41730/ abstract). There was no major growth disturbance in 
either group. At 18 months, the median height Z score was −1.0 

Figure 3. Bayesian primary outcome analysis results. MMF = mycophenolate mofetil; CYC = cyclophosphamide.

Prior and Posterior Beliefs

Parameter Mode 90% Credibility 
Interval

pM Probability of remission within 6 months of 
randomization, given that the treatment was MMF

Prior 71% (45%, 85%)
Posterior 71% (51%, 83%)

pC Probability of remission within 6 months of 
randomization, given that the treatment was CYC

Prior 74% (51%, 86%)
Posterior 75% (57%, 86%)

θ Log-odds ratio of being in remission within 6 months, if 
given MMF compared with CYC 

Prior -0.17 (-0.91, 0.58)
Posterior -0.21 (-0.91, 0.50)

Exp (θ) Odds ratio of being in remission within 6 months, if 
given MMF compared with CYC

Prior 0.84 (0.40, 1.79)
Posterior 0.81 (0.40, 1.65)

Hypotheses Probability

Noninferiority      Probability MMF is noninferior to CYC within a margin of 
10%

Prior 0.766
Posterior 0.755

Superiority Probability of superiority of MMF over CYC

Prior 0.356
Posterior 0.313

http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
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(IQR −1.1, 1.0) in the MMF group and 0.0 (IQR −0.2, 0.1) in the 
CYC group, which were similar to heights at baseline. Cumu-
lative oral prednisolone doses at 6 and 18 months were simi-
lar between the 2 groups (Supplementary Table 6, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41730/ abstract). Three patients received 
IV methylprednisolone after randomization (1 patient in the CYC 
group and 2 in the MMF group). No patients died in either group.

Disability. Patients in both groups had moderate disability 
at baseline, but patients with moderate disability in the MMF 
group improved over time (Supplementary Table 7, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41730/ abstract). The median dis-
ability score (C- HAQ) at 18 months among patients with child-
hood PAN was 0 (of a maximum 3) (IQR 0, 0) in the MMF group 
and 1.0 (IQR 0.2,1.8) in the CYC group. C- HAQ pain scores 
decreased more rapidly in the MMF group compared to the CYC 
group (Supplementary Table 8, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41730/ abstract). Similarly, C- HAQ general assessment scores 
also improved more rapidly in the MMF group compared to the 
CYC group (Supplementary Table 9, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41730/ abstract).

Quality of life. Results from the CHQ showed that quality of 
life was overall better in patients treated with MMF compared to 
those treated with CYC (Supplementary Table 10 and Supple-
mentary Figures 2– 4, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41730/ 

abstract). At baseline, median CHQ physical summary scores 
reflected severe impairment in both groups, ~5 SD below the 
normal for a healthy control (8.3 [IQR −0.4, 18] in the MMF group 
and 9.0 [IQR 1.8, 14.0] in the CYC group). Similarly, median psy-
chosocial summary scores reflected impairment in both groups, 
though to a lesser degree than the physical summary scores 
(34.9 [IQR 32.5, 48.1] in the MMF group and 28.9 [IQR 25.0, 
32.7] in the CYC group). Physical summary scores and psy-
chosocial summary scores improved more rapidly and to an 
overall greater level in the MMF group compared to the CYC 
group (Supplementary Table 10 and Supplementary Figures 2– 4, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41730/ abstract).

Health economics. The mean total discounted costs were 
£4,725 (95% confidence interval [95% CI] 1,480, 7,157) in 
the CYC group and £6,071 (95% CI 640, 15,555) in the MMF 
group. Participants in the CYC group experienced discounted 
QALYs of 1.18 (95% CI 1.07, 1.48), compared to 1.13 (95% 
CI 0.58, 1.44) in the MMF group. Therefore, MMF was more 
costly (£1,346 [95% CI −4709, 11,175]) and was associated 
with fewer QALYs (0.047 [−0.5749, 0.4798]) compared to 
CYC. The probability of MMF being cost- effective at a thresh-
old of £20,000 per QALY was 0.32, which was evaluated in the 
7 patients from the UK only.

Safety outcome measures. Total adverse events were 
similar between the 2 groups. Thirty- eight events (63% mild sever-
ity and 37% moderate severity) occurred in 5 of 6 patients treated 
with MMF, and 31 events (97% mild and 3% moderate) occurred 

Figure 4. Graphs showing prior and posterior distributions for mycophenolate mofetil (MMF) 6- month remission rate (A), cyclophosphamide 
(CYC) 6- month remission rate (B), and log odds ratio of 6- month remission if given MMF compared to CYC (C), and posterior distributions 
for MMF and CYC 6- month remission rates (D). MYPAN = mycophenolate mofetil versus cyclophosphamide for the induction of remission of 
childhood polyarteritis nodosa (trial).
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in all 5 patients treated with CYC (Table 2 and Supplementary 
Table 11, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41730/ abstract). A 
total of 4 serious adverse events, including 2 infections, occurred in 
3 of 6 patients in the MMF group. One patient had abdominal pain 
(deemed not related to MMF) and a lower respiratory tract infection 
(possibly related to MMF), which fully resolved with treatment. One 
patient had colitis (deemed not related to MMF) ongoing at trial 
end, and 1 patient had herpes zoster (possibly related to MMF), 
which fully resolved with treatment. No serious adverse events 
were observed in the CYC group (Supplementary Table 12, avail-
able on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41730/ abstract). No patients withdrew 
from the trial due to drug intolerance.

DISCUSSION

A major challenge in the study of rare diseases is conducting 
a clinical trial with sufficient power to inform best clinical prac-
tice when the anticipated sample size is small. Historically, this 
has been an insurmountable barrier in the study of rare pedi-
atric autoimmune diseases, and explains why a clinical trial of 
childhood PAN had never been undertaken until now (21). We 
adopted a Bayesian clinical trial design with the objective of 
quantifying disease remission rates with CYC and MMF treat-
ment, combining a robust elicitation of prior opinion and evidence 
with our trial data. Six- month remission rates observed in the 
MYPAN trial were consistent with prior opinions, and since we 
could only recruit 11 patients, the totality of evidence is heavily 
influenced by those prior distributions. We calculated a Bayesian 
posterior probability of 76% for noninferiority of MMF compared 
to CYC for remission within 6 months. This observation, while 
not definitive, is still clinically useful, particularly since conducting 
a confirmatory frequentist trial is impossible (21). Further clinical 
face validity for the noninferiority of MMF compared to CYC is 
suggested by the fact that glucocorticoid use could be success-
fully tapered in all patients and all patients had nearly identical 
cumulative glucocorticoid exposure. Therefore, our results sug-
gest that MMF might represent a viable alternative to CYC for 
remission induction in childhood PAN. Moreover, these results 

will inform prior opinions for any future trials in childhood PAN 
(e.g., the Biologics in Refractory Vasculitis Study [https://www.
isrctn.com/ISRCT N1650 2655]).

The MYPAN data are consistent with data from studies in 
AAV, most notably the MYCYC study (20) (though not completely 
independently, as the MYCYC data helped inform the prior opin-
ion used in MYPAN), which included adults and children and 
showed that MMF was noninferior to CYC for inducing remission. 
Following remission, all patients in our trial received AZA and glu-
cocorticoid maintenance therapy, with no relapses. This obser-
vation contrasts with findings in the MYCYC trial which showed 
that relapses occurred earlier and more frequently among patients 
in the MMF group (33%) compared to among those in the CYC 
group (19%) (20). Thus, the previous suggestion that relapses in 
childhood PAN are less common than in childhood AAV is sup-
ported by our results (1).

Other secondary end points are also potentially clinically rel-
evant, though the results are purely descriptive. Remission was 
exhibited at a median of 7.1 weeks among patients in the MMF 
group, compared to a median of 17.6 weeks in the CYC group. 
PVDI scores were lower in the MMF group, implying less dam-
age, although our trial was not powered to demonstrate statistical 
significance of this observation. PVDI scores (and in adults, VDI 
scores) are not weighted; hence, overall low numerical scores can 
still indicate severe damage in patients. Therefore, future studies 
are needed to further examine the potential clinical importance of 
this preliminary observation.

C- HAQ disability scores and pain scores at trial end were 
comparable among patients in both groups, though scores 
were numerically lower among patients in the MMF group. While 
we must be careful not to overinterpret this purely descriptive 
observation, a possible obvious explanation is that the C- HAQ 
score reflected a more rapid resolution of disease activity among 
patients in the MMF group, resulting in faster resolution of dis-
ability and pain. Similarly, and in accordance with this sugges-
tion, quality of life improved more rapidly and to a greater extent 
among patients in the MMF group compared to the CYC group, 
particularly in regard to the physical summary score. The health 
economic analysis in the UK suggested that MMF may gener-
ate fewer QALYs and may be more expensive than CYC, though 

Table 2. Summary of adverse events in the MMF group compared to the CYC group*

MMF group  
(n = 6)

CYC group 
(n = 5)

All patients 
(n = 11)

Events, 
no.

Patients, 
no. (%)

Events, 
no.

Patients, 
no. (%)

Events, 
no.

Patients, 
no. (%)

Adverse events, no.
All 38 5 (83.3) 31 5 (100) 69 10 (90.9)
Mild 24 2 (33.3) 30 4 (80) 54 6 (54.5)
Moderate 14 3 (50) 1 1 (20) 15 4 (36.4)

All SAEs, no. 4 3 (50) 0 0 (0) 4 3 (27)
* MMF = mycophenolate mofetil; CYC = cyclophosphamide; SAEs = serious adverse events.

http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41730/abstract
https://www.isrctn.com/ISRCTN16502655
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with a significant element of uncertainty. No patients died in either 
trial group. Lastly, remission was achieved in all the patients in the 
MMF group who completed follow-up.

There were no new safety signals for MMF or CYC. Notably, 2 
infections were considered to be possibly linked to MMF. Improved 
short- term safety with MMF was thus not demonstrated. How-
ever, long- term safety issues are probably of more importance and 
are not captured in our trial. The use of MMF along with a stan-
dard dose of glucocorticoids offers clear advantages over CYC in 
terms of fertility preservation in younger patients, and potentially 
lower malignancy rates later in life, which is of particular concern 
among pediatric patients (18,20).

Our trial has several notable strengths. To our knowledge, 
it is the first randomized trial in childhood PAN. Patients were 
recruited from regional tertiary centers; thus, the trial cohort was 
fully representative of the spectrum of disease in childhood PAN, 
as indicated by the extent of organ involvement observed. The 
study also included the use of standardized tools developed spe-
cifically for children with vasculitis to allow accurate classification 
of childhood PAN (35), and of disease activity and remission (using 
the PVAS) (24). Our study was also the first to record vasculitis 
damage prospectively using the PVDI, which to date has been 
only preliminarily used in retrospective studies (27,28).

The strengths of this trial should be viewed against its limita-
tions, notably, that the clinical trial evidence is based on a small 
sample size, augmented by a distillation of clinical experience in 
the form of prior distributions. However, the fact that the poste-
rior distributions we observed are largely consistent with prior 
expert opinions adds important clinical face validity to the con-
clusion, which must be based on the final Bayesian posterior 
distributions and may provide the prior distributions for future 
cumulative research of childhood PAN. In addition, MYPAN was 
not blinded, for purely practical reasons. Although glucocorti-
coid exposure was documented, glucocorticoid toxicity was not 
systematically captured using the glucocorticoid toxicity index 
(36). Only 7 of 11 patients were screened for DADA2 as part 
of their routine evaluation, which might have important implica-
tions for determining the efficacy of both MMF and CYC in child-
hood PAN (10,11). Health economic analyses were based on 
UK costs, and therefore may not apply uniformly in other coun-
tries (e.g., in Turkey, where MMF is more expensive than CYC). 
Our trial also did not address the possibility that higher doses of 
MMF might be even more efficacious. Regulatory approval for 
dose escalation was initially requested in the MYPAN trial, but 
not granted by competent authority since it was suggested that 
adverse effects might also increase with higher doses. Finally, 
generalizability to other ethnic groups was limited as 10 of 11 
patients in our trial were White.

In summary, MMF is probably noninferior to CYC for induc-
tion of remission in childhood PAN when combined with gluco-
corticoids. MMF may also be associated with better quality of life 
compared to CYC.
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Eosinophil ETosis– Mediated Release of Galectin- 10 in 
Eosinophilic Granulomatosis With Polyangiitis
Mineyo Fukuchi,1  Yosuke Kamide,2  Shigeharu Ueki,1  Yui Miyabe,1  Yasunori Konno,1 Nobuyuki Oka,3 
Hiroki Takeuchi,4 Souichi Koyota,1 Makoto Hirokawa,1 Takechiyo Yamada,1 Rossana C. N. Melo,5  
Peter F. Weller,6 and Masami Taniguchi2

Objective. Eosinophils are tissue- dwelling immune cells. Accumulating evidence indicates that a type of cell 
death termed ETosis is an important cell fate involved in the pathophysiology of inflammatory diseases. Although the 
critical role of eosinophils in eosinophilic granulomatosis with polyangiitis (EGPA; formerly Churg- Strauss syndrome) 
is well established, the presence of eosinophil ETosis (EETosis) is poorly understood. We undertook this study to 
better understand the characteristics of EETosis.

Methods. In vitro studies using blood- derived eosinophils were conducted to characterize EETosis. The occurrence 
of EETosis in tissues from patients with EGPA was studied by immunostaining and electron microscopy. Serum 
concentrations of eosinophil- derived proteins in healthy controls, patients with asthma, and EGPA patients with 
active disease or with disease in remission (n = 15 per group) were examined.

Results. EETosis was reliant on reactive oxygen species and peptidylarginine deiminase type 4– dependent 
histone citrullination, resulting in the cytolytic release of net- like eosinophil extracellular traps, free galectin- 10, and 
membrane- bound intact granules. The signature of EETosis, including loss of cytoplasmic galectin- 10 and deposition 
of granules, was observed in eosinophils infiltrating various tissues from EGPA patients. Serum eosinophil granule 
proteins and galectin- 10 levels were increased in EGPA and positively correlated with disease activity as assessed 
by the Birmingham Vasculitis Activity Score (r = 0.8531, P < 0.0001 for galectin- 10). When normalized to blood 
eosinophil counts, this correlation remained for galectin- 10 (r = 0.7168, P < 0.0001) but not for granule proteins. 
Galectin- 10 levels in active EGPA positively correlated with serum interleukin- 5 levels.

Conclusion. Eosinophils infiltrating diseased tissues in EGPA undergo EETosis. Considering the exclusive 
expression and large pool of cytoplasmic galectin- 10 in eosinophils, elevated serum galectin- 10 levels in patients 
with EGPA might reflect the systemic occurrence of cytolytic EETosis.

INTRODUCTION

Eosinophils are tissue- dwelling immune cells that play an 
important role in type 2 inflammation. As end- stage effector cells, 

eosinophils may mediate cytotoxic effects on parasites or aller-
gic tissue. The pleiotropic effects of recruited eosinophils were 
recently reported to affect immunomodulation, as well as tissue 
homeostasis and repair (1,2). Many of these functions rely on 

Supported in part by the Japan Agency for Medical Research and 
Development (Allergic Disease and Immunology grant JP20ek0410055 to Dr. 
Ueki), the Japan Society for the Promotion of Science (Kakenhi Grant-in-Aid 
19K17898 to Dr. Kamide and Kakenhi Grants- in- Aid 16K08926, 15KK0329, 
and 20K08794 to Dr. Ueki), the Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (grants 309734/2018- 5 and 434914/2018- 5 to Dr. 
Melo), the Fundação de Amparo à Pesquisa do Estado de Minas Gerais 
(grant CBB- APQ- 03647- 16 to Dr. Melo), and the NIH (grant R37- AI- 020241 to 
Dr. Weller). Dr. Ueki’s work was supported in part by the Mochida Memorial 
Foundation for Medical and Pharmaceutical Research and the Japanese 
Society of Laboratory Medicine Fund for Promotion of Scientific Research.

1Mineyo Fukuchi, DDS, Shigeharu Ueki, MD, PhD, Yui Miyabe, MD, Yasunori 
Konno, DDS, PhD, Souichi Koyota, PhD, Makoto Hirokawa, MD, PhD, Takechiyo 
Yamada, MD, PhD: Akita University, Akita, Japan; 2Yosuke Kamide, MD, PhD, 
Masami Taniguchi, MD, PhD: Sagamihara National Hospital, Kanagawa, Japan; 
3Nobuyuki Oka, MD, PhD: Kyoto Konoe Rehabilitation Hospital, Kyoto, Japan; 
4Hiroki Takeuchi, MD, PhD: Kyoto Minami Hospital, Kyoto, Japan; 5Rossana 
C. N. Melo, PhD: Federal University of Juiz de Fora, Juiz de Fora, Brazil, and 
Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, 

Massachusetts; 6Peter F. Weller, MD: Beth Israel Deaconess Medical Center 
and Harvard Medical School, Boston, Massachusetts.

Drs. Fukuchi and Kamide contributed equally to this work.
Dr. Fukuchi has received research grants from GlaxoSmithKline. Dr. 

Kamide has received honoraria from AstraZeneca (less than $10,000). Dr. 
Ueki has received honoraria from AstraZeneca (less than $10,000) and 
research grants from GlaxoSmithKline, Novartis, Sanofi, and Maruho. Dr. 
Konno has received research grants from GlaxoSmithKline. Dr. Oka has 
received honoraria from AstraZeneca (less than $10,000). Dr. Takeuchi has 
received research grants from Teijin. Dr. Weller has received honoraria from 
GlaxoSmithKline (less than $10,000). Dr. Taniguchi has received research 
grants from AstraZeneca and GlaxoSmithKline. No other disclosures 
relevant to this article were reported.

Address correspondence to Shigeharu Ueki, MD, PhD, Akita University 
Graduate School of Medicine, Department of General Internal Medicine and 
Clinical Laboratory Medicine, 1- 1- 1 Hondo, Akita 010- 8543, Japan. Email: 
shigeharu.ueki@gmail.com.

Submitted for publication June 3, 2020; accepted in revised form March 
4, 2021.

https://orcid.org/0000-0002-1161-9074
https://orcid.org/0000-0002-7185-2273
mailto:
https://orcid.org/0000-0002-3537-7735
https://orcid.org/0000-0003-0819-1625
https://orcid.org/0000-0003-1736-0806
mailto:shigeharu.ueki@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41727&domain=pdf&date_stamp=2021-08-11


FUKUCHI ET AL 1684       |

the capacity of eosinophils to release a group of granule- derived 
proteins, including major basic protein (MBP), eosinophil perox-
idase, eosinophil cationic protein (ECP), and eosinophil- derived 
neurotoxin (EDN) (1,3). Understanding eosinophil activation and 
the process of degranulation remains one of the central research 
questions related to the pathophysiology of eosinophilic diseases.

Detailed transmission electron microscopy (TEM) studies 
have demonstrated that eosinophils have multiple degranula-
tion mechanisms. Preformed, granule- stored proteins can be 
released by 3 main secretory processes: exocytosis, piecemeal 
degranulation, and cytolysis (1,4,5). Exocytosis is the release of 
whole granule contents as individual granules that fuse with the 
cell membrane, although this has rarely been observed in vivo. 
Secretory vesicle– mediated release of granule contents, known 
as piecemeal degranulation, is important for the selective secre-
tion of various proteins contained in the granules. Cytolysis, or lytic 
degranulation, releases cytoplasmic proteins and intact eosinophil 
granules. This process has been reported in numerous pathologic 
conditions, ranging from 10% to 80% of all degranulation modes 
in vivo (1,6– 8).

Recent findings revealed that lytic degranulation represents 
a process of active cell death, referred to as eosinophil ETosis 
(EETosis) (3,9), which is characterized by the release of filamen-
tous chromatin structures called eosinophil extracellular traps 
(EETs) (10). EETs, mediators of eosinophil innate immune func-
tion, may capture pathogens; however, in excess, they can be 
pathogenic. EETs form stable aggregates that contribute to the 
viscosity of secretions observed in eosinophilic chronic rhinosi-
nusitis (11), eosinophilic otitis (12), and allergic bronchopulmonary 
aspergillosis (13). EETosis is also associated with the crystalli-
zation of galectin- 10 (also known as Charcot- Leyden protein or 
lysophospholipase) to form Charcot- Leyden crystals, a classic 
hallmark of eosinophilic inflammation (14,15). EETosis is the cell 
fate of lytic “whole- cell degranulation” and therefore is crucial to 
understanding the pathophysiology of allergic diseases.

Eosinophilic granulomatosis with polyangiitis (EGPA; formerly 
Churg- Strauss syndrome) is a rare form of antineutrophil cytoplas-
mic antibody– associated vasculitis that affects multiple organs. 
Clinical features of EGPA include various combinations of neu-
ropathy, pulmonary infiltrates, myocarditis, skin, gastrointestinal, 
renal, and ear, nose, and throat involvement (16). Eosinophil- rich 
granulomatous inflammation and small-  to medium- sized vessel 
vasculitis characterize the pathologic findings of EGPA. The critical 
role of eosinophils in EGPA is well established, as demonstrated 
by the clinical benefit of eosinophil- targeted anti– interleukin- 5 
(anti– IL- 5) antibody therapy (3,17). A recent study indicated that 
isolated eosinophils are prone to undergo EETosis in response to 
autoimmune antibodies (18). Several studies indicated that neu-
trophil extracellular traps (NETs) might contribute to the pathogen-
esis of EGPA (16,19), although the presence of EETs/EETosis is 
less well understood.

Because there is no gold standard for detecting EETs and 
EETosis in vivo, we performed a series of in vitro studies to bet-
ter understand the characteristics of EETosis. We studied the 
occurrence of EETosis in various organ tissues obtained from 
EGPA patients. Finally, we measured serum concentrations of 
eosinophil- derived proteins from healthy controls, patients with 
stable asthma, and EGPA patients with active disease or with dis-
ease in remission.

PATIENTS AND METHODS

Study subjects and ethics approval. Written informed 
consent was obtained from all participants in accordance with the 
principles laid out in the Declaration of Helsinki. The study used 
institutional review board– approved protocols (Akita University, 
permission no. 994; National Hospital Organization Sagamihara, 
approval no. 2017- 048). Experimental protocols requiring purified 
blood eosinophils used samples obtained from patients with mild 
eosinophilia. Biopsy tissues and blood samples were obtained 
from EGPA patients treated at the Clinical Research Center for 
Allergy and Rheumatology, National Hospital Organization, Sag-
amihara. Collected blood was left for 30 minutes at room temper-
ature, centrifuged (1,700g for 10 minutes), and then serum was 
stored at −30°C. All biopsy specimens were fixed in 10% formal-
dehyde and embedded in paraffin.

The control group and group of patients with asthma com-
prised 15 subjects per group who were matched to patients in the 
EGPA group by sex, age, and body mass index. The patients with 
asthma were assessed as having well- controlled disease, based on 
the Global Initiative for Asthma guidelines (20), with exclusion crite-
ria of nonsteroidal antiinflammatory drug– exacerbated respiratory 
disease and allergic bronchopulmonary mycosis. EGPA patients 
were diagnosed using the American College of Rheumatology 
1990 criteria for the classification of Churg- Strauss syndrome with 
reference to the International Chapel Hill Consensus Conferences 
systems (21,22). Active EGPA was characterized by increased 
eosinophil counts (>10% eosinophils or >1,000 eosinophils/μl) and 
by symptoms listed in the Birmingham Vasculitis Activity Score 
(BVAS; version 3) (23) in ≥1 involved organ as shown by histologic, 
clinical, or laboratory data. All patients with active EGPA were newly 
diagnosed and had not been receiving systemic steroids except for 
the purpose of treating asthma. Patients with active EGPA whose 
symptoms flared during treatment were not included. Remission 
was defined as the absence of any clinical signs or symptoms of 
active vasculitis for ≥3 months after these treatments. Persistent 
and unchanged symptoms were not defined as vasculitis in this 
study. The BVAS (version 3) was used to capture all current symp-
toms, meaning a combination of active disease and previous dam-
age. Disease features that had been present for >1 month were 
counted as “persistent” scores. Receipt of antibody-based therapy 
was a criterion for exclusion from the study.
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Eosinophil isolation. Human eosinophils were purified 
by CD16-negative selection as previously described (24). Briefly, 
venous blood was collected in tubes containing 0.1M EDTA– 
dextran solution to sediment erythrocytes. Supernatants were col-
lected, layered onto 1.085 gm/ml Percoll (P1644; Sigma) density 
gradients, and centrifuged (740g for 30 minutes at 20°C) to sep-
arate mononuclear cells. We collected the cell pellet and added 
ice- cold distilled water to lyse erythrocytes. The remaining granu-
locytes were incubated with anti- CD16 microbeads (no. 130- 045- 
701; Miltenyi Biotec) for 40 minutes at 4– 8°C. The cell suspension 
was applied to a magnetic column at 4°C to remove neutrophils. 
Eosinophil purity was >98%, and viability assessed by trypan blue 
exclusion was >99%.

Induction of cell death. EETosis was induced as previ-
ously described (11). Briefly, eosinophils were stimulated with 
10  ng/ml phorbol 12- myristate 13- acetate (PMA) (no. P1585; 
Sigma), 1 mg/ml immobilized IgG and IgA (Sigma) (coated on 
plates for 3 hours), or 1 μM platelet- activating factor (Enzo Life 
Sciences) and 10 ng/ml IL- 5 (205- IL; R&D Systems) in phenol 
red–free RPMI 1640 medium containing 0.3% bovine serum albu-
min (BSA; Sigma) at 37°C for 180 minutes. Necrotic cell death 
was induced by brief heating in medium containing 0.3% BSA 
(60°C for 7 minutes followed by 37°C for 60 minutes). Apoptosis 
was induced using an anti- Fas antibody (100 ng/ml in medium 
containing 10% fetal bovine serum) (clone CH11; Millipore) for the 
indicated times. To quantify cell death, Sytox green in a 1:5,000 
dilution (no. S7020; Life Technologies) was added to the medium. 
Brightfield and fluorescence images were randomly obtained, 
and Sytox- positive cells were counted among ≥200 cells in a 
blinded manner. In some experiments, 20 µM diphenyleneiodo-
nium chloride (DPI; Sigma) was added to the culture medium. 
Indicated concentrations of Cl- amidine (Cayman Chemical) were 
added 15 minutes prior to each stimulus.

TEM. For conventional TEM, eosinophils isolated from 
peripheral blood (treated to induce cell death as described above) 
and nerve tissues obtained from 6 EGPA patients at the Kyoto 
Konoe Rehabilitation Hospital were fixed and prepared as pre-
viously described (24,25). Details are included in Supplementary 
Methods (available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41727/ abstract).

Immunofluorescence staining. Human eosinophils 
(1×106/ml) were seeded in 8- well Lab- Tek II chamber slides 
(Nunc), stimulated for the indicated durations, and then fixed 
with 4% paraformaldehyde for 10 minutes. Cells were blocked 
with phosphate buffered saline (PBS) containing 3% BSA at 
4°C overnight and then permeabilized with PBS containing 10% 
BSA and 0.1% saponin. For pathologic tissue analyses, sam-
ples were fixed with 10% formalin and embedded in paraffin. 
For MBP and galectin- 10 staining, deparaffinized sections were 

treated for antigen retrieval with 0.1% proteinase K at room tem-
perature for 6 minutes. The samples were incubated with the fol-
lowing primary antibodies: 10 μg/ml rabbit anti- human MBP (a 
kind gift from Dr. Hirohito Kita, Mayo Clinic, Scottsdale, AZ) for 
30 minutes at 37°C, and mouse anti– galectin- 10 antibody in a 
1:50 dilution (B- F42) (ab27417; Abcam) for 90 minutes at room 
temperature. Subsequently, the samples were incubated in Alexa 
Fluor 488– conjugated goat anti- mouse IgG with a 1:200 dilution 
(A11001; Life Technologies), Alexa Fluor 594– conjugated goat 
anti- rabbit IgG antibody in a 1:200 dilution (A11072; Life Technol-
ogies), and Hoechst 33342 in a 1:5,000 dilution (H3570; Invitro-
gen) for 30 minutes at room temperature.

The cytolysis index was calculated from images immunos-
tained for galectin- 10 and MBP: a greater loss of intracellular 
galectin- 10 compared to cell- retained MBP yielded an elevated 
cytolysis index. Assessment of the cytolysis index was conducted 
as described in Supplementary Figure 1 (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41727/ abstract). The non- cytolytic control  
value was set at 0.7. For staining with galectin- 10 and MBP, 23  
tissue samples were obtained from 16 EGPA patients (Supple-
mentary Table 1, http://onlin elibr ary.wiley.com/doi/10.1002/art.  
41727/ abstract).

For citrullinated histone H3 (CitH3) staining, antigen retrieval 
of human eosinophil samples was performed by incubation for 
15 minutes in Tris– EDTA buffer in a microwave oven. The slides 
were subsequently incubated with 10 μg/ml primary rabbit anti- 
CitH3 monoclonal antibody (90 minutes at room temperature; 
Abcam). Alexa Fluor 488– conjugated secondary antibodies (Life 
Technologies) were then added for 30 minutes at room temper-
ature. Isotype- matched control antibodies and Hoechst 33342 
were used in each experiment. Samples were mounted using 
Prolong Diamond (Life Technologies), and images were obtained 
using an LSM 780 confocal microscope (Carl Zeiss). In some 
experiments, coverslips were removed and samples were stained 
with hematoxylin and eosin (H&E) (22). For CitH3 staining, 14 tis-
sue samples were obtained from 10 EGPA patients (lung, n = 3; 
skin, n = 6; upper digestive tract, n = 4; lower digestive tract, 
n = 1). Tissue samples with nonspecific staining were excluded.

Details regarding Western blotting and the measurement 
of  galectin- 10, EDN, ECP, lactate dehydrogenase (LDH), and 
IL- 5 levels are described in Supplementary Methods (http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41727/ abstract).

Statistical analysis. Data were analyzed using GraphPad 
Prism, version 5.04. Differences between groups were assessed 
using unpaired t- tests and one- way analysis of variance (ANOVA) 
followed by the Newman- Keuls test. Blood sample data were 
analyzed using the Kruskal- Wallis test with Dunn’s multiple com-
parison post hoc test. One- way ANOVA with post hoc Tukey’s test 
was used for normally distributed data. Correlation was analyzed 
using Spearman’s correlation analysis. P values less than 0.05 
were considered significant.
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RESULTS

Characterization of EETosis by reactive oxygen spe-
cies (ROS)– dependent histone citrullination and release 
of EETs. To better characterize the different types of eosino-
phil cell death, we assessed the ultrastructural morphologies of 
EETosis, apoptosis, and necrosis in vitro (Figures 1A– C). Each 
type of cell death was induced in purified human eosinophils 
using previously established conditions (9). Anti- Fas antibody– 
stimulated eosinophils showed the classic morphology of apopto-
sis, including cytoplasmic and nuclear condensation (Figure 1B). 
Heat- treated eosinophils showed morphology typical of necro-
sis, including bleb formation and organ swelling. Notably, most 
electron- dense granular contents remained in apoptotic cells but 
were lost from necrotic cells (Figure 1C). PMA- stimulated EETotic 
cells showed chromatolysis and plasma membrane disintegra-
tion (Figure 1A). Consistent with findings from previous studies 

(9,14), membrane- bound cell- free granules filled with granular 
contents were associated with the originating EETotic cells. Sim-
ilar morphologies were observed using other known physiologic 
EETosis stimuli (Supplementary Figure 2, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41727/ abstract).

In neutrophils, peptidylarginine deiminase type 4 (PAD4)– 
mediated histone hypercitrullination was reported to have an essen-
tial role in the formation of NETs by relaxing the chromatin structure 
(26,27). We assessed the presence of CitH3 in each type of cell 
death using immunostaining. As expected, EETotic cells released 
CitH3- stained net- like EETs (Figure 1D). CitH3- positive EETs were 
observed regardless of the EETosis stimulus (Supplementary 
Figure 2). CitH3 was also detected in apoptotic cells, although 
EETs were not observed (Figure 1E). Necrotic cells did not show 
any CitH3 (Figure 1F). These results were confirmed by Western 
blotting for CitH3 and total histone H3 (Supplementary Figure 3,  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41727/ abstract). 

Figure 1. Citrullinated histone H3 (CitH3)– loaded eosinophil extracellular traps (EETs) are released during eosinophil ETosis (EETosis). A– 
F, Using purified human eosinophils, EETosis was induced by stimulation with phorbol 12- myristate 13- acetate (PMA) for 180 minutes (A 
and D), apoptosis was induced by treatment with anti- Fas antibody for 48 hours (B and E), and necrosis was induced by heat treatment for 
7 minutes followed by incubation at 37°C for 60 minutes (C and F). Cells were assessed by transmission electron microscopy (A– C), and 
immunofluorescence staining of CitH3 and DNA (D– F) was visualized by confocal microscopy. Original magnification × 20. G, Eosinophils 
were stimulated with PMA for 3 hours in the presence of vehicle, diphenyleneiodonium chloride (DPI), or Cl- amidine (Cl- Am) and assessed by 
immunofluorescence staining. Differential interference contrast (DIC) images were merged.
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Taken together, these data suggest that EETosis is characterized by 
the cytolytic release of CitH3- positive EETs and cell- free granules.

EETosis involves the NADPH oxidase (NOX)– dependent pro-
duction of ROS (9). To examine the role of ROS in histone hyper-
citrullination, eosinophils were left unstimulated or were stimulated 
with DPI, a NOX inhibitor. As shown in Figure 1G and Supplemen-
tary Figures 3 and 4 (http://onlin elibr ary.wiley.com/doi/10.1002/
art.41727/ abstract), EETosis- mediated cytolysis and CitH3- positive 
EETs were completely inhibited by DPI. We also confirmed PAD4- 
mediated histone hypercitrullination using Cl- amidine, a pharmaco-
logic PAD4 inhibitor. Histone citrullination and formation of EETs were 
completely inhibited by Cl- amidine (Figure 1G and Supplementary 
Figures 3 and 4). Interestingly, varying concentrations of Cl- amidine 
did not inhibit cell death, even at higher concentrations (Supple-
mentary Figure 5, http://onlin elibr ary.wiley.com/doi/10.1002/art.  
41727/ abstract). These findings indicate that cytolytic cell death 

was mediated by enzymatic activation of NOX, but release of net- 
like EETs was dependent on the NOX/PAD4 pathway.

Cytolytic release of cytoplasmic galectin- 10 and 
intact granules. Human eosinophils contain a large pool of 
galectin- 10, an S- type lectin that comprises 10% of total eosin-
ophil cytoplasmic protein (25). During EETosis, cytoplasmic 
galectin- 10 is released extracellularly (14). To assess the precise 
subcellular localization of galectin- 10, we used a nanogold- 
conjugated antibody and TEM (28). In blood eosinophils, galec-
tin- 10 was consistently localized in the peripheral cytoplasm 
but not within granules (Figure 2A). We stimulated eosinophils 
to induce EETosis, fixed them at 15 and 180 minutes, and then 
immunostained for galectin- 10 and MBP (Figure 2B and Sup-
plementary Figure 6, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41727/ abstract). In unstimulated cells, galectin- 10 and MBP 

Figure 2. Release of cytoplasmic galectin- 10 (gal- 10), but not granule proteins, during EETosis. A, Ultrastructural immunolabeling of galectin- 10 
in unstimulated eosinophils is shown. Black dots indicate nanogold- conjugated antibody. Secretory granules (Gr) show typical morphology 
(an electron- dense core surrounded by an electron- lucent matrix). N = nucleus. B, Merged immunofluorescence staining of galectin- 10, major 
basic protein (MBP), and DNA, and DIC images obtained by confocal microscopy are shown. Original magnification × 100. C, Cytolysis index 
(ratio of intracellular MBP- stained and galectin-10– stained areas) was assessed as described in Supplementary Figure 1 (http://onlin elibr ary.
wiley.com/doi/10.1002/art.41727/ abstract). D, EETosis was induced by treatment with PMA for 180 minutes. Membrane permeability was 
assessed using Sytox. E, Following induction of EETosis (PMA, 180 minutes), culture supernatants were obtained by centrifugation at 10,000g 
for 10 minutes. Concentrations of lactate dehydrogenase (LDH), galectin- 10, and eosinophil- derived neurotoxin (EDN) were measured and 
assessed as a percentage of the total cell lysate (set at 100%). In C– E, bars show the mean ± SD; n = 3– 5 samples from different donors. * = 
P < 0.05; ** = P < 0.01; *** = P < 0.005. Cont = control; PAF = platelet- activating factor; IL- 5 = interleukin- 5; NS = not significant (see Figure 
1 for other definitions).
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were localized in the cytoplasm and in the granules, respectively. 
Cells undergoing EETosis and releasing net- like DNA stained 
with MBP only, indicating that the cytolytic loss of galectin- 10 
was not accompanied by loss of granular contents. We quanti-
fied the immunostaining images further using ImageJ software. 
The ratio of MBP:galectin- 10 was considered to reflect the cytol-
ysis index, whereby the greater loss of intracellular galectin- 10 
over that of cell- retained MBP yielded an elevated cytolysis 
index (Supplementary Figure 1, http://onlinelibrary.wiley.com/
doi/10.1002/art.41727/abstract). The cytolysis index was com-
parable following stimulation for 15 minutes but was significantly 
increased by stimulation for 180 minutes with various EETosis- 
inducing stimuli (Figure 2C).

The cell- impermeable DNA- specific dye, Sytox, can reveal 
cells whose plasma and nuclear membranes have been compro-
mised. Following induction of EETosis by treatment with PMA for 
180 minutes, ~85% of eosinophils were Sytox- positive (Figure 2D). 
To quantify the proteins released by EETosis, levels of LDH (a 
cytoplasmic protein), galectin- 10, and EDN (a granular protein) in 
culture medium were measured (Figure 2E). Culture medium was 
centrifuged at 10,000g to remove contaminating cellular compo-
nents including major free vesicles and granules. EETosis resulted 
in the release of 51% total cellular LDH and 45% galectin- 10, but 

only 7% EDN. These findings suggest that the release of intracel-
lular galectin- 10 was closely associated with cytolysis rather than 
the classic secretory mechanisms of degranulation, in accordance 
with recent studies (14,25).

Eosinophil infiltration into various tissues shows 
EETosis signature in EGPA patients. We studied affected 
tissues from patients with active EGPA to confirm our in vitro 
results. H&E staining showed the infiltration of intact eosino-
phils as well as chromatolytic cells and free eosinophil granules 
(Figure 3A and Supplementary Figure 7, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41727/ abstract). Immunostaining of identi-
cal fields indicated these lytic eosinophils contained net- like CitH3 
and DNA (Figure 3B and Supplementary Figure 7). CitH3- stained 
lytic eosinophils were detected in 12 of 14 biopsy samples from 
10 patients with EGPA. The characteristic ultrastructural morphol-
ogy of EETosis was also confirmed by TEM (Figure 3C). We did 
not observe eosinophils with apoptotic or necrotic morphology.

Next, biopsy samples were immunostained for galectin- 10 
and MBP. Low- magnification images were typical of inflamed 
tissues and showed diffuse staining of MBP and cellular stain-
ing of galectin- 10 (Figures 3D and E). High- magnification images 
showed intact eosinophils positive for galectin- 10 and MBP, 

Figure 3. Presence of eosinophil ETosis (EETosis) in affected tissues in patients with eosinophilic granulomatosis with polyangiitis (EGPA). A, 
Hematoxylin and eosin staining shows chromatolytic eosinophils and adjacent cell- free granules (arrows) in lung biopsy tissue from a patient 
with EGPA. B, Immunostaining image (identical field to A) for citrullinated histone H3 (CitH3) and DNA (Hoechst 33342) indicates mesh- like 
extracellular traps (arrows). Note that most intact cells are not stained with CitH3. Original magnification × 100. C, Typical EETosis morphology, 
characterized by plasma/nuclear membrane disintegration and chromatin decondensation, was present in the nerve tissue from an EGPA 
patient, observed by transmission electron microscopy. Chromatolytic nucleus (N) and free granules (Gr) were observed in nerve tissue. D, 
Skin biopsy tissue from a patient with EGPA was stained with 2 isotype- matched control antibodies and assessed by confocal microscopy, 
showing absence of fluorescence. Original magnification × 100. E, Serial sections of skin biopsy tissue from an EGPA patient were stained 
for galectin- 10, major basic protein (MBP), and DNA and assessed using confocal microscopy. F, Higher magnification of the image shown in 
E (original magnification × 100) shows that intact eosinophils retained MBP and galectin- 10 (solid arrowheads). Separate distinct and focal 
areas of staining for extracellular punctate MBP (arrows) and galectin- 10 (open arrowheads) are indicative of free extracellular granules and 
vesicles, respectively. Cytolytic eosinophils were observed in 21 samples from 16 patients.
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whereas lytic cells and free granules were only positive for MBP 
(Figure 3F). Cytolytic eosinophils were detected in 21 of 23 samples 
from 15 patients and were often associated with small punctate 
galectin- 10 labeling (Figure 3F), which were probably eosinophil 
extracellular vesicles released from EETotic cells (9,14). No cells 
were positively stained for cytoplasmic galectin- 10 alone. Addi-
tional representative images are shown in Supplementary Figure 8 
(http://onlin elibr ary.wiley.com/doi/10.1002/art.41727/ abstract). A 
summary of detailed clinical data obtained from EGPA patient 
biopsy samples is shown in Supplementary Table 1 (http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41727/ abstract). The cytolysis 
index of affected tissue from EGPA patients exceeded 0.7 (the 
control value obtained from intact cells) except in 1 of 23 samples. 
These results show, for the first time, that eosinophils infiltrating 
various tissues undergo EETosis in EGPA patients.

Association of serum galectin- 10 levels in EGPA 
with disease activity. Given the difference in the release 
of cytoplasmic galectin- 10 and granule proteins, we inves-
tigated their serum concentrations in healthy individuals, 
patients with stable asthma, EGPA patients whose disease 
was active, and EGPA patients whose disease was in remission 
(Figure 4). Clinical characteristics are shown in Table 1, and the treat-    
ment history of the patients with EGPA is shown in Supplementary  
Table 2 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41727/ abstract).  
Elevated galectin- 10 (cutoff 0.312 ng/ml) was detected in all 
EGPA patients with active disease but in only 7 of 15 EGPA 
patients with disease in remission. Levels of galectin- 10 and 
granule proteins (EDN and ECP) were significantly higher in 
patients with active EGPA compared to all of the other groups 
(Figure 4A). To exclude the possibility that blood eosinophil 

Table 1. Patient characteristics and laboratory data*

Patients with  
active EGPA  

(n = 15)

Patients with EGPA  
in remission  

(n = 15)

Patients with  
asthma  
(n = 15)

Healthy controls  
(n = 15) P

Age, median (IQR) years 50 (46.5– 65.5) 59.5 (48.5– 66.5) 49 (42.0– 57.0) 50 (41.5– 59.5) 0.5264
Male sex 8 (53.3) 6 (40.0) 7 (46.7) 6 (40.0) 0.8636
BMI, median (IQR) kg/m2 21.4 (18.0– 23.6) 21.4 (18.5– 23.9) 23.7 (20.8– 25.4) 21.1 (20.3– 22.2) 0.3367
Atopy 10 (66.7) 8 (53.3) 11 (73.3) 5 (33.3) 0.1271
GINA step 0.0548

1 2 (13.3) 0 0 – 
2 1 (6.7) 1 (6.7) 1 (6.7) – 
3 0 0 3 (20.0) – 
4 5 (33.3) 4 (26.7) 8 (53.3) – 
5 7 (46.7) 10 (66.7) 3 (20.0) – 

Smoking status 0.8066
Never smoker 10 (66.7) 12 (80.0) 11 (73.3) 12 (80.0)
Former smoker 5 (33.3) 3 (20.0) 4 (26.7) 3 (20.0)
Current smoker 0 0 0 0

Basic laboratory tests
WBC count, median (IQR) 103/μl 12.6 (11.1– 24.5) 8.1 (6.5– 8.5) 5.4 (4.67– 6.34) 6.0 (5.1– 7.0) <0.0001
Blood eosinophilia, median (IQR) 

103/μl
5.0 (3.4– 15.5) 0.5 (0.4– 0.7) 0.39 (0.34– 0.54) 0.2 (0.1– 0.3) <0.0001

Blood platelet count, median 
(IQR) 103/μl

299 (236– 394) 245 (214– 261) 237 (186– 267) 212 (195– 249) 0.03

IgE, median (IQR) IU/ml 1,060 (702– 2,530) 134 (68– 375) 341 (199– 574) – 0.0002
MPO- ANCA positive 5 (33.3) 6 (40.0) – – >0.9999

BVAS, median (IQR) 12.0 (10.0– 30.0) 4.0 (4.0– 5.0) – – <0.0001
Diagnostic disease characteristics 

at EGPA onset
Asthma with eosinophilia 15 (100) 15 (100) – – >0.9999
Biopsy evidence† 8 (53.3) 12 (80.0) – – 0.2451
Neuropathy 13 (86.7) 15 (100) – – 0.4828
Pulmonary infiltrates 7 (46.7) 6 (40.0) – – >0.9999
Sinonasal abnormality 14 (93.3) 13 (86.7) – – >0.9999
Cardiomyopathy 1 (6.7) 4 (26.7) – – 0.3295
Palpable purpura 5 (33.3) 4 (26.7) – – >0.9999

* Except where indicated otherwise, values are the number (%) of subjects. For diagnostic disease characteristics at the onset of eosinophilic 
granulomatosis with polyangiitis (EGPA), we referred to the Birmingham Vasculitis Activity Score (BVAS); for more details about the BVAS, see 
Patients and Methods. IQR = interquartile range; BMI = body mass index; GINA = Global Initiative for Asthma; WBC = white blood cell; MPO- ANCA =  
myeloperoxidase– antineutrophil cytoplasmic antibody. 
† Biopsy evidence was defined as a biopsy specimen showing histopathologic evidence of eosinophilic vasculitis, perivascular eosinophilic 
infiltration, or eosinophil- rich granulomatous inflammation. 
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density affected these results (29,30), we compared serum 
concentrations of these proteins normalized to blood eosino-
phil counts (Figure 4B). Normalized levels of galectin- 10, but 
not of granule proteins, were significantly elevated in patients 
with active EGPA. Detailed correlations with eosinophil counts 
in each group are shown in Supplementary Table 3 (http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41727/ abstract).

We then investigated whether the clinical symptoms of EGPA 
were associated with levels of galectin- 10 and granule proteins. 
Disease activity was characterized using the BVAS scoring sys-
tem. As expected, there was a positive correlation between 
BVAS score and serum eosinophil– derived proteins (Figure 4C). 
When serum concentrations were normalized to blood eosinophil 
counts, galectin- 10 was positively correlated with BVAS score, 

but granule proteins showed a negative correlation (Figure 4D). 
These findings indicate that galectin- 10 is a unique biomarker for 
EGPA.

Association of serum IL- 5 levels with galectin- 10 in 
active EGPA. Since the IL- 5/eosinophil axis plays a critical role 
in the pathogenesis of EGPA (3,16,17), we measured serum IL- 5 
in all subjects. As expected, serum IL- 5 levels were significantly 
increased in patients with active EGPA compared to other subjects 
(Figure 5A). In addition, a positive correlation between galectin- 10 
and IL- 5 was observed (Figure 5B), indicating the causal role 
of IL- 5 in increased galectin- 10 levels. We further assessed the  
relationship between IL- 5 and blood eosinophil count, galec-
tin- 10, ECP, and EDN in each group (Supplementary Table 4, 

Figure 4. Increased serum galectin- 10 levels in patients with eosinophilic granulomatosis with polyangiitis (EGPA). A and B, Serum levels 
of the eosinophil- derived proteins galectin- 10, eosinophil- derived neurotoxin (EDN), and eosinophil cationic protein (ECP) were measured by 
enzyme- linked immunosorbent assay (A), and the ratio of each protein to blood eosinophil counts (eo) was determined (B). Data are presented 
as box plots, with lines inside the boxes showing the median, boxes showing the interquartile range, and bars outside the boxes showing the 
minimum and maximum values. Fifteen samples were analyzed for each group. C and D, Serum levels of eosinophil-derived proteins (C) and 
the ratio of each protein to blood eosinophil counts (D) were assessed for correlations with the Birmingham Vasculitis Activity Score (BVAS) in 
patients with EGPA (n = 30). For more details about the BVAS, see Patients and Methods.
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http://onlin elibr ary.wiley.com/doi/10.1002/art.41727/ abstract). Of 
note, a positive correlation was observed only with galectin- 10 in 
the group with active EGPA.

DISCUSSION

ETosis, the controlled release of chromatin from inflam-
matory cells, is considered an evolutionarily conserved mech-
anism of the innate immune system (31). Accumulating studies 
of neutrophils have indicated that uncontrolled ETosis can lead 
to end- organ dysfunction; however, the relationship with eosin-
ophils is less clear. Similar to neutrophils, eosinophils termi-
nally differentiate in the bone marrow and are nondividing cells. 
Evaluation of eosinophil cell death is therefore essential to our 
understanding of eosinophilic inflammatory diseases. Eosin-
ophils are the major cells responsible for EGPA, as opposed 
to neutrophils in other vasculitides including microscopic pol-
yangiitis and granulomatosis with polyangiitis (32). The present 
study is the first to demonstrate that EETosis occurs in patients 
with EGPA. Galectin- 10, a nonsecreted, lectin- like protein that 
is highly abundant in the cytoplasm of human (and not other 
animal) eosinophils (33), was detected in the serum of EGPA 
patients and was associated with disease activity. Our findings 
suggest that galectin- 10 might be a novel biomarker for sys-
temic eosinophilic inflammation.

Using isolated human eosinophils, we found several charac-
teristics of EETosis that were clearly different from apoptosis and 
necrosis. EETosis does not cause DNA fragmentation but disinte-
grates the plasma and nuclear membranes through NOX activa-
tion (9,24) and eventually releases PAD4- mediated CitH3- positive 
EETs. Indeed, patients with chronic granulomatosis diseases lack-
ing ROS production in phagocytes and PAD4- deficient mice were 
susceptible to bacterial infection related to a lack of NET forma-
tion (27,34). PAD4 is a calcium- dependent enzyme responsible for 

histone hypercitrullination (26), and calcium ionophore is a potent 
EETosis inducer (9). Conversely, physiologic stimulus– induced 
EETosis was completely inhibited by the calcium chelator EDTA 
(9,11). These signaling pathways might have an important role in 
future therapeutic modalities by regulating EETs.

Lytic eosinophils in inflamed tissue are not caused by necrosis 
or related to artifacts caused by sample handling and preparation 
(35). We did not observe morphologically identifiable apoptotic 
or necrotic eosinophils in EGPA tissues using TEM. In contrast, 
EETotic cells were consistently observed in diseased tissues. This 
is likely because of the rapid process of EETosis (0.5– 3 hours in 
vitro) and the lack of surface phosphatidylserine redistribution 
typical during apoptosis (9). Phosphatidylserine is recognized 
by macrophages as a “find me” signal (36); however, extracel-
lular traps remain in the tissue without macrophage processing.  
Apoptotic eosinophils are rapidly engulfed by phagocytes, pro-
tecting tissues from harmful exposure to the inflammatory con-
tents (37). A previous electron microscopic study revealed that the 
occurrence of apoptosis in eosinophils in allergic airway tissues 
was rare (6).

Nuclear histones and DNA have been known to act as 
alarmins (8,38). To identify EETs/EETosis in tissue samples, we uti-
lized multiple methods including TEM, conventional H&E staining, 
and immunofluorescence confocal microscopy targeting relevant 
indicators of EETs/EETosis. Detecting EETs only in conventional 
thin sections of solid tissues is challenging, because limited cross- 
sectional planes of view preclude the recognition of eosinophils 
and EETs extending into contiguous but unexamined sections 
(37). Because NETs contain neutrophil elastase and myeloperox-
idase, double immunostaining techniques for DNA (histones) and 
these neutrophil- specific granule proteins can be utilized to iden-
tify NETs (27). In contrast, eosinophil granule proteins were not 
uniformly colocalized with EETs, because EETosis releases intact 
granules but not free granule– derived proteins (9,24). A recent 
electron microscopy study demonstrated the ongoing release of 
free eosinophil granules in a sural nerve biopsy specimen from 
an EGPA patient (39). The extracellular granules remained in the 
tissues and secreted their contents (9,37,40).

Eosinophil granule proteins have marked potential toxicity 
for host tissues and significant functions relevant to the mecha-
nisms of pathogenesis in EGPA. For example, MBP contributed to 
increased epithelial permeability, smooth muscle contraction, and 
liberation of molecules related to tissue remodeling and fibrosis 
(41). EDN can recruit dendritic cells and enhance antigen- specific 
immune responses (42). Consistent with our data, the deposi-
tion of extracellular eosinophil granule proteins was prominently 
associated with lesional tissues from patients with EGPA (43). The 
cationic nature of granule proteins suggests they are adsorbed to 
negatively charged tissues and likely contribute to the local inflam-
matory response (2,44). Previous studies have shown increased 
serum eosinophil granule proteins in patients with EGPA: higher 
concentrations of serum ECP (45), MBP (43,46), and EDN (43,46) 

Figure 5. Serum levels of interleukin- 5 (IL- 5) and galectin- 10 in 
patients with eosinophilic granulomatosis with polyangiitis (EGPA) 
(active disease or in remission) compared to patients with asthma 
and healthy controls. A, Serum IL- 5 levels were measured by 
enzyme- linked immunosorbent assay. Data are presented as box 
plots, with lines inside the boxes showing the median, boxes 
showing the interquartile range, and bars outside the boxes showing 
the minimum and maximum values. B, Correlation between serum 
levels of IL- 5 and serum levels of galectin- 10 in all subjects (n = 60) 
is shown.
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were observed in those with active EGPA compared to healthy 
controls.

To the best of our knowledge, there have been no reports 
of the clinical significance of serum galectin- 10. Eosinophils con-
tain large amounts of galectin- 10 in the cytoplasm, which is not 
secreted by piecemeal degranulation (14,25). Our current data 
indicate that galectin- 10 is a unique marker with different charac-
teristics compared to granule- derived proteins. Cationic eosinophil 
granule proteins bind strongly to tissue elements and aggregate 
with long half- lives, and thus may fail to readily enter the periph-
eral circulation (2,47). The rapid release of extracellular galectin- 10 
and membrane- bound, cell- free intact eosinophil granules (with 
their contained cationic granule proteins) from human eosino-
phils might be associated with differing serum concentrations of 
galectin- 10 and eosinophil granule proteins.

A proposed mechanism of increased galectin- 10 lev-
els in EGPA is shown in Supplementary Figure 9 (http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41727/ abstract). In patients 
with EGPA, serum IL- 5 has been shown to be associated with 
disease severity (48,49), and anti– IL- 5 treatment is an important 
therapeutic modality (17). Taken together with the fact that IL- 5 
induces EETosis in the presence of additional stimuli (9), IL- 5– 
elicited eosinophil activation cascades might lead to the induc-
tion of EETosis and the release of galectin- 10. Unlike patients 
with stable asthma, increased serum galectin- 10 levels were 
observed in patients with active EGPA, likely due to systemic 
occurrence of EETosis.

Although our findings suggest that serum galectin- 10 is a 
surrogate marker for EETosis, there are limitations to this study. 
Galectin- 10 levels could be affected by various factors includ-
ing eosinophil production, distribution, and activation status, 
as well as by blood half- life of galectin- 10. Galectin- 10 may 
also be expressed by basophils and some T cell subsets (33). 
We speculate that these cells were not contributory because 
galectin- 10– positive cells consistently stained for eosinophil- 
specific MBP in our histologic analysis. Elevated galectin- 10 lev-
els might not be specific to EGPA, since the occurrence of EETosis 
has been observed in other diseases (8,50). Future studies on 
galectin- 10 levels from various eosinophilic diseases under differ-
ent conditions are required to provide cogent evidence regarding 
the association between EETosis and galectin- 10.

Eosinophils, granulocytes of the innate immune system, con-
tain distinct proteins in their granules and cytoplasm. Proteomic 
analysis of human peripheral blood revealed that galectin- 10 was 
the fifth most abundant human eosinophil protein (after actin, a 
nonsecretory ribonuclease and histones) (51). Another earlier pro-
teomic study showed that galectin- 10 was the second most prev-
alent protein in eosinophil cytoplasmic subcellular fractions (52). 
Considering the exclusive expression and large pool of galectin- 10 
in eosinophils, elevated serum galectin- 10 levels in EGPA patients 
likely reflect systemic eosinophil cytolysis/EETosis.
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Occupational Exposures and Smoking in Eosinophilic 
Granulomatosis With Polyangiitis: A Case– Control Study
Federica Maritati,1 Francesco Peyronel,2 Paride Fenaroli,2 Francesco Pegoraro,3 Vieri Lastrucci,4 
Giuseppe D. Benigno,2 Alessandra Palmisano,2 Giovanni M. Rossi,2 Maria L. Urban,5 Federico Alberici,6 
Paolo Fraticelli,1 Giacomo Emmi,4 Massimo Corradi,7 and Augusto Vaglio8

Objective. Eosinophilic granulomatosis with polyangiitis (EGPA) is a rare antineutrophil cytoplasmic antibody 
(ANCA)– associated vasculitis. Environmental agents and occupational exposures may confer susceptibility to EGPA, 
but data are scarce. This study was undertaken to investigate the association between occupational exposures (e.g., 
silica, farming, asbestos, and organic solvents) and other environmental agents (e.g., smoking) and the risk of EGPA.

Methods. Patients with newly diagnosed EGPA (n = 111) and general population controls (n = 333) who were 
matched for age, sex, and geographic area of origin were recruited at a national referral center for EGPA. Exposures 
were assessed using a dedicated questionnaire administered by a specialist in occupational medicine, under blinded 
conditions. Odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated.

Results. Exposures to silica (OR 2.79 [95% CI 1.55– 5.01], P = 0.001), organic solvents (OR 3.19 [95% CI 1.91– 
5.34], P < 0.001), and farming (OR 2.71 [95% CI 1.71– 4.29], P < 0.001) were associated with an increased risk of EGPA. 
Co- exposure to silica and farming yielded an OR of 9.12 (95% CI 3.06– 27.19, P < 0.001), suggesting a multiplicative 
effect between these 2 exposures. Smoking (current and former smokers combined) was significantly less frequent 
among patients with EGPA compared to controls (OR 0.49 [95% CI 0.29– 0.70], P < 0.001). The pack- year index was 
also lower among patients with EGPA (OR 0.96 [95% CI 0.94– 0.98], P < 0.001). The association of silica and farming 
was primarily aligned with ANCA- positive EGPA, while the association of smoking status and organic solvents was 
primarily aligned with ANCA- negative EGPA.

Conclusion. The environment can influence susceptibility to EGPA. Exposure to silica, farming, or organic solvents 
is associated with an increased risk of EGPA, while smoking is associated with a lower risk. These exposures seem 
to have distinct effects on different EGPA subsets.

INTRODUCTION

Eosinophilic granulomatosis with polyangiitis (EGPA) is a rare 
form of antineutrophil cytoplasmic antibody (ANCA)– associated 
vasculitis (AAV) (1), characterized by adult- onset asthma, blood 
and tissue eosinophilia, eosinophil- rich granulomas, and small 
vessel vasculitis (2). After a prodromal phase hallmarked by 
asthma and rhino- sinusitis, EGPA patients develop the distinctive 
clinical manifestations of the disease, which are primarily eosin-
ophilic (e.g., eosinophilic cardiomyopathy, and gastroenteritis) 

or vasculitic (e.g., peripheral neuropathy, purpura, and glomer-
ulonephritis) (3). Although EGPA is included in the spectrum of 
AAV, only 30– 40% of EGPA patients are positive for ANCA, usu-
ally with specificity for myeloperoxidase (MPO) (4). ANCA status 
distinguishes 2 main disease subsets, with features of vasculitis 
being more common in ANCA- positive patients and eosinophilic 
features being more common in ANCA- negative patients (4).

The pathogenesis of EGPA is still unclear. Immunogenetic fac-
tors confer susceptibility to the disease and shape its phenotypes. 
A recent genome- wide association study revealed several genetic 
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associations with EGPA and showed that the ANCA- based clin-
ical dichotomy is reflected by distinct genetic signatures. While 
ANCA- positive EGPA is associated with the HLA– DQ locus (as 
MPO- ANCA– positive AAV), ANCA- negative EGPA is associated 
with variants of genes encoding barrier proteins such as GPA33, 
suggesting that this subset involves a mucosal/barrier dysfunction 
rather than an autoimmune pathogenesis (5).

In complex diseases, environmental agents contribute to 
disease susceptibility. In AAV, particularly granulomatosis with 
polyangiitis (GPA) and microscopic polyangiitis (MPA), some occu-
pational exposures or activities (e.g., silica and farming) have been 
found to be associated with an increased risk of disease. How-
ever, most of these studies were underpowered and included very 
few, if any, patients with EGPA (6– 11).

In this present study, we investigated the association between 
environmental and occupational agents and EGPA. Additionally, 
we analyzed other traditional risk factors associated with vascular 
diseases (e.g., smoking).

PATIENTS AND METHODS

In this case– control study, each patient was matched with 
3 controls from the general population. A questionnaire was 
administered by a specialist in occupational medicine who was 
not part of the team of physicians that monitored the patients and 
was blinded with regard to the subject’s study group status (case 
or control). Cases and controls were identified by the physicians 
and received an appointment for the interview. In order to limit 
recall bias (an overestimation of exposures by patients), neither 
the questionnaire nor the informed consent form disclosed the 
purpose of the study. The study was presented to the partic-
ipants as an epidemiologic survey aimed at assessing various 
occupational and non- occupational exposures in different Italian 
regions. EGPA patients were not informed of the possible asso-
ciation between the different risk factors and EGPA during their 
routine visits. All patients had newly diagnosed EGPA and were 
interviewed within 3 months of the diagnosis. This study was con-
ducted in accordance with the Declaration of Helsinki and was 
approved by the local ethics committee. All patients and con-
trols provided written informed consent. Privacy was preserved 
through the adoption of alphanumeric codes as identifiers.

Cases and controls. All EGPA patients who were referred 
to or received a diagnosis at the Vasculitis Clinic of Parma Uni-
versity Hospital between December 2010 and October 2018 
were invited to participate. EGPA was diagnosed according to the 
American College of Rheumatology criteria (12) and the Chapel 
Hill Consensus Conference definition (1). Disease activity was 
assessed by the Birmingham Vasculitis Activity Score (BVAS) (13), 
and prognosis was assessed using the revised Five- Factors Score 
(FFS) (14). Patients age <18 years at time of diagnosis, those 
with other vasculitides, and patients with cognitive impairment or 

severe illness that could potentially enable them from completing 
the questionnaire were excluded.

We identified 130 patients with EGPA, of whom 19 were 
excluded (1 died, 11 were lost to follow- up before the interview, 3 
were age <18 years at time of diagnosis, 2 declined participation, 
1 had dementia, and 1 never resided or worked in Italy). We also 
identified 340 controls, of whom 7 were excluded (3 declined par-
ticipation and 4 did not attend the appointment to be interviewed). 
The controls were case- matched for age (±5 years), sex, and 
geographic origin (North versus Central/Southern Italy) and were 
recruited from among relatives or friends of patients from all over 
Italy who were admitted to Parma University Hospital for kidney 
transplantation. The recruitment of controls occurred in parallel 
with that of the patients.

Data collection and exposure assessment. We devel-
oped a structured questionnaire (see Supplementary Question-
naire, available on the Arthritis & Rheumatology website at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41722/ abstract) to collect 
data regarding medical history and exposures. This was based on 
a questionnaire we previously used for a study on idiopathic retro-
peritoneal fibrosis (15), which was adapted to AAV with the inclu-
sion of additional questions. The main exposures analyzed were 
cigarette smoking and occupational exposure to silica, asbestos, 
farming, organic solvents, metals, other industrial chemicals, pes-
ticides, and textile fibers. All exposures had to have taken place 
prior to the diagnosis of EGPA among the cases or the date on 
which the controls were interviewed.

The questionnaire comprised 3 main sections. Section 1 
addressed demographic data, level of education, lifestyle- related 
risk factors, and comorbidities such as smoking, cardiovascu-
lar disease, or other autoimmune diseases. Tobacco smok-
ing was evaluated both as a categorical variable (presence or 
absence) and a continuous variable (pack- years). Persons who 
had abstained from smoking for at least 6 months were classified 
as former smokers. Hypertension was identified when at least 1 
of the following criteria was met: physician diagnosis of hyper-
tension, self- reported use of antihypertensive drugs, or reported 
values of systolic blood pressure ≥140 mm Hg and/or diastolic 
blood pressure ≥90 mm Hg. Obesity was defined as a body mass 
index (BMI) >30 kg/m2. Data on established ischemic heart dis-
ease, cerebrovascular disease, and cancer were also obtained 
(no physical examination or laboratory tests were conducted 
as part of the study). Ischemic heart disease was recorded as 
present if there was a history of myocardial infarction, revascular-
ization procedures, or a clinical diagnosis of angina. Cerebrovas-
cular disease was recorded as present if the subject had a history 
of stroke confirmed by computed tomography or magnetic res-
onance imaging, or a transient ischemic attack. A diagnosis of 
cancer was recorded if the subject had a history of any malignant 
neoplasm for which they underwent surgery, chemotherapy, or 
radiotherapy.
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Section 2 of the questionnaire focused on exposure to asbes-
tos, silica, and farming. Questions regarding asbestos exposure 
were derived from an ad hoc questionnaire developed and val-
idated by the Italian National Mesothelioma Register (ReNaM) 
(16). Asbestos exposure was classified as occupational or extra- 
occupational. Occupational asbestos exposure was further clas-
sified as the following: documented, if individuals worked using 
asbestos; probable, if individuals worked in industrial settings 
where asbestos was present but exposure could not be docu-
mented; and possible, if asbestos was probably present but not 
reported in the work environment. Extra- occupational asbestos 
exposure included familial contact (individuals who lived with a 
worker assigned to the documented/possible exposure group) 
and environmental contact (individuals who presently lived or had 
lived near industrial sites where asbestos was used). We eventu-
ally only analyzed occupational asbestos exposure because this 
could be ascertained more reliably. Direct questions were asked 
to determine whether individuals had a work history that involved 
exposure to silica, such as coal or mine workers, sandblasters, 
bakers, dental workers, or construction workers. The questions 
related to farming generally included farm exposure, participation 
in harvesting, and exposure to animals, although no specific ques-
tions were asked on the different types of farming activities or the 
different animal species to which the subjects were exposed.

Section 3 of the questionnaire focused on other occupational 
exposures. The assessment of occupational exposure to organic 
solvents, metals, other industrial chemicals, and pesticides was 
based on the Geoparkinson questionnaire, which was used in a 
previous European study on exposures in Parkinson’s disease 
(17). In addition, the evaluation of exposure to textile fibers was 
based on the questionnaire used in the ICARE study, which inves-
tigated this type of exposure in patients with lung cancer (18).

Sample size calculation. In a meta- analysis investigating 
the association between AAV and silica exposure, an overall odds 
ratio (OR) of 2.56 was reported (8). The CAREX database identi-
fied a prevalence of silica exposure among Italian workers of 7% 
(19). We hypothesized that the correlation coefficient (r) for expo-
sures between cases and controls in a matched case– control 
study with a 1:3 design would be 0.2. Using a chi- square test 
with a 0.05 significance level, 90% power to detect an OR of 3.00 
compared to the alternative of equal odds would be achieved with 
a sample size of 100 cases and 300 controls. To detect an OR of 
2.63, 80% power would be achieved with the same sample size.

Statistical analysis. Continuous variables are reported as 
the median and interquartile range (IQR), and categorical variables 
are reported as the number and percent. Student’s t- test was used 
to assess differences between continuous variables. Differences 
between categorical variables were analyzed by chi- square test. 
Correlation analyses were performed by computing Spearman’s 
correlation coefficients. Univariable and multivari able matched 

logistic regression models were used to assess the impact 
of exposure to risk factors on the development of EGPA. ORs 
expressed by exp(B) values were reported with 95% confidence 
intervals (95% CIs). In the multivariable matched logistic regres-
sion model, independent variables were entered using a forward 
selection method. Two- sided P values less than or equal to 0.05 
were considered significant. Statistical analyses were performed 
using IBM SPSS Statistics version 25.0.

RESULTS

The main characteristics of EGPA patients and controls are 
summarized in Supplementary Table 1 (available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41722/ abstract). The 2 groups were well matched 
for age, sex, and geographic origin. In addition, no significant dif-
ferences between EGPA patients and controls were observed 
with respect to levels of education.

Non- occupational risk factors. Prevalence comparisons 
of non- occupational risk factors are shown in Table 1. Patients 
with EGPA had a lower median BMI (24 kg/m2 [IQR 22– 26]) com-
pared to controls (25 kg/m2 [IQR 23– 28]) (P = 0.001), although 
the prevalence of obesity did not differ between the 2 groups (6% 
versus 11%; P = 0.128). No statistically significant differences 
were observed in the prevalence of other clinical variables such as 
hypertension, diabetes, cerebrovascular disease, ischemic heart 
disease, or malignancies.

The analysis of smoking status showed a significantly lower 
proportion of current and former smokers combined among cases 
compared to controls (34% versus 54%) (OR 0.49 [95% CI 0.29– 
0.70], P < 0.001). The proportion of current and former smokers 
observed in the control group is consistent with the national prev-
alence of smoking among subjects within the age range of the 
study in Italy during the past 2 decades (20). The cumulative expo-
sure to smoking showed a lower pack- year index among cases 
compared to controls (OR 0.96 [95% CI 0.94– 0.98], P < 0.001). 
Notably, the difference in pack- years among cases compared to 
controls was also significant when assessed only in ever- smokers 
(median 10 pack-years [IQR 5– 20] versus median 17 pack-years 
[IQR 9– 30]; P = 0.006) (Table 1).

To exclude the possibility that the lower proportion of ever- 
smokers (current and former smokers) among EGPA patients  
compared to controls was attributable to disease- related respira-
tory symptoms (mainly asthma), we analyzed smoking exposure 
among patients before asthma onset (median age 43 years [IQR 
36– 52]) and in 222 controls from the control cohort after matching 
with the cases for age at asthma onset (or for the age at diag-
nosis in those without asthma). Again, the proportion of current 
and former smokers combined was significantly lower among 
EGPA patients compared to controls (Table 1). Despite these con-
siderations, it cannot be excluded with certainty that respiratory 

http://onlinelibrary.wiley.com/doi/10.1002/art.41722/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41722/abstract
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symptoms preceding EGPA diagnosis had influenced the patients’ 
smoking behavior.

Occupational risk factors. Table 2 shows the results of 
univariable logistic regression analysis of associations between 
occupational risk factors and EGPA. Silica exposure was strongly 
associated with EGPA (OR 2.79 [95% CI 1.55– 5.01], P = 0.001). 
To assess whether this association was influenced by the duration 
of exposure, we analyzed the proportion of subjects who were 
not exposed versus the proportion of subjects who were exposed 
below or above the median exposure duration (i.e., 20 years). The 
OR among subjects whose exposure was above the median was 
5.09 (95% CI 2.11– 12.32, P < 0.001), while it was 2.28 (95% CI 
1.03– 5.06, P = 0.06) among those whose exposure was below 
the median.

Exposure to organic solvents was also associated with a sig-
nificant risk of EGPA (OR 3.19 [95% CI 1.91– 5.34], P < 0.001). 
However, the duration of exposure did not seem to influence the 
risk (data not shown).

We also found a significant association between EGPA 
and exposure to chemical agents, although this was of bor-
derline statistical significance (OR 1.84 [95% CI 1.12– 3.03], 
P = 0.016). However, we detected a dose effect for chemi-
cals, since an exposure above the median of 20 years was 
strongly associated with EGPA, with an OR of 3.30 (95% CI 
1.62– 6.70, P = 0.001); no association was identified when 
exposures below the median were considered (OR 1.34 [95% 
CI 0.70– 2.57], P = 0.38).

Farming was also associated with EGPA risk (OR 2.71 
[95% CI 1.71– 4.29], P < 0.001). Farming entails different types 

Table 2. Prevalence of occupational exposures in cases and controls*

Risk factor
Cases 

(n = 111)
Controls 
(n = 333)

Crude OR 
(95% CI) P

Chemicals 32 (29) 60 (18) 1.84 (1.12– 3.03) 0.016
Metals 13 (12) 42 (25) 0.92 (0.47– 1.78) 0.803
Pesticides 11 (10) 28 (8) 1.20 (0.58– 2.49) 0.629
Silica 24 (22) 30 (9) 2.79 (1.55– 5.01) 0.001
Organic solvents 35 (32) 42 (25) 3.19 (1.91– 5.34) <0.001
Asbestos exposure

Non- exposed 56 (50) 227 (68) 1.0 – 
Documented (occupational) 3 (3) 13 (4) 0.94 (0.26– 3.40) 0.919
Possible/probable (occupational) 17 (15) 29 (9) 2.38 (1.22– 4.63) 0.011
Any occupational exposure 20 (18) 42 (25) 1.93 (1.05– 3.54) 0.034

Textile fibers 21 (19) 38 (11) 1.81 (0.99– 3.24) 0.062
Farming 47 (42) 71 (21) 2.71 (1.71– 4.29) <0.001

* OR = odds ratio; 95% CI = 95% confidence interval.

Table 1. Prevalence of comorbidities and non- occupational risk factors in cases and controls*

Risk factor
Cases 

(n = 111)
Controls 
(n = 333)

Crude OR  
(95% CI) P

BMI, median (IQR) kg/m2 24 (22– 26) 25 (23– 28) 0.90 (0.84– 0.96) 0.001
Overweight (BMI ≥25 kg/m2) 50 (45) 191 (57) 0.61 (0.40– 0.94) 0.025
Obese (BMI ≥30 kg/m2) 7 (6) 38 (11) 0.52 (0.23– 1.21) 0.128
Comorbidities

Hypertension 28 (25) 133 (40) 0.66 (0.41– 1.07) 0.089
Diabetes 5 (5) 20 (6) 0.74 (0.27– 2.02) 0.554
Ischemic heart disease 3 (3) 28 (8) 0.30 (0.09– 1.01) 0.051
Cerebrovascular disease 1 (1) 6 (2) 0.50 (0.06– 4.16) 0.518
Cancer 7 (6) 13 (4) 1.66 (0.64– 4.26) 0.296

Smoking at diagnosis
Non- smokers 73 (66) 154 (46) 1.0 – 
Former smokers 36 (32) 83 (25) 0.92 (0.57– 1.48) 0.717
Current smokers 2 (2) 96 (29) 0.04 (0.01– 0.18) <0.001
Former and current smokers 38 (34) 179 (54) 0.49 (0.29– 0.70) <0.001
Ever- smokers, median (IQR) pack- years 10 (5– 20) 17 (9– 30) – 0.006
All study subjects, median (IQR) pack- years 0 (0– 5) 3 (0– 20) 0.96 (0.94– 0.98) <0.001

Smoking at asthma onset†
Age, median (IQR) years 43 (36– 52) 49 (41– 53) – 0.106
Non- smokers 75 (67) 93 (42) 1.0 – 
Former and current smokers 36 (32) 129 (58) 0.34 (0.21– 0.56) <0.001

* Except where indicated otherwise, values are the number (%). OR = odds ratio; 95% CI = 95% confidence interval; BMI = 
body mass index; IQR = interquartile range. 
† These 222 controls were matched (1:2) with the cases for age at asthma onset or at time of diagnosis in patients without 
asthma. 
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of exposure, but we could not distinguish between exposure to 
crops, livestock, or specific animal species. We could only assess 
exposure to pesticides, which showed no significant association 
(OR 1.20 [95% CI 0.58– 2.49], P = 0.62).

We evaluated exposure to asbestos, distinguishing between 
documented and possible/probable occupational exposure. Doc-
umented occupational exposure to asbestos was not associ-
ated with EGPA (OR 0.94 [95% CI 0.26– 3.40], P = 0.919), while 
a statistically significant, although weak, association with EGPA 
was identified with possible/probable exposure (OR 2.38 [95% CI 
1.22– 4.63], P = 0.011). Finally, there was no significant association 
between EGPA and exposure to metals or textile fibers (Table 2).

Multivariable logistic regression analysis showed that expo-
sures to silica, organic solvents, and farming were independently 
associated with an increased risk of EGPA (OR 2.26 [95% CI 1.10– 
4.62], P = 0.026; OR 2.20 [95% CI 1.14– 4.25)], P = 0.018; and OR 
2.10 [95% CI 1.19– 3.73], P = 0.011, respectively), whereas tobacco 
smoking was independently associated with a lower risk (OR 0.39 
[95% CI 0.22– 0.69], P = 0.001) (Table 3). The results of the multivari-
able analysis, including the matching variables, are shown in Supple-
mentary Table 2 (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41722/ abstract).

We next investigated co- exposures to >1 of the agents which 
were shown to be independent risk factors in the multivariable 

analysis. To this end, we investigated co- exposures to farming 
and silica, farming and organic solvents, and organic solvents and 
silica, comparing co- exposed subjects to non- exposed subjects. 
Interestingly, co- exposure to silica and farming yielded the highest 
OR (9.12 [95% CI 3.06– 27.19], P < 0.001). This OR was much 
greater than the sum of the ORs associated with exposure to 
either silica alone (OR 3.04 [95% CI 1.07– 8.62], P = 0.04) or 
farming alone [OR 2.75 [95% CI 1.53– 4.98], P = 0.001), suggest-
ing a multiplicative effect between these 2 exposures (Figure 1). 
Co- exposures to silica and organic solvents and to farming and 
organic solvents were also significantly associated with EGPA, but 
they only slightly enhanced the risk associated with either factor.

Associations between exposures and disease man-
ifestations or ANCA status. We performed a sub- analysis 
aimed at investigating the associations between ANCA, major dis-
ease manifestations, and exposures that reached statistical signif-
icance in the multivariable analysis. The results are summarized in 
Table 4. Most of these sub- analyses, however, were underpow-
ered, and the resulting associations were largely influenced by the 
size of the subsets considered.

All of the exposures that proved to be associated with EGPA  
in the multivariable analysis of the overall cohort remained 
significant when we considered patient subsets with highly 
 prevalent manifestations such as asthma, ear, nose, and throat 
involvement, or peripheral neuropathy. The associations of the 
studied exposures with other manifestations of EGPA varied 
widely. The most intriguing associations were those with ANCA; 
in particular, smoking and organic solvents were more strongly 
associated with MPO- ANCA– negative EGPA than with MPO- 
ANCA– positive EGPA. Conversely, the associations with silica 
and farming were highly significant among MPO- ANCA– positive 
patients and only of borderline significance among MPO- ANCA– 
negative patients (Table 4).

Table 3. Association between exposure to risk factors and 
eosinophilic granulomatosis with polyangiitis (matched logistic 
regression multivariable analysis)*

Variable OR (95% CI) P
Smoke exposure (former and 

current smokers)
0.39 (0.22– 0.69) 0.001

Silica 2.26 (1.10– 4.62) 0.026
Organic solvents 2.20 (1.14– 4.25) 0.018
Farming 2.10 (1.19– 3.73) 0.011

* OR = odds ratio; 95% CI = 95% confidence interval. 

Figure 1. Effects on risk of eosinophilic granulomatosis with polyangiitis following single or co- exposures to silica, organic solvents, and 
farming in cases and controls. The baseline for comparison was participants who were not exposed to silica, organic solvents, or farming (219 
controls and 36 cases) (odds ratio [OR] 1.00). 95% CI = 95% confidence interval.

http://onlinelibrary.wiley.com/doi/10.1002/art.41722/abstract
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DISCUSSION

The pathogenesis of EGPA is multifactorial. Genetic deter-
minants contribute to disease susceptibility and to the dichotomy 
between ANCA- positive and ANCA- negative subsets, while the 
role of environmental agents is unknown. In this study, we demon-
strated an association of occupational exposures to organic sol-
vents, silica, and farming with an increased risk of EGPA, while 
cigarette smoking was associated with a lower risk. Silica and 
farming were primarily associated with ANCA- positive EGPA, 
while smoking and organic solvents were associated with ANCA- 
negative EGPA.

Smoking is a risk factor for autoimmune diseases such as 
systemic lupus erythematosus and rheumatoid arthritis (21). How-
ever, our findings show smoking to be associated with a reduced 
risk of EGPA. Although surprising, this association was consis-
tent across different analyses. We observed that the proportions 
of current and former smokers were lower among cases than 
among controls. Additionally, the pack- year index, which reflects 
cumulative exposure to smoking, was lower among cases, and 
this difference was statistically significant when assessed both in 
all of the study participants and in the subgroup of ever- smokers. 
Smoking behavior can be influenced by asthma, although the 
prevalence of smokers among individuals with asthma is similar to 
or slightly lower than that observed in the general population (22). 
To control for the possible influence of asthma, we evaluated the 
smoking behavior of patients before asthma onset and selected 

a matched control group for age at asthma onset. In this analy-
sis, we also determined that the proportion of current and former 
smokers was significantly lower among patients.

The relationship between smoking and the other AAVs is 
controversial. While a recent study performed in the US identi-
fied smoking as a risk factor for AAV (23), findings from previous 
European studies identified a protective effect (24), or no effect 
at all (6,25). Interestingly, the prevalence of smoking is extremely 
low among patients with chronic eosinophilic lung disorders such 
as chronic eosinophilic pneumonia (prevalence in ever- smokers 
is 10– 30%) (26), which may be considered a forme fruste of 
EGPA. Biologic mechanisms that may account for the association 
between smoking and a lower risk of EGPA can be postulated. 
Smoking has suppressive effects on mucosal immunity, particu-
larly on T cells (27), and can also modify the local microbiota (28) 
in a way that limits the development of immune responses. These 
and other mechanisms have been hypothesized in other mucosal 
inflammatory disorders such as ulcerative colitis, where smoking 
seems to protect against severe disease and relapses (29). In our 
study, the association of EGPA with smoking was confined to 
the ANCA- negative subset, a finding that is consistent with the 
hypothesis of a mucosal/barrier dysfunction (5).

Organic solvents are compounds commonly used for painting, 
decoration, and dry cleaning. We found that occupational expo-
sure to organic solvents was strongly associated with an increased 
risk of EGPA. In a previous study of 75 patients with AAV, including 
16 with EGPA, solvent exposure predisposed to AAV (particularly 

Figure 2. Proposed scheme of the influence of the different exposures on eosinophilic granulomatosis with polyangiitis (EGPA) subsets. ANCA =  
antineutrophil cytoplasmic antibody; IL5 = interleukin- 5; IRF1 = interferon regulatory factor 1; MPO = myeloperoxidase.
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GPA). No association with EGPA was reported, but the subgroup 
size was clearly too small (6). Remarkably, solvents have also been 
associated with other autoimmune diseases, particularly systemic 
sclerosis and multiple sclerosis (30). Different mechanisms are 
probably involved, namely solvent- induced oxidative stress, lipid 
peroxidation with subsequent modification of autoantigens, and 
enhancement of T cell responses (31,32). In addition, inhaled vola-
tile compounds can induce chronic airway inflammation and exac-
erbate asthma (33). In our subset analysis, the effect of solvents 
was particularly strong in the ANCA- negative subset.

Silica and farming are established risk factors for AAV, and 
silica in particular predisposes to a wide range of autoimmune dis-
eases (6– 8). Silica and farming are also interconnected, as some 
farming activities (e.g., harvesting of crops) can result in silica 
exposure. We found that both silica and farming were significantly 
associated with an increased risk of EGPA. Interestingly, both 
showed a stronger association with the ANCA- positive subset.

Several studies have investigated silica in AAV, but EGPA 
patients were either excluded or there were too few included to 
detect significant associations (6– 8,25). Overall, these studies indi-
cated that silica predisposes to AAV. Notably, most patients with 
AAV following silica exposure were MPO- ANCA positive (34), which 
is consistent with our finding of a stronger association between sil-
ica and MPO- ANCA– positive EGPA. We also found a dose effect 
for silica (patients with longer duration of exposure were at greater 
risk), which was also observed in other studies on AAV (25,35). 
Silica may promote autoimmunity, particularly in AAV, by differ-
ent mechanisms. It acts as a nonspecific immune adjuvant, espe-
cially for effector T cells, and favors early apoptosis of Treg cells, but 
it can also activate autoantigens such as MPO following the induc-
tion of neutrophil activation, apoptosis, or necrosis. An amplification 
of autoreactive B cell responses has also been proposed (36).

In our study, farming also showed a strong association with 
EGPA. Two previous studies on farming and AAV included EGPA 
patients, but again the numbers were too small (6,11). Given the 
structure of our questionnaire, we were unable to distinguish 
between the various farming exposures and could only exclude 
an association between EGPA and pesticides. No single agent 
or mechanism can therefore fully explain the link between farming 
and EGPA. However, farming can indeed be linked to exposure 
to an excess of foreign antigens (e.g., agents infecting animals), 
and to other compounds such as animal feeds and antibiotics 
(6). The hypothesis of an antigen- driven mechanism matches our 
finding of a stronger effect of farming on the ANCA- positive EGPA 
subset, which is genetically linked to HLA– DQ (5). Furthermore, 
the observed multiplicative interaction between farming and silica 
suggests that farming activities other than those exposing sub-
jects to silica may also contribute to disease risk.

Taken together, our findings suggest that environmental fac-
tors contribute to identifying the 2 main sub- phenotypes of EGPA, 
as demonstrated in genetic determinants. Organic solvents and 
low exposure to smoking are involved in mucosal dysfunction, 

particularly in ANCA- negative EGPA, which is linked to genetic 
variants involved in mucosal responses (Figure 2). However, 
by enhancing autoimmunity and MPO- ANCA generation and 
through exposure to an excessive antigen load, silica and farm-
ing may boost autoimmunity and systemic vasculitis particularly 
in ANCA- positive EGPA, which is linked to HLA– DQ. These find-
ings, however, must be considered with caution since the study 
was not designed to investigate differences in exposures between 
ANCA- positive patients and ANCA- negative patients.

Our study has limitations, namely those inherent to the 
questionnaire- based ascertainment of exposures and the small size 
of the EGPA sub- phenotype groups. However, the overall cohort 
was quite large considering the rarity of the disease, the patients 
were enrolled by a multidisciplinary team, and the controls were 
carefully case- matched. Also, since asthma is an almost universal 
feature of EGPA, the inclusion of a control group of patients with 
asthma and without EGPA would have allowed us to explore which 
environmental exposures differentiate asthma from EGPA. This was 
beyond the scope of our work; however, other studies showed that 
some of the factors we found to be associated with EGPA (e.g., 
organic solvents, and farming) were also triggers for asthma (33,37– 
39). In contrast, other risk factors for asthma (e.g., chemicals, met-
als, pesticides, and textile fibers) showed no effect on EGPA or even 
a protective effect (i.e., smoking) (37,40,41). Finally, agents such 
as silica, which is strongly associated with EGPA and AAV overall, 
do not seem to predispose to asthma in these patients (6– 8,42). 
Further studies addressing differences in environmental exposures 
between asthma and EGPA may shed light on the different patho-
genic mechanisms involved in these 2 conditions.

In conclusion, susceptibility to EGPA is influenced by expo-
sure to organic solvents, silica, and farming, which are associated 
with an increased risk, and to smoking, which is associated with 
a lower risk. Such exposures appear to have distinct effects in 
different EGPA subsets.
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Dynamic Changes in the Nasal Microbiome Associated 
With Disease Activity in Patients With Granulomatosis 
With Polyangiitis
Rennie L. Rhee,1,  Jiarui Lu,1 Kyle Bittinger,2 Jung- Jin Lee,2 Lisa M. Mattei,2 Antoine G. Sreih,1 Sherry Chou,1 
Jonathan J. Miner,3  Noam A. Cohen,1 Brendan J. Kelly,1 Hongzhe Lee,1 Peter C. Grayson,4   
Ronald G. Collman,1 and Peter A. Merkel1

Objective. Little is known about temporal changes in nasal bacteria in granulomatosis with polyangiitis (GPA). 
This study was undertaken to examine longitudinal changes in the nasal microbiome in association with relapse in 
GPA patients.

Methods. Bacterial 16S ribosomal RNA gene sequencing was performed on nasal swabs from 19 patients with GPA 
who were followed up longitudinally for a total of 78 visits, including 9 patients who experienced a relapse and 10 patients 
who remained in remission. Relative abundance of bacteria and ratios between bacteria were examined. Generalized 
estimating equation models were used to evaluate the association between bacterial composition and 1) disease activity 
and 2) levels of antineutrophil cytoplasmic antibody (ANCA) with specificity for proteinase 3 (PR3), adjusted for medication.

Results. Corynebacterium and Staphylococcus were the most abundant bacterial genera across all nasal samples. 
Patients with quiescent disease maintained a stable ratio of Corynebacterium to Staphylococcus across visits. In 
contrast, in patients who experienced a relapse, a significantly lower ratio was observed at the visit prior to relapse, 
followed by a higher ratio at the time of relapse (adjusted P < 0.01). Species- level analysis identified an association 
between a higher abundance of nasal Corynebacterium tuberculostearicum and 1) relapse (adjusted P = 0.04) and  
2) higher PR3- ANCA levels (adjusted P = 0.02).

Conclusion. In GPA, significant changes occur in the nasal microbiome over time and are associated with disease
activity. The occurrence of these changes months prior to the onset of relapse supports a pathogenic role of nasal 
bacteria in GPA. Our results uphold existing hypotheses implicating Staphylococcus as an instigator of disease and 
have generated a novel finding involving Corynebacterium as a potential mediator of disease in GPA.

INTRODUCTION

Granulomatosis with polyangiitis (GPA) is a life-  and organ- 
threatening systemic vasculitis characterized by granulomatosis 
inflammation and frequent relapses. Rhinosinusitis occurs in up to 
90% of patients with GPA and is associated with a higher risk of 
relapse (1). While our understanding of the immunopathogenesis 
of GPA has advanced, little is known about the triggers of disease 
activity.

Mechanistic and epidemiologic studies suggest that microbes, 
in particular nasal microbiota, may be an important environmental 

activator of GPA. Cross- reactivity between host and bacterial 
peptides may lead to the formation of pathogenic antineutro-
phil cytoplasmic antibodies (ANCAs), which are associated with 
GPA (2,3). Low- grade infections may also evoke inflammatory 
cytokines that prime neutrophils for activation by ANCA or stimu-
late neutrophils to release neutrophil extracellular traps embedded 
with ANCA antigens, further breaking immune tolerance and gen-
erating autoantibodies (4,5). Nasal colonization with Staphylococ
cus aureus is associated with a higher risk of relapse in GPA, an 
observation that led to a randomized, placebo- controlled trial of 
cotrimoxazole (an antistaphylococcal antibiotic), which was found 
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to significantly reduce the risk of relapse in GPA (6,7). These initial 
culture- dependent studies were limited due to the lack of profiling 
of the whole community of microbes and the lack of evaluation of 
temporally dynamic changes within an individual over time. Fur-
thermore, the mechanism through which S aureus may instigate 
relapse in GPA remains unclear (8– 12).

Advances in culture- independent techniques have enhanced 
the ability to examine the diversity of microbial species that colo-
nize host sites, known as the human microbiome. While culture- 
dependent approaches view disease states as exclusively due 
to a single pathogenic microbe, studies now demonstrate that 
the overall composition of the microbiota strongly influences 
the behavior of a specific species. In prior work using high- 
throughput sequencing, our group profiled the entire community 
of nasal microbiota in GPA patients and healthy controls using 
16S ribosomal RNA (16S rRNA) gene sequencing (13). We found 
a lower abundance of “healthy” commensals in patients with GPA 
and that patients with GPA who were not receiving immunosup-
pressive therapy had the greatest dysbiosis (imbalance in micro-
biota). However, what changes occur in the nasal microbiome 
longitudinally within an individual and how these changes relate 
temporally to disease activity remain unknown. This knowledge 
is needed to better understand potentially causal relationships 
between dysbiosis and disease. The objective of this study was to 
apply culture- independent sequencing methods to examine longi-
tudinal changes in the nasal microbiome and their association with 
disease activity in GPA.

PATIENTS AND METHODS

Study design and participants. We performed a pro-
spective cohort study at the University of Pennsylvania. Par-
ticipants were recruited through the Penn Vasculitis Center. 
Participants with GPA were eligible if they met the modified 
American College of Rheumatology classification criteria for GPA 
(14,15). Participants were excluded if they had another systemic 
inflammatory disorder, known history of HIV infection, primary 
immunodeficiency, lymphoma, or other malignancy that mimics 
GPA. This study was approved by the Institutional Review Board 
of the University of Pennsylvania, and written informed consent 
was obtained from all participants.

Procedures. Nasal mucosa was sampled by swabbing 
the middle meatus with a sterile flocked specimen collection 
swab (Copan Diagnostics) which was then transferred to a 
−80°C freezer. To control for environmental contamination, neg-
ative controls (swab exposed to ambient air) were obtained with 
each participant sampling, and a randomly chosen subsample of 
these controls was processed in parallel. Sampling occurred at 
every office visit, usually with 3– 6- month time intervals. Detailed 
clinical data were also collected at each visit, including data on 

disease activity and symptoms, infections, topical nasal thera-
pies, and medications. All patients who had received rituximab in 
the past 6 months were considered to be receiving rituximab at 
the study visit. Serial serum samples were collected in a subset 
of patients (11 patients with a total of 29 visits), and ANCA levels 
were tested by direct enzyme- linked immunosorbent assay at a 
single institutional clinical laboratory. Disease activity was meas-
ured using the Birmingham Vasculitis Activity Score for Wege-
ner’s Granulomatosis (BVAS/WG; a BVAS/WG of >0 indicates 
active disease and a BVAS/WG of 0 indicates disease remission) 
(16).

Microbial DNA sequencing and taxonomic assign-
ment. Nasal swab samples were sequenced and analyzed 
at the PennCHOP (University of Pennsylvania/Children’s Hos-
pital of Philadelphia) Microbiome Center. Bacterial DNA was 
extracted from swabs using a DNeasy PowerSoil Kit (Qiagen). 
The V1– V2 variable regions of the bacterial 16S rRNA gene, 
which has superior taxonomic resolution for the nasal cavity and 
sinuses (17), were amplified by polymerase chain reaction (PCR) 
using the 27F (5′- AGAGTTTGATCCTGGCTCAG- 3′) and 338R 
(5′- TGCTGCCTCCCGTAGGAGT- 3′) primers. Each sample was 
amplified in quadruplicate PCR reactions that consisted of 0.5 
μM of each primer, 0.34 units Q5 Pol, 1X Buffer, 0.2 mM dNTPs,  
and 5 μl DNA in a total volume of 25 μl. PCR cycling conditions 
were as follows: 98°C for 1 minute; 25 cycles of 98°C for 10 sec-
onds, 56°C for 20 seconds, and 72°C for 20 seconds; and 72°C 
for 8 minutes. The quadruplicate reactions were pooled together, 
cleaned using SPRI beads (GE Healthcare), and quantified using 
a Quant- iT PicoGreen dsDNA Assay Kit (ThermoFisher). Sam-
ples were pooled in equimolar amounts and then sequenced on 
an Illumina MiSeq instrument using a 500- cycle v2 sequencing 
kit, yielding 250- bp paired- end sequence reads. Environmental 
and reagent control samples, consisting of air- exposed swabs, 
DNA- free water, and empty wells, and positive control samples 
were processed and sequenced alongside participant samples.

Sequencing data were processed and analyzed using the 
QIIME2 pipeline (18). The QIIME2 plug- in implementation of 
DADA2 was used to create a set of amplicon sequence variants 
(ASVs) from the raw sequence reads (19). Taxonomic assign-
ment was performed using a naive Bayes classifier trained on 
the reference sequences from GreenGenes 13_8. For diver-
sity metrics including UniFrac distances, a multiple sequence 
alignment was performed using MAFFT (20) and a phylogenetic 
tree was generated using FastTree (21). ASVs were evaluated for 
consistency with named bacterial species by aligning to the ref-
erence sequence from bacterial type strains, and estimating the 
probability that the full- length 16S rRNA gene similarity diverged 
by >2.5%. The software implementing this algorithm is available 
at https://github.com/kyleb ittin ger/unass igner. Data are accessi-
ble via the NCBI Sequence Read Archive.

https://github.com/kylebittinger/unassigner
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Statistical analysis. To evaluate bacterial communities,  
alpha and beta diversity were assessed and compared between 
patients with relapsing GPA and those with nonrelapsing GPA. 
Alpha diversity (within- sample diversity) was measured by the 
Shannon diversity index, which accounts for the evenness 
and richness (number) of ASVs within a sample. Beta diversity 
(between- sample diversity) was calculated using the weighted 
UniFrac distance, which estimates the fraction of a sample’s phy-
logenetic tree that differs from another sample, accounting for the 
relative abundance of ASVs (22,23). UniFrac distances were vis-
ualized on a multidimensional scaling plot. Wilcoxon’s rank sum 
test was used to compare continuous variables, and chi- square 
test was used for categorical variables.

To account for repeated measures, we applied generalized 
estimating equations (GEEs) to explore the association between 
bacterial composition and disease activity, adjusting for anti-
biotics, immunosuppressive drugs, and nasal irrigation. The 
GEE approach is a semiparametric model that accounts for the 
unknown correlations between the longitudinal repeated meas-
urements. We grouped visits based on disease status (stable 
remission, prerelapse, relapse, and postrelapse), using stable 
remission as a reference. We analyzed the data at the genus level 
and normalized the read counts into compositions. Genera with 
a median relative abundance of >1% were included in the analy-
sis. Relative abundance of individual genera as well as log ratios 
between 2 genera were used as outcomes to address the com-
positional nature of the microbiome data. Because of the unit- 
sum constraint on the data, the bacteria components cannot vary 
freely such that changes in one bacterium must result in changes 
in another. Using a log ratio transformation accounts for the unit- 
sum constraint and is a well- established approach for relative 
abundance data (24). False discovery rate controlling procedure 
was used to adjust for multiple comparisons of all pairs of bacterial 
genera and was set to 10% as the cutoff.

Secondary analyses included exploration of the consistency 
between ASVs and named bacterial species and were limited to 
taxa with a mean relative abundance of >2% across all samples. 
Test for trend was used to evaluate for linear associations between 
relative abundance and disease status (stable remission, pre- 
prerelapse, prerelapse, relapse, and postrelapse). Analyses were 
conducted using R V.3.4.1, and code is available upon request.

RESULTS

Participant characteristics. Nineteen patients with 
GPA who attended a total of 78 visits were included in this study 
(Table 1). The median total follow- up time was 13.8 months. 
The median time between visits for all visits was 3.9 months, and 
the median time between the prerelapse and relapse visits was 
3.7 months. As expected, most of the participants were positive for 
ANCA with specificity for proteinase 3 (PR3- ANCA) and had sinon-
asal involvement at some point during their disease course. Nine 

of the 19 patients developed a relapse of disease during follow- up, 
and the other 10 patients remained in remission. Medications that 
patients were receiving at the first visit, typically when disease was 
in remission, are listed in Table 1. Prednisone was being used at 24 
(31%) of all patient visits, with a median dose of 6 mg.

The 9 patients with relapsing GPA had a total of 12 visits 
at which they had active disease. Of these 12 visits, 10 visits 
included manifestations outside of the upper respiratory tract, 
and at 8 visits patients had sinonasal inflammation. At 9 of the 
12 visits, patients were receiving immunosuppressive therapy: 
at 6 visits, patients were receiving oral prednisone (3 receiving 
a stable prednisone dose of 5 mg and 3 had initiated a higher 
dose of prednisone 1– 3 weeks prior due to concern for relapse), 
4 were receiving rituximab, 1 was receiving azathioprine, 1 
was receiving methotrexate, and 2 were receiving leflunomide. 
Patients were performing home nasal saline irrigation prior to 7 
of the 12 active disease visits, and 2 patients were taking nasal 
antibiotics (mupirocin and gentamicin). Notably, only 2 patients 

Table 1. Characteristics of the patients with GPA*

Relapsing 
GPA  

(n = 9)

Nonrelapsing 
GPA  

(n = 10)
Number of visits per patient 4 (3– 5) 4 (3– 5)
Time between visits, months 3.3 (2.9– 4.9) 4.1 (3.2– 5.9)
Age at enrollment, years 58 (49– 67) 64 (54– 69)
Sex, % female 44 40
Race, % White 100 90
Hispanic, Latino, or Spanish 

origin, %
0 20†

ANCA type, %
PR3- ANCA 78 70
MPO- ANCA 11 30
Negative ANCA 11 0

History of relapse prior to 
enrollment, %

67 50

Sinonasal involvement prior to 
enrollment, %

67 80

Sino- Nasal Outcome Test 22 
score at first visit

23 (22– 35) 29 (8– 41)

Medications at first visit, no. (%)
Systemic immunosuppressive 

drugs
6 (67) 10 (100)‡

Oral prednisone 3 (33) 5 (50)
Rituximab 2 (22) 4 (40)
Azathioprine 2 (22) 4 (40)
Methotrexate 1 (11) 1 (10)

Topical nasal therapies
Nasal saline irrigation 5 (56) 5 (50)
Topical nasal steroid 1 (11) 2 (20)
Nasal mupirocin 0 (0) 1 (10)

Systemic antibiotics 1 (11) 3 (30)
TMP/SMX, full dose 0 (0) 0 (0)
TMP/SMX, low dose 1 (11) 2 (20)

* Except where indicated otherwise, values are the median (inter-
quartile range). ANCA = antineutrophil cytoplasmic antibody; PR3 = 
proteinase 3; MPO = myeloperoxidase; TMP/SMX = trimethoprim/
sulfamethoxazole. 
† P = 0.02 versus relapsing granulomatosis with polyangiitis (GPA). 
‡ P = 0.04 versus relapsing GPA. 



RHEE ET AL 1706       |

were receiving a systemic antibiotic at the time of the relapse visit: 
1 patient was receiving full- dose trimethoprim/sulfamethoxazole 
and the other patient was receiving azithromycin. All patients 
responded to escalation of systemic immunosuppression, except 
for 1 patient who received only topical nasal steroids for sinona-
sal symptoms; this patient initially improved but later developed 
a multisystem relapse requiring oral prednisone and rituximab.

Common nasal bacteria identified in patients with 
GPA. The heatmap in Figure 1A depicts the 20 most abundant bac-
teria found in the samples, grouped by disease status (remission, 
prerelapse, relapse, and postrelapse visit) and outcome (relapse 

versus no relapse). The most abundant bacteria at the genus 
level (in decreasing order of abundance) were Corynebacterium, 
Staphylococcus, Propionibacterium, Alloiococcus, and Strepto
coccus (Figure 1A). These 5 bacteria made up a large majority 
of the composition of the samples (mean ± SD total combined 
abundance 86 ± 13% in the relapsing group and 83 ± 18% in the 
nonrelapsing group) (Figure 1B). No significant differences were 
found in the Shannon diversity (Figure 1C) or weighted UniFrac 
(data not shown) between patients with relapsing disease versus 
those with nonrelapsing disease; no difference was seen in these 
diversity measures when comparing disease status (remission, 
prerelapse, relapse, and postrelapse visits).

Figure 1. Bacterial composition of nasal samples from patients with granulomatosis with polyangiitis (GPA). A, Heatmap illustrating the relative 
abundance of the top 20 most abundant bacterial genera across all samples (n = 78), grouped by outcome (relapsing versus nonrelapsing 
GPA) and disease status (remission, prerelapse, relapse, and postrelapse). The samples primarily comprised 5 bacteria (in descending order 
of abundance): Corynebacterium, Staphylococcus, Propionibacterium, Alloiococcus, and Streptococcus. B, Mean relative abundance of the 
5 most abundant bacteria versus all other remaining bacteria in patients with relapsing GPA versus patients with nonrelapsing GPA. Over 80% 
of the bacteria in the samples were represented by the 5 most abundant bacteria. C, Comparison of α-diversity, as measured by the Shannon 
diversity index, among all visits for patients with relapsing GPA versus patients with nonrelapsing GPA (P = 0.78). The y-axis shows the number 
of samples with the indicated Shannon diversity index.
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Dynamic changes in Corynebacterium and Staphylo-
coccus beginning prior to the onset of relapse in GPA. 
Since most of the bacteria had very low abundance, we focused 
on the top 5 most abundant bacteria genera (the only genera with 
a median relative abundance of >1%) and recalculated the rela-
tive abundance of these 5 bacteria. Temporally dynamic changes 
in the relative abundance of the 5 bacteria were observed with 
change in disease status (remission, prerelapse, relapse, and 
postrelapse). Specifically, there was a greater abundance of 
Staphylococcus at the prerelapse visit followed by an increase 
in the abundance of Corynebacterium at the time of relapse 
(Figure 2). This is best demonstrated when examining the log ratio 
of Corynebacterium to Staphylococcus, which was significantly 
lower at the prerelapse visit even after adjusting for antibiotics, 
immunosuppressive drugs, and nasal irrigation (adjusted P < 0.01) 
(Figure 3). This log ratio subsequently increased at the relapse visit 
(adjusted P < 0.01), similar to remission levels (P > 0.05 versus 
remission visits). No significant changes were observed at prere-
lapse or relapse visits among the ratios of the other bacteria (data 
not shown). A sensitivity analysis excluding patients with >1 active 
disease visit yielded similar results (data not shown).

Associations between nasal Corynebacterium tuber-
culostearicum and relapse in GPA in species- level analysis. 
We further analyzed the 16S rRNA marker gene sequences to 
assess whether the partial gene sequences observed in our study 
were compatible with named bacterial species. Although we were 
not able to conclusively determine that the observed sequences 
arose from a particular named species, we were in many cases 

able to rule out all potential species assignments but one. When 
this occurred, we used the observed sequence, representing a 
fraction of the 16S gene, to compute the probability that the full- 
length 16S gene sequence would be compatible with the named 
bacterial species.

We found that 16S sequences compatible with C tuberculo
stearicum featured prominently in this cohort. C tuberculosteari
cum, which has previously been shown to have a pathogenic role 
in chronic rhinosinusitis (25), had the highest mean relative abun-
dance in all of the samples (relative abundance 12.7%) followed 
by C propinquum (relative abundance 11.9%) and Cutibacterium 
acnes (formerly known as Propionibacterium acnes; relative abun-
dance 10.6%). C tuberculostearicum, Cutibacterium acnes, and 
Staphylococcus epidermidis were the only 3 bacterial species 
detected in all 78 samples. S aureus was present in 33 of the 
samples (42%) and had a mean relative abundance of 3.5%.

When we evaluated associations between nasal bacteria and 
relapse in GPA, we found that an increasing relative abundance of 
C tuberculostearicum was associated with disease status, cate-
gorized as stable remission, pre- prerelapse, prerelapse, relapse, 
and postrelapse visits, even after adjusting for medications 
(adjusted P = 0.04 by test for trend) (Figure 4). Given the historical 
interest in S aureus in GPA and prior studies demonstrating inter-
actions between S aureus and Corynebacterium species, we also 
adjusted for the presence of S aureus in the sample and found 
that the presence of S aureus was independently associated with 
a higher abundance of C tuberculostearicum (adjusted P = 0.02). 
We found similar results involving C tuberculostearicum when 
examining only relapses with sinonasal involvement (adjusted 

Figure 2. Relative abundance of the 5 most abundant bacteria in nasal samples from patients with granulomatosis with polyangiitis (GPA) 
grouped by disease status. Differences in relative abundance associated with disease status are shown, with the most pronounced variations 
seen in the abundance of Corynebacterium and Staphylococcus. Data are shown as box plots. Each box represents the first to the third 
quartile. Lines inside the boxes represent the median. Whiskers represent the maximum and minimum values. Circles represent outliers.
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P < 0.01 by test for trend). No significant associations were found 
between individual bacteria and patient- reported symptoms of 
rhinosinusitis (the Sino- Nasal Outcome Test 22 [SNOT- 22] score).

To investigate relationships between bacteria, we examined 
the association between ratios of bacterial abundance and clin-
ical outcomes. An increasing ratio of C tuberculostearicum to 
S caprae was associated with disease status (stable remission, 
pre- prerelapse, prerelapse, relapse, and postrelapse visits) when 
examining any relapse (adjusted P < 0.01 by test for trend) as well 
as only relapses including the sinonasal area (adjusted P < 0.01 
by test for trend). Disease status was also associated with an 
increasing ratio of C pseudodiphtheriticum to S caprae (adjusted 
P < 0.01 by test for trend). No bacterial ratios were associated 
with patient- reported symptoms of rhinosinusitis (SNOT- 22 score).

Association of nasal Corynebacterium tuberculo-
stearicum with higher PR3- ANCA levels. Due to the poten-
tial pathogenicity of PR3- ANCA in GPA (26,27), we assessed 
the association between nasal bacteria and PR3- ANCA levels 
in a subgroup of 11 patients with 29 visits with available ANCA 
levels. The median PR3- ANCA level was 19 units (interquartile 

range 6– 56). No significant association between PR3- ANCA and 
the abundance of bacterial genera or ratios of bacterial genera 
were found. When examining bacterial species, we found that an 
increasing abundance of nasal C tuberculostearicum was asso-
ciated with higher levels of PR3- ANCA even after adjusting for 
immunosuppressive drugs, antibiotics, and nasal rinse (adjusted 
P = 0.02) (Figure 5). No other nasal bacterial species were associ-
ated with PR3- ANCA levels, including S aureus.

DISCUSSION

Using unbiased molecular methods, we examined temporal 
changes in the nasal bacterial community in patients with GPA 
over multiple consecutive visits. At the genus level, we found that 
dynamic changes in the relative abundance of 2 common nasal 
commensals, Corynebacterium and Staphylococcus, precedes 
the development of relapse in GPA, whereas the abundance of 
these 2 bacteria remains stable in patients with quiescent disease. 
At the species level, an increasing abundance of nasal C tubercu
lostearicum, a bacterium previously found to be a potential patho-
genic mediator of chronic rhinosinusitis (25), was associated with 

Figure 3. Dynamic changes in the ratio of Corynebacterium to Staphylococcus across visits in nasal samples from patients with relapsing 
granulomatosis with polyangiitis (GPA). Bars show the median relative abundance of Corynebacterium and Staphylococcus in patients with 
nonrelapsing GPA and those with relapsing GPA. Consecutive visits are shown separately to display temporal shifts. Patients with nonrelapsing 
GPA had a relatively stable ratio of Corynebacterium to Staphylococcus across 3 consecutive visits (all P > 0.05); in contrast, patients with 
relapsing GPA had a significantly lower ratio at the prerelapse visit (adjusted P < 0.01 versus patients with nonrelapsing GPA) followed by an 
increase in the ratio at relapse (adjusted P < 0.01 versus patients with relapsing GPA at the prerelapse visit), even after adjusting for antibiotics, 
immunosuppressive drugs, and nasal irrigation.
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both relapse as well as PR3- ANCA levels in GPA. Our results are 
consistent with prior interest in Staphylococcus species in GPA 
and additionally suggest that 1) the totality of the microbiome, 
not just individual bacteria, may be critical; 2) the composition at 
time points preceding disease activity may have a role in inciting 
disease; and 3) another nasal commensal bacteria that has not 
been previously studied in GPA may be an important mediator of 
disease.

The possibility that microbes are instigators of the immune 
response has been a longstanding theory for GPA as well as other 
autoimmune diseases. We chose to study the nasal cavity for 2 
primary reasons: 1) the nasal mucosa is an active site of immu-
nity (28), and 2) sinonasal inflammation is a destructive feature of 
GPA and associated with relapse. The overall bacterial composi-
tion in our cohort is similar to the nasal microbiome described in 

other non- GPA populations (17,29,30) as well as other cohorts of 
GPA (8,13,31) and is consistent with previous studies in demon-
strating that the nasal cavity is colonized by a restricted number 
of microbes in contrast to other mucosal surfaces such as the 
intestine (29,32). The longitudinal design of our study offers the 
added advantage of assessing intraindividual changes temporally 
over time.

Prior studies of the nasal microbiota in GPA largely focused 
on S aureus, a pathogenic bacterium with a well- known predi-
lection for the nasal cavity. S aureus has been found in a greater 
proportion of patients with relapsing GPA (6), but the poten-
tial mechanism of S aureus pathogenicity in GPA is unknown. 
Staphylococcus superantigens have been proposed as a link 
between S aureus and relapse in GPA (12) but this finding has 
not been replicated by subsequent studies (8– 10). Differences in 
S aureus strains and genetic loci have been found between PR3- 
ANCA and myeloperoxidase (MPO)– ANCA vasculitis, although no 
direct mechanistic links between strain heterogeneity and disease 
have been shown (10). A prior study showed a potential role for 
complementary PR3 peptide in the formation of PR3- ANCA and 
identified sequence homology between complementary PR3 pep-
tide and several microbes, including S aureus (3). However, there 
still remains no direct evidence demonstrating that S aureus col-
onization or infection leads to PR3- ANCA formation in GPA. More 
recently, an S aureus plasmid that has homology to an MPO T cell 
epitope was shown to induce MPO- ANCA formation and glomer-
ulonephritis in mice (11); whether this explains ANCA formation in 
all patients with GPA including those with PR3- ANCA still remains 
unclear.

Figure 4. Association of increasing abundance of nasal Corynebac
terium tuberculostearicum with relapse in patients with granuloma tosis 
with polyangiitis (GPA). Relative abundance of C tuberculostearicum 
by disease status (stable remission, pre- prerelapse, prerelapse, 
relapse, and postrelapse) is shown. Data are shown as box plots. 
Each box represents the first to the third quartile. Lines inside the 
boxes represent the median. Whiskers represent the maximum and 
minimum values. Circles represent outliers. Test for trend detected a 
significant linear increase in nasal C tuberculostearicum abundance 
across visits even after adjusting for antibiotics, immunosuppressive 
drugs, nasal irrigation, and the presence of Staphylococcus aureus 
(adjusted P = 0.04).

Figure 5. Association of the relative abundance of nasal 
Corynebacterium tuberculostearicum with proteinase 3 antineu-
trophil cytoplasmic antibody (PR3- ANCA) level in patients with  
granulomatosis with polyangiitis (GPA). The scatterplot demon-
strates the association between the abundance of nasal C 
tuberculostearicum and serum PR3- ANCA levels in 11 patients who 
attended a total of 29 visits (unadjusted P < 0.01). The association 
remained significant even after adjusting for use of antibiotics, 
immunosuppressive drugs, and nasal irrigation (adjusted P = 0.02). 
PR3- ANCA levels of <20 units were considered normal.
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In this study, we found a significant increase in the abundance 
of the genus Staphylococcus prior to onset of a relapse; how-
ever, interrogation of species- level identity of bacteria did not show 
any relationship between S aureus and relapse. The lack of an 
association between S aureus and relapse in GPA may be due to 
constraints of 16S gene sequencing, which is limited in resolving 
species- level classification. Differences in methodology may also 
explain disparate results compared to prior studies that relied on 
repeated nasal cultures to define chronic carriers (6,33). We chose 
to use sequence- based culture- independent methods which, 
compared to culture- dependent methods, have the added advan-
tage of comprehensively evaluating all nasal microbes, including 
unculturable or difficult- to- culture organisms. Lastly, we sampled 
the middle meatus, which is lined by mucosa with ciliated pseu-
dostratified columnar epithelium, closer in proximity to sinuses, 
and a site of active inflammation in GPA; prior studies sampled the 
anterior nares which is lined by skin- like squamous epithelium and 
the main reservoir for S aureus, but not typically an area of active 
disease in GPA. Differences in sampling site may also account for 
differences in results between this study and prior studies.

Unexpectedly, we identified a novel finding involving a lesser 
known and poorly studied nasal commensal, corynebacteria. 
Corynebacteria are aerobic, gram- positive bacilli that populate 
the human nose and skin and were previously thought to be 
harmless commensals. However, emerging evidence implicates 
Corynebacterium in diseases of the lower respiratory tract (such 
as asthma), upper respiratory tract (such as chronic rhinosinusi-
tis), and skin (such as atopic dermatitis) as well as granulomatous 
diseases (25,34– 37). In both our cohort and others, corynebacte-
ria are often among the most abundant genera in the nasal cav-
ity, and prior studies have shown it is also the most species- rich 
taxon with one study reporting at least 23 different species of 
corynebacteria in the nose of almost every patient sampled (38).

Corynebacteria typically have a complex cell wall with an  
outer layer of mycolic acids which is similar to the cell wall of  
mycobacteria (another granuloma- forming pathogen) and func-
tionally equivalent to the outer layer of gram- negative bacteria 
with respect to its permeability barrier and host– pathogen inter-
actions (39). While the immunogenicity of the Corynebacterium 
cell wall has not been well- studied, the mycolic acid– containing 
cell wall of Mycobacterium tuberculosis is known to contribute to 
its pathogenicity (40). For example, trehalose dimycolate (TDM), 
which is a constituent of the mycolic acid layer in M tuberculosis, 
induces inflammatory responses and granuloma formation (41). 
Trehalose 6,6′- dicorynomycolate (TDCM) in corynebacteria is 
comparable to TDM in mycobacteria; TDCM has been shown to 
activate murine macrophages and induce inflammatory cytokines 
such as tumor necrosis factor (42). Therefore, it is plausible that 
corynebacteria may play a role in the granulomatous inflammation 
characteristic of GPA. Interestingly, most species of Corynebacte
rium are susceptible to trimethoprim/sulfamethoxazole, an antibi-
otic found to prevent relapses in GPA.

At the species level, we found associations between nasal C 
tuberculostearicum abundance and both GPA disease relapse and 
PR3- ANCA levels. C tuberculostearicum has been implicated in the 
pathogenesis of chronic rhinosinusitis (25). That study found that 
only nasal C tuberculostearicum was significantly increased in abun-
dance in patients with chronic rhinosinusitis compared to healthy 
subjects, and inoculating the nasal cavity of antibiotic- treated mice 
with C tuberculostearicum induced pathologic features of chronic 
rhinosinusitis. In GPA, studies have shown evidence for induction 
of PR3- ANCA by autoreactive B cells in granulomatous lesions and 
chronic B cell activation in inflamed mucosa of patients with GPA, 
indicating a local antigen- driven process that promotes formation 
of autoantibodies that are associated with the life- threatening sys-
temic features of GPA (43,44). We postulate that Corynebacterium 
(and more specifically, C tuberculostearicum) may contribute to the 
initiation of local granulomatous lesions and PR3- ANCA formation 
in sinonasal mucosa of patients with GPA. Our use of unbiased 
profiling methods has identified the potential role of this previously 
disregarded bacteria in the pathogenesis of GPA.

We propose two possible explanations for the dynamic 
changes observed between Corynebacterium and Staphylococ
cus in this study. One potential hypothesis is that Corynebacte
rium regulates Staphylococcus through interspecies interactions, 
consistent with the findings of prior studies, but when this balance 
is lost an outgrowth in Staphylococcus incites host inflammation. 
By the time of the relapse visit, the balance between these 2 bac-
teria may be restored but ongoing inflammation ensues due to a 
dysregulated immune response in the host. Alternatively, Staph
ylococcus may promote the outgrowth of a pathogenic strain 
of Corynebacterium which promotes inflammation. It is notable 
that the relative abundance of Staphylococcus, which had signifi-
cantly increased at the prerelapse visit, returned to baseline at the 
relapse visit, which was contrary to what we had expected to find.

While our data do not show direct interactions between 
Corynebacterium and Staphylococcus, many prior studies have 
demonstrated species- specific interactions between these 2 bac-
teria (29,45– 47). In the context of GPA, this may involve a type of 
3- way relationship that has been previously described in the nasal 
cavity (48,49). In this process, referred to as within- host compe-
tition, negative competition between bacteria is mediated by the 
host. The median time interval between the prerelapse visit (in 
which Staphylococcus predominated) and the relapse visit (in which 
Corynebacterium predominated) was 3.7 months; this relatively long 
time interval supports the possibility that Corynebacterium may be 
a more important mediator of disease than Staphylococcus. Fur-
thermore, aberrant immune responses in patients with GPA may 
explain why these ubiquitous commensals are associated with dis-
ease in only a small fraction of the general population.

There are several limitations of this study to consider. While 
these novel findings raise new questions about the pathogenesis 
of GPA, they are associative and do not demonstrate causality. 
It is possible that disruption of the nasal microbiota is occurring 
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secondary to mucosal inflammation; however, identification of 
changes in nasal bacteria 3 months prior to the onset of dis-
ease relapse makes this less likely. Similarly, other confounders 
such as unmeasured environmental or medication exposures not 
accounted for in the analyses may explain these results. While 
sequencing of the highly conserved 16S bacterial gene is a com-
monly used initial approach to evaluating the microbiome, this 
sequencing method is limited in its ability to determine species 
identity (50). Additionally, 16S rRNA gene sequencing allows tax-
onomic identification but not enumeration of functional content; it 
is possible that metabolic pathways and virulence- related genes 
are the key to understanding the pathogenesis of disease (32). 
Additional studies are needed to investigate mechanisms medi-
ating microbe– microbe and host– microbial relationships, and the 
present study suggests that greater attention should be paid to 
both Corynebacterium and Staphylococcus. Lastly, results of 
this study may not be generalizable to other populations of GPA 
including patients residing in different geographic regions or with 
different genetic predisposition for disease.

In conclusion, this longitudinal study of the nasal microbiome 
in GPA identified changes in the nasal commensal bacteria sev-
eral months prior to disease relapse. In addition to supporting the 
possibility that Staphylococcus is an instigator of disease activity, this 
study has identified a novel finding implicating Corynebacterium as a 
potential mediator of host– microbial interactions, and specifically C 
tuberculostearicum as a species of particular interest. These findings 
support the longstanding theory that overgrowth of pathogenic bac-
teria is potentially involved in the disease process of GPA and identify 
specific new targets for mechanistic investigation. Understanding 
how nasal bacteria activate disease in GPA may potentially lead to 
novel therapeutic targets, new measures to predict relapse, and bet-
ter precision medicine approaches in GPA.
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Risk Factors for Severe Outcomes in Patients With Systemic 
Vasculitis and COVID- 19: A Binational, Registry- Based 
Cohort Study
Matthew A. Rutherford,1  Jennifer Scott,2 Maira Karabayas,3 Marilina Antonelou,4  Seerapani Gopaluni,5

David Gray,6 Joe Barrett,6 Silke R. Brix,7 Neeraj Dhaun,8  Stephen P. McAdoo,9  Rona M. Smith,5 
Colin C. Geddes,10 David Jayne,5 Raashid Luqmani,11 Alan D. Salama,12 Mark A. Little,2 and Neil Basu,13  
on behalf of the UK and Ireland Vasculitis Rare Disease Group (UKIVAS)

Objective. COVID- 19 is a novel infectious disease with a broad spectrum of clinical severity. Patients with systemic 
vasculitis have an increased risk of serious infections and may be at risk of severe outcomes following COVID- 19. 
We undertook this study to establish the risk factors for severe COVID- 19 outcomes in these patients, including the 
impact of immunosuppressive therapies.

Methods. A multicenter cohort was developed through the participation of centers affiliated with national UK and 
Ireland vasculitis registries. Clinical characteristics and outcomes are described. Logistic regression was used to 
evaluate associations between potential risk factors and a severe COVID- 19 outcome, defined as a requirement for 
advanced oxygen therapy, a requirement for invasive ventilation, or death.

Results. The cohort included 65 patients with systemic vasculitis who developed COVID- 19 (median age 70 
years, 49% women), of whom 25 patients (38%) experienced a severe outcome. Most patients (55 of 65 [85%]) had 
antineutrophil cytoplasmic antibody– associated vasculitis (AAV). Almost all patients required hospitalization (59 of 
65 [91%]), 7 patients (11%) were admitted to intensive care, and 18 patients (28%) died. Background glucocorticoid 
therapy was associated with severe outcomes (adjusted odds ratio [OR] 3.7 [95% confidence interval 1.1– 14.9]; 
P = 0.047), as was comorbid respiratory disease (adjusted OR 7.5 [95% confidence interval 1.9– 38.2]; P = 0.006). 
Vasculitis disease activity and nonglucocorticoid immunosuppressive therapy were not associated with severe 
outcomes.

Conclusion. In patients with systemic vasculitis, glucocorticoid use at presentation and comorbid respiratory 
disease were associated with severe outcomes in COVID- 19. These data can inform clinical decision- making relating 
to the risk of severe COVID- 19 in this vulnerable patient group.

INTRODUCTION

COVID- 19 is a novel, multisystem infectious disease caused 
by SARS– CoV- 2. COVID- 19 is associated with a broad spec-
trum of clinical severity (1), ranging from asymptomatic disease 
to severe respiratory failure and death. In March 2020, the World 
Health Orga nization (WHO) characterized COVID- 19 as a global 

pandemic (2), prompting considerable concerns from health care 
systems worldwide about their resilience to manage this threat. 
Critical care service capacity was, and remains, a global priority.

Systemic vasculitis is a rare, multisystem autoimmune dis-
order. Compared to other rheumatic musculoskeletal diseases, 
it may result in major organ dysfunction and is therefore typi-
cally managed with more potent immunosuppressive therapy and 
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higher doses of glucocorticoids in order to induce and maintain 
disease remission. While this therapeutic approach success-
fully manages vasculitis activity, glucocorticoid exposure contrib-
utes, in part, to the increased risk of infection in these patients 
(3,4). Thus, although risk factors associated with poor outcomes 
from COVID- 19 in this population are unknown, there is an 
assumption that these patients are at a high risk.

The RECOVERY trial has demonstrated a benefit of moderate- 
dose glucocorticoids in hospitalized general population patients 
with COVID- 19 who require supplemental oxygen or mechanical 
ventilation, but showed potential harm when used in milder disease 
(5). Given these paradoxical effects, it is unknown whether chronic 
background glucocorticoid exposure makes patients more suscep-
tible to severe COVID- 19 infection or whether it might be protective.

We report the results of a coordinated binational effort to 
identify the predictors of a severe outcome in the largest reported 
cohort of systemic vasculitis patients infected with COVID- 19.

PATIENTS AND METHODS

Study design. A registry- based multicenter cohort was 
designed to facilitate rapid real- world data capture. Centers affil-
iated with the UK and Ireland Vasculitis Registry (UKIVAS; www.
ukivas.org/) and the Irish Rare Kidney Disease Registry (RKD; 
www.tcd.ie/medic ine/thkc/resea rch/rare.php) were invited to con-
tribute. UKIVAS covers 89 sites; RKD covers 8 sites across Ire-
land. Participating centers represent both secondary and tertiary 
centers across the UK and Ireland, resulting in a broad population 
sampling frame. A vasculitis- focused COVID- 19 case report form 
was developed, underpinned by standardized BioPortal ontolo-
gies (e.g., SNOMED CT) (6) and interoperable with other emerging 
data sets, such as the COVID- 19 Global Rheumatology Alliance 
(GRA) (7), thereby facilitating future international data linkage as 
the COVID- 19 pandemic progresses. This enables compatibility 
of these data with the principles of the global GO- FAIR initiative 
(8). Additional modules of the UKIVAS and RKD web apps were 
developed to support data capture.

Study population. Patients were eligible for case submis-
sion if they had a diagnosis of systemic vasculitis and COVID- 19 
(laboratory, radiologic, or clinical). The diagnosis of vasculitis was 
determined by the local specialist clinician, according to the Inter-
national Chapel Hill Consensus Conference nomenclature of vas-
culitides (9). Recruitment commenced on March 28, 2020 and is 
ongoing. For this analysis, the final case was submitted on July 
31, 2020. The population sampling frame consisted of individuals 
under the clinical care of sites associated with the UKIVAS and 
RKD registries. At the end of July 2020, there were 795 patients 
in the RKD registry and ~7,400 patients in the UKIVAS registry, 
with 4 patients enrolled in both. In the UK, the Health Research 
Authority decision tool determined that ethics approval was not 
required, and the local sponsor confirmed the project as a service 

evaluation (R&D reference no. GN20RH165). RKD registry ethics 
approval was originally granted by the Tallaght University Hospital/
St. James’s Hospital Joint Research Ethics Committee (reference 
no. 2019- 08 List 29 [07]). All RKD participants provided informed 
consent. Additional approvals were not required.

Study variables. Variables included potential predictors 
of severe outcomes. The selection of predictive variables was 
informed by emerging risk factors for COVID- 19 disease severity 
in other populations (10,11). These included age, sex, ethnicity, 
smoking status, comorbid conditions, immunosuppressive treat-
ment for vasculitis, and vasculitis disease activity. Among the 
comorbid conditions, respiratory disease refers to non– vasculitis- 
related lower respiratory tract disease, though it is possible that 
some patients had coexistent vasculitis- related respiratory dis-
ease. Intravenous immunosuppressive therapy was considered to 
be “current” if the assessing clinician determined that the therapy 
was likely to exert a biologic effect at the time of COVID- 19 diag-
nosis; specific definitions were not provided.

Vasculitis disease activity was determined according to 
global clinician assessment. Outcome data included complica-
tions, such as acute kidney injury (AKI), respiratory failure and 
vasopressor requirement, and death. To enable interoperability, 
the standardized outcomes (grade range 1– 8) from the COVID- 19  
GRA case reporting form were used (see Supplementary Table 1,  
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41728/ abstract) (10). A severe 
outcome was defined as a composite of requirement for advanced 
oxygen therapy (such as noninvasive ventilation or high- flow oxy-
gen device), requirement for invasive ventilation, or death. Dates of 
hospital and intensive care unit (ICU) admission and discharge were 
collected in order to derive length of stay. Other variables were col-
lected to characterize the clinical features of COVID- 19 in patients 
with vasculitis. These included symptoms, laboratory tests, and 
radiology results. Reporting clinicians were asked to indicate which 
of these variables contributed to diagnosis.

Statistical analysis. Continuous variables are described as 
the median and interquartile range (IQR). Categorical variables are 
described as the number and percentage of patients. Associations 
between various explanatory variables and the odds of severe 
outcomes were determined. Unadjusted and age/sex- adjusted 
logistic regression models were individually calculated for each 
explanatory variable and reported as odds ratios (ORs), P values, 
and 95% confidence intervals (95% CIs). The adjusted ORs for 
age and sex were derived from a single logistic regression model 
which included age and sex only. When a potential interaction 
could account for a positive finding, logistic regression model-
ing incorporating the explanatory and interacting variables was 
used. Sensitivity analyses were performed in the event that any 
effects may have been different in an important subgroup. Missing 
data were acknowledged in the relevant tables. P values less than 

http://www.ukivas.org/
http://www.ukivas.org/
http://www.tcd.ie/medicine/thkc/research/rare.php
http://onlinelibrary.wiley.com/doi/10.1002/art.41728/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41728/abstract
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0.05 were considered significant. R (version 4.0.2) was used for 
data analysis with packages including tidyverse and finalfit.

RESULTS

In total, 65 patients with an established diagnosis of sys-
temic vasculitis who developed COVID- 19 were registered. Fifty- 
eight patients were submitted to the UKIVAS registry, and 7 were 
submitted to the RKD registry, with no duplicate submissions.

Baseline characteristics. The median age was 70 years 
(IQR 55– 76 years) and 49% of the patients were female (Table 1). 
The majority of patients (55 of 65 [85%]) had antineutrophil cyto-
plasm antibody– associated vasculitis (AAV): of these, 24 patients 

(44%) had granulomatosis with polyangiitis, 25 patients (45%) 
had microscopic polyangiitis, and 6 patients (11%) had eosino-
philic granulomatosis with polyangiitis. The characteristics of AAV 
patients were broadly similar to those of the full cohort (data not 
shown). Thirty- two patients (49%) were assessed as having con-
current active disease. Fifteen patients (23%) were suspected 
to have contracted COVID- 19 through a health care setting; of 
these, 9 patients (60%) had some degree of active vasculitis. In 
one case, COVID- 19 was considered to have increased disease 
activity. For the remaining patients, COVID- 19 was not perceived 
to have altered or induced disease activity.

Forty- seven patients (72%) were diagnosed by polymerase 
chain reaction (PCR) testing, 3 patients (5%) did not have PCR- 
confirmed disease but had radiologic evidence of disease, and 3 

Table 1. Baseline characteristics of the study patients (n = 65)*

Characteristic Value Characteristic Value
Age, median (IQR) years 70 (55– 76) Vasculitis, active disease 32 (49.2)
Female sex 32 (49.2) Vasculitis disease duration,  

median (IQR) years
2.2 (0.76– 6.8)

Ethnicity Current immunosuppressive therapy
Asian 7 (10.8) Any immunosuppressive therapy 56 (86.2)
Black 1 (1.5) Any immunosuppressive therapy 

and GCs
43 (66.2)

White 46 (70.8) Azathioprine 12 (18.5)
Not stated 6 (9.2) GCs (any dose) 45 (69.2)
Missing data 5 (7.7) Prednisone 1.0– 5.0 mg/day 19 (29.2)

Smoking status Prednisone ≥5.1 mg/day 26 (40.0)
Current 3 (4.6) Unknown/missing data 2 (3.1)
Former 15 (23.1) CYC 10 (15.4)
Never 26 (40.0) HCQ 4 (6.2)
Unknown/missing data 21 (32.3) IVIG 1 (1.5)

Comorbidities MMF 11 (16.9)
Vasculitis† Rituximab 22 (33.8)

GPA (or PR3 AAV) 24 (36.9) Tacrolimus 4 (6.2)
MPA (or MPO AAV) 25 (38.5) Other medications
EGPA 6 (9.2) ACE inhibitors 9 (13.8)
LVV 2 (3.1) ARB 8 (12.3)
Behçet’s disease 1 (1.5) NSAIDs 2 (3.1)
PAN 1 (1.5) Unknown/missing data 5 (7.7)
Other 5 (7.7) Laboratory tests, median (IQR)
Unknown/missing data 1 (1.5) Creatinine, μmoles/liter¶ 127 (69– 204)

Diabetes 13 (20.0) CRP, mg/liter 99 (44– 149)
Hypertension 25 (38.5) Lymphocytes, ×109/liter 0.7 (0.4– 0.9)
CVD 17 (26.2) Method used for COVID- 19 diagnosis
Respiratory disease‡ 13 (20.0) PCR 47 (72.3)
Renal disease 30 (46.2) Radiologic 3 (4.6)
End- stage kidney disease§ Symptoms only 3 (4.6)

Yes 17 (26.2) Unknown/missing data 12 (18.5)
No 46 (70.8)
Unknown/missing data 2 (3.1)

Organ transplant 3 (4.6)
* Except where indicated otherwise, values are the number (%) of patients. IQR = interquartile range; GPA = granulomatosis with polyangiitis; 
PR3 = proteinase 3; AAV = antineutrophil cytoplasmic antibody– associated vasculitis; MPA = microscopic polyangiitis; MPO = myeloperoxidase; 
EGPA = eosinophilic granulomatosis with polyangiitis; LVV = large vessel vasculitis; PAN = polyarteritis nodosa; CVD = cardiovascular disease;  
GCs = glucocorticoids; CYC = cyclophosphamide; HCQ = hydroxychloroquine; IVIG = intravenous immunoglobulin; MMF = mycophenolate mofetil; 
ACE = angiotensin- converting enzyme; ARB = angiotensin II receptor blocker; NSAIDs = nonsteroidal antiinflammatory drugs; CRP = C- reactive 
protein; PCR = polymerase chain reaction. 
† Other vasculitis diagnoses include IgA vasculitis, leukocytoclastic vasculitis, and unspecified vasculitis. 
‡ Refers to non– vasculitis- related lower respiratory tract disease, though it is possible that some patients had coexistent vasculitis- related 
respiratory disease. 
§ Includes 13 patients receiving hemodialysis, 3 kidney transplant recipients, and 1 patient with sustained stage 5 chronic kidney disease. 
¶ Excludes patients receiving hemodialysis. 
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patients (5%) were diagnosed by clinical presentation only (Table 1). 
Data on diagnostic testing were unknown/missing for 12 patients 
(19%). The characteristics of those diagnosed by PCR testing 
were broadly similar to the full cohort (data not shown).

Most patients were receiving background glucocorticoids 
(45 of 65 [69%]) at the time of COVID- 19 diagnosis. Nineteen 
patients (29%) were receiving the equivalent of ≤5 mg pred-
nisone, and 26 patients (40%) were receiving >5 mg. For those 
receiving background glucocorticoids, the median dose was the 
equivalent of 7.5 mg prednisone daily (IQR 5– 25 mg). Twenty- 
two patients (34%) and 10 patients (15%) had recently been 
treated with rituximab and cyclophosphamide, respectively 
(Table 1).

Symptom frequency. The most common symptoms 
among the included patients were dyspnea (41 of 65 [63%]), fever 
(38 of 65 [58%]), and cough (37 of 65 [57%]) (Figure 1). Full data 
on symptoms were missing for 2 patients. Hemoptysis occurred 
in 3 patients (5%), and epistaxis occurred in 3 individuals (5%); 
of these, 1 patient had both epistaxis and hemoptysis. Of note, 
some of these patients had ongoing disease activity prior to COV-
ID- 19 diagnosis.

Complication frequency. Respiratory failure was the most 
commonly reported complication among patients (35 of 65 [54%]), 
followed by AKI (12 of 65 [18%]) and secondary infection (10 of 
65 [15%]) (Figure 2). Full data on complications were missing for 
10 patients.

Clinical outcomes. Almost all patients required hospital-
ization (59 of 65 [91%]); 7 patients (11%) were admitted to an 
ICU, and 18 patients (28%) died (Table 2). The median length 
of hospital stay for discharged patients was 11 days (IQR 5– 27 

days). A severe outcome was experienced by 25 of 65 patients 
(38%).

Predictors of severe outcomes. Patients with comorbid 
respiratory disease were more likely to experience a severe out-
come than those without (adjusted OR 7.5 [95% CI 1.9– 38.2]; 
P = 0.006), as were those who had been receiving glucocorticoids 
(adjusted OR 3.7 [95% CI 1.1– 14.9]; P = 0.047) (Table 3). Glu-
cocorticoid exposure remained a poor prognostic indicator even 
after adjusting for vasculitis disease activity (data not shown). A 
sensitivity analysis including only patients with a confirmed PCR 
diagnosis (n = 47) was performed, which demonstrated effect 
sizes consistent with these findings; this was statistically sig-
nificant for comorbid respiratory disease but not for glucocorti-
coid exposure (data not shown). A sensitivity analysis was also 
performed for individuals with AAV (n = 55) with a similar result. 
There was insufficient power to assess the association between 
glucocorticoid dose and poor outcome. Similarly, there was insuf-
ficient power to assess for differences between common nonglu-
cocorticoid immunosuppressive agents. Associations were not 
demonstrated for any demographics, other comorbid conditions, 
vasculitis diagnosis, vasculitis disease activity, or nonglucocorti-
coid immunosuppressant medication.

DISCUSSION

This multicenter study includes the largest cohort of patients 
with systemic vasculitis who have developed COVID- 19 to date. 
It identifies comorbid respiratory disease and background gluco-
corticoid therapy as significant predictors of a severe outcome, 
defined as a need for advanced oxygen therapy or invasive ven-
tilation, or death. Routinely used nonglucocorticoid immunosup-
pressants, such as rituximab and cyclophosphamide, were not 
associated with a severe outcome, nor was vasculitis disease 
activity.

Glucocorticoids have pleotropic immunologic effects and are 
generally considered risk factors for infections (12). Glucocorti-
coids at high doses have been associated with prolonged viral 
shedding, with a similar effect being observed in other corona-
viruses (13,14). That glucocorticoids are associated with worse 
COVID- 19 disease outcomes is consistent with findings from 

Figure 2. Frequency of patient complications. ARDS = acute 
respiratory distress syndrome.
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Figure 1. Frequency of patient symptoms at initial presentation.
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across the rheumatic autoimmune spectrum, as demonstrated by 
the COVID- 19 GRA study (10). Our point estimate for the asso-
ciation of any glucocorticoid dose with severe outcomes (OR 3.7 

[95% CI 1.09– 14.9]) was comparable to that of the COVID- 19 
GRA evaluation of steroids equivalent to ≥10 mg prednisone per 
day (OR 2.05 [95% CI 1.06– 3.96). The confidence interval for this 
finding is relatively wide, and thus, it remains to be determined if 
there is a dose threshold at which risk commences.

The association between glucocorticoids and severe out-
comes may appear to conflict with findings from the RECOVERY 
trial (5). This trial demonstrated that low- dose dexamethasone had 
a substantial survival benefit in patients hospitalized with  COVID- 19. 
However, the groups that benefited in RECOVERY were those 
requiring supplemental oxygen, with the greatest benefit derived 
in those requiring mechanical ventilation. In fact, the point estimate 
for patients not requiring oxygen suggested that glucocorticoids 
could be associated with increased mortality, though this was not 
a statistically significant finding (5). Therefore, prior to requiring oxy-
gen, it may be that glucocorticoids are deleterious, as observed in 
this and other studies of autoimmune disease (15). Our finding that 
comorbid respiratory disease (most commonly chronic obstruc-
tive pulmonary disease, asthma, and interstitial lung disease) was 
associated with severe disease outcomes was consistent with 
a recent general population meta- analysis (16). Among some 

Table 2. COVID- 19 disease outcomes in the study patients (n = 65)*
Hospitalization 59 (90.8)
ICU admission

Yes 7 (10.8)
No 49 (75.4)
Unknown/missing data 9 (13.8)

Graded outcome (grade no.)
Not hospitalized, no limitations on activities (1) 2 (3.1)
Not hospitalized, limitation on activities (2) 3 (4.6)
Hospitalized, not requiring supplemental oxygen (3) 9 (13.8)
Hospitalized, requiring supplemental oxygen (4) 25 (38.5)
Hospitalized, on noninvasive ventilation or high- flow 

oxygen devices (5)
4 (6.2)

Hospitalized, on invasive mechanical ventilation or ECMO (6) 3 (4.6)
Death (7) 18 (27.7)
Unknown/missing data (8) 1 (1.5)

Length of hospital stay, median (IQR) days 11 (5– 27)
Length of hospital stay, unknown/missing data 40 (61.5)

* Except where indicated otherwise, values are the number (%) of 
patients. ICU = intensive care unit; ECMO = extracorporeal membrane 
oxygenation. 

Table 3. Unadjusted and adjusted ORs for potential risk factors and association with severe outcomes*

No. of severe 
outcomes/  

no. of cases (%)
Unadjusted OR 

(95% CI)
Adjusted OR 

(95% CI)
Female 13/26 (50) 1.04 (0.51– 2.10) 1.05 (0.52– 2.13)
Age – 1.01 (0.98– 1.05) 1.01 (0.98– 1.05)
Vasculitis diagnosis

GPA (referent: not GPA) 12/24 (50) 1.71 (0.62– 4.81) 2.19 (0.68– 7.63)
MPA (referent: not MPA) 7/25 (28) 0.53 (0.17– 1.52) 0.43 (0.13– 1.36)

Comorbidities (referent: individual comorbidity 
not present)

Hypertension 12/25 (48) 1.46 (0.71– 3.04) 1.39 (0.64– 3.04)
CVD 8/17 (47) 1.32 (0.59– 2.93) 1.08 (0.52– 2.23)
Respiratory disease 10/13 (77) 7.50 (1.99– 36.94) 7.53 (1.93– 38.22)†
Diabetes 6/13 (46) 1.25 (0.51– 2.99) 1.20 (0.48– 2.92)
Renal disease 12/30 (40) 1.00 (0.49– 2.03) 1.05 (0.52– 2.14)
End- stage kidney disease 6/17 (35) 0.85 (0.25– 2.65) 0.77 (0.22– 2.48)

Smoking status
Ever smoker (referent: never) 9/18 (50) 2.25 (0.65– 8.05) 2.33 (0.62– 9.28)

Immunosuppressive therapy
Any immunosuppressive therapy (referent: not 

receiving immunosuppressive therapy)
24/55 (44) 3.10 (0.70– 21.79) 3.66 (0.77– 27.29)

GCs (referent: no prednisone)
Prednisone (any dose) 22/45 (49) 3.35 (1.02– 13.2) 3.66 (1.09– 14.9)‡
Prednisone 1.0– 5.0 mg/day 10/19 (53) 3.89 (0.98– 17.93) 3.76 (0.91– 18.02)
Prednisone ≥5.1 mg/day 12/26 (46) 3.00 (0.82– 12.86) 3.32 (0.86– 15.35)

Other immunosuppressive therapy
Azathioprine (referent: not receiving azathioprine) 6/12 (50) 1.65 (0.46– 5.97) 1.57 (0.42– 5.85)
CYC (referent: not receiving CYC) 5/10 (50) 1.62 (0.41– 6.48) 1.83 (0.44– 7.76)
Rituximab (referent: not receiving rituximab) 9/22 (41) 1.06 (0.36– 3.01) 1.25 (0.40– 3.90)

* A severe outcome was defined as a composite of requirement for advanced oxygen therapy (such as noninvasive 
ventilation or high- flow oxygen device), requirement for invasive ventilation, or death. A separate logistic regression 
model including sex and age as a continuous variable was calculated for each explanatory variable. The adjusted models 
for age and sex were derived from a single logistic regression model which included sex and age as a continuous variable. 
OR = odds ratio; 95% CI = 95% confidence interval (see Table 1 for other definitions). 
† P < 0.00645. Respiratory disease refers to non– vasculitis- related lower respiratory tract disease, though it is possible 
that some patients had coexistent vasculitis- related respiratory disease. 
‡ P < 0.047. 
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patients with chronic lung disease, enhanced re spiratory tract 
angiotensin- converting enzyme 2 expression, the principal bind-
ing site for COVID- 19 cell entry, is a possible explanation for this 
association (10). Consistent with findings from the COVID- 19 GRA 
study, we did not find an association of adverse disease outcomes 
with other immunosuppressive agents (17). This is reassuring, 
as current guidance emphasizes the importance of maintaining 
immunosuppressive therapy among uninfected patients due to 
concerns of destabilizing disease control (18).

This cohort represents a severely affected group, as reflected 
by the very high proportion of hospitalization (91%). The mortality 
rate of 28% is similar to that reported in the largest UK study of 
hospitalized patients carried out by the International Severe Acute 
Respiratory and emerging Infections Consortium (ISARIC) WHO 
Clinical Characterisation Protocol UK (CCP- UK) group, in which 
26% of patients died (18). Age, sex, and symptom distribution were 
also broadly similar to the ISARIC WHO CCP- UK study. The most 
common symptoms, in that cohort and ours, were those that have 
been the most prominent in the case definition: breathlessness, 
fever, and cough. Both active pulmonary vasculitis and COVID- 19 
are recognized causes of hemoptysis (18,19). In the ISARIC WHO 
CCP- UK group, 3.5% of patients experienced this symptom, com-
pared to 3 patients (4.8%) in our cohort. None were thought to 
have diffuse alveolar hemorrhage, as assessed by the responding 
clinician. Differentiating COVID- 19 from active pulmonary vasculitis 
remains a challenge, and indeed these presentations may coexist. 
Ensuring that these diagnoses are considered when a patient with 
vasculitis presents with hemoptysis remains of high importance.

A large proportion of patients (49%) had concurrent active vas-
culitis. A considerable proportion of these patients were believed to 
have contracted COVID- 19 from a health care setting. Notably, the 
onset of vasculitis disease activity preceded COVID- 19 infection in 
almost all cases. However, it is unknown whether COVID- 19 may 
trigger vasculitis activity in the longer term. The emergence of pedi-
atric multisystem inflammatory syndrome temporally associated 
with SARS– CoV- 2, a condition bearing strong similarities to Kawa-
saki disease, is a potential example of SARS– CoV- 2 triggering 
autoimmune vasculitis, though the pathogenesis is not currently 
understood (20). We did not find evidence of vasculitis being trig-
gered in the short term. Longitudinal studies will seek to address 
this question. The prevalence of active disease in this cohort was 
higher than expected— previous cross- sectional UK studies have 
shown disease activity prevalence at ~20% (21). Although disease 
activity was not associated with worse outcomes, it may be that 
patients with unstable disease are more vulnerable to contracting 
COVID- 19. Physician or patient- led reduction in immunosuppres-
sive treatment, in a bid to limit the impact of COVID- 19, is another 
potential reason accounting for a high proportion of disease activ-
ity. Due to the study design, our data are limited in the extent to 
which they can answer this question.

Ascertainment bias is likely to have affected this study. Given 
that most patients were hospitalized, it is likely that patients 

with milder disease were not identified. The number of PCR- 
diagnosed COVID- 19 patients in our study as a proportion of the 
combined UKIVAS and RKD populations was similar to the pro-
portion of UK cases relative to the UK population for a comparable 
time period (22). However, due to the study design, it is not pos-
sible to derive incidence rates. Patients with vasculitis may have 
been more likely to contract COVID- 19 due to risk factors such as 
immunosuppressive therapy and the need to attend health care 
facilities; therefore, ascertainment bias remains possible.

There was a high preponderance of small vessel vasculitis 
(SVV) in this study compared to giant cell arteritis (GCA). Although 
it is a more common condition, patients with GCA are typically 
older and may have adopted stricter self- isolation restrictions 
(according to national guidance). In addition, SVV may have pre-
dominated due to a disproportionate number of renal depart-
ments, compared to rheumatology centers, represented in the 
UKIVAS registry. Due to a large majority of patients in this study 
having SVV, the extent to which its findings can be generalized to 
other vasculitides is limited. Other limitations of this study include 
a relative lack of power. As a result, our analyses may not detect 
some clinically significant effects, and, conversely, the risk of 
spurious findings is higher. Similarly, due to the limited number 
of events, our ability to control for multiple potential confounding 
factors was limited. Due to the heterogeneous immunobiology, 
phenotypes, and management approaches of systemic vasculi-
tis, it is possible that individual disorders may incur different risks; 
due to insufficient power, we were limited in the extent to which 
this could be examined.

This study is the first to describe a cohort of vasculitis patients 
with COVID- 19. The clinical presentation of COVID- 19 was simi-
lar to descriptions in large series of patients without autoimmune 
disease. Glucocorticoids were associated with an increased risk 
of severe outcomes, but other immunosuppressants were not. 
Patients with autoimmune disease have been considered vulnera-
ble during the COVID- 19 pandemic, and many governments have 
instructed that they adhere to exceptional social isolation restric-
tions. While patients with systemic vasculitis remain at a higher risk 
for severe outcomes, these data indicate that some patients may 
not need to face similar restrictions in the future if other known 
risk factors are absent. Conversely, patients who are receiving 
background glucocorticoids or have comorbid respiratory disease 
should be closely monitored when presenting with COVID- 19, 
since their risk of progression to a severe state appears to be 
higher (11). This study primarily describes a cohort of hospitalized 
patients and is thus more likely to reflect severe COVID- 19 dis-
ease. Future work should seek to establish risk factors for severe 
disease in a wider population. Comparisons with controls who did 
not contract COVID- 19 would allow for assessment of incidence 
and risk factors for contracting COVID- 19.

Taken together with findings from other cohorts exposed to 
immunosuppressant medication, these data could inform future 
public health guidance for patients with autoimmune disease. 
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These data were designed to be interoperable with other national 
data sets. Future work should seek to combine international 
efforts to allow for greater power to assess the factors that impact 
this potentially vulnerable group.
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Regulation of Monocyte Adhesion and Type I Interferon 
Signaling by CD52 in Patients With Systemic Sclerosis
Michał Rudnik,1  Filip Rolski,2 Suzana Jordan,1 Tonja Mertelj,3 Mara Stellato,1 Oliver Distler,1

Przemysław Blyszczuk,4 and Gabriela Kania1

Objective. Systemic sclerosis (SSc) is characterized by dysregulation of type I interferon (IFN) signaling. CD52 is 
known for its immunosuppressive functions in T cells. This study was undertaken to investigate the role of CD52 in 
monocyte adhesion and type I IFN signaling in patients with SSc.

Methods. Transcriptome profiles of circulating CD14+ monocytes from patients with limited cutaneous SSc 
(lcSSc), patients with diffuse cutaneous SSc (dcSSs), and healthy controls were analyzed by RNA sequencing. 
Levels of CD52, CD11b/integrin αΜ, and CD18/integrin β2 in whole blood were assessed by flow cytometry. CD52 
expression was analyzed in relation to disease phenotype (early, lcSSc, dcSSc) and autoantibody profiles. The impact 
of overexpression, knockdown, and antibody blocking of CD52 was analyzed by gene and protein expression assays 
and functional assays.

Results. Pathway enrichment analysis indicated an increase in adhesion-  and type I IFN– related genes in monocytes 
from SSc patients. These cells displayed up- regulated expression of CD11b/CD18, reduced expression of CD52, 
and enhanced adhesion to intercellular adhesion molecule 1 and endothelial cells. Changes in CD52 expression 
were consistent with the SSc subtypes, as well as with immunosuppressive treatments, autoantibody profiles, and 
monocyte adhesion properties in patients with SSc. Overexpression of CD52 led to decreased levels of CD18 and 
monocyte adhesion, while knockdown of CD52 increased monocyte adhesion. Experiments with the humanized 
anti- CD52 monoclonal antibody alemtuzumab in blood samples from healthy controls increased monocyte adhesion 
and CD11b/CD18 expression, and enhanced type I IFN responses. Monocytic CD52 expression was up- regulated by 
interleukin- 4 (IL- 4)/IL- 13 via the STAT6 pathway, and was down- regulated by lipopolysaccharide and IFNs α, β, and 
γ in a JAK1 and histone deacetylase IIa (HDAC IIa)– dependent manner.

Conclusion. Down- regulation of the antiadhesion CD52 antigen in CD14+ monocytes represents a novel 
mechanism in the pathogenesis of SSc. Targeting of the IFN– HDAC– CD52 axis in monocytes might represent a new 
therapeutic option for patients with early SSc.

INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune disorder with 
a severe and chronic phenotype. The primary characteristics 
include microvasculopathy, systemic inflammation, and multiple 
organ involvement. The etiology of the disease remains unknown; 
however, microvasculature damage followed by infiltration of 

immune cells, including monocytes, has been recognized as a 
primary pathogenic event (1,2).

Monocytes fundamentally contribute to tissue homeosta-
sis, protection of organisms, and both promotion and resolution 
of inflammation. As a part of the innate immune response, they 
protect from infections in which inflammatory cytokines are pro-
duced, and they coordinate the adaptive immune response (3,4). 
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Monocytes play a pivotal role in the pathogenesis of SSc by con-
tributing to extracellular matrix deposition and by producing proin-
flammatory and profibrotic factors. In disease, monocytes migrate 
from the circulation through the endothelium, and differentiate into 
specialized cells such as monocyte- derived macrophages, den-
dritic cells, and fibroblast- like cells (5).

Transmigration of monocytes is a strictly regulated pro-
cess requiring a series of interactions between the endothe-
lium and monocytes. Initially, activated endothelial cells present 
adhesion molecules, including E- selectin, P- selectin, intercellular 
adhesion molecule 1 (ICAM- 1), vascular cell adhesion molecule 1 
(VCAM- 1), and chemokines on the luminal surface of the vessel 
(6,7). Selectins interact with P- selectin glycoprotein ligand 1, which 
is expressed by monocytes, thus enabling the monocytes to roll 
on the endothelium. Firm adhesion to endothelium is dependent 
on CCL2 and CXCL8 chemokines and their receptors (CCR2, 
CXCR1, and CXCR2) (8). Monocytes then crawl toward favorable 
sites of extravasation via β2 integrins, mainly lymphocyte function– 
associated antigen 1 (αLβ2 integrin or CD11a/CD18) and Mac- 1 
(αMβ2 integrin or CD11b/CD18) (9). Eventually, monocytes need 
to migrate through a monolayer of endothelial cells, the base-
ment membrane, and pericytes. β2 integrin forms complexes 
with 4 partners (CD11a– d), and these complexes are involved in 
adhesion and migration, phagocytosis, and cell– cell interactions in 
a variety of circumstances (10).

CD52 is a small glycosylphosphatidylinositol- anchored pro-
tein that is composed of a 12– amino acid scaffold peptide and 
an N- linked complex glycan. It is highly expressed on T cells and 
B cells and, to a lower extent, on monocytes, macrophages, 
and dendritic cells (11). The Fc fusion chimeric form of the CD52 
protein (CD52- Fc) impairs phosphorylation of the T cell receptor– 
associated kinases Lck and Zap70, thereby limiting T cell activation 
(12). Moreover, recombinant CD52- Fc suppresses innate immunity 
by limiting Toll- like receptor– induced NF- κB activation, followed by 
reduced inflammatory cytokine production and apo ptosis. CD52 
was initially discovered as an antigen of a lymphocyte- depleting 
rat antibody (trade name Campath). The humanized form, alemtu-
zumab, has been approved as a monoclonal antibody treatment 
for lymphocytic leukemia, T cell lymphomas, and multiple scle-
rosis. Treatment with alemtuzumab depletes lymphocytes by 
antibody- dependent, cell- mediated cytotoxicity mechanisms (13), 
leading to beneficial reconstitution of the immune system (14), and 
yet this treatment can induce autoimmunity (15).

Similar to other autoimmune diseases, SSc is associated with 
an interferon (IFN) gene signature, which is characterized by higher 
expression of IFN- stimulated genes in response to IFNs (mainly, 
IFNα) (16). Both type I and type II IFNs interact with members of 
the JAK family, leading to the phosphorylation of STAT transcription 
factors and expression of target genes (17). It is suggested that type 
I IFNs have a pathogenic role in SSc by promoting antigen presenta-
tion, lymphocyte responses, and chemokine production (18).

Histone deacetylases (HDACs) are a family of epige-
netic modifiers that have been implicated in regulation of the 
inflammatory responses of immune cells. HDACs mediate their 
biologic activity via diverse molecular mechanisms, including 
through the direct inhibition of gene transcription or, indirectly, 
through modulation of nuclear transcription factors such as NF- 
κB and STATs (19).

In the present study, we investigated the pro- adhesive phe-
notype of CD14+ monocytes in the blood of patients with SSc 
and described the role of CD52 in the regulation of adhesion and 
IFN responses in monocytes. Moreover, we explored the regula-
tory mechanisms of CD52 expression and identified the involve-
ment of HDACs in that process.

PATIENTS AND METHODS

SSc patients and healthy controls. Collection of blood 
and skin biopsy samples from patients with SSc and healthy 
controls was approved by the local ethics committee of the 
Zurich Canton (approval nos. KEK- ZH 515, PB- 2016- 02014, 
and KEK- Nr. 2018- 01873). All study subjects provided written 
informed consent.

SSc patients and healthy controls were recruited at the 
 Department of Rheumatology of University Hospital Zurich. 
Patients were diagnosed as having SSc by rheumatologists. 
Patients who had Raynaud’s syndrome and a least one other 
SSc characteristic, such as SSc- specific antibodies, capillaros-
copy changes characteristic of SSc, and/or puffy fingers, but 
who did not fulfill the American College of Rheumatology/Euro-
pean Alliance of Associations for Rheumatology (ACR/EULAR) 
2013 classification criteria for SSc, were grouped as having early 
SSc. Patients fulfilling the ACR/EULAR 2013 criteria for SSc (20) 
were further divided into those with limited cutaneous SSc (lcSSc) 
and those with diffuse cutaneous SSc (dcSSc), according to the 
definitions of Le Roy et al (21). Details on the demographic and 
clinical characteristics of the SSc patients are listed in Supplemen-
tary Table 1 (available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41737/ abstract). 
Healthy control subjects (n = 16) were subjects without SSc who 
were age-  and sex- matched to the patients (mean ± SD age 
46.2 ± 5.4 years, 12 women [75%]).

Blood samples were collected in EDTA tubes (BD Vacutainer) 
and processed within 24 hours. For flow cytometry analysis, red 
blood cell lysis with fixation was performed, and samples were 
cryopreserved until analyzed. Peripheral blood mononuclear cells 
were isolated by gradient centrifugation on cell separation medium 
(Lympholyte; Cedarlane), followed by magnetic- activated cell sort-
ing for CD14 using human microbeads (Miltenyi Biotec). Mono-
cytes were directly analyzed or further cultured in RPMI medium 
with 10% fetal bovine serum and 1% penicillin/streptomycin 
(Gibco).

http://onlinelibrary.wiley.com/doi/10.1002/art.41737/abstract
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Statistical analysis. Statistical analysis was performed 
using GraphPad Prism version 8 and SPSS software. Data dis-
tribution was calculated using the Shapiro- Wilk test. For normally 
distributed data, values are the mean ± SD, with unpaired 2- tailed 
parametric t- tests used for comparison between 2 groups. 
For non– normally distributed data, values are the median, with 
unpaired nonparametric Mann- Whitney U tests used for compar-
ison between 2 groups. For comparisons of >2 groups, 2- way 
analysis of variance with testing for multiple comparisons (for nor-
mally distributed data) and Kruskal- Wallis test with testing for mul-
tiple comparisons (for non– normally distributed data) were used. 
Pearson’s correlation analysis was used for assessing correlations 
between the expression of CD52 and adhesion of monocytes. 
Differences were considered statistically significant at P values 
less than 0.05. More detailed information on the materials and  
methods used for the study is provided in the Supplementary 
Methods (available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41737/ abstract).

Data availability statement. All data are available from 
the corresponding author upon request. The RNA- sequencing 
data sets for this study can be found in the Gene Expression 
Omnibus (accession no. GSE15 7840).

RESULTS

Wide range of changes in the transcriptome of 
peripheral blood monocytes in patients with SSc. For 
RNA- sequencing analyses, we sorted CD14+ monocytes from 
the peripheral blood of patients with lcSSc, patients with dcSSc, 
and healthy controls (Figure 1 and Supplementary Figure 1 [avail-
able on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41737/ abstract]). The demo-
graphic and clinical characteristics of the SSc patients and healthy 
controls are shown in Supplementary Table 2 (http://onlin elibr ary.
wiley.com/doi/10.1002/art.41737/ abstract).

Pairwise comparisons of the RNA transcriptome profiles 
between patients with SSc and healthy controls showed signifi-
cant alterations in gene expression. Specifically, we detected 225 
genes that were differentially expressed in patients with lcSSc 
(160 up- regulated and 65 down- regulated) and 1,440 genes that 
were differentially expressed in patients with dcSSc (1,076 up- 
regulated and 364 down- regulated) compared to healthy con-
trols (P ≤ 0.01, log2 P ≥ 0.5) (see Supplementary Methods and 
Supplementary Figures 1A and B, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41737/ abstract).

To unravel which biologic processes are dysregulated in 
SSc monocytes, we performed pathway enrichment analyses. 
We observed a significant enrichment of functional pathways that 
are critical for the infiltration of monocytes into the tissue, such 
as the chemotaxis and adhesion pathways (Figure 1A and Sup-
plementary Figure 2 [available on the Arthritis & Rheumatology 

website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41737/ 
abstract]). Among the genes implicated in those processes, we 
observed higher expression of the chemokines CCL2 and CCL3, 
the chemokine receptors CXCR1 and CXCR2, the adhesion mol-
ecules SELPLG and integrin β2 (ITGB2, CD18), and the kinases 
MAPK11 and PTK2. Furthermore, the expression of CD52 was 
down- regulated in SSc monocytes (Figure 1B).

Correlation of monocytic CD52 expression with SSc 
disease subtype. Considering the prominent enrichment of 
adhesion pathways in SSc monocytes, we next assessed the 
protein levels of CD52 and the adhesion- related integrins CD11b 
and CD18 (Figure 1C and Supplementary Figure 3 [available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41737/ abstract]). Flow cytometry analysis 
of the whole blood from patients with SSc confirmed the down- 
regulation of CD52, and showed that the levels of CD11b and 
CD18 were elevated in CD14+ monocytes from patients with SSc.

In addition, the subdivision of SSc patients into early SSc, 
lcSSc, and dcSSc subgroups revealed a significant decrease in 
CD52 expression in those with early SSc and those with lcSSc 
(Supplementary Figure 4A, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/art.  
41737/ abstract), while the expression of CD11b and CD18 was 
higher in both the lcSSc and dcSSc subgroups compared to 
healthy controls.

Because patients with early SSc do not show skin fibro-
sis and major organ involvement, we assessed the correlation 
of monocytic CD52 expression with specific autoantibody profiles 
in these patients. Consistently, CD14+ monocytes from patients 
with early SSc who were positive for anticentromere autoanti-
bodies were characterized by lower expression of CD52, while 
the presence of anti– topoisomerase I autoantibodies was associ-
ated with higher CD52 levels. No association with the presence of 
anti– RNA polymerase III autoantibodies was observed (Figure 1D).

Moreover, CD14+ monocytes from patients with early SSc 
who had not received immunosuppressive therapy showed lower 
CD52 levels in comparison to CD14+ monocytes obtained from 
healthy controls and patients with early SSc who had received 
immunosuppressive therapy (prednisone dosage ≥10 mg/day, 
any disease- modifying antirheumatic treatment, or any bio-
logic treatment such as rituximab or tumor necrosis factor [TNF] 
inhibitors) (Supplementary Figure 4B, http://onlin elibr ary.wiley.  
com/doi/10.1002/art.41737/ abstract). CD52 expression on CD14+  
monocytes was comparable between patients who had received 
immunosuppression and healthy controls.

Correlation of adhesion molecule expression 
with enhanced adhesion of monocytes in patients 
with SSc. We next examined the adhesion capabilities of 
blood CD14+ monocytes in terms of cell adhesion to ICAM- 
1– coated plates. The results showed increased adhesion of 
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CD14+ monocytes from SSc patients (Figure 2A), consistent with 
the increased expression of adhesion molecules. SSc mono-
cytes also demonstrated increased adhesion to TNFα- activated 
endothelial cells (Figure 2A), which led to increased infiltration 
of monocytes into the skin (Figure 2B). We observed a negative 
correlation between the expression levels of CD52 and the rates 
of adhesion (Figure 2C).

To evaluate whether CD52 could be implicated in cell adhe-
sion, CD14+ monocytes from healthy controls were treated with 
alemtuzumab. Blocking of CD52 resulted in increased adhesion 

of the cells when compared to that of isotype control– treated cells 
(Figure 2D).

Effect of CD52 on cell rolling and adhesion of mono-
cytes in an integrin- dependent manner. To investigate how 
CD52 affects monocyte responses, we generated a monocytic 
cell line, THP- 1, and analyzed overexpression or knockdown of 
CD52 (Supplementary Figure 5, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41737/ abstract). CD52- overexpressing monocytes exhibited 

Figure 1. Transcriptomic analyses of CD14+ monocytes from patients with limited cutaneous systemic sclerosis (lcSSc), patients with diffuse 
cutaneous SSc (dcSSc), and healthy controls (HC) to assess alterations in adhesion molecule expression. A, Pathway enrichment analysis of 
related biologic processes based on differentially expressed gene sets, calculated using Metacore software. B, Differentially expressed genes 
identified by RNA- sequencing in the blood of patients with lcSSc or dcSSc compared to healthy controls. Arrows indicate genes involved 
in chemotaxis and monocyte adhesion. C, Flow cytometry analyses of CD52, CD11b, and CD18 expression in CD14+ monocytes from SSc 
patients and healthy controls. D, CD52 expression in SSc patients stratified according to the presence versus absence of anticentromere (ACA), 
anti– Scl- 70, and anti– RNA polymerase III (ARA) autoantibodies. In C and D, symbols represent individual subjects; horizontal lines with bars 
show the mean ± SD. P values are based on unpaired 2- tailed t- tests. MIF = macrophage migration inhibitory factor; IL- 10 = interleukin- 10; 
RFU = relative fluorescence intensity units.
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decreased levels of adhesion to ICAM- 1– Fc– , ICAM- 2– Fc– , and 
VCAM- 1– Fc– coated plates and decreased adhesion to TNFα- 
activated endothelial cells, in comparison to control cells (Figures 
3A and B). Accordingly, we observed an increased adhesion of 
THP- 1 cells to endothelial cells when the expression of CD52 was 
silenced (see Supplementary Figure 6, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41737/ abstract).

We then used a microcapillary shear flow system to 
analyze specific phases of monocyte adhesion to activated 
endothelial cells (see Supplementary Video 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41737/ abstract). We observed no 
differences in the numbers of rolling cells and the rolling dis-
tance between cells transfected with a CD52- overexpressing 
plasmid and control cells transfected with an empty plasmid 
(Figure 3C). Nevertheless, CD52- overexpressing cells rolled for 
a shorter time and at a higher speed and, finally, adhered in a 
significantly lower number of cells, as compared to control cells 
(Figure 3D).

Results in previous reports have suggested that the molec-
ular function of CD52 is dependent on the binding of N- linked 
glycan to sialic acid– binding Ig- like lectin 10 (Siglec- 10) (22). We 
treated monocytes with peptide N- glycosidase F to remove the 
glycan. Although the digestion resulted in an increased adhesion 
of control cells, glycan removal in CD52- overexpressing cells did 
not change their adhesion (Supplementary Figure 7A, available 
on the Arthritis & Rheumatology website at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41737/ abstract). These data suggest 
that glycosylation of CD52 is not directly involved in monocyte 
adhesion.

We next evaluated Siglec- 10– Fc binding to CD52- 
overexpressing cells. No differences in binding were observed 
between CD52- overexpressing cells and control cells (Supple-
mentary Figure 7B [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41737/ abstract]). These results suggest that the mechanisms 
of CD52 functions in monocytes are independent of Siglec- 10.

We then evaluated the expression of integrins CD11b and 
CD18 in CD52- overexpressing cells. Interestingly, the level of 
CD18 was reduced on cells overexpressing CD52, whereas the 

Figure 2. CD52- dependent elevation in adhesion levels of monocytes from patients with SSc. A, Adhesion of monocytes to tumor necrosis 
factor α– activated endothelial cells (ECs) (left) and intercellular adhesion molecule 1 (ICAM- 1)– Fc– coated plates (right) was compared between 
SSc patients and healthy controls. P values are based on unpaired 2- tailed t- test (left) or Mann- Whitney U test (right). B, Left, Immunohistochemical 
staining was performed to assess infiltration of CD14+ cells into the skin of SSc patients. Images show representative paraffin- embedded skin 
sections from a healthy control (top) and SSc patient (bottom). Bars = 100 μm. Insets are higher- magnification views (original magnification  
× 12). Right, Results of immunohistochemical staining for CD14+ cells in skin sections from healthy controls and SSc patients were quantified. 
C, A negative correlation between CD52 expression on SSc monocytes and adhesion to ECs was observed. Correlations were assessed by 
Pearson’s correlation test. D, Adhesion of healthy control CD14+ monocytes was assessed after 1 hour of blocking of CD52 function with 
alemtuzumab. Alemtuzumab- treated and isotype control– treated cells were analyzed by microscopy using DAPI and 5,6- carboxyfluorescein 
succinimidyl ester (CFSE) (left), and results were quantified in each group (right). In A, B, and D, symbols represent individual subjects; horizontal 
lines with bars show the mean ± SD. P values are based on paired t- test. MFI = mean fluorescence intensity (see Figure 1 for other definitions).
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level of CD11b was elevated (Figure 4A). This may be a conse-
quence of the dysregulation of other integrin- mediated functions 
such as phagocytosis. Blocking of CD52 with alemtuzumab 
caused an increase in the activated and total protein levels of 
CD11b and CD18 on CD14+ monocytes from healthy controls 
(Figure 4B).

Regulation of CD52 expression by IFN signaling via 
the HDAC IIa enzyme family in monocytes. The compari-
son of transcriptomes between monocytes from healthy controls 
and monoctyes from patients with SSc revealed a dysregulation 
in the inflammatory pathways, including the pathway for IFN 

signaling (Figure 1A and Supplementary Figure 8A, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41737/ abstract). Previous studies demon-
strated that the type I IFN signature was up- regulated in the 
peripheral blood of patients with SSc (23– 25). Similarly, in our 
cohort, elevated serum levels of IFNα2 were observed (Supple-
mentary Figure 8B [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41737/ abstract]). Moreover, monocytes from patients with 
SSc produced higher amounts of CXCL10, without any stimu-
lation (Supplementary Figure S8C [http://onlin elibr ary.wiley.com/
doi/10.1002/art.41737/ abstract]). Therefore, we hypothesized 
that CD52 expression might be regulated by IFNs.

Figure 3. Modulation of the adhesive properties of THP- 1 cell lines by CD52. A and B, THP- 1 cells were transfected with pUltra CD52 plasmid 
to induce overexpression of CD52 or a pUltra empty vector as control. Adhesion of THP- 1 cells to plates coated with intercellular adhesion 
molecule 1– Fc (ICAM- 1– Fc) , ICAM- 2– Fc , and vascular cell adhesion molecule 1– Fc (VCAM- 1– Fc) (A) and adhesion of THP-1 cells to endothelial 
cells (ECs) (B) were evaluated in static conditions. C, The number of rolling cells, rolling distance, time of rolling, and speed of rolling were 
compared between CD52- transfected and control- transfected cells. D, A microcapillary shear flow system was used to assess the number of 
cells showing adhesion under shear flow in each treatment group (left). Representative microscopy images depict cells showing adhesion in the 
presence or absence of tumor necrosis factor α (TNFα) activation in each treatment group (right). Symbols in A– D represent individual subjects; 
horizontal lines with bars show the mean ± SD. P values are based on unpaired 2- tailed t- test.
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Monocytes from healthy control subjects were stim-
ulated with either type I or type II IFNs. Both type I and type II 
IFN– stimulated monocytes exhibited reduced levels of CD52 
(Figure 5A). Importantly, pharmacologic inhibition of JAK1 with the 
clinically used JAK1 inhibitor itacitinib resulted in partial restora-
tion of CD52 expression in monocytes (Figure 5B). In contrast, 
inhibition of JAK2 with the JAK2 inhibitor fedratinib resulted in a 
further decrease in the expression of CD52 in monocytes. Fur-
thermore, expression levels of CD52 messenger RNA (mRNA) 
were decreased, in a dose- dependent manner, by lipopolysac-
charide and IFNγ, while the addition of interleukin- 4 (IL- 4) and IL- 
13 to monocyte cultures resulted in up- regulation of CD52 mRNA 
expression (Supplementary Figure 9A, available on the Arthri-
tis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41737/ abstract). The IL- 4– induced up- regulation 
of CD52 expression was diminished by pharmacologic inhibition 
of STAT6 with the STAT6 inhibitor AS1517499 (Supplementary 
Figure 9B [http://onlin elibr ary.wiley.com/doi/10.1002/art.41737/ 
abstract]).

To further investigate the IFN- dependent regulation of 
CD52 expression on monocytes, we analyzed the expres-
sion profiles of chromatin- modifying enzymes of the HDAC 
family (26). RNA- sequencing data pointed to a clear pattern 

in CD14+ monocytes from patients with SSc, with induced 
expression of class II and class IV HDACs and suppression of 
class I HDACs (Figure 5C).

In the next step, we used clinically used pharmacologic 
inhibitors to address the relevance of HDACs in monocytes. 
CD14+ monocytes from healthy controls were treated with 
the pan- HDAC inhibitor valproic acid and the HDAC class 
IIa– specific inhibitor TMP269. Both treatments resulted 
in reduced IFNγ- dependent phosphorylation of STAT1 
(Figure 5D). Furthermore, treatment of monocytes with val-
proic acid or TMP269 led to up- regulation of CD52 expres-
sion, and reduced expression of CXCL9, CXCL10, and STAT1 
(Figure 5E and Supplementary Figure 10, available on the 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41737/ abstract). Of note, expression 
of these genes was not affected by pharmacologic inhibi-
tors of class I, class IIb, and class IV HDACs (Supplementary 
Figure 10).

Modification of the monocyte response to type I IFN 
by CD52. We next investigated the effects of CD52 on IFN signaling 
pathways in more detail. We observed that CD52- overexpressing 
cells exhibited lower basal protein levels of STAT1, but exhibited 

Figure 4. CD52 effects on adhesion occurring via changes in the integrin expression profile. A, Protein levels of CD11b and CD18 were 
assessed by flow cytometry (left panels) and quantified (right panels) in pUltra CD52– transfected THP- 1 cells versus pUltra control– transfected 
THP- 1 cells (for CD11b, P < 0.001; for CD18, P = 0.015). Symbols represent individual samples; horizontal lines with bars show the mean ± 
SD. B, Expression of total CD11b (ICRF44), active form of CD11b (CBRM1/5), and CD18 was assessed by flow cytometry in healthy control 
CD14+ monocytes after treatment with anti- CD52 antibody alemtuzumab (trade name Campath- 1H) or an isotype control (n = 4 per group) 
for 24 hours. P values are based on unpaired 2- tailed t- test. APC = allophycocyanin; PE = phycoerythrin (see Figure 1 for other definitions).
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no change in STAT3 protein levels (Figure 6A and Supplementary 
Figure 11A, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41737/ abstract). 
Interestingly, in response to type I IFNs, we observed stronger and 
faster phosphorylation of STAT1 (Figure 6B and Supplementary 

Figures 11B– E). Moreover, STAT3 phosphorylation was also 
increased after stimulation with IFNγ in CD52- overexpressing cells.

Consistent with these findings, experiments with alemtu-
zumab showed that, following stimulation of monocytes with 
IFNγ, blocking of CD52 expression resulted in increased mRNA 

Figure 5. Regulation of CD52 expression in monocytes under different conditions. A, Fold change in CD52 mRNA expression was assessed 
in healthy control monocytes stimulated with type I and type II interferons (IFNs), including IFNα, IFNβ, and IFNγ, relative to that in unstimulated 
(US) monocytes (set at 1.0). P values are based on Wilcoxon’s signed rank test. B, Fold change in CD52 mRNA expression was assessed in 
healthy control monocytes after treatment with the JAK1 selective inhibitor itacitinib (2.5 µM) or JAK2 selective inhibitor fedratinib (2.5 µM), 
relative to that in untreated, unstimulated monocytes (set at 1.0). C, Heatmap shows expression of histone deacetylases (HDACs) based on 
RNA- sequencing data in monocytes from healthy controls and patients with lcSSc or dcSSc. D, Western blot analysis was used to assess 
pSTAT1 expression in protein lysates of CD14+ monocytes from healthy controls treated with or without the pan- HDAC inhibitor valproic acid 
(VA) (20 mM) or HDAC class IIa inhibitor TMP269 (2.5 µM), followed by stimulation with interferon- α (IFNα) (1 ng/ml) (left). Results in both 
treatment groups were quantified as the expression of pSTAT1 relative to that in untreated cells (set at 1.0) (right). P values are based on one- 
way analysis of variance. E, Fold change in CD52 mRNA levels was assessed in healthy control CD14+ monocytes treated with valproic acid 
(20 mM) or TMP269 (2.5 µM), followed by stimulation with IFNα, IFNβ, or IFNγ (each at 1 ng/ml), relative to that in untreated, unstimulated cells 
(set at 1). P values are based on two- way analysis of variance with Benjamini, Krieger, and Yekutieli post hoc test. In A, B, D, and E, symbols 
represent individual subjects; horizontal lines with bars show the mean ± SD. See Figure 1 for other definitions.
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levels of CXCL9, CXCL10, and STAT1 (Figure 6C). In addition, 
increased protein levels of CXCL9 and CXCL10 were observed 
following blockade of CD52 (Supplementary Figure 11F [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41737/ abstract]).

DISCUSSION

Our data demonstrated that the adhesive properties of cir-
culating CD14+ monocytes were increased in patients with SSc. 
Immune cell infiltration (including circulating CD14+ monocytes) 
into the tissue plays an essential role in the onset and activation of 
fibrotic processes in the skin and other organs (27– 29) and contrib-
utes to the pathogenesis of SSc by modulating inflammatory and 
fibrotic responses (5). Previous studies pointed toward the impor-
tant role of activation of endothelial cells during the pathogenesis 
of SSc (30,31). Complementary to those prior studies, our findings 
highlighted the development of pro- adhesive changes in mono-
cytes as another pathogenic feature in early SSc. These 2 mech-
anisms seem to act synergistically to control tissue infiltration by 
CD14+ monocytes and thereby regulate disease progression.

The increased adhesive properties of monocytes were asso-
ciated with reduced levels of the antiadhesive antigen CD52. 

Interestingly, we found particularly low CD52 levels in SSc patients 
at the early stage of the disease. Down- regulation of CD52 
in monocytes may therefore be functionally involved in disease 
development. The anti adhesive properties of CD52 were previ-
ously hypothesized on the basis of its biochemical structure (i.e., 
extensive glycosylation and sialylation) in spermatozoa and T lym-
phocytes resulting from the negatively charged extracellular moi-
ety of the antigen (32,33). However, this suggestion has not been 
supported by experimental data. Herein, the anti adhesive function 
of CD52 in monocytes was confirmed in gain- of- function and loss- 
of- function experiments, and was linked with the rolling phase and 
with firm adhesion. Of note, our findings suggested that glycosyl-
ation of CD52 does not play a pivotal role in monocyte adhesion; 
therefore, its anti adhesive properties in monocytes might not be 
limited to electrostatic interactions only.

In fact, our data suggested that CD52 could regulate mem-
brane levels of the β2 integrin CD11b and CD18 complex, which 
plays an essential role in cell adhesion (7). Unlike in neutrophils 
(34), the role of the CD11b and CD18 integrins on CD14+ mono-
cytes has not been extensively studied in patients with SSc; 
however, the importance of other integrins has been clearly pos-
tulated (35). Our data showed increased levels of CD11b and 

Figure 6. Effect of CD52 on type I interferon (IFN) signaling in monocytes. A, Left, Western blot analysis was used to assess expression 
of STAT1 (P < 0.001) and STAT3 (P = 0.42) in protein lysates from THP- 1 cell lines transfected with pUltra CD52 for overexpression of 
CD52 versus pUltra empty vector as control (n = 6 per group). Right, Levels of STAT1 were quantified in each treatment group. P values are 
based on unpaired 2- tailed t- test. B, Western blot analysis was used to assess phosphorylation of STAT1 and STAT3 in THP- 1 cell lines with 
overexpression of CD52 compared to empty vector control– transfected cells, after stimulation with IFNα (1 ng/ml) at the indicated time points 
(in minutes). C, Fold change in mRNA levels of the IFN- stimulated genes STAT1, CXCL9, and CXCL10 was assessed in healthy control CD14+ 
monocytes treated with alemtuzumab or isotype control, followed by stimulation with IFNα (1 ng/ml). Values are the fold change relative to that 
in untreated, unstimulated cells. In A and C, symbols represent individual subjects; horizontal lines with bars show the mean ± SD.
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CD18 in monocytes from patients with SSc, which is consistent 
with previous reports describing up- regulated levels of β2 inte-
grins in monocytes in other autoimmune diseases, such as in 
patients with rheumatoid arthritis, Crohn’s disease, or systemic 
lupus erythematosus (36– 38). Regulation of β2 integrins by 
CD52 represents a novel mechanism involved in SSc. Previous 
data demonstrated that soluble CD52 could bind to Siglec- 10 
on T cells and thereby act as an immunosuppressor (39). How-
ever, we found no evidence of binding of Siglec- 10 to CD52 
on monocytes.

At the molecular level, we demonstrated that proinflam-
matory type I and type II IFNs down- regulated expression of the  
antiadhesive molecule CD52 in monocytes. Strikingly, SSc patients 
showed a dysregulated IFN gene signature at the early stage of 
the disease (16,40,41), and our data confirmed that the elevated 
serum levels of IFNα2 and IFN targeted CXCL10 in our SSc cohort. 
Of note, monocytes from patients receiving immunosuppressive 
treatment showed recovered CD52 levels. This observation further 
supports the crucial role of proinflammatory cytokines in the reg-
ulation of CD52 in SSc. Unlike fibroblasts, monocytes showed a 
clearly dysregulated expression pattern of the chromatin- modifying 
HDAC enzymes. Our data suggest that CD52 is regulated by 
IFN- dependent HDACs (mainly, class IIa HDACs). Notably, HDAC 
inhibitors have shown therapeutic efficacy in vitro, in animal models 
and in clinical studies of various immune- fibrotic disorders (42– 47). 
Therefore, targeting CD52 expression by epigenetic modifiers may 
constitute an alternative therapeutic approach.

Moreover, in our experiments, CD52 negatively regulated the 
type I IFN– dependent STAT1 pathway, which suggested a feed-
back loop mechanism. Interestingly, JAK– STAT signaling, which 
interplays with proinflammatory IL- 6 and profibrotic transforming 
growth factor β pathways, is intensively studied as a potential 
target for treatment in SSc (48,49). In contrast to IFNs, the profi-
brotic Th2 cytokines IL- 4 and IL- 13 up- regulated expression of 
CD52. Elevated levels of IL- 4 and IL- 13 are a typical feature in 
patients with dcSSc (50). This could explain the down- regulation 
of CD52 specifically in patients with early SSc, and might point 
to potential regulatory mechanisms preventing the exacerbated 
inflammatory response in SSc. It should, however, be noted 
that many SSc patients in our cohort were pharmacologically 
treated and showed long- lasting symptoms of the disease (in 
particular, in the dsSSc group), which is a major limiting factor 
of this study.

In summary, our results demonstrated the anti adhesive and 
antiinflammatory functions of CD52 in circulating CD14+ monocytes, 
and linked this with early SSc. Of note, CD52 is highly expressed 
in T lymphocytes; therefore, its role in these cells should also be 
addressed in patients with SSc in future studies. Furthermore, our 
findings demonstrated a new aspect of the disease, involving the 
role of proinflammatory type I IFN signaling in monocytes. Thus, the 
CD52– IFN– HDAC axis might serve as a novel therapeutic target in 
SSc, particularly for patients at the early stage of the disease.
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Performance of the DETECT Algorithm for Pulmonary 
Hypertension Screening in a Systemic Sclerosis Cohort
Amber Young, Victor M. Moles, Sara Jaafar, Scott Visovatti,  Suiyuan Huang, Dharshan Vummidi, 
Vivek Nagaraja,  Vallerie McLaughlin, and Dinesh Khanna

Objective. Pulmonary arterial hypertension (PAH) is one of the leading causes of mortality in systemic sclerosis 
(SSc). This study was undertaken to assess predictive accuracies of the DETECT algorithm and the 2015 European 
Society of Cardiology/European Respiratory Society (ESC/ERS) guidelines in SSc patients who underwent right-
sided heart catheterization (RHC) for pulmonary hypertension (PH) evaluation.

Methods. Patients with SSc who had diagnostic RHC, had no PH or had PAH, and had available data on variables 
to allow application of the DETECT and 2015 ESC/ERS guidelines were included for analysis. PH classification was 
based on hemodynamics using the 2018 revised criteria and extent of lung fibrosis shown on high- resolution computed 
tomography. Sensitivity and predictive accuracies of the DETECT algorithm and 2015 ESC/ERS guidelines were 
calculated, including analysis of subjects with a diffusing capacity for carbon monoxide (DLco) of ≥60% predicted.

Results. Sixty- eight patients with SSc had RHC, of whom 58 had no PH and 10 had PAH. The mean age was 
60.0 years, and 58.8% had limited cutaneous SSc. The DETECT algorithm had a sensitivity of 1.00 (95% confidence 
interval [95% CI] 0.69– 1.00) and a negative predictive value (NPV) of 1.00 (95% CI 0.80– 1.00), whereas the 2015 
ESC/ERS guidelines had a sensitivity of 0.80 (95% CI 0.44– 0.97) and an NPV of 0.94 (95% CI 0.81– 0.99). In patients 
with a DLco of ≥60% (n = 27), the DETECT algorithm had a sensitivity of 1.00 (95% CI 0.29– 1.00) and an NPV of 1.00 
(95% CI 0.59– 1.00), whereas the 2015 ESC/ERS guidelines had a sensitivity of 0.67 (95% CI 0.09– 0.99) and an NPV 
of 0.94 (95% CI 0.71– 1.00).

Conclusion. The DETECT algorithm has high sensitivity and NPV for diagnosis of PAH, including among individuals 
with a DLco of ≥60%.

INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune disease affect-
ing multiple organ systems and characterized by fibrosis, 
inflammation, and vascular damage (1,2). Pulmonary arterial 
hypertension (PAH) is one of the leading causes of mortality in 
SSc, and in the past, SSc- associated PAH (SSc- PAH) had a 
significantly worse prognosis compared to other forms of PAH. 

PAH may go unrecognized in SSc patients until the disease has 
reached advanced stages, due to lack of or mild symptoms or 
attribution of symptoms to other comorbidities, such as interstitial 
lung disease (ILD) and/or myopathy.

PAH is present in 10– 12% of patients with SSc and in 19% 
of those with a diffusing capacity for carbon monoxide (DLco) of 
<60% predicted (1,2). Over the last decade, treatment for PAH 
has evolved dramatically due to the addition of new therapies and 
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the transition from sequential to initial combination therapy. Out-
comes have recently improved in SSc- PAH and are now similar to 
those with idiopathic PAH (2,3).

Previous observational studies have shown that screening for 
PAH may lead to better outcomes. Among patients in a French 
SSc- PAH registry, application of an active PAH screening program 
identified patients at a lower functional class with SSc- PAH, and 
patients had better survival (4). The PHAROS (Pulmonary Hyper-
tension Assessment and Recognition of Outcomes in Sclero-
derma) registry, a large North American registry of SSc patients 
at risk for or with incident PAH that incorporated PAH screening, 
showed improved survival compared to historical cohorts (5).

There are various screening algorithms and guidelines for 
early detection of SSc- PAH. The European Society of Cardiology/
European Respiratory Society (ESC/ERS) guidelines for identifi-
cation of PAH on echocardiography were published in 2009 and 
were revised in 2015 to improve sensitivity during screening for 
PAH (6). These revisions included a combination of tricuspid 
regurgitation velocity (TRV), additional echocardiographic vari-
ables with assessment of the right ventricle (RV) size and pres-
sure overload, the pattern of blood flow velocity out of the RV, the 
diameter of the pulmonary artery, and an estimate of right atrial 
pressure. The DETECT algorithm is an evidence- based screening 
algorithm created in 2013 as the result of a multicenter cross- 
sectional study that compared multiple clinical variables to the 
gold standard of right-sided heart catheterization (RHC), which 
resulted in the development of a 2- step PAH detection algorithm 
(7). Step 1 includes the combination of 6 clinical variables and 
step 2 includes echocardiographic variables. The DETECT algo-
rithm has been recommended by a number of different societies, 
including the 2013 recommendations for screening and detection 
of connective tissue disease (CTD)– associated PAH (8), the 2015 
ESC/ERS guidelines, and the 2018 6th World Symposium on Pul-
monary Hypertension (WSPH) (9).

In the present study, we compared the predictive accuracies 
of the DETECT algorithm and the 2015 ESC/ERS guidelines in a 
cohort of SSc patients who underwent RHC for pulmonary hyper-
tension (PH) evaluation. In this analysis, we applied the 2018 6th 
WSPH Task Force revised hemodynamic definition of group I PH 
(PAH) (9).

PATIENTS AND METHODS

Study design and subjects. This was a cross- sectional 
study of a cohort of SSc patients at the University of Michigan (UM) 
who had a diagnostic RHC prior to March 14, 2019. All patients 
were at least 18 years of age and met the 2013 American College 
of Rheumatology/European Alliance of Associations for Rheuma-
tology classification criteria for SSc (10). The study was approved 
by the UM Institutional Review Board, and a waiver of consent 
was approved as this was a retrospective analysis. The study was 
carried out in compliance with the Declaration of Helsinki.

The initial cohort included 261 patients who underwent 
RHC between December 2004 and March 2019. One hundred 
fourteen of these patients did not have PH, 63 had PAH, 30 had 
group II PH, 35 had group III PH, and 19 had group IV PH based 
on the 2018 hemodynamic classification (9). One hundred nine 
subjects were excluded as they did not have available data on 
variables required to calculate a DETECT score and/or did not 
have a transthoracic echocardiogram (TTE) available for review 
at UM to apply the 2015 ESC/ERS guidelines. Of the remaining 
subjects, we focused on the 68 who had PAH or no PH and had 
data available for application of the DETECT algorithm and the 
2015 ESC/ERS guidelines. Data on demographic characteristics 
and additional clinical variables were obtained for each of the 68 
subjects. Additional analyses were performed by applying the 
DETECT algorithm and the 2015 ESC/ERS guidelines to the 2009 
hemodynamic definition of PAH (mean pulmonary arterial pres-
sure [mPAP] ≥25 mm Hg and pulmonary arterial wedge pressure 
[PAWP] ≤15 mm Hg with no- to- minimal ILD), as incorporated in 
the original DETECT publication (7,11). We also explored the per-
formance of the DETECT algorithm for screening of group II and 
group III PH.

PAH screening. All SSc patients at UM undergo PAH 
screening at the time of SSc diagnosis and annually thereaf-
ter, based on the 2013 CTD- PAH recommendations, which  
include clinical signs/symptoms, N- terminal pro– brain natri-
uretic peptide (NT- proBNP), pulmonary function tests (PFTs), 
TTE variables, and the DETECT algorithm (8). In clinical practice, 
we routinely apply the DETECT algorithm to patients with SSc 
regardless of their DLco. Patients who had a diagnostic RHC 
with variables available for application of the DETECT algorithm 
and had TTE imaging at UM prior to RHC were included for anal-
ysis. Every TTE was reanalyzed by a cardiologist (VMM) using 
the TTE variables included in the 2015 ESC/ERS guidelines (6). 
The data for this study were primarily derived after the 2013 
e- publication of the DETECT algorithm and the 2013 CTD- PAH 
recommendations.

PAH classification. PAH classification was based on the 
2018 WSPH Task Force revised hemodynamic definition of group 
I PH (PAH), i.e., mPAP >20 mm Hg, PAWP ≤15 mm Hg, pul-
monary vascular resistance (PVR) ≥3 Wood units (WU) (9), and 
extent of ILD <20% on high- resolution computed tomography 
(HRCT). Patients classified as having postcapillary PH or group II 
PH had an mPAP of >20 mm Hg, PAWP of >15 mm Hg, and PVR 
of <3 WU. Those classified as having group III PH had precapil-
lary PH due to chronic lung disease, i.e., 1) HRCT demonstrating 
>20% total lung involvement due to ILD, or 2) total lung involve-
ment due to ILD 10– 20% with concomitant moderate- to- severe 
emphysema, or 3) if HRCT was not available, then forced vital 
capacity (FVC) of <70% predicted within a median of 2 months 
of the RHC.
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Statistical analysis. Descriptive statistics for demographic 
and clinical characteristics of SSc patients without PH and those 
with PAH were calculated using the mean and SD for continuous 
variables and the percentage for categorical variables. For contin-
uous variables, the significance of the differences between groups 
was assessed by Student’s t- test for normally distributed vari-
ables and by Wilcoxon’s rank sum test for non- normally distributed 
variables. For categorical variables, Fisher’s exact test was used 
due to small, expected counts. Predictive accuracies were calcu-
lated, and 95% confidence intervals (95% CIs) were obtained via a 
binomial method for comparisons between non- PH and groups I, 

II, and III PH. P values less than 0.05 were considered significant. 
Missing data, if any, were not imputed. Analyses were conducted 
with SAS 9.4 (SAS Institute).

RESULTS

Baseline demographic characteristics of the patients. 
Of the 261 patients in this cohort who had undergone RHC, 63 
had PAH and 114 had no PH. Of these 177 patients, 68 had avail-
able data on variables needed to calculate a DETECT score and 
TTE data available to apply the 2015 ESC/ERS guidelines; these 

Table 1. Characteristics of the study patients*

Characteristic†
Total

(n = 68)
No PH
(n = 58)

PAH
(n = 10) P‡

Age at RHC, years 60.0 ± 11.7 59.4 ± 12.0 63.2 ± 9.6 0.39
Age at initial non- RP sign/symptom, years 50.5 ± 12.8 49.8 ± 13.1 54.4 ± 10.7 0.34
Female sex, no. (%) 58 (85.3) 49 (84.5) 9 (90.0) 1.00
Race, no. (%) 1.00

White 58 (85.3) 49 (84.5) 9 (90.0)
African American 5 (7.4) 4 (6.9) 1 (10.0)
Asian 2 (2.9) 2 (3.4) 0 (0.0)
Other 3 (4.4) 3 (5.2) 0 (0.0)

SSc subtype, no. (%) 0.77
Limited cutaneous SSc 40 (58.8) 33 (56.9) 7 (70.0)
Diffuse cutaneous SSc 27 (39.7) 24 (41.4) 3 (30.0)
Sine scleroderma 1 (1.5) 1 (1.7) 0 (0.0)
Disease duration, years 9.5 ± 7.6 9.6 ± 7.8 8.8 ± 6.8 0.87

Autoantibodies, no. (%)
ANA (n = 64) 59 (92.2) 50 (90.9) 9 (100.0) 1.00

ANA pattern (n = 59) 0.0355
Nucleolar 13 (22.0) 10 (20.0) 3 (33.3)
Centromere 12 (20.3) 8 (16.0) 4 (44.4)

Other 34 (57.6) 32 (64.0) 2 (22.2)
Anti– Scl- 70 (n = 60) 11 (18.3) 11 (21.2) 0 (0.0) 0.33
Anti– RNA polymerase III (n = 31) 6 (19.4) 6 (21.4) 0 (0.0) 1.00
Anticentromere (n = 54) 10 (18.5) 7 (14.9) 3 (42.9) 0.11

HRCT with ILD near time of RHC, no. (%) (n = 59) 43 (72.9) 40 (76.9) 3 (42.9) 0.078
PFTs near time of RHC

Time from PFT to RHC, months 4.5 ± 7.3 4.0 ± 5.4 7.4 ± 14.1 0.82
FVC, % predicted 79.8 ± 19.5 78.6 ± 19.4 86.5 ± 19.5 0.26
DLco, % predicted (n = 67) 53.6 ± 18.8 54.6 ± 18.6 47.8 ± 20.2 0.29
FVC % predicted:DLco % predicted (n = 67) 1.6 ± 0.6 1.6 ± 0.6 2.0 ± 0.7 0.03

TTE near time of RHC
Time from TTE to RHC, months 4.0 ± 7.8 3.6 ± 6.9 6.1 ± 12.0 0.76
RA area, cm2 15.7 ± 4.3 15.3 ± 4.2 17.7 ± 4.5 0.10
TRV, meters/second (n = 54) 2.8 ± 0.5 2.7 ± 0.4 3.3 ± 0.4 <0.0001
RVSP, mm Hg (n = 54) 37.3 ± 11.8 34.4 ± 9.0 52.0 ± 13.7 0.0006

RHC
mPAP, mm Hg 23.5 ± 7.0 21.6 ± 5.4 34.2 ± 6.1 <0.0001
mPAWP, mm Hg 10.9 ± 3.0 10.8 ± 3.2 11.2 ± 2.1 0.81
CO (TD), liters/minute 5.7 ± 1.5 5.8 ± 1.5 5.1 ± 1.3 0.0999
PVR, Wood units 2.3 ± 1.4 1.9 ± 0.6 4.8 ± 2.0 <0.0001

* Except where indicated otherwise, values are the mean ± SD. PH = pulmonary hypertension; PAH = pulmonary arterial 
hypertension; RHC = right-sided heart catheterization; RP = Raynaud’s phenomenon; SSc = systemic sclerosis; ANA = 
antinuclear antibody; HRCT = high- resolution computed tomography; ILD = interstitial lung disease; PFTs = pulmonary function 
tests; FVC = forced vital capacity; DLco = diffusing capacity for carbon monoxide; TTE = transthoracic echocardiography; RA = 
right atrial; TRV = tricuspid regurgitation velocity; RVSP = right ventricular systolic pressure; mPAP = mean pulmonary arterial 
pressure; mPAWP = mean pulmonary arterial wedge pressure; CO (TD) = cardiac output (thermodilution); PVR = pulmonary 
vascular resistance. 
† For some characteristics, data were not available for all 68 patients; n values represent the total number with available data. 
‡ By Wilcoxon’s rank sum test; Fisher’s exact test, or Student’s t- test as appropriate. 
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individuals were the subjects of the present study. When com-
paring these 68 patients to the 109 patients who had missing 
data, we found that patients with missing data were more likely 
to have limited cutaneous SSc (lcSSc) (70.6% versus 58.8%) and 
to have higher TRV (3.2 meters/second versus 2.8 meters/sec-
ond), mPAP (31.7 mm Hg versus 23.5 mm Hg), and PVR (4.4 WU 
versus 2.3 WU) (all P < 0.05).

Of the 68 patients included in the study, 58 did not have PH 
and 10 had PAH. The mean ± SD age in the overall cohort was 
60.0 ± 11.7 years, age at initial non– Raynaud’s phenomenon 
sign/symptom was 50.5 ± 12.8 years, and disease duration was 
9.5 ± 7.6 years. The cohort was mainly composed of patients 
who were female (85.3%), White (85.3%), and had lcSSc (58.8%) 
(Table 1).

Cardiopulmonary characteristics of the patients. 
Among the patients with PAH, 42.9% were anticentromere anti-
body positive. Compared to the patients without PH, the preva-
lence of ILD in those with PAH was lower, though the difference 
was not statistically significant (42.9% versus 76.9%; P = 0.08), 
and the patients with PAH had a lower mean DLco % predicted 

(47.8 versus 54.6; P = 0.29) and a significantly higher FVC % pre-
dicted:DLco % predicted (2.0 versus 1.6; P = 0.03) (Table 1).

TTE variables in the patients with PAH compared to those 
without PH indicated a higher mean TRV (3.3 meters/second ver-
sus 2.7 meters/second; P < 0.0001) and estimated right ventricular 
systolic pressure (52.0 mm Hg versus 34.4 mm Hg; P = 0.0006). 
On RHC, the mPAP in the PAH group was 34.2 mm Hg, cardiac 
output was 5.1 liters/minute, and PVR was 4.8 WU (Table 1).

Predictive accuracies of the DETECT algorithm and 
2015 ESC/ERS guidelines for diagnosing SSc- PAH. Using 
the 2018 revised hemodynamic definition of group I PH (PAH), 
the DETECT algorithm performed better as a PAH screening tool 
compared to the 2015 ESC/ERS guidelines. The sensitivity of the 
DETECT algorithm was 1.00 (95% CI 0.69– 1.00) and its nega-
tive predictive value (NPV) was 1.00 (95% CI 0.80– 1.00), whereas 
the 2015 ESC/ERS guidelines yielded false- negative results in 2 
patients (sensitivity 0.80 [95% CI 0.44– 0.97], NPV 0.94 [95% CI 
0.81– 0.99]) (Table 2). As expected for a screening tool, specificity 
and positive predictive value (PPV) of the DETECT algorithm were 
low at 0.29 (95% CI 0.18– 0.43) and 0.20 (95% CI 0.10– 0.33), 

Table 2. Predictive accuracies of the DETECT algorithm and the 2015 ESC/ERS guidelines in screening for PAH as classified using 
the 2018 revised hemodynamic definition*

DETECT
(95% CI)

2015 ESC/ERS guidelines
(95% CI)

2018 revised hemodynamic PAH definition and all DLco values (n = 68)
Sensitivity 1.00 (0.69– 1.00) 0.80 (0.44– 0.97)
Specificity 0.29 (0.18– 0.43) 0.57 (0.43– 0.70)
PPV 0.20 (0.10– 0.33) 0.24 (0.11– 0.42)
NPV 1.00 (0.80– 1.00) 0.94 (0.81– 0.99)

2018 revised hemodynamic PAH definition and DLco ≥60% predicted (n = 27)
Sensitivity 1.00 (0.29– 1.00) 0.67 (0.09– 0.99)
Specificity 0.29 (0.13– 0.51) 0.67 (0.45– 0.84)
PPV 0.15 (0.03– 0.38) 0.2 (0.03– 0.56)
NPV 1.00 (0.59– 1.00) 0.94 (0.71– 1.00)

* ESC/ERS = European Society of Cardiology/European Respiratory Society; PAH = pulmonary arterial hypertension; 95% CI = 95% 
confidence interval; DLco = diffusing capacity for carbon monoxide; PPV = positive predictive value; NPV = negative predictive value. 

Table 3. Predictive accuracies of the DETECT algorithm and 2015 ESC/ERS guidelines in screening for PAH as classified using 
the 2009 hemodynamic definition*

DETECT
(95% CI)

2015 ESC/ERS guidelines
(95% CI)

2009 hemodynamic PAH definition from original DETECT study and all 
DLco values (n = 70)

Sensitivity 1.00 (0.82– 1.00) 0.74 (0.49– 0.91)
Specificity 0.33 (0.21– 0.48) 0.61 (0.46– 0.74)
PPV 0.36 (0.23– 0.50) 0.41 (0.25– 0.59)
NPV 1.00 (0.80–  1.00) 0.86 (0.71– 0.95)

2009 hemodynamic PAH definition from original DETECT study and 
DLco ≥60% predicted (n = 28)

Sensitivity 1.00 (0.48– 1.00) 0.60 (0.15– 0.95)
Specificity 0.30 (0.13– 0.53) 0.70 (0.47– 0.87)
PPV 0.24 (0.08– 0.47) 0.30 (0.07– 0.65)
NPV 1.00 (0.59– 1.00) 0.89 (0.65– 0.99)

* ESC/ERS = European Society of Cardiology/European Respiratory Society; PAH = pulmonary arterial hypertension; 95% CI = 95% 
confidence interval; DLco = diffusing capacity for carbon monoxide; PPV = positive predictive value; NPV = negative predictive value. 
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respectively, and specificity and PPV of the 2015 ESC/ERS guide-
lines were 0.57 (95% CI 0.43–0.70) and 0.24 (95% CI 0.11– 0.42), 
respectively (Table 2). The 2009 hemodynamic definition of PAH 
(mPAP ≥25 mm Hg and PAWP ≤15mm Hg with no- to- minimal 
ILD), as incorporated in the original DETECT publication, was also 
evaluated in 70 subjects in the cohort who had no PH or PAH and 
had available data on variables needed to apply the DETECT algo-
rithm and 2015 ESC/ERS guidelines, with the DETECT algorithm 
showing higher sensitivity and NPV compared to the 2015 ESC/
ERS guidelines (Table 3).

At our institution, we apply the DETECT algorithm to all 
patients with SSc including those with a DLco of ≥60% predicted. 
Within this cohort, there were 27 patients with a DLco of ≥60% 
predicted who had no PH (n = 24) or had PAH (n = 3) accord-
ing to the 2018 revised hemodynamic definition of PAH and had 
both DETECT scores and a TTE to review for the 2015 ESC/ERS 
guidelines. The DETECT algorithm had a sensitivity of 1.00 (95% 
CI 0.29– 1.00) and an NPV of 1.00 (95% CI 0.59– 1.00), whereas 
the 2015 ESC/ERS guidelines had a sensitivity of 0.67 (95% CI 
0.09– 0.99) and an NPV of 0.94 (95% CI 0.71– 1.00) (Table 2). The 
results were similar in patients with a DLco of ≥60% predicted who 
had PAH or no PH when using the 2009 hemodynamic definition 
of PAH described in the original DETECT publication (Table 3).

Application of the DETECT algorithm and 2015 ESC/
ERS guidelines for group II PH and group III PH screening. 
Additionally, we evaluated the performance of the DETECT algo-
rithm and the 2015 ESC/ERS guidelines in patients with group 
II PH (n = 12) and group III PH (n = 12), using the 2018 revised 
hemodynamic definitions. The performance of the DETECT algo-
rithm was overall similar to that of the 2015 ESC/ERS guidelines 
in patients with group II PH (NPV 0.94 [95% CI 0.71– 1.00] and 
NPV 0.92 [95% CI 0.76– 0.98], respectively) and in patients with 
group III PH (NPV 0.94 [95% CI 0.71– 1.00] and NPV 0.97 [95% 
CI 0.85– 1.00], respectively).

DISCUSSION

We compared predictive accuracies of the DETECT algorithm 
and the 2015 ESC/ERS guidelines in a cohort of SSc patients 
who underwent RHC for PH evaluation, using the 2018 WSPH 
Task Force revised hemodynamic definition of group I PH (PAH). 
Our results demonstrate that the DETECT algorithm works well 
as a screening tool for PAH with 100% NPV and 100% sensitivity, 
and it was effective in patients with a DLco of ≥60% predicted. 
We also evaluated the DETECT algorithm using the 2009 PAH 
definition that was used in the original DETECT study, and again 
found high sensitivity and NPV.

The performance of the DETECT algorithm in the present 
study using both the 2009 and 2018 revised hemodynamic defini-
tions of PAH was similar to that in previous studies using the 2009 
hemodynamic definition of PAH. In the original DETECT derivation 

study by Coghlan et al, the DETECT algorithm had a sensitivity 
of 96%, NPV of 98%, specificity of 48%, and PPV of 35% (7). 
Guillén- Del Castillo and colleagues studied 63 SSc patients who 
had PAH or no PH and found that the sensitivity of the DETECT 
algorithm was 100%, NPV was 100%, specificity was 42.9%, and 
PPV was 68.6% (12). In a study by Hao et al in a prospective 
cohort of 61 SSc patients with PAH or no PH, the DETECT algo-
rithm had a sensitivity and NPV of 100%, specificity of 35.3%, 
and PPV of 55.1% (13). In a prospective SSc cohort studied by 
Vandecasteele and colleagues, the DETECT algorithm demon-
strated a PPV of 6% (95% CI 2– 17%); sensitivity and NPV were 
not reported (14).

The World Health Organization defines a screening test as 
the presumptive identification of an unrecognized disease in a 
patient who is asymptomatic (https://apps.who.int/iris/bitst ream/
handl e/10665/ 33082 9/97892 89054 782- eng.pdf). TTE has been 
advocated by different societies and is included as part of screen-
ing and diagnostic algorithms. In the original DETECT study, 
TTE (according to the 2009 ESC/ERS guidelines) missed 29% 
of patients who had PAH on RHC (7). Most published studies 
regarding the detection of PAH through routine screening of SSc 
patients based on TTE used the 2009 ESC/ERS guidelines, which 
are based on symptoms and TRV (15). In the previously published 
studies by Guillén- Del Castillo et al, Hao et al, and Coghlan et 
al, the 2009 ESC/ERS guidelines had lower sensitivity (ranging 
from 71.0% to 96.3%) and NPV (ranging from 88.9% to 90.9%) 
(7,12,13). One report discussed the application of the 2015 ESC/
ERS guidelines for detection of asymptomatic SSc- PAH, but data 
on sensitivity and NPV were not provided (14).

During the development of the DETECT algorithm, the key 
inclusion criteria included a disease duration of >3 years and a 
DLco of <60% predicted, largely to account for patients at higher 
risk of PAH. However, this should not be interpreted to mean 
that SSc patients whose DLco is ≥60% predicted are not at risk 
for development of PAH. Previously published data from the UK 
showed that ~10% of SSc patients with PH had a DLco of ≥60% 
(16), and in the study by Hao and colleagues, DLco was >60% in 
6.5% of patients (n = 4) with PAH (13). If a strict criterion of DLco 
<60% predicted was enforced to apply the DETECT algorithm, 3 
patients with PAH would have been missed in our current analysis 
using the 2018 revised hemodynamic definition, and 5 patients 
with PAH would have been missed using the 2009 PAH hemo-
dynamic definition. Our data using DLco ≥60% predicted provide 
evidence in support of the 2018 WSPH recommendations that 
proposed the DETECT algorithm, along with the 2015 ESC/ERS 
guidelines or an FVC:DLco ratio of >1.6 (assuming no- to- mild ILD) 
and an NT- proBNP level >2 times the upper limit of normal among 
those with an uncorrected DLco of <80% predicted.

The DETECT algorithm is being increasingly incorporated 
into clinical practice and was developed to discriminate between 
PAH and non- PH. In our cohort, the performance of the DETECT 
algorithm was similar to that of the 2015 ESC/ERS guidelines in 

https://apps.who.int/iris/bitstream/handle/10665/330829/9789289054782-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/330829/9789289054782-eng.pdf
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patients with group II and group III PH, and we do not advocate 
incorporating DETECT into clinical practice to distinguish between 
group II or III PH and non- PH.

It should also be kept in mind that the DETECT algorithm is 
a screening tool with high sensitivity and NPV that provides guid-
ance regarding whether a patient should undergo RHC. High sen-
sitivity is preferred in a screening tool, but the tradeoffs include an 
increased number of RHCs to exclude PAH, as seen in the original 
DETECT cohort (7). Since PAH is the leading cause of mortal-
ity in SSc and a recent meta- analysis suggests better outcomes 
with utilization of screening algorithms and early initiation of com-
bination therapy (2), we believe a higher rate of RHC to rule out 
PAH is justified. In patients who do not meet the criteria for RHC 
at a single time point according to the DETECT algorithm (i.e., 
the DETECT score does not indicate that the patient should be 
referred for RHC), we continue to incorporate the DETECT algo-
rithm on an annual basis during clinic visits, with spirometry with 
DLco to assess the FVC:DLco ratio and with measurement of 
serum uric acid and NT- proBNP levels. If TTE is recommended, 
it is performed as part of the screening algorithm. In patients for 
whom RHC is recommended based on the DETECT score but 
are not found to have PH on RHC (53% of patients in our cohort), 
DETECT is no longer a valid tool in screening for PH. In this sce-
nario, we follow the 6th WSPH recommendations with annual 
screening with TTE, incorporate the 2015 ESC/ERS guidelines, 
and assess for worsening of DLco and an FVC:DLco ratio of >1.6 
(assuming no- to- mild ILD) and for an NT- proBNP level >2 times 
the upper limit of normal. In addition, new signs/symptoms sug-
gestive of PH should lead to a clinical evaluation for PH.

We uniformly screen SSc patients according to published rec-
ommendations for CTD- PAH (8). Although our cohort included 261 
patients who had RHC, of whom 114 did not have PH and 63 had 
PAH, our analysis focused on only 68 patients, in whom a screen-
ing algorithm was largely applied prospectively and TTE was avail-
able for reassessment using 2015 ESC/ERS guidelines highlighting 
an inherent limitation of cohort studies. The more severe hemo-
dynamic findings in members of the cohort with missing data may 
reflect a lack of uniform screening in the patient population prior to 
2013– 2014, which was when DETECT and the CTD- PAH recom-
mendations were published (7,8). This was a single- center study 
with small numbers of patients, and the findings need to be vali-
dated in a prospective study in the future. In addition, we did not 
exclude patients in the non- PH group with moderate- to- severe 
ILD, which may impact the diagnostic accuracy of our analysis.

In conclusion, early detection of PAH in SSc is necessary to 
implement early treatment, which can improve outcomes (2). To 
our knowledge, this is the first cohort study to assess the per-
formance of the DETECT algorithm and 2015 ESC/ERS guide-
lines using the 2018 revised hemodynamic definition of PAH. 
The DETECT algorithm is a better screening tool for SSc- PAH 
than TTE. Although the original derivation study for the DETECT 
excluded patients with higher DLco values, our present results 

suggest that those whose DLco is ≥60% predicted can have PAH, 
and the DETECT algorithm performs well in this group.
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Clinical Images: Multiple pulmonary artery aneurysms in Hughes- Stovin syndrome

The patient, an 18- year- old man, presented with fever of 1 month’s duration and intermittent hemoptysis, dry cough, joint pain, and myalgia. 
There were no oral or genital ulcers. His erythrocyte sedimentation rate was elevated (117 mm/hour) a with microcytic, hypochromic anemia. 
Results of a complete blood cell count with differential cell count and laboratory test results were otherwise normal. Plain posteroanterior 
radiography of the chest showed enlarged hila (asterisks in A). Contrast- enhanced computed tomography (CE- CT) of the chest showed 
saccular and fusiform pulmonary artery aneurysms involving the main pulmonary arteries, extending into lobar and segmental branches. CE- 
CT (B and C) and imaging of coronal reformation (D) showed pulmonary artery aneurysms (asterisks in B and D) involving main, lobar, and 
segmental branches (arrow in B) along with a right ventricular thrombus (arrow in C). The CT window showed normal findings in all lung 
fields. The right ventricle showed a mural thrombus close to the interventricular septum, consistent with a diagnosis of Hughes- Stovin syn-
drome. Hughes and Stovin described the syndrome as being characterized by multiple pulmonary artery aneurysms and systemic venous 
thromboses, including thromboses in the right side of the heart (1). Cases of Hughes- Stovin syndrome have been found predominantly 
in male patients with Behçet’s syndrome. With routine use of CT pulmonary angiography, the need for catheter pulmonary angiography is 
reduced (2,3). Treatment approaches involving immunomodulator therapy have been shown to reverse many of the changes occurring in 
Hughes- Stovin syndrome.
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Serum Metabolomics Identifies Dysregulated Pathways 
and Potential Metabolic Biomarkers for Hyperuricemia 
and Gout
Xia Shen,1 Can Wang,2 Ningning Liang,3 Zhen Liu,2 Xinde Li,2 Zheng- Jiang Zhu,4 Tony R. Merriman,5

Nicola Dalbeth,6  Robert Terkeltaub,7 Changgui Li,2  and Huiyong Yin1

Objective. To systematically profile metabolic alterations and dysregulated metabolic pathways in hyperuricemia 
and gout, and to identify potential metabolite biomarkers to discriminate gout from asymptomatic hyperuricemia.

Methods. Serum samples from 330 participants, including 109 with gout, 102 with asymptomatic hyperuricemia, 
and 119 normouricemic controls, were analyzed by high- resolution mass spectrometry– based metabolomics. 
Multivariate principal components analysis and orthogonal partial least squares discriminant analysis were performed 
to explore differential metabolites and pathways. A multivariate methods with Unbiased Variable selection in R (MUVR) 
algorithm was performed to identify potential biomarkers and build multivariate diagnostic models using 3 machine 
learning algorithms: random forest, support vector machine, and logistic regression.

Results. Univariate analysis demonstrated that there was a greater difference between the metabolic profiles of 
patients with gout and normouricemic controls than between the metabolic profiles of individuals with hyperuricemia 
and normouricemic controls, while gout and hyperuricemia showed clear metabolomic differences. Pathway 
enrichment analysis found diverse significantly dysregulated pathways in individuals with hyperuricemia and patients 
with gout compared to normouricemic controls, among which arginine metabolism appeared to play a critical 
role. The multivariate diagnostic model using MUVR found 13 metabolites as potential biomarkers to differentiate 
hyperuricemia and gout from normouricemia. Two- thirds of the samples were randomly selected as a training set, 
and the remainder were used as a validation set. Receiver operating characteristic analysis of 7 metabolites yielded 
an area under the curve of 0.83– 0.87 in the training set and 0.78– 0.84 in the validation set for distinguishing gout from 
asymptomatic hyperuricemia by 3 machine learning algorithms.

Conclusion. Gout and hyperuricemia have distinct serum metabolomic signatures. This diagnostic model has the 
potential to improve current gout care through early detection or prediction of progression to gout from hyperuricemia.

INTRODUCTION

As the most common inflammatory arthritis, affecting up to 
6.8% of the population worldwide, gout usually presents as a flare 
triggered by monosodium urate (MSU) crystals in the joints (1,2). 
Hyperuricemia, a condition of high serum urate concentration, is 
diagnosed when the fasting serum urate level is >420 μmoles/
liter (~7 mg/dl) on 2 different days (3). Hyperuricemia significantly 

increases the incident gout risk, and serum urate levels rep-
resent a strong predictor of incident gout (3). In the Normative 
Aging Study, the annual incidence rate of gout was 4.9% in those 
with a prior serum urate level of ≥9 mg/dl compared to 0.1% in 
those with urate levels of <7 mg/dl (4). In the Malmö Preventive 
Project Study, the absolute risk of incident gout during 30 years 
of follow- up was only 3.8% but increased to 14– 20% in asso-
ciation with hyperuricemia (5). A recent study of 9,371 Chinese 
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adolescents ages 13– 19 years found that the prevalence of 
hyperuricemia was 42.3% in male subjects and 8.0% in female 
subjects (6). For the Chinese adult population, the prevalence of 
hyperuricemia and gout is ~13.3% and 1.1%, respectively (2,7). 
Although hyperuricemia significantly increases the incident gout 
risk, a majority of individuals with hyperuricemia remain asymp-
tomatic (1,3). Thus, predicting who will develop gout in the future 
is clinically challenging.

Hyperuricemia is associated with many comorbidities, such 
as chronic kidney disease, diabetes mellitus, hypertension, hyper-
lipidemia, nonalcoholic fatty liver disease, and cardiovascular dis-
eases (1,8). In these metabolic diseases, systematic metabolic 
alterations have often been observed (9,10). As such, metabolo-
mic analysis of biologic fluids may provide an organism- wide view 
at a systems biology level of the dysregulated metabolic path-
ways and identify potential biomarkers for the progression from 
hyperuricemia to gout. Although such metabolomic approaches 
have been increasingly explored in rheumatic diseases (11– 14), 
studies in hyperuricemia and gout are limited (15). Early metabolo-
mics studies have primarily focused on investigating mechanisms 
and therapeutic effects using rodent models of hyperuricemia 
and gout even though each animal model has its limitations with 
regard to mimicking human pathology (16,17).

Metabolic profiling in humans identified pathways and metab-
olites that play an important role in regulating serum urate levels 
(15). A urinary metabolomics study in 35 gout patients and 29 
healthy controls found 30 metabolites that were significantly dif-
ferent, including amino acids, carbohydrates, and organic acids 
(18). 1H nuclear magnetic resonance– based metabolomic profiling 
revealed some differential metabolites in a relatively small cohort 
of 50 individuals with asymptomatic hyperuricemia and 49 gout 
patients (19). To date, studies have not systematically profiled the 
serum metabolome in large cohorts to identify potential biomark-
ers to differentiate or predict the progression from asymptomatic 
hyperuricemia to gout.

In this study, we recruited 330 participants, including nor-
mouricemic controls, individuals with asymptomatic hyper uricemia,  
and patients with gout, for the identification of diagnostic bio  markers  
using high- resolution mass spectrometry (MS)– based metabolomics.  
Univariate analysis, multivariate analysis, and 3 machine learning  
algorithms, including random forest, support vector machine, and  
logistic regression, were applied to identify dysregulated pathways  
between hyperuricemia, gout, and nor  mouricemia and to develop  

prediction models based on potential metabolic biomarkers for 
the discrimination of asymptomatic hyperuricemia from gout. 
Such an approach may have a tremendous impact not only on 
understanding the molecular basis of hyperuricemia and gout, but 
also on improving current clinical practice in hyperuricemia and 
gout (1,20).

MATERIALS AND METHODS

Study participants. Three hundred thirty male partici-
pants (109 patients with gout, 102 individuals with hyperuricemia, 
and 119 normouricemic controls) were enrolled at the dedicated 
Gout Clinic of the Affiliated Hospital of Qingdao University. The 
enrolled participants included outpatients and participants in a 
general survey on lifestyle factors and hyperuricemia and gout 
that was carried out at the same clinic. Gout and hyperuricemia 
were diagnosed based on the 2015 American College of Rheu-
matology/European Alliance of Associations for Rheumatology 
gout classification criteria (21) and the Guideline for the Diagnosis 
and Management of Hyperuricemia and Gout in China 2019 from 
the Chinese Society of Endocrinology, Chinese Medical Associ-
ation (7). The deposition of MSU crystals in the joint tissues was 
assessed by dual- energy computed tomography and ultrasound, 
whereas polarized light microscopy was not routinely performed. 
All participants with hyperuricemia had fasting serum urate levels 
of >420 μmoles/liter on 2 different days without any current or 
prior gout symptoms (7,22).

Participants were not permitted to take any urate- lowering 
drugs or other medicine affecting the serum urate level in the 2 weeks 
prior to enrollment. The duration of the 2- week washout period was 
based on the pharmacokinetics of common urate- lowering med-
ications. Patients were given immediate medical treatment and 
excluded from this study if a gout flare occurred during this 2- week 
washout period. Participants in any of the 3 groups (normouricemic 
controls, hyperuricemia, and gout) were excluded if they had other 
known metabolic diseases, such as diabetes mellitus, kidney or liver 
diseases, hyperthyroidism, hyperlipidemia, hypertension, alcohol 
abuse, obesity, rheumatoid arthritis, or cancer.

Venous blood samples were obtained from participants who 
had not taken any medication after overnight fasting. Blood was 
allowed to clot for 30 minutes at room temperature and then cen-
trifuged at 3,000 revolutions per minute for 10 minutes before 
supernatants were removed. The serum samples were aliquoted 
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and stored immediately at −80°C prior to further sample prepa-
ration and liquid chromatography mass spectrometry (LC- MS) 
analysis. The study was approved by the Ethics Committee of 
Qingdao University, and written informed consent was obtained 
from all participants. The LC- MS analysis procedure is described 
in the Supplementary Methods, available on the Arthritis & Rheu-
matology website at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41733/ abstract.

Data processing and normalization. MS raw data (.wiff) 
were converted to the mzXML format using ProteoWizard software 
(http://prote owiza rd.sourc eforge.net). R package XCMS was used 
to extract peaks (23). The main parameters of XCMS processing 
were set as follows: mass accuracy in peak detection = 25 ppm; 
peak width = (5, 30); snthresh = 3; bw = 5; and minfrac = 0.5. A 
data matrix consisting of retention time, mass- to- charge ratio, and 
peak intensity was generated by XCMS. All metabolic peaks with 
a value of <80% in all quality control (QC) samples were excluded. 
The support vector regression normalization method based on 
QC samples (24) was used to normalize the original data. Peaks 
with a relative standard deviation of >30% in QC samples were 
removed from the peak table.

Statistical analysis. The study design and data analysis 
workflow are illustrated in Figure 1. We performed Wilcoxon’s 
test to compare gout with hyperuricemia, gout with normourice-
mia, and hyperuricemia with normouricemia. Unsupervised 
analysis, principal components analysis (PCA; R package Mix-
Omics), and hierarchical clustering analysis (pheatmap; R pack-
age pheatmap) were performed to explore the global metabolic 

variations among each group (Supplementary Figure 1A, avail-
able on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41733/ abstract). The supervised  
analysis orthogonal partial least squares discriminant analysis 
(OPLS- DA; R package MetaboAnalystR) (25) was used to maxi-
mize the global metabolic variations among groups. The orthog-
onal signal correction technique was used to decompose matrix 
information into response- related and irrelevant information. We 
performed a test with 200 permutations to assess the validity of 
the discriminant models to avoid overfitting (Supplementary Fig-
ures 1B– D). Pathway enrichment analysis was conducted using 
the R package MetaboAnalystR. Metabolites with a false discov-
ery rate (FDR) of <0.05 between 2 groups were considered to 
be significantly different. Then the metabolites were mapped into 
the KEGG database with the hypergeometric test to calculate 
significantly perturbed pathways. The pathway impact is the sum 
of the importance of the matched metabolites normalized to the 
sum of the importance of all of the metabolites in each metabolic 
pathway.

In univariate analysis, metabolites with an FDR of <0.05 
and fold changes of >4/3 or <3/4 were considered to be sig-
nificant metabolites, which were used for hierarchical clustering 
analysis. For biomarker discovery, we used multivariate methods 
with Unbiased Variable selection in R package (MUVR) to select 
potential biomarkers (26). We randomly selected two- thirds of the 
samples as a training set and used the remaining one- third as a 
validation set in each group. Subsequently, the prediction models 
were established according to 3 machine learning models: ran-
dom forest (R package randomForest), support vector machine 
(R package e1071), and logistic regression (R function glm). 

Figure 1. Study design and data analysis workflow. HU = hyperuricemia; NU = normouricemia; LC- MS = liquid chromatography mass 
spectrometry; HR- MS = high- resolution mass spectrometry; PCA = principal components analysis; OPLS- DA = orthogonal partial least squares 
discriminant analysis; ROC = receiver operating characteristic.

http://onlinelibrary.wiley.com/doi/10.1002/art.41733/abstract
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These machine learning algorithms have been shown to decrease 
the bias of prediction models.

The bootstrap method was used to improve the precision of 
prediction and dilute the selection bias (27). Notably, no overlap 
between the discovery and validation data sets was observed. 
The area under the receiver operating characteristic (ROC) curve 
(AUC) (R package pROC) was applied to evaluate the perfor-
mance of the statistical model. We used the bootstrap method to 
calculate the AUC 1,001 times, then chose the median value of 
AUC corresponding to the data split as the final statistical model. 
The 0.25th and 99.75th percentiles were used to calculate the 
95% confidence interval (95% CI). All statistical analyses were per-
formed using R software (version 3.6.1) (28).

RESULTS

Clinical characteristics of the enrolled partici-
pants. The clinical characteristics of the participants are shown 
in Table 1. The serum urate levels in the hyperuricemia group 
(mean ± SD 516 ± 99.28 μmoles/liter) and gout group (mean ± SD 
498 ± 91.48 μmoles/liter) were significantly higher than those 
in the normouricemic control group (mean ± SD 238 ± 35.82 
μmoles/liter). Notably, serum urate levels in the hyperuricemia 
and gout groups were similar. Although we excluded participants 
with other metabolic diseases to minimize confounding factors, 
age, body mass index (BMI), aspartate aminotransferase/alanine 
aminotransferase, glucose, triglycerides, total cholesterol, creati-
nine, systolic blood pressure, and diastolic blood pressure in the 
hyperuricemia and gout groups were significantly different from 
those in the normouricemic control group. However, a majority 
of these parameters were not significantly different between the 
hyperuricemia and gout groups, except for age, glucose, and 
blood urea nitrogen. Notably, although the mean BMI in the hyper-
uricemia and gout groups was significantly larger than that in the 
normouricemic control group, most participants were of normal 
weight to slightly overweight.

Serum metabolomic profiles of the normouricemic 
controls, participants with hyperuricemia, and patients 
with gout. We performed an untargeted metabolomic analysis 
using high- resolution MS and detected 20,666 peaks in positive 
and negative ionization modes. After excluding the natural iso-
topic peaks in a database search, 320 and 516 metabolites were 
identified in positive and negative modes, respectively. An unsu-
pervised PCA was used to evaluate the intrinsic metabolic varia-
tions and data quality in the metabolic analysis. Metabolites from 
gout patients had better separation from normouricemic controls, 
whereas individuals with hyperuricemia and gout patients showed 
less obvious separation, suggesting a smaller metabolic alteration 
between hyperuricemia and gout compared with that between 
gout and normouricemia (Supplementary Figure 1A). A tight clus-
tering of the QC samples indicated a good reproducibility across 
all samples. To gain further insights into the metabolomic profiles, 
we performed a supervised OPLS- DA analysis, which is widely 
used to maximize the variations between groups in metabolomics 
analysis and detect metabolites with a significant contribution to 
the variation (29–31). Volcano plots were visualized using metab-
olites with an FDR of <0.05 and fold changes of >4/3 or <3/4. 
The significantly different metabolites were used for clustering 
analysis in a heatmap, followed by a pathway enrichment analysis 
with metabolites with an FDR of <0.05.

Comparison of the metabolic profiles of the hyper-
uricemia and normouricemic control groups. Compared 
with the PCA analysis, the OPLS- DA analysis showed a better 
separation of all metabolites in the hyperuricemia and normourice-
mic control groups (Figure 2A). Next, we performed a univariate 
nonparametric Wilcoxon’s analysis based on the fold changes 
of metabolites in these 2 groups and found 328 metabolites with 
an FDR of <0.05. As shown in the volcano plot in Figure 2B and in 
Supplementary Table 1 (available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41733/ 
abstract), 22 metabolites were significantly up- regulated, whereas 

Table 1. Clinical and demographic characteristics of the study participants*

Normouricemic controls  
(n = 119)

Participants with hyperuricemia  
(n = 102)

Patients with gout  
(n = 109)

Age, years 46.77 ± 10.14 32.67 ± 12.57† 43.94 ± 11.88‡
BMI, kg/m2 23.42 ± 3.43 26.94 ± 4.44† 26.67 ± 3.56†
AST/ALT, units/liter 1.10 ± 0.32 0.87 ± 0.37† 0.81 ± 0.24†
Glucose, mmoles/liter 4.34 ± 0.59 4.95 ± 1.07† 5.66 ± 1.28†‡
Triglycerides, mmoles/liter 1.17 ± 0.61 1.95 ± 1.31† 1.97 ± 1.12†
Total cholesterol, mmoles/liter 4.28 ± 0.74 4.60 ± 0.93 4.84 ± 0.95†
BUN, mmoles/liter 5.49 ± 1.55 5.22 ± 1.56 4.35 ± 0.92†‡
Creatinine, mmoles/liter 61.50 ± 9.56 82.77 ± 16.33† 83.06 ± 12.32†
Serum urate, μmoles/liter 238.17 ± 35.82 516.99 ± 99.28† 498.2 ± 91.48†
Systolic BP, mm Hg 118.75 ± 11.77 129.82 ± 11.49† 130.2 ± 14.48†
Diastolic BP, mm Hg 73.40 ± 8.31 80.09 ± 8.86† 80.91 ± 11.30†

* Values are the mean ± SD. BMI = body mass index; AST = aspartate aminotransferase; ALT = alanine aminotransferase; BUN = 
blood urea nitrogen; BP = blood pressure. 
† P < 0.01 versus normouricemic controls. 
‡ P < 0.01 versus participants with hyperuricemia. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41733/abstract
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50 metabolites were significantly down- regulated, in the hyperuri-
cemia group compared to the normouricemic control group. In 
addition to purine metabolism, these differential metabolites fell 
into diverse metabolic pathways.

Next, clustering analysis of these 72 significantly altered  
metabolites showed a clear separation in the heatmap (Figure 2C). 
Pathway enrichment analysis demonstrated that these metab-
olites primarily belonged to 4 pathways: arginine and proline  
metabolism; ascorbate and aldarate metabolism; taurine and 
hypotaurine metabolism; and alanine, aspartate, and glutamate  
metabolism (Figure 2D). These 4 metabolic pathways are inter-
connected primarily through amino acids, among which arginine 
and proline metabolism appears to be the key node (Supplemen-
tary Figure 2, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41733/ abstract).

Comparison of the metabolic profiles of the gout 
and normouricemic control groups. To examine the meta-
bolic profiles of gout patients compared to normouricemic con-
trols, we performed OPLS- DA analysis. We observed a large 
overall metabolic separation between the groups (Figure 3A), 

consistent with the PCA plots (Supplementary Figure 1A). The vol-
cano plots showed that 501 metabolites had an FDR of <0.05, 
among which 62 metabolites were up- regulated and 112 metabo-
lites were down- regulated (Figure 3B and Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41733/ abstract). Consistently, 
these significantly altered metabolites clustered in the heatmap 
(Figure 3C) with a clear separation between the groups.

We found 7 pathways perturbed significantly between 
patients with gout and normouricemic controls, including glycine, 
serine, and threonine metabolism; arginine and proline metabo-
lism; arginine biosynthesis; ascorbate and aldarate metabolism; 
d- glutamine and d- glutamate metabolism; alanine, aspartate, and 
glutamate metabolism; and phenylalanine, tyrosine and trypto-
phan biosynthesis (Figure 3D and Supplementary Figure 3, avail-
able on the Arthritis & Rheumatology website at http://onlin e libr ary.
wiley.com/doi/10.1002/art.41733/ abstract). Interestingly, of the 4 
significantly perturbed pathways between individuals with hyper-
uricemia and normouricemic controls, 3 pathways were also sig-
nificantly altered between patients with gout and normouricemic 
controls, with the exception of taurine and hypotaurine metabolism. 

Figure 2. Metabolic profiles discriminating participants with hyperuricemia (HU) from normouricemic (NU) controls. A, Plot of orthogonal partial 
least squares discriminant analysis scores. Samples in the encircled areas are within the 95% confidence interval. B, Volcano plot of differential 
metabolites. Metabolites with a fold change of <3/4 and a false discovery rate (FDR) of <0.05 were considered significantly down- regulated. 
Metabolites with a fold change of >4/3 and an FDR of <0.05 were considered significantly up- regulated. Changes in other metabolites were not 
significant (Not Sig). C, Heatmap of differential metabolites. Red indicates metabolites that were up- regulated and green indicates metabolites 
that were down- regulated in individuals with hyperuricemia compared to normouricemic controls. D, Pathway enrichment plot. Colors represent 
the relative degree of the impact of each pathway (x-axis) and statistical significance (y-axis). Dotted line represents a P value of 0.05.

http://onlinelibrary.wiley.com/doi/10.1002/art.41733/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41733/abstract
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Moreover, amino acid metabolism was also predominantly altered 
between patients with gout and normouricemic controls.

Comparison of the metabolic profiles of the hyperuri cemia  
and gout groups. We observed a clear overall separation be -
tween the hyperuricemia and gout groups in the OPLS- DA anal-
ysis (Figure 4A), suggesting that these 2 disease stages had 
distinct metabolic profiles at the molecular level. These observa-
tions prompted us to explore metabolites that could be used to 
differentiate these 2 stages (as described below). In the volcano 
plot (Figure 4B), there were 321 metabolites with an FDR of <0.05, 
among which 37 were up- regulated and 58 were down- regulated 
(Supplementary Table 3, available on the Arthritis & Rheumatology  
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41733/ 
abstract). All of these significantly altered metabolites clustered 
well in the heatmap (Figure 4C). Surprisingly, however, these dif-
ferential metabolites were only enriched in 2 pathways: arginine 
biosynthesis; and glycine, serine, and threonine metabolism 
(Figure 4D and Supplementary Figure 4, available on the Arthritis  
& Rheumatology website at http://onlin elibr ary.wiley.com/doi/10.  
1002/art.41733/ abstract).

Prediction models to differentiate the hyperuricemia, 
gout, and normouricemic control groups. After systematically 
defining the metabolomic profiles and pathways associated with 
hyperuricemia and gout, we set out to develop prediction models 
by selecting metabolites that could be used to differentiate individ-
uals with hyperuricemia and patients with gout from normouricemic 
controls. We randomly selected two- thirds of the samples in each 
group as the training set and the remaining one- third as the valida-
tion set. To improve predictive performance and avoid overfitting 
and false positives, we performed multivariate modeling using a ran-
dom forest– based MUVR algorithm that could simultaneously iden-
tify minimal- optimal and all- relevant variables for regression analysis 
(26). To increase the confidence and reproducibility of the potential 
biomarkers, we chose only the metabolites with grade 1 identifica-
tion based on MetDNA criteria and further validated the structural 
identities of these potential biomarkers by using the commercial 
standards with the identical LC- MS method.

A total of 13 metabolites were selected and structurally 
validated (Supplementary Table 4 and Supplementary Figure 5, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41733/ abstract). Relative MS 

Figure 3. Metabolic profiles discriminating patients with gout from normouricemic (NU) controls. A, Plot of orthogonal partial least squares 
discriminant analysis scores. Samples in the encircled areas are within the 95% confidence interval. B, Volcano plot of differential metabolites. 
Metabolites with a fold change of <3/4 and a false discovery rate (FDR) of <0.05 were considered significantly down- regulated. Metabolites 
with a fold change of >4/3 and an FDR of <0.05 were considered significantly up- regulated. Changes in other metabolites were not significant 
(Not Sig). C, Heatmap of differential metabolites. Red indicates metabolites that were up- regulated and green indicates metabolites that were 
down- regulated in patients with gout compared to normouricemic controls. D, Pathway enrichment plot. Colors represent the relative degree 
of the impact of each pathway (x-axis) and statistical significance (y-axis). Dotted line represents a P value of 0.05.

http://onlinelibrary.wiley.com/doi/10.1002/art.41733/abstract
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abundances of these metabolites showed statistical significance 
(Supplementary Figure 6, available on the Arthritis & Rheuma-
tology website at http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41733/ abstract), highlighting the potential of these metabolites 
as biomarkers to distinguish individuals with hyperuricemia and 
patients with gout from normouricemic controls. Subsequently, 
we performed an ROC analysis with random forest, support 
vector machine, and logistic regression to construct predic-
tion models. Importantly, we selected only the metabolites and 
prediction models that had similar performance in all 3 methods.

To discriminate individuals with hyperuricemia from nor-
mouricemic controls, 7 metabolites were selected, including 
sphingomyelin, trigonelline, pyroglutamic acid, citrulline, inositol, 
arachidonate, and glycocholate (Supplementary Figures 7A and B, 
available on the Arthritis & Rheumatology website at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41733/ abstract). The following 
prediction formula was deduced to classify individuals with hyperu-
ricemia and normouricemic controls. Notably, the prediction score 
is not the probability for the disease but is used for classification 
purposes. We calculated the prediction score as follows: Prediction 
score = elogit(P)/(1 + elogit(P)), where Logit (P) = 25.11 + 2.29 ×10−6 ×  
Mpyroglutamic acid − 2.58 × 10−4 × Minositol − 3.33 × 10−5 × Mglycocholate + 4.65 ×  

10−6 × Mtrigonelline − 1.77 × 10−3 × MCitrulline + 7.48 × 10−6 × MSphingomyelin  
− 2.45 × 10−6 × Marachidonate, and where M stands for the normalized 
MS intensity of each metabolite.

The cutoff for the prediction score was set at 0.5, with indi-
viduals with a score of >0.5 diagnosed as having hyperuricemia, 
while those with a score of <0.5 are classified as normouricemic. 
This cutoff value is derived from the 3 models to ensure the low-
est false- positive and false- negative values in the classifications. 
Further analysis showed that AUCs ranged from 0.87 to 0.94 in 
the training set, and from 0.80 to 0.82 in the validation set (Sup-
plementary Figures 7C and D).

Similarly, only 4 metabolites (glutamate, pyroglutamic acid, 
glycocholate, and lactic acid) were needed to distinguish patients 
with gout from normouricemic controls. We calculated the predic-
tion score as follows: Prediction score = elogit(P)/(1 + elogit(P)), where 
Logit (P) = 144.9 − 4.06 × 10−5 × Mpyroglutamic acid − 4.67 × 10−4 × Mglycocholate  
− 3.98 × 10−5 × Mlactic acid − 2.58 × 10−3 × MGlutamate. 

The cutoff for the prediction score was set at 0.5, with indi-
viduals with a score of >0.5 diagnosed as having gout, and those 
with a score of <0.5 classified as normouricemic. Interestingly, 
the maximum AUC (AUCmax) was close to 1 in both the training 
and validation sets (Supplementary Figures 8A– D, available on the 

Figure 4. Metabolic profiles discriminating patients with gout from individuals with hyperuricemia (HU). A, Plot of orthogonal partial least 
squares discriminant analysis scores. Samples in the encircled areas are within the 95% confidence interval. B, Volcano plot of differential 
metabolites. Metabolites with a fold change of <3/4 and a false discovery rate (FDR) of <0.05 were considered significantly down- regulated. 
Metabolites with a fold change of >4/3 and an FDR of <0.05 were considered significantly up- regulated. Changes in other metabolites were not 
significant (Not Sig). C, Heatmap of differential metabolites. Red indicates metabolites that were up- regulated and green indicates metabolites 
that were down- regulated in patients with gout compared to individuals with hyperuricemia. D, Pathway enrichment plot. Colors represent the 
relative degree of the impact of each pathway (x-axis) and statistical significance (y-axis). Dotted line represents a P value of 0.05.
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Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41733/ abstract), consistent with a large metabo-
lomic difference between these 2 groups.

More importantly, 7 metabolites were successfully identified 
as the potential biomarkers to discriminate patients with gout 
from individuals with hyperuricemia: uracil, trigonelline, betaine, 
pipecolic acid, myristic acid, arachidonate, and glycocholate (Fig-
ures 5A and B). The prediction formula and a cutoff value of 0.51 
were determined from the prediction model, i.e., individuals with a 
score of >0.51 are classified as having gout, whereas those with 
a prediction score of <0.51 are classified as having hyperuricemia. 
The formula for the prediction score was as follows: Prediction 
score = elogit(P)/(1 + elogit(P)), where Logit(P) = −12.03 + 2.57 × 10−6  
Mbetaine + 5.77  10−5  Mtrigonelline − 4.03  10−5  Mglycocholate − 2.45  
10−5  Muracil + 2.97  10−4  Mpipecolic acid + 6.04  10−7  Mmyristic acid +  
1.81  10−6  Marachidonate.

The AUCs in the training set ranged from 0.83 to 0.87 
(Figure 5C), whereas AUCs in the validation set ranged from 0.78 to 
0.84 using the 3 different machine learning algorithms (Figure 5D).

DISCUSSION

Despite extensive research focused on understanding gout 
pathogenesis, the quality of current gout care and management 

remains far from optimal worldwide (1). Among the key steps in a 
proposed roadmap to improve global outcomes, developing novel 
prognostic markers and gout- specific disease activity indices 
beyond serum urate levels may help refine the disease stages of 
gout as well as improve care for the comorbidities of hyperurice-
mia and gout (20). Although hyperuricemia represents the major 
risk factor for gout, most individuals with hyperuricemia remain 
asymptomatic (3). Thus, it poses a tremendous clinical challenge 
to differentiate or predict which individuals with asymptomatic 
hyperuricemia will progress to gout.

We carried out a state- of- the- art metabolomics study to sys-
tematically define the metabolic profiles and related pathways in par-
ticipants with hyperuricemia, patients with gout, and normouricemic 
controls. We further selected and structurally validated a panel of 
13 metabolites using 3 machine learning algorithms to distinguish 
patients with gout and individuals with hyper uricemia from nor-
mouricemic controls (Supplementary Table 4 and Supplementary 
Figure 5). More importantly, we developed a prediction model based 
on 7 metabolites to distinguish patients with gout from individuals 
with asymptomatic hyperuricemia, with good sensitivity and spec-
ificity: AUCs in the training and validation sets ranged from 0.83 to 
0.87 and from 0.78 to 0.84, respectively (Figure 5).

The metabolomic profile analysis showed that diverse pathways  
are significantly dysregulated in individuals with hyperuricemia 

Figure 5. Selection of potential metabolic biomarkers discriminating patients with gout from individuals with hyperuricemia. A, Variable 
selection based on a Multivariate methods with Unbiased Variable selection in R (MUVR) algorithm. MUVR was used to simultaneously identify 
minimal- optimal and all- relevant variables for regression analysis. B, Statistical parameters of the 7 metabolites identified as potential biomarkers 
discriminating patients with gout from individuals with hyperuricemia. C and D, Receiver operating characteristic area under the curve (AUC) 
for sensitivity and specificity of the predictive model in the training set (C) and in the validation set (D), determined using 3 machine learning 
algorithms: random forest, support vector machine (SVM), and logistic regression. FDR = false discovery rate; 95% CI = 95% confidence 
interval.
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and patients with gout compared to normouricemic controls, 
among which arginine metabolism emerges as the most signifi-
cantly altered. In individuals with hyperuricemia, metabolites that 
are involved in amino acid metabolism, arachidonic acid metab-
olism, and carbohydrate metabolism, in addition to purine and 
pyrimidine metabolism, were significantly up- regulated compared 
to normouricemic controls, while different metabolites in similar 
pathways were significantly down- regulated (Supplementary 
Table 1). Consistent with these results, pathway enrichment anal-
ysis showed that significantly altered pathways include arginine 
and proline metabolism; taurine and hypotaurine metabolism; 
ascorbate and aldarate metabolism; and alanine, aspartate, and 
glutamate metabolism (Figure 2D and Supplementary Figure 2).

Interestingly, these 4 metabolic pathways are interconnected 
primarily through amino acids, among which arginine and pro-
line metabolism appears to be the key node: it connects with 
taurine and hypotaurine metabolism via glutamate; with glycine, 
serine, and threonine metabolism via creatine; and with ascor-
bate and aldarate metabolism via proline. Although arginine levels 
have been closely associated with inflammation in several human 
diseases, our study suggests that arginine and proline metabo-
lism locate at the key node linking 3 other metabolic pathways 
differentiating individuals with hyperuricemia from normouricemic 
controls (Supplementary Figure 2). Even though there is no direct 
evidence linking arginine to hyperuricemia, arginine and urate were 
among the 6 metabolites recently identified in a rat model of acute 
heart failure using untargeted metabolomics (32). Furthermore, 
ascorbate and aldarate metabolism has previously been linked 
to urate metabolism (33). Peng et al found that ascorbic acid 
significantly reduces high- altitude hyperuricemia in young men 
initially migrated to high altitude (34). Alanine, aspartate, and glu-
tamate metabolism is correlated with urate metabolism (19,35). 
Taurine significantly reduces the level of urate in rats with hyper-
uricemia and alleviates kidney damage (36). Furthermore, taurine 
and hypotaurine metabolism is also involved in inflammation (37) 
and oxidative stress (38), two factors that have been associated 
with gout and urate levels (39).

Interestingly, compared to the normouricemic control group, 
the top 4 significantly up- regulated metabolites in the gout group 
were the same as those in the hyperuricemia group (Supplemen-
tary Table 2), albeit to a greater extent. Furthermore, 2 pathways 
appear to play a key role in the progression from hyperuricemia 
to gout: arginine biosynthesis; and glycine, serine, and threo-
nine metabolism (Figure 4D and Supplementary Figure 4). A pre-
vious study correlated the synthesis of arginine with inflammatory 
reactions (40), which may serve as potential indicators differenti-
ating gout from hyperuricemia (41,42). Glycine, serine, and thre-
onine are essential precursors of protein synthesis, nucleic acids, 
and lipids, among which glycine and serine are precursors of urate 
(40). Notably, the biosynthesis of phenylalanine, tyrosine, and tryp-
tophan has been associated with acute inflammatory diseases 
such as severe malaria and sepsis (40). Previous evidence has 

linked glutamate and glutamine with asymptomatic hyperuricemia 
and gout (19,43,44). In addition to being a major metabolite in 
the tricarboxylic acid cycles in energy metabolism and precursor 
for urate synthesis (41), glutamate inhibits the glutamate– cystine 
reverse transport system, leading to a significant decrease in 
intracellular glutathione levels and an increase in reactive oxy-
gen species and oxidative stress. Taken together, the findings of 
our metabolomics study have revealed diverse metabolic path-
ways that are significantly altered in gout and asymptomatic 
hyperuricemia, among which amino acid metabolism pathways 
(especially arginine) appear to play a critical role.

After systematically profiling the metabolic alterations 
in hyper uricemia and gout, we successfully selected poten-
tial metabolites to discriminate between hyperuricemia and gout 
using machine learning algorithms, which are increasingly rec-
ognized as an effective method to evaluate and predict disease 
states (24,27,28,45–47). Using a similar approach, a recent study 
identified potential biomarkers from serum metabolomics and lipi-
domics to discriminate between seronegative rheumatoid arthritis 
and psoriatic arthritis (9). In our study, 13 metabolites were suc-
cessfully identified as potential biomarkers for discriminating the 
gout and hyperuri cemia groups from the normouricemic control 
group (Supplementary Table 4). Among them, 7 metabolites were 
identified for discrimination of the hyperuricemia group from the 
normouricemic control group, with an AUCmax of 0.94 and 0.82 in 
the training set and validation set, respectively, whereas 4 metab-
olites were identified to discriminate the gout group from the 
normouricemic control group, with an AUCmax close to 1 in both 
the training and validation sets. More importantly, we identified 
7 metabolites as potential biomarkers to discriminate between 
gout and asymptomatic hyperuricemia, with an AUCmax of 0.87 
and 0.84 in the training and validation sets, respectively.

There are several limitations of the present study. First, 
to minimize the confounding factors that may affect the metabo-
lomic differences, we included only a “pure” population of patients 
with gout or hyperuricemia, without the common comorbidities 
linked to hyperuricemia, in this cross- sectional study, which may 
limit generalizability to the general gout population. Among the 
different factors that may influence systemic metabolism, age 
and BMI were not matched in this study. Although BMI may 
have limited impact because most participants were of normal 
weight to slightly overweight, the average age in the hyperurice-
mia group was much younger than in the normouricemic control 
and gout groups (Table 1). When we matched the 3 groups for 
age in a subgroup analysis, we found that >90% of the signifi-
cantly differential metabolites remained; most importantly, all of 
the metabolites included in the diagnostic models were retained 
(data not shown).

Second, our cohort had quite different genetic and environ-
mental characteristics from other national/ethnic cohorts (1). For 
example, the average age of the participants in the gout group 
in the present study was 44 years, which is comparable to the 
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average age of 42 years at onset of gout in Chinese patients, 
but much younger than in the populations of Western countries 
(48).

Third, some conclusions using serum remain hypothesis 
generating, since the altered metabolites in serum can reflect, for 
example, inflammatory and metabolic changes in the liver, gut, and 
kidney, in leukocytes, and in the large "organ mass" of the synovial 
joint, vascular system, and bone. As such, future longitudinal stud-
ies are warranted to validate our findings in larger multinational/eth-
nic cohorts, combining serum or plasma metabolomics with other 
omics, including genomics, epigenomics, and proteomics. Such 
an approach could shed light on the relationships of the differen-
tially abundant metabolites identified with purine metabolism, urate 
transport, inflammatory processes, and MSU crystal deposition.

In summary, our study has exemplified the power of com-
bining metabolomics and machine learning algorithms for iden-
tifying potential metabolic biomarkers to distinguish gout from 
asymptomatic hyperuricemia. If validated in separate cohorts, 
these biomarkers may have the potential to discriminate gout from 
hyperuricemia, and even predict the development of gout and 
other comorbidities. These prediction models may also be applied 
in epidemiologic settings to predict the percentage of individu-
als with hyperuricemia who are at high risk of gout. Such a novel 
approach may have a profound impact on the clinical assessment 
and management of hyperuricemia and gout.
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Effectiveness of Allopurinol in Reducing Mortality: 
Time- Related Biases in Observational Studies
Samy Suissa,1  Karine Suissa,2 and Marie Hudson1

Objective. The treatment of gout with allopurinol is effective at reducing urate levels and the frequency of flares. 
Several observational studies have shown important reductions in mortality with allopurinol use, with wide variations 
in results. We undertook this review to assess the extent of bias in these studies, particularly time- related biases such 
as immortal time bias.

Methods. We searched the literature to identify all observational studies describing the effect of allopurinol use 
versus nonuse on all- cause mortality.

Results. We identified 12 observational studies, of which 3 were affected by immortal time bias and 3 by 
immeasurable time bias, while the remaining 6 studies avoided these time- related biases. Reductions in all- cause 
mortality with allopurinol use were observed among the studies with immortal time bias, with a pooled hazard ratio 
(HR) of death associated with allopurinol of 0.71 (95% confidence interval [95% CI] 0.50– 1.01), as well as in those with 
immeasurable time bias (pooled HR 0.62 [95% CI 0.56– 0.67]). The 6 studies that avoided these biases demonstrated 
a null effect of allopurinol on mortality (pooled HR 0.99 [95% CI 0.87– 1.11]), though the lack of an analysis based on 
treatment adherence may have attenuated the effect.

Conclusion. Observational studies are important to provide real- world data on medication effects. The observational 
studies showing significantly decreased mortality with allopurinol treatment cannot be used as evidence, however, 
mainly due to time- related biases that tend to greatly exaggerate the potential benefit of treatments. The ALL- HEART 
randomized trial, which is currently underway and evaluates the effect of adding allopurinol to usual care (compared 
to no added treatment), will provide reliable evidence on mortality.

INTRODUCTION

Gout, the most common type of inflammatory arthritis, has 
been associated with increased risk of cardiovascular events 
and related mortality (1,2). Moreover, gout has been associated 
with increases of 10% to 237% in the risk of all- cause mortality, 
with mortality increasing with higher serum urate levels (3,4).

Treatment with allopurinol is highly effective at reducing 
urate levels and the frequency of flares in patients with gout (5). 
Consequently, the hypothesis that allopurinol could, based on 
its effectiveness, also reduce the higher mortality of patients 
with gout has received considerable attention. A meta- analysis 
of randomized controlled trials reporting on the comparison of 
allopurinol or oxypurinol to placebo found an odds ratio (OR) 
of all- cause mortality of 0.94 (95% confidence interval [95% CI] 

0.62– 1.44), although it included trials with patients who had 
other conditions (aside from gout) (6). Currently underway is the 
ALL- HEART study, a large placebo- controlled randomized trial 
comparing allopurinol therapy to usual care, which will provide 
some data on all- cause mortality (7).

On the other hand, several observational studies have 
assessed this association, with hazard ratios (HRs) of all- 
cause mortality with allopurinol use compared to nonuse ranging 
widely between 0.39 and 1.46 (8,9). A meta- analysis of 4 obser-
vational studies demonstrated a numerically nonsignificant reduc-
tion in mortality with allopurinol use versus nonuse (pooled HR 
0.80 [95% CI 0.60– 1.05]) (10).

Time- related biases, such as immortal and immeasurable 
time biases, have been shown to affect many observational stud-
ies conducted using computerized health care databases (11). 
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Immortal time bias arises in cohort studies as a result of misclassi-
fying as “exposed”, rather than “unexposed”, a period of follow- up 
in which, by design, the study outcome cannot occur. Immortal 
time is typically introduced when a patient’s exposure/treat-
ment status is determined after the start of the follow- up period. 
Immeasurable time bias results from periods of time in cohorts 
or case– control studies during which a subject cannot be recog-
nized as being exposed to a drug because prescription records 
were not available. For example, if exposure is based on outpatient 
prescription records, data will be missing during hospitalizations, 
thus making the patient appear unexposed. These time- related 
biases tend to exaggerate the apparent benefit of drugs (11).

The inconsistent findings of the effect of allopurinol on mor-
tality among observational studies and meta- analyses warrants 
a methodologic examination of these data. In this study, we review 
the observational studies of the effect of allopurinol on mortality in 
gout in order to assess potential sources of time- related bias that 
could explain these differences.

METHODS

We searched the literature for all publications of observa-
tional studies investigating the effectiveness of allopurinol use ver-
sus nonuse on the outcome of mortality. We searched PubMed 
on January 2, 2021 for keywords “allopurinol” and “mortality” 
and (“cohort” or “observational”) with no restriction on publica-
tion date or time. We excluded comparative studies of allopu-
rinol versus another urate- lowering therapy (ULT). The titles and 
abstracts of identified publications were independently screened 

in Endnote by 2 authors (KS and SS), with those deemed rele-
vant by at least 1 author identified for full- text review. In addition, 
to find studies that were not identified in our PubMed search, we 
scanned the references of other reviews on allopurinol and mor-
tality. Those included were observational studies that examined 
allopurinol monotherapy as an exposure and all- cause mortality 
as an outcome. We excluded studies that had non human sub-
jects, pediatric populations, studies that were not observational 
(randomized controlled trials, reviews, meta- analyses, letters, 
comments, and editorials), and studies with a cross- sectional 
design. The full texts of the remaining studies were reviewed, 
and studies meeting inclusion criteria were identified. The final 

Figure 1. Selection of reviewed observational studies. RCT = randomized controlled trial; HR = hazard ratio.

Ar�cles screened by �tle and abstract 
(n = 178)

Ar�cles iden�fied for full-text review 
(n = 22) 

Ar�cles excluded (n = 157):
Not relevant: 100 
Not allopurinol: 17
Not mortality: 13
Not human: 2 
Meta-analysis: 2 
Cross-sec�onal: 2 
Experimental/RCT: 4 
Le�er/comment/editorial: 3 

Studies mee�ng inclusion criteria and included 
(n = 12) 

Full-text excluded (n = 10):
Not all-cause mortality: 3 
Not allopurinol: 2 
No HR reported: 2 
Experimental: 1 

Table 1. Observational studies on the risk of death associated with 
allopurinol use

Author, year (ref.) Patient population
Data source 

region
Struthers et al, 2002 (14) Chronic heart failure Scotland
Luk et al, 2009 (22) Hyperuricemia US
Wei et al, 2009 (9) Chronic heart failure Scotland
Thanassoulis et al,  

2010 (19)
Heart failure* Quebec, Canada

Gotsman et al, 2012 (15) Chronic heart failure* Israel
Tsuruta et al, 2014 (23) Hemodialysis Japan
Dubreuil et al, 2015 (24) Hyperuricemia UK
Kuo et al, 2015 (25) Gout UK
Chen et al, 2015 (8) General population* Taiwan
Larsen et al, 2016 (20) Hyperuricemia Denmark
Weisman et al, 2018 (21) Diabetes and 

allopurinol use
Ontario, Canada

Ju et al, 2020 (26) Gout Hong Kong
* Data available for the subgroups with gout or hyperuricemia. 



ALLOPURINOL AND MORTALITY |      1751

selection of studies was classified according to potential time- 
related biases induced by the study design, including immor-
tal time bias and immeasurable time bias (12,13). The HR of 
all- cause mortality with allopurinol use versus nonuse was 
extracted from each study, and, when available, the estimated 
HR among patients with gout was selected. Study- specific HRs 
were pooled using random- effect models and stratified by stud-
ies according to the type of time- related bias.

RESULTS

Study selection. We identified 178 potential studies, of 
which we found the majority to be reviews, editorials or opinion 
pieces, meta- analyses, observational studies comparing allopu-
rinol to another ULT, or those in which allopurinol was not ana-
lyzed alone among ULTs (Figure 1). We therefore reviewed the 
full text of 12 studies that had findings on the effects of allopu-
rinol on mortality in different patient populations (Table 1). Of the 
included studies, we identified 6 studies that were affected by 
time- related biases: 3 by immortal time bias, with a pooled HR of 
all- cause mortality with allopurinol use of 0.71 (95% CI 0.50– 1.01), 
and 3 by immeasurable time bias (pooled HR 0.62 [95% CI 0.56– 
0.67]), while the remaining 6 studies avoided these biases (pooled 

HR 0.99 [95% CI 0.87– 1.11]), with the results demonstrating wide 
variations (Figure 2).

Immortal time bias. Immortal time bias was identified 
in 3 of the studies (8,14,15). Immortal time refers to a period of 
follow- up during which the outcome under study cannot occur, 
usually because it involves the time from cohort entry to the start 
of the treatment under study (16). Misclassifying or excluding this 
period when defining treatment exposure will introduce immortal 
time bias (12).

An observational study by Gotsman et al, showing a 21% 
reduction in all- cause mortality associated with the use of 
allopurinol, is an example of immortal time bias from exposure mis-
classification (15). The study used electronic medical records from 
a health maintenance organization to identify a cohort of 6,201 
patients with chronic heart failure with a median follow- up period 
of 16 months. The overall adjusted HR of death was 0.79 (95% 
CI 0.64– 0.98). Immortal time bias was introduced in this study 
by classifying patients as exposed to allopurinol from the day of 
cohort entry, even if they only filled their first prescription during  
follow- up. The period between cohort entry and the first allopurinol 
prescription during follow- up is considered immortal time, as the 
patient must survive to receive this prescription. Moreover, the 
patient was unexposed to allopurinol during this immortal period, 
with the misclassification of this unexposed period resulting in 
immortal time bias (12). Figure 3 depicts this bias by comparing 
the survival times between 2 typical cohort patients, 1 “user” of 
allopurinol and 1 nonuser. Clearly, allopurinol users will necessarily 
have a longer survival, artificially created by this added immortal 
time. Such immortal time bias from exposure misclassification will 
result in an exaggerated protective effect of allopurinol exposure.

Figure 2. Forest plot of hazard ratios (HRs) of mortality associated 
with allopurinol use in the observational studies listed in Table 1, with 
pooled estimates from a random- effects model, according to studies 
affected by immortal time bias, those affected by immeasurable time 
bias, and those unaffected by time- related biases. 95% CI = 95% 
confidence interval.

Figure 3. Immortal time bias in cohort studies classifying patients 
as users and nonusers of allopurinol. In the users group, the 
immortal time period between cohort entry and the first allopurinol 
prescription was misclassified as “exposed to allopurinol,” when 
in fact the patient was unexposed. This immortal time should be 
counted as unexposed and added to the nonuser group person- 
time, while only the subsequent time should be counted as exposed 
to allopurinol treatment.

Death

Death

First allopurinol 
prescription

Allopurinol user

Non-user

Immortal time with bias caused by 
exposure misclassification

Cohort entry 

Unexposed time Exposed time
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To illustrate the impact of the bias, we used data reported 
in the article and estimated necessary data that were not pro-
vided (15). We restricted this to patients with hyperuricemia (uric 
acid level >7.7 mg/dl), which included 305 allopurinol users and 
to 1,263 nonusers who were followed for up to 18 months. As 
the mean follow- up duration was not provided in the study, we 
used the Kaplan- Meier curves from one of the figures in the study 
to approximate the mean follow- up period for mortality at 526 
and 511 days for allopurinol users and nonusers, respectively. For 
the purposes of illustrating the bias, we assumed a mean delay of 
4 months between cohort entry and the first allopurinol prescrip-
tion among users, as this was not provided in the study. There 
were 49 deaths among the 305 allopurinol users (439 person- 
years) and 278 deaths among the 1,263 nonusers (1,767 person- 
years). The 439 person- years of follow- up in the patients who 
received allopurinol include the immortal and unexposed person- 
time between cohort entry and the first allopurinol prescription, 
which should be added to the nonuser person- time (Figure 3).

Assuming a mean delay of 4 months between cohort entry 
and the first allopurinol prescription, a total of 101 immortal 

person- years would be misclassified as exposed. This 4- month 
delay is conservative, as suggested by a study from the UK that 
showed a median time from diagnosis of gout to initiation of 
allopurinol of 8 months (17). As shown in Table 2, by correctly 
reclassifying this person- time that is in fact unexposed, the rate 
of the unexposed group was 278/(1,767 + 101) = 14.9 per 100 
person- years instead of 15.7 per 100 person- years. The rate in 
the allopurinol- exposed group was 49/(439 − 101) = 14.5 per 100 
person- years instead of 11.2 per 100 person- years, resulting in 
a corrected crude rate ratio (RR) of 0.97, instead of a significant 
crude RR of 0.71 affected by immortal time bias. Table 2 also 
illustrates these calculations using a mean delay of 2 months and 
6 months after cohort entry before allopurinol treatment initiation. 
It shows that the gap between the biased RR of 0.71 and the cor-
rected RRs increased with longer immortal time periods.

An intriguing example of this bias is in the study by Chen et al, 
which demonstrates an HR of death of 0.39 (95% CI 0.22– 0.70) 
with allopurinol and in which the authors claim that “matching 
for the index date of ULT prescription was performed to remove 
the immortal time bias between treatment and no treatment” (8). 

Table 2. Comparison between biased time– fixed data analysis and corrected time–dependent data analysis of a cohort study of the effect of 
allopurinol on mortality*

Allopurinol users (n = 305) Allopurinol nonusers (n = 1,263)

Deaths
Person- 

years
Rate per 1,000 
person-years Deaths

Person- 
years

Rate per 1,000 
person- years

Crude rate ratio 
(95% CI)

Assuming 2- month delay to allopurinol 
initiation

Biased time–fixed analysis
Immortal and unexposed person- time 0 51 – 0 0 – – 
At- risk person- time 49 388 – 278 1,767 – – 
Total 49 439 11.2 278 1,767 15.7 0.71 (0.52– 0.96)

Corrected time–dependent analysis
Immortal and unexposed person- time 0 0 – 0 51 – – 
At risk person- time 49 388 – 278 1,767 – – 
Total 49 388 12.6 278 1,818 15.3 0.80 (0.58– 1.11)

Assuming 4- month delay to allopurinol 
initiation

Biased time–fixed analysis
Immortal and unexposed person- time 0 101 – 0 0 – – 
At risk person- time 49 338 – 278 1,767 – – 
Total 49 439 11.2 278 1,767 15.7 0.71 (0.52– 0.96)

Corrected time–dependent analysis
Immortal and unexposed person- time 0 0 – 0 101 – – 
At risk person- time 49 338 – 278 1,767 – – 
Total 49 338 14.5 278 1,868 14.9 0.97 (0.72– 1.32)

Assuming 6- month delay to allopurinol 
initiation

Biased time–fixed analysis
Immortal and unexposed person- time 0 151 – 0 0 – 
At risk person- time 49 288 – 278 1,767 – – 
Total 49 439 11.2 278 1,767 15.7 0.71 (0.52– 0.96)

Corrected time–dependent analysis
Immortal and unexposed person- time 0 0 – 0 151 – 
At risk person- time 49 288 – 278 1,767 – – 
Total 49 288 17.0 278 1,918 14.5 1.21 (0.87– 1.69)

* Based on data from a study of patients with heart failure and a uric acid level of >7.7 mg/dl, assuming a mean delay of 2, 4, and 6 months 
between cohort entry and allopurinol treatment initiation (see ref. 15). 95% CI = 95% confidence interval. 
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The methods, however, do not support this claim. The study used 
a cohort of 2,632 patients with gout, including 286 patients initiat-
ing allopurinol treatment who were propensity score– matched to 
286 untreated patients with up to 7 years of follow- up for mortality. 
While the study matched patients according to the index date of 
allopurinol prescription, the data analysis started at the time of the 
gout diagnosis (8). Therefore, using the date of gout diagnosis as 
the start of follow- up in the data analysis rather than the date of 
the first allopurinol prescription can lead to immortal time bias.

Finally, the study by Struthers et al included a cohort of 1,760 
patients with chronic heart failure, showing an HR of death of 0.90 
(95% CI 0.65– 1.25) with “recent low- dose” allopurinol (14). This 
analysis compared patients who received no allopurinol before 
cohort entry but who started to receive low- dose allopurinol at 
some point during the study follow- up (referred to as recent low- 
dose allopurinol) to patients who never received allopurinol. Clearly, 
the time between cohort entry and the first low- dose allopurinol 
prescription during follow- up was immortal and unexposed, thus 
introducing immortal time bias.

The solution to avoid immortal time bias is to use a time- 
dependent definition of exposure that includes and properly 
classifies exposure, as was illustrated in our recalculations using 
simple rates and proper reclassification of person- time (12). There 
are more refined ways to estimate the RR to account for these 
types of time- varying exposures, such as the Cox proportional 
hazards model with time- dependent factors (12). Alternatively, 
one could use approaches such as the prevalent new- user design 
which matches allopurinol users and nonusers at the same time 
point in the disease course, thus avoiding immortal time bias (18).

Immeasurable time bias. Immeasurable time bias 
affected 3 of the identified studies (19– 21). It refers to a period of 
time during follow- up (for a cohort study) or prior to the index date 
(for a case– control study) during which a subject cannot be rec-
ognized as being exposed to the treatment (13). This problem is 
a consequence of the nature of some databases, in which expo-
sure to the study drugs is typically assessed from outpatient pre-
scription records, but is not available from inpatient sources. This 
can have an impact on studies in which the outcome is death. 
Indeed, several deaths may occur during hospitalization, so that 
patients hospitalized prior to death will appear to have received no 
prescriptions during this time, making exposure during this time 
period immeasurable. In studying serious chronic diseases that 
lead to frequent and lengthy hospitalizations, we know that deaths 
can be preceded by hospitalizations that span a portion of the 
exposure time period of interest.

In a case– control study on the use of a particular drug, patient 
deaths are compared to controls from the same disease popula-
tion, usually around the index date defined as the date of death 
for the patient and the corresponding date for the controls. Most 
studies are generally interested in the effect of current drug treat-
ment on mortality. Thus, patients and controls will be considered 

exposed to a drug if the subjects received a prescription for that 
drug that covers the index date or within a few days of it. Figure 4A 
illustrates this phenomenon in 2 subjects from a case– control 
study that uses an outpatient prescription of allopurinol in the  
30- day period prior to the index date as the exposure definition. 
In a cohort approach, continuous exposure to the drug is gener-
ally defined by consecutive prescriptions during follow- up. Cohort 
follow- up stops at the end of continuous exposure or at death. 
Thus, hospitalizations occurring during follow- up can interrupt the 
continuity of exposure, so that subsequent deaths would not have 
been captured as exposed. Figure 4B illustrates this phenomenon 
in 2 subjects from a cohort study with exposure and hospitaliza-
tions occurring throughout follow- up.

A result of such immeasurable time in a case– control study 
is that exposed deaths will be misclassified as unexposed, while 
in a cohort study, a patient at the end of continuous treatment 
will appear to be alive, leading to bias from misclassification. This 

Figure 4. Immeasurable time bias from 2 studies. Top, A case– 
control study with a 30- day exposure time period prior to the index 
date, in which treatment exposure during time in hospital was 
immeasurable in databases (e.g., only outpatient prescriptions that 
defined treatment exposure could be identified). Bottom, A cohort 
study, in which 1 subject was hospitalized more frequently during 
the follow- up period, with immeasurable time periods for outpatient 
prescriptions that defined continuous treatment exposure.

Case (death)

Hospitalized (immeasurable time)

30-day time window of 
current allopurinol exposure

Filled prescription of allopurinol

Control
-30 days

Death

Filled prescriptions of allopurinol

Hospitalized (immeasurable time)

Cohort entry 
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immeasurable time phenomenon is especially pronounced in seri-
ous chronic diseases where hospitalizations preceding death are 
numerous and prolonged. The key reason for immeasurable time 
bias is that multiple hospitalizations preceding death, while likely 
associated with an increased risk of death, lead to an artificially 
lower probability of drug exposure, thus resulting in an underesti-
mation of the rate or ORs.

An example of this bias in a case– control design is in the 
study by Thanassoulis et al that identified, within a cohort of 
patients hospitalized for heart failure and with a history of gout, 
all 1,053 deaths (cases) and 6,631 matched controls (19). Cur-
rent allopurinol exposure was defined based on prescriptions 
dispensed at the time of the event date, i.e., if a filled prescrip-
tion overlapped the event date, namely the date of death or the 
corresponding matched date for the controls. The resulting HR of 
death was 0.74 (95% CI 0.61– 0.90) with current allopurinol use. 
While patients with heart failure often die while in the hospital after 
a lengthy hospitalization or are hospitalized just prior to death, no 
data on hospitalization during this period were provided. During 
these hospitalization episodes, the patient could not receive any 
outpatient prescriptions for allopurinol, as shown in Figure 4A. The 
time spent in hospital just prior to death, defining current expo-
sure, is thus immeasurable due to the unavailability of information 
on prescriptions dispensed during hospitalizations in the data-
base. If the cases had more immeasurable time than the controls 
(differentially among those who were exposed and those who 
were unexposed), immeasurable time bias would have occurred 
and resulted in the estimated RR underestimating the true OR.

The study by Weisman et al provides an example of this bias 
within a cohort design (21). The researchers identified a cohort 
of 38,416 new users of allopurinol, comparing mortality during 
exposed versus unexposed periods. Subjects were considered 
exposed during the time allopurinol was prescribed and for an 
additional 14 days beyond that to account for suboptimal adher-
ence; otherwise, they were considered unexposed to treatment. 
The cohort generated 136,000 person- years of allopurinol- exposed 
time and 65,500 person- years of unexposed time, during which 
22,012 deaths occurred. For allopurinol exposure versus no expo-
sure, the HRs of death were 0.56 (95% CI 0.54– 0.58) and 0.58 
(95% CI 0.55– 0.60), respectively, for male and female subjects. 
This study is subject to immeasurable time bias, since the end of 
allopurinol exposure could have been the result of a patient being 
hospitalized at that time. This is quite likely as 22% of the patients 
in the cohort had been hospitalized in the year prior to cohort entry, 
predicting an elevated rate of hospitalization during the follow- up 
period. Such informative censoring, particularly if a hospitalization 
ends in death, results in an underestimation of the true HR, since 
this exposed subject would have been classified as alive at the time 
of allopurinol “discontinuation.” Consequently, immeasurable time 
bias makes allopurinol exposure appear protective for mortality (13).

An important clue regarding this bias is the difference in the 
effect of the drug on fatal and nonfatal outcomes. For example, 

the study by Larsen et al showed a highly significant HR of 0.68 
(95% CI 0.62– 0.74) for all- cause death associated with allopu-
rinol use, but the HR of nonfatal myocardial infarction was not 
significant (0.89 [95% CI 0.73– 1.08]) (20). Indeed, unlike death, 
the first hospitalization for myocardial infarction during follow- up is 
less likely to be preceded by multiple hospitalizations, resulting in 
less important immeasurable time and smaller bias. This bias was 
specifically mentioned by the authors as a possible explanation for 
the remarkable reduction in mortality (20).

Evidently, this bias does not apply to studies using complete 
integrated health care databases that capture both outpatient 
and inpatient drug use. However, all studies identified with this 
bias only captured outpatient prescriptions. The solution to avoid  
immeasurable time bias is to first identify all hospitalizations  
during follow- up. The timing and duration of these immeasurable 
time periods can then be taken into account by either defining 
exposure accordingly or using a weighted approach based on  
measurable time (13).

Studies avoiding time- related biases. We found 6 stud-
ies that addressed these 2 time- related biases (9,22– 26). Four of 
the studies used a design that began follow- up at or after initiation 
of allopurinol exposure, with a comparable time point for nonusers 
that removed immortal time equally in both groups. For exam-
ple, the study by Luk et al used a cohort of 9,924 subjects from 
Veterans Affairs databases, namely 2,483 allopurinol users and 
7,441 nonusers, with a study design that avoided immortal time 
bias (22). Indeed, allopurinol users had to be recorded as having 
hyperuricemia (serum urate level >7.0 mg/dl) within 1 year prior 
to allopurinol initiation, while the nonusers were identified among 
those in the database who were alive at the time the user initiated 
allopurinol (index date) and also had hyperuricemia in the previous 
year.

On the other hand, 2 studies properly classified the immortal 
time as unexposed (9,26). For example, the study by Wei et al 
avoided immortal time bias at the data analysis stage by using a 
Cox proportional hazard model with a time- dependent variable for 
allopurinol use in the model, whereby the patients were consid-
ered unexposed until they started allopurinol treatment and were 
subsequently exposed (9). In the study by Ju et al “to address the 
issue of potential immortal time bias, the patient- years of xanthine 
oxidase inhibitor users between the diagnosis of gout and the 
start of xanthine oxidase inhibitor treatment were included in the 
xanthine oxidase inhibitor nonuser cohort for any analyses” (26). 
Thus, these authors correctly classified the unexposed immortal 
time, removing it from the xanthine oxidase inhibitor users group 
and adding it to the nonusers group.

Nevertheless, all 6 studies used an intent- to- treat approach for 
the data analysis, which does not consider adherence to allopurinol 
use. Thus, a single prescription of allopurinol was sufficient  
to establish exposure in most of these studies, which complicates 
the interpretation of results if adherence to allopurinol is poor.  
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Indeed, studies from different populations suggest that a minority 
of patients who initiate treatment with allopurinol continue to use 
it regularly (27– 30). Another important issue in these studies is the 
control for confounding by indication, which should restrict studies 
to patients with gout and control for the level hyperuricemia prior 
to the initiation of allopurinol, as well as for comorbidity, which are 
all associated with mortality.

DISCUSSION

Observational studies are now used extensively to evaluate 
the real- world effectiveness of drugs, particularly with respect 
to major outcomes rarely available in randomized controlled trials 
(31). In this study, we evaluated methodologic aspects of 12 obser-
vational studies of the effects of allopurinol, used to treat gout and 
hyperuricemia, on all- cause mortality. When combined, the data 
from the 12 studies result in a pooled HR of all- cause mortality of 
0.81 (95% CI 0.70– 0.94) with allopurinol use. However, we found 
that 6 studies were subject to major time- related biases, particu-
larly from immortal time (pooled HR 0.71 [95% CI 0.50– 1.01]) and 
immeasurable time (pooled HR 0.62 [95% CI 0.56– 0.67]), 2 types 
of bias that tend to overestimate the benefit of a drug. The 6 stud-
ies that avoided these biases in their design or data analysis found 
a null effect of allopurinol on mortality (pooled HR 0.99 [95% CI 
0.87– 1.11]).

Of the 2 sources of time- related bias identified in 6 studies, we 
found that immeasurable time bias results in a more pronounced 
distortion of results and a stronger impact on bias. For example, 
a case– control study of patients with ischemic heart disease, 
affected by this bias, suggested that a combination of statins, aspi-
rin, and beta- blockers reduced all- cause mortality by a remarkable 
83% (RR 0.17 [95% CI 0.12– 0.73]) and that statins alone reduced 
all- cause mortality by 47% (RR 0.53 [95% CI 0.33– 0.86]) (32). A 
cohort study of patients with congestive heart failure, also subject 
to this bias, showed that continuous use of statins was associated 
with reduced all- cause mortality (HR 0.67 [95% CI 0.57– 0.78]) 
(33). These findings are quite dissimilar in magnitude from meta- 
analyses of large randomized trials that showed statins to be asso-
ciated with a reduction in all- cause mortality of 16% (RR 0.84 [95% 
CI 0.79– 0.89]) in similar patients with coronary heart disease (34). 
Correcting for immeasurable time bias can lead to major read-
justments. For example, a case– control analysis of patients with 
chronic obstructive pulmonary disease showed an RR of death of 
0.60 (95% CI 0.50– 0.73) with inhaled glucocorticoids. However, 
after weighting with the measurable time to account for the timing 
and duration of hospitalizations, the RR increased to 0.98 (95% 
CI 0.83– 1.17) (13). These examples confirm that the magnitude of 
immeasurable time bias can be substantial.

Immortal time bias, arising from the misclassification of 
exposure to allopurinol and the exclusion of subjects, was also 
present in 3 studies. Unlike immeasurable bias that depends 
on more intricate weighted analyses, immortal time bias is easily 

corrected. It does not require any additional data but rather a 
proper approach to study design or a data analysis that correctly 
classifies exposure over time. This bias was recently identified in 
several observational studies that showed important protective 
effects of statins on mortality in patients with various rheumatic 
diseases (35). The study by Wei et al is an interesting example 
of the impact of this bias (9). The crude rate of death for the 
incident allopurinol users was 97 per 1,000 person- years com-
pared to 146 for nonusers, resulting in a “protective” RR of 0.66, 
which changed to 1.46 after properly classifying the immortal 
time prior to allopurinol initiation in the users (9). In contrast, 6 
of the 12 studies avoided immortal time bias by using a proper 
study design or data analysis.

Bias from confounding by indication should be an important 
consideration in these observational studies, since allopurinol is  
indicated for gout, especially in patients with significant hy  per-  
uricemia, both of which are associated with increased mortality. 
However, some studies did not control for this important factor. 
Indeed, some studies did not consider gout at all, while oth-
ers considered the condition but did not control for the level of 
uric acid (9,14). For example, the study by Wei and colleagues  
included patients with congestive heart failure, but comparing 
users of allopurinol to nonusers inherently included more patients 
with gout in the users group, which can confound the risk esti-
mate (9). The resulting adjusted HR of 1.46 (95% CI 1.20– 1.78), 
estimated after avoiding immortal time bias, could thus be sub-
ject to residual confounding by the absence of adjustment for 
gout and its severity. It is essential to account for such confound-
ing by restricting studies of these drugs to patients with indica-
tions of gout.

Moreover, studies conducted in patients with gout should   
match or control for the level of uric acid measured prior to the 
initiation of allopurinol treatment. One should avoid adjusting  
for a uric acid level measured after allopurinol exposure, as was 
done in the study by Tsuruta et al (23). In that study, the Dialysis 
Outcomes and Practice Patterns Study registry of patients with 
dialysis collected data on uric acid level and allopurinol at base-
line, which does not ensure the timing of uric acid level preceding 
allopurinol initiation. Finally, the 2 studies that avoided time- 
related biases and included extensive data to adjust for gout 
severity, including adjustment for uric acid level prior to allopu-
rinol initiation, suggest a potential modest benefit on mortality, 
although they could not rule out residual confounding (22,24).

Time- related biases, especially immortal time bias, are par-
ticularly a concern in studies in which a comparison is made to 
nonusers, rather than to active comparators (11). Indeed, compar-
ing patients receiving allopurinol to those not receiving allopurinol  
presents a challenge regarding where to start follow- up for the 
latter group. Therefore, such studies with nonuser comparators 
should raise a red flag with respect to the presence of immortal 
time bias, particularly if the results suggest a remarkable benefit 
for the study drug. Study designs such as the prevalent new- user 
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design or a marginal structural approach that emulates rand-
omized trials avoid immortal time bias (18,36). Moreover, these 
study designs allow for treatment adherence to be addressed and 
can reduce confounding, although such studies require rich data 
sources with available and accurate information on medications, 
clinical diagnoses, and laboratory measures.

In conclusion, while observational studies are important to 
assess the real- world effects of medications on major outcomes, 
proper design and analysis are essential to minimize bias. The 
observational studies demonstrating significantly decreased mor-
tality with allopurinol use cannot be used as evidence, mainly due 
to immortal and immeasurable time biases. These time- related 
biases, which tend to greatly exaggerate the benefit of drugs and 
are prevalent in observational studies of allopurinol on mortality, 
are correctable. The studies that avoided these biases found a 
null effect of allopurinol on mortality. The ALL- HEART randomized 
controlled trial comparing allopurinol to placebo, which is currently 
underway with results expected in 2021, will provide evidence on 
the outcome of mortality (7).
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Elevated Urate Levels Do Not Alter Bone Turnover Markers: 
Randomized Controlled Trial of Inosine Supplementation in 
Postmenopausal Women
Nicola Dalbeth,1  Anne Horne,1 Borislav Mihov,1 Angela Stewart,1 Gregory D. Gamble,1 Tony R. Merriman,2

Lisa K. Stamp,3  and Ian R. Reid1

Objective. Observational studies have consistently demonstrated that serum urate level positively correlates with 
bone mineral density (BMD). We undertook this study to determine whether moderate hyperuricemia induced by 
inosine supplements influences bone turnover markers in postmenopausal women over a 6- month period.

Methods. One hundred twenty postmenopausal women were recruited for a 6- month randomized, double- blind, 
placebo- controlled trial. Key exclusion criteria were osteoporosis, previous fragility fracture, bisphosphonate therapy, 
gout, kidney stones, and a urine pH level of ≤5.0. Participants were randomized in a 1:1 ratio to receive placebo or 
inosine. The coprimary end points were change in levels of N- propeptide of type I procollagen (PINP) and change in 
levels of β- C- telopeptide of type I collagen (β- CTX). Change in BMD, as measured by dual x- ray absorptiometry, was 
an exploratory end point.

Results. Administration of inosine led to a significant increase in serum urate concentration over the study period 
(P < 0.0001 for all follow- up time points). At week 26, the mean change in serum urate concentration was +0.13 
mmoles/liter (+2.2 mg/dl) in the inosine group and 0.00 mmoles/liter (0 mg/dl) in the placebo group. There was no 
difference in PINP or β- CTX levels between groups over the 6 months. There were no significant changes in bone 
density between groups over the 6 months. Adverse events and serious adverse events were similar between the 2 
groups.

Conclusion. This clinical trial shows that although inosine supplementation leads to sustained increases in serum 
urate levels over a 6- month period, it does not alter markers of bone turnover in postmenopausal women. These 
findings do not support the concept that urate has direct biologic effects on bone turnover.

INTRODUCTION

Observational studies have consistently shown that hyperu-
ricemia is protective against the development of osteoporosis (1). 
In many populations, serum urate concentrations positively cor-
relate with bone mineral density (BMD) (2– 8). Furthermore, higher 
serum urate concentrations have been associated with reduced 
risk of fragility fractures (4,9,10). Some laboratory data have sup-
ported the hypothesis that urate, a potent antioxidant, has a direct 
effect on bone to increase BMD. In rat bone marrow osteoclas-
togenesis assays, soluble urate reduced osteoclast formation (3). 

Additionally, an analysis of human bone mesenchymal stem cells 
demonstrated that culture with soluble urate promoted prolifera-
tion, increased osteogenic differentiation, and inhibited adipogenic 
differentiation of these cells (11). Collectively, these data suggest 
that urate has an anabolic effect on bone.

Despite these positive results, it remains uncertain whether 
urate has a clinically significant direct effect on bone. Although 
a strong association between serum urate level and BMD was 
observed in the third generation cohort in the Framingham Heart 
Study, in a Mendelian randomization analysis of the same cohort, 
there was no evidence that urate had a causal effect on BMD (6). 
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Furthermore, a series of in vitro assays did not show evidence of 
direct anabolic interaction between soluble urate and bone cells 
(12), and in a rat model of inducible mild hyperuricemia, no alter-
ations were observed in BMD, bone volume density, or bone bio-
mechanical properties (13).

Inosine is a purine nucleoside, available as an over- the- 
counter nutritional supplement, that increases serum urate con-
centrations. Inosine is metabolized in vivo from AMP as part of 
the purine salvage metabolic pathway. It is degraded to hypox-
anthine, which is, in turn, metabolized to xanthine and then urate 
in the purine degradation pathway. Oral supplementation of ino-
sine is currently under clinical investigation for neuroprotection 
against multiple sclerosis and Parkinson’s disease (14– 16), due to 
its ability to increase serum urate concentrations.

Given the numerous observational studies demonstrating a 
positive association between serum urate concentrations and both 
BMD and fracture risk, as well as the ability of inosine supplements 
to increase serum urate concentrations, we undertook a rand-
omized placebo- controlled trial in healthy postmenopausal women 
to determine the efficacy and safety of inosine- induced moderate 
hyperuricemia on bone turnover markers.

PATIENTS AND METHODS

This study was a randomized, double- blind, placebo- 
controlled trial of 120 postmenopausal female participants that 
lasted 6 months. The study was approved by the New Zealand 
Ministry of Health Southern Health and Disability Ethics Com-
mittee (no. 17/STH/102), and all participants provided writ-
ten informed consent. The trial was prospectively registered 
with the Australia and New Zealand Clinical Trials Registry (no. 
ACTRN12617000940370). The study was undertaken at a sin-
gle study site (Clinical Research Centre, University of Auckland) in 
Auckland, New Zealand. The first study visit occurred on April 17, 
2018, and the final study visit occurred on September 30, 2019.

The hypothesis of this study was that moderate hyperuricemia 
(serum urate level <0.48 mmoles/liter [8.0 mg/dl]) caused by inosine 
supplements would result in a change in bone turnover markers dur-
ing a 6- month period. Participants were randomized in a 1:1 ratio to 
receive either placebo or inosine. The coprimary end points included 
change in serum N- propeptide of type I procollagen (PINP) levels and 
change in serum β- C- telopeptide of type I collagen (β- CTX) levels.

Recruitment and inclusion criteria. Letters of invitation 
were sent to women ages 55 years and older, randomly selected 
from the New Zealand parliamentary electoral roll. Inclusion cri-
teria were as follows: age ≥55 years; postmenopausal; female; 
estimated glomerular filtration rate >60 ml/minute; serum urate 
level <0.42 mmoles/liter (7 mg/dl); and ability to provide written 
informed consent and attend study visits. Exclusion criteria were 
as follows: BMD T score <−2.5 at the total hip, femoral neck, or 
lumbar spine; previous fragility fracture of the hip or clinical spine 

fracture; current or past use (within 12 months) of medications 
that can affect bone turnover markers, including bisphosphonate 
therapy and hormone replacement therapy, or any past zoledro-
nate use; history of gout; history of kidney stones; history of dia-
betes mellitus; current use of diuretic medications; urine pH level 
≤5.0 (risk factor for uric acid urolithiasis); and/or current use of 
inosine as a nutritional supplement.

Interventions. Participants were randomized to 1 of 2 
groups: placebo or inosine (n = 60 participants per group). Treat-
ment assignment was allocated randomly within blocks of varying 
size using random numbers drawn from a pseudorandom num-
ber generator (Excel 2010).

Participants were asked to take study medication in 
the morning and evening (before 7:00 pm). All participants were 
advised to drink 2 liters of fluids per day. Placebo tablets con-
sisted of lactose, microcrystalline cellulose, and magnesium stea-
rate. Inosine and placebo tablets were the same color and had 
identical packaging.

The initial inosine dose was based on our prior study in 
which acute increases in serum urate levels were induced using 
a commercially produced inosine supplement (Source Naturals) 
(17). Based on that study, we estimated that 1.5 gm of inosine 
(2 × 500 mg tablets in the morning and 1 × 500 mg tablet in 
the evening) would increase the serum urate concentration by 
0.10 mmoles/liter. However, we were unable to purchase suf-
ficient tablets from the commercial manufacturer for use in the 
current trial. Therefore, inosine supplements were compounded 
by Optimus Healthcare, a registered pharmacy that specializes 
in compounding for pharmaceutical formulations. Given the 
change in compounding, a preplanned blinded review of serum 
urate concentrations at the week 6 visit was undertaken for the 
first 10 participants. This blinded review demonstrated increases 
in serum urate concentrations of 0.20 mmoles/liter (3.3 mg/dl) in 
some participants. This change was higher than in our previous 
study and likely reflected differences in compounded inosine com-
pared to the commercially available inosine supplement used in 
our previous study. To ensure a state of moderate hyperuricemia 
(<0.48 mmoles/liter [<8.0 mg/dl]) in the inosine group, the follow-
ing changes were made to the study protocol after the blinded 
review: all 10 participants were advised to reduce their study med-
ication to 1 tablet (500 mg inosine or placebo) twice daily, and the 
starting inosine (and matched placebo) dose was reduced to 1 
tablet twice daily for all subsequent participants.

Prelabeling of tablet bottles was performed by staff members 
who had no contact with the study participants and no role in 
study procedures such as assessments of end points. All person-
nel who had contact with study participants and the participants 
themselves were blinded with regard to treatment allocation and 
serum urate concentrations during the study. Serum urate was 
checked at each study visit, using the Roche/Hitachi Modular P 
analyzer. If a participant’s serum urate level was ≥0.48 mmoles/liter 
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(≥8 mg/dl), the inosine dose was reduced by 500 mg. To maintain 
blinding for study participants and staff, serum urate measure-
ments were visible only to staff members who had no contact 
with study participants. In the event of dose reduction in a partici-
pant from the inosine group, that participant was matched by the 
study statistician (GDG) to a participant in the placebo group who 
had placebo dose reduction at the same study visit. At the end of 
the study, participants completed a questionnaire to assess study 
blinding, with options of “active treatment,” “placebo,” and “don’t 
know.” Completed study blinding questionnaires were available 
for 54 participants in each group at the final study visit; 13 partici-
pants (24%) in the placebo group and 16 participants (30%) in the 
inosine correctly identified their allocation.

Visit schedules. Participants had a screening visit within 
a month of the baseline study visit, a clinic visit with randomi-
zation at 0 weeks, and a study visit at 6 weeks, 13 weeks, 19 
weeks, and 26 weeks. Adherence was assessed using counts 
of returned tablets. Any adverse events (AEs) and serious AEs 
(SAEs) were recorded at all follow- up visits. AEs were monitored 
by an independent safety monitor blinded with regard to treatment 
allocation.

Study end points. The coprimary end points were detec-
tion of change in a serum marker of bone formation (PINP) and 
a marker of bone resorption (β- CTX). PINP and β- CTX are rec-
ommended as reference markers in intervention studies by the 
International Osteoporosis Foundation and International Federa-
tion of Clinical Chemistry and Laboratory Medicine (18). Fasting 
blood samples were collected at each study visit, and serum was 
stored at −80°C until analysis. PINP and β- CTX were assessed in 
batches at the completion of the study using the Roche Elecsys 
2010 platform. Coefficients of variation of these markers were 
5.1% for β- CTX and 1.9% for PINP.

Change in BMD was an exploratory end point. BMD 
was measured at baseline and after 6 months at the total body, 
lumbar spine (L1– L4), and proximal femur, using a GE Prodigy 
dual x- ray absorptiometer.

Sample size calculation. We calculated 60 participants 
per group, with a potential 15% loss to follow- up over the 6- month 
period. Estimates of the SD of the change in bone turnover mark-
ers β- CTX (0.195) and PINP (15.2) to 6 months were obtained 
from a clinical trial of low- dose zoledronate (19). Fifty- one subjects 
per group would be needed in order to yield 90% power at the 
2.5% significance level for a 2- tailed test to detect differences of 
0.14 ng/ml and 10.5 ng/ml in the change in β- CTX and PINP, 
respectively, to 6 months. These differences represent 30% and 
20% of the baseline values of β- CTX and PINP, respectively, and 
were considered clinically relevant. The significance level was 
equally divided between these 2 coprimary end points. Sample 
size calculations were made using PASS 2002 (www.ncss.com).

Statistical analysis. Data are presented as the mean ± SD 
or the median (IQR) for descriptive purposes. Measures of effect 
are presented with the appropriate 95% confidence inter-
vals (95% CIs). The primary analysis was a comparison of the 
change in PINP and β- CTX levels, based on treatment alloca-
tion (placebo versus inosine) over the 6- month period. Data 
were analyzed on an intent- to- treat basis, using a mixed- model 
approach to repeated measures. False detection rate– protected 
pairwise comparisons were performed at each time point using 
the mixed- model variances. All analyses were performed using 
SAS (version 9.4). As there were 2 coprimary end points, P val-
ues less than 0.025 were considered significant, and all tests 
were 2- tailed. Two sensitivity analyses were performed: a per- 
protocol analysis and an analysis in which missing data were 
imputed. The per- protocol analysis only included participants 

Figure 1. Flow chart of the included study participants.

http://www.ncss.com
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with >80% adherence to the study medication. For the imputed 
analysis, replacement data for missing values were imputed 
using a standard Markov chain Monte Carlo approach. Five sep-
arate data sets were created, and the MIANALYZE procedure 
in SAS was used to appropriately create multivariate inferences 
from these imputed data sets.

RESULTS

The flow chart of participants included in this study is shown 
in Figure 1. There were 227 women assessed for eligibility, and 
120 participants were randomized to treatment groups. Of these, 
3 participants from each group withdrew from the study. Data 
from all participants were included in the primary (intent- to- treat) 
analysis.

Selected participant characteristics are shown in Table 1. 
The average age was 68 years, and most participants were of 
New Zealand European ethnicity. The mean baseline serum urate 
level was 0.28 mmoles/liter (4.7 mg/dl) in the placebo group and 
0.27 mmoles/liter (4.5 mg/dl) in the inosine group.

Administration of inosine supplements led to a significant 
increase in serum urate concentration during the study period 
(P < 0.0001 for all follow- up time points) (Figure 2A and Supple-
mentary Table 1, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41691/ abstract). 
At week 26, the mean change in serum urate level was 0.00 mmoles/
liter (0 mg/dl) in the placebo group and +0.13 mmoles/liter 
(+2.2 mg/dl) in the inosine group (Supplementary Table 2, http://

onlin elibr ary.wiley.com/doi/10.1002/art.41691/ abstract). For par-
ticipants in the inosine group, the mean ± SD dose of inosine was 
517 ± 91 mg/day at week 26.

There was no significant difference in PINP or β- CTX values 
between groups during the 6- month study period (P > 0.61 for 

Table 1. Baseline characteristics of the study participants*

Placebo  
(n = 60)

Inosine  
(n = 60)

Age, years 68.8 ± 1.9 68.2 ± 2.3
Ethnicity, no. (%)

NZ European 59 (98) 58 (97)
NZ Māori 1 (2) 0
NZ Asian 0 2 (3)

Weight, kg 72.4 ± 12.6 67.5 ± 10.9
BMI, kg/m2 27.3 ± 4.7 26.1 ± 4.2
Previous fracture, no. (%)† 29 (48) 24 (40)
Creatinine (µmoles/liter) 63.3 ± 8.6 62.5 ± 8.7
Serum urate

mmoles/liter 0.28 ± 0.06 0.27 ± 0.06
mg/dl 4.7 ± 1.0 4.5 ± 1.0

PINP, μg/liter 62.0 ± 16.9 59.9 ± 18.3
β- CTX, ng/ml 0.49 ± 0.16 0.45 ± 0.13
Total body BMD, gm/cm2 1.11 ± 0.08 1.09 ± 0.09
Lumbar spine (L1– L4) BMD, 

gm/cm2
1.13 ± 0.15 1.09 ± 0.15

Neck of femur BMD, gm/cm2 0.91 ± 0.11 0.88 ± 0.10
Total hip BMD, gm/cm2 0.97 ± 0.12 0.92 ± 0.10

* Except were indicated otherwise, values are the mean ± SD. NZ = 
New Zealand; BMI = body mass index; PINP = N- propeptide of type I 
procollagen; β- CTX = β- C- telopeptide of type I collagen; BMD = bone 
mineral density. 
† During lifetime. 

Figure 2. Serum urate concentrations and bone turnover markers 
during the study period. A, Serum urate. B, N- propeptide of type 
I procollagen (PINP). C, β- C- telopeptide of type I collagen (β- 
CTX). Data are presented as the mean (95% confidence interval). 
***  =  P  <  0.0001 for false detection rate– protected pairwise 
comparisons at each time point.
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PINP; P > 0.37 for β- CTX for all time points) (Figures 2B and C 
and Supplementary Tables 1 and 2). Furthermore, there were no 
significant between- group differences in total body, lumbar spine, 
or neck of femur BMD during the study period (Figure 3 and Sup-
plementary Tables 1 and 2). Total femur BMD values were lower 
in the inosine group at baseline and 6 months (P = 0.033 at both 
time points), but there was no between- group difference over time 
(P for treatment × time interaction = 0.48 by analysis of variance).

Adherence data were available for 116 participants (4 par-
ticipants did not return any tablets, so adherence data was miss-
ing for these participants). Of the 116 who returned tablets, 
the median adherence was 97% (IQR 90.9– 99.5%): 97.1% in 
the placebo group and 97.2% in inosine group. Adherence of 
≥80% was observed in 55 of 60 participants in each group. 
Sensitivity analyses for both the per- protocol data set and the 
imputed data set showed similar findings to the intent- to- treat 
analysis (data not shown).

AEs and SAEs were similar between the 2 groups 
(Table 2 and Supplementary Table 3, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41691/ abstract). There was 1 SAE in the 
placebo group and 4 SAEs in the inosine group. None of the 

SAEs were considered to be due to the study medication. No 
participant died during the study.

Figure 3. Bone mineral density (BMD) measurements during the study period. A, Total body BMD. B, Lumbar spine (L1– L4) BMD. C, Neck 
of femur BMD. D, Total hip BMD. E, Percentage change in BMD from baseline to week 26 at each site. Data are presented as the mean (95% 
confidence interval). * = P < 0.05 for false detection rate–protected pairwise comparisons at each time point.
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Table 2. Number of serious adverse events and adverse events 
during the study period

Placebo  
(n = 60)

Inosine  
(n = 60)

Serious adverse events
Cancer 0 2
Gastrointestinal 0 1
Infection 0 1
Miscellaneous* 1 0
Total 1 4

Adverse events
Allergy 0 1
Cardiovascular 1 1
Fracture† 4 0
Gastrointestinal 6 10
Infection 13 11
Injury 6 2
Miscellaneous 6 8
Musculoskeletal 8 9
Total 44 42

* Hospital admission with femoral hernia. 
† Fracture sites included tibial plateau (n = 1), distal fibula (n = 2), and 
metatarsal (n = 2). 
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DISCUSSION

In this randomized, double- blind, placebo- controlled trial of 
postmenopausal women, inosine supplementation led to sus-
tained increases in serum urate concentrations over a 6- month 
period. However, there were no convincing effects of elevated 
urate levels on bone turnover markers or BMD in an exploratory 
analysis.

The results of this study are consistent with the following find-
ings: previous clinical trial data on urate- lowering therapy that did 
not demonstrate between- group differences in BMD (12), Mende-
lian randomization data that did not demonstrate a causal effect of 
urate on BMD (6), data from a rat model that did not demonstrate 
changes in BMD in the setting of inducible hyperuricemia (13), and 
in vitro studies that did not show direct effects of soluble urate on 
osteoclast, osteoblast, or osteocyte function (12). These findings 
contrast with findings from numerous observational studies that 
have shown an association between elevated urate levels and BMD 
(2– 8). It is conceivable that exposure to elevated urate levels over a 
longer duration or before menopause might have a biologic effect. 
However, discordance between results from observational studies 
and clinical trials is not unusual in bone research (20). It is possible 
that associations in observational studies demonstrating elevated 
urate and BMD represent residual confounding, potentially related 
to body mass index, visceral fat mass, or total body fat, which are 
associated with higher BMD as well as elevated urate levels (21). 
It is also theoretically possible that urate could affect bone density 
or strength without impacting bone turnover markers, but there is 
no evidence of any other factor having a clinically significant effect 
on bone health without some change in marker being detectable. 
Therefore, such a scenario seems improbable.

In human purine metabolism, inosine conversion to hypoxan-
thine is an essential step in purine degradation, which ultimately 
leads to urate production. It is possible that oral administration of 
inosine may also lead to purine salvaging and non– urate- mediated 
effects, as would be the case following a purine- containing meal 
in nonexperimental settings. Serum urate levels are also regu-
lated by a suite of transporters that mediate urate excretion in 
the gut and kidney (22). While inhibition of urate excretion would 
theoretically provide a mechanism to increase urate levels without 
effects on other purines, specific inhibitors of urate excretion are 
not available for human use. For this reason, oral inosine was used 
as a method to increase serum urate concentrations in a stand-
ardized manner.

This study has some limitations. The coprimary end points 
were bone turnover markers rather than BMD, or the clinically rel-
evant end point of fracture. At a population level, there is a mod-
est but significant association between these turnover markers 
and future fracture (23). More importantly, these markers were 
responsive to change following treatment with antiresorptive 
and anabolic therapies (24). In drug development studies, early 
changes in bone turnover markers predicted changes in BMD and 

antifracture efficacy (25– 27). Testing of bone turnover markers 
allows for efficient analysis of bone- active agents in human clinical 
trials and provides insights about the likely mechanism of action 
of any observed effects. The timeframe for BMD assessment 
was short, and change in BMD was an exploratory outcome. 
Although it is not standard practice to measure changes in BMD 
over 6- month studies, our group has done this previously and 
found significant effects, both positive and negative (19,28). The 
absence of any suggestion of change in bone density is entirely 
consistent with the absence of changes in bone turnover markers. 
Taken together, these findings indicate that inosine is very unlikely 
to have a clinically significant effect on bone metabolism.

In summary, despite a sustained increase in serum urate con-
centrations over a 6- month period, inosine supplementation did not 
alter markers of bone turnover in postmenopausal women. While 
urate may be a marker of BMD, these findings do not support the 
concept that urate has direct biologic effects on bone turnover.
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Prophylaxis against COVID- 19 with hydroxychloroquine 
and chloroquine: comment on the article by Putman et al

To the Editor:
We read with great interest the article by Dr. Putman and col-

leagues, which reviews data from 45 studies evaluating hydroxy-
chloroquine (HCQ), chloroquine (CQ), anakinra, and interleukin- 6 
(IL- 6) inhibitor therapies in the treatment of COVID- 19 (1). Except 
anakinra, none of the other therapies decreased the risk of death 
in hospitalized COVID- 19 patients. We would like to discuss the 
evidence evaluating the role of HCQ as prophylaxis against SARS– 
CoV- 2 infections. The in vitro antiviral effect of antimalarials sug-
gested a role in preventing disease progression (2). A meta- analysis 
of 5,577 participants from 5 randomized controlled trials suggested 
that outpatient treatment with HCQ (as opposed to treatment in 
hospitalized patients) reduced the incidence of the composite out-
come of SARS– CoV- 2 infection, hospitalization, and death; serious 
adverse events were not reported and cardiac arrhythmias were 
rare (3). Several studies suggested that HCQ had no benefit in the 
prophylaxis against SARS– CoV- 2 (4– 8) (Table 1). Only 1 open- label, 
controlled trial showed lower incidence of COVID- 19 in the HCQ 
group; however, imperfect methodology raises concerns over its 
validity (9). The bulk of the evidence suggests that HCQ has limited 
or no utility in the prophylaxis for SARS– CoV- 2 infections.

Sixteen clinical studies investigating the preventive role of 
CQ or HCQ in the setting of COVID- 19 have been registered 
around the world; 5 studies were completed and others were 
terminated, suspended, or withdrawn (10). Of note, our own 
double- blind, placebo- controlled, randomized trial to determine 
the efficacy of CQ in preventing symptomatic COVID- 19 among 
New York– Presbyterian Hospital health care workers was termi-
nated early because of lack of enrollment. CQ- naive health care 
workers with moderate or high risk of exposure to COVID- 19 
were randomized to receive placebo or CQ (500 mg daily for 
1 week followed by 500 mg weekly). Study participants were 
followed up for 3 months to record SARS– CoV- 2 infections 
and safety events. The primary end point was the percentage 
of patients with COVID- 19 infections. The study started in April 
2020 but progressed at a glacial pace due to safety concerns 
and loss of interest in prophylactic use of CQ and HCQ as the 
number of COVID- 19 infections decreased in New York City 
over the summer. We enrolled 9 participants and terminated 
the study early. An additional double- blind, placebo- controlled, 
randomized trial of HCQ (800 mg on day 1 followed by 400 mg 

for 4 additional days) for post– COVID- 19 exposure prophylaxis 
in asymptomatic household contacts was halted in early May 
2020. This study was designed to have no contact between 
COVID- 19– exposed participants and study staff. Based on our 
Institutional Review Board requirement that prolongation of the 
QTc interval be ruled out prior to enrollment, the trial was effec-
tively terminated before even 20 of the planned 1,600 partici-
pants were enrolled.

As vaccination of the health care force is almost com-
plete in the US, the prophylactic roles of CQ and HCQ have 
clearly become less relevant. Most treatment data on HCQ in 
COVID- 19 to date have not shown clinical benefit, and final 
prevention data from the HERO- HCQ trial (11), which remains 
active, will hopefully elucidate the role of HCQ in the prophy-
laxis against the development of SARS– CoV- 2 infections and 
conclude this chapter.

The authors acknowledge the support of Rising Pharma for the 

donation of the chloroquine used in one of the studies discussed in this 

publication.
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exceptions like the RECOVERY trials, few large- scale coordi-
nated RCTs of HCQ were performed (2).

The importance of conducting large- scale, adequately pow-
ered RCTs and the consequences of relying on suboptimal evi-
dence when they are absent will be one of the enduring legacies 
of the COVID- 19 pandemic (3,4). Performing such trials will require 
greater collaboration between centers and a regulatory environ-
ment that encourages their execution. It will also require investiga-
tors like Dr. Tang and colleagues, who were willing to expend time 
and effort in this worthy endeavor.
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Reply

To the Editor:
We thank Dr. Tang and colleagues for their interest in our 

study and for their correspondence on an important clinical 
question. In May of 2020, when our literature search was last 
updated, we did not identify any case series, cohort studies, or 
randomized controlled trials (RCTs) that evaluated the role of HCQ 
as  prophylaxis for COVID- 19. Consequently, our analysis was 
unable to address this issue. The authors should be commended 
for their efforts to conduct an RCT during the early phases of the 
pandemic when there was widespread misinformation about  
antimalarials. We empathize with the difficulties they encountered, 
which highlight broader issues impacting the COVID- 19 research 
agenda.

As noted in our analysis, early observational studies fre-
quently had a high risk of bias, which could be attributed to 
small sample sizes, inappropriate or inadequate comparator 
groups, and issues related to confounding by indication. Over- 
interpretation of the preliminary evidence led to off- label HCQ 
use months before the first randomized trial was finished. An 
“infodemic” began, fueled by anecdotal reports of encouraging 
benefits and concerning harms (1). A seemingly contradictory 
situation arose, in which enrollment slowed because of overcon-
fidence in HCQ’s purported benefit, and trials were paused or 
terminated in response to potential safety signals. The typical 
regulatory and logistic hurdles to initiating RCTs compounded 
delays, resulting in many RCTs beginning after COVID- 19 peaks 
had passed. Perhaps most importantly, aside from notable 
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Use of tofacitinib in the context of COVID- 19 vaccination: 
comment on the American College of Rheumatology 
clinical guidance for COVID- 19 vaccination in patients 
with rheumatic and musculoskeletal diseases

To the Editor:
We read with great interest the American College of Rheuma-

tology (ACR) clinical guidance for COVID- 19 vaccination in patients 

Figure 1. Least squares (LS) mean changes from baseline in C- reactive protein (CRP) levels (A), Disease Activity Score in 28 joints (4- variable) 
using the erythrocyte sedimentation rate (DAS28- 4[ESR]) (B), and Clinical Disease Activity Index (CDAI) (C) over time during the sub- study of 
the long- term extension study, ORAL Sequel. Shaded areas indicate the dose- interruption period. Baseline was defined as visit 1 of the sub-
study. aLS mean change (Δ) in continuous treatment group minus LS mean change in interrupted treatment group. bid = twice a day; 95% CI = 
95% confidence interval. ** = P < 0.001; *** = P < 0.0001 for interrupted versus continuous treatment. Adapted from Figure 3 in Kaine et al (5) 
(available at https://link.springer.com/article/10.1007%2Fs10067-020-04956-1) by removing the original panel B from the figure; used under 
Creative Commons attribution 4.0 International (CC BY 4.0) at https://creativecommons.org/licenses/by/4.0/.

with rheumatic and musculoskeletal diseases (1). We commend 
the Task Force’s emphasis on the importance of immunization in 
this population and for providing guidance to the rheumatology 
community. Regarding their recommendation to withhold JAK 
inhibitors for 1 week after each COVID- 19 vaccine dose (1), we 
propose the following available tofacitinib data for consideration in 
this context.

Tofacitinib is a reversible JAK inhibitor characterized by rapid 
absorption and elimination and a short half- life (2). The impact 
of tofacitinib on lymphocyte subsets consists of small and var-
iable changes in T cell counts, increases in B cell counts, and 
decreases in natural killer (NK) cell counts. After drug discontinu-
ation, B and NK cell counts can take from 2 to 6 weeks to return 
to baseline levels (2), which suggests that the impact of a 1- week 
hold of tofacitinib on immune cell counts would likely be small.
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Studies have also shown that T cell– dependent and T cell– 
independent vaccine responses are unaffected by tofacitinib (3,4). 
In one study, patients with rheumatoid arthritis receiving treatment 
with tofacitinib 10 mg twice a day (with or without methotrexate) 
were randomized to continue or to stop tofacitinib treatment 1 
week prior and 1 week following immunization with the pneumo-
coccal polyvalent- 23 vaccine (PPV23) or the trivalent influenza 
vaccine (3). Antibody titers measured 35 days postimmuniza-
tion were satisfactory in both the continue and hold groups for 
the PPV23 (75.0% and 84.6%, respectively [T cell–independent 
response]) and the influenza vaccine (66.3% and 63.7%, respec-
tively [T cell–dependent response]) (3). In another study, patients 
with psoriasis receiving treatment with  tofacitinib 10 mg twice a 
day demonstrated a robust vaccine response to T cell– dependent 
tetanus toxoid (88%) and T cell–dependent 13- valent conjugate 
pneumococcal vaccines (80%) (4).

As with any clinical decision, risk– benefit analysis for each 
patient includes consideration of the potential for disease flares. 
In the aforementioned study, tofacitinib treatment interruption led 
to a steady increase in disease activity scores compared with 
continuous treatment (Figure 1) (5). Therefore, in addition to the 
ACR guidelines, we encourage clinicians to consider the above 
data during shared decision- making with patients when advising 
on medication management in the context of COVID vaccination.

Editorial support, under the guidance of the authors, was provided 

by Tanya Guha, PhD, CMC Connect, McCann Health Medical Com-

munications and was funded by Pfizer Inc, New York, New York, USA, 

in accordance with Good Publication Practice (GPP3) guidelines (Ann 

Intern Med 2015;163:461–4). Drs. Mortezavi, Menon, Lee, and Rivas are 
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Reply

To the Editor:
We appreciate the comment by Dr. Mortezavi and  colleagues 

describing COVID- 19 vaccine response and the frequency of 
disease worsening in patients receiving tofacitinib. The ACR 
 COVID- 19 Vaccine Clinical Guidance Task Force was aware of the 
2 studies cited and appreciate their summary of the results. We 
would point out that in the rheumatoid arthritis study by  Winthrop 
et al (1), patients receiving tofacitinib in Study A had a lower like-
lihood of a satisfactory response to pneumococcal vaccination 
(45.1%) compared to placebo- treated patients (68.4%), a differ-
ence of 23.3% (95% confidence interval [95% CI] −36.6, −9.6). 
The differences were numerically even larger for patients receiving 
concomitant tofacitinib and methotrexate (31.6% of patients with 
a satisfactory response, difference of −30.2% [95% CI] −47.3, 
−11.4) compared to methotrexate monotherapy. Our challenge 
was in considering the appropriateness of extrapolating results 
from vaccine studies of influenza, pneumococcal, and tetanus 
toxoid vaccines to make inferences regarding the anticipated 
response to vaccination against SARS– CoV- 2, a novel antigen to 
which most individuals have not previously been exposed.

The Task Force recognized that infection rates, and perhaps 
response to vaccinations against those infections, might be het-
erogeneous according to pathogen. For example, JAK inhibitors 
approximately double the incidence of herpes zoster compared 
to biologics such as tumor necrosis factor inhibitors, yet they do 
not meaningfully increase rates of other infections (e.g., pneumo-
nia) (1– 3). We noted that in the Oral Strategy study, adalimumab- 
treated patients receiving vaccination with the live herpes zoster 
vaccine had lower incidence rates of herpes zoster (0.0 per 100 
patient- years) compared to nonvaccinated patients (incidence rate 
2.1 per 100 patient- years) (4). In contrast, and recognizing that 
numbers were small, tofacitinib- treated patients had similar rates 
of herpes zoster regardless of vaccination (incidence rate 3.0 per 
100 patient- years in vaccinated versus 2.2 per 100 patient- years in 
nonvaccinated patients).

We also appreciate the data provided by Dr. Mortezavi and 
colleagues regarding the rate of disease worsening in patients 
whose treatment with tofacitinib was briefly interrupted. At ~2 
weeks, the mean worsening in the 4- variable DAS28 of 0.7 units 
was of smaller magnitude than typically considered the minimum 
clinically important difference (MCID) for the DAS28 (i.e., >1.2 
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units) (5). The MCID for defining disease worsening using the 
Clinical Disease Activity Index (CDAI) in patients who had moder-
ate disease activity at the start of treatment is undefined, although 
a 1- unit change in each of the 4 CDAI components (tender joint 
count, swollen joint count, patient global assessment, and physi-
cian global assessment) is often considered to be the measure-
ment error for each of these (6). Taken together, the mean amount 
of disease worsening associated with brief interruptions in therapy 
seems small and likely not of clinical importance for most patients, 
especially in light of the guidance recommending that JAK inhibi-
tors be withheld for 1 week at the time of each vaccine administra-
tion, rather than for 2 consecutive weeks.

Ultimately, we await prospective data regarding the influence 
of JAK inhibitors and other immunomodulatory therapies used at 
the time of COVID- 19 vaccination on immunogenicity and corre-
lates of serologic protection. Since the ACR COVID- 19 Vaccine 
Guidance is a living document, our plan is to rapidly update it and 
incorporate new evidence as it accumulates.
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Are there thresholds of conflict of interest with gifts 
from industry? Comment on the article by Wayant et al

To the Editor:
I would like to thank Dr. Wayant and colleagues for their analysis of 

financial conflicts of interest among physician- authors of American Col-

lege of Rheumatology clinical practice guidelines (1). Given the known 

challenges with the Open Payments Database, as was described in 

their evaluation, I am curious if the data show a natural demarcation 

between small gifts and significantly larger gifts. While there are not 

defined levels of conflict of interest, I would like to know if the data 

suggested that there may be a threshold for authors with small gifts 

(for example, <$200 for smaller gifts and ≥$500 for larger gifts). The 

data may better define thresholds of conflict of interest. A gift with an 

estimated value of <$200 on a $200,000 physician salary would likely 

carry less influence than a $10,000 gift. A scatterplot with linear or 

logged y- axis for gift amount may be instructive. I would be grateful if 

Dr. Wayant and colleagues could provide this analysis to supplement 

their article.

John D. FitzGerald, MD, PhD
University of California, Los Angeles

 1. Wayant C, Walters C, Zaaza Z, Gilstrap C, Combs T, Crow H, et al.
Evaluation of financial conflicts of interest among physician- authors
of American College of Rheumatology clinical practice guidelines.
Arthritis Rheumatol 2020;72:1427– 34.

Ted R. Mikuls, MD, MSPH
University of Nebraska Medical Center 

and VA Nebraska– Western Iowa Health Care System
Omaha, NE

 1. Winthrop KL, Curtis JR, Lindsey S, Tanaka Y, Yamaoka K, Valdez
H, et al. Herpes zoster and tofacitinib: clinical outcomes and the
risk of concomitant therapy. Arthritis Rheumatol 2017;69: 1960– 8.

 2. Bechman K, Subesinghe S, Norton S, Atzeni F, Galli M, Cope AP,
et al. A systematic review and meta- analysis of infection risk with
small molecule JAK inhibitors in rheumatoid arthritis. Rheumatology
(Oxford) 2019;58:1755– 66.

 3. Curtis JR, Xie F, Yun H, Bernatsky S, Winthrop KL. Real- world com-
parative risks of herpes virus infections in tofacitinib and biologic- 
treated patients with rheumatoid arthritis. Ann Rheum Dis 2016;75:
1843– 7.

 4. Calabrese LH, Abud- Mendoza C, Lindsey SM, Lee SH, Tatulych
S, Takiya L, et al. Live zoster vaccine in patients with rheumatoid
arthritis treated with tofacitinib with or without methotrexate, or
adalimumab with methotrexate: a post hoc analysis of data from
a phase IIIb/IV randomized study. Arthritis Care Res (Hoboken)
2020;72:353– 9.

 5. Uhlig T, Kvien TK, Pincus T. Test- retest reliability of disease activity
core set measures and indices in rheumatoid arthritis. Ann Rheum Dis 
2009;68:972– 5.

 6. Curtis JR, Yang S, Chen L, Pope JE, Keystone EC, Haraoui B,
et al. Determining the minimally important difference in the
Clinical Disease Activity Index for improvement and worsening in
early rheumatoid arthritis patients. Arthritis Care Res (Hoboken)
2015;67:1345– 53.

mailto:￼
https://orcid.org/0000-0002-8907-8976
https://orcid.org/0000-0003-0591-2976
https://orcid.org/0000-0002-3225-8351
https://orcid.org/0000-0001-7695-2022
mailto:￼
https://orcid.org/0000-0002-8419-7538
https://orcid.org/0000-0002-0897-2272


LETTERS |      1771

DOI 10.1002/art.41719

Etanercept or methotrexate withdrawal in rheumatoid 
arthritis patients receiving combination therapy: 
comment on the article by Curtis et al

To the Editor:
We read with great interest the article by Dr. Curtis and col-

leagues on etanercept or methotrexate withdrawal in rheumatoid 
arthritis (1). They identified patients whose RA was in sustained 
and deep remission according to the stringent Simplified Disease 
Activity Index (SDAI) criteria (2) and simulated near- ideal condi-
tions, before withdrawing either methotrexate or etanercept from 
the treatment regimen. They then observed the proportion of 
patients in whom SDAI remission was maintained at week 48. 
However, a few matters need to be addressed.

First, the eligibility criteria state that patients should have 
an SDAI score of ≤3.3 at screening and at the end of the run- in 
period. However, Curtis and colleagues report that disease 
in 95%, 92.1%, and 96.1% of the patients in the methotrex-
ate monotherapy arm, the etanercept monotherapy arm, and the 
combination arm, respectively, was in SDAI- defined remission at 
baseline (see Table 1 in Curtis et al [1]). Considering the eligibility 
criteria, these values should be 100% in each arm.

Second, we noticed the discrepancy between the percent-
age of patients at baseline whose disease was in SDAI- defined 
remission (>90%) as compared to Boolean- defined remission 
(33– 45%). As both the SDAI definition of remission and the 
Boolean- based definition of remission are recommended by the 
American College of Rheumatology and the European Alliance of 
Associations for Rheumatology, both should be consistent (3). A 
recent report states that raising the cutoff score for patient global 
assessment of disease activity to 1.5 instead of 1 would lead to 
better agreement between the two indices (4). It would be of inter-
est to know whether this was the reason for the grossly discord-
ant values between the two indices in the study by Curtis and 
colleagues.

Third, among those who received rescue therapy in the com-
bination arm, remission was recaptured in nearly 80% of patients, 
while low disease activity was seen in 100%. Further clarity on 
whether this improvement was achieved by merely continuing the 
same therapy or by treating the patients with steroids or analge-
sics would be helpful for extrapolation to daily clinical practice.

Last, we would like to bring to the authors’  attention a pos-
sible misprint in the Discussion, where it is written that a differ-
ence in the proportion of radiographic nonprogression was 
observed between the combination arm and the  etanercept  
mono therapy arm in the COMET trial (5). However, in the COMET 
trial, the combination arm was compared to methotrexate and  
not etanercept.

We appreciate the work done by the authors and are looking 
forward to their response.

DOI 10.1002/art.41718

Reply

To the Editor:
We thank Dr. Roongta and colleagues for their interest in our 

report and for their comments on the initial online version of the 
article. We have addressed their points as detailed below. Clar-
ifications or corrections were made, where relevant, during the 
copyediting phase and are now resolved.

First, the third and final run- in visit of this study required that the 
patient’s rheumatoid arthritis (RA) be in SDAI remission at that time, 
but the subsequent randomization of the patient into the double- 
blind treatment period occurred at a separate visit ~1 week later, 
at which time the baseline disease activity score was remeasured. 
As expected, there were some minor fluctuations in disease activity 
during this interval, and in a small number of patients RA was not in 
SDAI- defined remission at the time of the baseline visit, and yet was 
found to be in SDAI- defined remission at the third run- in visit. Among 
those whose disease was not in SDAI- defined remission at the 
baseline visit, the range of SDAI scores remained close to the cutoff 
score representing remission and did not exceed the SDAI- defined 
low disease activity range. We have updated the Patients and Meth-
ods section in the final version of our article to provide greater clarity.

Second, although the discrepancy between patients whose 
disease was in SDAI- defined remission and the lower percentage 
whose disease was in Boolean- defined remission was expected, 
we agree that the magnitude of the difference was greater than 
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previously reported. Boolean- defined remission represents a stricter 
definition of remission, and the patient global assessment of disease 
activity has been identified as the most common variable account-
ing for the discrepancy between the two outcome measures (1,2). In 
addressing Roongta and colleagues’ comment, we found an error in 
the calculation of Boolean- defined remission (using the 0– 100 scale, 
rather than 0– 10 scale in the formula). This error was limited to the 
calculation of Boolean- defined remission and did not apply to other 
outcome measures utilizing patient global assessment of disease 
activity, including SDAI. The updated Boolean- defined remission 
rates at baseline for the methotrexate monotherapy, etanercept mon-
otherapy, and combination groups were 82.2%, 83.2%, and 80.4%, 
respectively. If the Boolean remission definition allowed for a patient 
global assessment score of ≤1.5 units (rather than ≤1.0 units), RA 
in 87.1%, 86.1%, and 84.3% of the patients would have been in 
Boolean- defined remission. Table 1 of the article has been updated 
with the corrected data.

Third, we found it interesting, though seen previously, that  
merely continuing combination therapy after rescue therapy led  
to recapturing low disease activity for those patients previously  
receiving combination therapy whose disease worsened (3). Across 
the 3 treatment groups, there was low use of glucocorticoids in 
patients who experienced disease worsening and received res-
cue therapy. Approximately 15% of patients overall were treated 
with glucocorticoids at any time after initiation of rescue therapy, 
and glucocorticoid usage was approximately twice as common in 
the methotrexate monotherapy group compared with the etaner-
cept monotherapy group. In the combination therapy group, only 2 
patients among those who received rescue therapy received low-   
dose steroids, and 1 patient received a nonsteroidal antiinflammatory  
drug for documented worsening of RA.

Roongta and colleagues are correct to point out that the 
COMET trial radiographic results referenced in the Discussion 

section of our article compare the combination therapy group 
and the methotrexate monotherapy group. It was an error, 
and the intended reference was for the 2- year follow- up report 
from the COMET trial, which describes the 2- year clinical and 
radiographic results and compares the radiographic data 
between patients who started on the combination of etanercept 
and methotrexate and continued this combination treatment, 
and those who then discontinued methotrexate and continued  
to receive etanercept as monotherapy as in the SEAM- RA trial 
(4). We have made the appropriate correction in the final version 
of the article.
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