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

Presence of Structural Entheseal Lesions Predicts 
Progression from Psoriasis to PsA
In this issue, Simon et al (p. 253) report that 
the presence of structural entheseal lesions 
and low cortical volumetric bone mineral 

density (vBMD) at enthe-
seal segments in patients 
with psoriasis is associ-

ated with an increased risk of developing 
psoriatic arthritis (PsA), and thus represents 
a robust and independent marker predictive 
of the development of PsA.

The study included 114 psoriasis patients, 
24 of whom developed PsA during a mean 
± SD follow-up of 28.2 ± 17.7 months. At 
baseline, the patients had a mean ± SD age 
of 45.3 ± 13.9 years, duration of psoriasis 
of 15.8 ± 14.8 years, and psoriasis area and 
severity index (PASI) score of 7.3 ± 6.5. The 
24 patients who developed PsA did so after a 
mean ± SD duration of 17.5 ± 10.0 months.

tural entheseal lesion at the metacarpophalan-
geal joints, with a mean ± SD grade of 0.73 

± 1.37. The investigators 
found that patients with 
psoriasis progressing to 
PsA had localized reduc-
tion in bone mass at 
the entheseal region of 
the joints. In contrast, a 
higher vBMD at entheseal 
segments was associated 
with a lower risk of devel-
oping PsA. The associa-
tion remained robust after 
multiple imputation of 
missing data. The inves-
tigators found no posi-
tive association, however, 
between PsA and nail 
involvement. The researchers next explored 
whether the risk of development of PsA in 
patients with structural entheseal lesions 

at entheseal segments and found this to be 

p. 253

More Data about Mepolizumab for EGPA
The MIRRA (mepolizumab or placebo for 
the treatment of eosinophilic granuloma-
tosis with polyangiitis [EGPA]) adminis-
tered mepolizumab 300 mg every 4 weeks, 

despite this dosage not 

for EGPA. However, in clinical practice, most 
patients with EGPA receive mepolizumab at 
the dose approved for severe eosinophilic 
asthma: 100 mg every 4 weeks. Even this 

in patients receiving anti–interleukin-5 treat-
ments at the dose used for asthma control.

In this issue, Bettiol et al (p. 295) report 
that mepolizumab, at both 100 mg every 4 

weeks and 300 mg every 4 weeks, is effec-
tive for the treatment of EGPA. Their retro-
spective study revealed that both doses 
were associated with effective control of 
respiratory EGPA manifestations and an 
improvement in systemic disease. The study 
was conducted in multiple centers in Europe 
and is the largest series of mepolizumab-
treated patients with EGPA reported to date. 

In their real-world study, investiga-
tors found that the proportion of complete 
responses steadily increased throughout 
follow-up and reached, at 24 months, 
33.3% for mepolizumab 100 mg every 4 
weeks and 58.3% for mepolizumab 300 mg 
every 4 weeks. Only a small proportion of 

p. 295

true. The study highlights the early phase of 
musculoskeletal involvement in a subset of 
patients with psoriatic disease and substan-

in the pathogenesis of psoriatic disease. 

Figure 1. Anatomic orientation of the metacarpophalangeal joint for 
high-resolution peripheral quantitative computed tomography.

patients in the cohort experienced disease 
relapse. The patients receiving both mepo-
lizumab regimens experienced not only 
disease control but also improvement in 
asthma and lung function. Mepolizumab 
was generally well tolerated. 

These results also suggest that mepoli-
zumab may be able to treat systemic mani-
festations of EGPA. The authors note that, 
although the subgroups were too small to 
draw conclusions, complete response rate 
appeared to be higher among patients nega-
tive for antineutrophil cytoplasmic anti-
bodies. The authors conclude by calling for 
the 2 doses to be compared in the setting of 
a controlled trial.
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environmental and common genetic risk factors shared among 
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-

genes in a large Scandinavian cohort of patients and controls, fol-
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-

-
tion of the associated locus, this method highlighted IFI35 and 
PTGES3L

-

Questions

1. What is currently known about the genetic architecture 
underlying the development of IIM?

or a more accurate variant functional annotation?

a different cohort add more knowledge?

4. What might be a sensible functional validation experiment to 
IFI35–PTGES3L locus?

Contribution of Rare Genetic Variation to Disease Susceptibility in a 
Large Scandinavian Myositis Cohort

Peripheral Blood B Cell Subsets in Patients with RA Remain 
Stable During Treatment
Although previous studies have demonstrated 
that peripheral blood B cells are abnormal in 
rheumatoid arthritis (RA) the results have not 
been entirely consistent, possibly due to vari-

ability in disease pheno-
types, duration, activity, 
and therapy. Perhaps for 

this reason, researchers have been unsuccessful 
in identifying markers that can predict response 
to anti–tumor necrosis factor (anti-TNF) 
therapy. This has led some to propose that such 
biomarkers may exist in discrete cell populations.

In this issue, Meednu et al (p. 200) 
describe several peripheral B cell flow 

cytometry–based biomarkers associated with 
inadequate response to TNF blockade. Their 
results are consistent with the notion that 
peripheral blood B cell subsets are remark-
ably stable in patients with RA. However, 
activated B cells do associate with a less 
robust response to therapy. 

When the investigators examined periph-
eral blood B cell subsets of individuals with 
active RA, they found no difference between the 
effects of dual blockade of TNF and lympho-
toxin (LT) with etanercept and single blockade 
of TNF with adalimumab. The results suggest 
that agents that block both TNF and LT are not 

block TNF alone. They also found that TNF 
blockade was not associated with a decrease 
in total peripheral blood memory B cells and 
propose that this may be because most periph-
eral blood memory B cells are longer-lived 
and not susceptible to alteration during a short 
period of treatment. This builds upon the 
team’s previous research, which showed that 
lymphoid tissue from RA patients receiving 
etanercept display a paucity of follicular 
dendritic cell networks and germinal center 
structures, and highlights the importance of 
examining tissue in addition to blood.

p. 200
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A monthly feature designed to facilitate discussion on research methods in rheumatology.
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Clinical Connections
Defective Early B Cell Tolerance Checkpoints 
in Patients With SSc Allow the Production of 

Glauzy et al, Arthritis Rheumatol 2022;74:307–317

CORRESPONDENCE 
Eric Meffre, PhD: eric.meffre@yale.edu

SUMMARY  
Early selection steps, preventing the production of autoreactive naive B cells generated by random V(D)J 
recombination, are often impaired in patients with autoimmune diseases. Glauzy et al used an in vitro polymerase 
chain reaction–based approach that allows for the expression of recombinant antibodies cloned from single B cells. 
They demonstrated that patients with systemic sclerosis (SSc) displayed elevated proportions of autoreactive new 
emigrant/transitional and mature naive B cells that are characteristic of impaired central and peripheral B cell 
tolerance checkpoints, respectively. Therefore, the dysregulated removal of developing autoreactive naive B cells 
continuously produced throughout life correlates with autoimmunity, likely by favoring self antigen presentation to 
T cells and autoantibody secretion. However, the reservoir of naive B cells at the origin of the production of 
potentially pathogenic antibodies in patients with autoimmune diseases remains poorly characterized. The 

transitional B cell compartment of patients with SSc supports a direct involvement of transitional B cells in 

formation of immune complexes, defective early B cell tolerance mechanisms appear to play an essential role in 
disease pathophysiology. Restoring early B cell tolerance checkpoints may thus represent an attractive therapeutic 
strategy to prevent the production of autoreactive naive B cells and thwart autoimmunity.

KEY POINTS  

•  Central and peripheral B cell tolerance 
checkpoints are impaired in SSc. 

•  Autoreactive naive B cells accumulate in the 
blood of patients with SSc.

•  Failure in early B cell tolerance checkpoints is 
common in most patients with autoimmune disease.

•  Anti–topoisomerase I–reactive clones have been 
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Clinical Connections

Activation of Hypothalamic AMPK 
Ameliorates Metabolic Complications of 
Experimental Arthritis
Seoane-Collazo et al, Arthritis Rheumatol 22022;74:212–222

CORRESPONDENCE 
Oreste Gualillo, PharmD, PhD: oreste.gualillo@sergas.es
Miguel López, PhD: m.lopez@usc.es

SUMMARY  
The AMP-activated protein kinase (AMPK) is a cellular gauge 
that is activated in conditions of low energy to increase 
energy production and reduce energy-wasting. Current 

regulation of peripheral metabolism by modulating food 
intake and energy expenditure, the latter via the sympathetic 
nervous system (SNS) regulation of brown adipose tissue 
(BAT) thermogenesis and white adipose tissue (WAT) 
browning. Seoane-Collazo et al demonstrated that 
experimental arthritis (EA), induced by intradermal injection 
of Freund’s complete adjuvant (CFA) in rats, increased BAT 
thermogenesis and browning of WAT, promoting energy 
expenditure and weight loss. These effects were associated 
with the inhibition of hypothalamic AMPK. Virogenetic 

of the hypothalamus (VMH; a main brain site regulating 
metabolism), blunted the effects of EA on BAT and WAT 
and led to reversion of the catabolic status, to weight gain, 

Fur ther work will be needed to address whether EA-
induced inhibition of hypothalamic AMPK might directly 
impact immune function, for example, by SNS-mediated 
activation of the spleen lymphocytes. 

These data demonstrate that the metabolic consequences 
of EA go far beyond peripheral tissues and target the 
hypothalamus to affect a key mechanism, namely AMPK, 
modulating energy balance. This provides new mechanistic 
insight into the pathophysiology of rheumatoid arthritis (and 

might offer new alternatives to current clinical management 
and the treatment of associated comorbidities.  

KEY POINTS  

•  
which is associated with increased BAT thermogenesis 
and browning of WAT.

•  EA inhibits hypothalamic AMPK.

•  Activation of hypothalamic AMPK reverses the effect of 

•  EA promotes a central catabolic state that can be 
targeted by the activation of hypothalamic AMPK.
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E D I T O R I A L

Are Intraarticular Glucocorticoids Safe in Osteoarthritis?

Joel A. Block

The treatment of osteoarthritis (OA) pain remains an
intractable clinical problem. Although in the inflammatory arthriti-
des, dramatic advances have yielded therapeutics that have
altered the course and clinical severity of many diseases, parallel
advances have not yet occurred in the field of OA. Hence, despite
decades of effort and the expenditure of enormous resources by
the pharmaceutical industry, government, and private founda-
tions, treatment of the chronic pain of OA remains a substantial
unmet medical need. Although OA can involve any synovial joint,
knee OA dominates clinical trials and epidemiologic studies
because it is common, easily diagnosed, and remains a source
of enormous public cost.

Intraarticular glucocorticoids have been used for many
decades for short-term relief of painful knee OA and they continue
to represent a widely employed strategy. Nonetheless, their over-
all utility remains a subject of controversy, as their risks and bene-
fits have still not been fully elucidated. A study by Bucci et al,
which is published in this issue of Arthritis & Rheumatology (1),
may provide additional insight into this difficult clinical issue.

In the 1950s intraarticular glucocorticoids were believed to
be dramatically effective for inflammatory and degenerative arthri-
tis (2,3). Initial enthusiasm, however, appeared to be tempered by
findings in animal studies suggesting that there may be some car-
tilage toxicity from the glucocorticoids (4), as well as the possibility
of accidental hyaline cartilage trauma resulting from needle sticks.
Human adult cartilage is a non-healing tissue, and thus there was
concern that such trauma could accelerate the process of carti-
lage degeneration. Throughout this era, OA was considered to
be primarily a disease of degenerative articular cartilage (5), and
hence such accidental trauma was thought to represent a poten-
tial risk factor for progressive cartilage loss, and thus for OA dis-
ease progression.

The glucocorticoids have extraordinarily complex effects on
the biology of cartilage. Studies using animal models, cartilage
explants, and cultured chondrocytes suggest contradictory
results, depending on the model system employed and on

the dose and duration of exposure to the steroid. Whereas
glucocorticoids potently inhibit cartilage matrix degradative
enzymes, they also affect cellular remodeling and synthesis, and
may disrupt cartilage matrix homeostasis (6). The net effect of
therapeutic glucocorticoids on cartilage in animals and humans
remains unclear. OA, however, is now widely recognized to be a
disease of the entire joint, rather than merely a disease of degen-
erative cartilage. Nonetheless, concerns about potential adverse
effects of intraarticular glucocorticoid injections have remained,
and there are no conclusive data that either implicate these
agents in or clear them from mediating OA disease progression
in humans.

In contrast to the controversy surrounding the potential risks
of intraarticular glucocorticoids, a consensus has emerged that
they may provide pain palliation, but that this is of relatively short
duration. Hence, patients typically require repeated injections
over time. However, the magnitude of benefit that they provide
remains debated; although treatment with intraarticular glucocor-
ticoids is strongly recommended in the new American College of
Rheumatology guidelines for the management of knee OA (7), it
is only conditionally recommended by the updated guidelines
published by the Osteoarthritis Research Society International
(8). The continued popularity of these agents is likely largely a
result of the paucity of highly effective alternative options to palli-
ate OA pain, because the strategy is clearly neither particularly
durable nor overwhelmingly effective.

The conventional method to approach clinical questions of
efficacy and safety would be to perform well-powered prospec-
tive clinical trials and to maintain prospective registries of adverse
events among patients exposed to the agent of interest. How-
ever, such definitive trials are unlikely ever to be performed for
these drugs in OA, for several reasons. First, OA is a very slowly
progressive disease, and progression in OA can be stuttering
and unpredictable in the knee. Hence, to discern whether a seem-
ingly benign procedure, such as the intraarticular injection of glu-
cocorticoids, has an adverse effect on joint structure, it would
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take huge group sizes with many years’ follow-up. Such a study
design would be both impractically expensive and incompatible
with the career demands of modern faculty advancement.

Second, and as important, there is no universally agreed
upon definition of OA disease progression, nor is there clarity
regarding the utility of surrogate end points. Structural progres-
sion of OA is conventionally defined as progressive narrowing of
the radiographic joint space, and the demonstration of slowing
of the rate of quantitative radiographic joint space narrowing using
standardized views remains the accepted regulatory standard to
assess the delay of knee OA structural progression. However, it
is well recognized that this is an insensitive measure and corre-
lates poorly with symptomatic disease (9). More sensitive tech-
niques of imaging joint structures, such as longitudinal magnetic
resonance imaging (MRI), have poorer standardization and have
not been accepted by regulatory authorities as meaningful out-
comes to demonstrate OA progression (10). Importantly, how-
ever, even the demonstration of unambiguous progression of
structural joint degeneration is not reliably accompanied by wors-
ening of symptoms, and conversely, agents that may retard the
loss of articular cartilage have not been shown to have significant
clinical benefit (10). It is widely acknowledged that progression of
structural joint degeneration in OA is not at all synonymous with
“disease” progression, because, to date, treatments that appear
to reduce structural progression have not been shown to palliate
symptoms, and conversely, advanced structural joint disease
itself is not reliably accompanied by worse symptoms (11). Clini-
cally, disease progression must involve both structural degenera-
tion and symptomatic worsening. Thus, the clinical significance of
structural progression, such as joint space narrowing, remains
unclear.

With regard to the effect of intraarticular glucocorticoids on
OA structural or disease progression, a large literature has devel-
oped in OA of the knee, and the reports tend to be contradictory.
Earlier prospective clinical trials suggested safety and efficacy. For
example, Raynauld et al (12) reported in a 2-year study that there
was significant improvement without change in joint space nar-
rowing in a small trial. In this case, joint space narrowing was
assessed using conventional radiography and the quantitative
semiflexed view of the knee. In contrast, in a more recent larger
prospective trial, McAlindon et al (13) reported that intraarticular
glucocorticoids had no benefit clinically after 2 years of quarterly
injections, yet they resulted in accelerated cartilage loss by MRI
criteria. As described above, however, the actual clinical signifi-
cance of such MRI-defined cartilage loss remains uncertain, as
does the meaning of the lack of observed joint space narrowing
in the earlier studies. Moreover, the short follow-up relative to the
known natural history of OA and the small group sizes further limit
the potential interpretation.

In contrast to the ambiguity of surrogate outcomes, one clear
measure of progression to end-stage disease is the choice to
undergo arthroplasty; although there is no standardization, either

by surgical indication or by patient preference, there is at least
agreement that this represents a clinically significant end point,
the timing of which is well defined.

Because there are not likely to be any prospective controlled
trials that will definitively provide insight into the potential harm of
intraarticular glucocorticoids, large observational studies may
provide our best chance of approaching these questions. Bucci
and colleagues (1) leveraged 2 large longitudinal data sets of
well-characterized individuals with or at risk of knee OA, and they
assessed knee OA progression among those patients who
received intraarticular glucocorticoid injections, using both a
structural surrogate (radiographic joint space narrowing) and a
functional end point (progression to knee replacement). In addi-
tion, they compared this group to a parallel group that had
received intraarticular hyaluronic acid as a control, assuming that
intraarticular hyaluronic acid does not have potential toxicity simi-
lar to glucocorticoids. Importantly, they found that there were no
differences in the rates of radiographic progression, nor were
there differences in the progression to total knee replacement,
among individuals in either group. If anything, there may have
been a signal suggesting a trend toward fewer joint replacements
in the glucocorticoid group than the hyaluronic acid group. While
there was an attempt to control for the effects of multiple gluco-
corticoid injections, it is unfortunate that the safety of regularly
repeated glucocorticoid injections was not addressed. It must
be conceded, however, that even when combining some of the
largest longitudinal data sets available for knee OA, the total num-
ber of events was still too small to obtain granularity in the conclu-
sions. Nonetheless, these findings offer reassurance of the
relative safety of intraarticular glucocorticoids in patients with
knee OA.

Intraarticular glucocorticoids are widely used to palliate
knee OA pain. Despite more than 50 years of widespread
use, there is still concern about the potential toxicity of these
agents, and especially about their potential adverse effect on
progression of structural joint degeneration. The findings of
Bucci et al provide some assurance that whatever risk there
is with the use of these agents, it is likely quite small, and in
any case is likely negligible relative to the risks associated with
other intraarticular therapies. It is only unfortunate that compa-
rable conclusions could not be formed regarding frequently
repeated injections.
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R E V I EW

Myocardial Dysfunction and Heart Failure in Rheumatoid
Arthritis

Elizabeth Park, Jan Griffin, and Joan M. Bathon

Rheumatoid arthritis (RA) patients have almost twice the risk of heart failure (HF) as individuals without RA, even with
adjustment for the presence of ischemic heart disease. Moreover, RA patients remain at a 2-fold higher risk of mortality
from HF compared to non–RA patients. These observations suggest that RA-specific inflammatory pathways are sig-
nificant contributors to this increased risk of HF. Herein we summarize the epidemiology of HF in RA patients, the dif-
ferences in myocardial structure or function between RA patients and non–RA patients without clinical signs of HF,
and data on the role of systemic and local inflammation in RA HF pathophysiology. We also discuss the impact of sub-
duing inflammation through the use of RA disease-modifying therapies on HF and myocardial structure and function,
emphasizing gaps in the literature and areas needing further research.

Introduction

Rheumatoid arthritis (RA) is a systemic inflammatory disease
affecting ~0.5–1% of the population. RA patients have almost twice
the riskof heart failure (HF) of individualswithoutRA, evenafter adjust-
ment for conventional cardiovascular (CV) risk factors and coronary
arterydisease (CAD) (1,2). Thisobservationsuggests thatRA-specific
immune/inflammatory pathways are significant contributors to this
increased risk ofHF. In this reviewwe1) summarize the epidemiology
of clinical HF in RA; 2) delineate differences in myocardial structure
and function in RA patients without clinical heart failure compared to
non–RA patients; 3) examine data in RA patients that support the
notion that systemic and local inflammation play pathophysiologic
roles in driving HF and subclinical myocardial dysfunction; 4) review
available data on the effect of RA disease-modifying antirheumatic
drugs (DMARDs) on HF and subclinical myocardial structure and
function in RA; and 5) discuss future areas for additional research.

Epidemiology of HF in patients with RA

RA patients are at an almost 50% higher risk of incident CV
disease (CVD) than non–RA patients (pooled relative risk
[RR] 1.48) (3). Table 1 summarizes the incidence rates of HF specif-

ically, revealinghazard ratios (HRs) of 1.21–1.87 inRAcompared to

non-RA (2,4–6). While several of the more recent epidemiologic

studies (7–9) suggest declining overall CV event rates and CV-

associatedmortality rates in RApatients diagnosed after 2000 ver-

sus those diagnosed prior to 2000, these studies did not include or

clearly distinguish HF as an outcome measure. HF-associated

mortality is also increased2-fold, and time to onset of HF is shorter,

in RA versus non-RA groups (1,5,10) (Table 1). However, despite

the higher incidence of HF, RA patients were less likely to report

orthopnea and paroxysmal nocturnal dyspnea than non-RA con-

trols (10). These data raise the possibility that RA-associated HF

may be underdiagnosed and that aggressive screening for abnor-

malities in myocardial structure and function, while RA patients

are still without HF symptoms, could present an opportunity for

early intervention and prevention of HF.
The etiology of the increased risk of HF in RA has not been

well delineated. While higher rates of CAD pose a large risk of
HF in RA (4), the relative contribution of CAD to HF is attenuated
in RA compared to non–RA patients (HR 3.25 [95% confidence
interval (95% CI) 2.35, 4.51] and 4.94 [95% CI 3.30, 7.38],
respectively) (1). Likewise, the attributable risk of HF due to con-
ventional CV risk factors was only 54% in RA, compared to 77%
in non–RA patients (P < 0.01) (1). This suggests that CAD and
CV risk factors cannot solely account for the increased risk of HF
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in RA. Of note, most of the cohort studies listed in Table 1
(1,2,4,6,11,12) did not distinguish ischemic versus nonischemic
HF. However, Mantel et al (5) recently found similar HRs for
incident ischemic and nonischemic HF in RA patients
versus non–RA patients (1.27 [95% CI 1.07, 1.51] and 1.22
[95% CI 1.04, 1.42]). Taken together, these data suggest that a
significant proportion of RA patients develop HF independently
of CAD.

HF comprises a heterogeneous group of disorders that may
be primarily cardiac in nature or secondary to systemic disease.
It can be stratified according to whether left ventricular
(LV) ejection fraction (EF) is reduced (EF <40%), midrange
(EF 40–49%), or preserved (EF ≥50%) (13). HF with reduced EF
(HFrEF) is characterized by systolic dysfunction, often with

chamber dilation and eccentric remodeling, and is most com-
monly associated with ischemia, hypertension, and valvular dis-
ease. In contrast, previously “diastolic HF” (HFpEF) is
characterized by normal EF and LV volumes, but concentric
remodeling or LV hypertrophy (14). HFpEF is commonly associ-
ated with systemic proinflammatory states such as obesity, aging,
and diabetes mellitus (14). With regard to RA, Davis and col-
leagues (10) reported that among patients with clinical HF, the
mean EF in RA patients was higher than that in non–RA patients
(50% versus 43%; P = 0.007) and the RA group was twice as
likely to have preserved EF (odds ratio [OR] 1.90 [95% CI 0.98,
3.67]). Schau et al (15) reported that of 38 RA patients with clinical
HF, nearly all (n = 36 [95%]) had a diastolic phenotype with pre-
served EF. These observations suggest that RA may be added

Table 1. Epidemiologic studies of HF in RA patients versus non–RA patients*

Author, year (ref.)
Study
design

n, RA vs.
non-RA

HR/OR
(95% CI),

RA vs. non-RA
Incidence of HF (95% CI) [P],

RA vs. non-RA
Statistical

adjustments

Incidence of HF in RA
Wolfe et al,
2003 (12)

Retrospective
longitudinal
cohort

9,093 vs.
2,479, RA
vs. OA

OR 1.43
(1.28, 1.59),
RA vs. OA

Not reported Demographics,
CV risk
factors

Wolfe and Michaud,
2004 (11)

Retrospective
longitudinal
cohort

13,171 vs.
2,568, RA
vs. OA

Not reported 3.9% (3.4, 4.3) vs.
2.3% (1.6, 3.3),
RA vs. OA

Demographics,
CV risk
factors

Crowson et al,
2005 (1)

Retrospective
longitudinal
cohort

575 vs. 583 Not reported 36.3% vs. 20.4%
[P < 0.001]

Sex, CV risk
factors,
alcohol use

Nicola et al,
2005 (2); 2006 (4)

Retrospective
longitudinal
cohort

575 vs. 583;
603 vs. 603

HR 1.87
(1.47, 2.39)

37.1% vs. 27.7%
[P < 0.001]

Age, sex,
CV risk
factors, CAD

Mantel et al,
2017 (5)

Prospective
cohort

12,943 vs.
113,884

Overall HF:
HR 1.22
(1.09, 1.37);
ischemic HF:
HR 1.27
(1.07, 1.51);
nonischemic HF:
HR 1.22
(1.04, 1.42)

Rates per 1,000
person-years,
overall HF:
5.8 vs. 3.1;
ischemic HF:
3.5 vs. 1.9;
non-ischemic HF:
2.7 vs. 1.4

Age, sex

Ahlers et al,
2020 (6)

Prospective
cohort

9,889 vs.
9,889

Cumulative HR
(HFpEF and
HFrEF) 1.21
(1.03, 1.42)

HFpEF 64% vs. 62%
[P = 0.67]

Age, sex, race,
CAD, CV
treatment

HF mortality in RA
vs. non-RA

Nicola et al,
2006 (4)

Retrospective
longitudinal
cohort

603 vs. 603 Not reported 39.0 vs. 29.2 per 1,000
person-years
[P < 0.001]

Age, sex,
calendar
year

Davis et al,
2008 (10)

Prospective
cohort

103 vs. 852 HR 1.89
(1.26, 2.84)

35% vs. 19% Age, sex,
calendar
year, CV
treatment,
CAD

Ahlers et al,
2020 (6)

Prospective
cohort

323 vs. 443 HR 1.68
(1.45, 1.95)

22.6% vs. 14.6%
[P = 0.006]

Age, sex, race

* HF= heart failure; RA= rheumatoid arthritis; HR= hazard ratio; OR= odds ratio; 95% CI= 95% confidence interval; OA= osteoarthritis; CV=
cardiovascular; CAD= coronary artery disease; HFpEF= HF with preserved ejection fraction; HFrEF= HF with reduced ejection fraction; EHR=
electronic health record.
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Table 2. Left ventricular structural and functional parameters in RA patients versus non–RA patients without HF*

Author, year (ref.)
Study
design n, RA vs. non-RA

RA vs. non-RA,
(95% CI) [P]

Statistical
adjustments

LVMI, TTE
studies

Aslam et al,
2013 (22)

Meta-analysis;
cross-
sectional

1,614 vs. 4,222 Mean difference in LVMI
+6.2 gm/m2 (1.08, 11.33)

None

Rudominer et al,
2009 (33)

Cross-
sectional

89 LVMI and RA status, OR 3.24 (1.05, 5.42),
β = 0.177 [P = 0.004]

Age, BMI,
hypertension

Myasoedova et al,
2013 (24)

Cross-
sectional

200 vs. 600 Mean � SD LVMI 84.6 � 15.9 gm/m2

vs. 91.7 � 22.2 gm/m2 [P < 0.001]
CV risk factors,
comorbidities

Corrao et al,
2015 (23)

Meta-analysis
of case–
control
studies;
cross-
sectional

401 vs. 383 Mean difference in LVMI
+0.47 gm/m2 (0.32, 0.62)

None

Midtbø et al,
2017 (25)

Cross-
sectional

119 vs. 46 Mean � SD LVMI, active RA 34.5 � 12.1
gm/m2.7; remission RA 33.2 � 10.2
gm/m2.7; no RA 31.1 � 8.1 gm/m2.7: no
significant differences among 3 groups

None

Davis et al,
2017 (31)

Prospective
longitudinal
cohort

160 vs. 1391 Mean difference in LVMI per year
�0.0004% (�8.917, �0.199)

Age, sex, CV risk
factors

LVMI, CMR
studies

Giles et al,
2010 (26)

Cross-
sectional

75 vs. 225 Mean difference in LVMI �14.7 gm/m2

[P < 0.001]
Demographics,
CV risk factors

Ahlers et al,
2020 (6)

Cross-
sectional

59 vs. 56 Median LVMI 44 gm/m2 vs. 42 g/m2 [P = 0.19] None

Bissell et al,
2020 (27)

Cross-
sectional

76 vs. 26 Mean difference in LVMI �4.558 gm/m2

[P < 0.001]
Age, sex, CV
risk factors

Plein et al,
2020 (28)

Cross-
sectional:
RA vs.
controls

Prospective:
RA only

81 vs. 30 Mean LVM 78.2 gm (74.0, 82.6) vs. 92.9 gm
(84.8, 101.7) [P < 0.01], RA vs. non-RA

Mean LVM (RA only) 78.2 (73.7, 82.9) at
baseline vs. 81.4 (76.3, 86.9) after 1 year of
treatment [P = 0.01]

Age, sex, systolic
blood pressure,
smoking

Systolic strain,
TTE studies

Fine et al,
2014 (35)

Cross-
sectional

59 vs. 59 Mean � SD systolic strain �15.7 � 3 .2% vs.
�18.1 � 2.4% [P < 0.001]

None

Cioffi et al,
2017 (36)

Prospective
cohort

209 vs. 52 Mean � SD systolic strain �18.4 � 3.4% vs.
�19.9 � 2.6% [P < 0.005]

None

Midtbø et al,
2017 (25)

Cross-
sectional

78 vs. 46 Mean � SD global longitudinal strain �18.9 �
3.1% vs. �20.6 � 3.5% [P = 0.02], active
RA vs. remission RA; no significant
difference between active RA and controls
or between remission RA and controls

None

Lo Gullo et al,
2018 (40)

Cross-
sectional

41 vs. 58 Mean � SD systolic strain �18.13 � 1.36% vs.
�23.25 � 1.80% [P < 0.001]

None

Systolic strain,
CMR studies

Ntusi et al,
2019 (37)

Cross-
sectional

69 vs. 63 Mean � SD mid short axis circumferential strain
rate �17.4 � 1.3 vs. �19.2 � 1.0 without
CV risk factors; �16.8 � 1.1 vs. �18.2 � 1.2
with CV risk factors

None

Yokoe et al,
2020 (80)

Cross-
sectional

80 vs. 20 Systolic strain �16.5% (�14.0, �18.6) vs. �18.2%
(�16.2, �19.6) [P < 0.055]

None

Diastolic function,
TTE studies

Aslam et al,
2013 (22)

Meta-analysis;
cross-
sectional

1,614 vs. 4,222 Mean difference, LAD +0.09 cm (0.01, 0.17);
IVRT +9.67 msec (5.78, 13.56); E/A ratio �0.17
(�0.25, �0.09); DT +6.38 msec (�2.76, 15.51)

None

(Continued)
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to the list of chronic inflammatory states that predispose to
HFpEF.

Due to the retrospective nature of most of the HF studies in
RA, there are limited available data on the relationship of RA-
associated factors to the risk of developing HF, particularly
HFpEF. However, in the study by Mantel and colleagues (5), non-
ischemic HF was associated more potently than ischemic HF with
an erythrocyte sedimentation rate (ESR) >40 mm/hour and with a
Disease Activity Score in 28 joints (DAS28) (16) >5.1 (HR 3.03
[95% CI 1.69, 2.73] for ESR >40 mm/hour; HR 3.35 [95% CI
1.84, 6.09] for DAS28 >5.1). Moreover, rheumatoid factor (RF)–
positive RA patients had a 40% higher risk of incident HF than
RF-negative patients. Investigators at the Mayo Clinic (2,4,17)
also observed an elevated risk of HF with RF positivity (HR 1.6
[95% CI 1.0, 2.5]), as well as with elevated ESR (HR 2.1 [95% CI
1.2, 3.5]) and extraarticular disease (HR 3.1 [95% CI 1.9, 5.1]).
Taken together, these data suggest that rheumatoid inflammation
represents an independent risk factor for incident HF, and per-
haps more strongly for the HFpEF phenotype.

Traditional diagnostic and prognostic CVD biomarkers
include N-terminal pro–B-type natriuretic peptide (NT-proBNP),
BNP, and troponin. BNP, released with atrial contraction, has
long been heralded as a biomarker for predicting systolic, decom-
pensated HF risk and all-cause mortality (18). And a gradient
increase in cumulative incidence of CV death per every unit
increase in troponin was noted in a large population of patients
with stable CAD in the general population (19). However, diagnos-
tic/prognostic biomarkers for HF in RA patients are understudied.
An association between NT-proBNP level and all-cause mortality
in RA (HR 2.36 [95% CI 1.42, 3.94]) was reported, but HF-
associated mortality was not separately identified (20). The ele-
vated mortality of HF in RA adds urgency to the identification of
sensitive measures to detect early myocardial dysfunction in
patients with RA.

Measures of myocardial structure and function in
RA patients without clinical HF

It is useful to examine whether echocardiographic parame-
ters, known to predict the development of clinical HF, are

overrepresented in RA patients without clinical HF compared to
non–RA patients.

LV structure. In the general population, values of LV mass
above defined cutoffs have been linked to an increased risk of
composite CV end points, including HF (21). LV mass in RA
patients without symptoms of HF has been compared to LV mass
in non-RA controls in cross-sectional transthoracic echocardio-
graphic (TTE) studies, summarized and analyzed in 2 meta-
analyses (Table 2). In these meta-analyses (22,23), comprising
25 and 16 individual studies, respectively, higher mean differ-
ences in LV mass index (LVMI) of +6.2 gm/m2 and +0.47
gm/m2, respectively, were reported in the RA compared to non-
RA groups. In contrast, findings of 2 more recent TTE studies
showed lower average LVMI in the RA group (24), or no significant
difference in LVMI between groups (25).

Other studies have utilized cardiac magnetic resonance
(CMR) imaging to measure LV mass in RA. In 3 cross-sectional
CMR studies of RA patients versus non-RA controls (26–28), all
without clinical HF, LVMI was lower among RA patients (differ-
ences of �14.7 gm/m2, �4.558 g/m2, and �14.7 gm, respec-
tively), while a fourth CMR study (6) showed no significant
group difference (Table 2). CMR is considered the gold standard
for assessing LV mass and volumes (29) because of its high spa-
tial and temporal resolution that is not limited by body habitus or
ventricular geometry, and thus, the ventricles can be imaged in
their entirety without the necessity for geometric assumptions.
Yang et al showed that adequate visualization of LV wall seg-
ments could be obtained by CMR in 97% of patients, versus only
38% with TTE (30). Thus, observed differences in LVMI may be
attributable to technology. Other considerations include lack of
statistical adjustment for potential confounders in the TTE
meta-analyses, and differences among all studies in levels of
severity or duration of RA. Indeed, positive associations of C-
reactive protein (CRP) level and RA disease duration with LVMI,
and association of current glucocorticoid use with lower LVMI,
have been reported (28).

Additional insight might be gained from investigating dif-
ferential rates of change in LVMI in RA versus non-RA groups
over time. However, in a prospective observational TTE study

Table 2. (Cont’d)

Author, year (ref.)
Study
design n, RA vs. non-RA

RA vs. non-RA,
(95% CI) [P]

Statistical
adjustments

Davis et al,
2017 (31)

Prospective
longitudinal
cohort

160 vs. 1,391 Mean difference (annualized rate of change),
LAVI +0.251 [P < 0.001]; E/A ratio �0.307
[P < 0.001]; E/e0 ratio �0.038 [P = 0.16]; DT
�0.009 msec [P = 0.90]

Age, sex,
hypertension,
obesity,
diabetes,
CAD, smoking

* RA = rheumatoid arthritis; HF = heart failure; LVMI = left ventricular mass index; TTE = transthoracic echocardiography; OR = odds ratio;
95% CI = 95% confidence interval; BMI = body mass index; CV = cardiovascular; CMR = cardiac magnetic resonance; LAD = left atrial dimen-
sion; IVRT = isovolumetric relaxation time; E/A ratio = ratio between peak early (E) and late (A) velocity of mitral flow; DT =deceleration time;
E/e0 ratio = ratio between peak early (E) velocity of mitral flow and peak early diastolic velocities of lateral/septal mitral annulus (averaged);
LAVI = left atrial volume index; CAD = coronary artery disease.
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in RA patients without clinical HF (31), while LVMI in both RA
and non-RA groups declined significantly over 4–5 years, the
rates were not significantly different between groups. In a
CMR study by Plein et al (28), patients with early untreated
RA had a lower mean LVM at baseline than non-RA controls,
but after 1 year of treatment, mean LVM increased in the RA
group from 78.2 gm to 81.4 gm (P = 0.01). These CMR stud-
ies suggest that RA itself may be associated with a decline in
LVM, perhaps similar to the sarcopenia seen in peripheral
muscle in RA, and that treatment of RA may facilitate the
regaining of some muscle mass. However, proof of this
hypothesis will require longer follow-up with carefully per-
formed sequential CMR or TTE, and adjustment for treatment
effect and CV risk factors. Until then, associations of lower or
higher LV mass with RA therapies, found in cross-sectional
studies, are difficult to interpret.

Other descriptions of LV geometry (32), such as concentric
remodeling (normal LVMI and relative wall thickness [RWT]
>0.42 cm), concentric hypertrophy (increased LVMI and
RWT >0.42 cm), and eccentric hypertrophy (increased LVMI
and RWT ≤0.42 cm), have been used to categorize phenotypes
of LV remodeling. Descriptions of LV geometry in RA patients
versus non–RA patients have been reported in 3 TTE studies.
Rudominer et al (33) observed that of 16 RA patients without clin-
ical HF but with LV hypertrophy, 15 had eccentric hypertrophy. In
contrast, Myasoedova and colleagues (24) reported that among
individuals without HF, concentric remodeling was more preva-
lent in patients with RA compared to the non-RA group (44% ver-
sus 19.2%; P <0.001). Cioffi et al (34) also reported a significantly
higher prevalence of concentric geometry in patients with RA ver-
sus non-RA subjects without HF (47% versus 10%; P < 0.001).
Thus, the current evidence suggests a concentric geometry phe-
notype in RA patients without clinical HF, which would be consis-
tent with the presumed nonischemic nature of RA-associated
HFpEF.

LV function. Systolic function. Among subjects without
clinical CVD with RA versus those without RA, the conventional
measure of systolic function, EF, does not differ significantly
between those with and without RA, as measured by either
TTE (22,25,35,36) or CMR (37). However, systolic strain,
assessed by speckle tracking echocardiography or by tagging
in CMR, is a more sensitive predictor of systolic dysfunction
and of CV clinical end points, including mortality (38), in general
population studies. While EF reflects change in LV volume only,
systolic strain is an assessment of myocardial deformation dur-
ing systole coupled with LV volume. Global longitudinal strain
(GLS) is reported as a negative value, reflecting shortening of
the LV axis during contraction; a more negative value reflects
greater contraction, with normal values in the �15.9% to
�22.1% range (39). Systolic strain has been examined in RA
patients without clinical HF (Table 2). All TTE studies (35,36,40)

and 1 CMR study (37) demonstrated lower GLS (i.e., less nega-
tive, worse function) in RA patients versus non–RA patients. In
an RA cohort without clinical CVD (36), low GLS predicted
future CV hospitalizations for congestive heart failure, myocar-
dial infarction, limb ischemia, or atrial fibrillation (HR 4.50 [95%
CI 1.40, 13.70]).

Diastolic function. LV diastolic dysfunction (DD) is a charac-
teristic finding in HFpEF and is manifested by increased myocar-
dial stiffness, impaired relaxation, and impaired systolic reserve
(41). DD is assessed by Doppler echocardiography, with mea-
surement of transmitral blood flow velocities in early (E) and late
(A) diastole, septal and/or lateral mitral valve annular velocities
(e0), and tricuspid regurgitant jet velocity (42). Twenty-five case–
control studies of DD in RA patients versus non-RA controls, all
without clinical HF, were analyzed in a meta-analysis (22)
(Table 2). DD (≥2 abnormal diastolic parameters) was reported in
26–36% of the RA patients versus 15–21.7% of the non–RA
patients. In a prospective TTE study by Davis et al (31) comparing
RA patients (n = 160) versus non–RA patients (n = 1,391)
without HF, more rapid decreases in E/A, E/e0, and deceleration
time, and a more rapid increase in left atrial volume index, all
reflecting decline in diastolic function, occurred in the RA group
(in contrast to no difference in rate of change in LVMI). Whether
these changes in diastolic function herald the onset of HFpEF in
RA is as yet unknown.

Biomarkers of myocardial dysfunction

There are few reports of CVD biomarkers in RA patients with-
out clinical HF. BNP, as a screening tool for asymptomatic DD in
RA patients, had low positive predictive value (25%), sensitivity
of only 40%, and specificity of 89% (43). BNP and troponin mea-
surements may both be confounded by systemic inflammation. In
fact, although there are no reported studies of associations of tro-
ponin T or I levels with subclinical LV remodeling in RA, RA
patients were reported to have higher levels of high-sensitivity tro-
ponin I (cTn-I) than non–RA patients, and DAS28-CRP was inde-
pendently associated with cTn-I levels in RA patients (44). The
paucity of data and potentially limited utility of conventional CV
biomarkers in detection of subclinical LV dysfunction in RA
underscore the need to incorporate novel biomarker studies into
prospective investigations of the natural history of LV remodel-
ing in RA.

Pathophysiologic roles of systemic and local
inflammation in HF and subclinical myocardial
remodeling in RA

There is substantial evidence of an association of RA charac-
teristics, such as RA duration, disease activity, and seropositivity
(45–47), with baseline biomarkers of inflammation (interleukin-6
[IL-6] and CRP levels) (31,45–48), with both baseline and
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longitudinal changes in LV structure and function (Table 3). How-
ever, investigations of specific molecular mechanisms that drive
these changes in RA are few. In this section, we consider the fol-
lowing: 1) What is the body of evidence suggesting that circulating
inflammatory molecules critical to synovial inflammation and joint
destruction also cause LV dysfunction in RA? 2) Can local (myo-
cardial) inflammation be demonstrated and does it contribute to
LV dysfunction in RA? and 3) Does endothelial dysfunction occur
locally in the RA myocardium, is it associated with systemic
and/or local myocardial inflammation, and does it contribute to
LV remodeling and dysfunction? These hypotheses are repre-
sented graphically in Figure 1.

Systemic inflammation and LV structure/function
in RA. Several inflammatory molecules that play a key role in RA
synovitis and joint destruction, such as tumor necrosis factor
(TNF), IL-1, IL-6, and matrix metalloproteases (MMPs), have also
been implicated in the pathogenesis of HF in the general popula-
tion. Inflammatory cytokines critical to HF pathophysiology can
be broadly categorized into those implicated in negative LV ino-
tropy (TNF, IL-1, IL-6, IL-18) (49) or in LV remodeling (TNF, tissue
inhibitor of metalloproteinases 1, MMP-3, MMP-9, monocyte
chemotactic protein 1, IL-8, IL-17) (50,51).

Given the limited number of studies in RA patients and in
experimental RA models, we will focus on TNF, IL-1, and MMPs.
Higher levels of TNF have been reported in both blood and myo-
cardia of patients with HF in the general population compared to
those without HF (52). Animal studies further support the notion
that TNF has a direct role in HF pathophysiology. Infusion of TNF
causes acute hemodynamic collapse and inflammatory infiltration
in the LV, which are reversed with cessation of infusion (53). In
mice with cardiac-restricted overexpression of a human TNF
transgene, depression of LV function, LV dilatation, marked myo-
cardial inflammation, and ultimately myocardial fibrosis, HF, and
death were observed (51).

IL-1 levels are also elevated in patients with chronic HF (54).
IL-1 acutely depresses myocyte contractility, due in part to impair-
ments in cytoplasmic calcium handling and β-adrenergic receptor
signaling (54). At the histologic level, IL-1 is implicated in cardiac
myocyte hypertrophy, and ultimately in myocardial fibrosis, via
NF-κB and JAK/STAT pathways (54). Although evidence is lack-
ing in RA, it can be hypothesized that TNF and IL-1, circulating in
high levels in RA patients, bathe the myocardium and engage
cognate receptors on myocardial cells, inducing the types of del-
eterious effects outlined above.

Myocardial inflammation and LV structure/
function in RA. Just as the RA synovium becomes infiltrated
with inflammatory/immune cells including monocyte/macro-
phages, T cells, and B cells, there has been interest in whether a
similar process occurs in RA myocardia. In early autopsy studies
(55), higher prevalence rates of inflammatory cell infiltration and

myofiber degeneration in the hearts of subjects with RA versus
those without RA were reported. However, there is almost
no modern literature on histopathology of the heart in RA. More-
over, given the risks involved in endomyocardial biopsy and its
potential diagnostic inaccuracy due to sampling error
(as myocarditis tends to be patchy), the research field has turned
to noninvasive cardiac imaging, including CMR and cardiac posi-
tron emission tomography (PET)/computed tomography
(CT) scanning, as alternative methods for identifying myocardial
inflammation and fibrosis.

Several studies in RA patients have utilized CMR with late
gadolinium enhancement (LGE) to identify myocardial fibrosis/
inflammation (Table 3). Kobayashi et al (56,57) reported a preva-
lence of LGE of up to 38.9% in RA patients without clinical CVD.
Moreover, LGE was associated with DAS28 in a multivariable
model adjusted for CV risk factors. Ntusi and colleagues (58)
found a significantly higher prevalence of LGE on CMR in RA
patients versus non–RA patients without HF (46% versus 0%),
and confirmed an association of LGE with disease activity in the
RA patients. They further demonstrated moderate correlation
between DAS28-CRP and LV extracellular volume estimation, a
quantitative measure that is postulated to reflect the extent of
myocardial fibrosis (R = 0.61, P < 0.001).

A limitation to the interpretation of LGE is that it can represent
inflammation, edema, necrosis or fibrosis, or any combination
thereof. Use of 18F-fluorodeoxyglucose (18F-FDG)–PET with CT
has emerged as a potentially more specific method for detecting
myocardial inflammation. The notion that myocardial FDG uptake
reflects inflammation is supported by studies demonstrating
accumulation of 18F-FDG in monocyte/macrophages in mice
post–myocardial infarction (59), and high association (R2 = 0.92)
between localization of CD68+ macrophages and 18F-FDG sig-
naling in rat models of autoimmune myocarditis (60). Cardiac
FDG–PET-CT scans require careful pre-scan preparation with a
very-low-carbohydrate diet to down-regulate glucose receptors
on cardiomyocytes, thus hypothetically isolating inflammatory
cells as the only residual glucose receptor–expressing cells. In
the only myocardial PET/CT study in RA (61), nearly 40% of
patients without clinical CVD (46 of 119) had visually detected
myocardial FDG uptake. Using a quantitative software package
and scans from healthy controls, a cutoff value for elevated FDG
uptake was derived. According to this metric, 18% of RA patients
had significantly elevated mean myocardial standardized uptake
values, and myocardial standardized uptake values were corre-
lated with RA disease activity (P = 0.005) in multivariable analy-
ses. The weight of evidence suggests that subclinical
myocarditis and/or fibrosis may be present in a significant propor-
tion of RA patients without clinically evident CVD.

Mechanisms by which inflammatory myocarditis is initiated
and/or propagated in RA are unknown. Antibodies to proteins
that have a posttranslational modification called citrullination,
termed anti–citrullinated protein antibodies, are highly specific for

MYOCARDIAL DYSFUNCTION AND HEART FAILURE IN RA 189



Table 3. Associations of inflammatory biomarkers and RA characteristics with HF incidence (RA versus non-RA) and with subclinical LV struc-
ture/function (RA without HF)*

Author, year (ref.) Study design
n, RA or RA vs.

non-RA
Biomarkers, HR/OR

(95% CI)
RA characteristics,
HR/OR (95% CI) [P]

Statistical
adjustments

Incidence of HF in RA
vs. non-RA

Nicola et al,
2005 (2)

Retrospective
longitudinal
cohort

575 vs. 583 None HR 2.59 (1.95,
3.43), RF+
RA vs. non-
RA

Age, sex, CV
risk factors,
CAD

Mantel et al,
2017 (5)

Prospective
cohort

12,943 vs. 113,884 ESR ≥40 mm/hour
vs. ESR ≤40
mm/hour,
nonischemic
HF: HR 3.03
(1.69, 2.73);
ischemic HF:
HR 2.41 (1.15,
5.08)

DAS28 ≥5.1 vs.
DAS28 <5.1,
nonischemic
HF: HR 3.35
(1.84, 6.09);
ischemic HF:
HR 2.68 (1.24,
5.78)

None

Ahlers et al,
2020 (6)

Prospective
cohort

9,889 vs. 9,889 OR 1.24 (1.11,
1.38), HFpEF and
CRP; OR 1.17
(1.03, 1.33),
HFrEF and
CRP

Not reported Age, sex, race,
CAD, CV
treatment,
DMARDs

Myocardial measures
(LVMI) in RA
patients without HF

Rudominer et al,
2009 (33)

Cross-sectional
TTE

89 No significant
associations

No significant
associations

Age, BMI,
hypertension

Giles et al,
2010 (26)

Cross-sectional
CMR

75 No significant
associations
between LVMI
and CRP, IL-6

LVMI associated
with bDMARDs
(β = �5.75)
[P < 0.05] and CCP
(β = �0.46)
[P < 0.05]

Age, sex, BSA,
systolic blood
pressure,
DMARDs,
smoking

Myasoedova et al,
2013 (24)

Cross-sectional
TTE

200 No significant
associations
between LVMI
and CRP, IL-6,
TNF

LVMI associated
with
glucocorticoid
use (β = �0.082)
[P = 0.002]

None

Ntusi et al,
2015 (58)

Cross-sectional
CMR

39 Not reported R = 0.6 [P < 0.001],
ECV and DAS28

None

Bissell et al,
2020 (27)

Cross-sectional
CMR

76 Not reported No significant
associations
between LVMI
and DAS28,
ACPA, HAQ DI,
RA duration

Age, sex, CV
risk factors,
ACPA

Diastolic function in RA
patients without HF

Di Franco et al,
2000 (47)

Cross-sectional
TTE

32 Not reported r = 0.40 [P = 0.01],
E/A ratio and RA
duration

None

Arslan et al,
2006 (46)

Cross-sectional
TTE

52 Not reported r =0.40 [P = 0.004],
E/A ratio and RA
duration

None

Udayakumar et al,
2007 (48)

Cross-sectional
TTE

45 Not reported r = �0.56 [P =

0.001], E/A ratio
and RA duration

None

Liang et al,
2010 (45)

Cross-sectional
TTE

244 OR 1.2 (1.01, 1.4),
DD and median
(IQR) IL-6 level

OR 3.3 (1.8, 5.9),
DD and median
(IQR) RA
duration

Age, sex, CV
risk factors

(Continued)
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RA (62). Data from autopsied hearts of patients with RA indicate
that levels of myocardial citrullination are higher in RA compared
to control hearts (63). It is possible that in RA, antibodies are gen-
erated not just to synovial, but also to cardiac-specific, citrulli-
nated antigens, triggering an autoimmune response within the

heart. In RA patients without clinical CVD, levels of seroreactivity
against citrullinated fibrinogen and citrullinated vimentin correlated
with higher LVMI (P < 0.05) (64). These putative immune com-
plexes may lead to local myocardial inflammation and remodeling,
but this conjecture requires further investigation and confirmation.

Table 3. (Cont’d)

Author, year (ref.) Study design
n, RA or RA vs.

non-RA
Biomarkers, HR/OR

(95% CI)
RA characteristics,
HR/OR (95% CI) [P]

Statistical
adjustments

Davis et al,
2017 (31)

Prospective
longitudinal
cohort (5-year changes)

160 r = �0.16 [P =
0.047], E/A ratio
and CRP; r = 0.19
[P = 0.02],
E0 and IL-6

A velocity
associated with
glucocorticoid
use [P = 0.04];
E/e0 ratio
associated with
patient global
score [P = 0.005]
and RAPID3
score [P = 0.02]

None

Systolic function in RA
patients without HF

Fine et al,
2014 (35)

Cross-sectional
TTE

87 No significant
associations
between systolic
longitudinal strain
and ESR

β = 1.84
[P = 0.062],
longitudinal
strain and
glucocorticoid
use; β = 1.46
[P = 0.054],
longitudinal
strain and
MTX use

Age, sex,
systolic blood
pressure,
BMI, heart
rate, LVMI

Cioffi et al,
2017 (36)

Prospective
cohort TTE

209 No significant
associations
between
GCS/GLS and
CRP

No significant
associations
between
GCS/GLS and
RA duration,
RF/CCP,
CDAI,
glucocorticoid
use

None

Midtbø et al,
2017 (25)

Cross-sectional
TTE

78 Not reported β = 0.21 [P = 0.02],
GLS and DAS28

Age, sex, BMI,
systolic blood
pressure,
LVEF

Lo Gullo et al,
2018 (40)

Cross-sectional
TTE

41 Not reported β = 8.075
[P < 0.0001],
GLS and
DAS28; β = 7.214
[P = 0.002], GCS
and DAS28

Age, BMI,
CRP, ESR,
systolic blood
pressure,
diastolic
blood
pressure,
others

Ntusi et al,
2019 (37)

Cross-sectional
CMR

69 β = 0.02 (0.01, 0.04)
[P = 0.06],
circumferential
strain rate and
CRP

None Age, CV risk
factors, aortic
distensibility

* LV = left ventricular; RF = rheumatoid factor; ESR = erythrocyte sedimentation rate; DAS28 = Disease Activity Score in 28 joints; CRP = C-
reactive protein; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; DMARDs =
disease-modifying antirheumatic drugs; IL-6= interleukin-6; bDMARDs= biologic DMARDS; CCP= cyclic citrullinated peptide; BSA= body sur-
face area; TNF = tumor necrosis factor; ECV = extracellular volume; ACPA = anti–citrullinated protein antibody; HAQ DI = Health Assessment
Questionnaire disability index; IQR = interquartile range; DD = diastolic dysfunction; RAPID3 = Routine Assessment of Patient Index Data 3;
MTX = methotrexate; GCS = global circumferential strain; GLS = global longitudinal strain; CDAI = Clinical Disease Activity Index; LVEF = left
ventricular ejection fraction (see Table 2 for other definitions).
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Myocardial endothelial (microvascular) dysfunction
and LV structure/function in RA. Another potential mecha-
nism of HF in RA is inflammation-induced endothelial dysfunction,
leading to impaired vasodilation of the microvasculature and
decreased perfusion of the surrounding territory (65). This is also
thought to be a mechanism contributing to the enhanced risk of
HFpEF in mildly inflammatory conditions such as obesity and dia-
betes mellitus (66). Indeed, in RA, studies utilizing diverse
methodologies—e.g., brachial artery reactivity, laser Doppler
imaging, peripheral arterial tonometry—have demonstrated
microvascular (defined by arteries smaller than 500 mm) dysfunc-
tion in RA patients and its association with disease activity, circu-
lating cytokines, and future atherosclerosis (65). However, few
studies have directly investigated myocardial microvascular func-
tion in RA. The intramyocardial arterioles and capillaries of the
heart account for 75% of the resistance in the coronary circula-
tion; thus, dysfunction in these vessels can lead to ischemia even
in the absence of significant CAD (66). Microvascular disease is
quantified by myocardial flow reserve (MFR), also called coronary
flow reserve, i.e., the ratio of myocardial blood flow at peak vaso-
dilatory stress to blood flow at rest. In the absence of significant

CAD, this ratio is thought to represent the vasodilatory reserve of
the microvascular circulation. MFR cutoffs of <1.5 or <2.0 have
been suggested to represent microvascular dysfunction (66,67).
In the general population, impaired MFR has been linked with
subclinical DD and with HFpEF (67). Decreased nitric oxide bio-
availability resulting from microvascular dysfunction has been
suggested as a mechanism leading to concentric LV modeling
and myocardial stiffness (67).

There have been few investigations of myocardial microvas-
cular perfusion in RA patients without clinical CVD. Using TTE
techniques, investigators have found significantly lower MFRs in
RA patients without HF compared to controls (68,69). Recio-
Mayoral et al (70) also reported lower (impaired) MFR in RA and
systemic lupus erythematosus patients versus controls
(P < 0.001) as demonstrated by cardiac PET-CT, and MFR corre-
lated inversely with disease activity (r = �0.65, P < 0.001). Micro-
vascular dysfunction is a well-documented complication of
diabetes mellitus; Liao et al reported similar rates of impaired
MFR in RA patients and diabetes mellitus patients (54% and
64%, respectively), and MFR <2 was significantly associated with
all-cause mortality (HR 2.43 [95% CI 1.40, 4.22]) (71). Amigues

Figure 1. Mechanisms driving left ventricular (LV) dysfunction and heart failure (HF) in patients with rheumatoid arthritis (RA). Antigen-presenting
cells expressing major histocompatibility complex (MHC) type II alleles that encode RA-specific “shared epitopes” interact with and select CD4+ T
cells. Activated antigen-specific CD4+ T cells interact, in turn, with circulating monocytes and/or tissue macrophages to induce release of key
inflammatory cytokines (interleukin-1 [IL-1], IL-6, tumor necrosis factor [TNF]). These cytokines, possibly coupled with anti–citrullinated protein
antibody–containing immune complexes, induce myocardial inflammation with subsequent endothelial damage and microvascular dysfunction.
In addition, inflammatory cytokines activate local myofibroblasts that promote myocardial fibrosis and LV remodeling (concentric hypertrophy),
which results in diastolic dysfunction and/or systolic strain. These changes in turn may lead to clinical HF with preserved ejection fraction
(HFpEF). Since RA also promotes accelerated atherosclerosis through similar mechanisms, ischemic damage to the myocardium may also con-
tribute to HF resulting in a reduced EF (HFrEF).
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and colleagues (72) reported a mean MFR of <2.5 in 29% of RA
patients without clinical CVD, and a mean MFR of <2.0 in 12%.
In multivariable analyses, TNF inhibitor (TNFi) use was associated
with higher (better) MFR (P = 0.023), while lower (worse) MFR
was associated with higher IL-6 levels and higher LVMI, suggest-
ing a relationship of depressed MFR with inflammation and myo-
cardial remodeling. Longitudinal studies examining the potential
role of microvascular disease in the development of clinical HF in
RA are needed.

In summary, RA-specific autoimmune mechanisms that trig-
ger release of inflammatory cytokines may lead to local activation
of macrophages and myofibroblasts in the myocardium, subse-
quent myocardial inflammation, endothelial damage, and
decreased perfusion, and ultimately, LV remodeling and clinical
HF. However, much work is needed to confirm these events and
elucidate causative molecular pathways.

Effect of DMARDs on HF and on subclinical
measures of LV structure and function in RA

Demonstration of the association of inflammatory cytokines
with LV remodeling in experimental models generated consider-
able interest in cytokine blockade as a therapy for HF. However,
clinical trials of TNFi for treatment of moderate-to-severe HF in
the general population yielded disappointing results. In the Ran-
domized Etanercept Worldwide Evaluation (RENEWAL) trial (73),
there was neither significant benefit nor increased risk in all-
cause-mortality or HF hospitalizations in etanercept-treated ver-
sus placebo-treated patients (RR 1.10 [95% CI 0.9, 1.33],
P = 0.33). In contrast, in the Anti-TNF Therapy Against Conges-
tive Heart Failure (ATTACH) trial (74), a higher risk of death and/or
hospitalization for HF was reported with infliximab versus placebo
treatment (HR 2.84 [95% CI 1.01, 7.97], P = 0.043). Subse-
quently, 38 cases of new-onset HF in patients receiving etaner-
cept or infliximab for conditions other than HF were reported
(75), raising further concern. As a result, the US Food and Drug
Administration issued a warning regarding use of TNFi in individ-
uals with HF.

Consequently, no randomized controlled trials (RCTs) of TNF
inhibitors to treat HF in RA patients have been conducted. How-
ever, several observational studies of the association of TNFi with
HF incidence or prevalence in RA have been published (Table 4).
In the prospective Rheumatoid Arthritis—Observation of Biologic
Therapy (RABBIT) cohort study, a non–statistically significant
increase in risk of incident HF with TNFi treatment versus conven-
tional synthetic DMARD (csDMARD) treatment was observed
(adjusted HR 1.66 [95% CI 0.67, 4.1]) (76). In a retrospective
cohort study of RA patients age >65 years, the HR for new hospi-
talizations for HF in patients treated with TNFi versus those
treated with methotrexate was also numerically elevated but not
statistically significant (HR 1.61 [95% CI 0.75, 3.49]) (77). Using
a combined Medicaid/Medicare database of >10,000 RA

patients, Solomon et al (78) found no statistically significant differ-
ence in risk of incident HF with TNFi versus csDMARDs (HR 0.84
[95% CI 0.62, 1.12]). Finally, lower rates of incident HF in TNFi-
treated versus csDMARD-treated RA patients were observed in
2 studies (11,79). Taken together, these findings suggest that
TNFi treatment may reduce, or at least not elevate, risk of HF in
RA. While an RCT would provide more definitive evidence, it
seems unlikely that such a trial will be forthcoming, given the num-
ber of patients and extended length of follow-up needed.

In RA patients without HF, the effect of TNFi on measures of
LV structure and function has been examined in studies with small
sample sizes and with variable outcomes, and the results, taken
together, do not offer a clear conclusion (Table 4). In a cross-
sectional study, Giles et al (26) demonstrated an association of
treatment with a biologic DMARD (bDMARD) (most were receiv-
ing TNFi agents) with lower LVMI compared to no bDMARD use.
In an RCT, Plein et al (28) showed a modest increase in geometric
mean LV mass in 81 RA patients after 1 year of treatment with
etanercept plus methotrexate. In a cross sectional study, Yokoe
and colleagues (80) reported better global circumferential strain
in patients treated with bDMARDs than in those who received
csDMARDs. In a study of 23 patients with RA, Kotyla et al (81)
found an increase in EF, and a decrease in LVM, after 1 year of
infliximab treatment. Other small and/or very-short-duration
echocardiographic studies are listed in Table 4 (82–84). In the
absence of an RCT to discern the effects of TNFi treatment on
HF risk in RA, the American College of Rheumatology 2021 guide-
lines for the treatment of RA continue to recommend non-TNFi
biologics over TNFi in RA patients with HF, and switching from a
TNFi to a non-TNFi DMARD if HF develops during treatment with
a TNFi.

Despite the success of the Canakinumab Antiinflammatory
Thrombosis Outcome Study (CANTOS) RCT (85), in which an
IL-1 antagonist was shown to reduce nonfatal myocardial infarc-
tion, stroke, and CV death in CAD patients in the general popula-
tion, there are few studies of IL-1 inhibition in patients with HF. In a
clinical trial of patients with HFrEF and HFpEF in the general pop-
ulation, incidence of readmission for or death due to HF after
24 weeks did not differ between the anakinra group and the pla-
cebo group (86). However, in experimental RA, IL-1 blockade
was associated with improvements in LVEF, LV dilatation, and
fractional shortening (50). Since IL-1 inhibitors are only modestly
efficacious for the treatment of RA, data on the effect of IL-1 on
LV function in RA are also scant. In a short-term study with a small
sample size, Ikonomidis et al (87) reported significant improve-
ments in flow-mediated dilation, MFR, and strain measures in
RA patients treated with IL-1 inhibitors.

There have been even fewer studies on the impact of IL-6
blockade on HF or LV structure/function or cardiac biomarkers
in patients with RA. In a post hoc analysis of RA patients receiving
tocilizumab versus placebo, there were no statistically significant
differences between groups in decreases in troponin or NT-
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Table 4. Effects of anticytokine therapy on incidence/prevalence of clinical HF, and on subclinical LV structure and function, in RA patients*

Author, year (ref.) Study design
n, TNF or DMARD

use

Primary HF
outcomes or LV

structure/function
outcomes (95% CI)

Statistical
adjustments

Studies of incident
or prevalent HF

Wolfe et al,
2003 (12)

Retrospective
review of
longitudinal
survey

5,832 vs. 7,339,
TNFi
(IFX, ETN)
vs. no TNFi

Adjusted proportions
of HF 2.8 vs. 3.4–3.9
[P = 0.03], TNFi vs. no
TNFi; 2.6 vs. 2.9 vs.
3.4–3.9, IFX vs.
ETN vs. no TNFi

Propensity
score
matched

Bernatsky et al,
2005 (78)

Nested case–
control

187 vs. 3,656,
TNFi
(IFX, ETN)
vs.
csDMARDs

Adjusted RR for HF
hospitalization 0.7
(0.6, 0.9), any
DMARD vs. no
DMARD

Age, sex,
cohort,
ischemic heart
disease,
stroke,
peripheral
arterial
disease,
hypertension,
DM,
hyperlipidemia,
RA treatment

Listing et al,
2008 (75)

Prospective
cohort; RABBIT
study

2,757 vs. 1,491,
TNFi
(ADA, IFX,
ETN) vs.
csDMARDs

Adjusted HR for
prevalent HF 1.49
(0.70, 3.18), TNFi
vs. csDMARDs

Adjusted HR for
incident HF 1.66
(0.67, 4.1), TNFi
vs. csDMARDs

Adjusted HR for
worsening HF 1.18
(0.30, 4.73), TNFi
vs. csDMARDs

Age, male sex,
CVD, BMI,
DAS28,
functional
capacity

Age, sex, CVD,
BMI, functional
capacity,
disease activity
at follow-up

Age, male sex,
glucocorticoids
>10 mg/day

Setoguchi et al,
2008 (77)

Retrospective
cohort;
Medicare

1,002 vs. 5,593,
TNFi
(ADA, IFX,
ETN) vs. MTX

Adjusted HR for new
HF hospitalization
1.50 (0.41, 4.79),
TNFi vs. MTX with
previous HF; 3.41
(0.73, 16.05), TNFi
vs. MTX without
previous HF; 1.61
(0.75, 3.49), TNFi
vs. MTX combined
(with or without
previous HF)

Age, sex, race,
CV comorbidities
including CAD,
other DMARDs,
ESR, CRP, CKD,
DM,
hyperlipidemia

Solomon et al,
2013 (78)

Cohort;
Medicaid and
Medicare

11,587 vs. 8,656,
TNFi
(ADA, IFX,
ETN) vs.
csDMARDs

HR for new or recurrent
HF hospitalizations
0.85 (0.63, 1.14),
TNFi vs.
csDMARDs

Propensity score
matched

Studies of LV
structure and
function in
patients without
HF

Kotyla et al,
2012 (81)

Prospective cohort
TTE

23, TNFi (IFX) Median EF 58.5% vs.
63% [P < 0.05],
before and 1 year
after IFX

None

(Continued)
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proBNP levels (88). However, Kobayashi et al (89) reported a sig-
nificant reduction in LVMI (P < 0.001) after 52 weeks of tocilizu-
mab treatment in RA patients, and a significant correlation
between the change in the Clinical Disease Activity Index (90)
and change in LVMI (ρ = –0.580, P = 0.007). However, as noted
above, it is not clear which direction of change in LVMI (higher ver-
sus lower; increasing versus decreasing over time) is considered
to be beneficial in RA HF pathophysiology and its natural
progression.

In summary, the risk/benefit of TNFi treatment in RA patients
with comorbid HF remains unclear and requires further investiga-
tion. Likewise, insufficient data preclude conclusions about use of

IL-1 or IL-6 inhibitors in clinical HF or to slow or prevent subclinical
LV remodeling in RA patients.

As glucocorticoids and nonsteroidal antiinflammatory drugs
(NSAIDs) are both well-recognized factors in triggering or worsen-
ing of acute HF, current European Society of Cardiology guide-
lines (13) recommend against their use in patients with HF in the
general population. Limited data are available on RA patients with
HF, however, with regard to the contribution of glucocorticoid
and/or NSAID treatment to the incidence or prevalence of HF or
to abnormal echocardiographic measures of LV structure/
function (such as LVMI). In a prospective cohort study of RA
patients by Mantel et al (5), use of glucocorticoids was strongly

Table 4. (Cont’d)

Author, year (ref.) Study design
n, TNF or DMARD

use

Primary HF
outcomes or LV

structure/function
outcomes (95% CI)

Statistical
adjustments

Santos et al,
1992 (82)

Prospective cohort
TTE

14, TNFi (IFX) Mean � SD CO 7.04 �
2.3 liters/minute vs.
6.12 � 2.1
liters/minute [P <
0.001] before and 2
hours after IFX;
mean � SD SV 91 �
29.0 ml/beat vs. 83 �
28.8 ml/beat [P <
0.001] before and 2
hours after IFX

None

Daien et al,
2013 (84)

Prospective cohort
TTE

28 vs. 20,
TNFi (ETN) vs.
csDMARDs

Mean � SD change in
LVMI at 3 and 6
months �6.3 � 7.6
and �14.2 � 9.3
gm/m2 with ETN;
�2.2 � 10.9 and �2.7
� 10.2 gm/m2 with
csDMARD

None

Vizzardi et al,
2016 (83)

Prospective cohort
TTE

13,TNFi
(ADA, IFX,
ETN)

No significant changes
in EF or GLS 1 year
after TNFi vs.
baseline

None

Giles et al,
2010 (26)

Cross-sectional
CMR

53 vs. 37, non-
bDMARD (MTX)
vs. bDMARDs
(ADA, IFX, ETN,
rituximab)

β = �5.75 [P < 0.05],
LVM and any
bDMARD use

Age, sex, BSA,
systolic blood
pressure, smoking

Plein et al,
2020 (28)

RCT CMR 81, TNFi (ETN) +
MTX

Geometric mean LVM
78.2 gm (73.7, 82.9)
and 81.4 gm (76.3,
86.9) [P = 0.01],
baseline vs. 1 year
after treatment

None

Yokoe et al,
2020 (80)

Cross-sectional
CMR

80, csDMARDs or
bDMARDs

β = 0.26 [P =

0.021], GCS and
bDMARD use

ACPA, SJC, SDAI,
MMP-3

* HF = heart failure; RA = rheumatoid arthritis; 95% CI = 95% confidence interval; TNFi = TNF inhibitor; ETN = etanercept; IFX = infliximab;
csDMARDs= conventional synthetic DMARDs; RR= relative risk; 95% CI= 95% confidence interval; DM= diabetes mellitus; RABBIT= Rheuma-
toid Arthritis—Observation of Biologic Therapy; ADA= adalimumab; HR= hazard ratio; CVD= cardiovascular disease; BMI= bodymass index;
CAD = coronary artery disease; CKD = chronic kidney disease; TTE = transthoracic echocardiography; CO = cardiac output; SV = stroke vol-
ume; LVMI = LV mass index; EF = ejection fraction; RCT = randomized controlled trial; CMR = cardiac magnetic resonance; SJC = swollen joint
count; SDAI = Simplified Disease Activity Index; MMP-3 = matrix metalloproteinase 3 (see Table 3 for other definitions).
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associated with nonischemic HF (HR 3.12 [95% CI 1.30, 7.44])
but not statistically significantly associated with ischemic HF or
overall HF. However, in another prospective study of RA patients
(6), the use of glucocorticoids was not a significant risk factor for
incident HFpEF (OR 0.99 [95% CI 0.64, 1.54]).

With regard to the association of glucocorticoid use and
abnormal measures of LV structure and function in RA patients
without clinical HF, the data are somewhat conflicting. Each study
focuses on a different outcome (LVMI [24], systolic longitudinal
strain [36], diastolic function [31,45]), and both positive and nega-
tive associations with glucocorticoid use have been reported.
None of the reviewed studies in RA patients specifically evaluated
the association between NSAID use and myocardial measures or
HF risk. Given the small number of studies and heterogeneity of
findings in this area, clear conclusions are not possible, but clini-
cians are wise to exercise caution in the use of these medications
in RA patients with HF.

Future directions

A keener awareness of the increased risk of HF in RA is
needed, particularly given the reports of higher mortality in
RA. Typical symptoms and physical examination findings of HF
could be misinterpreted as RA-associated interstitial lung dis-
ease, and a normal EF on echocardiography may be dismissed
before considering the possibility of HFpEF. The development of
guidelines for screening RA patients to identify those at high risk
of developing HF would be beneficial, but prospective imaging
and biomarker data in RA are currently too scarce to inform
guidelines. Davis et al (91) reported that a multicytokine immune
response score discriminated between normal diastolic function
and moderate-to-severe DD, but this cell-based assay may be
too unwieldy to translate into clinical use. Longitudinal studies that
delineate the natural history from preclinical echocardiographic
findings to clinical HF, and that incorporate novel biomarker inves-
tigations, are critically needed in RA.

To supplement RA clinical studies, expanded investigation of
in vitro HF models specific to RA should be pursued. A promising
development in this regard, particularly given the limited availabil-
ity of RAmyocardial tissue, is the generation of engineered human
cardiac tissue from an RA patient’s own induced pluripotent stem
cells (iPSCs). Rim and colleagues (92) derived iPSCs from RA
fibroblast-like synoviocytes, and Lee et al (93) demonstrated suc-
cessful differentiation of cardiomyocytes from those iPSCs. HF
may also be investigated as a potential comorbidity of the induc-
tion of experimental inflammatory arthritis. Zhou and colleagues
(94) reported myocardial inflammation and fibrosis, up-regulated
expression of TNF, IL-6, IL-17, and MMP-3 genes in cardiomyo-
cytes and cardiac fibroblasts, and a decline in LV function in mice
with collagen-induced arthritis. Additional work in animal models
with concurrent inflammatory arthritis and HF could aid in defining
shared molecular pathways between the two processes.

A critical area for further study is investigation of the direct
effect of cytokine inhibitors on parameters of LV structure and
function in RA patients without clinical HF. If these studies were
to indicate absence of a detrimental effect on LV function, then
further study of the safety of these agents in RA patients with clin-
ical HF could conceivably progress.

Conclusions

In conclusion, the morbidity and mortality burden of HF in
RA patients is higher than in the general population and appears
to be predominantly of the HFpEF phenotype. There is substan-
tial evidence supporting the notion that chronic inflammation
plays a role in driving HF in RA. Whether DMARDs prevent or
worsen HF and/or subclinical LV dysfunction in RA remains
unclear.
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Activated Peripheral Blood B Cells in Rheumatoid Arthritis
and Their Relationship to Anti–Tumor Necrosis Factor
Treatment and Response: A Randomized Clinical Trial of the
Effects of Anti–Tumor Necrosis Factor on B Cells

Nida Meednu,1 Jennifer Barnard,1 Kelly Callahan,1 Andreea Coca,1 Bethany Marston,1 Ralf Thiele,1

Darren Tabechian,1 Marcy Bolster,2 Jeffrey Curtis,3 Meggan Mackay,4 Jonathan Graf,5 Richard Keating,6

Edwin Smith,2 Karen Boyle,7 Lynette Keyes-Elstein,7 Beverly Welch,8 Ellen Goldmuntz,8 and Jennifer H. Anolik1

Objective. B cells can become activated in germinal center (GC) reactions in secondary lymphoid tissue and in
ectopic GCs in rheumatoid arthritis (RA) synovium that may be tumor necrosis factor (TNF) and lymphotoxin
(LT) dependent. This study was undertaken to characterize the peripheral B cell compartment longitudinally during
anti-TNF therapy in RA.

Methods. Participants were randomized in a 2:1 ratio to receive standard dosing regimens of etanercept (n = 43) or
adalimumab (n = 20) for 24 weeks. Eligible participants met the American College of Rheumatology 1987 criteria for
RA, had clinically active disease (Disease Activity Score in 28 joints >4.4), and were receiving stable doses of metho-
trexate. The primary mechanistic end point was the change in switched memory B cell fraction from baseline to week
12 in each treatment group.

Results. B cell subsets remained surprisingly stable over the course of the study regardless of treatment group,
with no significant change in memory B cells. Blockade of TNF and LT with etanercept compared to blockade of TNF
alone with adalimumab did not translate into significant differences in clinical response. The frequencies of multiple
activated B cell populations, including CD21� double-negative memory and activated naive B cells, were higher in
RA nonresponders at all time points, and CD95+ activated B cell frequencies were increased in patients receiving
anti-TNF treatment in the nonresponder group. In contrast, frequencies of transitional B cells—a putative regulatory
subset—were lower in the nonresponders.

Conclusion. Overall, our results support the notion that peripheral blood B cell subsets are remarkably stable in RA
and not differentially impacted by dual blockade of TNF and LT with etanercept or single blockade of TNF with adalimu-
mab. Activated B cells do associate with a less robust response.

INTRODUCTION

Rheumatoid arthritis (RA) is an inflammatory joint disease that
affects 1.5 million people in the US and is associated with sub-
stantial morbidity and mortality (1). Although multiple cell types
play a role in the pathogenesis of RA, the key participation of B

cells has long been appreciated since the discovery of rheumatoid
factor (RF) and has been re-highlighted over the past several
years. Thus, RF and anti–cyclic citrullinated peptide (anti-CCP)
autoantibodies are well-established indicators of disease and dis-
ease severity and may precede the onset of disease by many
years (2–4). The efficacy of B cell depletion therapy further
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highlights the pathogenic significance of B cells in RA (5–7). B
cells may provide a critical link between the development of ter-
tiary lymphoid structure within the inflamed synovium and the
propagation of the autoimmune process. This connection is sup-
ported by the finding of germinal center (GC)–like structures within
the inflamed RA synovium and the observation that T cell activa-
tion in the RA synovium is dependent on the presence of B cells
within these active GCs (8,9).

Tumor necrosis factor (TNF) is also clearly established as a
central player in the pathogenesis of RA. The current paradigm
regarding the mechanism of action of TNF blockade in RA
focuses on the proinflammatory effects of TNF. Indeed, TNF is a
sentinel proinflammatory cytokine in normal immune responses
and in pathologic immune responses in the RA synovium. Along
with interleukin-1 (IL-1), it orchestrates many of the pathophysio-
logic abnormalities that characterize RA, including the local effects
of inflammation and the development of joint damage (10). Inhibit-
ing TNF interrupts the disease process by blocking the activation
of T cells, macrophages, and synovial fibroblasts.

In addition to TNF, lymphotoxin α (LTα) and LTβ are 2 related
TNF superfamily members whose levels have been shown to be
increased in RA serum and synovial tissue (11–13). Notably, in
mice, LT signaling is particularly critical for the development
and maintenance of normal spleen and lymph node microarchi-
tecture (14). LT signaling has also been associated with lym-
phoid aggregates in the synovium of RA patients (11,12).
Signaling by TNF and LT is required for the development of follic-
ular dendritic cells (FDCs), the cells that are responsible for the
initiation of secondary lymphoid GC structures (15,16). Despite
the potential for TNF and LT to directly signal through TNF
receptor type I (TNFRI) and TNFRII expressed on B cells and
indirectly impact B cell activation via promotion of tissue lym-
phoid aggregates, the effect of TNF blockade on B cells in RA
is not well characterized.

We have previously reported in an observational cross-
sectional study that RA patients receiving anti-TNF (etanercept)
display a paucity of tonsil FDC networks and GC structures
accompanied by a reduction in peripheral blood memory B cells
compared with healthy controls and RA patients receiving meth-
otrexate (MTX), suggesting that the combination of TNF and LT
blockade may disrupt GC reactions at least in part via effects
on FDCs (17). Despite these findings, the precise in vivo effects
of blockade of TNF and LTα signaling pathways on human B
cells remain unclear, since few careful longitudinal studies after
anti-TNF initiation have been conducted (18). Moreover, the
potential relationship between B cell changes and the efficacy
of TNF blockade requires better elucidation. This study of
patients with active RA receiving concurrent MTX was under-
taken to evaluate the hypothesis that, due to the ability of etaner-
cept to block both TNF and LTα, it would have more profound
effects on B cell populations relative to adalimumab, which
blocks only TNF.

PATIENTS AND METHODS

Study design. The study was a phase IV, multicenter, ran-
domized, partially blinded trial. Eligible participants were random-
ized in a 2:1 ratio to receive standard dosing regimens of
etanercept or adalimumab for 24 weeks. Participants were ran-
domized to receive either 1 subcutaneous (SC) injection of etaner-
cept 50 mg (or 2 injections of etanercept 25 mg on the same day)
every week for 24 weeks or 1 SC injection of adalimumab 40 mg
every other week. The drug was either self-administered or
administered by a trained designated caregiver and was adminis-
tered at approximately the same time of the same day every week
for etanercept or every other week for adalimumab, in the form of
1 or 2 injections (per the dosage regimen). Randomization was
conducted through a web-based system, RhoRAND, and was
stratified based on the presence or absence of antibodies to RF
and/or CCP with a block size of 3. Participants met the American
College of Rheumatology (ACR) 1987 revised criteria for the clas-
sification of RA (19) beginning at least 3 months before study
entry, had active disease with a Disease Activity Score in 28 joints
(DAS28) of >4.4, and had been receiving stable doses of MTX for
≥8 weeks. Participants were clinically evaluated and blood was
drawn for processing at baseline, 12 weeks, and 24 weeks.

Disease end points were evaluated by assessors who were
blinded with regard to treatment status. The DAS28 response
was determined as follows: patients with a DAS28 of ≤3.2 and a
decrease in the DAS28 of ≥1.2 were considered good
responders, patients with a DAS28 of >5.1 or a decrease in the
DAS28 of <0.6 were considered nonresponders, and those with
DAS28 scores falling between the scores for good responders
and nonresponders were considered moderate responders.
Responses according to the ACR criteria for 20% improvement
(ACR20), ACR50, and ACR70 were also determined (20,21).

This trial was conducted between July 2009 and January
2014. Participants were recruited at the University of Rochester
Medical Center (URMC) and other Autoimmunity Centers of
Excellence participating sites (Medical University of South Caro-
lina, Charleston; University of Alabama at Birmingham; Feinstein
Institute for Medical Research; University of California, San Fran-
cisco; and University of Chicago). Detailed written informed con-
sent was obtained from all participants. Age-matched healthy
donors were included from a separate URMC protocol in accor-
dance with protocols specifically approved by the respective
Human Subjects Institutional Review Board. Full details of the trial
protocol can be found in the Supplementary Methods, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41941/abstract.

Peripheral blood mononuclear cell (PBMC) isolation
and flow cytometric analysis. Peripheral blood samples
were collected in heparin tubes and shipped overnight to URMC.
PBMCs were then immediately isolated from heparinized blood
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by Ficoll–Hypaque density-gradient centrifugation (Pharmacia
Biotech) and frozen in freezing medium until analyzed. Immunoflu-
orescence staining for flow cytometric analysis was performed.
We used 2 different 12-color, 14-parameter core B cell flow
cytometry panels with well-validated Standard Operating Proce-
dures that incorporate extensive Quality Assessment and Quality
Controls as previously described (22,23).

B cells were identified based on CD19 expression, exclusion
of CD3, and gating out cell aggregates and dead cells. Naive B
cells were distinguished from transitional cells and memory B cells
by the expression of ABCB1 transporter activity and MitoTracker
dye extrusion as previously described (24). CD21 and CD95 were
incorporated to evaluate activation status (25,26). B cells in
PBMCs were additionally classified by multiparameter flow
cytometry along a developmental pathway based on the expres-
sion of defined surface markers, as shown in Supplementary
Figure 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41941/abstract. T
cell subsets were gated using a separate panel from B cells with
the focus on CD4 T cells. CD45RA separates T cells into memory
T cells (CD45RA�) and naive T cells (CD45RA+). CCR6, CXCR3,
and CCR4 are important markers for classifying Th1 cells (CD4+
CD45RA�CXCR3+CCR6+), Th2 cells (CD4+CD45RA�CCR6�
CCR4+), and Th17 cells (CD4+CD45RA�CCR4+CCR6+)
(25,26). Circulating follicular helper T (Tfh) cells were classified as
CD4+CD45RA�CXCR5+ICOS+PD1+ (27). In addition, we used
CD25 and CD127 to identify naturally occurring regulatory T
(Treg) cells in blood as CD4+CD25+CD127low/� (28).

Cytokine assays and Ki-67 expression. PBMCs were
aliquoted into 1 million per 100 μl of RPMI and stimulated with
200 ng/ml phorbol myristate acetate and 2 mg/ml ionomycin with
the addition of 1 ml/ml GolgiPlug and 0.68 ml/ml GolgiStop at
37�C for 4 hours. The PBMCs were surface stained for CD19, fol-
lowed by Live/Dead staining. Cells were fixed and internally
stained for TNF, IL-17, interferon-γ (IFNγ), IL-2, IL-6, IL-10, CD3,
CD4, and FoxP3 (eBioscience). Cells were analyzed on a
3-laser, 12-color LSRII flow cytometer (BD Biosciences).

In a subset of participants who had samples with enough
cells available, unstimulated PBMCs were surface stained for
IgD, IgG, IgA, IgM, CD24, CD21, CD38, CD19, CD20, CD27,
CD95, CD86, and CD3, followed by Live/Dead staining, fixation
(0.1% formalin), and staining for antibody against Ki-67. Cells
were analyzed on a 3-laser, 12-color LSRII flow cytometer.

Statistical analysis. The study was powered for the pri-
mary analysis to test for a difference between treatment groups
in the change in percentage of memory B cells in the peripheral
blood at week 12. Assumptions for the sample size calculation
were based on data collected from individuals treated in Roches-
ter. It was assumed that the change in the mean percentage of
peripheral memory B cells would differ between the 2 treatment

groups by between 8% and 12% and that the within-treatment
standard deviation (pooled across arms) would be ~10%. Sixty
participants, randomized 2:1 with α = 0.05, were needed in order
to attain power between 81% and 95%. Participants who with-
drew prior to week 12 were to be replaced.

The primary end point was the change from day 0 to week
12 in CD27+ switched memory B cells expressed as a percent
of B cells. Primary mechanistic analyses were conducted on
the per-protocol population, which consisted of participants
who had day 0 and week 12 assessments, completed ≥75% of
planned injections prior to week 12, and had no serious protocol
deviations. Missing data were not imputed. An analysis of
covariance (ANCOVA) model was used for the primary analysis
comparing the percentage of CD27+ switched memory B cells
between treatment groups at week 12, adjusted for the day
0 value. Because we hypothesized that the percentage of
CD27+ switched memory B cells would not be impacted by
adalimumab but would decline after treatment with etanercept,
a key secondary analysis was the comparison of slopes for the
regression lines describing the relationship between CD27+
switched memory B cells at week 12 and day 0 between treat-
ment arms. To test for the equivalence of slopes, the day 0–by-
treatment interaction term was added to the ANCOVA model
from the primary analysis. These analyses were repeated for
the subset of moderate and good DAS28 responders at
week 12.

Secondary analyses to support the primary and secondary
objectives were considered exploratory and included all random-
ized participants, regardless of treatment group and analysis pop-
ulation, for whom blood samples were available. P values are
presented without adjustment for multiple comparisons. A t-test
was performed to test for differences in cell subsets between
treatment groups and between DAS28 response groups and to
compare healthy controls to study participants at each visit.
Three-group comparisons were conducted using ordinary one-
way analysis of variance (ANOVA) and Tukey’s multiple compari-
sons test. Statistical analyses were performed using Prism or
SAS software.

RESULTS

Participant clinical characteristics and response.
Sixty-three participants were randomized in the trial, 43 to receive
etanercept and 20 to receive adalimumab. There were 49 partici-
pants in the per-protocol population. Fourteen randomized par-
ticipants were excluded from the per-protocol population:
8 terminated the study early, 9 received <75% of the planned
injections, 5 reported significant protocol deviations, and 2 partic-
ipants had the week 12 visit more than 1 week from the expected
visit date (Figure 1). Some participants were excluded from the
per-protocol population for more than 1 criterion. Baseline partic-
ipant characteristics are summarized in Table 1. The treatment
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groups were similar with respect to CCP status and disease activ-
ity. Overall, disease activity was high at study entry, with a mean
DAS28 of 5.3, a mean number of swollen joints of 10, and a mean
number of tender joints of 13, typical of an RA cohort clinically fail-
ing to respond to MTX and starting biologic therapy.

As shown in Figure 2, clinical responses were high, with 90%
of etanercept-treated participants and 89% of adalimumab-
treated participants achieving a good or moderate DAS28
response by 12 weeks and ~45% of participants achieving low
disease activity (DAS28 ≤3.2) by 12 weeks, with numbers
increasing further by 24 weeks. There were 7 DAS28 nonre-
sponders at week 12. DAS28 results over time were similar
between the 2 treatment arms (Figure 2A). Although the study
was not designed to test for a difference between treatment arms

based on disease activity end points, responder indexes
appeared modestly higher in the adalimumab group at 12 weeks,
with further increases at 24 weeks (Figure 2B).

Stable percentages of memory B cells in the periph-
eral blood over 24 weeks of anti-TNF treatment. The pri-
mary end point, the change in percentage of CD27+ switched
memory B cells from day 0 to week 12, was not significantly differ-
ent between treatment groups (P = 0.301) (Supplementary
Table 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41941/abstract).
The slopes describing the relationship between the percentage
of CD27+ switched memory B cells at week 12 and the per-
centage at day 0 were also not significantly different between

Figure 1. Flow chart showing the disposition of the study participants. PI = principal investigator.
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treatment groups (P = 0.996). Results were analogous for the
subset of moderate and good DAS28 responders (P = 0.286;
data not shown) and regardless of autoantibody status.

As a further analysis of the B cell compartment, we examined
the other canonical B cell subsets identified by CD27 and IgD
expression (see Supplementary Figure 1 [for gating strategy] and
Supplementary Figure 2A, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41941/abstract) and further refined B cell populations. Overall, B
cell subsets did not change over the course of the study regard-
less of treatment arm (Figures 3A and B, Supplementary
Table 1, and Supplementary Figures 2B and C) or responder
status (Figure 3C, Supplementary Tables 2 and 3, and Supple-
mentary Figure 3C, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41941/
abstract). Nonresponders did have higher frequencies of CD27�
double-negative memory (IgD�CD27�) cell subsets at baseline

Table 1. Baseline characteristics of the participants with RA in the
per-protocol population*

Etanercept
(n = 31)

Adalimumab
(n = 18)

Age, mean � SD years 52 � 10.0 52 � 13.8
Sex, no, (%) female 25 (81) 14 (78)
White, no. (%) 26 (84) 17 (94)
Disease duration, mean � SD
years

4.5 � 6.5 4.4 � 5.4

CCP+, no. (%) 19 (61) 10 (56)
RF positive, no. (%) 17 (55) 8 (44)
DAS28, mean � SD 5.2 � 1.1 5.4 � 0.7
MTX dosage, mean � SD mg 16.8 � 4.0 18.4 � 3.5
No. of swollen joints,
mean � SD (28 assessed)

9.5 � 5.9 9.6 � 6.0

No. of tender joints,
mean � SD (28 assessed)

12.6 � 6.8 12.9 � 7.2

CRP, mean � SD mg/liter 11.0 � 25.9 13.6 � 25.0

* RA = rheumatoid arthritis; CCP = cyclic citrullinated peptide;
RF = rheumatoid factor; DAS28 = Disease Activity Score in 28 joints;
MTX = methotrexate; CRP = C-reactive protein.

Figure 2. Clinical response at week 12 and week 24 in study participants with rheumatoid arthritis receiving etanercept or adalimumab. A, Dis-
ease Activity Score in 28 joints (DAS28) at baseline (week 0), week 12, and week 24 by treatment group. Only participants in the per-protocol pop-
ulation were included (for etanercept, n = 29 at weeks 0 and 24 and n = 31 at week 12; for adalimumab, n = 17 at week 0 and n = 18 at weeks
12 and 24). Boxes and error bars show the mean � SEM. Values are the mean. B, Percentages of participants in each treatment group achieving
responses according to the indicated criteria at week 12 (left) and week 24 (right) (for etanercept, n = 31 at week 12 and n = 26 at week 24; for
adalimumab, n = 18 at weeks 12 and 24). ACR20 R = response according to the American College of Rheumatology criteria for 20% improve-
ment; GR = good response; MoR = moderate response; NR = no response.
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and week 12 compared to good and moderate responders
(Figure 3C).

Given the putative differences in drug mechanism of action, we
also analyzed the B cell populations by responder status within each
treatment arm. An analysis comparing responder status within the
adalimumab arm over the course of the study did not reveal signifi-
cant differences in the frequency of switched memory (P = 0.876),

unswitched memory (P = 0.318), double-negative (P = 0.251), or
naive (P = 0.686) B cells. Within the etanercept group, the fre-
quency of double-negative cells was significantly different between
the nonresponder and responder groups (higher in the nonre-
sponder group) (P = 0.0082 by ANOVA). In contrast, there was no
difference in switched memory (P = 0.952), unswitched memory
(P = 0.913), or naive (P = 0.851) B cell frequencies between

Figure 3. Frequencies of core B cell subsets over time in study participants with rheumatoid arthritis treated with etanercept or adalimumab. A,
Frequencies of switched memory (SM) and double-negative (DN) B cells among total CD19+ B cells over time. Squares represent individual par-
ticipants (n = 49 at each time point); horizontal lines and error bars show the mean � SEM. Values are the mean. B, Frequencies of switched
memory and double-negative B cells over time in the etanercept group (n = 31) and adalimumab group (n = 18). Boxes and error bars show
the mean � SEM. Values are the mean. C, Frequencies of switched memory and double-negative B cells over time in good responders (GR;
n = 24 at weeks 0 and 24 and n = 23 at week 12), moderate responders (MoR; n = 25 at week 0, n = 24 at week 12, and n = 22 at week
24), and nonresponders (NR; n = 7 at weeks 0 and 12 and n = 6 at week 24). Squares represent individual participants; horizontal lines and error
bars show the mean � SEM. Values are the mean. * = P < 0.05.
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nonresponders and responders within the etanercept arm. We also
examined the frequency of plasmablasts in both treatment groups
over time, but this did not change significantly regardless of treat-
ment arm (Supplementary Figures 2B and C) or responder status
(Supplementary Table 3 and Supplementary Figure 2D).

Elevated frequencies of activated B cells in nonre-
sponders. When participants with RA pretreatment were com-
pared to age-matched healthy controls, the total naive (IgD+
CD27�) B cell subset (which includes transitional B cells), the
unswitched memory (IgD+CD27+) B cell subset, the CD27+

Figure 4. Lower frequencies of activated memory B cells and higher frequencies of proliferating B cells in responders to anti–tumor necrosis fac-
tor treatment compared to nonresponders. A, Frequencies of CD95+ switched memory (SM) cells at baseline (week 0; n = 49), 12 weeks
(n = 48), and 24 weeks (n = 46) in participants with rheumatoid arthritis compared to healthy controls (HC; n = 14). * = P < 0.05; ** = P < 0.01.
B, Frequencies of CD21– double-negative (DN) cells at the indicated time points in good responders (GR; n = 24 at weeks 0 and 24 and n = 23 at
week 12), moderate responders (MoR; n = 25 at week 0 and n = 24 at weeks 12 and 24), and nonresponders (NR; n = 7 at weeks 0 and 12 and
n = 6 at week 24). * = P < 0.05. C, Frequencies of activated naive B cells in good responders (n = 24 at week 0 and n = 23 at weeks 12 and 24),
moderate responders (n = 24 at week 0, n = 23 at week 12, and n = 21 at week 24), and nonresponders (n = 7 at weeks 0 and 12 and n = 6 at
week 24). ** = P < 0.01;*** = P < 0.001; **** = P < 0.0001, by Tukey’s multiple comparisons test. D, Frequencies of activated naive B cells over
time in the etanercept group (top) (n = 14 good responders, n = 18 moderate responders, and n = 5 nonresponders) and adalimumab group
(bottom) (n = 10 good responders, n = 7 moderate responders, and n = 2 nonresponders). E, Frequencies of Ki-67+ cells among naive,
switched memory, and double-negative B cells from good responders (n = 7) and moderate responders (n = 10) at week 0. No samples from
nonresponders were available for analysis. **** = P < 0.0001. In A, B, C, and E, symbols represent individual participants; horizontal lines and
error bars show the mean � SEM. In D, boxes and error bars show the mean � SEM. Values are the mean.
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switched memory (IgD�CD27+) B cell subset (which includes
plasmablasts), and the CD27� double-negative memory
(IgD�CD27�) B cell subset were similar (data not shown). How-
ever, notably, there were more activated B cell populations in par-
ticipants with RA, as evidenced by up-regulation of CD95 in both
the switched memory and double-negative memory subsets
(Figure 4A and Supplementary Figures 3A–C). The baseline
expansion in activated B cell populations persisted after
anti-TNF treatment (Figures 4A and B and Supplementary
Figure 3B). Additionally, activated CD21� double-negative mem-
ory B cell percentages were higher at baseline and follow-up time
points in the nonresponder group (Figure 4B). We also observed
significant differences in the percentage of activated CD21�
double-negative memory cells between responders and nonre-
sponders within the etanercept group (P = 0.0023 by ANOVA)
but not within the adalimumab group (P = 0.116).

We also examined a recently identified population of acti-
vated naive B cells characterized as IgD+CD27�MTG+CD38+
CD24� (29). Activated naive B cell percentages were significantly
higher in the nonresponders and remained elevated throughout
the course of treatment (Figure 4C) but did not change with treat-
ment. The significant differences between responders and nonre-
sponders in the percentage of activated naive cells were also
observed when each treatment group was analyzed separately
(for adalimumab, P < 0.0001 by ANOVA; for etanercept,
P = 0.0003 by ANOVA) (Figure 4D).

Impact of anti-TNF on distinct class-switched mem-
ory or recently activated B cell subsets. The lack of change
in global memory B cell populations after anti-TNF treatment was
surprising but may be explained if the majority of peripheral blood
memory B cells are a relatively long-lived and stable cell pool.

Figure 5. Higher frequencies of transitional type 1/type 2 (T1/T2) B cells in responders to treatment at all time points. A, Frequencies of T1/T2 B
cells over time in all participants regardless of treatment (n = 56 at week 0, n = 54 at week 12, and n = 52 at week 24) and frequencies of T3 B
cells over time in all participants regardless of treatment (n = 49 at week 0, n = 48 at week 12, and n = 46 at week 24) compared to healthy con-
trols (HCs; n = 20). B, Frequencies of T1/T2 B cells over time in good responders (GR; n = 24 at weeks 0 and 12 and n = 23 at week 24), mod-
erate responders (MoR; n = 24 at week 0, n = 23 at week 12, and n = 21 at week 24), and nonresponders (NR; n = 7 at weeks 0 and 12 and
n = 6 at week 24) and frequencies of T3 B cells over time in good responders (n = 24 at week 0 and n = 23 at weeks 12 and 24), moderate
responders (n = 24 at week 0, n = 23 at week 12, and n = 21 at week 24), and nonresponders (n = 7 at weeks 0 and 12 and n = 6 at week
24). Symbols represent individual participants; horizontal lines and error bars show the mean � SEM. Values are the mean.
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Previous work has demonstrated that there are multiple memory
B cell subsets originating from distinct GC-dependent and
-independent immune pathways that can be distinguished based
on class-switch profile (isotype) (30). We reasoned that anti-TNF
may have a greater impact on certain memory B cell populations,
depending on the immune pathway of origin. In a subset of partic-
ipants for whom samples were available (n = 7 good responders
and n = 10 moderate responders [no nonresponder samples
available]), we performed additional flow cytometric analysis to
address this possibility. However, none of the class-switched
memory B cells examined (IgM, IgG, or IgA) decreased with anti-
TNF treatment, including the CD27� IgA+ memory B cell frac-
tion, which is proposed to originate from GC-independent reac-
tions, possibly of mucosal origin (30) (data not shown).

Ki-67 is a proliferation antigen that may mark B cells recently
activated in ongoing immune reactions. There were interesting dif-
ferences in Ki-67 expression depending on the B cell subset
examined, with higher proliferation in the memory B cell compart-
ment, particularly activated memory (CD21�CD95+ CD86+) B
cells (Figure 4E and Supplementary Figure 3D). We also exam-
ined the expression of Ki-67 longitudinally after anti-TNF initiation.
Although there were changes in individual patients, overall Ki-67 B
cell percentages did not change with anti-TNF treatment
(Supplementary Figure 3E; data not shown for CD95+
and CD86+).

Varying transitional B cell percentages depending
on responder status. We examined changes in transitional B
cell percentages. The naive/transitional subset is composed of
type 1 (T1), T2, T3, and mature naive B cells (31). The frequency
of early transitional T1/T2 cells, a putative regulatory subset
(32,33), was higher in the RA responder group compared to the
nonresponder group (Figure 5). However, the frequency of transi-
tional B cells did not change over the 24 weeks of treatment with
anti-TNF regardless of treatment response. In a small number of
participants (n = 8), cytokine production by B cells was examined
after short-term stimulation for 4 hours, but no differences were
observed in IL-10, TNF, or IFNγ production (data not shown).

Effects of TNF blockade on T cells. We also examined T
cell subsets, including Th1, Th2, Tfh, and Treg cells. They did not
change over the course of the study (data not shown for Th1 and
Th2; Supplementary Figures 4A and B, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41941/abstract), though Treg cells were noted to be
higher in the good and moderate responders at week 12 com-
pared to the nonresponders (Supplementary Figure 4C).

DISCUSSION

In this study of active RA, we found no difference between
the effects of dual blockade of TNF and LT with etanercept and

single blockade of TNF with adalimumab on peripheral blood B
cell subsets. Surprisingly, peripheral blood B cell subsets
remained remarkably stable after initiation of anti-TNF treatment.
We suggest that, once generated, the bulk of memory B cells
may be long-lived and not altered by TNF blockade, whereas
ongoing generation of memory B cells in lymphoid tissue or
ectopic locations may be more amenable to interruption.
Although most B cell subsets did not change with treatment, we
did observe differences depending on treatment response, with
higher frequencies of activated memory and activated naive B
cells in nonresponders at baseline and follow-up time points. In
contrast, frequencies of transitional B cells, a putative regulatory
subset, as well as Treg cells were lower in nonresponders. Over-
all, these findings suggest an imbalance in the B cell compartment
in RA that is heterogeneous and predictive of anti-TNF response.
However, these results should be interpreted with caution since
there were few nonresponders in the present study.

Our results also suggest that agents that block both TNF and
LT are not necessarily more efficacious than those that block TNF
alone. This is consistent with clinical trial data suggesting that TNF
blockade is the dominant clinical effect. Thus, a monospecific
anti-LTα antibody, pateclizumab, failed to show efficacy in a
head-to-head phase II randomized controlled study (34).

Our results confirm prior findings that peripheral blood B cells
are abnormal in RA. However, results in the literature have not
been entirely consistent, perhaps because of variability in disease
phenotypes, duration, activity, and therapy. For example, we
have previously reported that in contrast to patients with systemic
lupus erythematosus (SLE), a disease that is characterized by
profound alterations in peripheral blood B cells, RA patients have
similar core peripheral blood B cell subsets as that in healthy con-
trols (based on CD27 and IgD expression). However, RA patients
were shown to have a significant expansion of activated memory
B cell populations expressing high levels of CD95 and low levels
of CD21 in the peripheral blood (23); these results were recapitu-
lated in the present study. In addition, we observed an increased
frequency of IgD�CD27� double-negative memory B cells in
nonresponders compared to responders, a result consistent with
data indicating increased frequencies of double-negative B cells
in early and established RA.

In contrast to our data, others have described the double-
negative expansion restored by anti-TNF therapy (35). Souto-
Carneiro and colleagues described an increased frequency of
post-switched CD27+IgD� peripheral blood memory B cells in
RA patients with longer disease duration compared to patients
with a shorter disease duration or normal controls (36), results
which were reproduced in another study (37,38). They also noted
an increase in the frequency of preswitched memory B cells in the
peripheral blood of RA patients after anti-TNF treatment. Those
studies differed from ours in that the disease duration was signifi-
cantly longer (12–13 years), suggesting that global peripheral
blood B cell abnormalities may accumulate over time related to

MEEDNU ET AL208

http://onlinelibrary.wiley.com/doi/10.1002/art.41941/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41941/abstract


ongoing activation in target tissue. Consistent with this hypothe-
sis, another study demonstrated an expansion of autoreactive B
cell and plasma cell clones in the synovium in early RA (disease
duration <6 months) and established RA (disease duration
>20 months) that was absent from the peripheral blood (39). This
finding suggests that the inflamed synovium forms a niche where
class-switched activated memory B cells and plasma cells accu-
mulate, consistent with our own published data showing that
CD27+ memory B cells dominate in the RA synovium (40).

Although total peripheral blood memory B cells did not
decrease with TNF blockade over the time course of the study,
the majority of peripheral blood memory B cells are likely long-
lived (30,41,42) and may not be altered over a short period of
treatment. In a smaller subset of subjects, we examined more dis-
crete memory B cell populations, including IgA and IgG memory
and Ki-67–expressing cells. Although we did not observe clear
changes with anti-TNF, future studies with a larger sample size
may be more informative. For example, CD27�IgA+ memory B
cells may be a particularly interesting population to further exam-
ine, as it has been proposed to be generated in T cell–
independent mucosal immune reactions (30) but may also
develop in GC reactions including in ectopic locations (43,44).
Additionally highlighting the importance of IgA immune reactions,
there are recent reports of IgA plasmablast dominance in CCP+
individuals at risk of developing RA (45).

We previously reported that RA patients receiving anti-TNF
treatment (etanercept, a TNFR-Ig p75 decoy that binds both
TNF and LTα) display a paucity of FDC networks and GC struc-
tures in lymphoid tissue, accompanied by a peripheral blood
memory B cell lymphopenia (17). Treatment with either etanercept
or anti-TNF monoclonal antibodies (adalimumab or infliximab) has
also been associated with a decrease in ectopic lymphoid struc-
tures in the RA synovium that correlated with good clinical
response (46). It is likely that global peripheral blood B cells do
not adequately reflect the effects of TNF blockade on immune
reactions in synovium or lymphoid tissue, as suggested by the
finding of impaired generation of influenza vaccine–specific
antibody-secreting and memory B cells in RA patients receiving
anti-TNF treatment (47).

Several candidate markers to predict response to anti-TNF
therapy have been investigated, including genetic and protein
markers, but their predictive power has been poor (48,49). A
recent study combined high-throughput RNA sequencing, DNA
genotyping, and proteomics measurements in 185 RA patients,
including 59 starting anti-TNF therapy, and found 2 proteins, 2 sin-
gle-nucleotide polymorphisms, and 8 messenger RNA bio-
markers that could be replicated from the literature and in
combination explained 51% of the variation in DAS28 response
(50). There is also now interest in RNA sequencing biomarkers
within discrete cell populations, as has recently been described
for neutrophils (51). It has also been suggested that analysis of
immune cells in target tissue may provide critical additional

information (44,52), as has been demonstrated by a myeloid phe-
notype predicting the most robust response to TNF block-
ade (53).

In this study we observed several peripheral B cell flow
cytometry–based biomarkers that associate with inadequate
response to TNF blockade, including CD21� double-negative
and switched memory B cells and activated naive B cells. The
CD21� B cell population is particularly interesting, given the
recent description of age- or autoimmunity-associated B cells,
which encompass this phenotype. This B cell population, which
is dependent on T-bet for generation and expresses CD11c,
was first reported in aging mice (54); subsequently, it was seen
to be expanded in mice with autoimmune disease and SLE
patient peripheral blood and enriched for autoreactive specifici-
ties (55). We have also recently reported the presence of age-
or autoimmunity-associated B cells in the RA synovium
correlating with disease activity (44). Results from the present
study overall suggest that an activated B cell compartment in
RA is associated with inadequate response to TNF blockade.
However, it is important to note that these biomarkers are likely
not specific to anti-TNF therapy, given that they are also predic-
tive of an inadequate response to B cell depletion (23). Although
there are abnormalities in the RA B cell compartment detectable
in peripheral blood and associated with response to anti-TNF,
we suggest that analysis of cells in joint target tissue, likely by a
multiple -omics data approach, has the greatest potential to
reveal new biomarkers of treatment response and elucidate dis-
ease pathogenesis.
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Activation of Hypothalamic AMP-Activated Protein
Kinase Ameliorates Metabolic Complications
of Experimental Arthritis

Patricia Seoane-Collazo,1 Eva Rial-Pensado,1 �Anxela Estévez-Salguero,1 Edward Milbank,1 Lucía García-Caballero,2

Marcos Ríos,1 Laura Liñares-Pose,1 Morena Scotece,3 Rosalía Gallego,2 José Manuel Fern�andez-Real,4

Rubén Nogueiras,1 Carlos Diéguez,1 Oreste Gualillo,3 and Miguel L�opez1

Objective. To investigate whether thermogenesis and the hypothalamusmay be involved in the physiopathology of
experimental arthritis (EA).

Methods. EA was induced in male Lewis rats by intradermal injection of Freund’s complete adjuvant (CFA). Food
intake, body weight, plasma cytokines, thermographic analysis, gene and protein expression of thermogenic markers
in brown adipose tissue (BAT) and white adipose tissue (WAT), and hypothalamic AMP-activated protein kinase
(AMPK) were analyzed. Virogenetic activation of hypothalamic AMPK was performed.

Results. We first demonstrated that EA was associated with increased BAT thermogenesis and browning of subcutane-
ousWAT leading to elevated energy expenditure. Moreover, rats experiencing EA showed inhibition of hypothalamic AMPK,
a canonical energy sensor modulating energy homeostasis at the central level. Notably, specific genetic activation of AMPK
in the ventromedial nucleus of the hypothalamus (a key site modulating energy metabolism) reversed the effect of EA on
energy balance, brown fat, and browning, as well as promoting amelioration of synovial inflammation in experimental arthritis.

Conclusion. Overall, these data indicate that EA promotes a central catabolic state that can be targeted and
reversed by the activation of hypothalamic AMPK. This might provide new therapeutic alternatives to treat rheumatoid
arthritis (RA)–associated metabolic comorbidities, improving the overall prognosis in patients with RA.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune and chronic
inflammatory disease that mainly affects the synovium but also

induces systemic manifestations causing pain, swelling, stiffness,
unsteadiness, and deformity. Of note, RA is frequently associated
with fatigue, weakness, fever, and weight loss (1–3). The mecha-
nisms underlying metabolic complications in RA are not well

The Centro Singular de Investigaci�on en Medicina Molecular y Enferme-
dades Cr�onicas (CiMUS) is supported by the Xunta de Galicia (2016-2019,
ED431G/05). The Centro de Investigaci�on Biomédica en Red Fisiopatología de
la Obesidad y Nutrici�on (CIBERobn) is an initiative of the Instituto de Salud Car-
los III. Supported by the Xunta de Galicia (grants 2016-PG057 to Dr. Nogueiras,
GPC IN607B2019/10 to Dr. Gualillo, and 2016-PG068 to Dr. L�opez), the Minis-
terio de Economía y Competitividad (MINECO) co-funded by the FEDER Pro-
gram of the European Union (grants BFU2017-90578-REDT/Adipoplast to Drs.
Fern�andez-Real and L�opez, RTI2018-099413-B-I00 to Dr. Nogueiras,
BFU2017-87721-P to Dr. Diéguez, and RTI2018-101840-B-I00 to Dr. L�opez), the
Instituto de Salud Carlos III (grants PI15–01934 and PI18/0102224 to
Dr. Fern�andez-Real and PI17/00409, PI20/00902, RD21/0002/0025, and
RD16/0012/0014 to Dr. Gualillo), “la Caixa” Foundation (ID 100010434) (grant
LCF/PR/HR19/52160022 to Dr. L�opez), and the European Research Council (syn-
ergy grant-2019-WATCH- 810331 to Dr. Nogueiras). Dr. Seoane-Collazo’s work
was supported by the Xunta de Galicia (fellowship ED481B 2018/050) and the
Horizon 2020 Research and Innovation Program of the European Union under
theMarie Sklodowska-Curie actions. Drs. Nogueiras and L�opez’s work was sup-
ported in part by the Atresmedia Corporaci�on. Dr. Nogueiras’s work was sup-
ported in part by Fundaci�on BBVA and the European Foundation for the Study
of Diabetes. Dr. Gualillo’s work was supported in part by the Horizon 2020
Research and Innovation Program of the European Union under the Marie
Sklodowska-Curie actions (project no. 734899) and by the Xunta de Galicia
through a research staff contract (ISCIII/SERGAS).

1PatriciaSeoane-Collazo,PhD,EvaRial-Pensado,PhD, �AnxelaEstévez-Salguero,
PhD, Edward Milbank, PhD, Marcos Ríos, PhD, Laura Liñares-Pose, PhD, Rubén
Nogueiras, PhD, Carlos Diéguez, MD, PhD, Miguel L�opez, PhD: Centro Singular de
Investigaci�on en Medicina Molecular y Enfermedades Cr�onicas, Universidade de
Santiago de Compostela, Instituto de Investigaci�on Sanitaria, and CIBERobn,
SantiagodeCompostela,Spain; 2LucíaGarcía-Caballero,DDS,PhD,RosalíaGallego,
MD, PhD: Universidade de Santiago de Compostela, Santiago de Compostela,
Spain; 3Morena Scotece, PhD, Oreste Gualillo, PharmD, PhD: SERGAS, Instituto de
Investigaci�on Sanitaria de Santiago, NEIRID Lab, and Santiago University Clinical
Hospital, Santiago de Compostela, Spain; 4JoséManuel Fern�andez-Real, MD, PhD:
CIBERobn, Santiago de Compostela, Spain, and Institut d’Investigaci�o Biomèdica
deGirona andHospital Universitari deGironaDoctor Josep Trueta, Girona, Spain.

Drs. Seoane-Collazo, Rial-Pensado, and Estévez-Salguero contributed
equally to this work.

Author disclosures are available at https://onlinelibrary.wiley.com/action/
downloadSupplement?doi=10.1002%2Fart.41950&file=art41950-sup-0001-
Disclosureform.pdf.

Address correspondence to Oreste Gualillo, PhD, SERGAS, Instituto de
Investigaci�onSanitariadeSantiago,NEIRIDLab, SantiagoUniversityClinicalHospital,
ResearchArea, Laboratory no. 9, Building C, Level 2, Trav. Choupana sn, Santiago de
Compostela 15706, Spain (email: oreste.gualillo@sergas.es), or to Miguel L�opez,
PhD, CiMUS, SantiagodeCompostela,Galicia 15782, Spain (email:m.lopez@usc.es).

Submitted for publication October 26, 2020; accepted in revised form
August 10, 2021.

212

Arthritis & Rheumatology
Vol. 74, No. 2, February 2022, pp 212–222
DOI 10.1002/art.41950
© 2021 The Authors. Arthritis & Rheumatology published by Wiley Periodicals LLC on behalf of American College of Rheumatology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or
adaptations are made.

https://orcid.org/0000-0002-7154-1328
https://orcid.org/0000-0002-7823-1648
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.41950&#x00026;file=art41950-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.41950&#x00026;file=art41950-sup-0001-Disclosureform.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fart.41950&#x00026;file=art41950-sup-0001-Disclosureform.pdf
mailto:oreste.gualillo@sergas.es
mailto:m.lopez@usc.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41950&domain=pdf&date_stamp=2021-12-29


understood, but a serious catabolic status, driven predominantly
by proinflammatory cytokines, might be responsible for body cell
mass loss, a common feature of RA (4,5). In fact, there is increas-
ing evidence about the contribution of the dysregulation of adi-
pose tissue to RA, in particular dysregulated secretion of
adipokines (4–7).

Obesity can play a dual role in RA, both by exacerbating its
development and as a result of the disease progression, in part
due to the patient’s inability to carry out physical exercise and
thereby inducing weight gain, something that may also be
boosted by certain drugs used in the management of the illness
(1,8–10). There is a general consensus that obesity prevention is
important in patients with RA since it improves pain perception
and metabolic and cardiovascular risk, as well as favoring a better
response to treatments, such as anti–tumor necrosis factor (TNF)
(11) and anti–interleukin-6 (anti–IL-6) receptor antibody (12).

A link between RA and altered levels of energy balance modu-
lators acting at the central level, such as ghrelin, leptin, and other
adipokines, has also been described (1,6,7,13). Moreover, a sub-
stantial amount of data highlighted a close relationship between
alterations in different neuronal populations, some of them hypo-
thalamic, and experimental arthritis (EA) (14–18). However, whether
a dysregulation of these hypothalamic mechanisms is a cause or a
consequence of the disease or, more importantly, whether target-
ing these hypothalamic nuclei may have a positive impact on the
development of EA, remains unclear. Here, we aimed to investigate
whether the hypothalamus may be involved in the physiopathology
of EA. We focused on AMP-activated protein kinase (AMPK) in a
specific set of neurons located in the ventromedial nucleus of the
hypothalamus (VMH), which recently emerged as a critical canoni-
cal mechanism controlling energy homeostasis (19,20). In this
sense, current evidence has shown that inhibition of AMPK in ste-
roidogenic factor 1 cells of the VMH leads to sympathetic nervous
system–mediated activation of the brown adipose tissue (BAT)
thermogenesis, leading to increased energy expenditure and
feeding-independent weight loss (19–24). Notably, this mechanism
mediates the actions of key thermogenic factors, such as thyroid
hormones, bone morphogenetic protein 8B, estradiol, liraglutide
receptor agonism, and nicotine (19–24).

Therefore, our aim was to investigate whether this central
pathway might be involved in the metabolic alterations induced
in an experimental model of arthritis. We used a model of EA
induced by intradermal injection of Freund’s complete adjuvant
(CFA), which does not reflect every aspect of human RA but is a
routinely used model and resembles some of the articular and
extraarticular features of the disease (13,15,16).

MATERIALS AND METHODS

Animals and experimental protocols. Male Lewis rats
(Lew/OrlRj, 200 gm, 6–7 weeks old; Janvier Labs) were used. Ani-
mals were housed under controlled light (12-hour light/dark cycle),

temperature, and humidity conditions. The animals were allowed to
freely drink water and were given a standard diet (SD) (Scientific
Animal Food & Engineering: 3% fat, 60% carbohydrates, and
16% protein; Amersfoort) or a high-fat diet (HFD) (D12451: 45%
fat, 35% carbohydrates, 20% protein; Research Diets, Inc.) for
3 weeks before the initiation of CFA-induced EA. All experiments
and procedures were performed in agreement with International
Law on Animal Experimentation and the USC Ethical Committee
(project ID 15010/14/006 and 15012/2020/010).

CFA-induced EA. EA was induced by intradermal injection
of CFA (0.1 ml suspension of Mycobacterium tuberculosis
[13,15,16] [1 mg/ml] in sterile mineral oil; Sigma-Aldrich) into the
dorsal side of the tail base; sham-treated animals were injected
with the same volume of mineral oil. The evaluation of clinical
arthritis was performed by the following methods: 1) histopatho-
logic analysis of tibiotarsal sections on day 14, 2) measurement
of the paw volume using a hydroplethysmometer (Ugo Basile),
and 3) measurement of the edema volume change. Edema vol-
ume change was calculated using the difference of means in
paw volume from SD-fed rats with CFA-induced EA versus SD-
fed sham-treated rats or HFD-fed rats with CFA-induced EA ver-
sus HFD-fed sham-treated rats, respectively.

Stereotaxic microinjection of adenoviral expression
vectors. Adenoviral vectors with green fluorescent protein (GFP)
or constitutively active AMPKα1 (AMPKα1-CA) (ViraQuest) were
delivered as previously described (21–23).

Indirect calorimetry. Animals were analyzed for energy
expenditure, respiratory quotient, and locomotor activity using a
calorimetric system (LabMaster; TSE Systems) as previously
described (22–24). Rearing locomotor activity was analyzed by
the number of bean break counts on the z-axis.

Temperature measurements. Skin temperature sur-
rounding BAT and paw temperature were recorded with an infra-
red camera (B335: Compact Infrared Thermal Imaging Camera;
FLIR) and analyzed with a specific software package (FLIR Tools
Software), as previously described (22–24).

Blood biochemistry. Levels of TNF, IL-1, IL-6, IL-10,
IL-17, and interferon-γ (IFNγ) were measured using Bio-Plex rat
cytokine assays (Bio-Rad).

Real-time polymerase chain reaction (PCR). Real-time
PCR (TaqMan; Applied Biosystems) was performed as previously
described (21–23), using either of the following: 1) specific sets of
primers/probes for peroxisome proliferator–activated receptor γ

coactivator 1α (PGC-1α) (Ppargc1a; 50-CGATCACCATATTC
CAGGTCAAG-30 [forward], 50-CGATGTGTGCGGTGTCTGTAGT-
30 [reverse]; FAM-50-AGGTCCCCAGGCAGTAGATCCTCT
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TCAAGA-30-TAMRA [probe]), or 2) commercially available and
prevalidated TaqMan primer/probe sets for PGC-1β
(Ppargc1b; assay no. Rn00598552_m1). Gene expression
values were expressed in relation to the levels of hypoxanthine
guanine phosphoribosyltransferase (50-AGCCGACCGGTTCT
GTCAT-3 0 [forward], 50-GGTCATAACCTGGTTCATCATCAC-
30 [reverse], FAM-50-CGACCCTCAGTCCCAGCGTCGTGAT-
30-TAMRA [probe]).

Histology. Histologic samples were fixed in 10% neutral
buffered formalin for 24 hours. For decalcification, the samples
were immersed in a 10% formic solution in water (volume/volume;
Sharlan) for 10 days at room temperature and subsequently
embedded in paraffin routinely. Sections that were 4-μm thick
were stained with hematoxylin and eosin (H&E) and imaged at
4� the original magnification using a slide scanner for digital
pathology (PathScan Excilone).

Immunohistochemistry. Detection of uncoupling protein
1 (UCP-1) in white adipose tissue (WAT) was performed using an
anti–UCP-1 antibody (1:500 dilution) (no. ab10983; Abcam)
(22,24). Digital images were quantified using ImageJ version
1.44 (National Institutes of Health), as previously shown (22,24).

Western blotting. Protein lysates from the hypothalamus
and BAT were subjected to sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis, electrotransferred, and probed with
antibodies against UCP-1 (1:10,000 dilution) (no. ab10983;
Abcam), β-actin (1:5,000 dilution) (no. A5316; Sigma), α-tubulin
(1:5,000 dilution) (no. T5168; Sigma), AMPKα1 (1:1,000 dilution)
(no. 07-350; Merck Millipore), AMPKα2 (1:1,000 dilution) (no.
07-363; Merck Millipore), phosphorylated AMPKα (pAMPKα;
threonine172) (1:1,000 dilution) (no. 2535S; Cell Signaling), phos-
phorylated acetyl-coenzyme A carboxylase α (p-ACCα; Serine79)
(1:1,000 dilution) (no. 3661; Cell Signaling), ACCα (1:1,000 dilu-
tion) (no. 04-322; Merck Millipore), and fatty acid synthase (FAS;
1:1,000 dilution) (no. 610962; BD). Band signals were quantified
by densitometry using ImageJ version 1.44 (21–23). Values were
expressed in relation to β-actin (hypothalamus) or α-tubulin
(BAT). In all figures showing images of gels, the bands for each
picture were obtained from the same gel, although they may have
been spliced for clarity.

Statistical analysis. Data are expressed as the
mean � SEM. Statistical significance was determined by Stu-
dent’s t-test (2 groups) or analysis of variance (≥2 groups) fol-
lowed by a post hoc Tukey test. P values less than 0.05 were
considered significant. The correlation between parameters was
evaluated with Pearson’s correlation coefficient.

Data availability. All data generated and analyzed in this
study are available upon reasonable request. Access to data

generated in this study is available upon request from the corre-
sponding authors.

RESULTS

Occurrence of CFA-induced EA independent of body
weight. First, Lewis rats were fed an a SD or HFD for 3 weeks.
Animals with diet-induced obesity showed a significant
increase in body weight (mean � SEM 277.30 � 4.023 gm
for SD-fed rats versus 301.30 � 3.2 gm for HFD-fed rats;

Figure 1. Experimental arthritis (EA) induction with Freund’s com-
plete adjuvant (CFA) in rats fed a standard diet (SD) or high-fat diet
(HFD). A, Representative sections of the tibiotarsal joints of SD-fed
or HFD-fed rats intradermally treated with mineral oil or CFA. In the
joints of rats with CFA-induced EA, synovia (Syn) show hyperplasia,
with papillary projections (arrows) and fibrosis (asterisks) (hematoxy-
lin and eosin staining at 4� original magnification). B–F, Paw volume
in right (B) and left (C) posterior paws, and representative thermal
images (D) and paw temperature in right (E) and left (F) posterior paws
of SD-fed or HFD-fed rats intradermally treated with mineral oil or
CFA. Symbols represent individual rats (n = 7–12 rats per group).
Bars show the mean � SEM. * = P < 0.05; ** = P < 0.01 versus
SD-fed sham-treated animals, by analysis of variance.
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P < 0.001). Next, CFA was inoculated into the dorsal side of
the tail base. Our data show that both SD-fed rats with CFA-
induced EA and HFD-fed rats with CFA-induced EA devel-
oped signs of inflammation, as demonstrated by histologic
analysis showing normal cartilage and bone structures in the
H&E–stained tibiotarsal sections of sham-treated animals fed
an SD or HFD (Figure 1A). In addition, we observed synovial
hyperplasia, narrowing of joint space, and cartilage and bone
destruction in the arthritic tibiotarsal joints of SD-fed rats with
CFA-induced EA and HFD-fed rats with CFA-induced EA
(Figure 1A). Consistent with this, the rats displayed an
increase in the right and left posterior paw volume 7 days after
the adjuvant injection, reaching maximum levels on day
14 (peak phase) and improving on day 28 (recovery phase)

(Figures 1B and C and Supplementary Figures 1A–D, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41950/abstract). The analysis of
edema volume confirmed those data, showing that maximal
volume changes mainly occurred on days 7–14 (Supplemen-
tary Figures 1E and F) in SD-fed and HFD-fed rats.

Rats with CFA-induced EA also showed an incapacity to
bend the ankle and developed nodules at the base of the tail
and ears (data not shown). To add more insight to the inflam-
matory status of the animals, we analyzed the temperature of
the paws using infrared thermography. Our data showed that
both an HFD feeding regimen and inoculation with CFA
induced an increase of both right and left paw temperature
(Figures 1D–F), which is suggestive of inflammation.

Figure 2. Effect of CFA-induced EA on energy balance in SD-fed or HFD-fed rats. Body weight change (A and B), daily food intake (C and D),
and fat depot masses at 14 days (E) and 28 days (F) after intradermal treatment with mineral oil or CFA in SD-fed or HFD-fed rats. Symbols rep-
resent individual rats (n= 5–12 rats per group at 14 days and 5–6 rats per group at 28 days). Bars show the mean � SEM. In A–D, P values were
determined using Student’s t-test, and in E and F, analysis of variance was used. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus SD-fed
sham-treated animals. # = P < 0.05; ## = P < 0.01; ### = P < 0.001 versus HFD-fed sham-treated animals. %BW = percentage body weight;
BAT= brown adipose tissue; eWAT= epididymal white adipose tissue; mWAT=mesenteric WAT; sWAT= subcutaneous WAT (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.41950/
abstract.
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Negative energy balance state resulting from CFA-
induced EA. Analysis of body weight changes demonstrated
that both SD-fed and HFD-fed rats with CFA-induced EA showed
a negative energy balance, as revealed by weight loss, which was
more evident in the HFD group (Figures 2A and B), as well as
hypophagia during the first week (Figures 2C and D). This was
associated with decreased adiposity, and we observed reduced
epidydimal WAT (on days 14 and 28), subcutaneous WAT (from
the inguinal area, on day 28), and mesenteric WAT (on day 28)
pad masses in HFD-fed rats but not in SD-fed rats (Figures 2E
and F). Notably, during the peak phase (day 14), no correlation
was found between initial body weight and body weight loss in
the animals with CFA-induced EA (Supplementary Figure 2A,
http://onlinelibrary.wiley.com/doi/10.1002/art.41950/abstract),
although there was a nonsignificant trend in the recovery phase
(day 28) (Supplementary Figure 2B). Overall, these data indicate
that a higher body weight prior to CFA-induced EA does not have
any beneficial effect either during the peak of the illness or in the
recovery phase and that CFA-induced EA is very similar in both
diet-induced obese (HFD) and lean (SD) rodents. On the contrary,
according to the obtained data, HFD might worsen the energy bal-
ance outcome in the EA model.

Increased energy expenditure in CFA-induced EA.
Considering the changes observed in body weight, which could
not be simply explained by changes in food intake, we decided
to assess energy expenditure–related mechanisms. Therefore,
we performed an indirect calorimetry analysis of sham-treated
and CFA-induced EA groups fed with SD or HFD. Our data
showed that SD-fed rats and HFD-fed rats with CFA-induced EA
had a higher energy expenditure and lower respiratory quotient

(indicative of higher lipid mobilization) than their respective sham-
treated controls (Figures 3A and B and Supplementary
Figures 3A and B, http://onlinelibrary.wiley.com/doi/10.1002/art.
41950/abstract), while no changes in total locomotor activity were
detected (Figures 3C and Supplementary Figure 3C). Of note,
rearing locomotor activity was decreased in experimental animals,
indicative of difficulties in standing over the hind legs (Figure 3D
and Supplementary Figure 3D).

BAT thermogenesis and WAT browning in CFA-
induced EA. Next, we analyzed the BAT in rats with CFA-
induced EA. Our data showed a significant increase in the protein
levels of UCP-1 (a mitochondrial carrier protein located in BAT
that generates heat by non-shivering thermogenesis) in the BAT
of rats with CFA-induced EA, on days 14 and 28 independently
of diet (Figure 4A and Supplementary Figures 4A–C, http://
onlinelibrary.wiley.com/doi/10.1002/art.41950/abstract). Further
BAT analysis showed that the levels of messenger RNA for
Ppargc1a (the gene for PGC-1α and a key transcription factor
regulating Ucp1 gene expression), but not Ppargc1b, were also
increased on day 14 in SD-fed rats with CFA-induced EA
(Figure 4B). In accordance with these data, thermographic analy-
sis proved that SD-fed rats with CFA-induced EA displayed an
increased BAT temperature, which was indicative of augmented
brown fat thermogenesis (Figure 4C). Activation of beige/brite
(“brown-in-white”) adipocytes in the WAT, a process known as
browning, is responsible for a significant increase in total energy
expenditure (25,26). However, to date, no data have linked RA
to the browning of WAT. Our histologic analysis of subcutaneous
WAT showed that SD-fed rats with CFA-induced EA exhibited
increased UCP-1 immunostaining (Figures 4D and E) and

Figure 3. Effect of CFA-induced EA on energy expenditure (EE), respiratory quotient (RQ), and locomotor activity (LA) in SD-fed rats. EE and total
EE (A), RQ and average RQ (B), LA and total LA (C), and rearing LA (D) in SD-fed rats intradermally treated with mineral oil or CFA. Symbols rep-
resent individual rats (n = 8–10 rats per group). Bars show the mean � SEM. * = P < 0.05; ** = P < 0.01 versus sham-treated animals, by Stu-
dent’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.41950/abstract.
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decreased adipocyte area (Figures 4D and F), which are indicative
of browning.

Central effects of CFA-induced EA on energy balance
dependent on AMPK in the VMH. Rats with CFA-induced EA
showed decreased AMPK activity, as demonstrated by reduced
levels of pAMPKα and its downstream target p-ACCα in the hypo-
thalamus (Figure 5A and Supplementary Figures 5A–C, http://
onlinelibrary.wiley.com/doi/10.1002/art.41950/abstract). Con-
sistent with those findings, protein levels of FAS, which is nega-
tively regulated by AMPK (27), were elevated in the
hypothalamus of animals with CFA-induced EA (Figure 5A and
Supplementary Figures 5A–C). Notably, as it has been
described in other models of hypothalamic AMPK inhibition
(21–23), decreased pAMPK was associated with reduced levels
(or a trend toward reduction) of the AMPKα1, but not AMPKα2,
subunit (Figure 5A and Supplementary Figures 5A–C).

We hypothesized that the negative energy balance that char-
acterized EA-induced weight loss might be mediated by the spe-
cific inhibition of AMPK in the VMH, a key mechanism regulating
thermogenesis (19–24). To evaluate this, adenoviruses encoding
either for an AMPKα1-CA or a GFP control vector were injected
stereotaxically into the VMH in rats with CFA-induced EA. First,
we induced EA using CFA as indicated above and checked the
progression of the illness on day 8 (body weight change
mean � SEM 12.57 � 3.36 gm for sham-treated controls versus
�2.21 � 2.27 gm for rats with CFA-induced EA; P < 0.001). On
day 9, we injected the adenovirus to pair the effect of the

adenovirus with the peak of EA. The AMPKα1-CA adenovirus
was previously validated (21–23) and induced a significant
increase in p-ACCα protein levels within the VMH (mean � SEM
100 � 18.3 for GFP-injected rats with CFA-induced EA versus
170.7 � 25.7 for AMPKα1-CA–injected rats with CFA-induced
EA; P < 0.05). Overexpression of AMPKα1-CA in the VMH, con-
firmed by GFP immunofluorescence (21–23) (data not shown),
promoted an overall improvement in the inflammatory state of
the rats, as demonstrated by reduced tissue swelling and ankylo-
sis in the paws and tail as well as fur aspect in comparison with
the GFP-injected control rats (Figure 5B). AMPKα1-CA also
blunted the weight loss caused by CFA injection and displayed
an increased food intake (Figures 5C and D). Notably, this effect
was associated with reversal of the CFA-induced thermogenesis
(Figures 6A) and browning of subcutaneous WAT, as demon-
strated by decreased UCP-1 staining (Figures 6B and C) and
enhanced adipocyte area (Figures 6B and D) in CFA-treated rats
receiving AMPKα1-CA adenoviruses in the VMH for 6 days, com-
pared to CFA-treated rats treated with control GFP adenoviruses.
AMPKα1-CA adenoviruses did not impact any of the aforemen-
tioned parameters when administrated in sham-treated rats (data
not shown).

Reversal of CFA-induced EA–associated inflamma-
tory phenotype via activation of AMPK in the VMH.
Finally, we investigated whether, besides energy balance, the
AMPKα1-CA adenovirus injected into the VMH could reverse the
overall inflammatory state that characterizes CFA-induced

Figure 4. Effect of CFA-induced EA on brown adipose tissue (BAT) and subcutaneous white adipose tissue (sWAT). Representative Western
blot images and levels of BAT uncoupling protein 1 (UCP-1) (A), BAT levels of mRNA for Ppargc1a and Ppargc1b (B), representative thermal
images and levels of BAT temperature (C), representative immunohistochemical staining with an anti–UCP-1 antibody (bars = 100 μm) (D),
UCP-1–stained area (E), and adipocyte area (F) on day 14 posttreatment in SD-fed rats intradermally treated with mineral oil or CFA. For the West-
ern blot analysis, representative images for all proteins are shown; all bands for each picture were obtained from the same gel, but they may be
spliced for clarity, which is indicated by vertical lines. Symbols represent individual rats (n = 5–6 rats per group). Bars show the mean � SEM.
*= P < 0.05; **= P < 0.01 versus SD-fed sham-treated animals, 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.41950/abstract.
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EA. Our data showed that, in rats with CFA-induced EA, the circu-
lating levels of inflammatory cytokines, namely TNF, IL-1β, IL-6,
IFNγ, and IL-17, were higher, while levels of antiinflammatory
cytokine IL-10 were lower (Figure 6E). Notably, when treatment
with AMPKα1-CA was administered into the VMH, the inflamma-
tory status observed in rats with CFA-induced EA was improved.
AMPKα1-CA adenoviruses did not impact the aforementioned
parameters when administrated to sham-treated rats (data not
shown). Correlation analyses of those effects also demonstrated
that circulating levels of TNF, IL-1, and IL-6 were negatively asso-
ciated with changes in body weight and/or food intake (Supple-
mentary Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
41950/abstract).

DISCUSSION

The relationship between obesity and several inflammatory
and autoimmune diseases, such as RA, has been broadly studied
over the last decades. However, the underlying mechanism is still
under debate. There is a general consensus that both diseases
are associated with an imbalance between proinflammatory and
antiinflammatory cytokines contributing to the onset and progres-
sion of RA and obesity (4,5). Therefore, in this study we aimed to
clarify whether obesity could influence RA and to uncover the
molecular mechanism responsible for RA-induced altered energy
balance. With this in mind, we induced EA by CFA inoculation
(13,15,16) in a rat model (those fed a control diet [SD] versus

Figure 5. Effect of adenoviral constitutively active AMP-activated protein kinase α1 (AMPKα1-CA) overexpression in the ventromedial nucleus of
the hypothalamus (VMH) on energy balance in rats with CFA-induced EA. A, Representative Western blot images and hypothalamic protein levels
of the AMPK pathway on day 14 posttreatment in SD-fed rats intradermally treated with mineral oil or CFA. B–D, Photographs of a representative
rat in each group (B), body weight change (C), and daily food intake (D) in SD-fed rats intradermally treated with mineral oil or CFA and stereotax-
ically injected with green fluorescent protein (GFP) or AMPKα1-CA adenovirus (Ad) in the VMH. Experiments including the sham-treated animals
injected with AMPKα1 were performed, but they have been excluded in the graphs for simplification. In B, arrows show tissue swelling in the paws
and tail as well as fur aspect. For the Western blot analysis, representative images for all proteins are shown; all bands for each picture were
obtained from the same gel, but they may be spliced for clarity, which is indicated by vertical lines. Symbols represent individual rats (n = 5–6 rats
per group in A and 8–10 rats per group in B–D). Bars show the mean � SEM. In A, P values were determined using Student’s t-test, and in C and
D, analysis of variance was used. * = P < 0.05; *** = P < 0.001 versus sham-treated animals with or without GFP injection. # = P < 0.05;
### = P < 0.001 versus rats with CFA-induced EA injected with GFP. p-ACCα = phosphorylated acetyl-coenzyme A carboxylase α;
FAS = fatty acid synthase (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.41950/abstract.
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those fed an HFD) and also assessed its impact on peripheral and
central mechanisms regulating energy balance.We focused specif-
ically on BAT thermogenesis, since it is known that induction of EA
by CFA is characterized, in some cases, by increased energy
expenditure (28,29). Furthermore, it is known that RA is character-
ized by weight loss and wasting, a state known as rheumatoid
cachexia (RC), but the mechanism by which some RA patients lose
weight is not well defined and may be multifactorial (1–3). A similar
situation is present in cancer-induced cachexia, where activation
of brown fat thermogenesis has been described (30–33).

The phenotype observed in our preclinical model is consis-
tent with the definition of pre-cachexia, since it fulfils the features
required to be present in patients with an underlying disease:
chronic and systemic inflammation, hypophagia, and weight loss
(34). However, it should be acknowledged that there are some
clear differences between cachexia induced by other diseases,
such as cancer, and RC. In classic cachexia, loss of body weight,
due to muscle and fat loss, is a common feature. These outcomes
are consistent with data showing increased resting energy expen-
diture induced by BAT activation (30–33) or WAT browning
(35–37), in both rodent models of cachexia and in patients with

cachexia. In contrast, in RC, for which a consensus diagnostic cri-
terion does not exist, the loss of body weight and adiposity rarely
occurs (38,39).

Our data showed that both lean and obese rats displayed a
similar increase in paw volume after EA induction. No correlation
was found between body weight and body weight loss. Remark-
ably, although both SD-fed and HFD-fed animals with CFA-
induced EA displayed initial hypophagia, they restored their food
intake after the peak of the illness; however, while SD-fed rats with
CFA-induced EA were able to show a progressive body weight
recovery, HFD-fed rats with CFA-induced EA failed to recuperate
their body weight and continued to lose body weight and fat
masses. To further improve our understanding of EA-induced
alterations in energy balance, we assessed the effect of CFA-
induced EA on BAT thermogenesis. We found a marked activa-
tion of BAT in all the stages of EA, in both SD-fed and HFD-fed
animals, as shown by increased BAT temperature and/or
increased levels of UCP-1 in brown fat, as well as browning
of WAT.

Several mechanisms could explain this increased thermo-
genic tone in our experimental EA model, acting centrally or

Figure 6. Effect of adenoviral constitutively active AMP-activated protein kinase α1 (AMPKα1-CA) overexpression in the ventromedial nucleus of
the hypothalamus (VMH) in rats with CFA-induced EA on energy balance and inflammatory state. Shown are representative thermal images and
brown adipose tissue (BAT) temperature (A), representative immunohistochemical images of subcutaneous white adipose tissue stained with
anti–uncoupling protein 1 (anti–UCP-1) antibody (bars = 100 μm) (B), UCP-1–stained area (C), adipocyte area (D), and circulating levels of tumor
necrosis factor (TNF), interleukin-1 (IL-1), IL-6, interferon-γ (IFNγ), IL-10, and IL-17 (E) in SD-fed rats intradermally treated with mineral oil or CFA
and stereotaxically injected with green fluorescent protein (GFP) or AMPKα1-CA adenovirus (Ad) in the VMH. Experiments including the sham-
treated animals injected with AMPKα1 were performed, but they have been excluded in the graphs for simplification. Symbols represent individual
rats (n= 6–9 rats per group). Bars show the mean � SEM. *= P < 0.05; ***= P < 0.001 versus sham-treated animals with GFP injection, by anal-
ysis of variance (ANOVA). # = P < 0.05; ## = P < 0.01; ### = P < 0.001 versus rats with CFA-induced EA injected with GFP, by ANOVA. See
Figure 1 for other definitions.
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directly on brown and white adipocytes. For example, it is known
that cancer cachexia–induced browning is dependent on IL-6
(35). However, considering that the proinflammatory milieu
represses the thermogenic activity of brown and beige fat via
cytokines that inhibit noradrenergic signaling (25), central effects
might be more important than direct peripheral actions on adi-
pose cells. Given that AMPK in different hypothalamic neuronal
populations regulates whole-body energy homeostasis, from
feeding to BAT thermogenesis and browning of WAT
(19,20,23,40), we next investigated the effect of EA in this path-
way. Our data revealed that VMH AMPK is decreased in
EA. Next, we investigated whether this effect was mechanistically
associated with EA-induced actions on energy balance. Thus, we
targeted AMPKα1 in the VMH, a nucleus where this catalytic sub-
unit has been involved in both the modulation of feeding and BAT
thermogenesis (19,20,27).

Our data showed that specific VMH AMPK activation using
virogenetic strategies was enough to ameliorate the negative
energy balance included by CFA-induced EA. Remarkably,
besides body weight gain, restored feeding, and diminished
BAT and browning tones, AMPKα1 activation in the VMH
decreased the circulating levels of inflammatory cytokines, as
well as improving the physical appearance of the animals. These
later effects are quite relevant since it is assumed that proinflam-
matory cytokines are at the root of some of the most serious
consequences of RA (4,5). In this sense, the mechanisms
underlying metabolic complications in RA are unclear, although
proinflammatory cytokines might also be responsible for the loss
of body cell mass (4,5). In addition, the link between the hypo-
thalamic AMPK axis and the inflammatory status raises very
interesting pathophysiologic as well as physiologic questions. It
is known that inflammation of tissues is under neural control,
involving the neuroendocrine, sympathetic, and central nervous
systems (18,41). Data from the 1990s had already demon-
strated an association between sympathetic ganglia and the
pathogenesis of EA (42,43). Of note, CFA-induced EA in Lewis
rats has been linked to changes in the sympathetic nerves in
the spleen and is also responsible for the activation of immune
cells in the red pulp of that organ (44,45).

Remarkably, the spinal BAT sympathetic preganglionic neu-
rons in the intermediolateral nucleus of the thoracolumbar spinal
cord are in the same area as those innervating the spleen
(46,47). Thus, activation of the same centers may promote both
BAT thermogenesis and immune activation in the spleen. This
connection is functionally supported by our data and a recent
report showing that propranolol (a nonselective beta blocker) pro-
motes, in addition to antiarrhythmic effects, a systemic antiinflam-
matory action in a model of collagen-induced arthritis in Lewis rats
(48). Overall, this evidence seems to indicate that reduced sympa-
thetic tone ameliorates EA symptoms, offering a possible alterna-
tive mechanism to the antiinflammatory effect of AMPKα1
adenoviral treatment in the VMH.

To our knowledge, this is the first study linking the canonical
hypothalamic AMPK–BAT/WAT axis to the development of the
symptoms of a systemic disease, such as RA. This is relevant
because targeting hypothalamic AMPK, which has been proposed
as a potential therapy for obesity (19), may also be a possible strat-
egy to ameliorate the negative energy balance and to improve the
inflammatorystateassociatedwithRA. In this sense, recent andpro-
fuseevidencehasshown thatmetformin, adrugadministered for the
treatment of type 2diabetesmellitus that activatesAMPK,promotes
metabolic improvement inRApatients and in animalmodels of phar-
macologically induced and autoimmune arthritis (49,50).

In summary, our data show that negative energy balance
caused by CFA-induced EA is independent of initial body
weight, and it is associated with VMH AMPK–mediated activa-
tion of BAT thermogenesis and browning. Notably, activation of
AMPK in the VMH not only ameliorates the metabolic outcome
in CFA-induced EA but also improves the inflammatory status
of the animals. Taken together, these findings provide new
mechanistic insight into the pathophysiology of RA and suggest
new therapeutic strategies for its possible clinical management
and treatment.
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Clinical Images: The appearance of scurvy on magnetic resonance imaging

A B C

The patient, a 40-year-old woman who had been previously healthy, presented to our rheumatology department with a suspected
diagnosis of arthritis based on the presence of bilateral lower limb pain, swollen knee joints, and a 6-month history of difficulty with walking.
Physical examination revealed multiple subcutaneous hematomas, gingival hyperplasia, bilateral knee effusion, muscle weakness of the
lower extremities, and limited movement of the right hip joint. Laboratory results were remarkable only for iron and folate deficiency with
normocytic anemia (hemoglobin 9 mg/dl). A coronal STIR sequence of the hips on magnetic resonance imaging (MRI) revealed bone mar-
row edema in the right proximal femur (femoral head, femoral neck, intertrochanteric, and subtrochanteric regions), effusion of the right hip
joint, edema of the right gluteus and bilateral proximal thigh muscles, and bilateral perifascial edema around the external obturator muscles
(A). Similar changes were demonstrated on coronal and sagittal T2-weighted fat-saturated MRI of the right knee (B and C). Vitamin C was
not detected in the patient’s blood, and a diagnosis of scurvy was made. After treatment with vitamin C and multivitamins, the symptoms
of scurvy resolved. Subsequently, it was found that the patient had a selective eating disorder and had restricted her diet to rice and unfor-
tified yogurt. These MRI findings are not specific to scurvy. The appearance of the bone marrow on MRI may represent focal areas of hem-
orrhage or small infarcts (1). The appearance of the muscle likely represents perivascular edema and hemorrhage into the muscles and soft
tissues, and effusion of the hip and knee joints may represent hemarthrosis. These clinical features and MRI findings can also be present in
the setting of other, more common conditions, such as osteomyelitis, hematologic diseases, arthritis, inflammatory muscle disease, and
other rheumatic and autoimmune diseases (1–3); therefore, such a symptom profile as was seen in our patient should be approached with
a high index of clinical suspicion in the diagnosis and management of the disease.
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B R I E F R E P O R T

Progression of Knee Osteoarthritis With Use of
Intraarticular Glucocorticoids Versus Hyaluronic Acid

Justin Bucci,1 Xiaoyang Chen,1 Michael LaValley,1 Michael Nevitt,2 James Torner,3 Cora E. Lewis,4

and David T. Felson5

Objective. To determine whether intraarticular glucocorticoid (GC) injections are associated with increased knee
osteoarthritis (OA) progression compared to hyaluronic acid (HA) injections, which have been reported to delay OA pro-
gression and knee replacement.

Methods. We identified participants from 2 large cohort studies, the Osteoarthritis Initiative (OAI) and the Multicen-
ter Osteoarthritis Study. Study visits were performed at regular intervals and included questionnaires about intraartic-
ular GC or HA injection use in the previous 6 months and incident total knee replacement (TKR). Knee radiographs
were obtained at each study visit and interpreted in a similar manner. Outcome measures were radiographic progres-
sion based on Kellgren/Lawrence (K/L) grade and joint space narrowing (JSN) for both cohorts and based on medial
joint space width for OAI participants, and incident TKR. We compared preinjection and postinjection radiographs to
generate rate ratios of progression comparing GC injection with HA injection. A Cox proportional hazards model was
used to estimate the rate of TKR for both groups.

Results. We studied 791 participants (980 knees) with knee OA, of whom 629 reported GC injection use and
162 HA injection use. Rate ratios of progression were similar between those receiving GCs and those receiving HA
for JSN (1.00 [95% confidence interval (95% CI) 0.83–1.21]), K/L grade (1.03 [95% CI 0.83–1.29]), and medial joint
space width (1.03 [95%CI 0.72–1.48]). Hazard of TKR was slightly lower for those receiving intraarticular GC compared
to those receiving HA (hazard ratio 0.75 [95% CI 0.51–1.09]).

Conclusion. Intraarticular GC injections are not associated with an increased risk of knee OA progression com-
pared to HA.

INTRODUCTION

Knee osteoarthritis (OA) affects 1 in 8 Americans over the age
of 50 (1) and is associated with reduced quality of life and increased
mortality (2). Intraarticular glucocorticoid (GC) injections and hyal-
uronic acid (HA) injections are popular treatments for this disease.

Recent studies have raised the concern that knees treated with
GC injections are at high risk of OA progression. A randomized con-

trolled trial showed a small but statistically significant increase in carti-
lage loss in knees treated with GC injections (3), and a large cohort
study demonstrated a 3-fold increased risk of knee OA progression
in patients who received repeated GC injections compared to those
who received none (4). A limitation of observational studies is that
subjects receiving GC injections are not compared to those receiving
comparable treatment. Patients receiving GC injections have more
advanced knee OA, itself a risk factor for disease progression (5).
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A natural comparator for knees receiving GC injections are
those receiving HA injections. Both injections are used in similar
patients, and HA injections have not been associated with
increased radiographic progression (6) and may even delay knee
replacement (7,8). The purpose of this study was to compare
radiographic knee OA progression and knee replacement risk
in patients receiving GC injections and those receiving HA
injections.

PATIENTS AND METHODS

Study population.We utilized 2 observational prospective
cohort studies that collected data on treatments and outcomes in
persons with or at risk of knee OA. In the Osteoarthritis Initiative
(OAI) (for details, see https://nda.nih.gov/oai/), study visits took
place every 12 months; we used data from baseline through the
8th annual visit. In the Multicenter Osteoarthritis Study (MOST)
(for details, see https://most.ucsf.edu/), study visits take place
approximately every 30 months, and we used data from baseline
through the year-8 visit.

Assessment of GC injection and HA injection use. At
baseline and each follow-up visit in both the MOST and the OAI,
participants were asked whether they had received GC injections
or HA injections in their knees in the preceding 6 months and, if
yes, which knee had received injections.

Assessment of radiographic progression and total
knee replacement (TKR). In both studies, knee radiographs
were obtained at baseline and follow-up visits using similar acqui-
sition and reading protocols. The same readers read radiographs
from both studies. Kellgren/Lawrence (K/L) grades for the knee
(on a scale of 0–4) (9) and joint space narrowing (JSN) scores
(on a scale of 0–3) were determined separately in the medial and
lateral tibiofemoral compartments (10). We used partial grades
when JSN progression did not reach a full grade of narrowing
(e.g., 1 to 1.5) and considered any increase in JSN score in either
the medial or lateral joint as progression (11). Disagreements were
resolved by a 3-reader adjudication panel. In the OAI, per recom-
mendations (12), the joint space width at site 250 (referring to the
distance along the frontal plane from the edge of the knee)

(JSW250) in the medial joint was used for analysis of progression,
which provided a continuous quantitative measure for progres-
sion assessment.

The presence of TKR was evaluated by history and radio-
graphs at each visit for both studies. Incident TKR was reported
by participants at the time of occurrence and confirmed on
radiographs.

Statistical analysis. For radiographic progression, we
excluded knees with a baseline K/L grade of 4 and those with
GC injections or HA injections reported at the baseline visit, since
we could not evaluate progression from before to after treatment.
Knees from participants reporting GC injections and HA injections
at the same examination were also excluded. We compared
radiographs from the visit before the first reported injection to
radiographs from the visit after the last reported injection (see
Figure 1 for an example of the analysis for a participant reporting
an injection at a single examination; note that all radiographic
follow-up took place ≥1 year after injection). If multiple injections
were reported at nonconsecutive examinations, we analyzed only
the first postinjection visit. For participants reporting one treat-
ment at one examination and the other treatment later, we exam-
ined progression from the first treatment, censoring them when
they reported the second. If a knee had undergone a TKR, we
assigned it a K/L grade of 4 and JSN score of 3 at the first visit
after TKR and, because radiographs showing knee replacement
do not permit assessment of joint space loss, JSW250 was not
calculated. Because participants with prior injections may be
closer to needing TKRs, we also carried out a secondary analysis
that was limited to knees for which participants had not reported
prior injections of the comparator drug.

Negative binomial regression was used to estimate progres-
sion rates based on the number of examinations with progres-
sion, with an offset to account for the duration of time under
observation. In the OAI, where joint space was quantitatively
assessed at each examination, we calculated an annualized rate
of change in JSW250. We also carried out a sensitivity analysis
excluding knees with lateral JSN at the preinjection examination.
Because some participants had both knees injected, we used
generalized estimating equations to adjust for the correlation
between knees.

Figure 1. Example analysis for a participant with knee osteoarthritis reporting a single injection (red) of either glucocorticoids or hyaluronic acid
into the knee on the visit 3 questionnaire. Questionnaires were administered (horizontal arrows) and radiographs were obtained (vertical arrows)
at each study visit. Radiographic progression from the examination before the reported injection (visit 2) to the examination after the reported injec-
tion (visit 4) was evaluated.
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For incident TKR analysis, we included all knees from the
progression analysis in addition to knees of participants reporting
treatment with GC injection or HA injection at the baseline visit
and knees with a baseline K/L grade of ≤4. Starting with the pre-
injection visit, we carried out Cox proportional hazards modeling
with injections as time-dependent covariates. For knees with
repeated consecutive injections, we increased the covariate value
from 1 to 2 to examine whether repeated injections increase risk.
We censored events occurring after 7 years from baseline. All
regression analyses were adjusted for age, sex, body mass index
(BMI), study of origin, and baseline knee K/L grade, using SAS
version 9.4.

RESULTS

For radiographic progression, we assessed 980 knees in
791 participants (65.61% female; mean age 66.2 years) with a
mean BMI of 30.7 kg/m2 and mean baseline K/L grade of 1.91
(Table 1). Of these 980 knees, 773 were treated with GC injec-
tions and 207 with HA injections. Rates of radiographic progres-
sion were similar for knees treated with GC injections and those
treated with HA injections (Table 2). For GC injections compared
to HA injections, the rate ratio was 1.00 for JSN (95% confidence

interval [95% CI] 0.83–1.21), 1.03 for K/L grade progression (95%
CI 0.83–1.29), and 1.03 for JSW250 progression (95% CI
0.72–1.48).

For incident TKR, we assessed 1,513 knees in a group of
participants who were 63% female and had a mean age of
63.1 years and mean BMI of 30.8 kg/m2. Of these 1,513 knees,
1,235 were treated with GC injections and 278 with HA injec-
tions. Knees treated with GC injections showed a slightly lower
risk of later TKR than knees treated with HA injections (hazard
ratio 0.75 [95% CI 0.51–1.09]). In a secondary analysis of
knees in which prior injections of the comparator drug were
not reported (775 knees treated with GC injections and
244 knees treated with HA injections), we found that the risk
of TKR for those receiving GC injections was 0.74 (95% CI
0.37–1.47).

DISCUSSION

Our findings suggest similar rates of disease progression and
TKR in those receiving GC injections and those receiving HA
injections. HA injection has been proposed as a treatment that
may delay time to TKR. Delbarre et al found that knees treated
with HA injections had a prolonged TKR-free survival time com-
pared to knees that received no HA injections (7). While this find-
ing has not been demonstrated consistently (8), no studies have
suggested that HA injection accelerates disease progression.
While we found that knees receiving GC injections had a slightly
lower rate of subsequent TKR than those treated with HA, this dif-
ference was modest, not statistically significant, and of uncertain
meaning.

Using data from the OAI, Zeng et al reported that those
receiving GC injections had a greater risk of radiographic progres-
sion and TKR than untreated participants (4). Patients often
receive GC injections in an attempt to delay surgery. Our findings
suggest there may be fundamental differences between patients
who receive injections and those who do not, which are not elim-
inated by statistical adjustments.

Table 1. Preinjection clinical and radiographic characteristics of the participants with knee OA*

Single GC injection Single HA injection Consecutive GC injections Consecutive HA injections

MOST and OAI
No. of participants 553 142 76 20
Age, mean � SD years 66.3 � 9.0 64.8 � 8.3 66.2 � 9.1 62.6 � 7.3
Sex, % female 69 55 58 65
BMI, mean � SD 30.6 � 5.3 31.4 � 6.2 29.2 � 4.6 31.8 � 7.4
No. of knees 651 178 122 29
WOMAC pain score, mean � SD 4.3 � 3.3 5.0 � 3.8 4.7 � 3.7 5.5 � 2.6
JSN score, mean � SD (scale 0–3) 1.0 � 0.9 1.3 � 0.9 1.0 � 0.88 1.3 � 1.0
K/L grade, mean � SD (scale 0–4) 1.9 � 1.1 2.1 � 1.1 1.9 � 1.03 2.0 � 1.1

OAI only
No. of knees 476 111 110 18
JSW250, mean � SD mm 5.2 � 1.8 4.7 � 1.6 5.2 � 1.9 5.3 � 2.1

* OA = osteoarthritis; GC = glucocorticoid; HA = hyaluronic acid; MOST = Multicenter Osteoarthritis Study; OAI = Osteoarthritis Initiative;
BMI = body mass index; WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index; JSN = joint space narrowing;
K/L = Kellgren/Lawrence; JSW250 = joint space width at site 250.

Table 2. Risk of radiographic progression of OA in knees treated
with GC injections versus knees treated with HA injections*

Rate ratio (95% CI)†

Joint space narrowing 1.00 (0.83–1.21)
Kellgren/Lawrence grade 1.03 (0.83–1.29)
Medial joint space width‡ 1.03 (0.72–1.48)

* 95% CI = 95% confidence interval.
† Difference in rates of osteoarthritis (OA) progression in knees
treated with glucocorticoid (GC) injections versus knees treated with
hyaluronic acid (HA) injections. A value >1 indicates higher progres-
sion with GC injections. Analyses were adjusted for age, sex, body
mass index, study of origin (Osteoarthritis Initiative or Multicenter
Osteoarthritis Study), and baseline Kellgren/Lawrence grade.
‡ Medial joint spacewidth (determined bymeasuring the joint space
width 250) was calculated using only Osteoarthritis Initiative data.
Progression was defined as a difference of >0.5 mm.

KNEE OA PROGRESSION IN PATIENTS RECEIVING GC VERSUS HA INJECTIONS 225



While current insurance coverage for HA injections
requires that OA has previously failed to respond to GC injec-
tions, that was not true when our study was being conducted.
For Medicare, insurance coverage policy changed in October
2015, and the baseline examinations in our study took place
in 2004 and 2005.

Our study has some limitations. In both cohorts, participants
only reported injections received 6 months prior to the study visit,
and earlier injections were not recorded. Participants may also not
have correctly recalled the type of injection received.

In conclusion, in 2 large prospective cohorts, the rate of dis-
ease progression among knees receiving GC injections was not
different from the rate of progression among those receiving HA
injections. Our data should provide reassurance to clinicians and
patients. The risk of OA progression attributed to GC injections
in earlier studies may reflect more advanced disease in those
receiving GC injections.
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Association of Increased Serum Lipopolysaccharide, But Not
Microbial Dysbiosis, With Obesity-Related Osteoarthritis

Richard F. Loeser,1 Liubov Arbeeva,1 Kathryn Kelley,1 Anthony A. Fodor,2 Shan Sun,2 Veronica Ulici,1

Lara Longobardi,1 Yang Cui,1 Delisha A. Stewart,3 Susan J. Sumner,3 M. Andrea Azcarate-Peril,1

R. Balfour Sartor,1 Ian M. Carroll,3 Jordan B. Renner,1 Joanne M. Jordan,1 and Amanda E. Nelson1

Objective. To test the hypothesis that an altered gut microbiota (dysbiosis) plays a role in obesity-associated oste-
oarthritis (OA).

Methods. Stool and blood samples were collected from 92 participants with a body mass index (BMI) ≥30 kg/m2,
recruited from the Johnston County Osteoarthritis Project. OA patients (n = 50) had hand and knee OA (Kellgren/
Lawrence [K/L] grade ≥2 or arthroplasty). Controls (n = 42) had no hand OA and a K/L grade of 0–1 for the knees. Com-
positional analysis of stool samples was carried out by 16S ribosomal RNA amplicon sequencing. Alpha- and beta-
diversity and differences in taxa relative abundances were determined. Blood samples were used for multiplex cytokine
analysis and measures of lipopolysaccharide (LPS) and LPS binding protein. Germ-free mice were gavaged with
patient- or control-pooled fecal samples and fed a 40% fat, high-sucrose diet for 40 weeks. Knee OA was evaluated
histologically.

Results. On average, OA patients were slightly older than the controls, consisted of more women, and had a higher
mean BMI, higher mean Western Ontario and McMaster Universities Osteoarthritis Index pain score, and higher mean
K/L grade. There were no significant differences in α- or β-diversity or genus level composition between patients and
controls. Patients had higher plasma levels of osteopontin (P = 0.01) and serum LPS (P < 0.0001) compared to con-
trols. Mice transplanted with patient or control microbiota exhibited a significant difference in α-diversity (P = 0.02)
and β-diversity, but no differences in OA severity were observed.

Conclusion. The lack of differences in the gut microbiota, but increased serum LPS levels, suggest the possibility
that increased intestinal permeability allowing for greater absorption of LPS, rather than a dysbiotic microbiota, may
contribute to the development of OA associated with obesity.

INTRODUCTION

Major risk factors for osteoarthritis (OA) include age, obe-
sity, genetics, and prior joint injury (1). Obesity is a risk factor
not only for knee and hip OA, but also hand OA, suggesting that
factors associated with obesity, in addition to increased joint
loads, have a role in OA, including altered metabolism and

low-grade systemic inflammation (2,3). A number of studies
have shown that the composition of the gut microbiota plays a
central role in mediating the effects of what we eat on the devel-
opment of obesity and obesity-related conditions (4–7). Very
few studies to date have examined the role of the gut microbiota
in human OA, and none have focused on OA associated with
obesity.
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Two forms of arthritis that are mechanistically distinct from
each other in etiology, ankylosing spondylitis (8) and rheumatoid
arthritis (RA) (9), have been linked to altered composition of the
gut microbiota. Theoretically, development of OA could also be
promoted by gut microbial factors, not only because of the strong
links of OA to diet and obesity, but also due to findings in older
adults (the group at highest risk of OA) which show that the com-
position of the gut microbiota and the presence of dysbiosis cor-
relate with measures of physical function, systemic markers of
inflammation, and the number of comorbidities (10). Intestinal
dysbiosis is a state of microbial imbalance that results from “a
change in the structural and/or functional configuration of the
microbiota that disrupts homeostasis between the host and the
microbial community” (11). Dysbiosis can result in altered metab-
olism, obesity, malnutrition, and increased intestinal permeability
resulting in increased systemic levels of lipopolysaccharide (LPS)
and other inflammatory microbial products (4–7,11).

A potential connection between obesity-associated OA and
the microbiome was suggested by a metabolomics analysis per-
formed using urine samples from overweight and obese adults
with knee OA who were participants in the Intensive Diet and
Exercise for Arthritis trial. Participants who exhibited radiographic
progression of their knee OA over the course of the 18-month trial
had increased levels of several metabolites that included hippu-
rate (12). Hippurate is a mammalian–microbial “co-metabolite”
well known to be affected by the composition of the gut micro-
biota (5), suggesting that the gut microbiota could be influencing
OA progression in overweight and obese adults.

The purpose of the present study was to determine whether
an altered gut microbiota plays a causal role in obesity-associated
OA, by analyzing the microbial composition of fecal samples from
OA patients and controls as well as plasma levels of cytokines and
serum levels of the microbial product LPS, also known as endo-
toxin. To enrich the study population with individuals more likely
to have obesity-associated OA and its associated systemic meta-
bolic changes, we recruited participants who were obese (body
mass index [BMI] ≥30 kg/m2) and exhibited both hand and knee
OA. In order to test for causality and microbial functional changes
not detected by DNA sequence analysis, we measured knee OA
severity after transplanting pooled human fecal microbiota from
OA patients and controls to germ-free mice and then inducing
obesity-associated OA by placing the mice on a high-fat and
high-sucrose (“Western”) diet for 40 weeks.

PATIENTS AND METHODS

Study participants. Blood and fecal samples were col-
lected from selected patients and controls recruited from the John-
ston County Osteoarthritis (JoCo OA) Project, which is a
longitudinal, population-based, prospective study designed to
investigate prevalence, incidence, and progression of OA and its
risk factors. A detailed description of the study can be found

elsewhere (13). Briefly, at the baseline visit (referred to as time
0 [T0]; 1991–1997), 3,187 adults were enrolled into the original
cohort. Participants completed 4 follow-up visits ~5 years apart
(T1–T4). An enrichment cohort (T1*) entered the study in 2003–
2004, and therefore, T1* enrollees have a shorter follow-up period
(only T2–T4). For the present microbiome study, participants were
recruited at the time of the most recent follow-up evaluation
(T4; 2016–2018).

Ninety-two individuals were enrolled (50 patients and 42 con-
trols) who fulfilled the following conditions: 1) agreed to participate
through T4 and to be contacted about future studies, 2) met eligi-
bility criteria and consented to participate in this substudy
(University of North Carolina [UNC] Institutional Review Board
no. 15-1834), and 3) provided stool samples and completed a
diet questionnaire in addition to the standard JoCo OA Project
measures. To be eligible for recruitment as an OA patient, the par-
ticipant needed to be obese (BMI ≥30 kg/m2) and have clinical
and/or radiographic hand OA defined as involvement of ≥3 joints
across both hands (14), as well as Kellgren/Lawrence (K/L) (15)
grade 2–4 knee OA or knee arthroplasty for OA. Controls were
also obese but did not have evidence of hand OA and had a K/L
grade of 0–1 for knees based on a reading by one of the study
investigators (RFL) of the radiographs obtained at the time of
recruitment during the T4 visit. Radiographs were reread by the
study radiologist (JBR) and were paired with prior knee radio-
graphs after all participants had been enrolled in the study. Partic-
ipants were older than 45 years of age, and there was an attempt
to recruit controls to the study who were age- and sex-matched
to the patients. Exclusion criteria included the following: recent
(in the past 6 weeks) antibiotic and/or probiotic use, bowel
surgery, a history of inflammatory bowel disease and/or celiac
disease, or a history of fecal microbiota transplantation (all self-
reported). All individuals who met eligibility criteria provided con-
sent and had a stool sample collection kit (EasySampler; Alpco
Diagnostics) delivered to their home along with instructions on
how to collect and store the samples.

Sample collection. Details of the fecal and blood sample
collection are provided in the Supplementary Methods (available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.41955).

Demographic and clinical measurements. Data col-
lected on participants as part of the JoCo OA Project T4
follow-up and used in the present study included demographic
information and evaluation of knee pain using the Knee Injury
and Osteoarthritis Outcome Score subscale for pain for the left
and right knees separately, as previously described (16). The
Australian Canadian Osteoarthritis Hand Index (AUSCAN) (17)
subscales were used to assess hand symptoms. For the present
study, we also added a validated dietary questionnaire to evaluate
the fat content of the diet at the time of stool collection (18).
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Nonsteroidal antiinflammatory drug (NSAID) use and nutraceutical
use (e.g., glucosamine, chondroitin sulfate) were also recorded.

Fecal microbiome analysis. Isolation of total DNA from
stool samples and analysis by Illumina MiSeq 16S ribosomal
RNA (rRNA) amplicon sequencing was performed in the UNC
Microbiome Core, as previously described (19,20). Details are
provided in the Supplementary Methods.

Cytokine and LPS measures. Cytokine analysis was
performed using G5 series arrays to profile 80 markers in
the plasma samples (n = 73) according to the instructions of the
manufacturer (RayBiotech Life). Details are provided in the Sup-
plementary Methods, and results for all cytokines are shown in
Supplementary Table 1 (https://onlinelibrary.wiley.com/doi/10.
1002/art.41955). Serum samples (n = 78) were used to measure
LPS using an EndoZyme Recombinant Factor C Endotoxin Detec-
tion Assay (no. 890030; Hyglos) and LPS binding protein (LBP)
using an enzyme-linked immunosorbent assay kit for human LBP
(Hycult Biotech), as previously described (21).

Fecal transplant to germ-free mice and subsequent
diet. The use of mice for this study was approved by the UNC
Animal Care and Use Committee (no. 16-294). Fecal samples from
5 OA patients and 5 controls (Supplementary Table 2, https://
onlinelibrary.wiley.com/doi/10.1002/art.41955) were randomly
selected to be used for fecal transplant to germ-free mice. Pooled
fecal samples from each group of 5 were used to reduce heteroge-
neity within groups. Thirty-one 10–13-week-old male germ-free
C57BL/6 mice were obtained from the UNC National Gnotobiotic
Rodent Resource Center. Mice were randomly assigned to be
gavaged with fecal pools from either patients (n = 16 mice) or con-
trols (n = 15 mice). The number of mice per group was based on
prior studies using the same mouse strain for histologic OA studies
in which articular cartilage structure (ACS) score was the primary
outcome measure. Previous studies have shown that 15 animals
per group is sufficient to provide ≥90% power when α = 0.05 to
detect a biologicallymeaningful difference of 50%between 2 groups
(22,23). Details of the fecal transplantation are provided in the Sup-
plementary Methods, https://onlinelibrary.wiley.com/doi/10.1002/
art.41955/abstract. For the first 2 weeks after fecal transplant,
recipient mice were fed standard chow ad libitum, to allow sufficient
time for complete colonization (“humanization”). Next, all mice were
switched to sterilized Western diet chow (no. D12079B; Research
Diets), which is a 40% fat and high-sucrose diet, and were main-
tained on the diet until the end of the study (40 weeks on diet).

The fecal gavage was repeated every 4 weeks to help maintain
the humanized microbiome. Mice were weighed every other week.
Stool pellets were collected from individual mice 2 weeks after each
gavage and stored at�80�C until the end of themouse study period
when they were submitted to the UNC Microbiome Core facility for
analysis, along with samples from the original OA patient and control

pools that had been used for transplant. Microbiome analysis was
performed as described above. After mice were fed this diet for 40
weeks, body composition was measured by magnetic resonance
imaging in the UNC Nutrition Obesity Research Center Animal
Metabolism Phenotyping Core, and mice were then euthanized.

Histologic evaluation.Mouse stifle (knee) joints were col-
lected, fixed, and processed for histology as previously described
(22,24). Details of the grading are presented in the Supplementary
Methods.

Statistical analysis. Primary analysis using 16S rRNA
amplicon sequencing data. We used QIIME version 1.9.0 to gen-
erate measures of microbial diversity (25). Alpha (within-sample)–
diversity measures, including the Shannon diversity index (26),
Chao1 (27), phylogenetic diversity (whole tree), and observed
species number metrics, were estimated at a rarefaction depth
of 1,000 sequences per sample. Associations of α-diversity
(Shannon Index) with OA status, sex, age, and BMI were exam-
ined by univariate and multivariable linear regression models. Beta
(between-sample)–diversity estimates were calculated using
weighted and unweighted UniFrac distances between samples
at a subsampling depth of 1,000 (28,29). Principal coordinate
analysis (PCoA) was used to summarize these results. Permuta-
tion multivariate analysis of variance (PERMANOVA) was used to
test the null hypothesis that patient and control microbial commu-
nities share the same distribution. The associations with OA sta-
tus were examined for all participants and stratified by sex.

Further, comparisons between the 2 groups were performed
individually for each taxon, as follows. Taxa were summarized
based at their taxonomic levels with QIIME’s summarize_taxa.py,
and the analysis was focused on genera. The operational taxo-
nomic unit (OTU) table for genus level was normalized and trans-
formed to the table format with taxa as columns and individuals
as rows using Python. We applied an arbitrary threshold and
removed taxa that were absent in >75% of samples. To identify
the individual OTU identifiers that were significantly different
between the patient and control groups and between women
and men, we applied the nonparametric Wilcoxon test following
Benjamini and Hochberg adjustment for P values in multiple com-
parisons (30), with a significance level of 0.05 implemented in r.
adjust R function. The effect size was calculated as the Z statistic
divided by the square root of the sample size as previously
described (31). The interpretation of effect size coincides with
the one for Pearson’s correlation coefficient.

To ensure that the results were not a consequence of the
QIIME algorithm, we repeated these steps using the “vegan” R
package. The “adonis” function in the vegan package was used
to test differences of the Bray–Curtis dissimilarity between obese
OA patients and obese non-OA participants. Multidimensional
scaling ordination was performed using the “capscale” function
with Bray–Curtis dissimilarity.
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Pain and microbial community composition. We performed
exploratory analysis (as detailed in the Supplementary Methods,
https://onlinelibrary.wiley.com/doi/10.1002/art.41955/abstract)
to evaluate whether the gut microbiota were associated with knee
and/or hand pain. In addition, we attempted to replicate findings
from a recent study that showed an association between the
composition of the gut microbiota and Western Ontario and
McMaster Universities Arthritis Index (WOMAC) (32) knee pain
score in the Rotterdam study (33). In that study, the abundance
of the Streptococcus genus (in the order Lactobacillales and class
Bacilli) was found to be significant. We considered these taxa to
replicate if they reached a nominal significance of P = 0.05 in
our data.

Methods for analysis of LPS/LBP results, cytokine levels, and
the mouse data are provided in the Supplementary Methods.

RESULTS

Demographic and clinical characteristics of the
study participants. A total of 92 individuals were recruited for
this project (50 obese patients with both hand and knee OA, and
42 obese controls). The patient group was slightly older, included
more women, and had a higher mean BMI compared to the con-
trols (Table 1). As expected, the patients had higher WOMAC
knee pain scores and AUSCAN hand pain scores. There were
no differences between groups in the proportion of African Amer-
icans, dietary fat intake, glucosamine use, or NSAID use. The
patient group had a predominance of severe knee OA, with 70%
of the participants having a K/L grade of 4 in the knee (42%) or
prior knee arthroplasty (28%). In the majority of controls, the K/L
grade in the knees was grade 1 (76%), but 9 individuals (21%)
showed K/L grade 2 when the radiographs were graded by the

study radiologist. These had all been read as K/L grade 1 at the
time of screening for recruitment.

Microbiome analysis. In univariate analyses, α-diversity
was inversely associated with BMI and was not associated with
OA status, sex, or age. In a multivariable linear regression model,
none of these variables were significantly associated with
the Shannon diversity index (Supplementary Table 3, https://
onlinelibrary.wiley.com/doi/10.1002/art.41955). There was also
no difference in β-diversity (P = 0.73 by PERMANOVA), and a

Table 1. Demographic and clinical characteristics of the osteoarthritis patients and controls*

Characteristic Patients (n = 50) Controls (n = 42) P

Age, mean � SD years 73.7 � 6.9 70.8 � 6.4 0.04
Female 43 (86) 26 (62) 0.01
African American 17 (34) 18 (43) 0.39
BMI, mean � SD kg/m2 36.3 � 4.4 33.4 � 3.1 0.001
WOMAC left knee pain score (range 0–20), mean � SD 5.2 � 5.1 2.2 � 3.7 0.002
WOMAC right knee pain score (range 0–20), mean � SD 5.3 � 4.9 1.8 � 3.3 0.0001
AUSCAN hand pain score, mean � SD 5.3 � 6.1 2.4 � 3.9 0.01
Percent calories from fat, mean � SD 33.1 � 2.6 34.2 � 4.7 0.20
Glucosamine use 2 (4) 2 (5)† 0.53
NSAID use 33 (66) 27 (66) 0.99
Maximum K/L grade
0 0 1 (2.4) –

1 0 32 (76.2) –

2 2 (4.0) 9 (21.4) –

3 13 (26.0) 0 –

4 21 (42.0) 0 –

Total knee replacement 14 (28.0) 0 –

* Except where indicated otherwise, values are the number (%) of subjects. BMI= bodymass index; WOMAC=Western Ontario andMcMaster
Universities Arthritis Index; AUSCAN = Australian Canadian Osteoarthritis Hand Index; NSAID = nonsteroidal antiinflammatory drug;
K/L = Kellgren/ Lawrence.
† Missing data on glucosamine use (n = 1).

Figure 1. Microbial similarity biplot for study participants with knee
and hand osteoarthritis (OA) (red) and those without OA (blue). Principal
coordinate analysis (PCoA) is shown. Numbers in parentheses indicate
the percent variation explained by the corresponding axis. Each sym-
bol represents an individual sample. The distance between 2 points
shows how compositionally different the samples are. Ellipsoids illus-
trate the 95% confidence interval for the mean location of each group.
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PCoA based on weighted UniFrac distance between samples
showed no differences between the patient and control groups
(Figure 1). All results were consistent in the analysis using the
vegan R package with Bray–Curtis dissimilarity (data not shown).
We found that 3 taxa had nominally significant (P < 0.05) associa-
tions with OA status (effect size range 0.23–0.33), but none of the
associations remained significant after Benjamini and Hochberg
adjustment (Table 2). There were no overall significant taxonomic
differences between men and women, and no significant differ-
ences were found in the relative abundance of specific genera
(Supplementary Table 4, https://onlinelibrary.wiley.com/doi/10.
1002/art.41955). No differences in α- and β-diversity were seen
when stratifying by sex. A sensitivity analysis was performed to
account for the 9 participants in the control group with K/L grade 2,
but the results were not meaningfully different (data not shown).

Association of gut microbiota composition and
pain. We conducted a secondary analysis to examine the
association between the gut microbiota and WOMAC knee pain
scores as well as AUSCAN hand pain scores in the patients and
controls, but we did not find any significant differences after adjust-
ing for multiple comparisons (Supplementary Tables 5 and 6,

https://onlinelibrary.wiley.com/doi/10.1002/art.41955). In addition,
the associations of Lactobacillales or Streptococcus with WOMAC
pain scores reported in the Rotterdam study (33) were not repli-
cated in our study (P = 0.44 and P = 0.64, respectively).

Differences in cytokines and LPS. Plasma samples
from patients (n = 36) and controls (n = 37) were analyzed for
differences in 80 cytokines (Supplementary Table 1, https://
onlinelibrary.wiley.com/doi/10.1002/art.41955/abstract), which
included 55 that were characterized as proinflammatory, 15 antiin-
flammatory, and 10 with pleotropic activity. Levels of osteopontin,
a proinflammatory cytokine (34,35), were noted to be significantly
higher in the patients (mean � SD 24,380.6 � 14,315.9 relative
fluorescence units [RFUs]) than in controls (mean � SD
16,620.2 � 10,997.53 RFUs; P = 0.01) (Figure 2A). None of the
other cytokines differed between the 2 groups. However, there
were differences in several cytokines, within each group, between
men and women or between African American and White partici-
pants (Supplementary Table 1). Serum LPS levels measured in
40 patients (mean � SD 104.9 � 45.8 endotoxin units [EU]/ml)
were significantly higher than those in 38 controls (mean � SD
61.3 � 33.9 EU/ml; P < 0.0001) (Figure 2B). There was no differ-
ence in serum LBP between patients (mean � SD 11.3 � 5.0
μg/ml) and controls (mean � SD 13.3 � 6.0 μg/ml). The osteo-
pontin and LPS results remained significant when reanalyzed with
the 9 participants in the control group with K/L grade 2 treated as
patients (data not shown). No correlation between osteopontin,
LPS, or LBP levels and knee or hand pain was noted (data not
shown).

Severity of OA in mice after fecal transplant and
Western diet consumption. All 31 mice that received the fecal
transplants and were fed the high-fat and high-sucrose Western
diet for 40 weeks completed the study. There were no differences
in weight gain over the course of the study or in percent body fat
at time of euthanization between mice that received the patient
fecal pool compared to those that received the control fecal pool
(Figures 3A and B). There were significant differences in the Shan-
non (α) diversity index between fecal microbiota in the 2 groups at
baseline (P = 0.02), which remained over the course of the study
(Figure 3C). A PCoA emperor plot for β-diversity revealed that
1 case mouse clustered with the control mice at baseline
(T0), which was 2 weeks after transplant when the diet was
started, but at the subsequent time points, the case and control
mice clustered in their respective groups (Figure 3D). Individual
clade analysis revealed 15 taxa that were different between
groups at baseline (false discovery rate–adjusted P < 0.05)
(Supplementary Table 8, https://onlinelibrary.wiley.com/doi/10.
1002/art.41955).

The Western diet induced histologic OA changes, including
cartilage degradation and matrix loss, which were measured
using the ACS and Safranin O scores, as well as osteophyte

Figure 2. Osteopontin and lipopolysaccharide (LPS) levels in
blood samples from osteoarthritis patients (cases) and controls.
Osteopontin was measured in plasma samples using a cytokine
array, and LPS was measured in serum using an endotoxin assay,
as detailed in Patients and Methods. Data were analyzed using
Student’s 2-sided t-test. Data are shown as box plots. Each box
represents the upper and lower interquartile range (IQR). Lines
inside the boxes represent the median. Whiskers represent 1.5
times the upper and lower IQRs. Circles indicate individual data
points. Diamonds represent the mean. RFU = relative fluores-
cence units; EU = endotoxin units.
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formation (Figure 4), but minimal synovitis was observed (data not
shown). There were no differences in any of the histologic mea-
sures between mice that received the fecal transplants from
patients compared to controls.

DISCUSSION

The present study did not demonstrate a difference in the
fecal microbial communities between obese adults with hand
OA and advanced knee OA compared to obese controls without
hand and knee OA. However, we did find serum LPS levels to
be significantly elevated in the OA patients relative to controls.
Since LPS is produced by enteric gram-negative bacteria, includ-
ing those in the gut, elevated serum levels suggest the presence
of increased intestinal mucosal permeability, sometimes referred
to as a “leaky gut.” This is consistent with a previous report of
increased LPS in the serum and synovial fluid of adults with knee
OA, where the levels of serum LPS were associated with acti-
vated macrophages in the knee (21). Huang and Kraus proposed
that LPS uptake from the gut due to an altered microbiome con-
tributes to a low-grade inflammatory state that promotes the
development of OA as a “second hit” when other OA risk factors,
such as obesity or joint injury, are present (36). In further work,

Figure 4. Results of histologic analysis of knee joints from mice
transplanted with osteoarthritis (OA) patient (case) or control fecal
pools and fed a high-fat, high-sucrose diet for 40 weeks. A, Repre-
sentative images demonstrating histologic findings of OA, including
cartilage degradation with loss of matrix staining (long arrows) and
osteophyte formation (short arrow). B–D, Results of histologic mea-
sures of OA including articular cartilage structure (ACS) scores (B),
Safranin O (Saf-O) scores (C), and osteophyte scores (D). Each sym-
bol represents an individual mouse. Bars show the mean � SD. None
of the measures were significantly different between cases and con-
trols, by Mann-Whitney test.

Figure 3. Effects of a high-fat, high-sucrose diet after transfer of human osteoarthritis (OA) case and control fecal samples to germ-free mice. A,
Body weight of mice starting at the time of fecal transplant (�2 weeks) and then biweekly while being fed a high-fat, high-sucrose diet for
40 weeks. B, Percentage of body fat measured by magnetic resonance imaging after 40 weeks on diet. Each symbol represents an individual
mouse. Bars show the mean � SD. C, Linear mixed-effects model regression of Shannon diversity index from fecal samples collected at the start
of the diet (time 0; 2 weeks after fecal transplant) and after 6, 22, and 40 weeks on diet. Lines represent linear mixed-effects regression (and 95%
confidence interval) of Shannon diversity index over time. Each symbol represents a mouse, and those with the same color indicate that they were
caged together. D, Principal coordinate analysis (PCoA) emperor plot based on Bray-Curtis β-diversity metric. Each point represents a sample
from the 2 groups: OA cases (circles) and controls (diamonds). Time points are color-coded as indicated on the graph. Stars indicate duplicate
samples of the pooled human feces analyzed prior to transplant to mice. Numbers in parentheses indicate the percent variation explained by
the corresponding axis. The distance between 2 points shows how compositionally different the samples are.
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they demonstrated an association of plasma LBP with radio-
graphic progression of knee OA (37), but we were unable to show
a difference in LBP between the patients and controls in the pres-
ent study.

We also noted a significant increase in the proinflammatory
mediator osteopontin in the OA patients. Although originally
described as a bone matrix protein, subsequent studies have
shown that osteopontin is a proinflammatory mediator and can
serve as a Th1 cytokine (for review, see ref. 35). Osteoblasts from
OA subchondral bone have increased expression of osteopontin
(38) as do OA chondrocytes (39,40) and, as we found with com-
bined hand and knee OA, systemic levels of osteopontin have
been shown to be increased in association with knee OA (41).

Similar to our results in 92 JoCo OA Project participants, a
study of ~1,400 participants from the Rotterdam Study did not
demonstrate an association between the fecal microbiome and
the presence of radiographic knee OA (33). However, researchers
did find an association of Streptococcus species withWOMAC pain
scores, which they replicated in a second Dutch cohort of 867 indi-
viduals. We could not replicate this result and our sample size of
92 individuals may have been too small, although not even a trend
was observed. Published studies on the association between the
gut microbiota and OA in humans were lacking when we designed
our study. We based our recruitment of 92 participants on prior
work in RA, in which highly significant microbial associations were
observed in 44 patients with new-onset RA compared to 28 healthy
controls, with multiple taxa displaying robust effect sizes (>2) (9). We
attempted to enrich our OA patient population with a phenotype
expected to have a systemic component to their OA, potentially
related to the gut microbiome, by recruiting obese individuals who
exhibited both hand and knee OA. Our findings suggest that the
fecal microbial communities found in obese adults with combined
hand and knee OA do not have as strong of an effect on the risk
for OA as those seen in RA. Since our participants had advanced
knee OA, with the majority exhibiting K/L grade 4 or prior knee
arthroplasty, our findings do not rule out the possibility that a dys-
biosis was present earlier in the disease course.

Rodent studies have suggested a role of the gut microbiota
in OA. A study of diet-induced obesity in rats demonstrated a link
between the severity of cartilage damage and fat mass, serum
LPS concentrations, and the increased presence ofMethanobre-
vibacter species in fecal samples, while the presence of Lactoba-
cillus was negatively associated with cartilage damage (42).
Treatment of rats (43) andmice (44) on a high-fat diet with the pre-
biotic fiber oligofructose restored the fecal microbiota to that seen
with a normal chow diet. This restoration was associated with
reduced serum LPS levels and, in the mouse study, less cartilage
damage after OA was surgically induced. In a previous study, we
noted less cartilage damage and fewer osteophytes in germ-free
mice with surgically induced OA compared to mice housed in a
standard facility, and the severity of cartilage damage correlated
with serum LBP levels (45).

In the present study, we transplanted germ-free mice with
pools of fecal samples from human OA patients and controls
and then placed the mice on a Western diet. Although there were
no differences between the human patient gut microbiome and
control gut microbiome according to 16S rRNA sequencing in
the entire group of 92 participants, this method does not allow
for the full taxonomic identification down to the species level, such
that strain-level differences or functional alterations could still be
present. Therefore, a lack of differences in composition according
to 16S rRNA sequencing does not necessarily translate into a lack
of differences in microbial metabolic activities or metagenomic
differences that could contribute to the development of OA.
Importantly, clade analysis did identify differences in the mouse
fecal samples after transfer of human patient and control fecal
pools (Supplementary Table 8, https://onlinelibrary.wiley.com/
doi/10.1002/art.41955/abstract). This included higher levels of
Eubacterium in the group of controls who were obese and did
not have OA. Huang et al reported that the presence of Eubacte-
rium correlated with lower Osteoarthritis Research Society Inter-
national scores of histologically evaluated OA in mice that had
OA induced by meniscal injury after receiving human fecal trans-
plants (46).

Higher levels of Akkemansia were noted in the group of
patients who were obese and had OA. In a rat study of diet-
induced obesity by Rios et al, Akkemansia was positively corre-
lated with severity of joint damage (43). We also found 3 taxa from
the Ruminococcaceae family that were different between controls
and OA samples, with Ruminnococcus more abundant in the
non-OA group and Anaerotruncus and Oscillospira more abun-
dant in the OA group. Ruminococcaceae are butyrate producers,
and butyrate is proposed to be a beneficial metabolite; a
decreased abundance of Ruminococcaceaewas associated with
more severe OA in the study by Huang et al (46).

Despite a difference in themicrobiota between the 2 groups of
mice after fecal transfer of human patient and control fecal samples
that included taxa potentially expected to influence the develop-
ment of OA, there was no difference in the severity of histologic
OA after 40 weeks of being fed a Western diet. Although human
fecal transfer to germ-free mice has been used to establish causal-
ity in other conditions including obesity (7), a limitation to this tech-
nique is that selective colonization of microbial community
members during transfer from humans to germ-free mice can
occur, such that potential causative organisms may not be in the
same abundance in the recipient mice as in the human donors (47).

Our findings, combined with those of the published studies
noted above, indicate that future studies are needed to further
evaluate increased intestinal mucosal permeability as a potential
contributing factor to the development of OA and to elucidate
the underlying mechanisms. Although NSAIDs can cause
increased intestinal permeability in some individuals, we did not
find an association with LPS levels and NSAID use; both patients
and controls reported similar usage. Increased intestinal
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permeability, resulting in higher levels of systemic LPS, can occur
independent of differences in the microbiome or from differences
in just a few taxa that may not have been detected given the sam-
ple size available for this study. Causes of increased LPS also
include impaired clearance by the liver, high fat intake, alterations
in the endocannabinoid system, deceased intestinal motility, and
decreased physical activity (for review, see ref. 36). In addition to
LPS, other factors produced by gut microbes that could enter
the circulation through a leaky gut may be discovered to have
the ability to promote OA. Intriguingly, recent reports that micro-
bial DNA, including that from typical gut microbes, was present
in OA cartilage (48) and synovial tissue (49) suggest that increased
intestinal permeability could allow gut microbes access to joint tis-
sues. Although there was no evidence that the microbial DNA was
from viable bacteria or associated with joint infections, taken
together, findings from these studies indicate that in OA, microbial
products or microbes from the gut that enter the circulation may
have a local effect on joints.
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Incidence of Psoriatic Arthritis Among Patients
Receiving Biologic Treatments for Psoriasis: A Nested
Case–Control Study

Yael Shalev Rosenthal,1 Naama Schwartz,2 Iftach Sagy,3 and Lev Pavlovsky4

Objective. To investigate the effect of biologic treatments for psoriasis on the incidence of psoriatic arthritis (PsA).
Methods. This retrospective cohort study was conducted using electronic medical records from a large health

maintenance organization. Patients who received biologic treatment for psoriasis and were not diagnosed as having
PsA before or at the time of biologic treatment initiation were included. Control psoriasis patients who did not receive
biologic treatment were matched by age at time of diagnosis, sex, time from psoriasis diagnosis until treatment initia-
tion, maximum body mass index, and smoking status. The groups were different in most characteristics. Therefore,
propensity score matching was implemented. Log rank test and multivariable Cox proportional hazards regression
were used to compare the groups.

Results. Overall, 1,326 patients were included, of whom 663 had received biologic treatment and 663 had not. The
Kaplan-Meier curve for the propensity score–matched groups reflected a statistically significant increased risk for PsA
among the control group compared to the biologic treatment group. The results of the multivariable Cox regression
showed that the control group had a significantly higher risk for PsA compared to the biologic treatment group within
10 years of follow-up (adjusted hazard ratio 1.39 [95% confidence interval 1.03–1.87]).

Conclusion. Our findings show a statistically and clinically significant decreased risk for developing PsA among
patients with psoriasis who receive biologic treatments. The results suggest that biologic medications should be con-
sidered for patients who present with significant risk factors for PsA at an earlier stage of treatment.

INTRODUCTION

Psoriasis is a common inflammatory skin disorder affecting
~2.5% of the population (1). Its manifestations are multisystemic,
with skin and joint predominance. Approximately 30% of patients
with psoriasis eventually develop psoriatic arthritis (PsA), with a
mean time from skin disease diagnosis to PsA development of
10 years (1). Psoriasis has a significant psychological and emo-
tional burden, with a substantial effect on quality of life (2–5) that
is further worsened by PsA (6,7).

The pathogenesis of PsA remains unclear. However, many
findings suggest that a dysregulated immune response plays an
important role. For example, numerous studies indicate the involve-
ment of tumor necrosis factor (TNF) and interleukin-23 (IL-23) and
IL-17 in PsA pathogenesis (8). Moreover, patients with PsA have
been found to have high levels of osteoclast precursors, which play

an important role in the pathogenesis of PsA, and whose levels
decrease with TNF antagonist therapy (9). Other studies have dem-
onstrated inflammatory properties in the synovial fluid of patients
with PsA (10). All of these contribute to an understanding of the role
of biologic medications in the treatment of PsA.

Despite their modest efficacy for skin disease and question-
able disease-modifying effect in various clinical types of PsA, con-
ventional disease-modifying antirheumatic drugs (DMARDs) are
still recommended as first-line therapies (11–13). Biologic medi-
cations, biologically manufactured proteins that modulate the
immune system, were first used for the treatment of psoriasis in
~2005. Several biologic agents have been shown to be superior
to DMARDs in treating PsA symptoms and have also shown
effectiveness in slowing articular damage (14,15). However, they
are not used as a first-line therapy in moderate-to-severe psoria-
sis, largely due to their high cost.
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The influence of biologic treatment for psoriasis on the inci-
dence and timing of PsA onset is unknown. Since biologic agents
were shown to slow the progression of PsA (14,15), it is reason-
able to assume that their use in subjects diagnosed as having
psoriasis with no evidence of PsA at the time of treatment initiation
will prevent or delay the onset of PsA.

The fact that up to 30% of patients with psoriasis will eventu-
ally develop PsA in a mean time of 10 years provides a unique
opportunity for early intervention. This is especially relevant in
patients who are at increased risk for developing PsA. Our study
was designed to investigate the effect of biologic treatments for
psoriasis on the incidence of PsA.

PATIENTS AND METHODS

Study setting. Maccabi Healthcare Services (MHS) is the
second largest health maintenance organization in Israel, insuring
>2 million members. In accordance with the Israeli National Health
Insurance Law, MHS is prohibited from denying any citizen who
wishes to be insured. Therefore, MHS ensures every section of
the population and its data are representative of the Israeli popu-
lation (16). In the early 1990s, MHS established an electronic
medical record system where all medical data are collected,
including diagnoses, medication prescriptions, and medication
purchases. In accordance with the Israeli regulatory guidelines

for the treatment of psoriasis and MHS internal guidelines,
patients are eligible to receive biologic agents or apremilast treat-
ment if they fulfill the following criteria: body surface area affected
by psoriasis >50%, Psoriasis Area and Severity Index score >50
(17), or involvement of sensitive areas (defined as genitalia, palms,
and face, etc.) and have previously been treated unsuccessfully
with at least 2 standard systemic therapies, including photother-
apy. Before these medications are purchased, MHS members
are required to obtain authorization from the MHS drug authoriza-
tion center to ensure they comply with the guidelines.

Study population and statisticalmethods. To examine
the potential association between biologic agents and the inci-
dence of PsA, data were collected for patients who had received
biologic treatment (i.e., adalimumab, etanercept, infliximab, uste-
kinumab, secukinumab, ixekizumab, or guselkumab) for psoriasis
(International Classification of Diseases, Ninth Revision [ICD-9]
codes 696 and 696.1) but were not diagnosed as having PsA
before receiving biologic treatment or at the time of biologic treat-
ment initiation. Although the association between disease severity
and PsA is controversial, to avoid the potential confounding effect
of disease severity, the control group was defined as patients who
were diagnosed as having psoriasis by a dermatologist and had
received at least 2 systemic medications or 1 systemic medication
plus phototherapy, but had not received biologic treatment. These

Figure 1. Flow chart of the patients with psoriasis who received biologic treatment and the patients who did not receive biologic treatment.
PsA = psoriatic arthritis.
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patients were assumed to be in a relatively similar disease severity
state as those who had received biologic medications. In both
groups, the maximum follow-up time was set at 10 years. This
was based on the assumption that patients with longer follow-up
time have a greater risk for developing PsA, especially due to the
fact that biologic agents were only available since 2005, making
the follow-up time of the control group longer by definition.

Patients were excluded if they had received biologic treatment
for a different indication, were diagnosed as having PsA before the
time of biologic or systemic treatment initiation, were diagnosed as
having arthritis prior to the time of psoriasis diagnosis, or if the time
from psoriasis diagnosis to treatment initiation was >10 years
(Figure 1). Arthritis was defined as the presence of a diagnosis of

PsA or nonrheumatoid, noninfectious, and not otherwise specified
arthritis (ICD-9 codes 696.0, 714.9, 726.90, 721.3, 716.9, 726.4,
720.0, 716.6, 716.5, 716.96, 716.98, and 716.99). In <9% of the eli-
gible cases, patients with data containing illogical timelines were iden-
tified and were therefore excluded (e.g., if a patient received treatment
for psoriasis [i.e., medication or phototherapy] prior to the date of
diagnosis). The primary outcome measure was the incidence of PsA
during 10 years of follow-up. Psoriasis and arthritis diagnoses were
extracted from patient medical records in accordance with the ICD-9
codes. This study was approved by the MHS ethical committee.

Statistical analysis. The study groups were initially com-
pared by chi-square test (or Fisher’s exact test) for categorical

Table 1. Comparison of demographic and clinical characteristics between the study groups*

No biologic treatment
(n = 2,278)

Biologic treatment
(n = 687) P

Age at time of psoriasis diagnosis, years <0.0001
Mean � SD 46.72 � 15.74 35.25 � 15.09
Median (IQR) 48.1 (1.74–88.83) 33.3 (0.97–86.68)

Age, years <0.0001
0–18 104 (4.57) 80 (11.64)
>18–25 127 (5.58) 101 (14.7)
>25–35 294 (12.91) 202 (29.4)
>35–45 438 (19.23) 120 (17.47)
>45–55 596 (26.16) 107 (15.57)
>55–65 442 (19.4) 57 (8.3)
>65–75 218 (9.57) 16 (2.33)
>75 59 (2.59) 4 (0.58)

Female 837 (36.74) 244 (35.52) 0.5584
No. of BMI measures during study period† <0.0001
Mean � SD 10.7 � 10.8 8.9 � 9.5
Median (IQR) 8 (1–135) 6 (1–72)

Maximum BMI, kg/m2† 0.0032
Mean � SD 30.25 � 6.4 29.5 � 6.78
Median (IQR) 29.3 (14.3–60) 28.7 (13.9–58.2)

Mean BMI, kg/m2† 0.0038
Mean � SD 28 � 5.3 27.4 � 5.8
Median (IQR) 27.4 (14.3–49.4) 27 (12.9–47)

BMI ≥30 kg/m2† 976 (44.94) 277 (41.04) 0.0747
Smoking status† 0.0845
Current or past 1,206 (53.79) 335 (50)
Never 1,036 (46.21) 335 (50)

Time between diagnosis and treatment initiation, years <0.0001
Mean � SD 2.7 � 2.8 3.8 � 3
Median (IQR) 1.6 (0–9.5) 3.4 (0–9.5)

Time between diagnosis and treatment initiation, years <0.0001
0–1 941 (41.31) 174 (25.33)
>1–3 499 (21.91) 145 (21.11)
>3–6 448 (19.67) 169 (24.6)
>6 390 (17.12) 199 (28.97)

Year of diagnosis 0.0001
1998–2004 917 (40.25) 218 (31.73)
2005–2011 708 (31.08) 227 (33.04)
2012–2020 653 (28.67) 242 (35.23)

Follow-up time, years 0.4292
Mean � SD 7.6 � 3.1 7.8 � 3
Median (IQR) 10 (0–10) 10 (0–10)

PsA in 10 years 374 (16.4) 76 (11.1) 0.0006

* Except where indicated otherwise, values are the number (%). IQR = interquartile range; PsA = psoriatic arthritis.
† Data on smoking status were missing for 53 patients (1.8%), and data on body mass index (BMI) were missing for 118 patients (4%).
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variables and t-test (or Wilcoxon’s 2-sample rank sum test) for
continuous variables. Time-to-event analysis was performed
using Kaplan-Meier curves. Several potential confounders
(i.e., age at time of diagnosis, maximum body mass index [BMI],
time from psoriasis diagnosis until treatment initiation) differed
between the study groups; therefore, a propensity score 1:1
matching was performed using the greedy matching method. In
general, propensity score matching attempts to reduce the treat-
ment assignment bias by creating a sample of patients who
received biologic agents that is comparable to all or most vari-
ables in the control group. Controls were matched by age at time
of diagnosis, sex, time from psoriasis diagnosis until treatment
initiation, maximum BMI, and smoking status. There were
24 patients in the study group who did not have any controls

available according to the above combinations (24 of 687 =

~3%). Those patients were eliminated from the analysis. Multivar-
iable Cox proportional hazards regression analysis and log rank
test were performed, and adjusted hazard ratios (HRs) with 95%
confidence intervals (95% CIs) were calculated.

The statistical analysis and data management were per-
formed using SAS 9.4 software. P values less than 0.05 were
considered significant.

RESULTS

Overall, 687 patients who had received biologic treatment
and 2,278 patients who had not received biologic treatment (con-
trols) were considered in the analysis (Figure 1). Patients in the

Table 2. Comparison of characteristics between propensity score–matched study groups*

No biologic treatment
(n = 663)

Biologic treatment
(n = 663) P

Age at time of psoriasis diagnosis, years 0.8965
Mean � SD 36 � 15.4 35.7 � 14.9
Median (IQR) 34.1 (3.7–81) 33.8 (3.5–86.7)

Age, years 0.3269
0–18 86 (12.97) 68 (10.26)
>18–25 95 (14.33) 98 (14.78)
>25–35 160 (24.13) 199 (30.02)
>35–45 126 (19) 115 (17.35)
>45–55 108 (16.29) 106 (15.99)
>55–65 62 (9.35) 57 (8.6)
>65–75 22 (3.32) 16 (2.41)
>75 4 (0.6) 4 (0.6)

Female 194 (29.26) 234 (35.29) 0.0188
No. of BMI measures during study period 0.5411
Mean � SD 8.9 � 10.3 9 � 9.5
Median (IQR) 6 (1–135) 6 (1–72)

Maximum BMI, kg/m2 0.7101
Mean � SD 29.6 � 6.9 29.7 � 6.7
Median (IQR) 28.7 (14.3–56.9) 28.7 (13.9–58.2)

Mean BMI, kg/m2 0.7944
Mean � SD 27.5 � 5.6 27.6 � 5.6
Median (IQR) 26.9 (14.3–49.3) 27 (12.9–47)

BMI ≥30 kg/m2 269 (40.57) 276 (41.63) 0.6960
Smoking status 0.5827
Current or past 345 (52.04) 335 (50.53)
Never 318 (47.96) 328 (49.47)

Time between diagnosis and treatment initiation, years 0.3343
Mean � SD 4 � 3 3.9 � 3
Median (IQR) 3.9 (0–9.5) 3.4 (0–9.5)

Time between diagnosis and treatment initiation, years 0.8422
0–1 158 (23.83) 162 (24.43)
>1–3 128 (19.31) 139 (20.97)
>3–6 176 (26.55) 167 (25.19)
>6 201 (30.32) 195 (29.41)

Year of diagnosis <0.0001
1998–2004 277 (41.78) 216 (32.58)
2005–2011 230 (34.69) 223 (33.63)
2012–2020 156 (23.53) 224 (33.79)

Follow-up time, years
Mean � SD 8.2 � 2.7 7.9 (2.9)
Median (IQR) 10 (0.1–10) 10 (0–10)

PsA in 10 years 109 (16.44) 75 (11.31) 0.0069

* Except where indicated otherwise, values are the number (%). IQR = interquartile range; BMI = body mass index; PsA = psoriatic arthritis.

ROSENTHAL ET AL240



control group were significantly older at the time of psoriasis diag-
nosis compared to patients in the biologic treatment group
(mean � SD age 46.7 � 15.7 years versus 35.3 � 15.1 years;
P < 0.0001). Moreover, patients in the control group compared
to patients in the biologic treatment group had a higher mean
BMI (mean 28 kg/m2 versus 27.4 kg/m2; P = 0.0038), and a
shorter median time from diagnosis until treatment initiation
(2.7 years versus 3.8 years; P < 0.0001) (Table 1). However, the
follow-up time was similar between the study groups, and the
log rank test demonstrated a significantly increased risk for PsA
within 10 years following treatment with nonbiologic agents com-
pared to that within 10 years following treatment with biologic
agents (P = 0.0006).

As seen in Table 1, the study groups were significantly differ-
ent in most of the demographic characteristics and other potential
PsA predictors. Thus, propensity score matching was imple-
mented, resulting in a comparable or similar control group
(Table 2). Overall, 1,326 patients were included (663 patients
who had received biologic treatment and 663 who had not
received biologic treatment). Aside from sex, all of the predictors
and potential confounders were similar between the study groups
(P > 0.05 for each variable). The Kaplan-Meier curve for the
matched groups reflected a statistically significant increased risk
for PsA among the control group compared to the biologic treat-
ment group (P = 0.026 by log rank test) (Figure 2). Although pro-
pensity score matching balanced the study groups, the groups
were still unbalanced regarding sex and the year of diagnosis.
Therefore, we adjusted for these factors and other PsA predictors
such as age at time of diagnosis and time until treatment initiation
using a multivariable Cox regression. After adjustment for all of the
factors and confounders described above, the control group still

had a significantly higher risk for PsA compared to the biologic
treatment group (adjusted HR 1.39 [95% CI 1.03–1.87]). Finally,
according to our data, women were at higher risk for developing
PsA (adjusted HR 1.8 [95% CI 1.34–2.42]).

DISCUSSION

The results of our study demonstrate a statistically significant
decreased risk for developing PsA among patients with psoriasis
who were treated with biologic medications for their skin disease.
This result was consistently shown in both the original and pro-
pensity score–matched data sets, using multivariable and univari-
able Cox proportional hazards regression, respectively (Figure 2).
To our knowledge, this is the first study to demonstrate this effect
of biologic treatment on psoriasis.

Since a considerable number of patients eventually develop
PsA, in addition to its heavy burden on quality of life (2–7), the pre-
vention of PsA should be considered as a factor in favor of initiat-
ing biologic treatment for psoriasis. Biologic agents have been
used for the treatment of psoriasis for <2 decades. Cost plays
an important role in the allocation of these medications in the
treatment algorithm. Numerous studies have shown the effective-
ness of various biologic agents in the treatment of psoriasis and
PsA (18–23). Some studies have demonstrated a decrease in
radiographic damage (14,15). Eventually, the concept of treat-
to-target was developed (24). The results of this study suggest
that biologic treatments may delay the risk of PsA development.

We compared the prevalence rates of PsA recorded in our
data to those reported in other studies. The prevalence of PsA in
the literature varies from 5–40% (25–31). Since our data present a
point prevalence among patients with up to 10 years of follow-up,

Figure 2. Kaplan-Meier curves comparing incidence of psoriatic arthritis (PsA) within 10 years among propensity score–matched patients with
psoriasis who received biologic treatment and those who did not receive biologic treatment.
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in addition to the fact that the mean time of PsA onset is 10 years, it
is safe to say that our results lie within the range reported in other
studies.

In the present study, women appeared to be at higher risk for
developing PsA (adjusted HR 1.8 [95% CI 1.34–2.42]). There is
no consensus about the difference in prevalence between men
and women. To our knowledge, most studies have shown no sig-
nificant differences between the sexes (32). However, some stud-
ies have demonstrated greater prevalence of PsA in men (33),
whereas others showed greater prevalence in women (30).

As noted above, the association between disease severity
and the onset of arthritis among patients with psoriasis is contro-
versial. However, many studies have shown a positive association
between the severity of psoriasis and PsA onset (34,35). There-
fore, assuming that patients with more advanced disease are
treated with biologic medications, we would expect to see a
higher incidence of PsA among patients in this group. The results
indicate the opposite, which strengthens the link between treat-
ment with biologic medications and lower incidence of PsA.

Many risk factors for PsA have been suggested. These
include clinical features such as nail dystrophy, scalp and interglu-
teal lesions, genetic factors (e.g., HLA–B27), and biomarkers
(e.g., C-reactive protein). These may all help to identify patients
with the highest need for secondary prevention for PsA.

Our study has several strengths and limitations. A major
strength is the large population-based, real-life cohort, which
made it possible to obtain clinically meaningful results. Moreover,
our study demonstrated prevalence rates similar to those found
in other studies, corroborating the reliability of our data.

A potential weakness of our study is that we did not have infor-
mation about clinical features of the disease, such as the extent of
skin involvement and nail involvement. This is mainly due to the fact
that this is a retrospective study based on computerized data
rather than clinical data. Such information might have helped iden-
tify patients at particularly high risk for developing PsA and there-
fore would have potentially helped clarify the role of biologic
treatments in these patients. In addition, the historical data from
years prior to the availability of biologic treatment were scarce.
Had this information been available, it would have allowed compar-
ison to more similar patients who did not have the option to be
treated with biologic agents at the time. In this study, we used pro-
pensity score matching in order to compare the biologic treatment
group to the control group. Propensity score matching is a popular
analytic method used to estimate the effects of treatments when
using observational data, but this method is not as robust as the
fully blocked randomized experiment. However, we used a multi-
variable model on the propensity score–matched group in order
to account for possible residual biases. Finally, we do not know
whether discontinuation of treatment was due to intolerance or
inefficacy.

Further studies are needed to understand in depth the rela-
tionship between biologic medications and PsA onset. However,

the results of our study show a statistically and clinically significant
decreased risk for developing PsA among patients receiving bio-
logic medications for psoriasis. These results may support the ini-
tiation of treatment with biologic medications at an earlier stage in
patients who present with significant risk factors for PsA.
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Risk of Inflammatory Bowel Disease in Patients With
Psoriasis and Psoriatic Arthritis/Ankylosing Spondylitis
Initiating Interleukin-17 Inhibitors: A Nationwide
Population-Based Study Using the French National
Health Data System

Laetitia Penso,1 Christina Bergqvist,2 Antoine Meyer,3 Philippe Herlemont,4 Alain Weill,4

Mahmoud Zureik,5 Rosemary Dray-Spira,4 and Emilie Sbidian6

Objective. To investigate whether the initiation of treatment with an interleukin-17 inhibitor (IL-17i) in real life is
associated with a higher risk of inflammatory bowel disease (IBD) in patients who had both psoriasis (PsO) and psoriatic
arthritis (PsA)/ankylosing spondylitis (AS).

Methods. This nationwide cohort studywas conducted using the FrenchNational Health Data System database. All adult
patients with PsO and PsA/AS who were identified as having newly initiated treatment with an IL-17i during 2016–2019 were
included. As controls, patients with PsO and PsA/ASwho had newly initiated either 1) apremilast or 2) etanercept (ETN) during
this period but had not received IL-17i were included. The follow-up end date was September 30, 2019. The primary end point
was the risk of occurrence of IBD associated with exposure to an IL-17i compared to exposure to the other treatments, as
determined in a time-to-event analysis with propensity score–weighted Cox and Fine-Gray proportional hazards models.

Results. The study included a total of 16,793 new IL-17i users (mean � SD age 48.4 � 13 years, 45% men), 20,556
new apremilast users (age 52.6 � 15 years, 54% men), and 10,294 new ETN users (age 46.3 � 15 years, 44% men).
New IL-17i users and new ETN users had received more biologics for their underlying disease compared to new apremi-
last users. IBD occurred in 132 patients: 72 new IL-17i users (0.43%), 11 new apremilast users (0.05%), and 49 new ETN
users (0.48%). Most IBD cases occurred after 6months of exposure (82%, 55%, and 76%, respectively). After propensity
score weighting, the risk of IBD was significantly greater among patients initiating an IL-17i compared to those initiating
apremilast (weighted hazard ratio [HR] 3.8 [95% confidence interval (95% CI) 2.1–6.8]). No difference in the risk of IBD
between new IL-17i users and new ETN users was observed (weighted HR 0.8 [95% CI 0.5–1.2]).

Conclusion. Patients with PsO and PsA/AS who initiate treatment with an IL-17i do not have a higher risk of devel-
oping IBD when compared to patients initiating ETN who display the same severity of underlying disease. These results
need to be confirmed in other large studies of patients with PsO and PsA/AS.

INTRODUCTION

Psoriasis (PsO) and inflammatory arthritis, including psoriatic
arthritis (PsA) and ankylosing spondylitis (AS), are chronic
immune-mediated inflammatory disorders that can significantly

alter an individual’s quality of life (1). Although there is no cure for
these conditions, insights about their pathogenesis have led to
the development of cytokine-based therapies that have revolu-
tionized disease management. Since the interleukin-23 (IL-23)/
Th17 immune axis plays a crucial role in the pathogenesis of both
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PsO and PsA/AS, there has been interest in targeting this path-
way for treatment (2–5). Indeed, commercial IL-17 inhibitors (IL-
17i), namely secukinumab (SEC), ixekizumab, and brodalumab,
have emerged as some of the most efficacious biologics for
moderate-to-severe PsO and PsA/AS (6–12). Both SEC and ixe-
kizumab work by inhibiting IL-17A, while brodalumab blocks the
IL-17 receptor, thereby blocking all IL-17 isoforms.

Epidemiology studies have established strong associations
between PsO/PsA/AS and inflammatory bowel disease (IBD),
with an increased risk of Crohn’s disease (CD) and ulcerative coli-
tis (UC) in patients with PsO and PsA/AS, and an increased risk of
PsO and PsA/AS in patients with CD or UC (13–15). IBD occurs in
1% of patients with PsO, which is ~4 times more frequent than in
the general population, with the highest risk occurring in patients
with PsA/AS (13,16). PsO and PsA/AS share common genetic
susceptibility loci and pathologic mechanisms with IBD, including
several immune-signaling and cytokine pathways (17). Therefore,
many drugs have been approved to manage both PsO/PsA/AS
and IBD (18). These include anti–tumor necrosis factor (anti-TNF)
therapy and anti–IL-12/IL-23 antibody therapy (19,20). The
immune pathways of PsO and IBD also share the IL-23/Th17 axis
(21). However, IL-17i treatments have been reported to exacerbate
or trigger new-onset IBD in patients with PsO (6–8). Additionally,
clinical trials of IL-17i in IBD were unsuccessful and were termi-
nated early due to worse clinical outcomes with IL-17i than with
placebo (22,23).

Information regarding the risk of new-onset IBD among
patients with PsO exposed to IL-17i is primarily based on a limited
number of observations in trials and case reports, and very few
observational studies have evaluated the risk of IBD among
patients with PsO who are exposed to IL-17i (24–26). Thus, future
large studies are needed to quantify the comparative risk of IBD
associated with IL-17i in patients with PsO and PsA/AS outside
the restricted scope of randomized controlled trials (RCTs).

The purpose of this study was to investigate whether IL-17i
initiation is associated with a higher risk of IBD in a large and com-
prehensive French general population of patients with PsO and
patients with PsA/AS, as compared to patients with PsO and
PsA/AS who initiated treatment with apremilast or etaner-
cept (ETN).

PATIENTS AND METHODS

Data source and study design. This French nationwide
cohort study used administrative health data obtained from the
French National Health Data System (Système National des Don-
nées de Santé [SNDS]), which covers ~99% of the French popu-
lation (~67 million individuals) and includes comprehensive data
on ambulatory care and hospitalizations since 2006, as previously
described (27,28). This large database has been used in sev-
eral pharmacoepidemiology studies (28–31). The SNDS con-
tains the following information on each individual patient:

sociodemographic characteristics (age, sex); vital status; attri-
bution of long-term disease status allowing full coverage of all
relevant medical costs for a renewable 5-year period; outpa-
tient care, including the number of units and date of reimburse-
ment for drug dispensation, date and nature of medical and
paramedical interventions, and date of laboratory tests; and
any hospitalization in a public or private French hospital (admis-
sion date, stay duration, discharge diagnoses according to
International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision [ICD-10] codes for the main,
related, or accompanying diagnoses and medical procedures).

The French public institution in which this study was con-
ducted has permanent access to the SNDS database in accor-
dance with the provisions of the French Public Health Code
(article R. 1461-12 et seq.) and with approval from the French
data protection authority (approval no. CNIL-2016-316). There-
fore, no informed consent was required.

Study population and follow-up. All adult patients age
≥18 years for whom an IL1-7i, apremilast, or ETN was newly pre-
scribed for treatment of PsO or PsA/AS at least once between
July 1, 2016 and May 31, 2019 were eligible for study inclusion.
We selected patients who had not filled a prescription for an
IL-17i, apremilast, or ETN within 2 years before the study start
(i.e., those previously naive to treatment [new users]). Among
these patients, the index date was established as the date of first
reimbursement for an IL-17i, apremilast, or ETN during the study
period. Patients were followed up to the date of occurrence of
the IBD event, occurrence of death from any cause, switch to a
different systemic treatment, loss to follow-up (defined as no
reimbursement for 12 consecutive months), or September
30, 2019, whichever came first.

In identifying the study population, we excluded patients with
rheumatoid arthritis (RA) who were diagnosed within 5 years before
the index date, with the diagnosis defined according towhether they
had at least 1 hospital discharge or long-term disease diagnosis
code relevant to RA (ICD-10 codes M05, M06, M08, or M09). In
addition, we excluded patients with CD or UC who were diagnosed
within 5 years prior to the index date. These patients were identified
based on having least 1 hospital discharge or long-term disease
diagnosis code relevant to CD or UC (ICD-10 codes K50 or K51)
and having filled a prescription for 1 of the following drugs within
the 5 years preceding the index date: aminosalicylic acid (product
no. A07EC), mesalamine (ATC code A07EC02), olsalazine (product
no. A07EC03), enteral budesonide (ATC code A07A06), azathio-
prine (ATC code L04AX01), mercaptopurine (ATC code L01BB02),
or vedolizumab (ATC code L04AA33).

Underlying diseases in the study population. For the
criteria used to classify patients according to underlying diseases
(PsO, PsO/PsA, or PsA/AS), see Supplementary Table 1 (available
on the Arthritis & Rheumatology website at http://onlinelibrary.
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wiley.com/doi/10.1002/art.41923/abstract). Classification of pati-
ents was based on the specialty of the prescriber, the attribution
of long-term disease status, and specific drugs.

Definition of the unexposed population. As stated
above, patients with PsO and patients with PsA/AS are at an
increased risk of developing IBD. This increased risk is all the more
important as the underlying condition is severe (13). Therefore, we
defined the unexposed populations (i.e., patients not initiating treat-
ment with an IL-17i) according to the following 2 important criteria:
1) the severity of PsO and PsA/AS had to be comparable to that in
exposed patients (i.e., patients receiving systemic treatment with
an IL-17i), and 2) any systemic therapy being initiated should not
be indicated for the treatment of IBD, and therefore patients receiv-
ing ustekinumab or anti–tumor necrosis factor (anti-TNF) agents
(except ETN) were excluded. Indeed, an effective treatment for
IBD prescribed for another indication could mask gastrointestinal
symptoms and delay the diagnosis of IBD. Both ETN and apremi-
last were considered to be good candidate systemic therapies
because they are frequently indicated for the treatment of
moderate-to-severe PsO/PsA/AS and PsO/PsA, respectively.

As the first unexposed population, we chose patients who
were started on treatment with apremilast, since apremilast was
marketed for PsO/PsA and was commercialized in France during
the same time period as IL-17i therapies; this allowed us to mini-
mize selection bias. It is important to note that apremilast is not
associated with a higher risk of IBD among patients with chronic
inflammatory diseases (24). In addition, for a post hoc analysis,
we chose a second unexposed population, comprising patients
with PsO and patients with PsA/AS who were started on treat-
ment with ETN, since patients who initiated ETN as a first-line bio-
logic treatment had a level of disease severity at baseline that was
comparable to that seen in patients who initiated other anti-TNF
agents (32,33). Therefore, the underlying disease in patients tak-
ing ETN should be similar in severity to that in patients taking an
IL-17i.

Definition of exposure. For the exposed population
(i.e., those who were started on IL-17i therapy), the IL-17i treat-
ments included SEC, ixekizumab, and brodalumab. Each of these
drugs was identified according to the World Health Organization
Anatomical Therapeutic Chemical classification codes.

The duration of exposure to the IL17i or to any other systemic
treatment was considered to be from the time of treatment initiation
to the time of discontinuation. We defined discontinuation of treat-
ment as 1) a period of >90 days without dispensation of the same
treatment after the time period covered by the previous reimburse-
ment (34) or 2) a patient switching to a different systemic treatment.
The time period covered by a prescription was 30 days for all sys-
temic treatments. The discontinuation date was defined as the
end of the 90-day period, and the switch date was defined as the
date on which another systemic treatment was first reimbursed.

Only the first therapeutic sequence of IL-17i, apremilast, or ETN
was considered in this analysis.

Definition of the outcome. The primary end point was
the occurrence of an IBD, either CD or UC. Events were identified
by either 2 hospital discharge diagnoses of CD or UC (ICD-10
codes K50 and K51, respectively), by attribution of a long-term
IBD disease status after the index date, or 1 hospital discharge
diagnosis and a prescription filled for 1 of the following drugs: ami-
nosalicylic acid, mesalamine, olsalazine, enteral budesonide, aza-
thioprine, mercaptopurine, or vedolizumab.

Covariates. Covariates at baseline included age, sex,
and comorbidities (diabetes, hypertension, dyslipidemia, chronic
obstructive pulmonary disease, acute myocardial infarction,
ischemic stroke, chronic renal failure, cancer, hepatic insuffi-
ciency/cirrhosis, and hepatitis B, hepatitis C, and HIV infections).
We also considered the number of gastrointestinal medications
taken by the patients in the year preceding the index date, exclud-
ing the month preceding the index date, the number of colonos-
copies and other imaging of the gastrointestinal tract in the year
preceding the index date, and the number of hospital admissions
in the 6 months preceding the index date, as well as the number
and type of other PsO and PsA treatments (cyclosporine, metho-
trexate, anti-TNF agents, anti–IL-12/IL-23, nonsteroidal antiin-
flammatory drugs [NSAIDs], topical treatments, and systemic
glucocorticoids) in the 2 years preceding the index date. For defi-
nitions of covariates, see Supplementary Table 2 (available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41923/abstract).

Statistical analysis. For descriptions of the study popula-
tion, categorical data are reported as the number and percentage
of patients. Quantitative data are reported as the median and
interquartile range (IQR) or the mean � SD.

For the primary analysis, we calculated cause-specific Cox
proportional hazards regression models to estimate the hazard
ratio (HR) and 95% confidence interval (95% CI) for the occur-
rence and risk of IBD associated with exposure to an IL-17i, with
apremilast or ETN used as the reference group. The proportional
hazards model assumption was formally tested by using Schoen-
feld residuals. To control for confounding by baseline covariates,
weighted HR values were adjusted by using inverse probability
of treatment weighting (IPTW). Weights were based on the pro-
pensity score, which was estimated using a multinomial logistic
regression analysis including the covariates collected at the index
date. Stabilized weights were calculated to preserve the sample
size of the original data and produce an appropriate estimation
of the main effect variance (35). The balance in baseline covariates
was compared to standardized differences before and after
weighting of the data. Age, sex, use of biologic agents, nonbiolo-
gic systemic glucocorticoids, and systemic glucocorticoids in the
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2 years preceding the index date, number of comorbidities
among those listed above (none, 1, or ≥2), and undergoing a
colonoscopy in the 5 years preceding the index date were
included in the propensity score. We performed prespecified sub-
group analyses in patients who had not received a biologic agent
in the 2 years preceding the index date and other subgroup anal-
yses in patients with a diagnosis of exclusively either PsO,
PsO/PsA, or PsA/AS.

To assess the sensitivity of the estimated weighted HR with
respect to several possible models, we performed the following
additional analyses: 1) a Fine-Gray competing risks analysis in
which we determined the IPTW subhazard ratios to account for

the competing risks between all-cause death and hospitalization
for IBD; 2) a conventional multivariate Cox model in which we
adjusted the HRs for the presence of covariates, including
adjusted HRs for sex, comorbidities, colonoscopy, nonbiologic
systemic treatment, systemic glucocorticoid treatments, and
biologic treatments (i.e., the same covariates included in the pro-
pensity score); 3) modification of the outcome definition in which
we applied a broader definition of IBD, i.e., either 1 pertinent
hospital discharge diagnosis code for an IBD or as an attribution
of a long-term IBD disease status after the index date; and 4) a
model in which we defined treatment discontinuation as
>60 days or >120 days without filling a prescription for the same

Table 1. Demographic and clinical characteristics of the patients with PsO and PsA/AS included in the
3 cohorts of newly treated patients*

IL-17i
(n = 16,793)

Apremilast
(n = 20,556)

ETN
(n = 10,294)

Follow-up, median (IQR) days 323 (199–605) 212 (129–390) 276 (171–536)
Sociodemographic characteristics
Age, mean � SD years 48.4 � 13 52.6 � 15 46.3 � 15
Sex, male 7,612 (45) 11,009 (54) 4,534 (44)

Previous drug exposure†
None 688 (4) 2,249 (11) 841 (8)
No biologic treatments 4,394 (26) 19,533 (95) 7,464 (72.5)
Cyclosporine 417 (2) 309 (2) 86 (1)
MTX 5,844 (35) 5,305 (26) 2,741 (27)
Infliximab 1,911 (11) 116 (1) 296 (3)
ADA 5,551 (33) 437 (2) 1,900 (18)
ETN 4,416 (26) 355 (2) –

GOL 2,605 (16) 94 (1) 572 (6)
Certolizumab 2,085 (12) 70 (1) 374 (4)
UST 2,360 (14) 266 (1) 90 (1)
Topical treatments 5,040 (30) 13,935 (68) 1,181 (11)
NSAIDs 13,392 (80) 12,959 (63) 8,569 (83)
Systemic steroids 9,255 (55) 8,591 (42) 5,823 (57)

No. of GI medications, mean � SD‡ 3.8 � 4.7 3.1 � 4.1 1.7 � 3.5
No. of hospital admissions, mean � SD§ 4.2 � 6.1 2.9 � 7.8 1.4 � 1.0
Comorbidities
Hepatic insufficiency/cirrhosis 69 (0.4) 94 (0.5) 21 (0.2)
Hepatitis B or C infection 43 (0.3) 80 (0.4) 31 (0.3)
HIV infection 25 (0.1) 58 (0.3) 38 (0.4)
COPD 90 (0.5) 169 (0.8) 47 (0.5)
Chronic renal failure 40 (0.2) 85 (0.4) 66 (0.6)
Hypertension 2,145 (13) 2,785 (14) 1,461 (14)
Acute myocardial infarction or ischemic
stroke

526 (3) 976 (5) 263 (3)

Cancer 442 (3) 1,473 (7) 318 (3)
Diabetes 1,327 (8) 2,242 (11) 700 (7)
Dyslipidemia 1,529 (9) 3,107 (15) 1,019 (10)

Underlying diseases
PsO exclusively 2,135 (13) 12,284 (60) 466 (5)
PsA/AS 8,668 (52) 1,880 (9) 6,033 (59)
Both PsO and PsA 5,990 (36) 6,392 (31) 3,795 (37)

* Except where indicated otherwise, values are the number (%) of patients. PsO = psoriasis; PsA = psoriatic
arthritis; AS = ankylosing spondylitis; IL-17i = interleukin-17 inhibitor; ETN = etanercept; IQR = interquartile
range; MTX = methotrexate; ADA = adalimumab; GOL = golimumab; UST = ustekinumab; NSAIDs = nonste-
roidal antiinflammatory drugs; COPD = chronic obstructive pulmonary disease.
† Exposure during the 2 years before the index date.
‡ Number of gastrointestinal (GI) medications delivered in the year preceding the index date, excluding the
month preceding the index date.
§ Hospital admissions during the 6 months preceding the index date.
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treatment after the time period covered by the previous
prescription.

P values less than 0.05 were considered significant. All anal-
yses were performed using the SAS Enterprise Guide version 7.1.

Data availability. Access to data generated in this study is
available upon request from the corresponding author.

RESULTS

Description of the cohort population. A total of
47,643 PsO patients and PsA/AS patients (mean � SD age
49.7 � 14.7 years, 49% men) were identified. After excluding
patients with IBD, there were 16,793 new IL-17i users (age
48.4 � 13 years, 45% men; median follow-up 323 days [IQR
199–605]), including 15,162 patients (90%) initiating SEC, 1,477
patients (9%) initiating ixekizumab, and 154 patients (1%) initiating
brodalumab. For the other treatment groups, there were 20,556
new apremilast users (age 52.6 � 15 years, 54% men; median
follow-up 212 days [IQR 129–390]), and 10,294 new ETN users
(age 46.3 � 15 years, 44% men; median follow-up 276 days
[IQR 171–536]) (Table 1 and Figure 1).

The demographic and clinical characteristics of the patients
in the IL-17i, ETN, and apremilast cohorts are shown in Table 1.
Patients initiating IL-17i or ETN were younger and were mostly
women, were mostly diagnosed as having PsA/AS, and had
fewer comorbidities than new apremilast users. The majority of
new IL-17i users (71%) received a biologic treatment during the
2 years preceding the index date, compared to 7% of new

apremilast users and 27% of new ETN users. Among new IL-17i
users, 80% received NSAIDs, 55% received systemic steroids,
35% received methotrexate, 30% received topical treatments,
and 2% received cyclosporine during the 2 years preceding the
index date. The proportions of new apremilast users and new
ETN users receiving NSAIDs, systemic steroids, methotrexate,
topical treatments, and cyclosporine in this same time period
were 63%, 42%, 26%, 68%, and 2%, respectively, and 83%,
57%, 27%, 11%, and 1%, respectively.

Association of treatment exposure and IBD. During
follow-up, we identified 72 new cases of IBD in new IL-17i users
(0.43%), 11 new cases of IBD in new apremilast users (0.05%)
(crude HR 6.3 [95% CI 3.3–11.9] relative to new IL-17i users),
and 49 new cases of IBD in new ETN users (0.48%) (crude HR
0.8 [95% CI 0.5–1.2] relative to new IL-17i users). Among all
3 treatment groups, most of the IBD cases occurred after
6 months of exposure (new IL-17i users, 59 IBD cases [82%]);
new apremilast users, 6 IBD cases [55%]; new ETN users,
37 IBD cases [76%]). The incidence rates for the development of
IBD were 3.68 cases per 1,000 person-years (95% CI 2.83–
4.53) in new IL-17i users, 0.64 cases per 1,000 person-years
(95% CI 0.26–1.02) in new apremilast users, and 2.81 cases per
1,000 person-years (95% CI 2.02–3.60) in new ETN users.

Stabilized propensity scores were applied to the treatment
groups to adjust for baseline covariates. With propensity score
weighting, we obtained pseudo-cohorts in which the distribution
of variables was similar, as indicated by a standardized difference
of <0.1 in new IL-17i users compared to new apremilast users or

Figure 1. Flow chart showing the number of patients with psoriasis and psoriatic arthritis/ankylosing spondylitis assigned to receive either an
interleukin-17 inhibitor (IL-17i), apremilast, or etanercept. IBD = inflammatory bowel disease.
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new ETN users (see Supplementary Figures 1 and 2, available on
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41923/abstract).

The results of the main analysis are shown in Table 2. The
risk of IBD was significantly higher (overall P < 0.0001) with expo-
sure to IL-17i compared to exposure to apremilast (weighted HR
3.8 [95% CI 2.1–6.8]). New IL-17i users were 4 times more likely
to develop CD than new apremilast users (weighted HR 4.0
[95% CI 2.0–8.1], P < 0.0001) and were 2 times more likely to
develop UC (weighted HR 2.0 [95% CI 1.0–4.3]; P = 0.0583),
although the latter result was not statistically significant. No differ-
ences in the risk of IBD between new IL-17i users and new ETN
users were observed (weighted HR 0.8 [95% CI 0.5–
1.2]; P = 0.30).

Subgroup analyses. In subgroup analyses restricted to
patients with a single diagnosis or restricted to patients who were

naive to treatment with biologic agents, some differences in the
risk of IBD were observed. Among patients with PsO, new IL-17i
users were 8 times more likely to develop IBD than new apremi-
last users (weighted HR 8.3 [95% CI 2.8–25.0]). Among patients
with PsA/AS, no differences in the risk of IBD were observed
between new IL-17i users and new apremilast users (weighted
HR 1.3 [95% CI 0.5–3.5]) (Table 3). No differences between new
IL-17i users and new ETN users were observed, regardless of
the underlying disease (Table 4).

Sensitivity analyses.Using the broader definition of IBD, a
total of 173 new cases of IBD were identified: 97 in new IL-17i
users, 17 in new apremilast users, and 59 in new ETN users.
Results of the sensitivity analysis using the broader definition of
IBD, as well as results of the additional sensitivity analyses, were
consistent with those of the main analysis with regard to the risk
of IBD associated with new exposure to an IL-17i (Table 5).

Table 2. Incidence and risk of IBD in patients with psoriasis and psoriatic arthritis/ankylosing spondylitis who were unexposed or newly exposed
to an IL-17i and had not received treatment with either apremilast or ETN

Unexposed
to apremilast

Unexposed
to ETN

Incidence or risk
of IBD P

Incidence or risk
of IBD P

No. of IBD events/no. of individuals at risk
IL-17i exposed 72/16,793 – 47/12,377* –

Unexposed to IL-17i 11/20,556 – 49/10,294 –

Risk of IBD with IL-17i exposure
Crude analysis, RR (95% CI)† 6.3 (3.3–11.9) <0.0001 0.8 (0.5–1.2) 0.26
Propensity score analyses with inverse 3.8 (2.1–6.8) <0.0001 0.8 (0.5–1.2) 0.30
probability weighting, HR (95% CI)‡

Fine-Gray analysis, subhazard ratio (95% CI)§ 3.8 (2.1–6.8) <0.0001 0.8 (0.5–1.2) 0.30
Conventional multivariate Cox analysis, HR (95% CI)¶ 3.9 (2.0–7.4) <0.0001 0.7 (0.5–1.1) 0.14

* New interleukin-17 inhibitor (IL-17i) users with a previous 2-year exposure to etanercept (ETN) were removed from this analysis of the inci-
dence and risk of inflammatory bowel disease (IBD).
† Crude analysis used cause-specific Cox proportional hazards regressionmodels to estimate the relative risk (RR) with 95% confidence interval
(95% CI) for the risk of IBD associated with exposure to an IL-17i.
‡ Propensity score–adjusted analyses were used to calculate the hazard ratio (HR) with 95%CIs for the risk of IBD associatedwith new exposure
to an IL-17i from the multivariable Cox proportional hazards model with inverse probability weighting according to the propensity score
(including the following covariables: sex, comorbidities, colonoscopy, use of nonbiologic systemic treatment, use of systemic glucocorticoids,
and use of biologic treatments).
§ The Fine-Gray model was used to calculate the subhazard ratio with 95% CI for the risk of IBD associated with new exposure to an IL-17i from
the multivariable conditional Fine-Gray regression model with inverse probability weighting according to the propensity score–adjusted
analysis.
¶ A conventional multivariate Cox regression model was used to calculate the HR with 95% CI for the risk of IBD associated with new exposure
to an IL-17i, with the same covariates included in the propensity score.

Table 3. Association between new exposure to an IL-17i, as compared with new exposure to apremilast, and occurrence and risk of IBD, by
diagnosis or biologic-naive status*

PsO
exclusively

PsA or AS
exclusively PsO or PsA Biologic-naive

No. of IBD events/no. of individuals at risk
New IL-17i user 8/2,131 38/8,668 26/5,990 13/4,394
New apremilast user 5/12,284 2/1,880 4/6,393 11/19,533

Risk of IBD in new IL-17i users, weighted HR (95% CI)† 8.3 (2.8–25) 1.3 (0.5–3.5) 3.5 (1.3–9.7) 3.0 (1.3–7.0)

* PsO = psoriasis; PsA = psoriatic arthritis; AS = ankylosing spondylitis.
† The weighted hazard ratio (HR) with 95% confidence interval (95% CI) for the risk of inflammatory bowel disease (IBD) in new interleukin-17
inhibitor (IL-17i) users compared with new apremilast users was calculated from the multivariable Cox proportional hazards model with
inverse probability weighting according to the propensity score (including the following covariables: sex, comorbidities, colonoscopy, use of
nonbiologic systemic treatment, systemic glucocorticoids, and biologic treatments).
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DISCUSSION

In this nationwide PsO and PsA/AS cohort study involving
16,793 new IL-17i users, 20,556 new apremilast users, and
10,294 new ETN users with no history of IBD, the overall risk of
IBD, after controlling for available confounding factors, was
4 times greater among new IL-17i users compared to new apre-
milast users. However, no difference between new IL-17i users
and new ETN users was observed.

IBD pathogenesis involves an uncontrolled and excessive
immune response against normal microbiota through the activation
of CD4+ T helper cells (36). Th17 cells and related cytokines have
recently been identified as fundamental mediators in both diseases
(37). The implication of the IL-23/IL-17 axis in the pathogenesis of
IBD prompted the clinical investigation of IL-17i treatments (broda-
lumab and SEC) in CD. Both trials demonstrated worsening CD at
week 6 in patients receiving an IL-17i compared to patients receiv-
ing placebo, and therefore these trials were prematurely terminated

(22,23). A possible explanation for this unexpected worsening dis-
ease could be attributed to the essential functions of IL-17 in the
immune response against extracellular pathogens in the gut
(38–40). Indeed, inhibiting IL-17 hinders its gut-protective function
and interferes with its role in tissue homeostasis repair, thereby
impairing intestinal wall integrity and exacerbating disease (41).

In our study, we demonstrated that treatment with IL-17i was not
associatedwith a higher risk of IBDwhen ETNwas used as a compar-
ator, whereas the risk of IBD was significantly greater with IL-17i than
with apremilast. The severity of the underlying disease could explain
such a difference between the 2 comparators. The demographic and
clinical characteristics of the IL-17i population were more similar to
those of the ETN population compared to those of the apremilast pop-
ulation, especially regarding the previous biologic treatments prescribed.
Patients included in the IL-17i group or the ETN group most likely pre-
sented with more severe disease compared to patients taking apremi-
last. Thus, they were at a higher risk of developing an IBD (15,42).

A systematic review and meta-analysis of 38 RCTs evaluated
the risk of new-onset IBD with the use of IL-17i in patients with
PsO, PsA, AS, or RA. A total of 12 new IBD events (5 cases of CD
and 7 cases of UC) were identified during the 60-week follow-up
in 16,690 patients treated with IL-17i (43). This analysis did not iden-
tify a difference in the risk of developing new-onset IBD between
patients taking IL-17i compared to those taking a placebo.

Another study pooled 21 RCTs including 7,355 patients
treated with SEC. Fourteen cases of new-onset IBD were identified
among 5,181 patients with PsO and 7 cases of new-onset IBD
were identified among 1,380 patients with PsA, suggesting an over-
all low rate of IBD events in these patients. In the per-year analysis,
the exposure-adjusted incidence rates did not increase over time
with SEC treatment (44). Placebo was used as the comparator in
these meta-analyses, but patients in the placebo group fulfilled the
same inclusion criteria, including disease severity. However, a major
limitation of these estimates of incidence rates across these trials is
that they are based on a very limited number of cases of IBD.

To date, only 3 observational studies have investigated the risk
of new-onset IBD in patients exposed to an IL-17i, some of which
had serious limitations (24–26). In a case series from a single center
in the US, incidence rates of CD and UC were explored among

Table 5. Risk of IBD in new IL-17i users, as determined in sensitivity
analyses using a Cox logistic regression model with IPTW*

Time since
treatment

discontinuation
Broader
definition
of IBD

60-day
gap

120-day
gap

New IL-17i users, vs. new
apremilast users

HR 5.0 5.0 3.5
95% CI 2.8–9.0 2.8–9.0 2.1–5.7
P 0.0001 0.0001 0.0001

New IL-17i users, vs. new
ETN users

HR 0.8 0.8 0.9
95% CI 0.5–1.2 0.5–1.3 0.6–1.2
P 0.31 0.40 0.40

* Values are the hazard ratio (HR) with 95% confidence interval (95%
CI) for the risk of inflammatory bowel disease (IBD) in new interleu-
kin-17 inhibitor (IL-17i) users versus the other 2 treatment groups,
as determined in separate sensitivity analyses adjusted by inverse
probability treatment weighting (IPTW) for sex, comorbidities, colo-
noscopy, and use of nonbiologic systemic treatment, systemic glu-
cocorticoids, and biologic treatments. ETN = etanercept.

Table 4. Association between new exposure to an IL-17i, as compared with new exposure to ETN, and occurrence and risk of IBD, by diagnosis
and biologic-naive status*

PsO
exclusively

PsA or AS
exclusively PsO or PsA Biologic-naive

No. of IBD events/no. of individuals at risk
New IL-17i user† 7/1,658 21/4,835 19/5,884 13/4,394
New ETN user 0/466 31/6,033 18/3,795 37/7,464

Risk of IBD in new IL-17i users, weighted HR (95% CI)‡ 4.1 (0.2–89.5) 0.8 (0.5–1.5) 0.7 (0.3–1.3) 0.6 (0.3–1.1)

* PsO = psoriasis; PsA = psoriatic arthritis; AS = ankylosing spondylitis.
† New interleukin-17 inhibitor (IL-17i) users with a previous 2-year exposure to etanercept (ETN) were removed from this analysis.
‡ The weighted hazard ratio (HR) with 95% confidence interval (95% CI) for the risk of inflammatory bowel disease (IBD) in new IL-17i users compared
with new ETN users was calculated from themultivariable Cox proportional hazardsmodel with inverse probability weighting according to the propen-
sity score (including the following covariables: sex, comorbidities, colonoscopy, use of nonbiologic systemic treatment, systemic glucocorticoids, andbio-
logic treatments).
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patiens exposed to SEC and those exposed to ixekizumab (25). No
UC or CD cases were identified in 80 ixekizumab-exposed
patients, and only 1 new case of UC was identified among
142 SEC-exposed patients. The very small sample size and the
lack of a control group were major limitations of this study. A
claims-based study evaluated the incidence rates of IBD after
IL-17i exposure among patients with PsO, PsA, RA, or AS (24).
IL-17i treatment was associated with a nearly 3-fold higher risk of
IBD. However, the comparator was apremilast, with the same limi-
tations we highlighted regarding the severity of the disease.
Another claims-based study of 1,821 patients with PsO exposed
to IL-17i treatments demonstrated no significant difference in the
odds of developing IBD at 6 months and 1 year between patients
with PsO who were exposed to an IL-17i and patients with PsO
who were unexposed (26). Most of these studies (both RCTs and
observational studies) were limited by small sample sizes and/or a
very limited number of outcome events.

Our cohort included a large number of patients from a national,
comprehensive database, with quality control of coding, and with
information captured during routine medical care. This framework
minimizes selection bias. We identified a large number of outcome
events. IBD diagnoses were identified using comprehensive data
from the National Hospital Discharge database, in which outcomes
were previously validated (45,46). Moreover, we used a new-user
design (47) and applied a propensity score method to more accu-
rately estimate the risk of IBD.

This study has several limitations. First, we defined drug
exposure according to health care reimbursement data, which
are not necessarily equivalent to days of use. However, in patients
with PsO, adherence rates for biologic treatments are generally
higher than those for other treatment categories (48). Second,
although we applied a propensity score to reduce confounding
bias, it was not completely neutralized. Indeed, our analyses are
limited by the availability of data on PsO and PsA/AS activity, cer-
tain individual risk factors, and family history of IBD, as well as by
the inability to account for over-the-counter NSAID use.

We have demonstrated in this study that treatment with an
IL-17i is not associated with a higher risk of IBD in patients with
PsO, PsA, or AS when taking into account the severity of the
underlying disease, i.e., when using ETN as a comparator. How-
ever, these results need to be confirmed in studies using patient
data from other large databases.
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Association of Structural Entheseal Lesions With
an Increased Risk of Progression From Psoriasis
to Psoriatic Arthritis

David Simon,1 Koray Tascilar,1 Arnd Kleyer,1 Sara Bayat,1 Eleni Kampylafka,1 Maria V. Sokolova,1

Ana Zekovic,2 Axel J. Hueber,3 Jürgen Rech,1 Louis Schuster,1 Klaus Engel,4 Michael Sticherling,5

and Georg Schett1

Objective. To test whether the presence of structural entheseal lesions in psoriasis patients influences the risk of
progression to psoriatic arthritis (PsA).

Methods. We conducted a prospective cohort study of psoriasis patients without clinical evidence of musculoskel-
etal involvement who underwent baseline assessment of structural entheseal lesions and volumetric bone mineral den-
sity (vBMD) at entheseal and intraarticular sites by high-resolution peripheral quantitative computed tomography.
Adjusted relative risks of developing PsA associated with baseline vBMD and the presence of structural entheseal
lesions were calculated using multivariable Cox regression models.

Results. The cohort included 114 psoriasis patients (72 men and 42 women) with a mean � SD follow-up duration
of 28.2 � 17.7 months, during which 24 patients developed PsA (9.7 per 100 patient-years [95% confidence interval
(95% CI) 6.2–14.5]). Patients with structural entheseal lesions were at higher risk of developing PsA compared to
patients without such lesions (21.4 per 100 patient-years [95% CI 12.5–34.3]; hazard ratio [HR] 5.10 [95% CI 1.53–
16.99], P = 0.008). With respect to vBMD, a 1-SD increase in entheseal, but not intraarticular, vBMD was associated
with an ~30% reduced risk of progression to PsA. Especially, higher cortical vBMD at entheseal segments was asso-
ciated with a lower risk of developing PsA (HR 0.32 per 1 SD [95% CI 0.14–0.71]), and the association remained robust
after multiple imputation of missing data (HR 0.64 [95% CI 0.42–0.98]).

Conclusion. The presence of structural entheseal lesions as well as low cortical vBMD at entheseal segments are
associated with an increased risk of developing PsA in patients with psoriasis.

INTRODUCTION

Psoriatic disease is a chronic inflammatory condition affect-
ing the skin, the entheses, and the joints (1). The disease has a
robust genetic basis linked to HLA class I alleles and the
interleukin-23 (IL-23) receptor and is associated with the develop-
ment of a specific immune pathology characterized by innate
immune cell and T cell activation (1). Clinical studies have shown

that, in addition to tumor necrosis factor, IL-17 and IL-23 are piv-
otally involved in the pathogenesis of psoriatic disease (2,3).
Experimental (4,5) as well as clinical studies (6,7) suggest that
environmental factors such as mechanical load essentially con-
tribute to the pathology of psoriatic disease (“mechanoinflamma-
tion”). Hence, psoriatic skin disease usually develops at
mechanically exposed areas of the skin, and psoriatic plaque
formation based on physical irritation of the skin (Koebner
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phenomenon) has been described (8). Similarly, entheseal sites,
which typically become inflamed in psoriatic disease, are highly
mechanically exposed tissues that are essential for the transduc-
tion of physical forces (9–12).

It is well-known that clinical manifestations of psoriatic skin
disease usually precede joint disease. While this concept appears
correct when considering clinically visible disease, it also has
some shortcomings, since psoriatic skin is much easier to detect
than joint disease. Given these considerations, skin and joint dis-
ease may indeed arise from the same underlying process
(e.g., mechanoinflammation) at the same time, with patients
developing similar inflammatory lesions in the skin and entheses,
while the speed of detection of these lesions is different and
allows skin changes to be detected earlier. Independent from this,
stable monomorphic psoriatic disease manifestations exist, in
which skin disease indeed remains the only manifestation of the
disease (most frequent), or isolated joint, or even entheseal, dis-
ease can occur. Conceptually, however, skin and entheseal man-
ifestations of psoriatic disease may arise simultaneously, at least
in a subset of patients, but may be recognized at different times.

In support of this concept, several studies have suggested that
subclinical inflammatory lesions can be detected in the joints and
the entheses of a subset of psoriasis patients without signs of clini-
cal arthritis (13–16). Notably, discrete structural entheseal lesions,
sometimes also referred to as “deep Koebner” phenomenon, are
a key finding in the joints of patients with psoriasis, suggesting that
similar mechanoinflammation-induced tissue responses can be
found in the skin and the joints in psoriasis patients (17). Structural
entheseal lesions emerge from resident tissue responses, are simi-
lar to psoriatic plaques at entheseal sites, and are characterized by
periosteal proliferation and new bone formation (18).

While structural entheseal lesions in patients with psoriasis
may represent the first sign of musculoskeletal involvement of pso-
riatic disease, it is unclear whether patients with such lesions face a
higher risk of developing psoriatic arthritis (PsA). To test whether
structural entheseal lesions are an indicator of the later develop-
ment of PsA, we assessed a cohort of patients with psoriasis for
the presence or absence of structural entheseal lesions and other
signs of bone changes in the hand joints and prospectively followed
up this cohort for later development of PsA. We hypothesized that
the risk of developing PsA is higher in patients who exhibit structural
entheseal lesions, indicating that the clinical manifestation of psori-
atic disease is already determined early on in the disease process,
i.e., before the development of clinical joint disease.

PATIENTS AND METHODS

Psoriasis patients. Between January 2011 and July 2018,
psoriasis patients attending the Dermatology Department of the
University of Erlangen–Nuremberg were screened for recruitment
into this cohort study using the German Psoriasis Arthritis Diag-
nostic (GEPARD) questionnaire (19).

Only patients who answered yes to at least one of the
GEPARD questions were subsequently referred to the Rheuma-
tology Department for clinical and imaging assessment. Patients
who answered no to every single question were not referred.
Patients who were referred to the Rheumatology Department
had a mean � SD number of positive answers on the question-
naire of 4.9 � 3.2. In the Rheumatology Department an experi-
enced rheumatologist (SB) examined the referred patients for
clinical signs of musculoskeletal involvement. In detail, the clinical
examination included a tender joint count (68 joints assessed),
swollen joint count (66 joints assessed), and clinical assessment
of 29 entheseal sites used in the Spondyloarthritis Research Con-
sortium of Canada enthesitis scoring system (20), Leeds Enthesi-
tis Index (21), and Maastricht Ankylosing Spondylitis Enthesitis
Score (22). In addition, the presence of dactylitis and of clinical
symptoms of inflammatory back pain was recorded.

Patients who showed joint swelling, dactylitis, clinical signs of
enthesitis or inflammatory back pain, and those who fulfilled the
Classification of Psoriatic Arthritis (CASPAR) criteria for PsA (23)
were not allowed to participate in the study. To exclude past mus-
culoskeletal involvement, all patient records were also carefully
reviewed. Identification of a history of synovitis, enthesitis, dactyli-
tis, and/or inflammatory back pain in past records or evidence of
meeting the CASPAR criteria at any time also led to exclusion
(Supplementary Figure 1, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41239/abstract).

For psoriasis patients who met the requirements described
above, additional demographic data, such as age, sex, height,
body weight, body mass index (BMI), and smoking status were
collected, and disease-specific characteristics, such as psoriasis
disease severity (Psoriasis Area and Severity Index [PASI]) (24),
disease duration, and psoriasis subtype, including nail and scalp
involvement, were also recorded. Quality of life was assessed
using the Dermatology Life Quality Index (25). C-reactive protein
levels (mg/liter) were measured, and the presence of rheumatoid
factor (RF) and anti–citrullinated protein antibodies was deter-
mined. Current treatments, including topical and systemic drugs
for psoriasis, were recorded for all patients. Patients were evalu-
ated at regular 1-year follow-up visits, during which the detailed
examination by the rheumatologist was repeated and disease-
specific parameters were recorded. Such investigations were also
done whenever new musculoskeletal symptoms occurred.

Patients were followed up until study end or a clinical diagno-
sis of PsA was made. PsA was defined as the presence of inflam-
matory musculoskeletal involvement (arthritis as defined by joint
swelling, enthesitis as defined by entheseal pain plus power
Doppler ultrasound signal, dactylitis as determined by clinical
examination, or axial involvement as determined by inflammatory
back pain and radiographic/magnetic resonance imaging [MRI]
evidence of sacroiliitis or spondylitis) assessed by an experienced
rheumatologist (SB) and a score of ≥3 points on the CASPAR
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criteria. The study was conducted upon approval of the local
ethics committee of the University of Erlangen. Each patient pro-
vided informed consent.

High-resolution peripheral quantitative computed
tomography (QCT) measurement and data analysis. All
psoriasis patients underwent high-resolution peripheral QCT of
the second and third metacarpophalangeal (MCP) joints of the
dominant hand (XtremeCT I; ScancoMedical). Correct positioning
of the hand was ensured by the use of a custom holder to reduce
movement artifacts. Resolution was 82 μm isotropic voxels. The
reference line was set on the joint space of the third MCP joint.
Scanning of the MCP region was 322 slices, with a scanning time
of 8.4 minutes.

After image reconstruction, the measurement was converted
into a Digital Imaging and Communication in Medicine (DICOM)
file. Imaging analysis was performed using the DICOM viewer
OsiriX v.4.1 MD v.8.0.1. The definition of the region of interest
(ROI) allowed the visualization of the portions of the metacarpal
head and the phalangeal base adjacent to the insertion of the joint
capsule resembling entheseal sites. Sites of new bone formation
within the limits of the ROI defined above were referred to as
structural entheseal lesions when found at the insertion sites of
tendons, ligaments, or capsule, or at the locations of functional
entheses. The extent of structural entheseal lesions was graded
on a scale of 1–3, where 1 = maximum height ≤1 mm, 2 =maxi-
mum height >1 mm, and 3 = diffuse osteoproliferation (26).
These evaluations were done once by 2 independent readers
who were blinded with regard to clinical data (DS and EK). The
kappa coefficient for interobserver agreement was 0.80 for struc-
tural entheseal lesions.

Only the MCP2 head was used to determine intraarticular
and entheseal bone mineral density (BMD). Intraarticular BMD
was assessed using an established method (27,28), while the
assessment of entheseal BMD took into account the exact and
individually different anatomy of the entheseal region (Figure 1
and Supplementary Video 1, available on the Arthritis & Rheuma-

tology website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41239/abstract). Contouring was started at the distal part of the
entheseal site where the bone has a triangular shape and where
the joint capsule inserts; contouring was stopped proximally
where the shape of the bone becomes squared. We have previ-
ously shown that this segmentation method accurately reflects
the insertion site of the joint capsule to the MCP2 head (27). After
contouring, a graphical object (Geoworks Object) was generated
and evaluated using the automated standard evaluation protocol
provided by the manufacturer. The following density parameters
for entheseal and intraarticular bone were determined: total volu-
metric BMD (vBMD), trabecular vBMD, and cortical vBMD in milli-
grams of hydroxyapatite per cubic centimeter (mg HA/cm3).
Images with a motion grade of IV or V were excluded from analy-
ses of vBMD.

Statistical analysis. We constructed tables summarizing
appropriate descriptive analyses of continuous and categorical
variables to characterize the cohort, overall and stratified by the
development of PsA. We calculated the incidence of PsA as the
number of events divided by person-time at risk, and calculated
95% confidence intervals (95% CIs) based on the Poisson distri-
bution for the overall cohort, and by variables of interest. We also
performed survival analysis using the Kaplan–Meier method, with
weeks of follow-up after the date of baseline high-resolution
peripheral QCT assessment as the time scale to demonstrate
the development of PsA over time in cohort subgroups. Curves
were compared using the log rank test, or a log rank test for trend
when more than 2 groups were analyzed (29,30).

In order to model the risk of PsA as a function of structural
bone changes, we conducted 14 separate Cox regression analy-
ses for the time to the clinical diagnosis of PsA using each base-
line high-resolution peripheral QCT measurement of interest,
namely, 1) the presence of structural entheseal lesions, 2) total
vBMD, 3) cortical vBMD, and 4) trabecular vBMD. Separate mod-
els were fitted using the vBMD measurements for entheseal
and intraarticular segments. Overall, 7 unadjusted and 7 adjusted
hazard ratios (HRs) and their respective 95% CIs were calculated.
Adjustments were based on causal models (Supplementary
Figures 2 and 3, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41239/
abstract).

We performed a sensitivity analysis to test the robustness of
our findings from the 12 vBMD models to missing volumetric
BMD measurements and covariates. We used the multiple impu-
tation by chained equations method with predictive mean match-
ing to generate 25 complete data sets with 100 iterations each.
Regression analyses for the vBMD models were repeated on
each complete data set and pooled using Rubin’s rules (31,32).
Further details and justification for the adjustments and sensitivity
analyses are explained in the Supplementary Methods, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41239/abstract. P values less than
0.05 (2-tailed) or 95% CIs for the HR that did not include a null
effect were considered significant. Data were analyzed using
open-source R software (33).

RESULTS

Demographic and clinical features of the psoriasis
patients at baseline. A total of 114 psoriasis patients
(42 women and 72 men) were included (Supplementary Figure 1).
At baseline, the patients had a mean � SD age of 45.3 �
13.9 years, duration of psoriasis of 15.8 � 14.8 years, and PASI
score of 7.3 � 6.5. Thirty-five percent of the patients showed nail
disease, while 43% had scalp involvement. A total of 47 patients
(41%) reported arthralgia with overall low intensity (mean � SD
pain score 18.8 � 25.2 on a 100-mm visual analog scale;
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mean � SD number of tender joints 0.8 � 2.4). At the time of
cohort entry, 24 patients (21%) were not receiving any treatment,
54 (47%) were receiving topical therapy, 7 (6%) were receiving
fumaric acid, 13 (11%) were receiving conventional disease-
modifying antirheumatic drugs (DMARDs), and 20 (18%) were
receiving targeted synthetic or biologic DMARDs. Further charac-
teristics of the cohort are summarized in Table 1.

Incidence of new-onset PsA. The mean � SD follow-up
duration was 28.2 � 17.7 months, corresponding to 246.8
patient-years. During the observation period 24 patients devel-
oped PsA after a mean � SD duration of 17.5 � 10.0 months.
Of these 24 patients classified as having PsA according to the
CASPAR criteria, 5 patients developed ultrasound-proven enthe-
sitis (21%), 1 patient developed clinical dactylitis (4%), 1 patient
developed axial involvement (inflammatory back pain plus positive
sacroiliac MRI scan) (4%), and the remaining 17 patients (71%)
developed clinical arthritis. The corresponding incidence of PsA
was 9.7 per 100 patient-years (95% CI 6.2–14.5). The incidence
of PsA according to baseline characteristics is summarized in
Table 2. The only incidence value for which point estimates were
mutually outside 95% CIs with overall cohort incidence was the
presence of structural entheseal lesions. The probability of PsA-
free survival based on the presence or absence of structural
entheseal lesions is illustrated in Figure 2A.

Structural entheseal lesions and the development
of PsA. At baseline, 41 patients (36%) had ≥1 structural enthe-
seal lesion at the MCP joints, with a mean � SD grade of
0.73 � 1.37 (Table 1). A higher percentage of patients who devel-
oped PsA than those who did not develop PsA during follow-up

had structural entheseal lesions (70.8% versus 26.7%), with a
higher grade of structural changes (mean � SD 1.58 � 1.69
versus 0.50 � 1.18). The incidence of PsA was 4.2 per
100 patient-years among patients who did not have structural
entheseal lesions at cohort entry (95% CI 1.7–8.6) compared
to 21.4 per 100 patient-years among patients who had struc-
tural entheseal lesions (95% CI 12.5–34.3) (Table 2). These data
corresponded to an unadjusted HR of 4.91 (95% CI 2.03–
11.89) (P < 0.001). Adjustment for covariates based on causal
models (Supplementary Figure 2) did not change the point
estimate (HR 5.10 [95% CI 1.53–16.99], P = 0.008)
(Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41239/abstract).

Volumetric BMD and the development of PsA. We
also assessed vBMD at the entheseal and intraarticular bone seg-
ments (Table 1). The mean � SD overall total vBMD was
278 � 36 mg HA/cm3 at the entheseal insertion segment.
Patients progressing to PsA had a lower baseline total vBMD at
entheseal segments (265.5 � 34.5 mg HA/cm3) than patients
not progressing to PsA (281.2 � 35.4 mg HA/cm3). Differences
between the 2 groups were also found for cortical vBMD
(633.4 � 50.4 versus 652.4 � 50.1 mg HA/cm3) and trabecular
vBMD (173.6 � 26.0 versus 185.4 � 27.0 mg HA/cm3), provid-
ing evidence of trabecular and cortical bone loss in psoriasis
patients progressing to PsA. Similar trends for bone loss in
patients progressing from psoriasis to PsA were observed at the
intraarticular regions, albeit the differences were smaller (Table 1).

In unadjusted Cox regression models, a 1-SD increase in
baseline vBMD at entheseal segments was associated with an

Figure 1. Anatomic orientation of the metacarpophalangeal joint for high-resolution peripheral quantitative computed tomography. An image of
the metacarpal head with 1) the intraarticular region distal to the capsule insertion site (asterisks), 2) the entheseal region immediately proximal to
the capsule insertion site showing a structural entheseal lesion (arrowheads), and 3) the further proximal diaphyseal site is shown. Volumetric bone
mineral density was measured at the intraarticular region and the entheseal region.
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~30% reduction in the risk of progression to PsA (Table 3),
whereas the HRs for total and trabecular vBMD at intraarticular
segments showed no association. All unadjusted 95% CIs
spanned unity and therefore were not considered significant. In
the adjusted analyses (Supplementary Figure 2), all point esti-
mates showed an association of increased vBMD with 50–65%
reduced risk of PsA. Confidence intervals for the HRs for total
and cortical vBMD values at entheseal segments did not include
the null and were considered significant. Hence, 1-SD increases
in the total and cortical vBMD at entheseal segments were

associated with a significant reduction in the risk of developing
PsA, whereas the estimates for intraarticular vBMD do not rule
out a null effect with good certainty (Table 3). Full model summa-
ries for the risk for progression to PsA for total, trabecular, and
cortical vBMD are shown in Supplementary Table 2, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41239/abstract.

Results remained robust after the imputation of missing
exposure and covariate data. The numeric differences between
adjusted and unadjusted HRs for entheseal vBMDmeasurements

Table 1. Baseline cohort characteristics*

Overall
(n = 114)

No psoriatic arthritis at follow-up
(n = 90)

Psoriatic arthritis at follow-up
(n = 24)

Demographic characteristics
Sex, no. male/female 72/42 59/31 13/11
Age, years 45.3 � 13.9 45.0 � 14.1 46.4 � 13.5
Duration of follow up, months 28.2 � 17.7 31.0 � 18.3 17.5 � 10.0
Body mass index 28.1 � 6.4 27.3 � 5.3 30.7 � 8.7
Smoker, no. (%) 37 (33) 32 (36) 5 (21)

Disease-specific characteristics
Duration of PsO, years 15.8 � 14.8 15.5 � 14.9 16.9 � 14.7
Nail involvement, no. (%) 40 (35) 36 (40) 4 (17)
Scalp involvement, no. (%) 49 (43) 38 (42) 11 (46)
PASI 7.3 � 6.5 7.5 � 6.4 5.9 � 7.0
DLQI 11.1 � 9.8 10.9 � 9.8 12.3 � 10.5
Arthralgia, no. (%) 47 (41) 36 (40) 11 (46)
Pain score (100-mm VAS) 18.8 � 25.2 16.9 � 25.4 25.2 � 24.1
Patient global assessment of disease
activity (100-mm VAS)

16.7 � 24.3 15.6 � 24.1 21.5 � 25.4

TJC (78 joints assessed) 0.8 � 2.4 0.7 � 1.7 1.3 � 4.3
Other clinical characteristics
Positive low-titer ACPA, no. (%)† 0 (0) 0 (0) 0 (0)
Positive low-titer RF, no. (%)‡ 5 (4) 2 (2) 3 (13)
C-reactive protein, mg/liter§ 4.1 � 4.6 3.7 � 4.4 5.4 � 5.5

Treatment, no. (%)
No current treatment 24 (21) 17 (19) 7 (29)
Topical therapies 54 (47) 43 (48) 11 (46)
Fumarates 7 (6) 7 (8) 0 (0)
csDMARDs 13 (11) 9 (10) 4 (17)
bDMARDs/tsDMARDs 20 (18) 17 (19) 3 (13)

Bone imaging
Any structural lesion, no. (%) 41 (36) 24 (26.7) 17 (70.8)
Structural lesion grade
Mean � SD 0.73 � 1.37 0.50 � 1.18 1.58 � 1.69
Median (IQR) 0 (0–1) 0 (0–1) 1 (0–2)

Volumetric density
Entheseal segment, mg HA/cm3

Total vBMD 278.01 � 35.62 281.18 � 35.42 265.47 � 34.52
Trabecular vBMD 183.01 � 27.11 185.40 � 27.04 173.61 � 26.01
Cortical vBMD 648.53 � 50.47 652.36 � 50.12 633.43 � 50.39

Intraarticular segment, mg HA/cm3

Total vBMD 288.90 � 37.00 289.65 � 35.70 285.66 � 43.38
Trabecular vBMD 194.36 � 27.74 194.53 � 26.72 193.64 � 32.79
Cortical vBMD 641.91 � 72.78 645.24 � 70.76 627.33 � 81.86

* Except where indicated otherwise, values are themean � SD. PsO= psoriasis; PASI= Psoriasis Area and Severity Index; DLQI=Dermatology
Life Quality Index; VAS = visual analog scale; TJC = tender joint count; ACPA = anti–citrullinated protein antibody; RF = rheumatoid factor;
csDMARDs = conventional synthetic disease-modifying antirheumatic drugs; bDMARDs = biologic DMARDs; tsDMARDs = targeted synthetic
DMARDs; IQR = interquartile range; HA = hydroxyapatite; vBMD = volumetric bone mineral density.
† <20 units/ml.
‡ >50 IU/ml.
§ Normal value <5 mg/liter.
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were smaller, the adjusted HR for total vBMD at the entheseal
segment was no longer significant (HR 0.71 [95% CI 0.42–
1.19]), and the HR for cortical vBMD at the entheseal segment

remained significant (Table 3). Full model summaries after multiple
imputation for the risk of progression to PsA for total, trabecular,
and cortical vBMD are shown in Supplementary Table 3, available

Table 2. Incidence of PsA according to baseline cohort characteristics*

No. of events Patient-years Incidence (95%CI)†

Overall 24 246.8 9.7 (6.2–14.5)
Sex
Male 13 166.7 7.8 (4.2–13.3)
Female 11 80.2 13.7 (6.8–24.5)

Arthralgia‡
No 7 117.9 5.9 (2.4–12.2)
Yes 11 88.0 12.5 (6.2–22.4)

Structural entheseal lesions
Absent 7 167.4 4.2 (1.7–8.6)
Present 17 79.4 21.4 (12.5–34.3)

Nail involvement‡
Absent 18 131.4 13.7 (8.1–21.6)
Present 4 96.2 4.2 (1.1–10.7)

Scalp involvement‡
Absent 11 123.3 8.9 (4.45–16.0)
Present 11 104.7 10.5 (5.2–18.8)

csDMARD/bDMARD/tsDMARD use
No 18 184.3 9.8 (5.8–15.4)
Yes 6 62.5 9.6 (3.5–20.9)

* PsA = psoriatic arthritis; 95% CI = 95% confidence interval; csDMARD = conventional synthetic disease-
modifying antirheumatic drug; bDMARD = biologic DMARD; tsDMARD = targeted synthetic DMARD.
† Per 100 patient-years.
‡ Events/patient-time excluded due to missing data.

Figure 2. Survival curves for progression to psoriatic arthritis (PsA). A, Kaplan–Meier plots of PsA-free survival according to the presence or
absence of structural entheseal lesions (SEL) at baseline. B, Kaplan–Meier plots of PsA-free survival in 3 groups: patients without structural enthe-
seal lesions, patients with structural entheseal lesions and entheseal cortical volumetric bonemineral density (cBMD) greater than the cohort mean,
and patients with structural entheseal lesions and cortical volumetric BMD less than the cohort mean. Nine patients, including 4 who developed
PsA, were excluded due to missing cortical volumetric BMD data. C, Kaplan–Meier plots of PsA-free survival in 4 groups: patients without arthral-
gia or structural entheseal lesions, patients with arthralgia but no structural entheseal lesions, patients with structural entheseal lesions but no
arthralgia, and patients with both arthralgia and structural entheseal lesions at baseline. Tft= test for trend. See Supplementary Figure 4, available
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/doi/10.1002/art.41239/abstract, for the numbers of patients at risk and
the numbers of events.
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on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41239/abstract.

Combination of structural entheseal lesions and
cortical vBMD in progression to PsA. In a further analysis,
we aimed to explore whether the risk of development of PsA
in patients with structural entheseal lesions could be further
stratified by cortical vBMD at entheseal segments. Survival
curves were plotted for 3 groups: 1) patients with structural
entheseal lesions plus cortical vBMD greater than the cohort
mean, 2) patients with structural entheseal lesions plus cortical
vBMD less than the cohort mean, and 3) patients without struc-
tural entheseal lesions. Among 73 patients with no structural
entheseal lesions, 7 patients developed PsA (9.6%), while
5 (23.8%) of 21 patients with structural entheseal lesions plus
high cortical vBMD developed PsA, and 8 (72.7%) of
11 patients with structural entheseal lesions plus low cortical
vBMD developed PsA (Figure 2B). Hence, cortical vBMD at
entheseal segments could further stratify the risk of PsA in
patients with psoriasis and structural entheseal lesions
(P = 0.02 by log rank test for trend).

Combination of structural entheseal lesions and
arthralgia in progression to PsA. Finally, we explored the
impact of arthralgia on the risk of development of PsA in patients
with and those without structural entheseal lesions (Figure 2C).
While patients without arthralgia or structural entheseal lesions

showed a very low rate of progression to PsA (1 [3.4%] of 29),
patients with arthralgia without structural entheseal lesions
showed a higher progression rate (5 [15.2%] of 33), which was
consistent with previous observations (15). The presence of
structural entheseal lesions further enhanced the risk of progres-
sion to PsA both in the absence of arthralgia (6 [37.5%] of 16)
and in the presence of arthralgia (6 [42.8%] of 14), with the highest
progression rate observed in those subjects who had both
arthralgia and structural entheseal lesions (P < 0.001 by log rank
test for trend).

DISCUSSION

Our data show that the presence of structural entheseal
lesions in patients with psoriasis represents a robust and inde-
pendent marker for the later development of PsA. These find-
ings support the concept of mechanoinflammation in the
development of PsA, with the initial development of entheseal
lesions in the disease process (5). Structural entheseal lesions
are highly typical of psoriatic joint disease and part of the CAS-
PAR criteria for the classification of PsA (23). They are anatomi-
cally different from bony spurs observed in osteoarthritis (26)
and progressively increase during the course of PsA (34). Even
more importantly, such lesions can already be observed in a
subset of psoriasis patients without PsA, suggesting that the
initial insult to joints in patients with psoriatic disease may be
enthesitis associated with localized tissue responses (17). As
such, these lesions appear to represent a very early feature of
joint involvement in psoriatic disease and are thus found to be
associated with the later development of signs and symptoms
of PsA.

The observation of localized reduction in bone mass at the
entheseal region of the joints in patients with psoriasis progres-
sing to PsA is another notable finding of this study. This link
between BMD and progression to PsA is specific to the entheseal
region and is not apparent in the intraarticular region of the joint.
After multiple imputation, the association of decreased cortical
vBMD with progression to PsA remained a robust finding. Fur-
thermore, the concomitant presence of structural entheseal
lesions and low cortical vBMD substantially increased the risk of
developing PsA, suggesting a state of imminent PsA. These
results provide evidence of early localized cortical bone changes
in psoriasis patients who progress to PsA and translate preclinical
observations showing that inflammatory cytokines involved in
psoriatic disease induce a negative net balance of bone homeo-
stasis (35,36).

Entheses insert into the cortical bone, which is strongly vas-
cularized (37) with a multitude of bone channels (“transcortical
vessels”) shuttling immune cells in and out of the bone marrow
and harboring bone-resorbing osteoclasts (38,39). Inflammation
along these transcortical vessels may activate osteoclasts and
thereby trigger bone loss. This concept is supported by 1) the

Table 3. Adjusted and unadjusted HRs for the risk of developing
PsA according to vBMD measurements, with and without multiple
imputation*

Unadjusted HR
(95% CI)

Adjusted HR
(95% CI)

Complete case analysis
Total vBMD
Intraarticular 1.00 (0.61–1.63) 0.46 (0.20–1.10)
Entheseal 0.69 (0.44–1.11) 0.33 (0.13–0.83)

Cortical vBMD
Intraarticular 0.80 (0.50–1.28) 0.51 (0.21–1.24)
Entheseal 0.72 (0.46–1.12) 0.32 (0.14–0.71)

Trabecular vBMD
Intraarticular 1.07 (0.66–1.75) 0.42 (0.15–1.17)
Entheseal 0.72 (0.45–1.15) 0.35 (0.12–1.00)

Multiple imputation
Total vBMD
Intraarticular 0.97 (0.60–1.57) 0.78 (0.36–1.69)
Entheseal 0.86 (0.53–1.40) 0.71 (0.42–1.19)

Cortical vBMD
Intraarticular 0.91 (0.55–1.49) 0.87 (0.49–1.55)
Entheseal 0.75 (0.48–1.18) 0.64 (0.42–0.98)

Trabecular vBMD
Intra-articular 1.12 (0.66–1.89) 0.91 (0.36–2.28)
Entheseal 0.97 (0.64–1.45) 0.87 (0.53–1.42)

* Models were adjusted for age, sex, body mass index, duration of
psoriasis, presence of structural entheseal lesions, and arthralgia.
HRs = hazard ratios; PsA = psoriatic arthritis; vBMD = volumetric
bone mineral density; 95% CI = 95% confidence interval.
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observation of subclinical inflammatory changes in the joints of
patients with psoriasis (15), 2) IL-17 dependency of such preclin-
ical inflammatory changes predominantly affecting entheseal seg-
ments (40), and 3) the presence of localized periarticular bone
loss already in psoriasis, while systemic bone loss is confined to
patients with PsA (41).

By observing structural changes in the joints of psoriasis
patients that are associated with later development of PsA, this
study highlights the early phase of musculoskeletal involvement
in a subset of patients with psoriatic disease. These data support
the importance of the concept of early disease interception (42) to
prevent damage, disability, and poor outcomes in patients with
PsA (43,44). Since structural joint changes occur very early in a
subgroup of psoriasis patients, the benefit of systemic treatment
may be based on the prevention of progression to more severe
and clinically overt joint disease. It is particularly important to con-
sider that the progression to PsA in an unselected psoriasis pop-
ulation is rather limited, and hence the identification of an at-risk
population is of importance (45).

One intriguing finding of our study was the lack of a pos-
itive association between PsA and nail involvement. Nail dys-
trophy is among the CASPAR criteria (18) for the classification
of PsA and was associated with CASPAR-defined PsA in pre-
vious prospective studies (45,46). This association, however, is
necessitated by design, such that when any 2 individuals with
a given clinical finding suggesting PsA are compared, one that
has nail dystrophy is more likely to be classified as having PsA
by the CASPAR criteria, compared to one that does not. Inter-
estingly, in one of those observational studies, the nail dystro-
phy association did not persist when psoriasis severity was
included in a multivariable model (46), suggesting that nail dys-
trophy is likely a correlate of psoriasis severity, which could be
considered an intermediate along the causal pathway from
psoriasis to PsA. Including psoriasis severity as such an inter-
mediate in our causal models did not necessitate any further
adjustment to our estimates. We consider the lack of this
association, which we had also previously observed, to be a
result of sampling variation (15).

A limitation of the study is the rather small number of patients
who did develop PsA during the observation period relative to the
number of adjustment variables. This might impact the precision
of our effect estimates. Another limitation is the potential overesti-
mation of the risk of PsA explained by exposure. It is therefore
necessary that our observations are confirmed by others using
similar methods. In addition, there was some data loss due to
the meticulous quality standards required to reliably measure vol-
umetric bone densities using high-resolution peripheral QCT. We
tried to address this issue using multiple imputation to test the
robustness of our findings to such missing data and thereby veri-
fied the association between PsA risk and cortical vBMD at enthe-
seal segments. Finally, our study sample consisted of patients
conditionally selected among a psoriasis population attending a

tertiary dermatology center, and as can be inferred from the high
incidence of PsA, does not necessarily reflect an overall psoriasis
population. Since our analyses are causal inference oriented, the
generalizability and predictive potential of our results for daily
practice should be considered limited. Our findings, however,
can be considered among potential predictors in a PsA risk pre-
diction exercise.

In summary, our findings show that specific structural fea-
tures of the joints in psoriasis patients, namely, structural enthe-
seal lesions as well as cortical bone loss at entheseal segments,
are associated with the later development of PsA. These findings
not only substantiate the concept of mechanoinflammation in the
pathogenesis of psoriatic disease but also show that the pres-
ence of entheseal lesions predicts the onset of clinical joint dis-
ease. Based on these data, interventions with high efficacy in
controlling entheseal inflammation appear to be a particularly
valuable strategy for interfering with the onset of PsA in patients
with psoriatic disease.
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Clinical Images: Diffuse systemic sclerosis, skin bleaching, and telangiectasia

The patient, a 31-year-old African Caribbean woman, was diagnosed as having diffuse systemic sclerosis in 2004 at age 15 years when
she presented with Raynaud’s phenomenon, sclerodactyly, and diffuse sclerodermatous skin with pigmentary changes. At the time of
diagnosis, focal areas of depigmentation at the inner corner of both eyes and patchy hyperpigmentation of the upper eyelids were
observed (A), as well as hyperpigmentation with loss of wrinkling of the skin of the neck (B). The patient declined all medical therapy over
the next 16 years and had no cardiopulmonary, gastrointestinal, or renal disease. It was documented that she developed digital pits and
telangiectasias on the face and palms. At age 31 years, she began liberal application of over-the-counter hydroquinone bleaching creams
to her face and entire body to inhibit melanogenesis. As a result, telangiectasias on the face (C), neck, and anterior chest wall (D) became
more clearly visible in her depigmented skin, and the skin lesions appeared to be extensively distributed and large (>5 mm). Patients of Afri-
can origin have a differing systemic sclerosis disease phenotype compared to White patients, with earlier onset, predominantly diffuse dis-
ease, and risk of more severe complications. Telangiectasias are dilated postcapillary venules located in the papillary and superficial
reticular dermis; they increase with disease duration and have an important potential correlation with overall vascular disease, including
pulmonary hypertension (1). The frequency of documentation of telangiectasias in patients of African origin varies from as high as 50% in
the Genome Research in African American Scleroderma Patients study (2) to as low as 13% in case series (3), and it is likely that these
lesions sometimes escape detection. This patient, through a potentially harmful practice of medically unsupervised cosmetic skin bleach-
ing, removed the veil of pigment to demonstrate how profuse telangiectasias can be in the skin of patients of African origin, thereby
encouraging a more careful clinical examination for these lesions in other patients.
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International Consensus for the Dosing of Corticosteroids
in Childhood-Onset Systemic Lupus Erythematosus
With Proliferative Lupus Nephritis
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Objective. To develop a standardized steroid dosing regimen (SSR) for physicians treating childhood-onset
systemic lupus erythematosus (SLE) complicated by lupus nephritis (LN), using consensus formation methodology.

Methods. Parameters influencing corticosteroid (CS) dosing were identified (step 1). Data from children with prolif-
erative LN were used to generate patient profiles (step 2). Physicians rated changes in renal and extrarenal childhood-
onset SLE activity between 2 consecutive visits and proposed CS dosing (step 3). The SSR was developed using
patient profile ratings (step 4), with refinements achieved in a physician focus group (step 5). A second type of patient
profile describing the course of childhood-onset SLE for ≥4 months since kidney biopsy was rated to validate the
SSR-recommended oral and intravenous (IV) CS dosages (step 6). Patient profile adjudication was based on majority
ratings for both renal and extrarenal disease courses, and consensus level was set at 80%.

Results. Degree of proteinuria, estimated glomerular filtration rate, changes in renal and extrarenal disease activ-
ity, and time since kidney biopsy influenced CS dosing (steps 1 and 2). Considering these parameters in 5,056
patient profile ratings from 103 raters, and renal and extrarenal course definitions, CS dosing rules of the SSR were
developed (steps 3–5). Validation of the SSR for up to 6 months post–kidney biopsy was achieved with 1,838 patient
profile ratings from 60 raters who achieved consensus for oral and IV CS dosage in accordance with the SSR
(step 6).

Conclusion. The SSR represents an international consensus on CS dosing for use in patients with childhood-onset
SLE and proliferative LN. The SSR is anticipated to be used for clinical care and to standardize CS dosage during clin-
ical trials.
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INTRODUCTION

Corticosteroids (CS) remain one of the mainstays of ther-
apy in childhood-onset systemic lupus erythematosus (SLE),
especially with major organ involvement such as lupus nephri-
tis (LN). Due to lack of strong medical evidence, dosing of
CS for childhood-onset SLE treatment remains mainly provider-
dependent (1). Delphi surveys and expert opinion were previously
employed to propose standards for CS use (2,3), including for
proliferative LN in children as part of the consensus treatment
plans for pediatric LN (4). However, when tested in real-life
settings, providers were following the CS dosing recom-
mended by the consensus treatment plans for pediatric LN in
only 68% of patients by 3 months of induction therapy for LN
and in just 37% of patients by 6 months of induction therapy
for LN (5).

In this study, our goal was to use consensus formation
methods in conjunction with real-life patient data to 1) delineate
determinants that influence CS dosage in childhood-onset SLE
with proliferative LN, 2) develop the standardized steroid dosing
regimen (SSR), and 3) initially validate the SSR.

PATIENTS AND METHODS

Study overview. Figure 1 sketches the experimental
design (steps 1–6). Building on the experience from the con-
sensus treatment plans for pediatric LN (4), we focused on
patients with childhood-onset SLE who had biopsy-proven,
new-onset class III or IV LN with or without class V overlap, in
accordance with the International Society for Nephrology/Renal
Pathology Society guidelines (6). Consensus formation meth-
odology was combined with statistical modeling of patient
profile ratings that were derived from a contemporary

childhood-onset SLE cohort. We invited an international group
of physicians experienced in the care of pediatric LN to partici-
pate in this study. These study collaborators are listed in Supple-
mentary Material – Study Collaborators, on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41930/abstract.

Details of the experimental design. Step 1. A review of
the literature was conducted, revealing only limited high-quality
evidence regarding CS dosing in patients with childhood-onset
SLE (7). In April 2018, after literature review followed by a Delphi
survey, consensus was achieved with regard to candidate
determinants of oral CS use and intravenous (IV) CS use
(CS determinants) at an in-person meeting held in Denver, CO,
using a modified nominal group technique (8). Demographic, lab-
oratory, and clinical parameters were identified as candidate CS
determinants. Fifty-one members of the Childhood Arthritis and
Rheumatology Research Alliance (CARRA) LN Work Group par-
ticipated in the consensus meeting.

Step 2. The medical records of 143 LN patients followed up
at 8 pediatric tertiary care centers were retrospectively reviewed
for up to 24months, starting from the time patients received a kid-
ney biopsy from which they were newly diagnosed as having
proliferative LN (6). Table 1 summarizes principal eligibility criteria
in patients whose data were abstracted for patient profile
generation.

Patient profile formats previously developed to adjudicate the
overall disease course of childhood-onset SLE (9) were adapted
and piloted among 20 physicians. Profiles included information
regarding demographic characteristics (e.g., age, sex, race, and
ethnicity), organ involvement with SLE in accordance with the
1997 American College of Rheumatology (ACR) classification cri-
teria (10), kidney biopsy results (e.g., LN class [6], activity score,
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and chronicity score [11,12]), vital signs (e.g., body surface area,
height, body weight, and blood pressure), and laboratory findings
(e.g., complete blood cell count, erythrocyte sedimentation rate
[ESR], C3, C4, and anti–double-stranded DNA antibodies).
Profiles also included the response variables for pediatric LN (4),
namely proteinuria (spot urine protein-to-creatinine ratio or
24-hour timed proteinuria), renal function (estimated glomerular
filtration rate [eGFR] and serum creatinine), and urine sediment
(white blood cells [WBCs]/high-power field [hpf], red blood cells
[RBCs]/hpf, and heme-granular or RBC casts); Systemic Lupus
International Collaborating Clinics/ACR Damage Index (13) and
SLE Disease Activity Index 2000 (SLEDAI-2K) scores (14);
parent/patient global assessment of overall well-being; physician
global assessment of overall disease activity; and use of oral CS
and IV CS (e.g., dose, route, and frequency), immunosuppres-
sants (e.g., mycophenolate mofetil or cyclophosphamide with
dose and frequency), and angiotensin system blockers (yes/no).

Each patient profile provided this information for 2 consecutive
patient assessments (visit 1 and visit 2) to describe the course of
childhood-onset SLE over a 4-week period.

Step 3. Of 2,215 patient profiles generated, 460 with com-
plete patient information were selected for rating by 142 physi-
cians (patient profile raters) who were members of the CARRA
LN Work Group, the Pediatric Rheumatology European Society
Lupus Working Party, or the Pediatric Nephrology Research
Consortium. Patient profile selection for the development data
set focused on capturing all permutations of combined renal and
extrarenal disease courses between visit 1 and visit 2. Raters
adjudicated the renal and extrarenal disease courses as follows:
active–stable, active–improved, active–worse, inactive, or not
enough information. Patient profile raters were also asked to sug-
gest oral CS and IV CS dosages for the 30 days following visit 2 at
stable, increasing, or tapering dosages. Raters were randomized
to rate 66 patient profiles each (Supplementary Figure 1, available

Figure 1. Development of the standardized steroid dosing regimen (SSR) for patients with childhood-onset systemic lupus erythematosus
(cSLE). The experimental design used can be summarized in steps 1–6, and consists of various consensus formation methods, statistical analy-
ses, and the use of real-life data from pediatric patients with lupus nephritis (LN) in patient profile (PP) ratings. Data were collected using Research
Electronic Data Capture software (https://projectredcap.org/software). CS = corticosteroid; IV = intravenous; CARRA = Childhood Arthritis and
Rheumatology Research Alliance.
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on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41930/abstract).

Step 4. Only patient profiles for which consensus regarding
the course of childhood-onset SLE between visits was achieved
were included in the data set that was used to develop the SSR.
As done in the past (9), adjudication of the renal and extrarenal
disease courses described in a given patient profile was based
on majority vote among raters, i.e., ≥50% of raters agreed on
one specific combination of renal disease and extrarenal disease
courses between visit 1 and visit 2. SSR-recommended CS dos-
age was the median daily dose for which consensus was
achieved by patient profile raters.

Step 5. Following statistical analysis (detailed below), an
additional Delphi questionnaire was sent to a randomly selected
subset of patient profile raters (n = 70). The aim of this question-
naire was to clarify maximum daily oral CS dosages, use of divided
daily oral CS doses, IV CS use at time of initiation of induction ther-
apy, and IV and/or oral CS dosages prescribed for flares (LN and/
or extrarenal childhood-onset SLE). This was followed by a physi-
cian focus group (KO, DML, SW, and MKG) to clarify CS use for
children <40 kg and the importance of the type of immunosuppres-
sant prescribed (cyclophosphamide or mycophenolate mofetil) for
the use of IV CS. Information from step 5 information was used to
refine the preliminary SSR (from step 4) (4,5).

Step 6. Among available patients with ≥4 months of follow-
up, 66 patients (or patient profiles) were selected to serve as the

validation set. The profile format used in step 6 was similar to
those used in step 3. However, in addition to renal and extrarenal
disease course information, the SSR-recommended dosages of
oral and/or IV CS for up to 6 months since kidney biopsy were
shown (Supplementary Figure 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.41930/abstract). These 66 patient profiles were
sent to 80 raters randomly selected from the pool of available
raters (step 3); each rater was asked to rate 33 patient profiles.
Specifically, raters were asked whether the SSR-recommended
CS dosage at each time point was acceptable for treating the vast
majority of patients (>80%) with similar clinical presentations and
comparable renal and extrarenal disease courses.

Ethics approval. The study was approved by the ethics
committees and institutional review boards of the participating
centers.

Data management and statistical analysis. Following
patient profile ratings (step 3), the frequencies and percentage
agreement were calculated for each profile for the renal, extrare-
nal, and overall (renal plus extrarenal) disease courses. At the
analysis unit, each profile was reviewed and rated by multiple
pediatric rheumatologists and nephrologists, and their responses
were summarized and analyzed to evaluate the level of consensus
for oral and IV CS dosage as recommended by the SSR. Only
profiles with majority ratings (≥50%) for a given disease course
were considered in these statistical analyses. Logistic regression
analyses identified CS determinants relevant to renal, extrarenal,
and overall disease courses (step 3). Descriptive statistics
(mean � SD, median, interquartile range) for the percentage
agreement among raters for oral and IV CS dosing were com-
puted, followed by distribution and probability plots (step 4). CS
dosing regimens for each disease course were summarized and
synthesized to develop the preliminary SSR (step 4). Step 5 con-
sidered consensus among survey respondents. The validation of
the SSR (step 6) used statistics similar to those used in
step 4. Research Electronic Data Capture software (https://
projectredcap.org/software) was used for data capture, storage,
surveys, and profile ratings. Data were analyzed using SAS,
version 9.4.

RESULTS

Proposed determinants that influence CS use in
childhood-onset SLE with LN. For step 1, 25 of 51 physicians
of the CARRA LNWork Group responded to the Delphi question-
naire (49% response rate). The questionnaire was aimed at con-
firming the response variables for pediatric LN and identifying
additional CS determinants. There was consensus (>80%) that
complement levels (C3 and C4) and the urine protein-to-
creatinine ratio were important determinants of CS dosage.
Structured discussions and voting as part of a nominal group

Table 1. Principal eligibility criteria for patients used for patient
profile generation*

Inclusion criteria Exclusion criteria

Men and women fulfilling 1997
ACR classification criteria for
SLE

Use of rituximab within 6
months of diagnosis of
proliferative LN

Age ≤18 years at the time of
index kidney biopsy†

Chronic medical conditions,
other than SLE, that
necessitate prolonged CS
use

Time of index kidney biopsy
between January 2008 and
June 2018

Renal replacement therapy
requirement within 6
months of index kidney
biopsy

Index kidney biopsy consistent
with new diagnosis of class III,
III/V, class IV, or class IV/V LN,
per the ISN/RPS classification
criteria for LN

History of kidney transplant

Induction therapy with
cyclophosphamide or
mycophenolate mofetil

Follow-up for LN at the center
for <6 months after index
kidney biopsy

Lack of biopsy report for index
kidney biopsy in patient’s
medical record

* ACR = American College of Rheumatology; SLE = systemic lupus
erythematosus; CS = corticosteroid; ISN = International Society for
Nephrology; RPS = Renal Pathology Society.
† Patient could have had other renal biopsies indicating the pres-
ence of other classes of lupus nephritis (LN).
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exercise at a subsequent face-to-face meeting provided confir-
mation of these candidate CS determinants. These included time
since index kidney biopsy, kidney histologic features, status of
and change in the response variables for pediatric LN since prior
assessment, and extrarenal disease activity as measured by the
scores from the respective domains of the SLEDAI-2K, ESR, phy-
sician global assessment of disease activity, and parent/patient
global assessment of overall well-being. Presented case exam-
ples highlighted the extent of variation in CS prescribing among
group members (n = 15) when treating proliferative LN, hence
supporting the rationale for developing the SSR.

Determinants influencing patient profile rater adju-
dication of status and changes in renal and extrarenal
disease used in the SSR. In step 3, 103 physicians (of 142
[response rate 73%]) reviewed 460 patient profiles producing
5,080 ratings. Of the 5,080 patient profile ratings, 24 were
excluded due to data quality issues, resulting in the analysis of

5,056 ratings. These 460 profiles represented 120 of the 143 LN
patients with available data. Table 2 summarizes the baseline
characteristics of these 120 patients with childhood-onset SLE
represented by the patient profile. Of the 460 profiles, 352 (77%)
achieved majority ratings for the renal disease course and extra-
renal disease course between visit 1 and visit 2, hence qualifying
for inclusion in the subsequent steps of the SSR development.

Among the proposed CS determinants included in step 3,
the renal course was best predicted by the eGFR, urine protein-
to-creatinine ratio, and urinary RBCs. Pyuria was common
(Table 2); however, it was not associated with LN disease course
(active–stable, active–improved, active–worse, or inactive) (odds
ratio [OR] 1.03, P = 0.97). Disease course of extrarenal disease
from patient profile ratings was closely associated with a change
in extrarenal SLEDAI-2K score (OR 0.91, P = 0.004). Thus, the
following CS determinants were considered in the preliminary
SSR: patient actual body weight, time since index kidney biopsy,
extrarenal SLEDAI-2K score, urine protein-to-creatinine ratio,

Table 2. Baseline characteristics of the patients with childhood-onset SLE used for patient profile development*

Patients for step
3 (n = 120)

Patients for step
6 (n = 66)

Age at LN onset,
mean � SD years

13.47 � 3.06 13.50 � 2.89

Female 96 (80) 55 (83)
Race
White 59 (49) 35 (53)
Black or African
American

45 (37.5) 25 (38)

Other 13 (11) 5 (8)
Unknown 3 (2.5) 1 (1)

Ethnicity
Hispanic 35 (29) 19 (29)
Non-Hispanic 84 (70) 47 (71)
Unknown 1 (1) 0 (0)

Laboratory testing,
mean � SD

Urine protein-to-
creatinine ratio,
mg/mg

3.04 � 3.85 2.77 � 2.46

Serum creatinine, mg/dl 0.90 � 0.70 0.98 � 0.89
SDI total score at LN onset,
mean � SD†

0.19 � 0.58 0.15 � 0.47

SLEDAI-2K feature
present‡

Seizure 2 (2) 1 (2)
Organic brain syndrome 3 (3) 1 (2)
Visual disturbances 2 (2) 0 (0)
Cranial nerve disorder 1 (1) 1 (2)
Lupus headache 1 (1) 1 (2)
CVA 1 (1) 0 (0)
Vasculitis 10 (10) 8 (14)
Arthritis 45 (43) 28 (49)

Patients for step
3 (n = 120)

Patients for step
6 (n = 66)

Myositis 7 (7) 5 (9)
Urinary casts 36 (35) 17 (30)
Hematuria 80 (77) 47 (82)
Proteinuria 92 (88) 53 (93)
Pyuria 60 (58) 36 (63)
Rash 58 (56) 34 (60)
Alopecia 7 (7) 4 (7)
Mucosal ulcers 13 (12.5) 8 (14)
Pleurisy 7 (7) 1 (2)
Pericarditis 12 (12) 5 (9)
Low complement 96 (92) 53 (93)
Increased DNA binding 93 (89) 53 (93)
Fever 21 (20) 12 (21)
Thrombocytopenia 15 (14) 9 (16)
Leukopenia 19 (18) 12 (21)

SLEDAI-2K total score,
mean � SD

19.88 � 7.43 20.86 � 6.78

Oral prednisone
equivalent dose,
mg/day§

<7.5 11 (9) 6 (9)
7.5–16 7 (6) 1 (2)
>16–45 51 (42.5) 28 (42)
>45 51 (42.5) 31 (47)

Other medications at
visit 1

IV methylprednisolone 3 (2.5) 1 (2)
Mycophenolate mofetil 3 (2.5) 1 (2)
Cyclophosphamide 33 (27.5) 26 (39)
Angiotensin system
blockers

51 (42.5) 24 (36)

* Except where indicated otherwise, values are the number (%). LN= lupus nephritis; SDI= Systemic Lupus International Collaborating Clinics/
American College of Rheumatology Damage Index; SLEDAI-2K = Systemic Lupus Erythematosus Disease Activity Index 2000;
CVA = cerebrovascular accident; IV = intravenous.
† For item definitions, see ref. 13.
‡ For item definitions, see ref. 14.
§ Other corticosteroid doses were converted to prednisone equivalent doses.
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urinary RBCs, and eGFR. We used a conservative estimate for
normal eGFR of ≥95 ml/minute/1.73 m2 (15,16).

Summary and overarching principles of the SSR.
According to the SSR, the oral CS of choice is prednisone, and
the IV CS of choice is methylprednisolone. It is understood that
patients are treated with an additional immunosuppressant during
induction therapy and maintenance therapy for LN. Building on
the consensus treatment plans for pediatric LN (4), the SSR con-
siders time since the index kidney biopsy in determining oral and
IV CS use. The SSR assumes that potential CS dose adjustments
will potentially occur every 4 weeks. More frequent adjustments
may occur during the initial 4 weeks of induction therapy and in
cases of severe renal or extrarenal flares. In the following sections,
we assume that patients have body weights of ≥40 kg and that

the maximum daily oral CS dosage is 60 mg. In patients with
childhood-onset SLE with a body weight of <40 kg, the equivalent
maximum dose is 1.5 mg/kg/day (step 5). Lower dosages of oral
CS (prednisone) for patients who weigh <40 kg can be calculated
as follows: daily SSR dosage for patients ≥40 kg � body weight
� 0.025. We anticipate that the SSR can be used for the vast
majority of children (>80%), as indicated by the patient profile rater
responses regarding oral and IV CS dosing (step 6).

Categorization of disease course between assess-
ments. The SSR categorizes changes in extrarenal activity
between assessment as a–d, as follows: (a) active–much
worse; (b) active–mild/moderate worse; (c) active–stable or
active–improved; or (d) inactive. For induction therapy, changes
in renal activity between assessments are categorized as A–D,

Figure 2. Categorization of renal and extrarenal disease courses between visits 1 and 2 as used in the SSR. # All “worsening” is considered to
be due to LN. † LN response variables (LN-RVs), i.e., urine protein-to-creatinine ratio (UPCR), hematuria, and estimated glomerular filtration rate
(eGFR). Normal values in LN-RVs are always considered as “improved” for the purpose of the course definitions (see Figure 3 for details). ‡ Partial
renal remission (PRR) assesses the change in LN-RVs between baseline and week 26 and can only be measured starting at week 26 of induction
therapy. ¥ Worsening of ≥1 LN-RV at >2 subsequent time points >1 week apart, as follows: newly abnormal eGFR or abnormal eGFR that
decreased by >10%, persistent increase of UPCR to >0.5 after complete renal remission (CRR), persistent doubling of UPCR with values >1.0
after partial renal remission, and newly active or worsening by 2 categories of urinary red blood cells. $ Based on changes in the Systemic Lupus
Erythematosus Disease Activity Index 2000 (SLEDAI-2K) score (for item definitions, see ref. 14). See Figure 1 for other definitions.
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as follows: (A) active–worse; (B) active–stable; (C) active–
improved or inactive prior to week 12; or (D) inactive starting week
12. Changes in renal activity categories (i–iv) used during mainte-
nance therapy are as follows: (i) LN flare after partial renal remis-
sion or complete renal remission; (ii) worse after partial renal
remission or complete renal remission; (iii) partial renal remission
stable; or (iv) complete renal remission or partial renal remission
improved. Figure 2 summarizes the definitions of the changes
in renal and extrarenal disease courses between visits that govern
SSR-recommended CS dosages. Additional details pertaining to
the interpretation of the changes in the response variables for
pediatric LN are provided in Figure 3. Logistic regression analysis
identified variable thresholds that were used in the proposed

definitions to classify renal disease courses and extrarenal dis-
ease courses. Using these definitions allowed us to model renal
and extrarenal courses (per the patient profile raters) with >90%
accuracy based on area under the curve from receiver operating
characteristic curve analysis (Supplementary Figure 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.41930/abstract).

SSR-recommended CS dosage during the initial
4 weeks post–index kidney biopsy. The SSR allows for up
to 3 infusions of high-dose methylprednisolone (30 mg/kg/dose;
maximum 1 gram) following a diagnosis of proliferative LN.
The maximum starting dosage of daily oral CS is 60 mg, which
may be given in divided doses. Depending on extrarenal disease

Figure 3. Operational definitions for changes in the LN response variables for use in the SSR. A, Estimated glomerular filtration rate (eGFR) of
≥95 ml/minute/1.73 m2 was considered to be normal, and eGFR of <95 ml/minute/1.73 m2 was considered to be abnormal, regardless of patient
age. B, Urine protein-to-creatinine ratio (UPCR) of ≤0.2 mg/mg in a random urine sample was considered normal, and UPCR of >0.2 mg/mg was
considered abnormal. Increases or decreases of <0.3 mg/mg in the UPCR were deemed to represent stable proteinuria. Examples of changes in
the UPCR between visit 1 and visit 2 and assessment of UPCR status are as follows: 0.5 ! 0.25 (decrease of 50%, but decrease is <0.3, so
UPCR is stable); 0.5 ! 0.2 (UPCR is normal); 0.5 ! 0.8 (increase of >50% and increase by 0.3, so UPCR is worse); 0.5 ! 0.75 (increase of
50%, but increase is <0.3, so UPCR is stable). C, Only glomerular hematuria was considered when assessing urine microscopy, whereas pyuria
and cellular casts were excluded. Five categories of glomerular hematuria measures were defined as follows: normal (0–5 red blood cells
[RBCs]/high-power field [hpf]), mild (6–10 RBCs/hpf), moderate (11–25 RBCs/hpf), severe (26–50 RBCs/hpf), and gross (>50 RBCs/hpf). See
Figure 1 for other definitions.

CORTICOSTEROID DOSING IN CHILDHOOD-ONSET PROLIFERATIVE LN 269

https://doi.org/10.1002/art.41930/abstract
https://doi.org/10.1002/art.41930/abstract


activity and response of LN to therapy, the oral CS dosage may
be decreased weekly, resulting in a minimum daily oral CS dosage
of 40 mg (maximum 60 mg) at week 4 of induction therapy.

SSR-recommended CS dosage during induction ther-
apy (weeks 5–26). The SSR is adjusted in at least monthly inter-
vals in weeks 5 to 26 of induction therapy (minimum oral CS
dosage 10 mg at week 26). Considering the pathology of LN,
even if all response variables for pediatric LN have normalized,
CS dosage reduction is more conservative prior to week 12 than
thereafter. Given the known toxicity of CS, small decreases in oral
CS dosage occur even with stable renal activity and/or extrarenal
activity. Figure 4A provides an example of the SSR-recommended
CSdosage adjustment for patientswho experiencemajorworsen-
ingof extrarenal diseaseactivity in thesettingof improving renal dis-
ease during the first 12 weeks post–index kidney biopsy.

SSR-recommended CS dosage during maintenance
therapy (starting week 27). The determination of partial renal
remission and complete renal remission occurs upon completion
of induction therapy at week 26. Based on focus group feedback,
the SSR assumes that nonresponders to induction therapy are
likely to undergo repeat kidney biopsy, with CS dosage then cho-
sen according to repeat biopsy findings. For all other patients, CS
dosage will depend on categories of both renal activity courses
and extrarenal activity courses. As during induction therapy,

provided there is well-controlled extrarenal disease, the SSR
allows for CS tapering even in the setting of active–stable renal
disease. Likewise, with moderate worsening of extrarenal disease
in the setting of improving renal disease, the CS dosage is kept
stable. In patients who receive maintenance therapy during com-
plete renal remission and who are taking 10 mg of oral CS, oral
CS will be tapered by 1–2 mg monthly, provided extrarenal dis-
ease is not worsening. An example of the SSR-recommended
CS dosage for a patient receiving 30 mg of oral CS at the time of
an LN flare during maintenance therapy is shown in Figure 4B.

Major worsening of extrarenal disease. Exploratory
analyses suggested that daily oral CS dosages of ≥40 mg should
be guided by the renal disease course, except in the setting of
major extrarenal flares with potential organ damage. In the SSR,
major increases in extrarenal disease activity will prompt an increase
in the oral CS dosage by 60–70%with stable renal disease courses
and by 30–40% with renal improvement or with the use of oral CS
doses of ≥40 mg at the time of the extrarenal exacerbation. If major
extrarenal deterioration fails to respond to increased oral CS dos-
ages within 10–14 days as adjudicated by the physician, then the
SSR recommends the potential use of IV CS.

SSR validation. The complete SSR is shown in Supple-
mentary Table 1 (http://onlinelibrary.wiley.com/doi/10.1002/art.
41930/abstract). In step 6, a total of 66 patient profiles describing

Figure 4. Examples of SSR-recommended changes in prednisone dosage (or equivalent dose of another CS). A, Recommended prednisone
dose adjustment in a patient with childhood-onset SLE weighing ≥40 kg whose kidney biopsy showed proliferative LN within the preceding
12 weeks. Upon reassessment, the patient was taking prednisone 30 mg daily, his renal disease course was “active–improved,” and his extra-
renal disease course was “active–much worse.” The SSR recommends increasing the daily prednisone dose to 40 mg. If tolerated, tapering of oral
CS during the subsequent 4 weeks post-assessment to 35 mg/day is recommended. B, Recommended prednisone dose adjustment in a patient
with childhood-onset SLE (≥40 kg) who completed induction therapy for LN and achieved at least partial renal remission at week 26. Upon reas-
sessment, the patient was taking prednisone 30 mg daily and experienced an “LN flare after partial renal remission (PRR).” The SSR recommends
increasing the daily prednisone dose to 60 mg, regardless of the extrarenal course. If renal response is improved with higher oral CS doses, then
oral CS tapering can be initiated on day 10. The minimum allowable daily prednisone dose on day 30 following an LN flare is 40 mg. If the patient
has not improved by day 10, then IV pulse methylprednisolone (1–3 doses) should be considered. CRR = complete renal remission (see Figure 1
for other definitions).
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the disease course of childhood-onset SLE for 4–6 months post–
index kidney biopsy were rated by 60 physicians (of 80 raters
invited [response rate 75%]), which provided a total of 1,838 rat-
ings. Table 2 shows the baseline characteristics of the patients
represented by the patient profiles used in step 6. Raters
achieved agreement (95%) on all SSR-recommended oral and/or
IV CS dosages. Patient profile raters stated that in >80% of their
patients with similar features of childhood-onset SLE, with regard
to both renal disease course and extrarenal disease course, the
SSR-recommended oral and/or IV CS dosage was appropriate
for clinical care.

DISCUSSION

In this study, an international group of pediatric rheumatolo-
gists and nephrologists collaborated to develop the SSR, a novel
algorithm that standardizes oral CS and IV CS dosing decisions in
patients with childhood-onset SLE with proliferative LN. As part of
this research, determinants that influence medical decisions per-
taining to CS dosage were identified. This allowed us to model
CS dosage based on the renal and extrarenal disease courses
with high accuracy.

Practice patterns are strongly variable among physicians
(1,3,17,18) and indicate that physician attributes may be more
important than patient characteristics when prescribing CS (1,3).
While crucial in the treatment of childhood-onset SLE, CS use is
associated with damage accrual (19–21), and the severity of CS
side effects makes dosage a constant focus for the treating physi-
cian. This emphasizes the importance of the developed SSR as
an innovative tool to standardize CS dosage among physicians
and centers treating patients with childhood-onset SLE.

A review of the literature has confirmed the lack of strong
medical evidence to guide CS dosing in childhood-onset SLE
and LN (7). Our overall approach to this project was based on a
stringent methodologic framework using consensus formation
techniques that were successfully used in previous pediatric rheu-
matology studies to develop the criteria for childhood-onset SLE
flare (9,22), childhood-onset SLE inactive disease and remission
(23), previous consensus treatment plans for pediatric LN (4),
and classification criteria for macrophage activation syndrome
(24,25). Our methodology was aligned with the recommendations
of the Classification and Response Criteria Subcommittee of the
ACR Committee on Quality Measures (26).

A strength of the SSR is that it has been derived from real-life
patient data andwasdevelopedbasedon the consensus of a large
number of experiencedphysicianswho regularly treat patientswith
childhood-onset SLE and LN. The preliminary SSR developed in
steps 4 and 5 was further validated among a group of experts in
the management of childhood-onset SLE and LN using longitudi-
nal data for the initial 6 months of induction therapy (step 6). Our
study validation achievedmajority agreement (95%) amongpatient
profile raters for the use of the SSR-recommended oral CS and IV

CSdosages,which they consideredacceptable in the vastmajority
(>80%) of their patientswith childhood-onset SLE during induction
therapy for LN. Although not specifically tested, we hypothesize
that the SSR-recommended dosing for maintenance therapy can
also be used in the treatment of patients with childhood-onset
SLE that is not complicated by renal disease.

The SSR builds on the consensus treatment plans for pedi-
atric LN which offer guidance for CS use in the treatment of
active proliferative LN, under the assumption of complete LN
response at week 24 and CS use governed solely by LN (4).
Unfortunately, such childhood-onset SLE courses are rare
based on the findings of a pilot study analyzing the consensus
treatment plans for pediatric LN (5). Unlike in the development
of the consensus treatment plans for pediatric LN (4), the current
study used real-life data from patients to deduce common CS
use with childhood-onset SLE. Disease courses considered in
the SSR include variable courses of proliferative LN, extrarenal
involvement with childhood-onset SLE over time, multiorgan
involvement with childhood-onset SLE, renal and extrarenal
flares, and inactive disease. Findings from our validation exercise
(step 6) provide evidence that the SSR is highly acceptable
among physicians who treat patients with childhood-onset
SLE, supporting its future relevance for the clinical care and
research of childhood-onset SLE.

By design, the SSR is expected to support CS dosing deci-
sions in the treatment of most patients with childhood-onset
SLE. However, the limitations of this study are related to the
known marked phenotypic variation with childhood-onset SLE,
which may prohibit SSR use in patients with extreme phenotypes,
such as children with life-threatening acute manifestations of
childhood-onset SLE. Notably, patients with childhood-onset
SLE requiring renal replacement therapy were not reflected in
our patient profiles. Thus, additional validation is needed to evalu-
ate the usefulness of the SSR in such situations.

Long-term use of CS, especially in high doses, is a major risk
factor for the development of infections, which is a leading cause
of death in SLE (7). Due to their CS-sparing properties, concurrent
use of immunosuppressive medications is recommended during
induction therapy for LN and was considered in the development
of the SSR. In exploratory analysis, use of mycophenolate mofetil
as opposed to cyclophosphamide did not influence CS dosing by
the patient profile raters.

A shortcoming of the SSR is that it assumes patients are
adherent to their medications, including CS. Nonadherence to
the prescribed CS regimen could be associated with lack of
improvement in childhood-onset SLE and LN, or even disease
flares. The uncontrolled childhood-onset SLE disease course
would in turn be reflected in an inability to taper CS, per the
SSR, and would likely prompt clinicians to consider a patient’s dif-
ficulty with adherence to a treatment plan.

Personalized CS dosing that takes into account the
pharmacogenetic and pharmacodynamic makeup of patients
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with childhood-onset SLE is a highly active area of research
(27,28). We consider the SSR to be a long-needed tool to
advance such research into the association between CS use,
CS pharmacology, and control of inflammation or development
of damage with childhood-onset SLE.

We are cognizant that the development of the SSR is a
dynamic process, especially with new progress in biomarker
studies. In our opinion, this process will require validation in
large longitudinal data sets that capture the differential accrual
of disease damage with specific CS uses. Indeed, additional
insights in the biologic factors that modulate response to and
damage from CS should be used in future research to enhance
the SSR. In this context, the SSR provides a new template to
which other CS dosing regimens can be compared. Potentially,
the use of biologic agents with marked steroid-sparing effects
may support more rapid CS tapering. Such a steroid-sparing
effect could be quantified using the SSR and, subsequently,
may necessitate updates to the SSR for patients treated with
such medications.

In clinical trials, variability of CS dosing introduces bias and
threatens the validity of study findings (17). By standardizing CS
use, the SSR can counterbalance such bias and possibly
increase the willingness of physicians to refer patients for studies.
The SSR may also support CS use in clinical care, especially by
health care providers with less experience in the treatment of
patients with childhood-onset SLE and pediatric LN. Finally, we
would like to point out that to enhance the widespread use of
the SSR, a web-based calculator is in development.
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Association of a Combination of Healthy Lifestyle Behaviors
With Reduced Risk of Incident Systemic Lupus
Erythematosus

May Y. Choi,1 Jill Hahn,2 Susan Malspeis,2 Emma F. Stevens,2 Elizabeth W. Karlson,2 Jeffrey A. Sparks,2

Kazuki Yoshida,2 Laura Kubzansky,3 and Karen H. Costenbader2

Objective. While previous studies have demonstrated an association between individual factors related to lifestyle
and the risk of systemic lupus erythematosus (SLE), it is unclear how the combination of these factors might affect
the risk of incident SLE. This study was undertaken to prospectively evaluate whether a combination of healthy
lifestyle factors is associated with a lower risk of incident SLE and its subtypes (anti–double-stranded DNA
[anti-dsDNA]–positive and anti-dsDNA–negative SLE).

Methods. The study included 185,962 women from the Nurses’ Health Study (NHS) and NHSII cohorts, among
whom there were 203 incident cases of SLE (96 with anti-dsDNA–positive SLE, 107 with anti-dsDNA–negative SLE)
during 4,649,477 person-years of follow-up. The Healthy Lifestyle Index Score (HLIS) was calculated at baseline and
approximately every 2 years during follow-up, with scores assigned for 5 healthy lifestyle factors: alcohol consumption,
body mass index, smoking, diet, and exercise. A time-varying Cox proportional hazards regression model was used to
estimate the adjusted hazard ratios (HRs) with 95% confidence intervals (95% CIs) for the risk of SLE. In addition, the
percentage of partial population attributable risk (PAR%) of SLE development was calculated.

Results. A higher HLIS was associated with a lower risk of SLE overall (HR 0.81 [95%CI 0.71–0.94]) and a lower risk
of anti-dsDNA–positive SLE (HR 0.78 [95% CI 0.63–0.95]). Women with ≥4 healthy lifestyle factors had the lowest risk
of SLE overall (HR 0.42, 95%CI 0.25–0.70) and lowest risk of anti-dsDNA–positive SLE (HR 0.35, 95%CI 0.17–0.75) as
compared to women with only 1 healthy behavior or no healthy behaviors. The PAR% of SLE development was 47.7%
(95% CI 23.1–66.6%), assuming that the entire population had adhered to at least 4 healthy lifestyle behaviors.

Conclusion. These results indicate that the risk of developing SLE, a disease in which significant evidence of
genetic involvement has been established, might be reduced by nearly 50% with adherence to modifiable healthy
lifestyle behaviors.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic, multisystem
inflammatory autoimmune disease that remains a leading cause of
death among young women (1). It was recently estimated that
~200,000 individuals in the US are currently diagnosed as having
SLE based on the American College of Rheumatology (ACR) 1997
updated classification criteria (2), with a prevalence that is 9 times

higher among women than among men (3). Although the mortality
risk in SLE patients has decreased substantially over the past few
decades, many will still experience progressive disease and/or a
complicated disease course, underscoring the public health impact
of SLE and the importance of research into disease prevention strat-
egies, given that few effective medical therapies are available.

A complex interplay between genetic factors and environ-
mental exposures are thought to ultimately lead to autoimmunity
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in SLE. It is estimated that ~5–12% of subjects with a first-degree
relative with SLE will develop SLE in their lifetime. Moreover, stud-
ies have shown that SLE will develop in up to 90% of individuals
with a congenital deficiency of the complement component C4
(4). Environmental exposures, such as ultraviolet light (5), medica-
tions (6), infectious agents (7), silica (8), cigarette smoke (9,10),
alcohol consumption (10–13), hormonal factors (14), and obesity
(15), have been hypothesized as being potential risk factors asso-
ciated with the development of SLE, although the strength of
these associations varies. Potential biologic mechanisms linking
environmental exposures to SLE risk include increased severity
of systemic inflammation, oxidative stress, up-regulation of the
levels of inflammatory cytokines, and epigenetic modifications (16).
Observations of a strong association between smoking exposure
and risk of SLE development, specifically in individuals who are
positive for anti–double-stranded DNA (anti-dsDNA) antibodies
(i.e., a more severe subtype of SLE), also support the possibility
that a history of smoking may have a direct role in anti-dsDNA
antibody production (9).

In previous SLE studies, individual modifiable lifestyle factors
were examined within the Nurses’ Health Study (NHS) and NHSII
cohorts (9,11,15,17,18) and other cohorts (10,12,13,19,20). Indi-
vidual healthy lifestyle factors have previously been shown to
reduce the risk of developing other autoimmune diseases, such as
rheumatoid arthritis (RA) (21,22) and multiple sclerosis (23). How-
ever, most individuals tend to follow an established pattern of life-
style behaviors, as these factors are often correlated with each
other. Studies have demonstrated that having a relatively high
Healthy Lifestyle Index Score (HLIS) (indicative of a favorable combi-
nation of meeting recommended guidelines for diet, exercise,
smoking, alcohol consumption, and body weight) was associated
with reduced risk of developing various diseases, including cardio-
vascular disease (24), stroke (25), sudden cardiac death (26), dia-
betes (27), and cancer (28,29), as well as an increased overall life
expectancy (30). A high HLIS has also been implicated in a reduced
risk of developing autoimmune diseases such as RA (31). The find-
ings from these studies suggest that adopting a healthier lifestyle
could attenuate the risk of chronic diseases, including autoimmune
diseases; therefore, primary prevention through lifestyle interven-
tions is a strategy that should be promoted.

The joint impact of multiple healthy behaviors and maintain-
ing healthy body weight on the prevention of SLE development
has not been assessed. Furthermore, as an association between
some risk factors and the presence of anti-dsDNA antibodies
has been recognized, studying specific SLE subtypes may pro-
vide insight into potential mechanisms of disease pathogenesis.
Therefore, in this study, we prospectively evaluated whether a
healthy lifestyle, as measured by HLIS scores for the number of
healthy lifestyle behaviors in subjects from the NHS and NHSII
cohorts, was associated with a lower risk of incident SLE and a
lower risk of SLE according to subtype (anti-dsDNA–positive ver-
sus anti-dsDNA–negative SLE).

PATIENTS AND METHODS

Study design and population. The NHS and NHSII
cohorts were established in 1976 and 1989, respectively (32).
A total of 121,700 married female registered nurses, ages
30–55 years from 11 US states, were enrolled in the NHS cohort,
while 116,430 married female registered nurses, ages 25–42
years from 14 US states, were enrolled in the NHSII cohort.
Although the participants had a slightly higher socioeconomic sta-
tus compared to the general population, and the cohorts com-
prised mostly White subjects (97%), the nurses’ health
knowledge and commitment to the research provided high-
quality data. Furthermore, follow-up rates in these longitudinal
cohort studies have been high, with only ~5% of person-time lost
to follow-up (33). Since the NHSII is a cohort of subjects who were
younger than those in the NHS, new information on exposures in
adolescence and early adult life was obtained; this new informa-
tion included more details on oral contraceptive use and other
reproductive risk factors.

Subjects were given questionnaires that included assess-
ments of a range of lifestyle factors, health-related behaviors,
and newly diagnosed diseases, including SLE, as well as other
outcomes. The questionnaires were mailed to and completed
by participants at baseline and then biennially in follow-up.
A validated comprehensive, self-administered Food Frequency
Questionnaire containing >130 items was mailed to partici-
pants approximately every 4 years, starting in 1984 in the
NHS and 1991 in the NHSII. Past validation studies have
demonstrated that lifestyle behaviors, such as dietary patterns
and body mass index (BMI), tend to remain stable over
time (34–36).

The present study excluded participants who had prevalent
SLE or other connective tissue diseases (CTDs) at baseline
(n = 7,177 in the NHS and n = 1,371 in the NHSII). We included
96,240 women from the NHS cohort (followed up from 1986 to
2016) and 105,460 women from the NHSII cohort (followed up
from 1991 to 2017). This study was approved by the Partners’
HealthCare Institutional Review Board.

Identification of incident SLE. Incident SLE in the NHS
cohorts was identified in 2 stages (37). Participants self-reported
the presence of any newly diagnosed diseases biennially on their
follow-up questionnaires. For any report of a new diagnosis of
SLE, the participant was asked to complete a validated CTD
screening questionnaire, which included 13 questions concerning
symptoms of SLE (37). For those participants whose CTD ques-
tionnaire indicated a new diagnosis of SLE, medical records were
requested, and the records were independently reviewed by
2 board-certified rheumatologists (KHC and EWK) to confirm
whether the diagnosis fulfilled the ACR 1997 updated classifica-
tion criteria for SLE (2). The methods used for SLE case identifica-
tion and validation have been described previously (14,37). The
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reviewers were blinded with regard to each patient’s lifestyle
exposure data on the questionnaires.

Participants with prevalent SLE or those with other CTDs at
the time of enrollment were excluded. During follow-up, partici-
pants were censored from the study if they reported having a
non–SLE-related CTD or if the diagnosis of SLE was not con-
firmed by medical records review. Each patient’s anti-dsDNA sta-
tus at the time of SLE diagnosis was determined by medical
records review. Laboratory tests, including testing for anti-dsDNA
antibodies, were performed using standard assays at participat-
ing sites. In a secondary outcome analysis, SLE patients were
assessed according to subtype based on anti-dsDNA status
(anti-dsDNA–positive versus anti-dsDNA–negative SLE).

Scoring of healthy behaviors on the HLIS. For assess-
ment of healthy lifestyle behaviors, the HLIS was calculated for
each participant at baseline and approximately every 2 years of
follow-up. The HLIS was computed as the sum of component
scores for healthy lifestyle behaviors on a scale of 0–5, ranging
from a score of 0 (least healthy) to a score of 5 (most healthy).
The components of the HLIS are based on 5 traditional lifestyle
factors, all of which have been identified in prior NHS and NHSII
studies utilizing the HLIS (24,27). Following the same HLIS scor-
ing system and definitions as were used in those prior studies,
we applied a binary score for each factor, in which participants
were assigned 1 point for each of the following low-risk behaviors:
never smokers or past smokers (having quit smoking for
>4 years), not being overweight or obese (having a baseline BMI
of <25 kg/m2), drinking alcohol in moderation (consuming ≥5
gm/day [considered a healthy behavior] as opposed to low alco-
hol consumption [considered a high-risk behavior]), having a
healthy diet (being in the highest 40th percentile of the Alternative
Healthy Eating Index [AHEI] [38]), and performing regular exercise
(i.e., completing at least 19 metabolic equivalent [MET] hours of
exercise per week, corresponding to at least 30 minutes of brisk
walking every day). As with prior studies utilizing the HLIS, sub-
jects who were considered underweight (BMI <18.5 kg/m2) or
those who reported drinking >30 gm of alcohol per day were not
excluded from the study. BMI was calculated using updated self-
reported height and weight, and was treated as a dichotomous var-
iable (normal weight versus overweight or obese). Self-reported
weight (r = 0.97) and self-reported alcohol intake (r = 0.9) among
subjects in the NHS and NHSII cohorts are variables that have been
previously validated as highly accurate (35,39).

The HLIS was computed for each participant for whom com-
plete data on the healthy behavior components were available.
Several methods, defined a priori, were used for handling missing
data. Subjects who had missing items in every questionnaire
cycle were excluded. Imputation of individual mean values was
used for alcohol consumption and exercise (using the cumulative
mean MET hours per week). For missing BMI, the subject’s previ-
ous BMI value was carried forward twice, and then individual

mean imputation was used for further missing values. Data on a
healthy diet, obtained using the AHEI, were updated approxi-
mately every 4 years; for missing AHEI data, the subject’s previ-
ous AHEI scores were carried forward once, and then individual
mean imputation was used for further missing values. Data on
smoking status were carried forward if necessary; subjects for
whom data on smoking status were missing in every cycle were
excluded.

Time-varying covariates. Demographic and clinical data
were updated on biennial questionnaires. Race was treated as
binary (White versus non-White). Median household income for
each US Census tract, as a marker of socioeconomic status,
was categorized by quartiles. As confounders, we also included
covariates related to reproductive factors that have been shown
to be associated with incident SLE, including oral contraceptive
use (never versus ever), age at onset of menarche (≤10 years ver-
sus >10 years), menopausal status (premenopausal, postmeno-
pausal/never having received postmenopausal hormone
therapy, and postmenopausal/ever having received postmeno-
pausal hormone therapy) (14).

Statistical analysis. Time-varying Cox proportional haz-
ards regression models were used to estimate the multivariable-
adjusted hazard ratios (HRs) with 95% confidence intervals (95%
CIs) for the risk of incident SLE associated with the number of
healthy lifestyle factors reported by participants, both for SLE
overall and according to anti-dsDNA SLE subtype, with adjust-
ments for potential confounders. Confounders were chosen a
priori based on pertinent factors discussed in the existing litera-
ture. We calculated significant differences [P for trend] between
groups from the continuous HLIS model. P values less than 0.05
were considered statistically significant.

Due to the small number of SLE cases on each end of the
spectrum of HLIS scores, we created 4 HLIS score categories,
in which we collapsed HLIS scores of 0 and 1 into a single cate-
gory and HLIS scores of 4 and 5 into a single category. In addi-
tion, we calculated the percentage of partial population
attributable risk (PAR%) (40,41), an estimate of the percentage
of incident SLE cases in this population during follow-up that
would not have occurred if all participants had adhered to at least
4 healthy lifestyle behaviors, based on the assumption that lack of
these healthy behaviors could be causally related to SLE
development.

We performed a sensitivity analysis to calculate the risk of
SLE associated with healthy lifestyle behaviors on an SLE-specific
HLIS, in which 3 a priori–established SLE risk factors were used
(11,15), including cigarette smoking status, BMI, and alcohol con-
sumption, but not exercise or dietary quality, as the impact of reg-
ular exercise on SLE development has not been examined, and
an association between dietary quality and SLE risk has not been
demonstrated (17,18). An additional 80 SLE cases were included
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in this sensitivity analysis, because these subjects developed SLE
during the 8 years prior to the first diet questionnaire. Also in this
sensitivity analysis, participants were assigned 1 point for each
of the following low-risk behaviors: never smokers or past
smokers (having quit smoking for >4 years), normal BMI (ranging
18–24.9 kg/m2, with exclusion of underweight participants due
to insufficient numbers of subjects, as was also seen in prior
NHS/NHSII studies [15]), and drinking alcohol in moderation (con-
suming ≥5 gm/day).

Additional sensitivity analyses were performed, including the
following: 1) redefining smoking status as never smokers versus
ever smokers; 2) redefining moderate alcohol consumption as
drinking ≥5 gm to <30 gm of alcohol per day, to ensure that this
association was not driven by outliers; and 3) excluding incident
SLE cases diagnosed within 12 months of HLIS assessment
(e.g., time lag analysis), to address potential reverse causation
whereby underlying disease might affect lifestyle factors.

All statistical analyses were conducted using SAS version 9.4
(SAS Institute).

RESULTS

Characteristics of the study participants. During
4,649,477 person-years of follow-up, there were 203 incident

SLE cases (96 with anti-dsDNA–positive SLE, 107 with
anti-dsDNA–negative SLE), diagnosed at a median duration of
10.8 years (range 0.3–38.4 years) after cohort enrollment.
Table 1 summarizes the baseline demographic and clinical char-
acteristics of all study participants (for the characteristics of the
203 patients with incident SLE, see Supplementary Table 1,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41935/abstract). Among
all study subjects, the mean � SD HLIS was 1.4 � 1.0. The
mean � SD age of the patients at the time of SLE diagnosis
was 52.1 � 11.4 years, and the race of most of the patients
was self-reported as White. Serum samples from >98% of
patients were positive for antinuclear antibodies (ANAs) and 47.3%
were positive for anti-dsDNA antibodies at the time of diagnosis.

Incident SLE risk estimates in relation to traditional
HLIS factors. In multivariable models, a higher continuous
score for healthy lifestyle behaviors on the traditional HLIS was
associated with a lower risk of SLE overall (HR 0.81 [95% CI
0.71–0.94]) and lower risk of anti-dsDNA–positive SLE
(HR 0.78 [95% CI 0.63–0.95]) per 1-unit increase in the number
of healthy behaviors (Table 2). The risk of anti-dsDNA–negative
SLE per 1-unit increase in the number of healthy behaviors was
also reduced (HR 0.85 [95% CI 0.70–1.03]), although this was

Table 1. Baseline demographic and clinical characteristics of the study subjects from the NHS and NHSII cohorts, by traditional HLIS score
categories*

HLIS category

Characteristic
Score 0–1

(n = 40,715)
Score 2

(n = 62,188)
Score 3

(n = 51,110)
Score 4–5

(n = 31,949)

Sociodemographic
Age, mean � SD years 44.81 � 9.71 43.46 � 10.02 43 � 10.03 42.67 � 9.93
White, % 93.13 93.20 92.60 93.61
Census-tract median household income 30.27 25.66 21.30 16.40
<$60,000 by zip code, %

Components of the HLIS
BMI, mean � SD kg/m2 28.94 � 5.72 25.01 � 5 23.3 � 3.7 22.06 � 2.27
Healthy BMI, % 17.30 60.10 79.78 95.01
Alcohol consumption, mean� SD gm/day 2.07 � 5.29 3.89 � 8.04 5.35 � 8.32 8.13 � 8.73
Moderate alcohol consumption, % 5.86 18.63 33.70 61.34
Never or past smoker, % 54.25 78.43 86.95 94.45
Regular exercise, % 3.58 17.10 46.43 82.96
Healthy diet, % 5.57 25.74 53.14 85.35

Medications and reproductive factors
Oral contraceptive use, % 67.65 67.77 68.40 70.59
Age at menarche ≤10 years, % 9.26 6.71 6.15 5.72
Premenopausal, % 66.60 68.02 68.80 69.62
Postmenopausal, %
Never taken postmenopausal
hormones

16.87 14.81 13.50 12.13

Ever taken postmenopausal hormones 13.87 14.66 15.20 15.92
* Subjects (n = 185,962) were identified from the Nurses’ Health Study (NHS) cohort (1986–2016) and NHSII cohort (1991–2017). The healthy
lifestyle index score (HLIS) is a summed score on a scale of 0–5, ranging from the category score of 0–1 (no healthy behaviors or 1 healthy
behavior) to 4–5 (≥4 healthy behaviors). The components of the HLIS are defined as follows: drinking alcohol in moderation (≥5 gm/day), main-
taining a healthy body weight (bodymass index [BMI] <25 kg/m2), never or past smoking (having quit >4 years prior to study entry), healthy diet
(highest 40th percentile of the Alternative Healthy Eating Index), and regular exercise (performing at least 19 metabolic equivalent hours of
exercise per week).
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not statistically significant. Women in the highest category of the
HLIS (having at least 4 healthy behaviors) had the lowest risk of
developing SLE overall (HR 0.42 [95% CI 0.25–0.70]) and lowest
risk of anti-dsDNA–positive SLE (HR 0.35 [95% CI 0.17–0.75])
compared to women with only 1 healthy behavior or no healthy
behaviors. The PAR% of SLE development was 47.7% (95% CI
23.1–66.6%), assuming that the entire population had adhered
to at least 4 healthy lifestyle behaviors.

Incident SLE risk estimates in relation to SLE-
specific HLIS factors. In analyses using an HLIS based on
previously established SLE-specific healthy lifestyle behaviors
(alcohol consumption, BMI, and cigarette smoking), 283 incident
SLE cases were identified (120 with anti-dsDNA–positive SLE,
163 with anti-dsDNA–negative SLE) over 5,815,211 person-years
of follow-up. The characteristics of the study subjects in this SLE-
specific HLIS analysis were similar to those of the participants in
the primary analysis (see Supplementary Tables 2 and 3, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41935/abstract). The incidence rate
of SLE overall in this cohort was 4.9 cases per 100,000 person-
years, which was similar to that in the primary analysis cohort.

In multivariable models, a higher continuous SLE-specific
HLIS score was associated with a lower risk of SLE overall
(HR 0.75 [95% CI 0.64–0.88]), as well as a lower risk of anti-
dsDNA–positive SLE (HR 0.67 [95% CI 0.53–0.85]) and anti-
dsDNA–negative SLE (HR 0.82 [95% CI 0.67–1.00]) per 1-unit
increase in score (Table 3). Women in the highest category of

SLE-specific HLIS (having 3 healthy behaviors) had a reduced risk
of SLE overall (HR 0.45 [95% CI 0.24–0.85]) compared to women
with no healthy behaviors. Among participants with anti-dsDNA–
positive SLE, those with 2 healthy behaviors (HR 0.46 [95% CI
0.23–0.93]) and those with 3 healthy behaviors (HR 0.39 [95%
CI 0.16–0.94]) had a reduced risk of SLE. Unlike the traditional
HLIS, when the SLE-specific HLIS was used, a larger reduction
in SLE risk could be observed for every 1-unit increase in HLIS
category score. The PAR% of SLE development in the analysis
using the SLE-specific HLIS was 43.4% (95% CI 17.4–63.8%),
assuming that the entire population had adhered to all 3 healthy
lifestyle behaviors.

Additional sensitivity analyses. The results regarding
SLE risk remained similar to the primary analysis when we
changed the classification of cigarette smoking status to never
smokers versus ever smokers (see Supplementary Table 4,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41935/abstract), where
a higher continuous traditional HLIS score was still associated
with a lower risk of SLE overall (HR 0.79 [95% CI 0.68–0.92])
and a lower risk of anti-dsDNA–positive SLE (HR 0.74 [95% CI
0.59–0.93]). After participants who reported consuming ≥30
gm/day of alcohol were excluded, a higher continuous tradi-
tional HLIS score remained associated with a lower risk of
SLE overall (HR 0.76 [95% CI 0.65–0.89]), as well as a lower
risk of anti-dsDNA–positive SLE (HR 0.70 [95% CI 0.55–0.89])
and anti-dsDNA–negative SLE (HR 0.81 [95% CI 0.66–0.99])

Table 2. Risk of incident SLE among women in the NHS and NHSII cohorts overall and by anti-dsDNA status, according to traditional HLIS score
categories and continuous scores*

HLIS score category

Group Score 0–1 Score 2 Score 3 Score 4–5 Continuous HLIS

Overall SLE (n = 203)
No. of cases/person-years of follow-up 58/1,079,480 67/1,490,963 58/1,220,655 20/858,380 203/4,649,477
Multivariable HR (95% CI)† 1.00 (referent) 0.81 (0.57–1.15) 0.85 (0.59–1.23) 0.42 (0.25–0.70) 0.81 (0.71–0.94)
P for trend 0.004 –

Anti-dsDNA–positive SLE (n = 96)
No. of cases/person-years of follow-up 30/1,079,160 30/1,490,581 27/1,220,331 9/858,223 96/4,648,294
Multivariable HR (95% CI)† 1.00 (referent) 0.72 (0.43–1.20) 0.78 (0.46–1.32) 0.35 (0.17–0.75) 0.78 (0.63–0.95)
P for trend 0.016 –

Anti-dsDNA–negative SLE (n = 107)
No. of cases/person-years of follow-up 28/1,079,143 37/1,490,576 31/1,220,310 11/858,229 107/4,648,257
Multivariable HR (95% CI)† 1.00 (referent) 0.92 (0.56–1.51) 0.94 (0.56–1.57) 0.50 (0.24–1.01) 0.85 (0.70–1.03)
P for trend 0.10 –

* Study subjects were identified from the Nurses’ Health Study (NHS) cohort (1986–2016) and NHSII cohort (1991–2017) and were assessed
according to traditional Healthy Lifestyle Index Score (HLIS) categories (scale 0–5) or continuous HLIS scores (per 1-unit increase in the number
of healthy behaviors). The traditional HLIS is a summed score ranging from category score 0–1 (no healthy behaviors or 1 healthy behavior) to
4–5 (≥4 healthy behaviors). The components of the HLIS are defined as follows: drinking alcohol in moderation (≥5 gm/day), maintaining a
healthy body weight (body mass index <25 kg/m2), never or past smoking (having quit >4 years prior to study entry), healthy diet (highest
40th percentile of the Alternative Healthy Eating Index), and regular exercise (performing at least 19 metabolic equivalent hours of exercise
per week). Anti-dsDNA = anti–double-stranded DNA.
† Values are the multivariable-adjusted hazard ratios (HRs) with 95% confidence intervals (95% CIs) for the risk of incident systemic lupus ery-
thematosus (SLE) in time-varying Cox proportional hazards models, adjusted for age (months), questionnaire cycle, cohort, non-White race,
census-tract median household income (quartiles), ever use of oral contraceptives, age at menarche ≤10 years, and menopausal status (pre-
menopausal status versus postmenopausal status according to never use or ever use of postmenopausal hormone therapy).
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(see Supplementary Table 5, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41935/abstract).

In the analysis in which a time lag was added to address
potential reverse causation whereby underlying SLE might affect
exercise and diet, we identified a total of 178 incident SLE cases
(Table 4). However, the results were similar to those in our primary
analysis, which did not include the time lag. In this sensitivity

analysis, a higher continuous traditional HLIS score was still asso-
ciated with a lower risk of SLE overall (HR 0.78 [95% CI 0.67–
0.91]) and a lower risk of anti-dsDNA–positive SLE (HR 0.75
[95% CI 0.60–0.93]) per 1-unit increase in score. Women in the
highest category of HLIS (with at least 4 healthy behaviors) had
the lowest risk of developing SLE overall (HR 0.40 [95% CI
0.23–0.69]), as well as the lowest risk of anti-dsDNA–positive
SLE (HR 0.34 [95% CI 0.15–0.74]) and anti-dsDNA–negative

Table 3. Risk of incident SLE among women in the NHS and NHSII cohorts overall and by anti-dsDNA status, according to SLE-specific HLIS
score categories and continuous scores*

SLE-specific HLIS score category

Group Score 0 Score 1 Score 2 Score 3
Continuous

SLE-specific HLIS

Overall SLE (n = 283)
No. of cases/person-years of follow-up 19/269,502 133/2,337,444 110/2,444,354 21/763,911 283/5,815,211
Multivariable HR (95% CI)† 1.00 (referent) 1.00 (0.61–1.62) 0.73 (0.45–1.19) 0.45 (0.24–0.85) 0.75 (0.64–0.88)
P for trend 0.0003 –

Anti-dsDNA–positive SLE (n = 120)
No. of cases/person-years of follow-up 10/269,391 62/2,336,573 38/2,443,370 10/763,669 120/5,813,003
Multivariable HR (95% CI)† 1.00 (referent) 0.80 (0.41–1.58) 0.46 (0.23–0.93) 0.39 (0.16–0.94) 0.67 (0.53–0.85)
P for trend 0.001 –

Anti-dsDNA–negative SLE (n = 163)
No. of cases/person-years of follow-up 9/269,379 71/2,336,593 72/2,443,709 11/763,684 163/5,813,366
Multivariable HR (95% CI)† 1.00 (referent) 1.22 (0.60–2.45) 1.05 (0.52–2.12) 0.53 (0.22–1.28) 0.82 (0.67–1.00)
P for trend 0.048 –

* Study subjects were identified from the Nurses’ Health Study (NHS) cohort (1986–2016) and NHSII cohort (1991–2017) and were
assessed according to systemic lupus erythematosus (SLE)–specific Healthy Lifestyle Index Scores (HLIS) (scale 0–3) or continuous scores
(per 1-unit increase in the number of healthy behaviors). The SLE-specific HLIS scores are summed scores ranging from 0 (no healthy
behaviors) to 3 (all 3 healthy behaviors). The components of the SLE-specific HLIS include moderate alcohol consumption (drinking ≥5
gm/day alcohol), maintaining a healthy body weight (body mass index <25 kg/m2), and cigarette smoking status of never smoker or past
smoker (having quit >4 years prior to study entry), but do not include dietary quality or exercise components. Anti-dsDNA = anti–dou-
ble-stranded DNA.
† Values are the multivariable-adjusted hazard ratios (HRs) with 95% confidence intervals (95% CIs) for the risk of incident SLE in time-varying
Cox proportional hazards models, adjusted for age (months), questionnaire cycle, cohort, non-White race, census-tract median household
income (quartiles), ever use of oral contraceptives, age at menarche ≤10 years, and menopausal status (premenopausal status versus post-
menopausal status according to never use or ever use of postmenopausal hormone therapy).

Table 4. Risk of incident SLE among the study participants overall and by anti-dsDNA status, in sensitivity analyses accounting for a time lag
between exposure to regular exercise or dietary changes and diagnosis of SLE*

HLIS score category

Group Score 0–1 Score 2 Score 3 Score 4–5 Continuous HLIS

Overall SLE (n = 178)
No. of cases/person-years of follow-up 56/988,626 57/1,365,758 47/1,112,595 18/773,959 178/4,240,937
Multivariable HR (95% CI)† 1.00 (referent) 0.72 (0.50–1.04) 0.72 (0.49–1.07) 0.40 (0.23–0.69) 0.78 (0.67–0.91)
P for trend 0.002 –

Anti-dsDNA–positive SLE (n = 89)
No. of cases/person-years of follow-up 28/988,374 30/1,365,452 23/1,112,347 8/773,830 89/4,240,003
Multivariable HR (95% CI)† 1.00 (referent) 0.77 (0.46–1.29) 0.70 (0.40–1.24) 0.34 (0.15–0.74) 0.75 (0.60–0.93)
P for trend 0.008 –

Anti-dsDNA–negative SLE (n = 89)
No. of cases/person-years of follow-up 28/988,345 27/1,365,449 24/1,112,296 10/773,838 89/4,239,927
Multivariable HR (95% CI)† 1.00 (referent) 0.68 (0.40–1.16) 0.74 (0.43–1.30) 0.47 (0.23–0.99) 0.82 (0.66–1.01)
P for trend 0.068 –

* Study participants were assessed according to traditional Healthy Lifestyle Index Score (HLIS) categories (scale 0–5) or continuous HLIS scores
(per 1-unit increase in the number of healthy behaviors). Anti-dsDNA = anti–double-stranded DNA.
† Values are the multivariable-adjusted hazard ratios (HRs) with 95% confidence intervals (95% CIs) for the risk of incident systemic lupus ery-
thematosus (SLE) in time-varying Cox proportional hazards models, adjusted for age (months), questionnaire cycle, cohort, non-White race,
census-tract median household income (quartiles), ever use of oral contraceptives, age at menarche ≤10 years, and menopausal status (pre-
menopausal status versus postmenopausal status according to never use or ever use of postmenopausal hormone therapy).
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SLE (HR 0.47 [95%CI 0.23–0.99]), compared to women with only
1 healthy behavior or no healthy behaviors.

DISCUSSION

To our knowledge, this is the first study to prospectively eval-
uate the association between an overall healthy lifestyle and SLE
risk. In order to evaluate the temporal relationship between a
healthy lifestyle and SLE risk, we required a data set that was suf-
ficiently large in scope, with collection of accurate longitudinal
data and minimal loss to follow-up in a well-characterized pro-
spective cohort. We believe the NHS and NHSII cohorts are
among the only data sources in the US that meet these criteria,
notwithstanding limitations regarding the demographic makeup
of the cohort recruitment. Therefore, we applied the well-
established HLIS to these 2 large, nationwide cohorts of female
nurses followed up for up to 40 years, with detailed and updated
covariable data obtained from biennial questionnaires and with
>5.8 million person-years of follow-up. We found that adherence
to multiple healthy behaviors was associated with a lower risk of
SLE development overall (19% reduction for each additional
healthy behavior) and lower risk of anti-dsDNA–positive SLE
(22% reduction for each additional healthy behavior). Those with
the highest number of healthy behaviors had the lowest risk of
SLE overall and lowest risk of anti-dsDNA–positive SLE, com-
pared to those with the least healthy lifestyle. Strikingly, we found
that the risk of SLE in participants who are likely already at risk due
to inherited genetic risk factors could potentially be reduced by
nearly 50% with adherence to healthy and modifiable lifestyle
behaviors.

Prior studies, including those outside of the NHS and NHSII,
have evaluated the impact of lifestyle behaviors on the risk of SLE
development, but with consideration of each factor individually,
yielding findings of variable associations with SLE risk. Cigarette
smoking (9,10,19) and obesity (15) have been associated with
increased SLE risk, while an inverse association with alcohol con-
sumption was observed (10–13), and no association between
SLE risk and various dietary patterns was identified (17,18). In
the prior NHS and NHSII studies, current smokers had a higher
risk of anti-dsDNA–positive SLE compared to never smokers
(HR 1.86 [95% CI 1.14–13.04]) (9), obese women had an 85%
higher risk of SLE compared to women with a normal BMI
(HR 1.85, 95% CI 1.17–2.91) (15), and moderate alcohol intake
(≥5 gm/day or >0.5 drinks/day) was associated with a decreased
risk of incident SLE (HR 0.61 [95% CI 0.41–0.89]) (11). However,
no association between SLE risk and various diets including the
AHEI has been observed (17,18). On the other hand, the role of
physical activity in the risk of developing SLE has not been eluci-
dated. The impact of exercise on the immune system, including
higher levels of Treg cells and a shift in the Th1/Th2 balance, has
been shown to be protective against other autoimmune diseases,
such as RA (21), which suggests that it may also influence SLE

risk. Despite varying strengths of association with SLE risk, our
study showed that in combination, these modifiable risk factors
significantly reduce the risk of SLE.

The approach of studying multiple lifestyle factors together
rather than individually provides a more pragmatic and holistic
understanding of how lifestyle factors can affect risk of disease
events. As a standard tool that has been used to recognize
whether individuals are meeting recommended guidelines for
healthy behaviors across multiple lifestyle factors, the HLIS has
also been applied to examine its impact on other chronic diseases
(24,25,27–29). For instance, women who adhered to all 5 healthy
lifestyle factors had an 80% lower incidence of coronary events
(24) and 91% lower incidence of type 2 diabetes (27). Future stud-
ies using the HLIS tool should examine how multiple healthy life-
style behaviors can reduce the risk of other autoimmune
diseases, such as psoriatic arthritis. It is also important to recog-
nize that although the evidence thus far points to encouraging
patients to adhere to as many healthy behaviors as possible for
the greatest benefit, there are many institutional and structural
factors that contribute to one’s ability to adhere to or achieve a
healthy lifestyle. The many social determinants of health, including
effects of poverty, pollution, toxins, stress, and institutional and
structural racism, have disproportionate impacts on non-White
groups in the US, the same groups that have the highest inci-
dence and severity of SLE. These factors likely negatively affect
the ability to achieve a healthy lifestyle and were not examined in
the current study, but should be explored further.

Therefore, even though these results suggest that SLE may
be, to some degree, preventable, the barriers to achieving a
healthy lifestyle, and thus modifying a person’s risk of developing
SLE, are unlikely to be distributed equally in the population. Future
studies should examine how to improve adherence to lifestyle
interventions, and should also address the factors that prevent
or limit a person’s ability to meet these healthy goals among
populations of individuals from racially/ethnically/culturally diverse
backgrounds who are considered to be at risk of SLE.

Recognition of lifestyle behaviors acting in combination to
influence the risk of SLE—potentially producing stronger effects
when acting together than when acting individually—provides
some insights into the pathogenesis of SLE. It is plausible that
environmental exposures may work synergistically via common
biologic pathways to influence the risk of SLE, with the mecha-
nisms of action including induction of oxidative stress, damage
to endogenous proteins and DNA, autoantibody production, and
up-regulation of proinflammatory cytokines, leading to epigenetic
changes and altered gene expression affecting immune homeo-
stasis. Both exposure to the toxic components of cigarette smoke
and the presence of obesity are known to cause oxidative stress,
resulting in elevated intracellular levels of reactive oxygen species
that can damage DNA-forming immunogenic DNA adducts,
which may promote dsDNA antibody production (42,43). This is
consistent with the results of our study showing that a healthier
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lifestyle is strongly associated with a lower risk of developing anti-
dsDNA–positive SLE. This relationship was less clear with regard
to the risk of anti-dsDNA–negative SLE. The smoke byproducts
themselves could also augment autoreactive B cells in the native
immune system repertoire. Moreover, in studies of obese human
subjects and in animal models of obesity, production of autoanti-
bodies has been demonstrated (44).

Cigarette smoking has also been shown to induce produc-
tion of ANAs in the lungs of human subjects, and to increase the
expression of the SLE-associated proinflammatory cytokine B-
lymphocyte stimulator (BLyS) in the lungs of exposed mice (45).
In a recent NHS and NHSII study, elevated BLyS levels and lower
levels of interleukin-10 (IL-10) (an antiinflammatory cytokine) were
detected in current smokers, particularly among women who
were ANA positive (46). Furthermore, smoking has been shown
to increase the expression of proinflammatory cytokines, includ-
ing tumor necrosis factor (TNF) and IL-6 (47), which play impor-
tant roles in the modulation of insulin resistance. Adipose tissue,
in particular visceral fat, secretes proinflammatory adipocyte-
derived cytokines. Obese individuals have higher levels of C-
reactive protein, soluble TNF receptor type 2, and IL-6 compared
to nonobese individuals (48). Alcohol consumption, on the other
hand, contains several compounds (e.g., ethanol and antioxi-
dants) that can potentially counteract the changes induced by
smoking and obesity, including diminishing cellular responses to
immunogens, suppressing synthesis of immunoglobulins,
influencing the production of proinflammatory cytokines (TNF,
IL-6, IL-8, and interferon-γ), and inhibiting key enzymes in DNA
synthesis (49). In vitro studies and animal studies may further elu-
cidate the biologic mechanisms and pathways by which joint risk
factors may play a role in the etiology of SLE.

The strengths of our study include using data from well-
described cohorts with up to 5.8 million person-years of prospective
follow-up. There were detailed data on potential time-varying con-
founders to reduce the within-subject variation, minimize inaccuracy
of exposure data, and decrease the potential for reverse causation
and recall biases. The strengths of the HLIS as a tool to assess
healthy lifestyle factors include strong face validity and ease of appli-
cation at the individual level or for public health purposes.

We also recognize some important limitations in this
study. The study population was predominantly White, and all
participants were female nurses; their lifestyle habits, such as
dietary intake, likely differ from that of other ethnic populations.
Therefore, it will be important to validate our findings in other,
more diverse SLE cohorts. Also, there was a relatively small
number of incident SLE cases, limiting the ability to examine
more extreme categories. As there may be a long prodromal
period in the development SLE, an extra lag period between
the exposure and the outcome windows was added to address
potential reverse causation. As a result, a large number of
cases were not analyzed, thus limiting the statistical power of
the study, particularly in the analysis of relationship to exercise.

The overall incidence rate of SLE in our study is lower than the
recently reported incidence rates of SLE among women in the
US, likely as a result of our stringent case definition of SLE
(50). This may have been attributable to exclusion of cases of
early-onset SLE (i.e., before age 35 years in the NHS and
before age 25 years in the NHSII), exclusion of possible SLE
cases that later became definite cases, and exclusion of
patients who were entered in the cohort prior to administration
of the diet questionnaire in the NHS (but not in the NHSII),
which was administered ~8 years after cohort inception.
Moreover, due to the higher mean age of the subjects in the
cohorts and the inclusion of potentially less severe SLE cases,
these study findings should also be reexamined in a cohort of
younger women and those with more severe disease. Finally,
there is a potential for misclassification because self-reported
questionnaires were used, and there may be unknown con-
founders not accounted for in the analysis.

In conclusion, we demonstrated an inverse association
between adherence to a combination of healthy lifestyle behav-
iors and the risk of developing SLE, with our data showing that
nearly one-half of the PAR% was attributable to this association.
Our findings have implications for the development of SLE pre-
vention strategies and should help support the promotion of
multiple healthy lifestyle behaviors of greatest benefit to SLE
patients. These findings have also provided further insight into
the pathogenesis of SLE, as a greater-than-expected propor-
tion of the SLE risk was attributable to lack of adherence to
modifiable healthy lifestyle factors.
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Objective. To evaluate seroreactivity and disease flares after COVID-19 vaccination in a multiethnic/multiracial
cohort of patients with systemic lupus erythematosus (SLE).

Methods. Ninety SLE patients and 20 healthy controls receiving a complete COVID-19 vaccine regimen were included.
IgG seroreactivity to the SARS–CoV-2 spike receptor-binding domain (RBD) andSARS–CoV-2microneutralizationwere used
to evaluate B cell responses; interferon-γ (IFNγ) production wasmeasured by enzyme-linked immunospot (ELISpot) assay in
order to assess T cell responses. Disease activity was measured by the hybrid SLE Disease Activity Index (SLEDAI), and
flares were identified according to the Safety of Estrogens in Lupus ErythematosusNational Assessment–SLEDAI flare index.

Results. Overall, fully vaccinated SLE patients produced significantly lower IgG antibodies against SARS–CoV-2
spike RBD compared to fully vaccinated controls. Twenty-six SLE patients (28.8%) generated an IgG response below
that of the lowest control (<100 units/ml). In logistic regression analyses, the use of any immunosuppressant or predni-
sone and a normal anti–double-stranded DNA antibody level prior to vaccination were associated with decreased vac-
cine responses. IgG seroreactivity to the SARS–CoV-2 spike RBD strongly correlated with the SARS–CoV-2
microneutralization titers and correlated with antigen-specific IFNγ production determined by ELISpot. In a subset of
patients with poor antibody responses, IFNγ production was similarly diminished. Pre- and postvaccination SLEDAI
scores were similar in both groups. Postvaccination flares occurred in 11.4% of patients; 1.3% of these were severe.

Conclusion. In a multiethnic/multiracial study of SLE patients, 29% had a low response to the COVID-19 vaccine
which was associated with receiving immunosuppressive therapy. Reassuringly, severe disease flares were rare. While
minimal protective levels remain unknown, these data suggest that protocol development is needed to assess the effi-
cacy of booster vaccination.

INTRODUCTION

As scientific advances have been applied with unprece-
dented speed during the COVID-19 pandemic, physicians and
their patients have pivoted from treatment of infection and passive

immunization to full-scale preventative measures, particularly in
high-risk individuals (1,2). Patients with systemic lupus erythema-
tosus (SLE) comprise a unique population with regard to risk for
infection and outcomes associated with SARS–CoV-2, given
underlying demographics, associated organ damage, and
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comorbidities. In addition, medications commonly used to treat
SLE have been associated with an increased risk of death from
COVID-19 (3). Early data provided evidence that patients with
SLE have a high risk of hospitalization from COVID-19, with fac-
tors including race/ethnicity, comorbidities such as cardiovascu-
lar disease and renal insufficiency, and higher body mass index
identified as independent predictors of hospitalization (1,4).
Further raising concern, infection was reported to be associated
with flares of disease (5). In subsequent studies, patients with
SLE and confirmed COVID-19 were demonstrated to generate
and maintain serologic responses despite the use of a variety of
immunosuppressants (6). These data provided reassurance
regarding the efficacy and durability of humoral immunity and pro-
tection against reinfection with SARS–CoV-2, as well as potential
insights into the efficacy of active immunization in SLE patients.

Since the phase III clinical studies of all 3 vaccines excluded
patients treated with immunosuppressants or immune-modifying
drugs within 6 months of enrollment, data on SLE are virtually
absent (7–9). Furthermore, given the potential for disease flares
following immunization, it is not surprising that a recent study
reported hesitancy for vaccination in patients with rheumatic dis-
eases, including SLE (10). Accordingly, the current study was ini-
tiated to address these critical gaps and examine the efficacy of
these promising COVID-19 vaccines in patients with SLE. This
was accomplished by evaluating a multiethnic/multiracial cohort
of SLE patients using assessments of serologic responses which
were compared to healthy controls. The assays included antibod-
ies to the spike protein receptor-binding domain (RBD), virus-
neutralizing antibodies, and antigen-specific T cell production of
interferon-γ (IFNγ), both prior to and after vaccination. Factors
associated with the level of responsiveness were sought. In addi-
tion, SLE disease activity pre- and postvaccination was
measured, as well as the rate of flare postvaccination.

PATIENTS AND METHODS

Study population and inclusion/exclusion criteria.
Patients were recruited from the established New York University
(NYU) Lupus Cohort, a prospective convenience registry open to
enrolling any patient with SLE seen at NYU Langone Health and
Bellevue Hospital Center since 2014. All SLE patients in the NYU
Lupus Cohort are age 18 or older and fulfill ≥1 of the following cri-
teria: 1) the American College of Rheumatology (ACR) revised
classification criteria (11); 2) the Systemic Lupus International
Collaborating Clinics classification criteria (12); and/or 3) the
European Alliance of Associations for Rheumatology/ACR classi-
fication criteria (13). All NYU Lupus Cohort patients and controls
provided written informed consent, which was available in
English, Spanish, and Mandarin. All adult patients with SLE plan-
ning to receive any of the available COVID-19 vaccines were eligi-
ble for inclusion. Exclusion criteria included unwillingness to

provide blood after the second dose of the vaccine, incomplete
vaccination schedule, and speaking a language other than
English, Spanish, or Mandarin. Healthy controls were ≥18 years
of age, had no known rheumatic diseases and were receiving no
immunosuppressive medications. The study protocol and the
NYU Lupus Cohort and recruitment of controls were approved
by the NYU and Bellevue Hospital Institutional Review Boards.

Study design and data collection. Patients were
recruited using convenience sampling, with inclusion and exclu-
sion criteria as stated above. For most patients, blood samples
were available pre- and postvaccination. Disease activity mea-
sures and laboratory data prior to vaccination were available as
part of the NYU Lupus Cohort but were limited to patients seen
within 4 months of their first vaccine dose. Postvaccination
follow-ups were scheduled ~2 weeks after the second dose of
the messenger RNA (mRNA) vaccines (i.e., BNT162b2 [Pfizer/
BioNTech] or mRNA-1273 [Moderna]) or after 1 dose of
Ad26.COV2.S (Johnson & Johnson) to collect postvaccination
blood samples and assess for any change in SLE activity. Disease
activity was measured by the hybrid Safety of Estrogens in Lupus
Erythematosus National Assessment (SELENA)–SLE Disease
Activity Index (SLEDAI) (urine protein:creatinine ratios >0.5 were
always counted), and flares were assessed by the SELENA–
SLEDAI flare index (14–16). In addition, the use and doses of
immunosuppressive medications were recorded at each visit,
including, among others, glucocorticoids, hydroxychloroquine
(HCQ), azathioprine, mycophenolate mofetil (MMF), methotrexate
(MTX), belimumab, and tacrolimus. Any cyclophosphamide, obi-
nutuzumab, or rituximab administered within 6 months of the
patient’s visit was also recorded. Considering that our patients
were largely enrolled before the ACR updated their guidelines to
temporarily hold MMF used to treat more severe manifestations
such as nephritis, that medication was not held. We did advise
patients to hold MTX and adjusted other medications as
recommended per this guidance (17).

Enzyme-linked immunosorbent assay (ELISA) for
recombinant SARS–CoV-2 spike protein. Ninety-six–well
plates were coated with 1 μg/ml recombinant SARS–CoV-2 spike
RBD (no. BT10500; R&D Systems), diluted in phosphate buffered
saline (PBS) and incubated overnight at 4�C. Plates were blocked
with 0.1% gelatin in PBS. Plasma (spun 10,000 rpm for 1 minute)
were diluted 1:200–1:100,000 and added to the plate for 1 hour
at room temperature. Samples were run in triplicate. With each
run, 2 positive controls were included in the 96-well plate: plasma
from control (non-SLE) participants postvaccination, with high
and low IgG titers, each diluted 1:500 to ensure that measure-
ments were captured across the assay range. Detection relies
on an enzyme-labeled secondary antibody, alkaline
phosphatase–conjugated rabbit anti-human IgG (γ-chain–
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specific) (Sigma) diluted 1:2,000. After developing with the addi-
tion of phosphatase substrate, the optical density (OD) was mea-
sured at 405 nm, and the reaction was evaluated when the low

positive control reached an OD of 1. The OD measured for a
tested sample was multiplied by the dilution factor, which gave
an OD in the range of 0.3–0.8.

Table 1. Characteristics of the vaccinated SLE patients and healthy controls*

Controls
(n = 20)

SLE patients
(n = 90)

Age, mean � SD years 45.3 � 14.2 45.5 � 14.2
Sex†
Female 12 (60.0) 79 (87.8)
Male 8 (40.0) 11 (12.2)

Race
White 13 (65.0) 43 (47.8)
Black 2 (10.0) 16 (17.8)
Asian 4 (20.0) 17 (18.9)
Other 1 (5.0%) 14 (15.5)

Ethnicity
Hispanic/Latino 1 (5.0) 34 (37.8)

COVID-19 vaccine
BNT162b2 (Pfizer) 17 (85.0) 61 (67.8)
mRNA-1273 (Moderna) 3 (15.0) 24 (26.7)
Ad26.COV2.S (Johnson & Johnson) 0 (0) 5 (5.5)

Days between 2nd vaccine dose and postvaccine
blood draw, mean (range)

23 (14–31) 24 (5–69)

Prior history of COVID-19 (PCR or IgG) 2 (10.0) 11 (12.2)
SLE risk factors
History of LN N/A 40 (44.4)
Kidney transplant recipient N/A 5 (5.6)
APS N/A 9 (10.0)

Medication(s)
HCQ – 71 (79)
Dose, mean � SD mg – 321.0 � 89.7

Chloroquine – 1 (1)
Dose, mg – 250.0

Prednisone – 26 (29)
Dose, mean � SD mg – 7.2 � 7.6

Immunosuppressants – 38 (42)
AZA – 5 (6)
Dose, mean � SD mg – 130.0 � 27.4

MMF – 19 (21)
Dose, mean � SD mg – 1,967.1 � 731.1

Mycophenolic acid – 2 (2)
Dose, mean � SD mg – 900.0 � 254.6

Tacrolimus – 5 (6)
Dose, mean � SD mg – 4.0 � 2.3

MTX – 8 (9)
Dose, mean � SD mg‡ – 14.6 � 6.0

Belimumab – 10 (11)
Cyclophosphamide – 0 (0)
Rituximab – 3 (3)
Leflunomide – 1 (1)
Abatacept – 1 (1)
Adalimumab – 1 (1)
Obinutuzumab – 1 (1)
Eculizumab – 1 (1)
Apremilast – 1 (1)
SLE clinical trial – 1 (1)

Prednisone + immunosuppressant – 22 (24)
Combination immunosuppressants – 15 (17)

* Except where indicated otherwise, values are the number (%) of subjects. SLE = systemic lupus erythemato-
sus; PCR = polymerase chain reaction; LN = lupus nephritis; APS = antiphospholipid syndrome; N/A = not
applicable; HCQ = hydroxychloroquine; AZA = azathioprine; MMF = mycophenolate mofetil.
† P = 0.007.
‡ Includes 1 patient with an unknown dose of methotrexate (MTX), prescribed at an outside institution.
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SARS–CoV-2microneutralization assay. Viral neutraliza-
tion activity of plasma was measured in an immunofluorescence-
based microneutralization assay by detecting the neutralization of
infectious virus in cultured Vero E6 cells (no. CRL-1586, African
greenmonkey kidney cells; ATCC). Cells weremaintained accord-
ing to standard ATCC protocols. Briefly, Vero E6 cells were grown
in minimum essential medium (MEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, and
1% of MEM Nonessential Amino Acid Solution (no. MT25025CI;
Fisher). Cell cultures were grown in 75 or 150 cm2

flasks at 37�C
with 5% CO2 and passaged 2–3 times per week using trypsin–
EDTA. Cell cultures used for virus testing were prepared as
subconfluent monolayers. All incubations containing cells were
performedat37�Cwith5%CO2. All SARS–CoV-2 infectionassays
were performed in the Centers for Disease Control and Prevention
(CDC)/US Department of Agriculture–approved biosafety level
3 facility in compliance with NYU Grossman School of Medicine
guidelines for biosafety level 3. SARS–CoV-2 isolate USA-
WA1/2020, deposited by the CDC, was obtained through BEI
Resources, National Institute of Allergy and Infectious Diseases,
National Institutes of Health (NR-52281, GenBank accession
no. MT233526). Serial dilutions of heat-inactivated plasma (56�C
for 1 hour) were incubated with USA-WA1/2020 stock (at fixed
1 � 106 plaque-forming units/ml) for 1 hour at 37�C. One hundred
microliters of the plasma–virusmix was then added to the cells and
incubated at 37�Cwith 5%CO2. Twenty-four hours postinfection,
cells were fixed with 10% formalin solution (4% active formalde-
hyde) for 1 hour, stained with an anti-SARS–CoV-2 nucleocapsid
antibody (no 10-605; ProSci), and a goat anti-mouse IgG Alexa
Fluor 647 secondary antibody along with DAPI and visualized by
microscopywith theCellInsight CX7High-Content Screening Plat-
form (ThermoFisher) and high-content software.

Enzyme-linked immunospot (ELISpot). ELISpot plates
(Human IFNγ ELISpot Plus, no. 3420-4HPT-2) were preseeded
under sterile conditions following the recommendations of the
manufacturer (Mabtech) in duplicates with 250,000 cells per
well from cryopreserved peripheral blood mononuclear cells
(PBMCs) isolated from each participant. Cells were incubated
for 24 hours with SARS–CoV-2 spike protein S1 (1 μg/well)
(no. RP-87681; Invitrogen) or vehicle, in the presence of anti-
CD28 (1 μg/ml) (Biolegend). Cells were removed by washing
the wells with PBS + 1% FBS. Membrane was probed with a
1:1,000 dilution of the detection antibody provided by the man-
ufacturer (1 hour at 22�C). After washing, plates were devel-
oped using tetramethylbenzidine substrate solution. Spots
were imaged and counted using an ImmunoSpot S6 Analyzer
(Cellular Technology Limited). For each sample, the monoclonal
antibody CD3-2 was used to capture cytokine production as a
positive control.

Statistical analysis. Categorical variables were summa-
rized by computing counts and proportions of patients. Continu-
ous variables are expressed as the mean � SD or the median
and interquartile range (IQR) or range, as appropriate. Two-group
comparisons were performed using the chi-square or Fisher’s
exact test for categorical variables and the 2-sample t-test or
Mann–Whitney U test for continuous variables. Spearman’s rank
correlation coefficient was computed for the association between
the ELISA and microneutralization assays. An exploratory logistic
regression analysis was also conducted to identify potential inde-
pendent predictors of low postvaccine ELISA antibody response
(≤100 units/ml, the lowest value seen in controls). Variable selec-
tion in the final model was based on both statistical significance
(P < 0.10, given limited sample size and power of the study) as

Figure 1. Flow diagram of the systemic lupus erythematosus (SLE) patients included in each analysis. ELISA = enzyme-linked immunosorbent
assay; ELISpot = enzyme-linked immunospot; SLEDAI = SLE Disease Activity Index.
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well as clinical considerations. All statistical analyses were per-
formed using SAS version 9.4.

RESULTS

Patient population. A total of 90 patients with SLE and
20 controls were included in this study. Table 1 shows the demo-
graphics of the patients and controls in addition to SLE-specific
information. Cases and controls were relatively well-matched;
however, controls were more likely to be male (P = 0.007).
Whereas controls only received the BNT162b2 and mRNA-1273
vaccines, SLE patients received all 3 vaccines currently available
in the US, including Ad26.COV2.S. In addition, 12% of the SLE
patients had a history of prior COVID-19 infection compared to
10% of controls. Forty-four percent of patients had a history of
lupus nephritis (LN), 10% had secondary antiphospholipid syn-
drome (APS), and 5.6% had received a kidney transplant. The
majority of SLE patients (79%) were receiving HCQ, and 29%
were receiving systemic glucocorticoids (mean dose of 7 mg
prednisone). Forty-two percent were receiving ≥1 immunosup-
pressant, with MMF being the most common (21%), followed by
belimumab (11%). In addition, 17% of patients were receiving a
combination of immunosuppressants. Figure 1 shows the num-
ber of SLE patients included in each subsequent analysis.

Decreased COVID-19 antibody responses in SLE
patients compared to controls. Ninety SLE patients (82 with
data from pre- and postvaccination analyses) and 20 healthy con-
trols (all with data from pre- and postvaccination analyses) were
evaluated for IgG antibody levels against the RBD of SARS–
CoV-2 spike protein (anti-RBD) (Figures 2A–D). Overall, prevac-
cine levels in patients with SLE were significantly lower (median
9.1 [IQR 2.8–23.9]) than in controls (median 34.5 [IQR 11.2–
74.0]; P = 0.001), as were the postvaccine levels (median 235.2
[IQR 75.9–531.4] versus median 435.7 [IQR 269.0–768.6],
respectively; P = 0.01). Postvaccine antibody levels in 26 SLE
patients (28.8%) fell below the lowest level of the controls (≤100
units/ml), which is shown in Figure 2D.

To address the functionality of the antibody responses
assessed by ELISA, pre- and postvaccine samples from 49 SLE
patients and 18 controls were also evaluated by the SARS–
CoV-2 live microneutralization assay. As shown in Figure 2E, there
was a strong correlation between the 2 assays (R = 0.76,
P < 0.0001), suggesting that the ELISA is a good end point assay
to evaluate the immune response to the vaccines. Similar to what
we observed with the ELISA results, postvaccine microneutraliza-
tion titers were significantly lower in SLE patients compared to
controls (P = 0.0075) (Figure 2F).

A comparison of clinical and laboratory factors in the 64 SLE
patients who generated responses to COVID-19 vaccine that
were compatible with controls and the 26 patients with low
responses who had ELISA results ≤100 units/ml is shown in

Table 2. In unadjusted analyses, subjects with low responses
were more likely to be receiving prednisone, MMF or mycopheno-
lic acid, a combination of prednisone and ≥1 immunosuppres-
sant, or ≥2 immunosuppressants, while those with high
responses were more likely to only be receiving antimalarials or
receiving no medication. In addition, low responders were

Figure 2. Antibody response to COVID-19 vaccine in SLE patients.
Throughout, open circles represent controls, and solid circles repre-
sent SLE patients. Serum IgG titers against the SARS–CoV-2 spike
protein receptor-binding domain (RBD) were obtained by direct
ELISA. Binding of human IgG to recombinant SARS–CoV-2 RBD
was performed as described in Patients and Methods. A, IgG titers
of 20 controls pre- and postvaccination. B, IgG titers of 81 SLE
patients pre- and postvaccination and 9 SLE patients with only post-
vaccination data available. C, Comparison of IgG titers postvaccina-
tion between the 2 groups, with controls showing significantly higher
titers than SLE patients. D, IgG titers of a subgroup of patients
(n= 24) from B with anti-RBD IgG ≤100 units/ml (the lowest response
in controls). E, Correlation of SARS–CoV-2 virus neutralization titers in
the sera of vaccinated subjects with IgG titers. Each dot represents
the serum evaluation of a participant with binding of human IgG to
recombinant SARS–CoV-2 RBD (x-axis) versus live virus neutralization
at 50% inhibition concentration (IC50; y-axis). There is a strong correla-
tion between spike RBD IgG and live virus neutralization (R = 0.76,
P < 0.0001). F, Log10 postvaccination neutralization titers for controls
compared to SLE patients. See Figure 1 for other definitions.
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more likely to have received Ad26.COV2.S, although sample
sizes were limited, and to have had a normal anti–double-
stranded DNA (anti-dsDNA) antibody level prior to vaccination
(Table 2). Logistic regression analysis yielded a final model that
included the following 4 independent predictors of low ELISA
response among SLE patients: receiving any immunosuppressive
therapy other than antimalarials (adjusted odds ratio [OR] 15.14
[95% CI 2.80–82.03] compared to antimalarials/no medications;

P = 0.002), normal anti-dsDNA antibody level prior to vaccination
(OR 14.50 [95% CI 2.20–95.66] compared to abnormal anti-
dsDNA antibody level; P = 0.006), lower platelet count (OR 1.55
[95% CI 0.96–2.51] per 50 � 109 cells/liter decrease; P = 0.07),
and normal C3 level (OR 4.95 [95% CI 0.91–26.0] compared
to low C3 level; P = 0.06). A separate subgroup analysis
including only those patients who were receiving any immunosup-
pressants confirmed the association of a normal anti-dsDNA

Table 2. Bivariate analysis of predictors for poor postvaccine ELISA antibody response (≤100 units/ml) among the SLE patients*

Postvaccine ELISA antibody response

P
≤100 units/ml

(n = 26)
>100 units/ml

(n = 64)

Age, mean � SD years 47.7 � 13.3 44.6 � 14.5 0.36
Sex 0.29
Female 21 (80.8) 58 (90.6)
Male 5 (19.2) 6 (9.4)

Race 0.46
White 11 (42.3) 32 (50.0)
Black 3 (11.5) 13 (20.3)
Asian 7 (26.9) 10 (15.6)
Other 5 (19.2) 9 (14.1)

Ethnicity 0.93
Hispanic 10 (38.5) 24 (37.5)
Non-Hispanic 16 (61.5) 40 (62.5)

Days between 2nd vaccine dose and
postvaccine blood draw, median (IQR)

19.5 (14.0–44.0) 17.0 (12.0–26.0) 0.11

Vaccine type 0.039
BNT162b2 15 (57.7) 46 (71.9)
mRNA-1273 7 (26.9) 17 (26.6)
Ad26.COV2.S 4 (15.4) 1 (1.6)

Prior history of COVID-19 (PCR or IgG) 4 (18.2) 7 (13.7) 0.72
History of LN 15 (57.7) 25 (39.7) 0.12
Kidney transplant recipient 3 (11.5) 2 (3.1) 0.14
APS 0 (0) 9 (14.1) 0.055
Prednisone + ≥1 immunosuppressant 10 (38.5) 12 (18.8) 0.049
Combination immunosuppressants 9 (34.6) 6 (9.4) 0.01
Only antimalarials (HCQ + chloroquine)
among those receiving medication

3 (12.0) 33 (56.9) 0.0002

Any MMF (MMF + mycophenolic acid) 12 (46.2) 9 (14.1) 0.001
Any prednisone 12 (46.2) 14 (21.9) 0.021
Any belimumab 4 (15.4) 6 (9.4) 0.47
No immunosuppressants 1 (3.8) 6 (9.4) 0.67
Only HCQ or no medications 4 (15.4) 39 (60.9) <0.0001
Prevaccine anti-dsDNA antibody level† 0.023
Normal 14 (87.5) 28 (56.0)
High 2 (12.5) 22 (44.0)

C3 level 0.35
Low 3 (18.8) 17 (34.0)
Normal 13 (81.3) 33 (66.0)

C4 level 1.00
Low 4 (25.0) 12 (24.0)
Normal 12 (75.0) 38 (76.0)

SLEDAI score, mean � SD† 2.00 � 2.34 3.46 � 4.16 0.085
Platelet count, mean � SD � 103/μl† 202.81 � 78.37 243.74 � 85.60 0.095
Urine protein:creatinine ratio, mean � SD† 0.17 � 0.18 0.28 � 0.58 0.26
Lymphocyte count, mean � SD � 103/μl† 1.19 � 0.65 1.36 � 0.97 0.43

* Except where indicated otherwise, values are the number (%) of subjects. ELISA= enzyme-linked immunosorbent assay; SLE= systemic lupus
erythematosus; IQR = interquartile range; PCR = polymerase chain reaction; LN = lupus nephritis; APS = antiphospholipid syndrome;
HCQ = hydroxychloroquine; MMF = mycophenolate mofetil; anti-dsDNA = anti–double-stranded DNA (see Table 1 for other definitions).
† Laboratory measures and SLE Disease Activity Index (SLEDAI) scores were based on patients with prevaccine data available within 4 months
of vaccine (n = 66).
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antibody level with poor antibody response (OR 8.98 [95%CI
1.89–42.6]; P = 0.006 after adjustment for platelet and C3). Fur-
ther details about the patients with lower responses are provided
in Table 3.

Evaluation of IFNγ secretion in response to SARS–
CoV-2 spike protein S1. Sixteen SLE patients (of whom 4 had
pre- and postvaccine data available) and 2 controls (both with
pre- and postvaccine data available) were further evaluated addres-
sing T cell reactivity, which was operationally reported by the release
of IFNγ in response to challenge of PBMCs in the absence and pres-
ence of the full-length S1 protein (COVID-19 antigen), as described
in Patients and Methods. Individuals were chosen to represent a
range of responses to the SARS–CoV-2 spike protein and SARS–
CoV-2 microneutralization assay but with a particular focus on the
patients with low seroreactivity on both assays. As shown in Sup-
plementary Figure 1 (available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41937/
abstract), there was a correlation between the postvaccine ELI-
Spot number and ELISA evaluations (R = 0.57, P = 0.0135). In
a subset of patients with poor antibody responses, IFNγ pro-
duction was likewise diminished (Supplementary Figure 1).

Stable disease activity in the majority of SLE
patients after COVID-19 vaccination. Of the 90 patients
evaluated, 55 patients had completed a SLEDAI assessment

within 4 months of their first vaccine dose, which was then com-
pared to their postvaccine SLEDAI assessment that was com-
pleted an average of 23.6 days (range 5–70) after the final
vaccine dose (Supplementary Table 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.41937/abstract). Overall, there was no
meaningful difference in SLEDAI score between pre- and post-
vaccine visits (3.2 versus 2.9). There were no changes in the per-
centages of patients with abnormal anti-dsDNA antibodies and/or
abnormal complement levels; likewise, the levels of C3 and C4
were similar pre- and postvaccination (Supplementary Table 1).
Nine of the 79 patients (11.4%) experienced a postvaccination
flare, with all but 1 considered to be mild/moderate (2 in new
organ systems: arthritis with no treatment and pericarditis treated
with naproxen). The severe flare was characterized by arthritis
and treated with MTX; the patient had discontinued HCQ due to
maculopathy several years prior to vaccination. Further details of
the flares are provided in Table 4.

DISCUSSION

To our knowledge, this is the first reported study focused on
patients with SLE who received full regimens of a COVID-19 vac-
cine, and overall IgG antibody responses against the SARS–
CoV-2 spike protein RBD were significantly decreased compared
to vaccinated controls, with 28.8% of patients generating
responses falling below the lowest level observed in the healthy

Table 3. Demographic information and medications of the SLE patients with lower vaccine responses (n = 26)*

Patient Age Sex Vaccine type Medication(s)

1 39 Male BNT162b2 HCQ, MMF, obinutuzumab
2 71 Female BNT162b2 MTX, abatacept
3 57 Female BNT162b2 HCQ, belimumab
4 57 Female BNT162b2 Prednisone (4 mg), HCQ, MTX, adalimumab
5 61 Female BNT162b2 HCQ, MMF
6 42 Female BNT162b2 HCQ, tacrolimus, rituximab
7 38 Female BNT162b2 Prednisone (5 mg), mycophenolic acid, tacrolimus
8 59 Female BNT162b2 Prednisone (5 mg), HCQ
9 62 Male BNT162b2 HCQ, belimumab
10 54 Female BNT162b2 HCQ
11 49 Female BNT162b2 Prednisone (3 mg), MMF, belimumab
12 53 Female BNT162b2 MMF
13 47 Female BNT162b2 Prednisone (10 mg), HCQ, MMF
14 40 Male BNT162b2 Prednisone (5 mg), HCQ, MMF
15 29 Female BNT162b2 Prednisone (2.5 mg), HCQ, MMF
16 39 Male mRNA-1273 HCQ, rituximab
17 46 Female mRNA-1273 Prednisone (5 mg), HCQ, MMF
18 35 Female mRNA-1273 HCQ, AZA, belimumab
19 66 Female mRNA-1273 Prednisone (5 mg)
20 28 Female mRNA-1273 HCQ
21 44 Female mRNA-1273 HCQ
22 41 Female mRNA-1273 Prednisone (20 mg), MMF
23 55 Female Ad26.COV2.S Prednisone (5 mg), HCQ, mycophenolic acid
24 72 Female Ad26.COV2.S None
25 27 Female Ad26.COV2.S HCQ, MMF
26 28 Male Ad26.COV2.S Prednisone (10 mg), MTX

* SLE = systemic lupus erythematosus; HCQ = hydroxychloroquine; MMF = mycophenolate mofetil; MTX = methotrexate;
AZA = azathioprine.
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controls. Receiving any immunosuppressive agent other than
antimalarials and having a normal anti-dsDNA antibody level prior
to vaccination were identified as independent predictors for poor
response to the COVID-19 vaccine. Seroreactivity to the SARS–
CoV-2 spike RBD strongly correlated with the functional SARS–
CoV-2 microneutralization assay and correlated with the ELISpot
assay. Overall, there was no change in SLEDAI score pre- and
postvaccination, with 11.4% of patients having a flare and 1.3%
of those flares being severe, supporting the relative safety of the
vaccination in SLE patients.

The finding of anti-dsDNA antibodies positively correlating
with higher responses to COVID-19 vaccination was initially unex-
pected, especially given that this finding persisted even after con-
trolling for medication use. Moreover, disease activity per se was
not associated with more effective seroreactivity. It could be
hypothesized that the presence of anti-dsDNA antibodies is a
proxy of elevated type I IFN activity in these patients. Indeed,
studies have shown that high IFNα activity in patients with SLE is
associated with the presence of disease-specific autoantibodies,
such as anti-dsDNA (18). These autoantibodies can form immune
complexes, further stimulating type I IFN production (19). Besides
their potent antiviral properties, type I IFNs induce the maturation
and activation of myeloid dendritic cells, and promote B cell survival
and differentiation into antibody-producing cells (20,21). These
considerations support the hypothesis that those with stronger
responses to theCOVID-19vaccinescould havehigherbaseline type
I IFN activity, due to its potential to enhance antibody responses to

foreign antigens. Thus, patients with anti-dsDNA antibodies, despite
receiving immunosuppressive therapy,may bemore likely to develop
a strong humoral response to the COVID-19 vaccines. Alternatively,
these analyses did not account for patient adherence to medication
or the possibility that elevated dsDNA antibodies reflects inefficacy of
immunosuppression, which might account for these findings. These
potential insightsmerit further investigation.

Given the exclusion of patients receiving immunosuppres-
sants from the regulatory vaccine studies, several groups have
already explored the influence of immunosuppressive medica-
tions on the response to vaccination. Boyarsky et al evaluated
patients with organ transplants and reported that antimetabolite
maintenance immunosuppression was associated with an absent
or reduced anti-RBD spike response after the first dose of the
vaccine (22). A follow-up study from the same group in 658 trans-
plant recipients who received the second dose of the SARS–CoV-2
mRNA vaccine showed an increase in seroreactivity in response to
the second dose; however, poor responses were associated with
antimetabolite immunosuppressive treatment (23).

Concordant with our results, several studies have shown
decreased vaccine-induced seroreactivity in patients with rheu-
matic diseases. In 123 such patients, including 24 with SLE,
those receiving MMF or rituximab were less likely to develop an
antibody response to the spike protein after the first dose of the
SARS–CoV-2 mRNA vaccine; these findings were confirmed in a
larger study of 404 patients, including 87 with SLE, after the sec-
ond dose (24,25). In an analysis of 26 patients with chronic

Table 4. SLE flares postvaccination*

Flare severity Flare type Flare details Timing of flare
Vaccine
type Treatment

Mild/moderate Pleuritis Recurrent mild pleuritis After 1st dose BNT162b2 No treatment
Mild/moderate Arthritis Recurrent mild joint pain and

swelling
After 2nd dose BNT162b2 No treatment

Mild/moderate Renal Recurrent proteinuria; urine
protein:creatinine ratio
increased from 0.8 to 1.4

After 2nd dose BNT162b2 Rituximab/tacrolimus
changed to voclosporin

Mild/moderate Oral ulcers Recurrent oral ulcers; patient
had been off of belimumab
for 3 months

After 2nd dose mRNA-1273 No treatment

Mild/moderate Pericarditis New presumed pericarditis,
EKG negative; resolved
with naproxen

After 2nd dose
(2 weeks)

BNT162b2 Naproxen

Severe Arthritis Recurrent arthritis After 2nd dose mRNA-1273 Methotrexate
Mild/moderate Thrombocytopenia Recurrent thrombocytopenia

within patient’s range
After 2nd dose BNT162b2 No treatment

Mild/moderate Arthritis New mild joint pain and
swelling

After 2nd dose BNT162b2 No treatment

Mild/moderate† Thrombocytopenia Recurrent thrombocytopenia After 2nd dose BNT162b2 No treatment
Non–SLE-related
event

COPD/asthma flare After 2nd dose BNT162b2 Treated in emergency
room with steroids,
then released

* EKG = electrocardiogram; COPD = chronic obstructive pulmonary disease.
† A patient with systemic lupus erythematosus (SLE), antiphospholipid syndrome, and end-stage renal disease was admitted 13 days after the
second vaccine dose. The patient had anticoagulation therapy temporarily withheld for a procedure, presented with shortness of breath, and
was found to have superior vena cava syndrome. The patient had a prolonged hospital course, complicated by bleeding and sepsis, and was
transitioned to hospice care and died 50 days after the second dose.
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inflammatory diseases (CIDs) that included 2 patients with SLE
who were receiving HCQ, SARS–CoV-2 antibodies were signifi-
cantly lower in patients, compared to controls, after both doses
of BNT162b2 or mRNA-1273. No patients experienced a disease
flare after both doses of the vaccine (26). A large study of
133 patients with CIDs, including 15 patients with SLE, who
received an mRNA vaccine showed that patients with CIDs had
a 3-fold reduction in anti–spike protein IgG response with B cell
depletion, glucocorticoids, and antimetabolites (27). A subse-
quent analysis of 89 patients that included 10 patients with SLE
showed that rituximab was associated with impaired serologic
response to the SARS–CoV-2 vaccine (28). Haberman et al dem-
onstrated that MTX adversely affected both the humoral and cel-
lular immune responses to COVID-19 mRNA vaccines in
patients with immune-mediated inflammatory diseases (29). A
large study from Furer et al that included 101 patients with SLE
showed that older age and treatment with glucocorticoids, rituxi-
mab, MMF, and abatacept were associated with reduced immu-
nogenicity as measured by serum IgG antibody levels against
SARS–CoV-2 spike S1/S2 proteins 2–6 weeks after vaccination
(30). Our study showed that receiving any non-antimalarial immu-
nosuppressive therapy was independently associated with
decreased response to COVID-19 vaccines in patients with SLE.

In addition to concerns regarding inefficient immune
responses to COVID vaccination, it may be the case that vaccina-
tion induces increased autoantibody production and disease
activity. As speculated by Tang et al, delivery of mRNA encoding
S protein via the vaccine, likely degraded by normal cellular pro-
cesses, could interact with a number of cytoplasmic RNA-binding
proteins involved in the posttranscriptional regulation of inflamma-
tion and result in worsening SLE (5). Similarly, RNA vaccines may
trigger Toll-like receptors, generating further production of type I
IFN, already well-recognized to be elevated in most SLE patients
(19). It has been reported that influenza vaccines triggered a tran-
sient increase in several autoantibody specificities in 72 SLE
patients, with a flare rate of 19.4% within 6 weeks postvaccina-
tion; 10 (13.9%) were mild/moderate and 4 (5.6%) were severe
(31). In a study evaluating SLE flares after immunization against
poliomyelitis, only 4 of 73 patients (5%) experienced flares (32).
In aggregate, despite apprehensions, the data presented herein
did not support significantly increased anti-dsDNA antibody pro-
duction or flares postvaccination. These results are consistent
with a recent study which showed that the majority of vaccinated
SLE patients had no change or decrease in disease activity after
COVID-19 vaccination as measured by the SLEDAI (30).

Our study has several limitations. Similar to other studies evalu-
ating potential surrogate markers for vaccine efficacy, it is premature
to assign a threshold level of protection based on either the IgG
response to the anti-RBD of SARS–CoV-2 spike protein or the
microneutralization assay given the number of controls. There was
vaccine hesitancy among patients in the NYU Lupus Cohort, in large
part due to concern regarding the potential effect on lupus activity,

and thus the patients in this study may not be fully representative of
the patients seen in our cohort. While known prior COVID-19 infec-
tionwas accounted for in all patients, it remains possible that asymp-
tomatic or mild infection occurred between prevaccine blood draw
and vaccination, which could influence subsequent seroreactivity.
While this study included 90 patients with SLE, the number of
patients receiving individual medications was too small to draw any
definitive conclusions about their effects on vaccine response in
SLE patients, and in our analyses, receiving any non-antimalarial
immunosuppressive agent was ultimately the strongest predictor of
a poor antibody response to the COVID-19 vaccines. Another limita-
tion of the work is the absence of a direct comparator of SLE flare
rates over the same time period. It also remains possible that a per-
ceived SLE flare could have been a vaccine side effect.

This study has several strengths. In contrast to previous
reports, the focus was limited to patients with SLE and assessed
the COVID-19 vaccines’ effects on lupus-specific disease activity
with availability of a validated disease index pre- and postvaccina-
tion in the majority of patients. Flares were rare, with only 1.3%
being severe. These data are reassuring and support the notion
that vaccines do not exacerbate disease activity, a finding that
should hopefully alleviate vaccine hesitancy. Our study assessed
2 surrogate markers for B cell reactivity and a surrogate for T cell–
mediated responses. Although the latter was limited to fewer
patients, it was particularly applied to evaluate those with lower
humoral responses and reinforced the concern about vaccine effi-
cacy in a subset of these individuals.

In summary, in a multiracial/multiethnic study of SLE patients
receiving a complete COVID-19 vaccine regimen, nearly 30% had
a low response. Having a normal anti-dsDNA antibody level and
taking any immunosuppressivemedication other than antimalarials
were independently associated with a decreased vaccine
response. While minimal protective antibody levels remain
unknown, these results, supported by other studies, raise con-
cerns for our lupus patients, many of whom rely on medications to
maintain low disease activity. Accordingly, the next phase of scien-
tific inquiry and advance should focus on protocols addressing
additional vaccination.Reassuringly, severedisease flaresare infre-
quent, which should encourage patients to consider vaccination.
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Mepolizumab for Eosinophilic Granulomatosis With
Polyangiitis: A European Multicenter Observational Study
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Objective. Mepolizumab proved to be an efficacious treatment for eosinophilic granulomatosis with polyangiitis
(EGPA) at a dose of 300 mg every 4 weeks in the randomized, controlled MIRRA trial. In a few recently reported studies,
successful real-life experiences with the approved dose for treating severe eosinophilic asthma (100mg every 4 weeks)
were observed. We undertook this study to assess the effectiveness and safety of mepolizumab 100 mg every 4 weeks
and 300 mg every 4 weeks in a large European EGPA cohort.

Methods. We included all patients with EGPA treated with mepolizumab at the recruiting centers in 2015–2020.
Treatment response was evaluated from 3 months to 24 months after initiation of mepolizumab. Complete response
to treatment was defined as no disease activity (Birmingham Vasculitis Activity Score [BVAS] = 0) and a prednisolone
or prednisone dose (or equivalent) of ≤4 mg/day. Respiratory outcomes included asthma and ear, nose, and throat
(ENT) exacerbations.

Results. Two hundred three patients, of whom 191 received a stable dose of mepolizumab (158 received 100 mg
every 4 weeks and 33 received 300 mg every 4 weeks) were included. Twenty-five patients (12.3%) had a complete
response to treatment at 3 months. Complete response rates increased to 30.4% and 35.7% at 12 months and
24 months, respectively, and rates were comparable between mepolizumab 100 mg every 4 weeks and 300 mg every
4 weeks. Mepolizumab led to a significant reduction in BVAS score, prednisone dose, and eosinophil counts from
3 months to 24 months, with no significant differences observed between 100 mg every 4 weeks and 300 mg every
4 weeks. Eighty-two patients (40.4%) experienced asthma exacerbations (57 of 158 [36%] who received 100 mg every
4 weeks; 17 of 33 [52%] who received 300 mg every 4 weeks), and 31 patients (15.3%) experienced ENT exacerbations.
Forty-four patients (21.7%) experienced adverse events (AEs), most of which were nonserious AEs (38 of 44).

Conclusion. Mepolizumab at both 100 mg every 4 weeks and 300 mg every 4 weeks is effective for the treatment
of EGPA. The 2 doses should be compared in the setting of a controlled trial.

Presented in part at the 2020 European Alliance of Associations for Rheu-
matology e-Congress, June 2020.
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INTRODUCTION

Eosinophilic granulomatosis with polyangiitis (EGPA) is an
antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis
characterized by asthma, ear, nose, and throat (ENT) involve-
ment, blood and tissue eosinophilia, and systemic vasculitis
manifestations (1,2). Treatment mainly relies on systemic gluco-
corticoids and inhaled therapies for respiratory symptoms (3).
EGPA usually follows a chronic relapsing course; thus, patients
are at risk of permanent tissue or organ damage, which can also
be due to glucocorticoid-related toxicity. Therefore, immunosup-
pressive treatments are often required and are also used as
glucocorticoid-sparing agents (3,4).

Among novel therapeutic options, mepolizumab is a mono-
clonal antibody targeting interleukin-5 (IL-5), a cytokine involved
in eosinophil maturation, differentiation, and survival. Increased
serum levels of IL-5 are observed in eosinophilic disorders, includ-
ing EGPA (5), and a genome-wide association study identified the
IL5 region as one of the main EGPA-associated loci (6).

Mepolizumab is approved for the treatment of severe eosino-
philic asthma at 100 mg every 4 weeks subcutaneously (7) and
for the treatment of hypereosinophilic syndrome (HES) at
300 mg every 4 weeks (8). After encouraging results from previ-
ous studies (9,10), the phase III MIRRA trial proved the efficacy
of mepolizumab 300 mg every 4 weeks subcutaneously for
relapsing or refractory EGPA (11,12), leading to its approval by
the US Food and Drug Administration (FDA), while in Europe it is
currently used off-label.

Recent smaller studies showed the successful use of mepo-
lizumab 100 mg every 4 weeks for the treatment of EGPA, espe-
cially for the control of respiratory manifestations (13–15).
However, the benefits and side effects of mepolizumab 100 mg
every 4 weeks versus 300 mg every 4 weeks for systemic and

respiratory EGPA involvement have never been compared.
Therefore, its optimal dose is still debated (16). This study aimed
to investigate the effectiveness and safety of mepolizumab
100 mg versus 300 mg every 4 weeks in a large European cohort
of patients with EGPA.

PATIENTS AND METHODS

Study design and setting. This multicenter, retrospective
study was conducted on a cohort of patients with EGPA treated
with mepolizumab between May 2015 and February 2020 at
38 EGPA referral centers in 8 European countries (Italy, France,
Germany, the UK, Russia, Spain, Switzerland, and Sweden; see
Appendix A for members of the European EGPA Study Group).
The study received approval from the University of Florence Ethics
Committee (reference no. 16821_OSS).

Study population and treatment. The cohort included
adult patients who met the American College of Rheumatology
classification criteria for EGPA (17) or the criteria proposed in the
MIRRA trial (11), who received mepolizumab 100 mg every
4 weeks or 300 mg every 4 weeks, in accordance with local prac-
tice. Patients with a follow-up of <3 months after the first mepoli-
zumab dose or those enrolled in clinical trials were excluded.

Datacollectionandoutcomeassessment.Demographic,
clinical, laboratory, and treatment-related data were retrospectively
collected frommedical records at the time of mepolizumab initiation
(time 0) and at 3 months, 6 months, 12 months, and 24 months of
follow-up. The effectiveness of mepolizumab in controlling systemic
disease activity was assessed using the Birmingham Vasculitis
Activity Score (BVAS) (18). Complete response to treatment was
defined as no disease activity (BVAS = 0) and a prednisolone or
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prednisone dose (or equivalent) of ≤4.0 mg/day, as defined by the
MIRRA trial (11). Partial response to treatment was defined as no
disease activity and a prednisolone or prednisone dose of >4.0
mg/day.

Relapse was assessed only in patients in whom complete
response to treatment had been achieved and was defined, as
in the MIRRA trial, by at least 1 of the following criteria: 1) active
vasculitis (defined as BVAS >0) and/or 2) worsening asthma
and/or ENT manifestations leading to an increase in prednisolone
or prednisone dose to >4.0 mg/day, initiation of a new immuno-
suppressive therapy, or hospitalization (11).

With regard to respiratory outcomes, we assessed asthma
exacerbations, defined as any of the following events: asthma
attack needing an increase in oral prednisone dose, asthma-
related emergency department admission, and/or use of acute
oral glucocorticoids, antibiotics, or short-acting beta agonists. In
addition, the effect of mepolizumab on lung function was moni-
tored by the variation in pre-bronchodilator forced expiratory vol-
ume in 1 second (FEV1). ENT relapse was defined as the
reappearance of ENT symptoms, following symptoms having
been under complete control at the previous time point.

Additional outcomes assessed included changes in
organ manifestations (assessed separately from BVAS items),
glucocorticoid-sparing and disease-modifying antirheumatic drug
(DMARD)–sparing effect, variation in the proportion of ANCA-
positive patients, and reduction in eosinophil count.

During follow-up, variations in monthly mepolizumab dose or
treatment discontinuation were recorded. All adverse events
(AEs) occurring during treatment were also recorded, and their
seriousness was assessed in accordance with the World Health
Organization criteria (19). All study outcome measures were ana-
lyzed in the entire cohort and compared between patients receiv-
ing stable treatment with mepolizumab 100 mg every 4 weeks
and those treated with 300 mg every 4 weeks. Stable treatment
was defined as no change in the monthly mepolizumab dose dur-
ing the entire follow-up period.

Statistical analysis. Data are presented as the median
and interquartile range (IQR) for continuous variables, and as the
absolute number and percentage for qualitative variables. Contin-
uous end points at 3–24 months were compared with time
0 (baseline) using the Wilcoxon signed rank test, whereas qualita-
tive variables were compared using McNemar’s test. Nonpara-
metric tests were used since the distribution of the data was not
normal. Complete response and partial response rates and AE
rates were compared between patients receiving stable treatment
with mepolizumab 100 mg every 4 weeks and those receiving
300 mg every 4 weeks using Fisher’s exact test. Cox proportional
hazards regression models were fitted to derive Kaplan–Meier
curves and to estimate hazard ratios (HRs) and 95% confidence
intervals (95% CIs) for the occurrence of asthma and ENT exacer-
bations over time.

If a patient was still receiving mepolizumab treatment at a
given follow-up time point but had missing data regarding EGPA
manifestations, BVAS score, and/or daily glucocorticoid dose,
the data were imputed using the last observation carried forward
method, as these parameters were necessary to assess the pri-
mary outcome measure of this study. For all other clinical and lab-
oratory parameters, the analyses were conducted only on
subjects with available data at the given time point.

Statistical analyses were performed using Stata, version 14.
P values less than 0.05 were considered significant.

Data availability. Deidentified individual participant data
will be made available upon reasonable request to the corre-
sponding author.

RESULTS

We included 203 patients, of whom 57.1% were women
(Table 1). The median age at the time of mepolizumab initiation
was 55.1 years (IQR 46.7–62.5), and the median disease duration
was 4.8 years (IQR 4.9–9.2). At the time of EGPA diagnosis,
70 patients (34.5%) were positive for ANCAs, most of whom
had either perinuclear ANCAs or myeloperoxidase ANCAs
(84.3%). Before mepolizumab treatment was initiated, 150 of
203 patients (73.9%) had received traditional DMARDs,
51 (25.1%) received biologic DMARDs, and 18 (9.0%) received
intravenous immunoglobulin. Disease remission, according to
clinical judgment, was achieved in 120 patients after induction
therapy. At the time of mepolizumab initiation (baseline), 92.1%
of the patients had active disease, with a median BVAS score of
4 (IQR 2–8). The most common manifestations were pulmonary
(89.7%), ENT (71.4%), constitutional (27.6%), and peripheral neu-
rologic (22.7%). Ten patients had cardiac involvement at baseline,
including 1 case of pericarditis, 1 case of myocarditis, and 8 cases
of cardiomyopathy with cardiac failure. Of 190 patients with avail-
able ANCA test results, 38 (20.0%) were ANCA positive at the
time mepolizumab was initiated, most of whom had perinuclear
ANCAs or myeloperoxidase-ANCAs (89.5%). At baseline, almost
all patients (95.6%) had received stable glucocorticoid treatment
in the previous 3 months, at a median prednisone dose of
10 mg/day (IQR 5–20). Additional therapies included conventional
DMARDs, mostly methotrexate (18.7%), azathioprine (11.3%),
rituximab (11.3%), or intravenous immunoglobulin (5.9%). One
hundred ninety-two patients (95%) were receiving inhaled therapy
for asthma.

One hundred sixty-eight patients initially received mepolizu-
mab at 100 mg every 4 weeks, and 35 at 300 mg every 4 weeks.
During follow-up, 10 patients switched from 100 mg to 300 mg
every 4 weeks due to inefficacy. Another 2 patients switched from
300 mg to 100 mg every 4 weeks due to personal reasons
(Supplementary Figure 1, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
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Table 1. Characteristics of the patients with EGPA at the time of mepolizumab initiation*

Overall
Mepolizumab 100

mg/4 weeks
Mepolizumab 300

mg/4 weeks
P(n = 203) (n = 158) (n = 33)

Female 116 (57.1) 88 (55.7) 22 (66.7) 0.333
Smoking status
Former 44 (21.7) 36 (22.8) 5 (15.2) 0.640
Current 3 (1.5) 3 (1.9) 0

Age at diagnosis, median (IQR) years 49.1 (37.7–57.1) 48.7 (37.9–57.5) 49.2 (39.8–53.4) 0.380
Age at mepolizumab initiation, median (IQR) years 55.1 (46.7–62.5) 55.1 (46.7–62.8) 53.0 (47.3–59.3) 0.426
Disease duration at mepolizumab initiation,
median (IQR) years

4.8 (4.9–9.2) 4.9 (1.6–8.9) 3.9 (1.1–14.1) 0.921

Active organ involvement
at mepolizumab initiation

Constitutional 56 (27.6) 50 (31.7) 3 (9.1) 0.009
Purpura 15 (7.4) 11 (7.0) 2 (6.1) 1.000
ENT 145 (71.4) 121 (76.6) 17 (51.5) 0.005
Pulmonary 182 (89.7) 141 (89.2) 29 (87.9) 0.765
Cardiac 10 (4.9) 8 (5.1) 1 (3.0) 1.000
Gastrointestinal 9 (4.4) 8 (5.1) 1 (3.0) 1.000
Renal 5 (2.5) 5 (3.2) 0 NA
Peripheral neurologic 46 (22.7) 36 (22.8) 6 (18.2) 0.650

Active disease at mepolizumab initiation (BVAS >0) 187 (92.1) 144 (91.1) 31 (93.9) 0.792
BVAS score at mepolizumab initiation, median (IQR) 4 (2–8) 4 (2–8) 4 (2–7) 0.163
Laboratory parameters at mepolizumab initiation†
ANCA positive 38 (20.0) 28 (18.9) 9 (27.3) 0.339
Perinuclear ANCA 34 (17.9) 26 (17.6) 8 (24.2)
Cytoplasmic ANCA 4 (2.1) 2 (1.4) 1 (3.0)
MPO ANCA 34 (17.9) 27 (18.2) 8 (24.2)
PR3 ANCA 4 (2.1) 2 (1.4) 1 (3.0)
Eosinophil count, median (IQR)‡ 610 (200–1,040) 700 (200–1,080) 440 (200–910) 0.328

Pharmacologic therapies administered before
mepolizumab initiation

Oral glucocorticoids 201 (99.0) 156 (98.7) 33 (100.0) NA
Azathioprine 91 (44.8) 69 (43.7) 17 (51.5) 0.446
Methotrexate 78 (38.4) 56 (35.4) 18 (54.6) 0.050
Cyclophosphamide 57 (28.1) 44 (27.9) 11 (33.3) 0.531
Mycophenolate 39 (19.2) 29 (18.4) 6 (18.2) 1.000
Cyclosporine 21 (10.3) 18 (11.4) 1 (3.0) 0.206
Rituximab 39 (19.2) 36 (22.8) 3 (9.1) 0.097
IV immunoglobulin 18 (8.9) 17 (10.8) 1 (3.0) 0.321
Omalizumab 17 (8.4) 13 (8.2) 2 (6.1) 1.000
Other immunosuppressants 16 (7.9) 13 (8.2) 1 (3.0) 0.471

Pharmacologic therapies at mepolizumab
initiation

Prednisone equivalent daily dose in the previous
3 months, median (IQR)§

10 (5–20) 10 (IQR 5-20) 10 (IQR 5-22.5) 0.854

Oral glucocorticoids 194 (95.6) 149 (94.3) 33 (100.0) NA
Prednisone equivalent daily dose, median (IQR) 10 (5–20) 10 (5–20) 10 (5–25) 0.511
Methotrexate 38 (18.7) 29 (18.4) 9 (27.3) 0.240
Azathioprine 23 (11.3) 19 (12.0) 3 (9.1) 0.772
Mycophenolate 18 (8.9) 12 (7.6) 4 (12.1) 0.486
Cyclosporine 2 (1.0) 1 (0.6) 0 NA
Rituximab 23 (11.3) 20 (12.7) 3 (9.1) 0.771
IV immunoglobulin 12 (5.9) 11 (7.0) 1 (3.0) 0.695
Other immunosuppressants 5 (2.5) 3 (1.9) 1 (3.0) 0.535
Inhaled therapy for asthma 192 (95.0) 150 (94.9) 30 (90.9) 0.407

* Except where indicated otherwise, values are the number (%). EGPA = eosinophilic granulomatosis with polyangiitis; IQR = interquartile
range; ENT= ear, nose, and throat; NA= not applicable; BVAS= Birmingham Vasculitis Activity Score; ANCA= antineutrophil cytoplasmic anti-
body; MPO = myeloperoxidase; PR3 = proteinase 3; IV = intravenous.
† Data were available for 190 patients overall, 148 patients receiving mepolizumab 100 mg/4 weeks, and 33 patients receiving mepolizumab
300 mg/4 weeks.
‡ Data were available for 194 patients overall, 152 patients receiving mepolizumab 100 mg/4 weeks, and 32 patients receiving mepolizumab
300 mg/4 weeks.
§ Data were available for 195 patients overall, 151 patients receiving mepolizumab 100 mg/4 weeks, and 32 patients receiving mepolizumab
300 mg/4 weeks.
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41943). Conversely, in 158 patients (77.8%) and 33 patients
(16.3%), stable treatment with mepolizumab of 100 mg every
4 weeks and 300 mg every 4 weeks, respectively, was main-
tained over the entire follow-up period.

Baseline demographic and clinical characteristics were com-
parable between these 2 groups, with the exception of constitu-
tional and ENT manifestations, which were more frequent among
patients receiving mepolizumab 100 mg every 4 weeks than those
receiving 300 mg every 4 weeks (31.7% versus 9.1% [P = 0.009]
and 76.6% versus 51.5% [P = 0.005], respectively) (Table 1).

Effectiveness of mepolizumab on systemic disease
activity. At 3 months, complete response to treatment had
already been achieved in 25 of 203 patients (12.3%), whereas
partial response to treatment had been achieved in 64 patients
(31.5%) (Supplementary Table 1, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41943). Complete response rates increased to 23.6% at

6 months, 30.4% at 12 months, and 35.7% at 24 months.
Response rates were similar between patients receiving mepoli-
zumab 100 mg every 4 weeks and those receiving 300 mg every
4 weeks (Figure 1). In particular, complete response to treatment
had been achieved in 12.0% and 18.2% of patients receiving
100 mg every 4 weeks and 300 mg every 4 weeks, respectively,
at 3 months, whereas partial response to treatment had been
achieved in 32.9% and 36.4% of patients receiving 100 mg every
4 weeks and 300 mg every 4 weeks, respectively, at 3 months
(P = 0.474). Complete response rates further increased during
follow-up for both treatment groups (P = 0.204 and P = 0.809
for mepolizumab 100 mg versus 300 mg every 4 weeks at
6 months and 12 months, respectively). At 24 months, only
39 patients receiving mepolizumab 100 mg every 4 weeks and
12 patients receiving 300 mg every 4 weeks had available
follow-up data. A greater proportion of patients receiving mepoli-
zumab 300 mg every 4 weeks had complete response to treat-
ment (58.3% versus 33.3%) or partial response to treatment

Figure 1. Complete and partial response rates in patients with eosinophilic granulomatosis with polyangiitis who received stable treatment with
mepolizumab 100 mg every 4 weeks (A) and 300 mg every 4 weeks (B). Complete response was defined as no disease activity (Birmingham Vas-
culitis Activity Score [BVAS] = 0) and daily prednisone dose ≤4 mg/day. Partial response was defined as no disease activity (BVAS = 0) and daily
prednisone dose >4 mg/day. No response was defined as active disease (BVAS >0).
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(33.3% versus 30.8%), but these differences were not statistically
significant (P = 0.168). Notably, the small number of patients at
the different follow-up time points, particularly those receiving
mepolizumab 300 mg every 4 weeks, did not allow sufficient
power to detect significant differences in the proportion of com-
plete responses between the 2 doses at the different time points
(Supplementary Table 2, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41943).

Of 71 patients in whom complete response to treatment had
been achieved, 22 (31.0%) experienced a relapse after a median
time of 6 months (IQR 6–9). At all time points, relapse rates were
comparable between both treatment groups (P = 1.000 at
6 months and 12 months; P = 0.642 at 24 months), the overall

relapse rates being 32.1% (17 of 53) and 25.0% (4 of 16) for
mepolizumab 100 versus 300 mg every 4 weeks, respectively.
The median time to relapse was 6 months (IQR 3–9) and
10 months (IQR 9–12) in the mepolizumab 100 mg every 4 weeks
group compared to the 300 mg every 4 weeks group, respec-
tively (P = 0.081). Response rates were higher among ANCA-
negative patients, especially at 24 months, but the differences
were not statistically significant (Supplementary Table 3, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41943).

The efficacy outcomes in the 10 patients who switched from
mepolizumab 100 mg every 4 weeks to 300 mg every 4 weeks
are summarized in Supplementary Figure 2 (http://onlinelibrary.
wiley.com/doi/10.1002/art.41943). Follow-up data suggested

Figure 2. A and B, Variation in disease activity using the Birmingham Vasculitis Activity Score (BVAS) (A) and daily dose of prednisone equivalents
(B) among patients with eosinophilic granulomatosis with polyangiitis receiving mepolizumab 100 mg every 4 weeks and those receiving mepolizu-
mab 300 mg every 4 weeks. C and D, Respiratory outcomes in patients during mepolizumab treatment. Kaplan–Meier curves show the occurrence
of asthma exacerbations (C) and ear, nose, and throat (ENT) exacerbations (D). E and F, Variation in the forced expiratory volume in 1 second (FEV1)
(E) and eosinophil count (F). Values in A, B, E, and F are the median and interquartile range.* = P < 0.05; ** = P < 0.01, versus baseline.
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no clear benefit in terms of EGPA control following the increase in
monthly mepolizumab dose.

The impact of mepolizumab on the different disease manifes-
tations is summarized in Table 2 and in Supplementary Table 4
(available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41943). A significant
reduction in all active manifestations was already observed at
3 months in patients receiving stable mepolizumab 100 mg every

4 weeks. Control of constitutional, pulmonary, ENT, and peripheral
neurologic manifestations was maintained during follow-up. With
mepolizumab 300 mg every 4 weeks, a significant reduction in
the proportion of patients with pulmonary and ENT manifestations
was observed at all time points, whereas no clear effect was
observed on nonrespiratory manifestations.

Systemic disease activity also decreased during follow-up for
both treatment groups, with the median BVAS score of the entire

Table 3. AEs in the patients with EGPA during mepolizumab treatment*

0–3 months 4–6 months 7–12 months 13–24 months

At least 1 AE experienced, no. of patients/total
no. of patients (%)

21/203 (10.3) 20/195 (10.3) 16/161 (9.9) 9/56 (16.1)

Receiving stable treatment with mepolizumab
100 mg/4 weeks

10/158 (6.3) 13/151 (8.6) 6/122 (4.9) 3/39 (7.7)

Receiving stable treatment with mepolizumab
300 mg/4 weeks

9/33 (27.3) 5/32 (15.6) 10/29 (34.5) 6/12 (50.5)

P <0.001 0.322 <0.001 0.003
No. of patients with AEs requiring hospitalization 0 2 2 2
Receiving stable treatment with mepolizumab
100 mg/4 weeks

0 1 2 1

Receiving stable treatment with mepolizumab
300 mg/4 weeks

0 1 0 1

AEs requiring treatment discontinuation 2 3 1 0
Receiving stable treatment with mepolizumab
100 mg/4 weeks

2 3 1 0

Receiving stable treatment with mepolizumab
300 mg/4 weeks

0 0 0 0

Type of AE and no. of cases
Infections and infestations
Lower respiratory tract infections 4 3† 7† 2
Upper respiratory tract infections 2 – – 1
Other infections – 2† 1 1

Musculoskeletal and connective tissue disorders
Myalgia/arthralgia 3 1 1 –

Osteoporosis/fractures 1 1 1 1
Epicondylitis – 1 – –

Nervous system disorders
Dizziness 1 – 1 –

Headache 2 1 – –

Transient color vision disorder – 1 – –

Skin and subcutaneous tissue disorders
Eczema/urticaria 2 1 – –

Papillary edema – – 1 –

General disorders and administration site conditions
Malaise 2 – – –

Swelling at injection site 1 – – –

Endocrine disorders
Secondary adrenal insufficiency – – – 1†

Blood and lymphatic system disorders
Sialoadenitis – 1 – –

Cardiac disorders
Myocarditis – – – 1†

Hepatobiliary disorders
Acute hepatitis – – 1 –

Renal and urinary disorders
Renal colic – 1 – –

Respiratory, thoracic, and mediastinal disorders
Lung consolidation – – 1 –

Vascular disorders
TIA – – 1† –

* AEs = adverse events; EGPA = eosinophilic granulomatosis with polyangiitis; TIA = transient ischemic attack.
† Hospitalization required in 1 patient.
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cohort decreasing from 4 (IQR 2–8) at baseline to 2 (IQR 0–4) at
3 months (P < 0.001). The median BVAS score decreased further
to 0 at the subsequent time points (P < 0.001 for both treatment
groups at 6 months, 12 months, and 24months) (Figure 2A). Sim-
ilarly, both mepolizumab doses were associated with a significant
reduction in the daily glucocorticoid dose (Figure 2B), with a sig-
nificant proportion of patients able to discontinue glucocorticoid
use (29.2% and 41.7% at 24 months in the 100 mg mepolizumab
group and the 300 mg mepolizumab group, respectively)
(Supplementary Table 5, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41943). Concomitantly, a DMARD-sparing effect was observed
in both treatment groups, though statistical significance was
only achieved for mepolizumab 100 mg every 4 weeks
(Supplementary Table 5).

Effectiveness of mepolizumab on respiratory out-
comes. Respiratory outcomes are reported in Figures 2C–F and
in Supplementary Table 6 (http://onlinelibrary.wiley.com/doi/10.
1002/art.41943). Overall, 82 patients (40.4%) experienced
asthma exacerbations after a median time of 12 months (IQR
12–24). Asthma exacerbations occurred in 36.1% of patients
receiving stable mepolizumab 100 mg every 4 weeks and in
51.5% receiving mepolizumab 300 mg every 4 weeks
(P = 0.139) (Figure 2C). ENT relapses occurred after a median
time of 12 months (IQR 6–12) in 25 patients receiving mepolizu-
mab 100 mg every 4 weeks (15.8%), 4 receiving 300 mg every
4 weeks (12.2%), and 2 who switched mepolizumab dose (unad-
justed HR 0.67 [95% CI 0.23–1.91] for mepolizumab 300 mg
every 4 weeks versus 100 mg every 4 weeks, P = 0.450)
(Figure 2D).

With regard to lung function, a significant improvement in
FEV1 was already observed 3 months after the initiation of mepo-
lizumab 100 mg every 4 weeks (Figure 2E). FEV1 also improved in
patients receiving mepolizumab 300 mg every 4 weeks, though
statistical significance was not reached.

Additional outcomes. Both mepolizumab regimens were
already associated with a dramatic reduction in eosinophil count
at 3 months. This was maintained during the entire follow-up
period (Figure 2F). Although ANCA testing was available for only
a small subgroup of patients during follow-up, a significant
reduction in the proportion of ANCA-positive patients was
observed among those receiving stable mepolizumab 100 mg
every 4 weeks and those receiving 300 mg every 4 weeks
(Supplementary Figure 3, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41943).

Treatment persistence and safety. Twenty-three
patients discontinued mepolizumab. Sixteen of these patients
were receiving mepolizumab 100 mg every 4 weeks; reasons for

discontinuation were AEs in 6 cases (malaise in 2 patients, arthral-
gia in 1, reactivation of herpes zoster in 1, and not reported in 2)
and inefficacy in 3 cases. In the remaining 7 patients, the reason
for treatment discontinuation was unknown. Seven patients dis-
continued mepolizumab 300 mg every 4 weeks due to inefficacy
(4 patients) and unknown reasons (3 patients).

Forty-four patients (21.7%) experienced AEs, mostly related
to lower respiratory tract infections or to myalgias or arthralgias.
At all time points, AEs were more frequent among patients receiv-
ing mepolizumab 300 mg every 4 weeks (Table 3). Overall,
6 AEs required hospitalization, of which 4 occurred in patients
receiving mepolizumab 100 mg every 4 weeks (lower respira-
tory tract infection, secondary adrenal insufficiency, transient
ischemic attack, and infection of the central venous catheter).
The other 2 AEs occurred in patients receiving mepolizumab
300 mg every 4 weeks (lower respiratory tract infection and
myocarditis).

DISCUSSION

In this study, conducted on the largest series of
mepolizumab-treated patients with EGPA reported so far to our
knowledge, we observed that mepolizumab at either 100 mg
every 4 weeks or 300 mg every 4 weeks is effective and safe in
controlling systemic and respiratory disease manifestations. The
use of mepolizumab in EGPA has solid evidence. Indeed, the ran-
domized controlled MIRRA trial proved the superiority of mepoli-
zumab 300 mg every 4 weeks compared to placebo for
relapsing and/or refractory EGPA (11,12), leading to the FDA
approval of mepolizumab 300 mg every 4 weeks.

Despite this, our data show that, in real practice, most
patients with EGPA received mepolizumab 100 mg every
4 weeks, the dose approved for severe eosinophilic asthma,
rather than 300 mg every 4 weeks. This prescription was proba-
bly based on the rationale that mepolizumab 100 mg every
4 weeks effectively controls severe eosinophilic asthma, which is
an invariable feature of EGPA, and was also driven by regulatory
reasons, since mepolizumab 300 mg every 4 weeks is not cur-
rently approved in Europe.

In the MIRRA trial, the dose choice was based on the
phase IIb/III dose range–finding study of mepolizumab in
severe eosinophilic asthma (7), and in a trial of HES (20,21).
This choice was also supported by the concept that EGPA,
similarly to HES, is a more aggressive condition compared to
eosinophilic asthma (14). After the FDA approval of mepolizu-
mab 300 mg every 4 weeks for EGPA, a growing body of litera-
ture from real clinical practice suggested that mepolizumab
100 mg every 4 weeks might also be used for EGPA (13–
15,22). Notably, in all patients included in these studies, dis-
ease was in remission (13,15) or disease activity was low (14)
at treatment initiation, with mepolizumab being initiated mainly
for the control of asthma.

MEPOLIZUMAB FOR EGPA 303

https://doi.org/10.1002/art.41943/abstract
https://doi.org/10.1002/art.41943/abstract
https://doi.org/10.1002/art.41943/abstract
https://doi.org/10.1002/art.41943/abstract
https://doi.org/10.1002/art.41943/abstract
https://doi.org/10.1002/art.41943/abstract


Our results indicate that mepolizumab at both 100 mg every
4 weeks and 300 mg every 4 weeks was associated with
effective control of respiratory EGPA manifestations and an
improvement in systemic disease activity. Both also allowed
glucocorticoid-sparing.

Also, the proportion of ANCA-positive patients significantly
decreased unexpectedly; nevertheless, given the small number of
patients with ANCA (re)testing, this finding should be interpreted
with caution. Though the exact mechanisms of ANCA positivity-
to-negativity switch are unknown, this may be accounted for by
anti–IL-5–mediated eosinophil depletion. Eosinophils have been
shown to promote B cell survival, T-independent and T-dependent
B cell activation and proliferation, and immunoglobulin secretion
(23). B cells and their progeny produce and release ANCAs; thus,
eosinophil depletion following mepolizumab treatment may
account for the reduction in antigen presentation and plasma cell
survival, with a consequent reduction in ANCA titers.

The proportion of complete responses steadily increased
throughout follow-up, reaching 31.2% and 37.9% at 12 months
and 33.3% and 58.3% at 24 months for mepolizumab 100 mg
every 4 weeks and 300 mg every 4 weeks, respectively, with only
a small proportion of patients experiencing disease relapse. How-
ever, response rates at 24 months must be interpreted with cau-
tion, as only 39 patients receiving mepolizumab 100 mg every
4 weeks and 12 patients receiving 300 mg every 4 weeks had
available follow-up data. Notably, complete response rates
observed with both doses were similar to that reported in the
MIRRA trial for mepolizumab 300 mg every 4 weeks, where com-
plete response to treatment was achieved in 32% of patients at
both weeks 36 and 48 (11). The response rates in our study were
lower than those in the observational study by Canzian et al (14) in
a small EGPA cohort (76% and 82% complete responses at
12 months for mepolizumab 100 mg every 4 weeks and 300 mg
every 4 weeks, respectively, as defined by BVAS= 0 and a pred-
nisone dose ≤5 mg/day) (14).

In our study, complete response rates appeared to be higher
among ANCA-negative patients, though the subgroups were too
small to draw conclusions. We speculate that these findings
reflect the different nature of ANCA-positive EGPA and ANCA-
negative EGPA, the latter being traditionally associated with a
more prominent eosinophilic phenotype (24–26).

Control of systemic disease activity was paralleled by the
improvement in asthma and lung function with both mepolizumab
regimens. Interestingly, the lower mepolizumab dose was not
associated with an increased risk of asthma re-exacerbation dur-
ing follow-up. Additionally, both mepolizumab doses were associ-
ated with good control of ENTmanifestations, according to recent
data (27). Moreover, we also observed a remarkable reduction in
peripheral neuropathy during treatment with mepolizumab. In
EGPA, neuropathy seems to have not only a vasculitic etiology
but also a neurotoxic etiology, mainly due to eosinophil products
(28,29). Thus, eosinophil depletion via mepolizumab could

effectively counteract this pathogenetic mechanism. To date, the
possible role of mepolizumab in the control of EGPA neurologic
manifestations was reported only in a retrospective study of
6 patients (30). Our results, however, must be taken with caution,
as other factors may contribute to the improvement of neuropathy,
including progressive nerve function recovery or delayed effects of
previous and concomitant therapies.

In our study, mepolizumab was generally well-tolerated.
Approximately one-fifth of patients experienced AEs, and the
100 mg every 4 weeks dose appeared to be associated with a
lower rate of AEs. Most AEs were related to infections or to myal-
gias/arthralgias, as observed in the MIRRA trial (11). Only a few
AEs required treatment discontinuation or hospitalization. How-
ever, as is the case in all retrospective studies, underreporting of
AEs cannot be excluded.

Our study has other limitations, mostly related to its retro-
spective nature. First, as data were retrospectively captured from
medical records, some data were missing, and the assessment of
clinical parameters was not systematic. Second, heterogeneity in
clinical management among centers cannot be excluded. Third,
consistent with the MIRRA trial, the BVAS calculation was used
to retrospectively assess disease activity and treatment out-
comes, as no standard assessment tool is validated specifically
for EGPA. Nevertheless, it cannot be excluded that items related
to chronic or persistent damage were erroneously counted in the
BVAS score. Fourth, the disparity in sample size between the
100 mg every 4 weeks group and 300 mg every 4 weeks group
did not allow us to draw definite conclusions. Finally, given the
small sample size, the effect of mepolizumab dose escalation in
patients with inappropriate response to 100 mg every 4 weeks
could not be ascertained. Despite these limitations, this study also
had several strengths, including a long follow-up period, large
sample size representative of the European clinical setting, and
availability of detailed longitudinal clinical data.

In conclusion, this large European real-world study shows
that mepolizumab is associated with effective control of respira-
tory EGPA manifestations, with a good safety profile. Our results
further suggest a role of mepolizumab in the treatment of systemic
manifestations, though the retrospective assessment of systemic
disease activity requires cautious interpretation of these findings.

Our data also suggest that mepolizumab 100 mg every
4 weeks could be an acceptable dose for patients with EGPA and
a valid alternative to the dose approved for this therapeutic indica-
tion (300 mg every 4 weeks). Nevertheless, caution is needed, as
some reports suggest a risk of systemic disease flare in patients
receiving anti–IL-5 treatments at the dose for asthma control
(31,32). Randomized clinical trials are advocated to compare the
efficacy and safety of these 2 EGPA treatment regimens and assess
whether dose escalation from 100 mg to 300 mg every 4 weeks
can be effective in case of unsatisfactory clinical responses, as well
as to compare the efficacy of mepolizumab as an alternative to or
sequential treatment with other biologic therapies for EGPA.
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Defective Early B Cell Tolerance Checkpoints in Patients
With Systemic Sclerosis Allow the Production of
Self Antigen–Specific Clones

Salome Glauzy, Brennan Olson, Christopher K. May, Daniele Parisi, Christopher Massad, James E. Hansen,
Changwan Ryu, Erica L. Herzog, and Eric Meffre

Objective. Early selection steps preventing autoreactive naive B cell production are often impaired in patients with
autoimmune diseases, but central and peripheral B cell tolerance checkpoints have not been assessed in patients with
systemic sclerosis (SSc). This study was undertaken to characterize early B cell tolerance checkpoints in patients
with SSc.

Methods. Using an in vitro polymerase chain reaction–based approach that allows the expression of
recombinant antibodies cloned from single B cells, we tested the reactivity of antibodies expressed by 212
CD19+CD21lowCD10+IgMhighCD27� new emigrant/transitional B cells and 190 CD19+CD21+CD10�IgM+CD27�
mature naive B cells from 10 patients with SSc.

Results. Compared to serum from healthy donors, serum from patients with SSc displayed elevated proportions of
polyreactive and antinuclear-reactive new emigrant/transitional B cells that recognize topoisomerase I, suggesting that
defective central B cell tolerance contributes to the production of serum autoantibodies characteristic of the disease.
Frequencies of autoreactive mature naive B cells were also significantly increased in SSc patients compared to healthy
donors, thus indicating that a peripheral B cell tolerance checkpoint may be impaired in SSc.

Conclusion. Defective counterselection of developing autoreactive naive B cells in SSc leads to the production of
self antigen–specific B cells that may secrete autoantibodies and allow the formation of immune complexes, which
promote fibrosis in SSc.

INTRODUCTION

Scleroderma, or systemic sclerosis (SSc), is an autoimmune
disease characterized by vascular abnormalities, fibroblast activa-
tion leading to extracellular matrix synthesis and fibrosis of the skin
and internal organs, and dysregulated immunity (1,2). Patients with
SSc are classified into 2 main groups—diffuse cutaneous SSc
(dcSSc) and limited cutaneous SSc (lcSSc). The dcSSc subtype
is characterized by skin fibrosis proximal to the elbows and knees
and internal organ damage, especially to the lungs, resulting in pul-
monary fibrosis, a major cause of disease-associated morbidity
andmortality (1,2). In contrast, patients with lcSSc usually have skin
alterations restricted to the hands and face and are less commonly
affected by visceral fibrosis.

These 2 subgroups of patients with SSc are also
characterized by the production of specific autoantibodies.
Anti–topoisomerase I/anti–Scl-70, anti–RNA polymerase III, and
anti–U3 RNP are usually found in patients with dcSSc, whereas
anticentromere, anti-PM/Scl, anti-Th/To, and anti–U1 RNP are
often associated with lcSSc (1,2). All of these autoantibodies that
target nucleic acid–containing self antigens demonstrate a break
in B cell tolerance in SSc; however, the origin of the autoreactive
B cells secreting these serum autoantibodies remains unknown.

Analysis of patients with various autoimmune diseases,
including rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE), Sjögren’s syndrome (SS), type 1 diabetes mellitus (DM),
myasthenia gravis, neuromyelitis optica spectrum disorder
(NMOSD), and multiple sclerosis (MS), revealed an impaired
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selection of developing autoreactive B cells in either (or both) the
bone marrow and the periphery, resulting in the accumulation of
large numbers of circulating autoreactive naive B cells (3).

We report herein that both dcSSc patients and lcSSc patients
display defective central and peripheral B cell tolerance checkpoints,
leading to the production of autoreactive naive B cell clones express-
ing unmutated antibodies with self antigen specificity characteristic
of the disease. These autoreactive antibodies have recently been
shown to promote fibrosis in SSc through the formation of immune
complexes (4), thereby revealing that failed B cell tolerance mechan-
sims play an essential role in disease pathophysiology.

PATIENTS AND METHODS

Patient characteristics. Patients with SSc according to
current criteria were enrolled from the Yale ILD Center of Excellence
and the Yale Scleroderma Center (Supplementary Table 1, available
on the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41927/abstract). Most patients were naive to
any medication, and all met diagnostic criteria for SSc (1). The char-
acteristics of the patients with SSc, their autoantibody profiles, and
the presence of the 1858T PTPN22 polymorphism associated with
the disease and leading to impaired early B cell tolerance check-
points are summarized in Supplementary Table 1 (5–9). The study
protocol was approved by the Institutional Review Board at Yale
(HIC#1307012431, HIC#0906005336), and informed consent
was obtained from all patients before participation.

Cell staining and sorting. Mononuclear cells from
healthy donors and patients with SSc were enriched for B cells by
magnetic separation with anti-CD20 microbeads (Miltenyi Biotec)
and stained with Pacific Blue–conjugated anti-human CD19,
PerCP–Cy5.5–conjugated anti-human CD27, phycoerythrin
(PE)–Cy7–conjugated anti-human CD10, allophycocyanin (APC)–
conjugated anti-human CD21, and fluorescein isothiocyanate–
conjugated anti-human IgM (all from BioLegend). Single
CD19+CD21lowCD10+IgMhighCD27� new emigrant/transitional
and CD19+CD21+CD10�IgM+CD27� mature naive B cells were
sorted on a FACSAria system (BDBiosciences) into 96-well polymer-
ase chain reaction (PCR) plates and immediately frozen on dry ice.

The following antibodies were used for T cell phenotyping:
APC–Cy7–conjugated anti-CD4, PE–Cy7–conjugated anti-
CD25, PerCP–Cy5.5–conjugated anti-CD127 (all from BioLe-
gend), and eFluor 605NC–conjugated anti-CD3 (eBioscience).
Intracellular staining with Alexa Fluor 488–conjugated anti-FoxP3
(clone PCH101; eBioscience) was performed using a FoxP3/
Transcription Factor Staining Buffer Set in accordance with
instructions of the manufacturer (eBioscience).

Complementary DNA (cDNA) synthesis, Ig gene
amplification, antibody production, and purification.
Complementary DNA synthesis, reverse transcriptase–PCRs,

primer sequences, cloning strategy, expression vectors, in vitro
recombinant antibody production, and purification were per-
formed as previously described (10). Briefly, cDNA was synthe-
sized in the original 96-well PCR plate in which single B cells
were sorted. RNA from single cells was reverse-transcribed in a
14 μl volume at 37�C for 55 minutes; 3.5 μl of cDNA or first PCR
product was used to amplify IgH, Igκ, or Igλ transcripts by
2 rounds of PCR in 40-μl reactions containing 20 pM primers
and 1.2U HotstarTaq DNA polymerase (Qiagen). PCR products
were then purified (QIAquick; Qiagen), sequenced, and analyzed
by IgBLAST comparison with GenBank.

Since gene restriction sites were introduced by second
PCRs, digested IgH, Igκ, and Igλ PCR products were purified
(QIAquick; Qiagen) and cloned into expression vectors containing
human IgG1, Igκ, or Igλ constant regions (10); 12.5 μg of IgH and
IgL chain encoding plasmid DNA was cotransfected with poly-
ethyleneimine in 293A human embryonic kidney fibroblasts
washed with serum-free Dulbecco’s modified Eagle’s medium
(DMEM) and thereafter cultured in DMEM supplemented with
1% Nutridoma SP (Roche). Supernatants were collected and
titrated after 8–10 days of culture. HEp-2 reactivity enzyme-linked
immunosorbent assays (ELISAs) and immunofluorescence
assays (IFAs) were performed using antibodies purified on protein
G–Sepharose (Amersham Pharmacia Biosciences).

Repertoire analysis. Immunoglobulin sequences and
mutation status were determined using IgBLAST comparison
with GenBank using the NCBI IgBLAST server (http://www.ncbi.
nlm.nih.gov/igblast/). Heavy-chain complementarity-determining
region 3 (CDR3) was defined as the interval between amino acid
at position 94 in the VH framework 3 and the conserved trypto-
phan at position 103 in JH segments. Antibody sequences and
reactivity are shown in Supplementary Tables 2 and 3, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41927/abstract.

ELISAs and IFAs. Recombinant antibody reactivity was
assessed as previously reported using the highly polyreactive
ED38 recombinant antibody as a positive control for HEp-2 reac-
tivity and polyreactivity assays (10). Antibodies were considered
polyreactive when they recognized all 3 distinct antigens:
double-stranded DNA (dsDNA), insulin, and lipopolysaccharide
(LPS). For indirect IFAs, HEp-2 cell–coated slides (Bion Enter-
prises) were incubated in a moist chamber at room temperature
with purified recombinant antibodies at 50–100 μg/ml according
to the manufacturer’s instructions.

Immunoprecipitation and Western blotting. DLD1
cells grown to confluence in a T-25 flask (2–3 � 106 cells) were
lysed in M-PER (catalog no. 78501; ThermoFisher) for 5 minutes
on ice with 1� Halt Protease Inhibitor (catalog no. 87786; Ther-
moFisher). The lysate was clarified by centrifugation for 10minutes

GLAUZY ET AL308

https://doi.org/10.1002/art.41927/abstract
https://doi.org/10.1002/art.41927/abstract
http://www.ncbi.nlm.nih.gov/igblast/
http://www.ncbi.nlm.nih.gov/igblast/
https://doi.org/10.1002/art.41927/abstract
https://doi.org/10.1002/art.41927/abstract


at 10,000 rpm at 4�C. Two hundred microliters of lysate was
added to Protein A/G beads with 2 μg K24 or the equivalent vol-
ume of phosphate buffered saline for a 1-hour rotation at 4�C.
Beads were washed 3 times in Gentle Ag/Ab Binding Buffer, pH
8.0, and eluted by the addition of 2� Laemmli buffer. Western blot
of K24 input, DLD1 total lysate, and elutions from control and K24
beads was probed with primary monoclonal anti–topoisomerase I
(catalog no. sc-271285; Santa Cruz Biotechnology) and second-
ary HRP-linked anti-mouse IgG antibody (catalog no.7076S; Cell
Signaling Technology), with signal detection by enhanced chemi-
luminescence (ThermoFisher).

In vitro Treg cell suppression assay. CD4+ T cells
were enriched using an EasySep human CD4+ T cell enrichment
kit (StemCell Technologies). CD4+CD25highCD127low/� Treg
cells and CD3+CD4+CD25� T responder cells were sorted by
flow cytometry. T responder cells were then labeled with Cell-
Trace CFSE (InvivoGen) at 5 μM. Treg cells and T responder cells
were cocultured at a 1:1 ratio in the presence of beads loaded
with anti-CD2, anti-CD3, and anti-CD28 (Treg Suppression
Inspector [human]; Miltenyi Biotec) at a 1:1 ratio of beads to cells
(11). On days 3.5–4.5, cocultures were stained for viability with a
Live/Dead kit (Invitrogen), and the proliferation of viable T
responder cells was assessed following carboxyfluorescein suc-
cinimidyl ester dilution.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software version 5.0. Differences between
subject groups were tested for statistical significance by nonpara-
metric Mann-Whitney U tests or unpaired Z tests. P values less
than or equal to 0.05 were considered significant.

RESULTS

Impaired central B cell tolerance in patients with
SSc. Central B cell tolerance mediates the removal of developing
polyreactive and antinuclear-reactive immature B cells in the bone
marrow (3,10). To determine whether this early B cell selection
step is altered in SSc, we enrolled patients with SSc, many of
whom were naive for treatment (Table 1 and Supplementary
Table 1). We cloned 212 recombinant antibodies expressed by
single CD19+CD21lowCD10+IgMhighCD27� transitional B cells
that recently emigrated from the bone marrow and were isolated
from 10 of these patients (5 with dcSSc and 5 with lcSSc) and
tested the reactivity of these antibodies by ELISA. Of note, flow
cytometry revealed that transitional B cell subsets including early
T1 and more mature T2 B cells were found at similar frequencies
in healthy donors and patients with SSc (Supplementary
Figure 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41927/abstract).
In contrast, SSc patients displayed significantly increased propor-
tions of CD19+CD21+CD10�IgM+CD27�mature naive B cells

that differentiate from transitional B cells, but decreased frequen-
cies of CD19+CD21+CD10�CD27+ conventional memory B
cells compared to controls (Supplementary Figure 1).

The first evidence suggesting that central B cell tolerance
was not properly established in SSc came from the Ig repertoire
analysis of SSc new emigrant/transitional B cells
(Supplementary Figure 2 and Supplementary Table 2, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41927/abstract). Pooled heavy-
chain gene (IgH) sequences from SSc new emigrant/transitional
B cells revealed a significantly higher frequency of long IgH
CDR3, a feature that favors antibody self-reactivity (10,12), in
SSc patients, whereas the density of positive charges in IgH
CDR3 was similar between healthy donors and SSc patients
(Supplementary Figure 2).

The reactivities of antibodies expressed by new emigrant/
transitional B cells from 10 patients with SSc were then compared
to those in 13 previously studied healthy donors (3)
(Figures 1A–C). We found that the frequencies of new emigrant/
transitional B cells expressing polyreactive antibodies in both
patients with dcSSc and those with lcSSc were significantly
increased and averaged 22.1% and 26.9%, respectively, com-
pared to only 7.1% in healthy controls, revealing that central B cell
tolerance is impaired in SSc (P < 0.0001) (Figures 1A and B; Sup-
plementary Figure 3, and Supplementary Table 2, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41927/abstract). The proportion of antinuclear-
reactive clones in new emigrant/transitional B cells from SSc
patients was also significantly increased compared to that in healthy
donors, further demonstrating the impaired removal of developing
autoreactive B cells in the bone marrow of these patients

Table 1. Characteristics of the patients with SSc*

Patients
with dcSSc

Patients
with lcSSc

(n = 5) (n = 5)

Age, mean � SD years 45.4 � 15.6 51.6 � 9.8
Sex, female 5 (100) 5 (100)
Race, White 5 (100) 5 (100)
Anti–Scl-70 antibody status
Positive 4 (80) 1 (20)
Negative 1 (20) 4 (80)

Anticentromere antibody status
Positive 1 (20) 2 (40)
Negative 4 (80) 3 (60)

Treatment naive 3 (60) 4 (80)
Clinically significant ILD 5 (100) 3 (60)
Group I PAH 0 (0) 0 (0)
GERD 5 (100) 5 (100)
MRSS, mean 15 5

* Except where indicated otherwise, values are the number (%) of
patients. SSc = systemic sclerosis; dcSSc = diffuse cutaneous SSc;
lcSSc = limited cutaneous SSc; ILD = interstitial lung disease;
PAH = pulmonary arterial hypertension; GERD = gastroesophageal
reflux disease; MRSS = modified Rodnan skin thickness score.
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(P= 0.036) (Figures 1C and D). Antinuclear-reactive new emigrant/
transitional B cells from patients with SSc recognized diverse struc-
tures in the nucleus, as illustrated by the different antinuclear

staining patterns shown for recombinant antibody κ28 cloned from
a new emigrant/transitional B cell from SSc patient 65 (neSSc065
κ28), neSSc210 κ24, and neSSc114 κ45 (Figure 1D).
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Figure 1. Defective central B cell tolerance in patients with systemic sclerosis (SSc). A, Antibodies cloned from single new emigrant/transitional B
cells from a representative healthy donor (HD10), a patient with diffuse cutaneous SSc (dcSSc114), and a patient with limited cutaneous SSc
(lcSSc368) were tested by enzyme-linked immunosorbent assay for reactivity against different concentrations of double-stranded DNA (dsDNA), insu-
lin, and lipopolysaccharide (LPS). Dotted lines show the ED38-positive control. Horizontal lines show the cutoff for positive reactivity at OD405. Pie
charts show the frequencies of nonpolyreactive and polyreactive clones. Values in the center are the number of antibodies tested. B and C, Frequen-
cies of polyreactive (B) and antinuclear-reactive (C) new emigrant B cells were compared between healthy donors and patients with SSc (subdivided
into dcSSc and lcSSc). Open diamonds represent healthy donors, solid diamonds represent patients with dcSSc, and half-solid/half-open diamonds
represent patients with lcSSc; horizontal lines show the median. * = P < 0.05; *** = P < 0.001; **** = P < 0.0001, by Mann-Whitney U test. D, Anti-
nuclear antibodies in B cells from SSc patients show various patterns of HEp-2 staining. Original magnification � 40. E, Immunoprecipitation
(IP) experiments were performed using recombinant antibody κ24 cloned from a new emigrant/transitional B cell from SSc patient 210 (neSSc210
κ24). A topoisomerase I Western blot for κ24 input supernatant and DLD1 total lysate is shown, with either no antibody or neSSc210 κ24 included
for IP. The recombinant antibody neSSc210 κ24 bound topoisomerase I. Results are representative of 3 experiments.
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Both polyreactive and antinuclear-reactive new emigrant B
cells from patients with SSc were enriched in clones that dis-
played positively charged amino acids in their IgH CDR3, whereas
long IgH CDR3 favored polyreactivity but not antinuclear reactivity
(Supplementary Figure 2). Of note, similar autoreactive B cell fre-
quencies were observed in patients with SSc whether or not they
harbored the PTPN22 risk allele, which is associated with this dis-
ease and results in impaired early B cell tolerance checkpoints
(5–9) (Supplementary Figure 4, Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41927/
abstract). Hence, other polymorphisms or factors may result in
altered autoreactive B cell counterselection in these patients.
Taken together, our data show that central B cell tolerance is
defective in both dcSSc patients and lcSSc patients.

Identification of an anti–topoisomerase I/Scl-70–
reactive clone in a patient with dcSSc. Clone neSSc210
κ24 was of particular interest due to its strong, compact fine
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Figure 2. Defective peripheral B cell tolerance checkpoint in patients with SSc. A, Left, Antibodies cloned from single mature naive B cells from a
representative healthy donor (HD10), a patient with dcSSc (dcSSc114), and a patient with lcSSc (lcSSc368) were tested at different concentra-
tions by enzyme-linked immunosorbent assay for reactivity against HEp-2 cell lysate. Dotted lines show the ED38-positive control. Horizontal lines
show the cutoff for positive reactivity at OD405. Pie charts show the frequencies of non–HEp-2–reactive clones and HEp-2–reactive clones. Values
in the center are the number of antibodies tested. Right, Frequencies of HEp-2-reactive clones in mature naive B cells were compared between
healthy donors and patients with SSc (subdivided into dcSSc and lcSSc). B and C, Frequencies of clones that were polyreactive against dsDNA, insulin,
and LPS (B), and of antinuclear-reactive clones (C) in mature naive B cells were compared between healthy donors and patients with SSc (subdivided into
dcSSc and lcSSc). In the right panel of A and in B andC, open diamonds represent healthy donors, solid diamonds represent patients with dcSSc, and
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κ65, and mnSSc362 κ49) are shown. Original magnification � 40. See Figure 1 for other definitions.
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speckled pattern, which resembled staining characteristic of anti–
topoisomerase I/Scl-70, suggesting that this clone may recognize
this self antigen targeted in dcSSc (Figure 1D) (13). To determine
whether neSSc210 κ24 is an anti–topoisomerase I–reactive anti-
body, we performed immunoprecipitation experiments with this
recombinant antibody using the DLD1 cell line. Indeed, the pres-
ence of topoisomerase I was revealed using a monoclonal anti-

human topoisomerase I antibody (Figure 1E). We found that
neSSc210 κ24 bound topoisomerase I, the major self antigen in
dcSSc, in the absence of somatic hypermutation, which normally
improves antibody affinity (Figure 1E). Thus, defects in central B
cell tolerance in patients with SSc may result in the production of
autoreactive clones that recognize self antigen specifically tar-
geted in this disease.
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Figure 3. Identification of T cells refractory to in vitro Treg cell suppression in SSc. A, CD3+CD4+ T cells from a representative healthy donor, a
patient with dcSSc, and a patient with lcSSc were stained for CD25 versus CD127 or CD25 versus intracellular FoxP3. B, CD3+CD4+
CD25highCD127lowFoxP3+ Treg cell frequencies were compared between healthy donors and patients with SSc (subdivided into dcSSc and
lcSSc). ** = P < 0.01, by Mann-Whitney U test. C, Representative histograms show Treg cell–mediated suppression of autologous and heterolo-
gous 5,6-carboxyfluorescein succinimidyl ester (CFSE)–labeled T responder (Tresp) cells on day 3.5 from a patient with dcSSc and a patient with
lcSSc compared to a healthy donor. D, The autologous and heterologous suppressive abilities of Treg cells were compared between 4 healthy
donors and 5 SSc patients (dcSSc210, dcSSc366, lcSSc368, lcSSc369, and dcSSc370). E, Combined Treg cell suppression data for
T responder cells was compared between healthy donors and patients with SSc. In B and D, open diamonds represent healthy donors, solid
diamonds represent patients with dcSSc, and half-solid/half-open diamonds represent patients with lcSSc; horizontal lines show the median.
In E, open diamonds represent healthy donors, and solid diamonds represent patients with SSc; horizontal lines show the median.
** = P < 0.01, by Mann-Whitney U test. See Figure 1 for other definitions.
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Impaired peripheral B cell tolerance checkpoint in
patients with SSc. Autoreactive B cells that recognize periph-
eral self antigens are normally eliminated at a second B cell toler-
ance checkpoint before entering the long-lived mature naive B
cell compartment (3,10). As a consequence, mature naive B cells
from both healthy donors and patients with SSc displayed shorter
and less positively charged IgH CDR3 than their new emigrant/
transitional B cell counterparts (Supplementary Figures 2 and 5,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41927/abstract). How-
ever, mature naive B cells from patients with SSc were signifi-
cantly enriched in clones with longer IgH CDR3 compared to
their counterparts in healthy donors, suggesting that the periph-
eral B cell tolerance checkpoint may not be properly regulated in
SSc (Supplementary Figure 5A).

We therefore investigated this peripheral B cell selection step
by testing the self-reactivity of antibodies expressed by 190 mature
naive B cells from the same 10 patients with SSc using various
ELISAs and indirect immunofluorescence (10). We found that the
frequencies of mature naive B cells expressing antibodies reactive
to HEp-2 cell lysate, a commonly used ELISA for the detection of
autoreactive immunoglobulins (10), were significantly increased in
both dcSSc patients and lcSSc patients (42.9–56.5%) compared
with healthy donors (16.0–26.3%) (P < 0.0001) (Figure 2A; Supple-
mentary Figure 6 and Supplementary Table 3, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41927/abstract). Peripheral B cell tolerance
checkpoint defects in patients with SSc were further evidenced
by the increased frequency ofmature naive B cells expressing poly-
reactive antibodies in SSc patients compared with healthy donors
(P = 0.0004), whether or not they carried the PTPN22 risk allele
(Figure 2B and Supplementary Figures 4 and 7, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41927/abstract).

The proportion of antinuclear-reactive clones in mature naive
B cells from patients with SSc was also increased compared to
healthy donors, but differences failed to reach significance
(Figures 2C and D). Antinuclear-reactive clones showed nucleolar
staining patterns (recombinant antibody κ64 cloned from a mature
naive B cell from SSc patient 232 [mnSSc232 κ64] andmnSSc362
κ49) or speckled staining patterns (mnSSc210 κ65) (Figure 2D).
Notably, the serum of SSc patient 232 displayed antinuclear auto-
antibodies (Supplementary Table 1), suggesting that the impaired
peripheral B cell tolerance checkpoint in SSc may also contribute
to the break in B cell tolerance and autoantibody secretion in this
disease. Analysis of heavy-chain sequences from mature naive B
cells revealed that long IgH CDR3 favored polyreactivity, whereas
the presence of positively charged amino acids was associated
with HEp-2 reactivity, polyreactivity, and antinuclear reactivity
(Supplementary Figure 5).

Since the regulation of the peripheral B cell tolerance check-
point involves T cells and potentially Treg cells (14–17), we
assessed Treg cell frequency and suppressive function in patients

with SSc (Figure 3). We found that the proportion of Treg cells in
the blood of 16 patients with SSc was globally similar and poten-
tially increased in patients with dcSSc compared to healthy
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Figure 4. Defective central and peripheral B cell tolerance checkpoints
in many autoimmune diseases. The frequencies of polyreactive new emi-
grant/transitional B cells (A), polyreactive mature naive B cells (B), and
HEp-2–reactivemature naive B cells (C) were compared between healthy
donors, patientswithmultiple sclerosis (MS), patientswith type 1 diabetes
mellitus (T1 DM), patients with rheumatoid arthritis (RA), pediatric patients
with systemic lupus erythematosus (SLE), patients with primary Sjögren’s
syndrome (SjS), and patients with systemic sclerosis (SSc). Open dia-
monds represent healthy donors, and solid diamonds represent patients
with autoimmune disease; horizontal lines show the median. Dotted lines
show the median in healthy donors. ** = P < 0.01; *** = P < 0.001;
**** = P < 0.0001, by Mann-Whitney U test.
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donors, as previously reported (18,19) (Figures 3A and B).
Healthy donor and SSc patient Treg cells similarly suppressed
in vitro the induced proliferation of CD4+CD127+ T responder
cells isolated from either healthy donors or patients with SSc
(Figures 3C and D). In contrast, we observed that T responder
cells from patients with SSc, which included dcSSc patient
210, dcSSc patient 366, lcSSc patient 368, and lcSSc patient
369, who displayed defective autoreactive B cell selection, were
refractory to suppression by either autologous Treg cells isolated
from the same patients or heterologous Treg cells isolated from
healthy donors (Figures 3D and E). Hence, altered T cell
responses in patients with SSc correlate with the impaired selec-
tion of autoreactive B cells in the periphery.

BAFF is a molecule that controls the number of peripheral B
cells and may interfere with peripheral B cell tolerance (20). We
found that patients with SSc displayed serum BAFF concentra-
tions similar to those in healthy donors, suggesting that BAFF is
not responsible for peripheral B cell selection defects in SSc
(Supplementary Figure 8, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41927/abstract). We conclude that patients with SSc have a dys-
functional peripheral B cell tolerance checkpoint.

Failure of early B cell tolerance checkpoints in most
autoimmune diseases.We compared the frequencies of poly-
reactive and HEp-2–reactive clones in the new emigrant/
transitional and mature naive B cell compartments of patients with
SSc to those in patients with other autoimmune diseases that we
previously tested (3). We found that the elevated frequencies of
polyreactive new emigrant/transitional B cells observed in
patients with SSc differed from those in healthy donors and
patients with MS but were similar to those in patients with type
1 DM, RA, pediatric SLE, or SS, revealing that central B cell toler-
ance defects are a common feature of these autoimmune
diseases—excluding MS (3) (Figure 4A). In contrast, patients with
these autoimmune diseases, including MS, displayed an impaired
peripheral B cell tolerance checkpoint, resulting in the accumula-
tion of both polyreactive and HEp-2–reactive B cells in their blood
(Figures 4B and C). Hence, the dysregulated removal of develop-
ing autoreactive naive B cells continuously produced throughout
life correlates with autoimmunity.

DISCUSSION

We report herein that patients with SSc display impaired cen-
tral and peripheral B cell tolerance checkpoints, which results in
the increased production of autoreactive naive B cells. In addition,
we showed that V(D)J recombination of germline Ig gene seg-
ments can produce immature B cells that recognize SSc-specific
self antigens (i.e., topoisomerase I) in the absence of somatic
hypermutation or affinity maturation. Consistent with this observa-
tion, it was recently reported that the activation of transitional B

cells isolated from patients with SSc could lead to the detection
of anti–topoisomerase I antibody secretion (21). Reversion exper-
iments that consisted of removing somatic hypermutation in self-
antigen–specific mutated antibodies previously suggested that
circulating pathogenic autoantibodies targeting the aquaporin
4 water channel in patients with NMOSD can originate from auto-
reactive naive B cells, which escape early B cell tolerance check-
points (22).

Our data further support the notion of a direct contribution of
impaired central and peripheral B cell tolerance checkpoints in
promoting autoimmune diseases through the production of self
antigen–specific naive B cells that may not only present self anti-
gens to T cells and initiate autoimmune responses, but also be
the precursors of the plasma cells secreting autoantibodies
involved in the formation of immune complexes. Defective autore-
active B cell selection likely plays an important role in SSc patho-
physiology since it was recently reported that the secretion of
autoantibodies and the formation of immune complexes in
patients with SSc promote fibrosis through the activation of fibro-
blasts via interleukin-6 (IL-6)– andmacrophage colony-stimulating
factor–induced osteopontin secretion by macrophages (4).

It remains to be determined if autoantibodies in SSc may
originate from the activation of autoreactive new emigrant/
transitional or mature naive B cells. The identification of anti–
topoisomerase I–reactive clones in the new emigrant/transitional
B cell compartment of patients with SSc, in this study and previ-
ously (21), further supports a direct involvement of transitional B
cells in autoantibody secretion in autoimmune diseases. Several
studies have suggested that antinuclear autoantibodies in SLE
may be secreted upon transitional B cell activation via Toll-like
receptor 7 (TLR-7) and interferon-α (IFNα) (23–25). Since a type I
IFN–induced gene signature typically associated with SLE is also
present in about half of SSc patients, it is plausible that the latter
scenario may also promote autoantibody production in SSc
(26,27). In addition, secretion of IFNα by plasmacytoid dendritic
cells is enhanced in SSc due to dysregulated and enhanced TLR
function (28,29).

Transitional B cells can also be stimulated by TLR-9 ligands,
which induce cell proliferation, somatic hypermutation, and anti-
body secretion (30). However, B cell receptor (BCR)/TLR-9 co-
triggering normally prevents the production of autoreactive anti-
bodies targeting DNA-containing self antigens by inducing B cell
death (31). Thus, anti–topoisomerase I–reactive transitional B
cells from patients with SSc may develop in antibody-secreting
cells if TLR-9 tolerogenic function is impaired. While TLR-9 func-
tion is defective in naive B cells from patients with SLE who also
secrete autoantibodies targeting DNA-containing antigens such
as anti-dsDNA and antihistones (32), Taher et al suggested that
TLR-9 responses in total B cells from patients with SSc may also
be decreased compared to their healthy donor counterparts
(21). Hence, impaired TLR-9 function following the co-
crosslinking of autoreactive BCRs with TLR-9 by DNA-containing
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self antigens may allow for the survival of anti–topoisomerase I–
reactive transitional B cells in patients with dcSSc and
anticentromere-reactive clones in patients with lcSSc, and may
lead to the secretion of autoreactive antibodies in the serum of
these patients.

We cannot rule out the possibility that autoantibodies may also
emerge from the activation of mature naive B cells, which also con-
tained antinuclear-reactive clones in patients with SSc or other
autoimmune diseases. Impaired early B cell tolerance checkpoints
and the production of autoreactive B cells may also favor autoim-
munity via the secretion of proinflammatory cytokines such as granu-
locyte–macrophage colony-stimulating factor in SSc andMS (33,34)
or IL-6 in SSc and RA (21,35). B cell production of lymphotoxin β

may also favor tertiary lymphoid organ formation (36). Regardless,
rituximab, which eliminates B cells, has shown therapeutic efficacy
in SSc, further solidifying the importance of B cells in SSc patho-
physiology (37,38). Alternatively, restoring central B cell tolerance
may represent a novel alternative therapeutic strategy to prevent
autoantibody secretion and the formation of immune complexes,
which may slow down or stop fibrotic processes in SSc (9).

What are the origins of defective central and peripheral B cell
tolerance checkpoints in SSc? The analysis of early B cell toler-
ance checkpoints in patients with primary immunodeficiency with
rare genetic mutations has revealed that decreased signaling from
receptors that recognize self antigens at the immature B cell
stage, i.e., the BCR and potentially TLRs, resulted in an impaired
central B cell tolerance, whereas decreased Treg cell numbers,
defective Treg cell suppressive function, or T cells refractory to
Treg cell suppression were associated with an increase in autore-
active clones in the mature naive B cell compartment (3,14–17).

Consistent with these observations, the 1858T polymorphism
in the PTPN22 gene identified by genome-wide association studies
(GWAS) is associated with type 1 DM, RA, SLE, and SSc (5–7),
decreases BCR and TCR signaling in human cells, and interferes
with developing autoreactive B cell counterselection (8,9,39,40).
Three of the 10 patients with SSc enrolled in this study harbored
the 1858T PTPN22 variant, which likely accounts for their defective
early B cell tolerance checkpoints (8,9). Other gene variants associ-
ated with SSc, SLE, and other autoimmune diseases encoding B
cell–specific scaffold protein with ankyrin repeats 1 and B lympho-
cyte kinase, both of which regulate BCR and TLR signaling,may also
contribute to the alteration of central B cell tolerance in SSc (41–44).

In contrast to central B cell tolerance, the peripheral B cell tol-
erance checkpoint relies on B cell extrinsic factors such as T cells.
Indeed, the absence of T cells in CD3-deficient patients or defec-
tive Treg cell function in FoxP3-deficient patients, or in other
patients with primary immunodeficiencies, resulted in an impaired
peripheral B cell tolerance checkpoint (14–17). T cells may also
provide survival signals to autoreactive B cells and favor the accu-
mulation of autoreactive B cells. For instance, defective thymo-
cyte selection in autoimmune regulator deficiency, which favors
the accumulation of autoreactive T cells in the conventional

CD4+ rather than in the Treg cell compartment, results in the
expansion of anti-insulin mature naive B cells that are not
detected in the absence of T cells in patients with CD3D or
CD3E deficiency (14,45). While Treg cell numbers and suppres-
sion function in SSc appeared unaffected, we found that T
responder cells from patients with SSc were refractory to Treg cell
suppression in vitro. Similarly, patients with either type 1 DM or X-
linked lymphoproliferative disease caused by signaling lympho-
cytic activation molecule–associated protein deficiency also dis-
played T responder cells that are refractory to Treg cell
suppression in vitro, a feature that correlated with a defective
peripheral B cell tolerance checkpoint (11,46).

The increased production of various cytokines in SSc, espe-
cially IL-4 and IL-6, may alter Treg cell suppression in vitro and
favor the fibrotic process (11,47). In addition to rendering T
responder cells refractory to Treg cells and perhaps directly
affecting Treg cell suppressive function, Th2/Tfh cytokines in
SSc, including IL-4, IL-6, IL-10, and IL-21, favor B cell activation,
class-switch recombination, plasma cell development, and the
production of anti–topoisomerase I autoantibodies (48–50).
Moreover, and consistent with the type I IFN signature common
in SSc, polymorphisms identified by GWAS in several IFN regula-
tory factor genes are associated with SSc and may also favor
autoantibody secretion (51).

In conclusion, our study demonstrates that patients with SSc
display multiple defective B cell tolerance mechanisms, ultimately
resulting in the production of autoreactive naive B cells and secre-
tion of autoantibodies that target specific self antigen. Impaired early
B cell tolerance checkpoints in SSc may be caused by polymor-
phisms or rare genetic mutations, as is frequently the case in other
autoimmune diseases and primary immunodeficiencies. Alterna-
tively, it is conceivable that cytokines or chemokines, both of which
are routinely found at elevated concentrations in the serum of
patients with autoimmune diseases, may also interfere with the
counterselection of autoreactive B cells either in the bone marrow
or periphery. Indeed, SSc is associated with a common type I IFN
signature and aberrant cytokine and/or chemokine profiles that
may influence B cell selection and disease progression. Additional
investigations are therefore warranted to explore such hypotheses.
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Platelet Phagocytosis via P-selectin Glycoprotein Ligand 1
and Accumulation of Microparticles in Systemic Sclerosis

Angelo A. Manfredi,1 Giuseppe A. Ramirez,1 Cosmo Godino,1 Annalisa Capobianco,1 Antonella Monno,1

Stefano Franchini,1 Enrico Tombetti,1 Sara Corradetti,1 Jörg H. W. Distler,2 Marco E. Bianchi,1

Patrizia Rovere-Querini,1 and Norma Maugeri1

Objective. It is unclear why activated platelets and platelet-derived microparticles (MPs) accumulate in the blood of
patients with systemic sclerosis (SSc). This study was undertaken to investigate whether defective phagocytosis might
contribute to MP accumulation in the blood of patients with SSc.

Methods. Blood samples were obtained from a total of 81 subjects, including 25 patients with SSc and 26 patients
with stable coronary artery disease (CAD). Thirty sex- and age-matched healthy volunteers served as controls. Studies
were also conducted in NSG mice, in which the tail vein of the mice was injected with MPs, and samples of the lung
parenchyma were obtained for analysis of the pulmonary microvasculature. Tissue samples from human subjects
and from mice were assessed by flow cytometry and immunochemical analyses for determination of platelet–
neutrophil interactions, phagocytosis, levels and distribution of P-selectin, P-selectin glycoprotein ligand 1 (PSGL-1),
and HMGB1 on platelets and MPs, and concentration of byproducts of neutrophil extracellular trap (NET) generation/
catabolism.

Results. Activated P-selectin+ platelets and platelet-derived HMGB1+MPs accumulated in the blood of SSc patients
but not in the blood of healthy controls. Patients with CAD, a vasculopathy independent of systemic inflammation, had
fewer P-selectin+ platelets and a negligible number of MPs. The expression of the receptor for P-selectin, PSGL-1, in neu-
trophils fromSSc patients was significantly decreased, raising the possibility that phagocytes in SSc do not recognize acti-
vated platelets, leading to a failure of phagocytosis and continued neutrophil release of MPs. As evidence of this process,
activated platelets were not detected in the neutrophils from SSc patients, whereas they were consistently present in the
neutrophils from patients with CAD. HMGB1+ MPs elicited generation of NETs, which were only detected in the plasma
of SSc patients. In mice, P-selectin–PSGL-1 interaction resulted in platelet phagocytosis in vitro and influenced the ability
of MPs to elicit NETs, endothelial activation, and migration of leukocytes through the pulmonary microvasculature.

Conclusion. The clearance of activated platelets via PSGL-1 limits the undesirable effects of MP-elicited neutrophil
activation. This balance is disrupted in patients with SSc. Its reconstitution might curb vascular inflammation and pre-
vent fibrosis.

INTRODUCTION

Systemic sclerosis (SSc) is a rare disease with a high unmet
medical need and few effective therapies (1,2). Early events in
SSc include activation and death of endothelial cells, loss of
capillaries, and exposure of subendothelial tissue. The microvas-
cular damage results in thickening of the medial layer, hyperplasia

of the intima, and obliteration of the lumen (2). Findings from a
recent comprehensive whole blood transcriptome analysis
highlighted the importance of platelet activation and degranula-
tion among pathways replicated in different cohorts of patients
(3), an observation consistent with the notion that platelets
undergo activation in SSc (4,5). Neutrophils have also attracted
attention as major players in SSc vascular damage and organ
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damage. They are the major determinant of gene expression in
the blood of patients with SSc (3).

Microparticles (MPs), membrane-bound structures that are
released from activated or dying cells, shuttle bioactive molecules
to influence homeostasis at a distance and might contribute to
microvascular disease in SSc (6). These structures are derived
from endothelial cells and platelets, and they accumulate in the
blood of patients with SSc (7–11). MPs perform potentially impor-
tant functions, including transporting various inflammatory sig-
nals, known as damage-associated molecular patterns
(DAMPs), such as the prototypical signal HMGB1 (11) and mito-
chondrial DNA. Furthermore, when MPs derived from SSc
patients are injected into immunocompromised mice, many fea-
tures of human SSc are reproduced, such as microvascular alter-
ations and tissue fibrosis (11).

Activated neutrophils and platelets carry out antimicrobial
and hemostatic actions in inflamed tissue. Their interaction con-
tributes to leukocytes extravasation and migration to the inflamed
tissue and increases the production of neutrophil extracellular
traps (NETs) (12,13), an event dependent on HMGB1 presenta-
tion to neutrophils (10,13–16).

Phagocytosis eliminates activated platelets from the blood-
stream, removing a procoagulant template and a source of sig-
nals that damage the microvasculature (17–19). Phagocytes
comprise endothelial cells and macrophages (18,19). Neutrophils
also recognize P-selectin on tethered activated platelets via the
P-selectin glycoprotein 1 (PSGL-1) receptor and internalize them
via a phosphatidylserine-dependent pathway (20,21). Of note,
PSGL-1 alterations have been described in SSc, while PSGL-1–
deficient mice develop scleroderma features, including activation
and dysfunction of the pulmonary endothelial cells (22–24).

The accumulation of activated platelets and platelet-derived
MPs in SSc is well established (5), but we do not have mechanis-
tic information on the underlying causes and processes. We rea-
soned that defective phagocytosis of activated platelets could
account for their accumulation. In turn, activated platelets that
have escaped clearance could generate MPs that reach distant
sites through the circulatory system (25,26), perpetuating injury
and remodeling the microvasculature (11,27,28) possibly via the
activation of neutrophils and the generation of NETs (11,29).
Using an approach that combines in vitro and in vivo studies and
clinical investigation, we have discovered that clearance of acti-
vated platelets by vascular neutrophils prevents the accumulation
of bioactive platelet-derived MPs, thus protecting the microvas-
culature. This pathway requires integrity of the P-selectin–
PSGL-1 axis, which is defective in patients with SSc.

PATIENTS AND METHODS

Patients. The study group consisted of 25 patients classi-
fied as having SSc according to the 2013 American College of
Rheumatology/European Alliance of Associations for Rheumatology

criteria for SSc (30). Patients with other systemic autoimmune dis-
orders or overlap syndromes were excluded. Thirty age-matched
healthy donors (median age 52 years [range 25–74 years] years;
36 women, 17 men) and 26 patients with coronary artery disease
(CAD), confirmed using coronary angiography, were enrolled as
controls. The demographic and clinical characteristics of patients
with SSc and healthy controls are summarized in Table 1. Written
informed consent was obtained from all subjects. The institutional
review board at the San Raffaele Scientific Institute approved the
study protocol.

Reagents and monoclonal antibodies (mAb).
Monoclonal antibodies against CD15 (clone 80H5), CD42 (clone
SZ1), CD45 (clone J33), CD61 (clone SZ21), CD66b (clone
80H3), CD62P (clone Thromb-6), PSGL-1 (clone PL-1), relevant
IgG isotype controls mAb for flow cytometry, ThromboFix, and
Flow-Count Fluorospheres were obtained from Beckman Coulter.
Monoclonal IgG1 isotype control (clone W3/25) was obtained
from Acris Antibodies. Reagent mAb against HMGB1 (clone
HAP-46.5), PGE1, Cell Death Detection Kit, glycated albumin,
Thrombin Receptor Agonist Peptide-6 (TRAP-6), and Hoechst
were obtained from Sigma. Fix & Perm Kit was from Caltag.
Recombinant human interleukin-8 (IL-8) was from R&D. Enzyme-
linked immunosorbent assay (ELISA) kit for E-selectin was
obtained from Cabru. Zenon Alexa Fluor mouse IgG1 Labeling
kits (488 or 546) were obtained from Invitrogen. Rabbit polyclonal
anti-H4 histone (citrulline R3, polyclonal antibody ab81797) was
obtained from Abcam. Reagent mAb anti-human MPO used for
the determination of DNA–MPO complexes was from ABD Sero-
tec, and mAb against activated Mac-1 (clone CBRM1/5) was
obtained from BioLegend. BoxA and recombinant HMGB1 were
obtained from HMGBiotech.

Blood sampling. Venous blood was drawn using a
19-gauge butterfly needle. After discarding the first 3–5 ml, blood
was carefully collected in tubes containing EDTA, to purify MPs,
platelets, and neutrophils and to assess the concentration of
NET byproducts. Other blood samples were collected in tubes
containing sodium citrate and antiproteases, to be analyzed by
flow cytometry (10,11,13,20,21).

Flow cytometry. All blood samples were analyzed using a
daily aligned Navios flow cytometer (Beckman Coulter). Whole
blood samples were immediately fixed with equal volumes of
ThromboFix, stored at 4�C, and analyzed within 6–24 hours.
The extent of platelet and leukocyte activation and platelet phago-
cytosis by neutrophils was assessed using multiparametric flow
cytometry, as previously described (20,21,31). Quantification of
MPs in platelet-free plasma or in the supernatant of purified plate-
lets stimulated in the presence or the absence of autologous neu-
trophils was performed as described (10) (see Supplementary
Figures 1–4 for the gating strategy used for each experimental
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approach, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.41926).

Human cells and preparation of MPs. Platelets and
neutrophils were purified from samples of human peripheral blood
and analyzed in a manner as previously described (10,11,13,21).
To obtain platelet-derived MPs, purified platelets (10–100 � 105/μl,
as indicated) were stimulated with TRAP-6 (25 μM) for 5–60
minutes at 37�C in static conditions, placed in chilled water for
2 minutes, and centrifuged (2,000g for 15 minutes at 4�C). Super-
natants were retrieved, centrifuged again (100,000g for 1 minute
at 4�C), aliquoted, and frozen.

Assessment of platelet–neutrophil interaction.
Platelets (1 � 105/μl) were stimulated with TRAP-6 (25 μM) in
the presence or the absence of autologous neutrophils
(5 � 103/μl). At different time points (15–60 minutes), aliquots
were fixed as detailed above and were stored at 4�C until the
flow cytometry analysis was conducted. For the quantification
and characterization of MPs, platelets were stimulated with
TRAP-6 (25 μM) in the presence or the absence of autologous
neutrophils (5 � 103 μl). At different time points (15–60 minutes),

samples were centrifuged (100,000g for 1 minute at 4�C), and
supernatants were analyzed using flow cytometry (see Supple-
mentary Figure 2, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.
41926). When indicated, platelets or platelet-derived MPs were
pretreated with P-selectin–blocking mAb (10 μg/ml) before
coincubation with neutrophils, or neutrophils were pretreated
with anti–PSGL-1 mAb (10 μg/ml) before incubation with plate-
lets and platelet-derived MPs (20). An irrelevant IgG1 isotoype
mAb (10 μg/ml) was used as a control.

Quantification of platelet phagocytosis by neutrophils was
carried out as described (20,21). Briefly, fixed samples were per-
meabilized with Fix & Perm (according to the manufacturer’s
instructions), and intracellular platelets were identified by labeling
with anti-CD61 mAb (Supplementary Figure 4, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.41926).

Assessment of human NETs generating in vitro.
NETs were generated as previously described (11,13). Briefly,
neutrophils (5 � 106/ml) were placed on poly-L-lysine–coated
slides for 20 minutes at 37�C and were either left unchallenged

Table 1. Demographic and clinical characteristics of the SSc patients, CAD patients, and healthy controls*

Healthy
controls
(n = 30)

SSc
patients
(n = 25)

CAD
patients
(n = 26)

Sex, female/male – 23/2 3/23
Age, median (range) years 59 (46–74) 57 (33–79) 60 (46–78)
History of CVD 0 5 26
History of neoplasm 0 0 0
Disease duration, median (range) years – 3 (1–22) –

Diffuse SSc/limited SSc – 8/17 –

Sicca syndrome – 5 –

MRSS, median (range) – 5 (0–26) –

NVC (scleroderma pattern/unspecific – 16/9 –

findings)
Fingertip ulcers – 10 –

Pulmonary involvement
ILD – 7 –

Arterial PH – 1 –

Autoantibody positivity
ANA – 20 –

Anti–topo I – 6 –

ACA – 11 –

Treatment
Aspirin 3 6 21
Thienopyridine 0 2 7
HCQ 0 1 0
Prednisone 0 2 0
Dose, median (range) mg/day – 6.25 (0–7.5) –

Immunosuppressive drugs – 1 –

Bosentan – 2 –

* Except where indicated otherwise, values are the number of patients. SSc = systemic sclerosis;
CAD = coronary artery disease; CVD= cardiovascular disease; MRSS=modified Rodnan skin thickness score;
NVC = nailfold videocapillaroscopy; ILD = interstitial lung disease; PH = pulmonary hypertension;
ANA = antinuclear antibody; anti–topo I = anti– topoisomerase I; ACA = anticentromere antibody;
HCQ = hydroxychloroquine.
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or challenged with MPs derived from resting platelets, activated
platelets, or platelets activated in the presence of autologous neu-
trophils (platelet-derived MPs generated in the presence of neu-
trophils) with or without blocking antibodies. When indicated,
MPs were pretreated with the HMGB1 inhibitor BoxA (10 μg/ml)
and with anti–P-selectin mAb (10 μg/ml), while neutrophils were
pretreated with anti–PSGL-1 mAb (10 μg/ml). As positive controls
for the analysis of NET formation, neutrophils were stimulated with
recombinant IL-8 (100 ng/ml) or HMGB1 (10 μg/ml). After
20 minutes of incubation, plates were centrifuged (1,000g for
5 minutes at 4�C) and supernatants were retrieved, further
cleared by centrifugation (100,000g for 5 minutes at 4�C), and fro-
zen. Cell-free soluble DNA–MPO complexes were assessed in the
culture supernatant or in the plasma using ELISA (see below).
Slides were fixed with ThromboFix and then stored at 4�C for
18–48 hours until analyzed by confocal microscopy.

Mice. Ten-to-twelve–week-old male NOD.Cg-Prkdc<scid>
Il2rg < tm1Wjl>/SzJ (NSG) mice were kindly provided by Monica
Casucci (San Raffaele Scientific Institute). Mouse experiments
were performed in accordance with national and institutional
guidelines, and all experiments were approved by the Institutional
Animal Care and Use Committee of the San Raffaele Scientific
Institute.

Analysis of the in vivo effects of MPs inmice. Platelet-
derived MPs released from resting platelets or activated platelets
derived from human blood or MPs generated by platelets acti-
vated in the presence of autologous human neutrophils were
injected into the tail vein of NSG mice (11). Sham-treated mice
were injected with HEPES Tyrode’s buffer (1 mM CaCl2). After
18 hours, blood was obtained from the mouse orbital vein, and
the concentrations of soluble E-selectin and of citrullinated his-
tone 4 were assessed using ELISA (11). Lungs were isolated,
fixed, and analyzed to assess inflammatory cell infiltration, tissue
damage, and fibrosis.

NET quantification.MPO–DNA complexes, as well as the
proportions of citrullinated histone 4, were identified using capture
ELISA, as previously described (11,13,32).

Histochemical analyses of mouse lung tissue. Lungs
were isolated and immediately fixed in 4% paraformaldehyde at
4�C for 6 hours. For better cryopreservation, the lung tissue was
incubated with glucose at increasing concentrations (10%, 20%,
and 30%; 24 hours of incubation at each concentration), and
thereafter the tissue was embedded in OCT compound and
stored at –80�C. Subsequently, 10-μm–thick lung slices were
prepared for histochemical analyses.

Statistical analysis. Results were reported as the mean
� SEM, unless otherwise indicated. The normal distribution of

each continuous variable was assessed using the Kolmogorov–
Smirnov test. All patient data sets were found to be normally dis-
tributed. Statistical analyses were performed using one-way anal-
ysis of variance, followed by Bonferroni adjustment for multiple
comparisons or Student’s t-test for comparisons between 2 dif-
ferent groups. All tests were 2-sided, and P values lower than
0.05 were considered statistically significant. All analyses were
performed using GraphPad Prism software version 5.

RESULTS

Failure of platelet phagocytosis in the blood of
patients with SSc. In the blood of patients with SSc—and not
that of sex- and age-matched healthy controls—there was accu-
mulation of activated platelets, which were marked by expression
of P-selectin (Figure 1A). Moreover, platelet-derived MPs accu-
mulated in the blood of patients with SSc. Most platelet-derived
MPs expressed the prototypical DAMP, HMGB1 (Figure 1B
and Supplementary Table 1, https://onlinelibrary.wiley.com/doi/
10.1002/art.41926). In contrast, only a small proportion of
platelet-derived MPs expressed P-selectin (Supplementary
Table 1), as expected (33).

P-selectin+ platelets were detected at significantly lower
levels in the blood of patients with CAD, a condition in which ves-
sel remodeling occurs in a manner independent of systemic
inflammation. This observation may be consistent with the notion
of reduced phagocyte removal of P-selectin+ platelets. As evi-
dence of this, the blood of patients with SSc had significantly
fewer neutrophils containing platelets compared to the blood of
patients with CAD (Figure 1C).

Blood neutrophils from SSc patients expressed significantly
lower levels of the P-selectin counterreceptors PSGL-1 and
CD15s than neutrophils from healthy controls or those from
patients with CAD (Figure 1D and Supplementary Table 2, avail-
able on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.41926). This suggests
that neutrophils in patients with SSc are less effective at recogniz-
ing activated platelets, the source of HMGB1+ platelet-derived
MPs. To confirm this, platelets from the blood of healthy subjects
and patients with CAD were activated with the selective agonist
TRAP-6, which resulted in rapid and effective phagocytosis of
the platelets by neutrophils. In contrast, the extent of phagocyto-
sis was substantially less pronounced in the blood of SSc patients
(Supplementary Table 3, available on the Arthritis & Rheumatol-

ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
41926).

This failure of phagocytosis of platelets by neutrophils
could explain the accumulation of HMGB1+ MPs in the blood
of patients with SSc, known to trigger the generation of NETs.
Indeed, byproducts of NETs were abundant in the blood of
SSc patients, but not in sex- and age-matched healthy con-
trols or CAD patients (Figure 1E). Platelet phagocytosis by
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neutrophils, down-regulation of PSGL-1 expression by neutro-
phils, and accumulation of HMGB1+ MPs were all significantly
more evident in SSc patients with interstitial lung disease
(Supplementary Table 4, available on the Arthritis & Rheuma-
tology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.41926). In contrast, no statistically significant differences
were observed between patients with limited cutaneous SSc
and those with the diffuse cutaneous SSc, or between patients
who were positive for antitopoisomerase antibodies and
patients who were positive for anticentromere antibodies
(Supplementary Table 4).

Neutrophils hindering the release of MPs from acti-
vated platelets. We set up an in vitro system to verify
cause-and-effect links between the phagocytic clearance
of platelets and the accumulation of MPs. Platelets were
purified from human blood and activated with TRAP-6, an
agonist of the thrombin receptor, in the presence or the
absence of autologous neutrophils. TRAP-6 is a selective
platelet agonist and does not detectably influence neutro-
phils (20).

MPs accumulated in the supernatant of activated platelets.
Conversely, we observed a reduction in the numbers of activated

Figure 1. Biomarkers of platelet and neutrophil interaction. The percentages of P-selectin+ platelets (A), HMGB1+ platelet-derived
microparticles (plt-MPs) (B), neutrophils incorporating intracellular platelets during phagocytosis (C), and P-selectin glycoprotein
ligand 1–positive (PSGL-1+) neutrophils (D) as well as the concentration of myeloperoxidase (MPO)–DNA complexes in the
blood (measured as optical density [od]) (E) were assessed in samples from patients with systemic sclerosis (SSc), patients with
coronary artery disease (CAD), and healthy controls. Symbols represent individual samples; bars show the mean � SEM. ** = P < 0.01;
*** = P < 0.001; **** = P < 0.0001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41926/abstract.
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platelets that were generating MPs (Figure 2 and Supplementary
Figure 5, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.41926). MP accumu-
lation abated when platelets were activated in the presence of
neutrophils (Figures 2B and E), possibly because of

phagocytosis of platelets by neutrophils (Figure 2D and
Table 2). We observed that activated platelets were being
removed from the environment based on the results showing
a reduced number of P-selectin+ platelets in the presence of
neutrophils (Figure 2C).

Figure 2. Phagocytosis quenches the release of platelet-derived MPs and depends on the P-selectin–PSGL-1 axis. Platelets were left unstimu-
lated or stimulated with thrombin receptor agonist peptide 6 (TRAP-6) and cultured in the absence or presence of autologous neutrophils. A–C,
The proportions of neutrophils with phagocytosed platelets, proportion of released MPs (platelet MPs [Plt-MPs]), and proportion of platelets
expressing P-selectin in the supernatants were determined by flow cytometry at incubation intervals of 15 minutes. Red circles represent results
obtained with platelets in the presence of neutrophils, and open circles represent results obtained with platelets alone. * = P < 0.01;
** = P < 0.001. D and E, The effects of antibodies blocking P-selectin (aPsel) or antibodies blocking PSGL-1 (aPSGL1) were examined in the
supernatants. Phagocytosis of activated platelets abated in the presence of anti–P-selectin and anti–PSGL-1 antibodies (D), and the proportion
of HMGB1+ platelet-derived MPs increased when phagocytosis was blocked with either of these antibodies (E). Bars show the mean � SEM
of 5–7 experiments. **** = P < 0.0001. 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.41926/abstract.
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When antibodies specific to P-selectin or to PSGL-1 (being a
counterreceptor to P-selectin on neutrophils) were added to the
supernatants to block phagocytosis, the ability of activated plate-
lets to release MPs was restored (Figure 2E). This indicates that
neutrophils prevented the accumulation of MPs by phagocytos-
ing platelets that generate them. Platelets were indeed the source
of most MPs under these experimental conditions, with
MP-generating platelets being derived from neutrophils that were
consistently fewer than 3% of the total cell population in the blood

(data not shown). Purified platelet-derived MPs effectively
adhered to neutrophils (Table 2). Antibodies specific to P-selectin
or PSGL-1 did not interfere with adhesion, a result which is con-
sistent with the small proportion of MPs expressing P-selectin
(Table 2 and Supplementary Table 1 available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.41926). The phagocytosis of MPs by neutrophils was
limited and was also not influenced by the presence of antibodies
specific to P-selectin or PSGL-1 (Table 2).

Neutrophils hindering the biologic action of plate-
let MPs. MPs formed after platelet activation in the presence of
neutrophils did not elicit the generation of NETs, as assessed
using immunofluorescence microscopy or by measuring the con-
centrations of complexes of low molecular weight DNA with the
neutrophil enzyme MPO (Figures 3A and B). Interference with
platelet P-selectin or neutrophil PSGL-1 during MP generation
reconstituted their bioactivity (Figure 3B). Platelets induce the
generation of NETs via the release of HMGB1 (13–16). Accord-
ingly, phagocytosing neutrophils prevented the release of
HMGB1+ MPs, an event that requires integrity of the P-selectin–
PSGL-1 axis (Figure 3C).

We compared the effects of injecting total MPs and injecting
neutrophil-purged MPs in NSG mice, which have systemically
defective adaptive immunity and are receptive to cell/tissue graft-
ing. Total platelet-derived MPs activated murine neutrophils

Table 2. Extent of adhesion and phagocytosis of neutrophils alone
or neutrophils interacting with activated platelets or platelet-derived
MPs*

Adhesion Phagocytosis

Neutrophils alone 1.5 � 0.6 1.8 � 0.5
Neutrophils plus activated platelets
Irrelevant IgG1 mAb 30.8 � 4.0 66.5 � 3.9
mAb against P-selectin 3.5 � 0.6 4.3 � 0.5
mAb against PSGL-1 5.0 � 0.7 5.0 � 0.9

Neutrophils plus platelet-derived
MPs

Irrelevant IgG1 mAb 85.4 � 4.0 3.5 � 0.5
mAb against P-selectin 86.9 � 4.3 3.2 � 0.9
mAb against PSGL-1 85.5 � 5.7 3.0 � 0.7

* Purified human neutrophils were left alone or incubated with acti-
vated platelets or platelet-derived microparticles (MPs) in the pres-
ence of irrelevant monoclonal antibodies (mAb) or blocking mAb
against P-selectin or P-selectin glycoprotein ligand 1 (PSGL-1). Val-
ues are the mean � SEM percentage of cells.

Figure 3. Neutrohil extracellular trap (NET) formation depends on the number of HMGB1+ platelet MPs. A and B, Representative confocal
images of NET formation elicited by neutrophils stimulated with platelet MPs alone (A) or with platelet MPs generated in the presence of neutrophils
(GINP) (B). NETs were identified as lattices of DNA (white fluorescence) with green fluorescence indicating positivity for MPO and red fluorescence
indicating positivity for citrullinated histone H4 (CitH). Images on the right are higher-magnification views of the boxed areas on the left. Original
magnification � 63 on left; � 163.8 on right. C, Quantification of NETs elicited by neutrophils stimulated with platelet-derived MPs or platelet-
derived MPs generated in the presence of neutrophils, in the absence or presence of anti–P-selectin or anti–PSGL-1 mAb or an irrelevant control
isotype-matched mAb (irr ab). Formation of NETs was measured as the optical density of DNA–MPO complexes, as assessed by enzyme-linked
immunosorbant assay. Bars show the mean � SEM of 4–9 experiments. Recombinant HMGB1 or interleukin-8 (IL-8) were used as positive con-
trols for analysis of NET induction. ****= P < 0.0001. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.41926/abstract.
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in vivo, thereby inducing the generation of NETs, as assessed
according to the accumulation of citrullinated histone H4 in cell-
free plasma. In contrast, neutrophil-purged MPs did not elicit
NETs (Figure 4A). Total MPs also activated endothelial cells
in vivo, as evidenced by the fact that levels of soluble E-selectin
were increased in the blood of NSG mice (Figure 4B). In addition,
MPs induced the recruitment of neutrophils in the lung paren-
chyma, within the pulmonary vasculature of mice (Figure 4C).
Neutrophil purging of platelet-derived MPs quenched the ability
of the MPs to exacerbate vascular inflammation in vivo
(Figures 4B and C). Neutrophil purging of platelet-derived MPs
was as effective as blockade of HMGB1 action in vivo using the
competitive inhibitor BoxA (Figures 4A and B).

DISCUSSION

Previous studies have demonstrated that MPs accumulate in
the blood of patients with SSc and are mostly derived from plate-
lets (7,34). MPs purified from the blood of SSc patients are biolog-
ically active (11,35) and have been shown to cause microvascular
inflammation and pulmonary fibrosis in mice (11), indicating

potential involvement in the pathogenesis of the disease. The
cause of the accumulation of platelet MPs in the blood of patients
with SSc remains to be determined. The current study is the first
to demonstrate that defective clearance of activated platelets
might contribute to MP accumulation in SSc blood. We found
that, in normal conditions, neutrophils prevent the release of
MPs from activated platelets, thereby quenching the bioactivity
of activated platelets. Beneficial effects included reduced activa-
tion of endothelial cells and leukocytes, suppression of microvas-
cular lung inflammation, and decreased production of NETs
in vivo.

One likely mechanism was demonstrated by our in vitro
results, which indicated that the MPs released from activated
platelets expressed the prototypical DAMP, HMGB1 (9,13)
(Figures 2 and 3). HMGB1 promotes regeneration of injured and
infected tissue (36). When harmful agents cannot be eliminated,
HMGB1 persistently accumulates in the tissue, thus leading to tis-
sue remodeling and the development of fibrosis (36–40). Platelet
HMGB1 coordinates the actions of monocytes and neutrophils
(15) and contributes to lung inflammation (41), sustaining vasculo-
pathy associated with SSc (9–11). Confirming this, the actions of

Figure 4. Neutrophil extracellular trap (NET) formation and vascular damage depend on platelet-derived MPs. MPs released from platelets acti-
vated alone (platelet MPs [Plt-MPs]) or platelet MPs generated in the presence of neutrophils (GINP) were injected into the tail vein of NSGmice. At
18 hours after injection, tissue samples were collected. A and B, Plasma concentrations of citrullinated histone H4 (A) and E-selectin (B) were
determined under each condition. When indicated, platelet MPs were infused together with the HMGB1 inhibitor BoxA. Symbols represent individ-
ual samples; bars show the mean � SEM. C and D, The histologic architecture of lung sections from representative mice under each condition
was assessed using hematoxylin and eosin (H&E) and sirius red staining. **** = P < 0.0001. 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.41926/abstract.

PLATELET CLEARANCE AND MPs IN SSc 325

http://onlinelibrary.wiley.com/doi/10.1002/art.41926/abstract


HMGB1 on neutrophil activation and NET generation abated in
the presence of its competitive antagonist, BoxA (13).

We show that, in normal conditions, neutrophils sequester
activated platelets, preventing the release of HMGB1+ MPs in
the environment. Given the role of platelets as guardians of the
integrity of the vascular system (42,43), platelets undergo fre-
quent activation in vivo. This could result in MP accumulation in
the blood. MPs are able to activate leukocytes and endothelial
cells, spreading inflammation to sites far from the site of the initial
platelet involvement. Homeostatic mechanisms are likely to pre-
vent the systemic diffusion of vascular inflammation after platelet
activation.

Taken together, these results reveal that phagocytosis sup-
presses the inflammatory potential of activated platelets. Platelets
are continuously activated in patients with SSc. By interacting
with lymphocytes, fibroblasts, and endothelial cells, activated
platelets represent a likely candidate factor that is able to sustain
the sterile tissue damage leading to capillary dropout and tissue
fibrosis, which are hallmarks of the disease (5). Moreover, evi-
dence in experimental models supports the hypothesis that plate-
let activation plays a direct role in the natural history of SSc (5). We
speculated whether a defect in the homeostatic system could be
involved in maintaining platelet activation in patients with SSc.

Previous studies have shown that removal of platelets in
physiologic conditions requires recognition of P-selectin
(18,20,21,44). The best-characterized receptor for P-selectin
is PSGL-1, a highly conserved moiety (45) that mediates the
adhesion of activated platelets to neutrophils and is required
for phagocytosis (20). Previous studies have demonstrated
PSGL-1 defects in the blood cells of patients with SSc and in
experimental models of the disease. Conversely, in mice,
PSGL-1 genetic deletion causes an experimental disease that
strongly resembles SSc (22–24,46). These studies highlight
the importance of leukocyte–endothelium interactions for
maintaining vessel homeostasis and show that this defect of
leukocyte PSGL-1, which interacts with P-selectin and E-
selectin on the surface of the activated endothelium and plate-
lets, has various biologic consequences, affecting regulatory T
cell accumulation in the lung, levels of angiopoietin 2 in the
lung, and endothelial cell nitric oxide synthase phosphorylation
(28–30). Furthermore, the P-selectin–PSGL-1 axis controls
signaling events downstream of Toll-like receptor 4 activation
in dendritic cells in conditions of hypercholesterolemia and
inflammation, directly influencing vascular remodeling associ-
ated with the progression of atherosclerosis (47). Our findings
imply that a failure in the recognition and clearance of P-selec-
tin–expressing platelets also contributes to typical SSc
vasculopathy.

Unlike with activated platelets, limited expression of
P-selectin characterizes platelet MPs, which is consistent with
previous studies (33,48). Different levels of expression of
P-selectin in activated platelets and MPs could be dependent on

the rapid shedding of the molecule (49,50). Given the fact that
the MPs poorly express P-selectin, and since the P-selectin–
PSGL-1 interaction is crucial for internalization (20,21), this could
explain why the MPs are poorly phagocytosed (see Table 2).

More patients with CAD than those with SSc were treated
with aspirin at the time of blood collection (81% versus 24%)
(see Table 1). We found no detectable differences associated with
aspirin in either patient group for the parameters we examined.
However, we cannot exclude the possibility that this may repre-
sent a confounding factor.

In conclusion, our results presented here indicate a new,
direct role of the phagocytosis of activated platelets in limiting
the release of MPs and the reactivity of leukocytes in the blood,
thus preventing unwanted systemic spread of local intravascu-
lar platelet activation. This homeostatic mechanism is depen-
dent on the interaction of P-selectin with its counterreceptor,
PSGL-1 and is compromised in patients with SSc, in which a
cycle comprising platelet activation, accumulation of HMGB1+
MPs, systemic endothelial damage, and generation of NETs
culminates in vasculopathy and fibrosis. Strategies aimed at
breaking this cycle could present valuable tools for molecular
interventions in SSc, answering an unmet medical need.
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Expansion of Fcγ Receptor IIIa–Positive Macrophages,
Ficolin 1–Positive Monocyte-Derived Dendritic Cells,
and Plasmacytoid Dendritic Cells Associated With Severe
Skin Disease in Systemic Sclerosis

Dan Xue,1 Tracy Tabib,2 Christina Morse,2 Yi Yang,3 Robyn T. Domsic,2 Dinesh Khanna,4

and Robert Lafyatis2

Objective. In this study, we sought a comprehensive understanding of myeloid cell types driving fibrosis in diffuse
cutaneous systemic sclerosis (dcSSc) skin.

Methods. We analyzed the transcriptomes of 2,465 myeloid cells from skin biopsy specimens from 12 dcSSc
patients and 10 healthy control subjects using single-cell RNA sequencing. Monocyte-derived dendritic cells (mo-
DCs) were assessed using immunohistochemical staining and immunofluorescence analyses targeting ficolin-1
(FCN-1).

Results. A t-distributed stochastic neighbor embedding analysis of single-cell transcriptome data revealed 12mye-
loid cell clusters, 9 of which paralleled previously described healthy control macrophage/DC clusters, and 3 of which
were dcSSc-specific myeloid cell clusters. One SSc-associated macrophage cluster, highly expressing Fcγ receptor
IIIA, was suggested on pseudotime analysis to be derived from normal CCR1+ andMARCO+macrophages. A second
SSc-associated myeloid population highly expressed monocyte markers FCN-1, epiregulin, S100A8, and S100A9, but
was closely related to type 2 conventional DCs on pseudotime analysis and identified as mo-DCs. Mo-DCs were asso-
ciated with more severe skin disease. Proliferating macrophages and plasmacytoid DCs were detected almost exclu-
sively in dcSSc skin, the latter clustering with B cells and apparently derived from lymphoid progenitors.

Conclusion. Transcriptional signatures in these and other myeloid populations indicate innate immune system
activation, possibly through Toll-like receptors and highly up-regulated chemokines. However, the appearance and
activation of myeloid cells varies between patients, indicating potential differences in the underlying pathogenesis
and/or temporal disease activity in dcSSc.

INTRODUCTION

Systemic sclerosis (SSc, also known as scleroderma), is a
heterogeneous autoimmune disease with an unknown etiology
characterized by fibrosis, vasculopathy, and immune dysfunction.
Current treatment remains ineffective for controlling many

complications, resulting in high morbidity and mortality (1). Diffuse
cutaneous SSc (dcSSc) is a subtype of SSc characterized by
widespread skin fibrosis. Myeloid cells, including macrophages
and dendritic cells (DCs), heterogeneous immune cells in human
skin, have been implicated in initiating and perpetuating SSc by
releasing or activating profibrotic and proinflammatory factors;
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however, the precise mechanisms that contribute to SSc patho-
genesis remain poorly understood (2,3).

Infiltration of macrophages in SSc skin was first described in
the 1990s (4,5). More recent studies have shown increased
expression of specific macrophage markers in dcSSc skin,
including Siglec-1 (CD169), a type I interferon (IFN)–inducible
gene, and CD163 and CD204, markers of activated M2 macro-
phages (6,7). Other studies have implicated several chemokines
in SSc pathogenesis: CCL2, CCL5, CCL18, CCL19, CXCL9,
and CXCL13 (8). CCL19, in particular, is a strong macrophage
chemoattractant (8,9). Further supporting the idea that macro-
phages play an important role in SSc pathogenesis, expression
of macrophage markers CD14, MS4A4A, CD163, and CCL2
correlate with clinical disease severity, as assessed using the
modified Rodnan skin score (MRSS), and are prognostic bio-
markers of progressive skin disease in dcSSc (10,11). Macro-
phage and DC genes were also detected by bulk gene
expression analysis in a subset of inflamed skin biopsy speci-
mens (12,13).

Recent studies indicate that DCs may also play important
roles in the pathophysiology of SSc skin disease (3,14). The role
of myeloid or conventional DCs (cDCs) in SSc skin is uncertain,
since markers used in previous studies are not specific to these
cells (3). On the other hand, several studies have shown increased
levels of plasmacytoid dendritic cells (pDCs) in the skin of SSc
patients (14–16), and studies have also shown that circulating
SSc pDCs secrete CXCL4, as well as IFNα (14,16).

Despite these multiple studies, altered myeloid cell numbers
and functions in SSc remain poorly understood, in part due to
the complexity of macrophage and DC subsets. Here, we com-
pare recently detailed transcriptomes of macrophage and DC
subsets in normal skin (17) to discern alterations in myeloid cell
subsets in dcSSc skin.

PATIENTS AND METHODS

Single-cell RNA sequencing (RNA-seq). For single-cell
RNA-seq analyses, 3-mm skin punch biopsy specimens from
the dorsal mid-forearm were obtained after receiving informed
consent under protocols approved by the University of
Pittsburgh or University of Michigan institutional review boards.
Skin was digested enzymatically, and cells were loaded into the
Chromium instrument (10x Genomics), as described (18). Data
analysis was performed with the R package Seurat version
2.3.4. Differential gene expression analysis comparing dcSSc
cells to healthy control cells for each cluster was performed
using the Wilcoxon rank sum test with a cutoff P < 0.05, a fold
change >1.5, and further requiring the expression of genes from
>25% of denoted cells. All single-cell RNA-seq data, including a
gene/cell unique molecular identifier matrix and a BAM file con-
taining aligned reads, are available at the GEO (accession
no. GSE138669).

Staining of paraffin-embedded skin biopsy speci-
mens. Immunohistochemical (IHC) and immunofluorescence
staining using tyramide signal amplification was performed with
monoclonal mouse anti–ficolin-1 (anti–FCN-1) on formalin-fixed
paraffin-embedded human skin tissue from 38 SSc patients and
16 healthy control subjects.

Microarray analysis. Microarray RNA gene expression
data from 64 SSc skin biopsy specimens and 15 healthy con-
trol skin biopsy specimens were analyzed using Cluster 3.0
software and were visualized using TreeView 1.1.6 software.
Additional methods used in this study are described in detail
in the Supplementary Methods (see the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41813/abstract).

RESULTS

Single-cell transcriptome profiles of myeloid cells
from dcSSc and healthy control skin. Using single-cell
RNA-seq analysis, we examined gene expression of all enzy-
matically digested skin cells obtained from 12 patients with
dcSSc and 10 healthy control subjects. All subjects have been
included in another analysis of fibroblasts in fibrotic skin (19).
Patients with dcSSc and control subjects were balanced
across sex and age (Supplementary Table 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41813/abstract). Transcriptomes of
28,216 cells from healthy control subjects and 36,983 cells
from dcSSc patients were grouped and analyzed together.
Similar numbers of cells were included from healthy control
and dcSSc skin (mean 2,822 cells per biopsy specimen
and mean 3,082 cells per biopsy specimen, respectively)
(Table 1).

Combined cell/gene count matrices were analyzed by
t-distributed stochastic neighbor embedding (t-SNE) dimensional
reduction, visualization, and clustering. Twenty-eight distinct clus-
ters were aligned to expected cell types according to the top
highly expressed genes in each cluster as described previously
(18) (Supplementary Figure 1A and Supplementary Tables 2 and
3, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract). All clus-
ters included cells from multiple subjects and were unbiased from
V1 and V2 chemistries (Supplementary Figures 1B, 2A, and 2B).
Cluster 9 was identified as myeloid cells, showing specific
LIN(CD3D/CD79A/NKG7)–HLA–DQ+ and expression of mye-
loid-specific genes (ITGAM, ITGAX, CD14, CSF1R, CD68 and
CD209); and verified by expression of MS4A4A, CD1C and
CLEC9A, markers for macrophage, cDC2 and cDC1, respectively
(Supplementary Figures 3A–C, available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41813/abstract) (17).
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The percentage of myeloid cells of the total cells analyzed for
each subject was strikingly variable, ranging from 0.49% of total
cells (15 myeloid cells of 3,091 cells for patient SC49ssc) to
13.60% of total cells (482 myeloid cells of 3,543 cells for patient
SC189ssc), and the percentage of myeloid cells showed a trend
toward an increased percentage of myeloid cells in SSc, ranging
from 2.98% in healthy control skin to 4.41% in dcSSc skin
(Table 1). The percentage of myeloid cells in SSc patients showed
a weak negative correlation with disease duration but was not
statistically significant (R = �0.26) (Supplementary Figure 3B,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract). Nota-
bly, the shared correlation strength calculated based on gene
expression of all cells from each subject in a canonical correlation
analysis showed that SC188, SC189, and SC69 patient samples
deviated from other samples (Supplementary Figure 4).

All myeloid cell clusters identified in healthy skin
were preserved in dcSSc skin. Reanalysis by t-SNE dimen-
sions of 2,465 myeloid cells from dcSSc and healthy control skin
showed 12 clusters of macrophage/DCs (Figure 1A). Each cluster
was composed of cells from ≥6 subjects (Figure 1C and Supple-
mentary Table 4, available on the Arthritis & Rheumatologywebsite
at http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract).
Nine of these 12 clusters paralleled previously described macro-
phage/DC clusters in healthy human skin (17).

The myeloid cell clusters were highly preserved in dcSSc skin
(Figure 1B), identified by the top 50 differentially expressed genes
in each subcluster (Supplementary Table 5, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41813/abstract). Subclusters 1 and 3 highly
expressed CD1c and represented 2 cDC2 populations, each
highly expressing either markers mucolipin-2 (MCOLN-2) or

Figure 1. Single-cell RNA sequencing analysis of myeloid cell populations from healthy control subjects (HC) and patients with diffuse cutaneous
systemic sclerosis (dcSSc). A, The 2-dimensional t-distributed stochastic neighbor embedding (t-SNE) cluster plot shows clustering of myeloid
cells from all 22 healthy control and dcSSc patient skin samples, identified by cell type. Each point represents a single cell, with results illustrating
the dimensional reduction in cell transcriptomes. Cells were assigned a color in the k-nearest neighbor graph according to the Euclidean distance
in a principal components analysis, using a smart local moving algorithm to iteratively group cells. B, Violin plots of marker gene expression distin-
guish each cluster of myeloid cells. Values below the plots represent the cluster numbers shown in A. Each point represents a single cell. C and D,
Cells were grouped using t-SNE according to individual sample identity number (C) or health status (D). MCOLN-2 = mucolipin-2; DCs = dendri-
tic cells; cDC2 = type 2 conventional DCs; MARCO = macrophage receptor with collagenous structure; FCGR3A = Fcγ receptor IIIa; FCN-
1 = ficolin-1; CLEC9A = C-type lectin domain containing 9A; LAMP-3 = lysosome-associated membrane protein 3; TREM-2 = triggering recep-
tor expressed on myeloid cells 2. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.
41813/abstract.
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CXorf21 (MCOLN2+ DCs and CXorf21+ DCs). These popula-
tions correspond closely to the DC2 and DC3 circulating DCs
(20) we previously described in healthy skin (17). Cells in subclus-
ter 6 highly expressed CLEC9A and other cDC1 markers and
were identified as cDC1 cells, corresponding closely to circulating
DC1 cells (17,20). The cells in myeloid cluster 7 highly expressing
CD1c and proliferation genes, such as MKI67, KIAA0101, TYMS,
and PTTG1, were identified as proliferating cDC2. Cells in subcluster
8 highly expressing lysosome-associated membrane protein
3 (LAMP-3), CCL17, and BIRC-3 were identified as a mature sub-
population of cDC (LAMP-3+ DCs), and cells in subcluster 9 highly
expressing CD207, FCGBP, and HLA–DQB2 were identified as
Langerhans’ cells (Figure 1B and Supplementary Figures 5 and
6, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract). The
cells in these myeloid clusters showed no noticeable shift in the
phenotype of the clusters between healthy controls and dcSSc
(Figure 1D).

Three previously described macrophage clusters in healthy
skin, selectively expressing CCR1, macrophage receptor with
collagenous structure (MARCO), or triggering receptor expressed
on myeloid cells 2 (TREM-2), were also detected (Figures 1A and
B and Supplementary Table 5, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41813/abstract). The specific expression of MS4A4A, as well
as other macrophage marker genes, and the absence of DC
markers in subclusters 0, 2, 4, 10, and 11, indicated that these
are macrophage clusters (Figure 1A and Supplementary
Figure 5). The percentage of all macrophage populations
increased from 1.24% in healthy control skin to 2.11% in dcSSc
skin (Table 1). CCR-1 and MARCO, which we previously
described as good markers for 2 major macrophages subsets in
healthy control skin (17), were somewhat more highly expressed
by cells in clusters 0 and 2, respectively (Figure 1B and Supple-
mentary Figure 5, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41813/
abstract), but were not observed to be discrete markers in this
combined analysis of dcSSc and healthy control skin, apparently
because the disease altered expression of these markers. How-
ever, comparing the top 15 genes distinguishing clusters in the
combined database with healthy control clusters indicated that
other markers of these 2 healthy control macrophages were
preserved. HMOX1, MMP9, MMP19, CCL2, CEBPB, CTSL,
CREM, THBD, and EIF4E were still highly expressed by cells in
subcluster 0 (CCR-1+ macrophages) and SEPP1, CCL13,
FOLR2, and C1QA were still highly expressed by cells in subclus-
ter 2 (MARCO+macrophages) (Supplementary Table 5 and Sup-
plementary Figure 5B, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41813/
abstract).

A distinct third macrophage population seen in both healthy
control subjects and SSc patients was distinguished by high

expression of TREM-2, fatty acid binding protein 4 (FABP-4),
and FABP-5, parallel to the TREM-2+ macrophages, which we
previously identified in healthy skin (17) (Figure 1B and Supple-
mentary Figure 5, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.41813/
abstract). In contrast to the 9 myeloid populations common to
healthy control and dcSSc skin samples, 3 other myeloid popula-
tions (clusters 4, 5, and 10) were detected almost exclusively in
dcSSc skin (Figures 1A–D).

We reanalyzed the data set using Harmony to correct for
potential batch effects (21). Harmony analysis detected the
same clusters shown above (Figure 1 and Supplementary
Figure 6, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract),
except it failed to identify a discrete cluster for proliferating
macrophages (described further below) and indicated an addi-
tional population of macrophages (see cluster 4 in Supplemen-
tary Figure 6A). Although this additional macrophage cluster
included cells from healthy skin (Supplementary Figure 6C), this
population was not seen previously when analyzing only healthy
skin (17).

Differential gene expression of dcSSc myeloid popu-
lations. Mean values for differential gene expression in cells
within each myeloid cluster were compared between dcSSc skin
and healthy control skin (Supplementary Table 6, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41813/abstract). We then analyzed the
Gene Ontology (GO) pathways activated in each myeloid popula-
tion in SSc skin after selecting differentially expressed genes with
a fold change >1.5, detectable expression of each gene in
>25% of SSc cells in the cluster, and an uncorrected P value
<0.05 (Supplementary Table 7). CCR-1+macrophages in dcSSc
skin showed several statistically significant up-regulated path-
ways, including genes associated with the IFNγ pathway, ICAM1,
IFIT3,CCL13, andMT2A (22), and innate immune response path-
ways (genes not shown). SSc MARCO+ macrophages showed
up-regulated genes in several pathways, including the following:
pathways associated with leukocyte chemotaxis (IL10, CXCL1,
CCL4, GPR183, CXCL8, S100A9, IL1B, and CCL3), innate
immune response pathways (genes not shown), pathways asso-
ciated with response to type 1 IFN (EGR1, ISG15, and IFITM3),
and pathways associated with response to IFNγ (CCL3, CCL4,
HLA-DRB5, and IFITM3), as well as other pathways. Both SSc
cDC2 subsets showed up-regulation of similar genes, but the only
significant GO pathway was associated with immune response
genes (C1QC, HLA–DRB5, CRIP1, IFITM3, LTB, PKM, IFITM2,
S100B, and CST7). SSc cDC1 showed up-regulated genes in
several pathways, including the Fcγ receptor signaling pathway
involved in phagocytosis (ACTR1, ACTR2, ACTR3, ACTB) and
the pathway associated with CDC42 and response to wounding
(ANXA1, TNFAIP3, CXCR4, GRN, ACTG, and KLF4). However,
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macrophage-related genes previously detected as highly
expressed in dcSSc skin by bulk RNA expression analysis in the
skin (23) were not found to be up-regulated in these clusters
(Supplementary Figure 6, available on the Arthritis & Rheumatol-

ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41813/abstract).

SIGLEC1 (CD169), a marker of IFN in SSc skin and a marker
of disease severity (6,11), was expressed only in the macrophage/
DC cluster and was up-regulated in this cluster. On subsetting
this cluster, SIGLEC1 was found mainly on subclusters 0, 1,
2, 4, and 11 (all macrophage clusters except cluster 1) and was
up-regulated in SSc, mainly on clusters 0, 1, 4, and 10 (see Sup-
plementary Table 6, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41813/
abstract).

Fcγ receptor IIIa–positive (FCGR3A+) macrophages
and potential progenitor populations in dcSSc skin.
Cells in subcluster 4 (FCG3RA+ macrophages) highly expressed
macrophage markers, including MS4A4A and FCGR3A encoding

CD16A (Figures 1A and B and Supplementary Figures 5 and 6).
These cells also selectively expressed SLC40A1, IFI27, macro-
phage scavenger receptor 1 (MSR1), RCAN1, and OLR1, sug-
gesting specialized functions of FCGR3A+ macrophages
(Figure 2A). Most of the cells in this cluster were from only 2 of
the 12 dcSSc subjects: patient SC69ssc (44 cells) and patient
SC189ssc (155 cells), whereas the remaining 25 cells were from
5 healthy control subjects (14 cells) and 5 dcSSc patients (11 cells)
(Figures 1C and D and Table 1), suggesting that this subpopula-
tion is highly expanded, but only in select dcSSc patients.

The differential gene expression in FCGR3A+macrophages,
determined by assessing gene expression in dcSSc skin relative
to healthy control skin, showed only a few genes that were signif-
icantly differentially expressed in SSc skin (Supplementary
Table 7, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract).
We therefore compared gene expression by cells in this cluster
with all the other macrophage/DCs from healthy control clusters
(Supplementary Table 8), showing many significantly up-regu-
lated genes. Genes encoding chemokines CCL18, CXCL1,

Figure 2. Gene signatures and putative functions of cluster 4 FCGR3A+macrophages. A, Violin plots showmarker gene expression in cluster 4.
Each point represents a single cell; colors correspond to the cell subtypes defined inD. B, Dot plots show genes selectively expressed by FCGR3A+
macrophages in the skin of dcSSc patients and healthy controls. C and D, Pseudotime analysis tracking the relationship between transcriptomes of
all myeloid cells from dcSSc and healthy control skin samples (C) and myeloid cells from a single dcSSc skin sample (patient SC189) (D) showing
FCGR3A+ macrophages trajectory from CCR1+ and MARCO+ macrophages, and FCN-1+ monocyte-derived DC trajectory from MCOLN2+
cDC2. Each dot represents an individual cell. pct. exp = percent expressing (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.41813/abstract.

XUE ET AL334

https://doi.org/10.1002/art.41813/abstract
https://doi.org/10.1002/art.41813/abstract
https://doi.org/10.1002/art.41813/abstract
https://doi.org/10.1002/art.41813/abstract
https://doi.org/10.1002/art.41813/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract


CCL8, CCL3, CCL4, CCL2, CCL13, and CXCL2 were highly
expressed in this cluster. FCGR3A+ macrophages also showed
up-regulated expression of genes correlated with the severity of
dcSSc, such as MSR1, CD163, F13A1, CCL2, LILRB4, and
MS4A4A (11,23) (Figure 2B). Based on the highly expressed genes
of FCGR3A+ macrophages, GO analysis revealed significantly
enriched, relatively broad functions such as “immune system pro-
cess” and “immune response,” but also several more specific
enriched functions, including multiple pathways involved in chemo-
taxis, and Toll-like receptor (TLR)/innate immune activation, includ-
ing “response to lipopolysaccharide (LPS)” and “TLR-6:TLR-2
signaling pathway” (Supplementary Table 9, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.41813/abstract).

FCGR3A+macrophages expressed many of the most highly
differentially expressed genes of CCR1+ cells (subcluster 0) and
MARCO+ macrophages (subcluster 2) at moderate levels, sug-
gesting a close relationship between these macrophage subpop-
ulations (Figure 2B and Supplementary Figure 6, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41813/abstract). To further explore the
relationship between FCGR3A+, CCR1+, and MARCO+macro-
phages, we analyzed the data set trajectory using pseudotime
analysis, an algorithm that tracks the relationship between tran-
scriptomes of single cells (24). Pseudotime analysis of myeloid
cells from all subjects showed that FCGR3A+macrophages very
closely related to and even admixed with CCR1+ macrophages
but were also closely adjacent to MARCO+ macrophages
(Figures 2C and D).

Increased numbers of FCN-1+myeloid cells in dcSSc
skin. The number of FCN-1+ myeloid cells was significantly
increased in dcSSc skin compared with healthy control skin
(P = 0.001), indicating that this cluster is specifically expanded in
dcSSc (Table 1). These cells were unevenly distributed across dif-
ferent dSSc samples, with many of the cells coming from
2 patients: SC188ssc and SC189ssc (Figure 1 and Table 1). Cells
in this cluster (cluster 5, FCN-1+mo-DCs) selectively showed up-
regulated expression of FCN1, EREG, S100A8, AQP9, VCAN,
and THBS1, and expressed macrophage markers CD163,
F13A1, and MS4A4A at only moderate levels (Figure 2B and 3A
and Supplementary Figure 6, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41813/abstract). As FCN-1 and EREG are monocyte markers,
relative signature scores were calculated for the expression levels
of CD14 monocyte and FCGR3A+monocyte marker genes, pre-
viously described by single-cell RNA-seq analyses of human
peripheral blood mononuclear cells (PBMCs) (25). FCN-1+ cells
showed some similarity to CD14 monocytes, but not FCGR3A+
monocytes (Supplementary Figures 7A and B, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41813/abstract). Among the FCN-1+

myeloid cells, the 50 top differentially expressed genes, FCN1,
S100A8, AQP9, VCAN, CD300E, S100A9, FPR1, SOD2, and
C5AR1, are markers of classic monocytes (Supplementary
Table 5); however, other monocyte marker genes, ITGAM/
CD11B, ITGB2/CD18, TLR2, and CLEC7A, were not enriched in
this cluster (Figure 2B).

In SSc skin, FCN-1+ cells maintained expression of CD14,
CD13/ANPEP, CD172a/SIRPA, as well as S100A8 and S100A9,
all described as markers of mo-DCs (Supplementary Figure 11A,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract) (26), with
only low expression of CD1c, CD1a, and IFN regulatory factor
4 (IRF-4), distinguishing these cells from DCs, and no expres-
sion of MS4A4A and CD163, distinguishing these cells from
macrophages (Figure 2B). In a pseudotime analysis, FCN-1+
cells were on a trajectory closest to cDC2 (Figures 2C and D),
further supporting their designation as mo-DCs (26).

Based on the differentially expressed genes of FCN-1+ mo-
DCs, GO pathway analyses revealed significantly enriched, relatively
nonspecific terms such as “inflammatory response,” “defense
response,” “response to stress,” and “immune response.” These
and many other terms overlapped with those seen in FCGR3A+
macrophages, including pathways involved in chemotaxis and
response to LPS (Supplementary Table 9, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41813/abstract).

To verify the associations of FCN-1+ and FCGR3A+ mye-
loid cells with SSc skin, we compared 15 additional dcSSc
biopsy specimens from another cohort to the same 10 healthy
control biopsy specimens. FCN-1+ but not FCGR3A+ cells
were again identified as a discrete cluster in a t-SNE plot of
myeloid cells (subcluster 4) (Supplementary Figures 8 and 9,
available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract),
were significantly increased in dcSSc skin (Supplementary
Table 10), and correlated with the total number of myeloid cells
in biopsy specimens (Figure 3B).

Perivascular localization of FCN-1+ myeloid cells in
dcSSc skin. IHC analysis of dcSSc skin showed FCN-1+ mye-
loid cells distributed primarily in perivascular regions in dcSSc skin
(Figure 3C). Immunofluorescence staining of FCN-1+ cells in
16 healthy control and 39 dcSSc skin biopsy specimens showed
an increased number of FCN-1+ cells in dcSSc patients com-
pared with healthy control subjects (P = 0.0141) (Figure 3D, Sup-
plementary Figure 10, and Supplementary Table 11, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41813/abstract). More FCN-1+ myeloid
cells were seen in dcSSc skin biopsy specimens from patients
with a higher MRSS (>20) compared with a lower MRSS (<20)
(P = 0.0005) (Figure 3E), FCN-1+ myeloid cells were also signifi-
cantly correlated with the MRSS (P < 0.05) (Supplementary
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Figure 10B, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract).

Identification of FCN-1+ myeloid cell markers in
bulk microarray analyses of messenger RNA expression
in the skin of patients with dcSSc. To extend our single-cell
RNA-seq observations, we examined bulk microarray data
from 64 SSc and 15 HC skin biopsy specimens. Several genes,
including LILRA5, FCN1, SERPINA1, FPR1, LILRB2, and
TREM1, were expressed by myeloid cells (cluster 9 in all cells
shown in a t-SNE cluster plot) and were most highly expressed
by FCN-1+ myeloid cells (myeloid subcluster 5) (Supplemen-
tary Figures 11A and B, available on the Arthritis & Rheumatol-
ogy website at http://onlinelibrary.wiley.com/doi/10.1002/art.
41813/abstract) and not by other skin cells or myeloid cell

populations (Supplementary Figure 12). The expression of
these genes from bulk sequencing analysis confirms the emer-
gence of FCN-1+ mo-DCs in a subset of dcSSc patients
(Figure 4A). Most of the genes in these clusters were selectively
expressed in FCN-1+ mo-DCs (FCN1, LILRA5, SERPINEA1,
FPR1, LILRB2, and TREM1), were selectively expressed in
macrophages (CD14 and CD163), or were more broadly
expressed by myeloid cells (AIF1 and PLEK) (Figure 4B). More-
over, the MRSS scores for SSc patients expressing markers of
FCN-1+ cells were higher than those of dcSSc patients not
expressing these markers (P = 0.0019) (Figure 4C), consistent
with a general increase in macrophage/inflammatory cell infil-
tration in patients who have FCN-1+ mo-DCs, as shown by
histologic findings and by the observed correlation between
FCN-1+ mo-DCs and numbers of myeloid cells (Figure 4A).

Figure 3. Gene signatures and putative functions of cluster 5 FCN-1+ monocyte-derived DCs (mo-DCs). A, Violin plots show marker gene
expression in cluster 5 FCN-1+ cells. Each point represents a single cell; colors correspond to the cell subtypes defined in Figure 1A. B, The cor-
relation between the total number of myeloid cells and the number of FCN-1+ mo-DCs in dcSSc skin samples was assessed using Spearman’s
rho. C and D, Staining shows the perivascular distribution of FCN-1+ cells in a representative skin sample from a patient with dcSSc (C) (immuno-
fluorescence is shown in Supplementary Figure 10, http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract), with the results revealing more
FCN-1+ cells in dcSSc skin compared to healthy control skin (D). In C, the right panels show higher-magnification views of the boxed areas (orig-
inal magnification � 10 on left; � 40 on right). E, Immunofluorescence staining of skin biopsy specimens from patients with dcSSc shows that the
number of FCN-1+ cells differed according to whether the patients had either a low or high modified Rodnan skin thickness score (MRSS) (with
high MRSS being defined as >20). P values in D and E were determined by Wilcoxon’s rank sum test. Symbols represent individual patients; hor-
izontal lines with bars show the mean � SD. 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.41813/abstract.
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Proliferating macrophages and DCs in dcSSc skin.
Proliferating myeloid cells (subclusters 7 and 10), predicted to be
in the G2/S phase by a cell phase analysis (Supplementary
Figure 13A, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract),
were clustered separately by their uniquely high expression of genes
associated with active cell proliferation, including KIAA0101,MKI67,
TYMS, PTTG1, CDK1, and PCNA (Supplementary Figure 6 and
Supplementary Table 5). Cells in the lower corner in subcluster
7 were identified as proliferating cDC2 cells, as we have previously
described in healthy skin, expressing both KIAA0101 and CD1c
(Supplementary Figure 13B). These were found in similar

numbers in dcSSc and healthy control skin (Figure 1D). In addi-
tion, we identified a group of proliferating macrophages based
on coexpression of cell proliferation genes andMS4A4A (subclus-
ter 10) (see Supplementary Figure 13C, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41813/abstract). Cells making up this cluster were
mainly from patient SC188ssc (13 of 25 cells) and patient
SC189ssc (10 of 25 cells), the same patient samples showing
the most FCN-1+ mo-DCs (Supplementary Table 4).

To track which macrophage subpopulations were proliferat-
ing, we examined expression of single marker genes in each mac-
rophage cluster and module scores of each cluster based on the

Figure 4. A, Heatmaps from hierarchical clustering analyses of bulk sequencing data reveal clusters of genes showing increased expression in
myeloid cells, macrophages, and FCN1+monocyte-derived DCs (mo-DCs) from patients with dcSSc (n = 64) relative to healthy controls (n = 15).
The pink boxes highlight those gene markers with increased expression in FCN-1+ cells, which were used to identify cluster 5. B, Dot plots show
gene expression in each myeloid cell type based on the results of a single-cell RNA sequencing analysis of skin samples from dcSSc patients and
healthy controls. C, The modified Rodnan skin thickness score (MRSS) was compared between dcSSc patients in gene cluster 5 (high gene
expression in FCN-1+ cells) and dcSSc patients having different gene cluster profiles (P = 0.0019, by Wilcoxon’s rank sum test). Symbols repre-
sent individual patients; horizontal lines with bars show the mean � SD. pct. exp = percent expressing (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.41813/abstract.
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top 10 most highly expressed genes in each macrophage cluster
in the proliferating cell cluster (Supplementary Figure 14, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41813/abstract). It appeared that all
the macrophage subsets, as well as FCN-1+mo-DCs, were rep-
resented in the proliferating cell cluster.

Clustering of pDCs with B cells and increased pDCs
in dcSSc skin. Because we did not find pDCs in our initial clus-
tering, we clustered all 27 dcSSc samples with the 10 normal skin
samples (data not shown) and searched again for markers of
these cells. LILRA4, IL3RA, and CLEC4C were coexpressed in a
cluster comprising mostly B cells (Figure 5). Reclustering these
cells resulted in the detection of 2 clusters, 1 prominently express-
ing B cell markers (MS4A1A, CD79A, and Ig genes) and the other
expressing markers of pDCs (LILRA4, IL3RA, and CLEC4C),

described previously as circulating DC6 (17,20). The identified
pDCs came nearly exclusively from dcSSc patients (73 cells of
74 total cells versus 1 of 74 total cells from the 10 healthy con-
trols). We detected up-regulated expression of transcription fac-
tors that are important in pDC differentiation: IRF-4, IRF-7,
IRF-8, and ZEB-2 compared to other skin cells or B cells, but
not expression of IFNA1–11 or CXCL4 (Supplementary
Figure 15 and Supplementary Table 12, available on theArthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.41813/abstract).

DISCUSSION

Using bulk RNA analyses, we have previously implicated
markers of macrophages in both the severity and progression of
SSc skin disease (11,23,27). Single-cell RNA-seq studies here

Figure 5. Gene cluster analyses of plasmacytoid DCs (pDCs) in dcSSc and healthy control skin. A, Violin plots show expression of pDC markers
LILRA4, IL3RA (CD123), andCLEC4C (BDCA2), as well as B cell markerMS4A1 (CD20) in 27 dcSSc skin samples and 10 healthy control samples
in cluster 36. B–D, Dot plots show reclustered cells in cluster 36 according to the subsets of B cells or pDCs (B), health status (C), or sample origin
(D). Each dot represents an individual cell. 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.41813/abstract.
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provide a comprehensive analysis of myeloid cell populations in
dcSSc skin. While all myeloid clusters detected in healthy skin
were preserved in dcSSc skin, 4 dcSSc-specific myeloid popula-
tions were discovered: FCGR3A+ macrophages, FCN-1+
mo-DCs, pDCs, and proliferating macrophages. The transcrip-
tomes of each of these populations revealed gene signatures
and putative altered functions of each cluster. Importantly,
FCN-1+mo-DCs were perivascularly distributed along with other
inflammatory cells, were found at a higher frequency in dcSSc,
and were associated with the severity of skin disease.

Fibrotic SSc skin preserved all of the myeloid populations
that we previously reported in healthy skin, including CCR1+,
MARCO+, and TREM2+ macrophages, as well as 6 clusters of
DCs: cDC1, 2 cDC2 populations, Langerhans’ cells, a mature
subpopulation of LAMP-3+ cDCs, and a population of proliferat-
ing cDC2 cells (17). Up-regulated genes in these clusters indi-
cated pathways of innate immune and TLR activation and
responses to both type I and type II IFNs, consistent with several
previous studies (6,10,28,29).

The highly increased frequency of FCN-1+ mo-DCs in
dcSSc skin was verified by single-cell RNA-seq, microarray analy-
sis, IHC, and immunofluorescence staining for FCN-1. The
expression of monocyte marker genes FCN1, S100A8, and
S100A9 by these cells indicates that these cells are recruited from
circulating monocytes. A trajectory analysis, as well as low-level
expression of CD1a and CD1c, indicated that FCN+ cells are
most closely related to mo-DCs (30). Cells with very similar gene
expression profiles have been identified in blister fluid of saline
and house dust mite–stimulated human skin (31). In humans,
mo-DCs are one of several myeloid cell types capable of cross-
presentation (26). The association of these cells with perivascular
inflammation and high expression of multiple chemokines sug-
gests that they may promote the migration of other inflammatory
cells.

THBS1 and FPR1, which are both pharmacodynamic bio-
markers for the extent of skin disease and are prognostic markers
for progressive skin disease in dcSSc (11,23), were predominantly
expressed by FCN-1+ mo-DCs (Supplementary Figure 15,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.41813/abstract). FCN-1+
mo-DCs were also shown to be significantly associated with
dcSSc severity (MRSS >20), suggesting a key role in disease path-
ogenesis. In addition, these cells have likely played a prominent role
in previous bulk RNA SSc skin expression studies, which have
described a subset of patients with dcSSc (12,32), as patients
overexpressing FCN-1+ markers also overexpressed both IFN-
regulated and Ig genes (Supplementary Figure 16).

FCGR3A+ macrophages expressed most other macro-
phage markers, though they failed to express monocyte markers,
and trajectory analysis suggested that CCR1+ macrophages
and/or MARCO+macrophages are the progenitors of these cells.
As CCR1+ and MARCO+ macrophages are present in normal

skin and proliferate in SSc skin, it is likely that these are resident
cell populations that differentiate the FCGR3A+ macrophages in
SSc skin. Enriched GO terms suggest that FCGR3A+ macro-
phages are activated through TLR signaling. Several recent stud-
ies have placed TLR signaling upstream of inflammatory and
profibrotic changes in SSc (33–35). Potentially, TLR stimulates
FCGR3A+ macrophages that highly express many cytokines
and chemokines that attract and activate other immune cells,
including CCL18 and interleukin-6 (IL-6). We have previously
reported that CCL18, the gene shown to have the highest
increase in expression (4.4-fold increase), is up-regulated in SSc
skin and SSc-related interstitial lung disease (ILD) (8,10). Serum
levels of CCL18 were rapidly reduced to normal levels, and
CCL18 expression in the skin was blocked upon inhibition of
IL-6, suggesting that IL-6 may play a role in the differentiation/
activation of FCGR3A+ macrophages in select patients demon-
strating infiltration with this macrophage population (36).

We identified proliferating macrophages in dcSSc skin, but
not normal skin. It appeared that all macrophage subsets and
FCN-1+ mo-DC cells were proliferating in some dcSSc patients.
The majority of the proliferating cells were from patient SC188ssc
and patient SC189ssc, the same patients who contributed most
of cluster 5 of FCN-1+ mo-DCs. We have recently characterized
proliferating macrophages in idiopathic pulmonary fibrosis and
have seen similar cells in SSc-associated ILD (37,38), suggesting
that common cytokine signals may drive macrophage prolifera-
tion in both SSc skin and the SSc lung.

Previous studies have detected perivascular pDCs in the
affected skin of SSc patients, but not the skin of control subjects,
by co-staining of CD123 and in situ IFNA expression (15), or by
expression of CLEC4 (BCDA-2) (16). Consistent with these stud-
ies, we found that pDCs were very rare in normal skin (1 of
20,073 cells) and were increased in numbers but still rare in
dcSSc skin (73 of 74,607 cells). We were unable to detect
expression of IFNA1–IFNA11 or CXCL4 genes by PDCs or any
other cell type in SSc skin, the former classically secreted by these
pDCs and the latter described as up-regulated in SSc pDCs (16)
and implicated in the coactivation of TLR-9 (14,39). This likely rep-
resents the relatively low-level expression of these genes, though
we were able to easily detect CXCL4 in platelets in a different data
set (Lafyatis R, et al: unpublished observations). Although rare,
these pDCs are likely the main source of type I IFNs in SSc skin
and the resulting effects on multiple other cell types. The func-
tional importance of these cells in skin fibrosis is supported by
markedly ameliorated bleomycin-induced fibrosis in skin upon
pDC depletion (14). Our data confirm the expression of IRF-8 in
dermal pDCs, previously shown to be up-regulated in pDCs in
SSc PBMCs (14), as well as up-regulated expression of IRF-4
and IRF-7 compared to other dermal myeloid cells or their closest
transcriptome relative, B cells. The clustering of SSc pDCs with B
cells is intriguing in terms of the recent understanding that pDCs
can differentiate along a myeloid or lymphoid pathway with a
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common B cell and pDC progenitor (40,41). The clustering of
these cells with B cells in SSc skin suggests that pDCs differentiate
exclusively along the lymphoid pathway from an IL-7R+FLT-3+
lymphoid progenitor.

Not all SSc patients demonstrate dramatic myeloid expan-
sion, so it remains possible that myeloid cells drive pathogenesis
in only a subset of patients, consistent with bulk microarray stud-
ies (32). As macrophage subsets are also involved in repair, it is
also possible that their presence reflects repair processes in the
skin (42). The lack of local skin disease score data is a limitation
in this study.

In summary, our data reveal several populations of myeloid
cells in dcSSc that are likely driving SSc vascular pathology and
skin fibrosis. This more profound understanding of differing sub-
sets of patients with inflammatory dcSSc provides new insights
into stratifying patients for targeted therapies and can possibly be
used for predicting responses to immunosuppressive treatment.
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Contribution of Rare Genetic Variation to Disease
Susceptibility in a Large Scandinavian Myositis Cohort
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Objective. Idiopathic inflammatory myopathies (IIMs) are a heterogeneous group of complex autoimmune condi-
tions characterized by inflammation in skeletal muscle and extramuscular compartments, and interferon (IFN) system
activation. We undertook this study to examine the contribution of genetic variation to disease susceptibility and to
identify novel avenues for research in IIMs.

Methods. Targeted DNA sequencing was used to mine coding and potentially regulatory single nucleotide variants
from ~1,900 immune-related genes in a Scandinavian case–control cohort of 454 IIM patients and 1,024 healthy
controls. Gene-based aggregate testing, together with rare variant– and gene-level enrichment analyses, was imple-
mented to explore genotype–phenotype relations.

Results. Gene-based aggregate tests of all variants, including rare variants, identified IFI35 as a potential genetic
risk locus for IIMs, suggesting a genetic signature of type I IFN pathway activation. Functional annotation of the
IFI35 locus highlighted a regulatory network linked to the skeletal muscle–specific gene PTGES3L, as a potential
candidate for IIM pathogenesis. Aggregate genetic associations with AGER and PSMB8 in the major histocompat-
ibility complex locus were detected in the antisynthetase syndrome subgroup, which also showed a less marked
genetic signature of the type I IFN pathway. Enrichment analyses indicated a burden of synonymous and noncoding
rare variants in IIM patients, suggesting increased disease predisposition associated with these classes of rare
variants.

Conclusion. Our study suggests the contribution of rare genetic variation to disease susceptibility in IIM and spe-
cific patient subgroups, and pinpoints genetic associations consistent with previous findings by gene expression pro-
filing. These features highlight genetic profiles that are potentially relevant to disease pathogenesis.
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INTRODUCTION

Idiopathic inflammatory myopathies (IIMs), also collectively

known as myositis, are a heterogeneous group of rare chronic

inflammatory autoimmune diseases with a multifactorial etiology

(1). Inflammation mainly affects the skeletal muscle, but it can also

occur in the lungs, skin, joints, heart, and gastrointestinal tract.

IIMs can be categorized into major subgroups, including poly-

myositis (PM) and dermatomyositis (DM), which are defined by

distinct clinical and histopathologic features (2–4). Taking sero-

logic profiles into account, 2 additional subgroups have been

identified: antisynthetase syndrome (ASyS), of which the anti–

Jo-1–positive subgroup is the most prevalent, and immune-

mediated necrotizing myopathy (5). IIMs are characterized by an

interferon (IFN) signature, with the type I IFN and type II IFN path-

ways differentially activated in muscle tissues in different disease

subgroups (6,7). While transcriptomic studies on muscle tissue

have provided substantial evidence of distinctive IFN gene signa-

tures in different types of IIMs, genetic studies have not achieved

the same level of resolution mainly due to the small sample size

of IIM patient cohorts and of clinically and serologically defined

disease subgroups.
In recent years, classical genetic association studies have

implicated, in addition to the HLA region, noncoding potentially
regulatory common variation at several risk loci in IIM and specific
disease subgroups (8,9). For complex disorders such as IIM, rare
variation has also been implicated as contributing to the genetic
architecture of the disease (1). However, for IIM, comprehensive
studies investigating this class of genetic variation are lacking.
Large-scale targeted sequencing of patient cohorts now repre-
sents a valid and accessible approach to explore genetic variation
at the lower range of allele frequency (10). Moreover, the tailored
implementation of statistical algorithms based on the aggregation
of rare variants into specific analysis units allows for accurate
modeling of these variants, thus resulting in increased discovery
power (11).

Here, we present a next-generation sequencing-based
study of IIM, designed to explore the contribution of rare (minor
allele frequency [MAF] <0.01) single nucleotide variants (SNVs) to
disease susceptibility and to identify novel candidate loci. We per-
formed targeted DNA sequencing of coding and potentially regu-
latory regions of a set of ~1,900 immune-related genes in a
Scandinavian IIM case–control cohort. We implemented gene-
based aggregate testing in the whole patient cohort to maximize
the power to explore the genetic underpinnings of the disease.
This approach was also extended to examine the genetic back-
ground of subgroups of clinically and serologically distinct
patients. To further characterize the genetic landscape of IIMs,
we performed comprehensive functional annotation of candidate
loci, as well as investigating differential allelic burden for specific
rare variant categories and the genes potentially driving that bur-
den. In summary, we comprehensively evaluated genetic variation

underlying IIMs for the full allele frequency spectrum to gain novel
insights into disease susceptibility and biology.

PATIENTS AND METHODS

Study patients. The Scandinavian IIM discovery cohort
consisted of patients recruited in Sweden, Denmark, and
Norway, as well as Swedish and Norwegian healthy blood donors
and population controls. The Bohan and Peter criteria (2,3) were
applied for the diagnosis of possible, probable, or definite PM or
DM, and the Connors criteria (12) were used to evaluate ASyS.
Patients with inclusion body myositis (IBM) were excluded (13).
After quality control, the final data set included 454 IIM patients
and 1,024 control samples. Patient characteristics and serologic
profiles are summarized in Supplementary Tables 1 and 2
(http://onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract).
For detailed descriptions of the methods, see Supplementary
Methods (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract).
See Appendix A for a list of members of the DISSECT Consor-
tium and the ImmunoArray Development Consortium.

Ethics approval. All subjects provided informed consent to
participate in the study, and the study was approved by the
regional ethics board in Uppsala (Dnr 2015/450 and 2016/155)
and by the local research ethics committee for the UK Myositis
Network (MREC North West [Haydock Park], 98/8/86).

Targeted DNA sequencing and bioinformatics
analysis. Targeted DNA sequencing was performed on the
same technology platform on the Scandinavian IIM case–control
cohort using an Illumina HiSeq 2500. An average sequencing
read depth of >30� per sample was achieved. The targeted array
comprised ~1,900 genes involved in immune function and immu-
nologic diseases, for which both coding and potentially regulatory
sequences were captured, as outlined elsewhere (14). As detailed
in Supplementary Figure 1 (http://onlinelibrary.wiley.com/doi/10.
1002/art.41929/abstract), bioinformatics analyses comprised
mapping, genotype calling, variant-based and individual-based
quality control (including relatedness and ancestry estimation
[Supplementary Figure 2]), and generated a high-quality data
set containing 264,956 SNVs characterized by high call
rates (i.e., ≥98%).

Genetic association analyses. Single-marker associa-
tion analysis of common SNVs (MAF ≥0.05) was performed with
PLINK version 1.9 using a logistic regression model and assum-
ing additive effects. Following classical HLA alleles imputation
using SNP2HLA, the same statistical model was applied for con-
ditional analysis on DRB1*0301. Aggregate association testing
using all SNVs and analysis units defined as RefSeq gene body
coordinates (+2 Kb upstream and +2 Kb downstream) was first
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performed using SKAT-O (15). For this analysis, we used a
weighted kernel with default settings and higher weight for rare
variants. Employing the same analysis units, gene-based aggre-
gate testing with all SNVs and with the inclusion of metrics defin-
ing variant functional potential was implemented using GenePy,
version 1.2 (16). Gene- and region-based annotations were set
according to Annovar, and the functional metrics included in the
algorithm was based on the Combined Annotation Dependent
Depletion (CADD) version 1.3 annotation (17). The gene score dis-
tributions between the patient and the control groups, including
relevant patient subgroups (Supplementary Tables 1 and 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract),
were modeled through logistic regression using the glm func-
tion with the “binomial” parameter in R.

All implemented association analyses and statistical models
incorporated the most significant population principal compo-
nents (PCs; PC1, PC2, and PC3) (Supplementary Figure 3,
http://onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract)
and sex as covariates. The population PCs were generated in
PLINK version 1.90 (--pca) after excluding long-range linkage
disequilibrium (LD) regions (18), variants with MAF <0.05, and
variants in LD (r2 > 0.2). The significance of the generated
PCs was assessed by evaluating the corresponding overall
eigenvalues in a scree plot and identifying where the
characteristic plateau occurs. PCs were also projected onto a
2-dimensional scatter plot to assess their convergence to a
homogenous structure without any apparent cluster or batch
effect (Supplementary Figure 3). The correlation between dis-
ease status and sex distribution was evaluated using Fisher’s
exact test, which identified a statistically significant sex imbalance
between IIM patients and control subjects (P < 1� 10�16). Statis-
tical significance was based on Bonferroni and false discovery rate
(FDR) corrections (α = 0.05).

Variant annotation and enrichment analyses. Rare
SNVs (MAF <0.01) were partitioned into relevant functional cate-
gories, for which the allelic burden between IIM patients and con-
trols was evaluated globally using Mann-Whitney U test and at the
gene level using GenePy. For the rare variant functional categories
showing a statistically significant increased allelic burden in
patients, we performed gene set enrichment analyses using the
corresponding representative set of variants. An exhaustive vari-
ant functional annotation was performed using publicly available
database resources and software, such as ENCODE, Roadmap
Epigenomics, GTEx, and SnpEff (19–22).

Data generation and gene-based aggregate testing
results in the replication cohort. The replication cohort con-
sisted of IIM patients only, recruited through the UK Myositis Net-
work (n = 397). Patients met the Bohan and Peter criteria for
probable or definite PM or DM, or the Connors criteria for ASyS,
and no patients had IBM. We did not have matched UK controls

available for targeted sequencing. The UK IIM patients were sub-
jected to sequence capture, targeted DNA sequencing, and sub-
sequent bioinformatic analysis of the generated reads following
the same procedures described for the discovery data set. An
average individual sequencing read depth of >30�was achieved.
The same criteria were also used for the individual- and variant-
based quality controls. The resulting quality-controlled data set
composed of patients only was employed as a replication data
set (n = 348) (Supplementary Tables 2 and 3, http://
onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract).

Importantly, we explored the possibility of including out-of-
study matched controls by utilizing the UK10K Avon Longitudinal
Study of Parents and Children (ALSPAC) data set (23), which
includes low read depth (~7�) whole-genome sequences of
1,927 control individuals from the UK. Despite implementing
extensive and rigorous quality control procedures for data set har-
monization, the substantially lower read depth of the ALSPAC
controls prevented an unbiased and equivalent calling of rare vari-
ant alleles compared to the IIM UK patients. This precluded use of
the ALSPAC cohort as a control population for the aggregate test-
ing results replication. An alternative out-of-study source of
matched controls could be the UK Biobank, for which genotype
array-based and recently generated whole exome sequencing
data (but no whole genome sequencing) are currently available
(24,25). Nevertheless, neither of these technologies can provide
full capture of the whole spectrum of rare variation detectable by
our targeted array. For these reasons, to replicate the rare variation
analysis results, we implemented an alternative method, intended
to be fully unbiased and free from any confounders derived from
systematic biases or technical artefacts, especially when focusing
on rare variation.

First, for all UK patients, we generated CADD-based gene
scores using GenePy. For all phenotypic contrasts, we then com-
pared the distribution of the GenePy-derived gene scores for the
patients in the discovery and replication cohorts using logistic
regression, including thedata set–specificmost significant popula-
tion PCs (as previously described) and sex as covariates. Assum-
ing that a difference in the score of the same genes between the
2 groups of patients is likely to reflect ancestry or technical dissimi-
larities, we excluded genes that showed a significant difference
(P < 0.05). This is a very conservative and low-sensitivity approach,
which may also remove potentially relevant genes whose difference
in score underlies a true involvement in disease etiology. However,
by excluding these significantly different genes, we ensure
harmonization and homogeneity of the data and minimize the risk
of reporting erroneous results. Finally, we considered genes to be
replicated if they matched the significantly associated genes (5%
FDR) resulting from theGenePyaggregate analyses in the discovery
data set.

Data availability. The data sets generated and/or ana-
lyzed in the present study are not publicly available due to the
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inclusion of information that could compromise research partici-
pant privacy and consent. However, they are available from the
corresponding authors upon reasonable request and on a collab-
orative basis.

RESULTS

In this study, we performed targeted DNA sequencing
of coding and regulatory regions of immunologic genes to col-
lectively explore the contribution of genetic variants to IIM.
Outlines of these analyses can be found in Supplementary
Figure 4 (http://onlinelibrary.wiley.com/doi/10.1002/art.41929/
abstract).

Confirmation of HLA as a major risk locus in IIM by
single-variant association analysis. In a single-variant asso-
ciation analysis performed on 69,110 common variants, an
experiment-wide statistical threshold of P < 7.2 � 10�7 was
exclusively reached by variants located in the major histocompat-
ibility complex (MHC) region. The strongest association was
detected for an intronic variant of HLA–DQA1 (rs9272729-A; raw
P = 3.1 � 10�31; odds ratio 4.0 [95% confidence interval
3.2–5.1]). No loci outside the MHC region exceeded the sugges-
tive statistical significance threshold for single marker analysis
(P = 1 � 10�5) (Supplementary Figure 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.41929/abstract). After analysis condi-
tioning on rs9272729, no additional statistically significant signals

Figure 1. GenePy case–control gene-based association analysis of idiopathic inflammatory myopathies (IIMs) and “zoom in” of the associated
locus. A, Manhattan plot showing the results of case–control gene-based association analysis (using GenePy) for IIM. Every point represents a
gene region, with their associated P values plotted against chromosome location. Red line indicates the Bonferroni statistical significance threshold
(P = 2.9 � 10�5), and blue line represents the 5% false discovery rate (P = 8.7 � 10�4). B, UCSC genome browser view of IFI35, i.e., the non–
major histocompatibility complex, Bonferroni-corrected associated gene in the GenePy case–control aggregate association test for IIM. IFI35 var-
iants detected and tested in this study are indicated and are color-coded red if they represent GTEx expression quantitative trait loci. The IFI35
locus overlaps with strong regulatory marks, including GeneHancer promoter (red bar) and enhancer (grey bars) regions, ENCODE histone mod-
ifications (H3K4Me1, H3K4Me3, H3K27ac), DNase I hypersensitivity sites (DNase clusters), transcription factor binding sites (Txn Factor ChIP),
open regulatory region associated with active gene expression (ORegAnno), conserved transcription factor binding sites (TFBS conserved),
as well as region of evolutionary constraint across 100 vertebrates and defined by Genomic Evolutionary Rate Profiling rejection
submission scores.
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remained (Supplementary Figure 6, http://onlinelibrary.wiley.com/
doi/10.1002/art.41929/abstract). The same effect was obtained
using imputed classical HLA alleles and conditioning on the
well-established DRB1*0301 IIM risk allele.

Suggestion of IFI35 as a novel IIM genetic risk locus
via aggregate association testing. To test for association
between IIM and variants covering the full spectrum of allele fre-
quency, as well as aggregating in genes, we first performed
gene-based analysis using the SKAT-O software (15). In this
gene-based analysis between all patients and controls, only
2 MHC genes were significantly associated with IIM after Bonfer-
roni correction: NOTCH4 (Bonferroni-adjusted P = 0.022) and
MICB (Bonferroni-adjusted P = 0.035).

In addition to a classical aggregate test, we performed a
gene-based analysis incorporating variant functional potential
using GenePy (16). This analysis focused on the 1,737 gene units
derived from the integrated Annovar variant annotation and con-
stituted by a minimum of 2 genetic variants for which a CADD
score was available. These 1,737 gene units were also used for
stringent multiple-testing Bonferroni correction. Consistent with
its sample size–independent increased discovery potential, this
algorithm detected statistically significant associations with IIM
exceeding Bonferroni correction in the MHC region (11 genes,
top hit HLA–DQA1; Bonferroni-adjusted P = 5.98 � 10�10), and
in IFI35 on chromosome 17 (Bonferroni-adjusted P = 0.036)
(Supplementary Table 4, http://onlinelibrary.wiley.com/doi/10.
1002/art.41929/abstract). The association with IFI35 derives
from 16 variants spanning ~10 Kb (hg19-chr17:41,156,792–
41,166,417) (Figure 1 and Supplementary Table 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract). A Kruskal-
Wallis test for each of the IFI35 rare variants (MAF <0.01) demon-
strated that the difference in IFI35 gene score distribution was
not driven by any country-of-origin–specific subset of patients or
controls showing unique population-specific alleles. With a less
conservative statistical threshold (i.e., 5% FDR), we detected sig-
nificant associations with non-MHC genes, including PRDX3,
SLAMF1, ZFAT, and PTPN6, which further showed evidence of
replication in downstream analyses (Supplementary Table 4).

Functional annotation of the IFI35-associated locus
suggests PTGES3L as a potentially novel candidate gene
for IIM. To functionally annotate the IFI35 locus (the only non-
MHC gene significant after Bonferroni correction), we used the
GTEx Portal to investigate whether any of the variants contributing
to the aggregate association overlappedwith expressionquantitative
trait locus (eQTL) markers (P < 1 � 10�4) in relevant tissues. Of the
16 analyzed variants, 7 variants colocalized with eQTLs for IFI35
and/or for other genes in the vicinity (Supplementary Tables 6 and 7,
http://onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract).

Overall, we observed strong pleiotropic effects on nearby
genes, indicating the presence of considerable coregulatory

mechanisms. In skeletal muscle tissue, PTGES3L and NBR2 were
themost significant eQTL gene targets (P < 1� 10�6). Strikingly, in
the 1000GenomesProject Europeanpopulation,weobservedhigh
LD (r2 > 0.95) between the strongest eQTLs for PTGES3L

(rs34638441-T and rs10840-A, located in the IFI35 gene) and 1
variant located in PTGES3L (rs35444712-A), suggesting their
occurrence on a single haplotype. Moreover, these regions
showevidenceof a long-distance interaction (GeneHancerRegu-
latory Interactions marks GH17J043006/GH17J042979 and
GH17J043014/GH17J042979), confirming a potentially shared
regulatory control at this locus (Figure 2 and Supplementary
Table 8, http://onlinelibrary.wiley.com/doi/10.1002/art.41929/
abstract). Of note, the genes are localized within a common
topologically associating domain (TAD) region (hg19-chr17:
41,080,000–41,160,000) in the psoas muscle, as shown in the
3DIV web resource. Additionally, the expression of PTGES3L
appears to be skeletal muscle–specific, with rs35444712 (1.2 �
10�16) being a strong eQTL in this tissue (Supplementary Figure 7,
http://onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract).

Distinct genetic signature in patients with ASyS
revealed by aggregate testing. To further dissect the IIM
genetic landscape, we extended GenePy case–control aggregate
testing to the major clinical subgroups: PM (n = 170) and DM
(n = 133). The vast majority of the genes significantly associated
with PM and DM were located in the MHC region (top hits C2
[FDR-corrected P = 0.0036] and HLA–DQA1 [FDR-corrected
P = 0.0035], respectively).

Additionally, we restricted this analysis to clinically defined
and autoantibody-specific patient subgroups, and focused on
the most prevalent subgroup, the ASyS patients (n = 142)
(Supplementary Tables 1 and 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.41929/abstract). Besides the most significant
association with AGER (FDR-corrected P = 5.56 � 10�6), in
these patients we detected, among others, aggregate associa-
tions with PSMB8 (FDR-corrected P = 0.0018) and PSMB9
(FDR-corrected P = 0.021). These genes are all located in the
MHC region. Supplementary Table 9 summarizes the GenePy
aggregate testing results in the patient subgroups (http://
onlinelibrary.wiley.com/doi/10.1002/art.41929/abstract). Using
Fisher’s exact test on allele counts, we observed that the ASyS
patients interestingly also showed amarginal underrepresentation
(P= 0.054) of minor alleles for the 16 collectively associated IFI35
variants when compared to the rest of the patients (Figure 3).

Replication of the aggregate testing results.
Considering that the replication cohort included UK IIM patients
only, and matched controls were not available for targeted DNA
sequencing or technically amenable for inclusion in the replication
stage after retrieval from publicly available resources, we
implemented a strategy based on the comparison of the
GenePy-derived gene scores between the patients in the
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replication and discovery cohorts. A logistic regression model
was implemented to compare the GenePy-derived gene scores
between patients in the UK replication cohort (n= 348) and Scan-
dinavian discovery cohort (n = 454) for all of the previously tested
phenotypic comparisons. The genes showing evidence of hetero-
geneity (P < 0.05) were conservatively excluded. We considered
genes to be replicated if they matched the discovery GenePy-
based significantly associated (5% FDR) gene list. Using this
approach, among the non-MHC genes significantly associated
with IIM, PRDX3, SLAMF1, ZFAT, and PTPN6 replicated,
whereas IFI35 did not show evidence of replication. Furthermore,
the ASyS-associated genes AGER, PSMB8, and PSMB9 all
showed evidence of replication in the UK ASyS patients. Informa-
tion on the associated genes in the Scandinavian discovery
cohort and whether they showed evidence of aggregate testing
replication is provided in Supplementary Table 4 and Supple-
mentary Table 9 (http://onlinelibrary.wiley.com/doi/10.1002/art.
41929/abstract).

Evidence of an increased regulatory rare variant
allelic burden in IIM patients. Our data set offers the possi-
bility to explore the extent to which rare variation contributes to

Figure 2. Functional annotation of the extended IFI35 region. The PTGES3L/IFI35 variants track shows the PTGES3L and IFI35 variants
detected and tested in this study. In this locus, a PTGES3L variant (rs35444712, hg19-chr17:41,131,645) (blue) shows high linkage disequi-
librium (LD) (r2 > 0.95) with 2 IFI35 variants (rs34638441, hg19-chr17:41,159,301; rs10840, hg19-chr17:41,166,417) (red asterisks). These
IFI35 variants represent GTEx eQTLs (red) and are located in GeneHancer promoter (GH17J043006) and enhancer (GH17J043014) regions
interacting with the PTGE3L promoter (GH17J042979). The histone modification marks (H3K27ac, H3K4me1) associated with active
enhancers and mapped for different tissues according to Roadmap Epigenomics indicate the presence of skeletal muscle–specific
enhancers. PBMCs = peripheral blood mononuclear cells; skin fib = skin fibroblasts; skin ker = skin keratinocytes (see Figure 1 for other
definitions).

Figure 3. Enrichment of IFI35 minor alleles in antisynthetase syn-
drome (ASyS) patients and those without ASyS (non-ASyS). A,
Summed minor allele distribution for the 16 IFI35 variants collectively
associated with idiopathic inflammatory myopathies via GenePy. The
number of patients with 0 alleles versus those with ≥1 allele was com-
pared among the ASyS patients and the group without ASyS. The
P value was obtained using Fisher’s exact test on the parent contin-
gency table composed of ASyS patients with 0 alleles (n = 76), non-
ASyS patients with 0 alleles (n = 135), ASyS patients with ≥1 allele
(n= 66), and non-ASyS patients with ≥1 allele (n= 177).B, Bar graph
showing the breakdown of the differential minor allele distribution for
all 16 IFI35 variants total allele count bins in the ASyS and non-ASyS
patients.
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disease risk. After grouping all rare variants (MAF <0.01) into
4 functional categories, we sought to examine whether there
was an increased allelic burden in IIM patients compared to con-
trols, and whether this was driven by enrichment in specific genes
or simply reflected a generalized cumulative effect across all the
analyzed genomic regions.

For the 101,712 rare noncoding variants detected in the
whole cohort, we found statistical evidence of increased allele
burden in patients (P = 0.034) (Figure 4A), which is consistent
with the finding that the majority of autoimmune complex
disease–associated variants are located in regulatory regions
(26). Although the enrichment was not robust to the conservative
correction for multiple testing (i.e., correction for the 4 functional
categories tested), 5 genes were significant when considering
the allelic burden at the specific gene level: ITIH4 (FDR-corrected
P = 0.018), PXN (FDR-corrected P = 0.024), TH (FDR-corrected
P = 0.025), IFI35 (FDR-corrected P = 0.034), and VRK1 (FDR-
corrected P = 0.047).

Next, we detected a significant difference in allele burden in
IIM patients when examining synonymous variants (n = 6,898;
P = 0.0015) (Figure 4B). Although no individual gene was found
to drive this enrichment, the gene set harboring these variants in
the clinically heterogeneous patients representing the 2.5% right
tail of the distribution showed a major enrichment for the
JAK/STAT signaling pathway (adjusted P = 1.4 � 10�5). Con-
versely, the genes from the residual distribution were primarily
enriched for the general immune system pathway (Figure 5 and
Supplementary Table 10, http://onlinelibrary.wiley.com/doi/10.
1002/art.41929/abstract). Interestingly, the predicted likely path-
ogenic case-only synonymous variants from the right tail of the
distribution included a number of candidates in genes with known
skeletal muscle–related function (Supplementary Table 11 and
Supplementary Methods, http://onlinelibrary.wiley.com/doi/10.
1002/art.41929/abstract).

Following the assumption that rare variants located in evolu-
tionary constrained elements (Genomic Evolutionary Rate Profil-
ing [GERP] rejection submission [RS] score >2) (27) have
functional potential, we evaluated these variants (n = 42,448)
and found no enrichment in cases (P = 0.22) (Figure 4C). No

Figure 4. Distribution of single nucleotide variant functional catego-
ries in idiopathic inflammatory myopathy (IIM) patients and controls.
A, Rare noncoding variants. B, Rare synonymous variants. Dashed
line indicates the 2.5% right tail of the distribution in cases. C, Rare
conserved variants (Genomic Evolutionary Rate Profiling rejection
submission score >2). D, Rare nonsynonymous variants. P values
indicate differences in allele burden between IIM patients and con-
trols. Raw P values are shown (Bonferroni-corrected significance
threshold of P = 0.012).

Figure 5. Gene set/pathway enrichment analysis of rare synonymous variants. A, Top 10 enriched gene sets/pathways derived from the rare
synonymous variants with ≥1 minor allele detected in the patients constituting the 2.5% right tail of the distribution depicted in Figure 4B. The
top 3 enriched gene sets/pathways here are respectively ranked 13th, 91st, and 343rd in the enrichment ranking from the analysis in B. B, Top
10 enriched gene sets/pathways derived from the rare synonymous variants with ≥1 minor allele detected in all individuals from the residual distri-
bution indicated in Figure 4B. The top 3 enriched gene sets/pathways here are respectively ranked 5th, 221st, and 294th in the enrichment ranking
from the analysis in A. Adjusted P values are shown.
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evidence of allelic enrichment was detected for rare missense
coding variants (n = 12,247) in patients (P = 0.17) (Figure 4D).

DISCUSSION

Targeted DNA sequencing, used here for the first time to
study the genetic underpinnings of IIM, provides a valuable frame-
work for exploring the genetic contribution to complex diseases
characterized by effects from the full spectrum of allele frequencies,
including common, low-frequency, and rare variations.

Our study confirmed that the strongest genetic risk for IIM
exists within the HLA locus. The single-variant analysis top signal
in HLA–DQA1 presumably reflects the association with the 8.1
ancestral haplotype, as demonstrated by the loss of the whole
association signal after conditional analysis on the well-
established DRB1*0301 IIM risk allele.

To effectively investigate rare variation, aggregate associa-
tion testing algorithms that incorporate variants’ functional anno-
tations have recently been proposed to boost discovery power
(16,28). Using GenePy, the gene-based aggregate analysis of all
variants in the whole patient cohort identified the IFI35 gene as a
potential genetic risk locus for IIM. IFI35 is preferentially induced
by type I IFN and regulates the innate immune response (29).
Type I IFN–inducible genes have been found to be overexpressed
in the blood, muscle, and skin of DM and/or PM patients (30–32),
and blockade of the type I IFN pathway has been investigated as
a potential treatment option in such patients (33). Recently, IFI35
overexpression has been detected and type I IFN pathway activa-
tion confirmed in muscle tissue from patients with DM and ASyS
(6). Likely due to limited sample size, in the present study, we
could only detect a nominal IFI35 aggregate genetic association
with the DM subgroup (raw P = 0.0024, FDR-corrected P =

0.25), which is also the clinical subgroup with strongest links to
type I IFN in blood and tissues. ASyS did not show any associa-
tion with IFI35 (raw P = 0.092), which could also be due to a less
strong association to type I IFN, as discussed below. Neverthe-
less, consistent with those findings that indicate a key role of type
I IFN in the pathogenesis of certain subgroups of IIM, our study
corroborates and provides additional evidence of its involvement
in IIM at the genetic level.

It is well established that clinical and autoantibody-specific
subgroups of IIM have distinct molecular pathway activation pro-
files. Here, we detected, among others, aggregate genetic asso-
ciations in the AGER, PSMB8, and PSMB9 genes with the ASyS
subgroup. AGER encodes a multiligand cell surface receptor
(receptor for advanced glycation end products [RAGE]) largely
expressed in the lung. This gene has previously been associated
with lung function and disease (34,35). It is noteworthy that inter-
stitial lung disease is one of the key detrimental phenotypes asso-
ciated with ASyS (12). PSMB8 and PSMB9 are interferonopathy
genes involved in the proteasomal degradation pathway and are
associated with proteasome-associated autoinflammatory

syndromes (36). Interestingly, PSMB8 has been indicated as the
most significantly up-regulated gene in muscle tissue of ASyS
patients (6). A reduced activation of the type I IFN pathway com-
pared to the type II IFN pathway has also been described in ASyS
patients (6,7). Consistently, our data suggest lower levels of
genetic association with the type I IFN pathway in these patients
compared to the rest of the IIM patients in our cohort. In fact,
compared to all other patients, ASyS patients showed a sugges-
tive depletion of minor alleles for the 16 collectively associated
IFI35 variants.

Autoimmune complex diseases have been largely associated
with common noncoding genetic variation, but rare variants may
also contribute to disease risk (37). In this study, we present evi-
dence that rare variant alleles located in functionally important reg-
ulatory regions are enriched in IIM patients. Interestingly, this
disease-driven overrepresentation was more pronounced for rare
synonymous variants, which can be generally involved in gene
expression, splicing, messenger RNA structure stability, and
protein translation and folding. Gene set enrichment analysis indi-
cated that the synonymous variant alleles showing overrepresenta-
tion in a clinically heterogeneous subset of patients do cluster in the
JAK/STAT signaling pathway. Notably, JAK/STAT pathway inhibi-
tion has been proposed as a therapeutic target for DM (38,39).
Intriguingly, when focusing on the subset of overrepresented
case-only variants, a number of thesewere located in genes associ-
ated with muscular dysfunction. TTN, EXOSC10,CDC42BPB, and
CARM1havebeenassociatedwithMendelian formsofmyopathies,
muscular atrophies, andmotor neurodevelopmental disorders (40).
Additionally,COL1A1 andCOL4A5 could account for impaired col-
lagen metabolism leading to muscle pain. Consistent with the
genetic architecture of other polygenic disorders, IIM exhibits rare
genetic variants that have the potential to exert monogenic effects
in the relevant corresponding organ systems (41).

Despite not surviving multiple test correction, we also
observed enrichment of rare noncoding regulatory variant alleles
in IIM patients, with IFI35 among the main gene drivers. It is inter-
esting how 2 aggregate analyses based on different, albeit not
fully independent, variant sets (i.e., all variants and all rare noncod-
ing variants) implicate the IFI35 locus as a potential genetic risk
factor for IIM, thus cross-verifying each other.

When examining the potentially regulatory variants in the
IFI35 locus, we found from published chromatin immunoprecipi-
tation sequencing data (20,21) that specific transcription factors
active in immune signaling bind to several regions with variants
and presumably regulate IFI35 expression. These transcription
factors include Bcl-3, which is crucial in controlling both innate
and adaptive immunity (42), and FoxA1, which establishes a T cell
regulatory population involved in inflammatory diseases (43).

Nearly half of the variants contributing to the IFI35 aggregate
association represent eQTLs in multiple tissues. Interestingly,
these variants not only modulate IFI35 expression but can also
affect the level of several nearby gene transcripts, including
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PTGES3L and NBR2. Our study suggests that the skeletal
muscle–specific gene regulatory network, linking IFI35 and
PTGES3L, potentially contributes to the etiology of IIM. We
hypothesize that, within this regulatory circuit, which is defined
by direct across-gene enhancer– and promoter–promoter inter-
actions, bordered by a distinct TAD in skeletal muscle, and char-
acterized by high levels of LD, cumulative genetic contribution of
eQTLs at the IFI35 locus might also alter PTGES3L expression.
Intriguingly, PTGES3L is predominantly expressed in skeletal
muscle (Supplementary Figure 7, http://onlinelibrary.wiley.com/
doi/10.1002/art.41929/abstract), which is supported by strong
tissue-specific enhancers and the promoter for this gene. Nota-
bly, PTGES3L is associated with type 2A distal arthrogryposis
(40). Arthrogryposis is a rare disorder characterized by systemic
muscle weakness at birth and stiffness, thus showing some simi-
larities with the IIM phenotype. Therefore, PTGES3L emerges as
an attractive target for research in IIM, although further experi-
ments and mechanistic evidence are required to confirm our
hypothesis.

The IFI35 locus eQTLs can also strongly affect NBR2 expres-
sion in skeletal muscle. Interestingly, NBR2 encodes a long non-
coding RNA involved in metabolic and energy stress response
(44), a process perturbed in muscle undergoing IIM pathogenic
events (45). The non-MHC genes associated with IIM by
gene-basedaggregate testing, aswell as showingevidenceof rep-
lication (i.e., PRDX3, SLAMF1, ZFAT, and PTPN6), represent
potentially novel genetic risk factors pointing to immune- and
nonimmune-mediatedmechanisms implicated in thedevelopment
of muscle weakness and damage, such as oxidative stress (46),
autophagy (47), and Toll-like receptor signaling (48,49). These
mechanisms have all been suggested to contribute to the patho-
physiology of IIM (1).

This study has the limitation of applying the old classification
criteria for IIM, as samples were collected before the approval of
the new European Alliance of Associations for Rheumatology/
American College of Rheumatology classification criteria (50).
Some patients might therefore be reclassified based on these
more recent criteria. We also recognize that IFI35 failed in our
attempt to replicate the discovery aggregate testing results in
the UK cohort. This could be due to the limited statistical power
derived from the replication cohort size, the ancestry-specific
aggregate effect of this gene (for which contribution of rare varia-
tion is key), or alternatively to the unique and overconservative
strategy we used for replication in our study due to the lack of
analogously sequenced UK controls. A further limitation is that
our array targets mainly immune-related genes and covers only
a fraction of the genome, thus preventing the investigation of
additional genes and noncoding regions potentially involved in
IIM pathogenesis.

In summary, aggregate genetic association suggests a
potential role for IFI35 and PTGES3L in the pathogenesis of IIM.
We found a genetic signature indicating type I IFN pathway

activation in IIM and highlighted specific genetic associations in
patients with ASyS that are consistent with previous findings on
their gene expression profile in muscle tissue and with lung
involvement. Overall, these findings and the indication that genetic
perturbations of the JAK/STAT pathway might occur in a subset
of patients independently of the myositis subtype suggest that
inhibitors of this pathway might be beneficial in a broader spec-
trum of patients. Our study highlights the contribution of rare
genetic variation to disease susceptibility in a Scandinavian myo-
sitis cohort and in specific patient subgroups. These findings
may collectively inform disease treatment options in the context
of future personalized medicine practice.
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B R I E F R E P O R T

Excess Serum Interleukin-18 Distinguishes Patients
With Pathogenic Mutations in PSTPIP1

Deborah L. Stone,1 Amanda Ombrello,1 Juan I. Arostegui,2 Corinne Schneider,3 Vinh Dang,4 Adriana de Jesus,5

Charlotte Girard-Guyonvarc’h,6 Cem Gabay,6 Wonyong Lee,1 Jae Jin Chae,1 Ivona Aksentijevich,1

Raphaela T. Goldbach-Mansky,5 Daniel L. Kastner,1 and Scott W. Canna4

Objective. Dominantly inheritedPSTPIP1mutations cause a spectrumof autoinflammatorymanifestations epitomized
by PAPA syndrome (pyogenic sterile arthritis, pyoderma gangrenosum, and acne (PAPA) syndrome.). The connections
between PSTPIP1 and PAPA syndrome are poorly understood, although evidence suggests involvement of pyrin inflam-
masome activation. Interleukin-18 (IL-18) is an inflammasome-activated cytokine associated with susceptibility to macro-
phage activation syndrome (MAS). This study was undertaken to investigate an association of IL-18 with PAPA syndrome.

Methods. Clinical and genetic data and serum samples were obtained from patients referred to institutions due to
symptoms indicative of PAPA syndrome. Serum IL-18, IL-18 binding protein (IL-18BP), and CXCL9 levels were
assessed by bead-based assay, and free IL-18 levels were assessed by enzyme-linked immunosorbent assay.

Results. The symptoms of PSTPIP1-positive patients with PAPA syndrome overlapped with those of mutation-
negative patients with PAPA-like conditions, but mutation-positive patients had earlier onset and a greater proportion
had a history of arthritis. We found uniform elevation of total serum IL-18 in treated PAPA syndrome patients at levels
nearly as high as those seen in NLRC4-associated autoinflammation with infantile enterocolitis patients, and well
above levels found in most familial Mediterranean fever patients. Serum IL-18 elevation in PAPA syndrome patients
persisted despite fluctuations in disease activity. Levels of the soluble IL-18 antagonist IL-18BP were modestly ele-
vated, and PAPA syndrome patients had detectable free IL-18. PAPA syndrome was rarely associated with elevation
of CXCL9, an indicator of interferon-γ activity, but no PAPA syndrome patients had a history of MAS.

Conclusion. PAPA syndrome is a refractory and often disabling monogenic autoinflammatory disease associated
with chronic and unopposed elevation of serum IL-18 levels but not with risk of MAS. These findings affect our under-
standing of the diseases in which IL-18 is overproduced and suggest a link between pyrin inflammasome activation,
IL-18, and autoinflammation, without susceptibility to MAS.

INTRODUCTION

PAPA syndrome (pyogenic sterile arthritis, pyoderma gang-
renosum, and acne) was first shown to be associated with domi-
nant mutations in PSTPIP1 in 2002 (1), but since that time, the

links between such mutations and the protean clinical manifesta-
tions have been challenging to elucidate. PSTPIP1 mutations are
now known to cause an array of manifestations that includes sys-
temic features, early-onset (sterile) neutrophilic arthritis, and vari-
able cutaneous involvement. Skin manifestations include simple
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ulceration, pyoderma gangrenosum, cystic acne, and hidradenitis
suppurativa (2). Other clinical findings can include cytopenias,
lymphadenopathy, and hepatosplenomegaly, particularly in the
context of high serum zinc levels and extremely elevated S100
protein levels (3). This spectrum has been collectively termed
PSTPIP1-associated inflammatory diseases (2). Causative muta-
tions operate in a dominant inheritance pattern and include both
missense mutations and potentially, promotor microsatellite
expansions (4).

Mechanistically, several PSTPIP1 mutations have been
shown to increase binding to pyrin (the protein mutated in familial
Mediterranean fever [FMF]) and to activate both the pyrin and
NLRP3 inflammasomes. PSTPIP1 also interacts with the actin
cytoskeleton and regulates the Wiskott-Aldrich Syndrome pro-
tein, and PSTPIP1 mutants potentially alter actin dynamics, pyrin
inflammasome activation, and innate immune cell motility (5,6).

Interleukin-18 (IL-18) is expressed by macrophages and by
epithelia of the skin and intestine. It requires proteolytic activation,
usually via inflammasome-dependent caspase 1 activation, and is
thought to escape the cytosol through gasdermin D–mediated
pyroptosis. Active IL-18 has a high-affinity soluble inhibitor called
IL-18 binding protein (IL-18BP), which is itself induced by
interferon-γ (IFNγ) signaling (7). IL-18 canonically acts on natural
killer and activated T cells to promote production of type 1 cyto-
kines and granule-mediated cytotoxicity. It usually acts in concert
with cytokines of the JAK/STAT pathway such as IL-12 or IL-15.
However, it may play homeostatic roles at tissue sites. Reports
of serum IL-18 elevation have been published across a wide vari-
ety of infectious, malignant, and rheumatic diseases. However,
the extraordinarily high serum levels necessary to overcome inhi-
bition by IL-18BP and generate “free IL-18” appear restricted to
diseases with the highest risk of macrophage activation syn-
drome (MAS), including systemic juvenile idiopathic arthritis (JIA),
adult-onset Still’s disease (AOSD), and monogenic disorders
such as the NLRC4 inflammasomopathy autoinflammation with

infantile enterocolitis (AIFEC; OMIM no. 616050) and C-terminal
mutations in the Rho GTPase CDC42 (7–10).

PATIENTS AND METHODS

Patients were recruited and evaluated as part of natural history
protocols ongoing in the intramural programs of the National
Human Genome Research Institute and the National Institute of
Allergy and Infectious Diseases, as well as the University of Pitts-
burgh and Hospital Clinic, Barcelona. All patients referred for eval-
uation of autoinflammatory disease indicative of PAPA syndrome
(arthritis with suggestive skin findings, idiopathic pyoderma gangre-
nosum, severe acne/hidradenitis suppurativa, or known patho-
genic mutation in PSTPIP1) and with serum available for study
were included. PAPA syndrome patients (n = 20) were defined as
those with a known mutation in PSTPIP1. Patients with “PAPA-
like” conditions (n= 11) had refractory, idiopathic pyoderma gang-
renosum and often other symptoms (Table 1), but no pathogenic
mutation (in PSTPIP1 or other genes) was detected. Samples from
treated FMF patients (n = 18) and NLRC4-associated AIFEC
patients (n = 3 [2 with distant enterocolitis]) were included as pyrin
inflammasome and high IL-18 disease controls, respectively.

Total serum IL-18, IL-18BP, and CXCL9 levels were mea-
sured as described by Weiss et al (7). Briefly, serum was diluted
25-fold and assayed on aMagpix or Flexmap 3-Dmultiplex instru-
ment per the instructions of the manufacturer (Luminex). Recom-
binant IL-18 (MBL International) and CXCL9 (PeproTech) were
used to generate their respective standard curves. The standard
curve for IL-18BP was generated using human IL-18BPa-Fc
(R&D Systems) and run separately given its interaction with
recombinant IL-18 (7). IL-18 and IL-18BPa beads were generated
by conjugating capture antibody to magnetic beads per the
instructions of the manufacturer (Bio-Rad), whereas CXCL9
beads (Bio-Rad) were purchased. Free IL-18 was measured in
some samples by enzyme-linked immunosorbent assay as

Table 1. Clinical characteristics of the patients with PAPA syndrome and those with PAPA-like conditions*

Feature PAPA (n = 20) PAPA-like (n = 11) Univariate P

Female sex 9 (45) 7 (64) NS†
Age at onset, median (range) years‡ 2.3 (0.2–45) 8.5 (3–19) 0.04§
Arthritis 16 (80) 1 (9) 0.0004†
Cystic acne 11 (55) 6 (55) NS†
Mild 4 (20) 1 (9) –

Moderate 1 (5) 0 –

Severe 6 (30) 5 (45) –

Pyoderma gangrenosum 13 (65) 11 (100) NS†
Mild 3 (15) 1 (9) –

Moderate 3 (15) 2 (18) –

Severe 7 (35) 8 (73) –

Maximum CRP, median (range) mg/dl‡ 2.4 (0.2–21.2) 1.15 (0.4–7.2) 0.03§

* Except where indicated otherwise, values are the number (%) of patients. PAPA = pyogenic sterile arthritis,
pyoderma gangrenosum, and acne syndrome; NS = not significant; CRP = C-reactive protein.
† By Fisher’s exact test.
‡ Based on records available for time points associated with biomarker measurements.
§ By Welch’s t-test.
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previously described (10). Minimal variation between plates and
runs was verified using bridging controls.

RESULTS

This study originated, while assessing autoinflammatory dis-
ease controls for an MAS study (7), from the observation of highly
elevated total serum IL-18 levels in 2 patients with PAPA syn-
drome. Subsequently, a total of 31 patients were identified as hav-
ing been referred to institutions for symptoms suggestive of PAPA
syndrome. Twenty patients were found to have heterozygous
mutations in PSTPIP1, with the p.Ala230Thr (11 of 20 patients)
and p.Glu250Gln (6 of 20 patients) occurring as the most prevalent
(Supplementary Table 1, https://onlinelibrary.wiley.com/doi/10.
1002/art.41976). In contrast, 11 patients with PAPA-like conditions
did not carry mutations in PSTPIP1. One patient with a PAPA-like
condition (with pyoderma gangrenosum) carried a heterozygous
Arg405Cys variant, while a patient with an undifferentiated auto-
inflammatory disease (recurrent fevers) carried a heterozygous
p.Gly258Ala variant, both of which we classified as benign.

Clinical features overlapped substantially between patients
with and those without PSTPIP1 mutations, consistent with the
pattern of their referrals. However, PAPA syndrome patients car-
rying PSTPIP1 mutations were, on average, younger at disease
onset, more had a history of arthritis, and fewer had a history of
pyoderma gangrenosum (Table 1). Both groups’ treatment his-
tory reflected the often recalcitrant nature of these symptoms,
with many patients having been treated with glucocorticoids
and >1 biologic medicine (Supplementary Table 1). Two patients
had clinical features of PAPA syndrome in addition to cytopenias,
organomegaly, and mutations associated with the hyperzince-
mia/hypercalprotectinemia syndrome (11). No patients with PAPA
syndrome or PAPA-like conditions had a history of MAS.

As part of an effort to determine the distribution of serum IL-18
across autoinflammatory diseases (7), stored sera from enrolled
patients were assayed retrospectively and compared with that of rel-
evant disease controls. These controls included patients with acti-
vating mutations causing NLRC4 inflammasome–induced AIFEC
as well as patients with FMF, all of whom were undergoing antiin-
flammatory treatment (Supplementary Table 1). Previous work has
demonstrated that dramatically elevated serum IL-18 and detectable
free IL-18 levels were unique to patients at significant risk for MAS
and not for other inflammasomopathies, type I IFN–mediated dis-
eases, or other autoinflammatory diseases (7). Contradicting this,
we observed highly elevated serum IL-18 levels in the group of
patients with mutations in PSTPIP1 (Figure 1A). Serum IL-18 levels
in patients with PAPA-like conditions were largely in the normal
range. As expected, AIFEC serum IL-18 levels were highly elevated.
Sera from ~50% of the FMF patients showed above-average levels,
but only a few samples showed elevations in the range routinely
observed in PAPA syndrome. This did not appear to correlate with
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Figure 1. Association of PAPA syndrome (pyogenic sterile arthri-
tis, pyoderma gangrenosum, and acne) with elevated levels of total
and free interleukin-18 (IL-18). A, Serum was assayed for the indi-
cated cytokines. Each symbol represents the first available sample
from each patient. Shaded bars indicate the normal range. PAPA
syndrome, PAPA-like conditions, and familial Mediterranean fever
(FMF) groups were compared. Open circles in the total IL-18 graph
represent p.Met694Val-homozygous FMF patients. * = P < 0.05;
** = P < 0.01; **** = P < 0.0001, by one-way analysis of variance
with Tukey’s post hoc test. B–D, Longitudinal measurements of
IL-18, free IL-18, and C-reactive protein (CRP) from 3 PAPA
syndrome patients carrying PSTPIP1 mutations are shown.
IL-18BP = IL-18 binding protein.
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genotype, even in patients carrying homozygous p.Met694Val
mutations in MEFV (12) (Figure 1A and Supplementary Table 1,
https://onlinelibrary.wiley.com/doi/10.1002/art.41976). CXCL9
levels were not consistently elevated in any group. Although
IL-18BP levels were significantly higher in patients with PAPA
syndrome than in those with PAPA-like conditions, we were nev-
ertheless able to detect free IL-18 in samples from PAPA syn-
drome patients.

In several patients, we were also able to analyze serial sam-
ples. Though we observed some variation in total and free IL-18
levels, the degree of this variation was minor in comparison to the
degree of C-reactive protein variation (Figures 1B–D). All patients
who were followed up longitudinally showed dramatic elevations
of total IL-18 and detectable free IL-18 levels at all time points.

DISCUSSION

Many infectious, oncologic, or rheumatic causes of systemic
inflammation have been associated with elevated peripheral levels
of IL-18, and even very small differences have been independently
associated with worse outcomes in chronic inflammatory dis-
eases such as atherosclerosis (13). However, IL-18 has an
extraordinary dynamic range of >4 logs in human serum, and
extremely high total IL-18 levels have heretofore been observed
almost exclusively in diseases associated with MAS, including
systemic JIA, AOSD, and a few rare monogenic immune dysreg-
ulation disorders such as AIFEC/NLRC4-associated MAS (7).
This has prompted investigation of IL-18 as a fundamental cause
of MAS, and clinical trials of IL-18 blockade in genetically
mediated MAS are in progress (ClinicalTrials.gov identifiers:
NCT03113760, NCT04641442).

Though PAPA syndrome patients do not appear to be at risk
for MAS, we found highly and chronically elevated total serum
IL-18 levels and detectable free IL-18 in mutation-positive
patients with PAPA syndrome. Disease activity can be challenging
to quantitate in PAPA syndrome, but IL-18 levels did not clearly
correlate with acute-phase reactants or with arthritis-,
pyoderma-, or acne-predominant patients (Supplementary
Table 1, https://onlinelibrary.wiley.com/doi/10.1002/art.41976).
This suggests a direct pathogenic link between PSTPIP1 and
increased IL-18 levels, likely through pyrin inflammasome activa-
tion. Supporting this notion, we have corroborated others’ find-
ings that IL-18 can be significantly elevated in the serum of
some FMF patients, possibly related to disease activity and/or
p.Met694Val homozygosity (12). Likewise, mutations in WDR1
causing periodic fever, immunodeficiency, or thrombocytopenia
(PFIT) syndrome may also cause unopposed IL-18 elevation
(14). However, IL-18 levels in most FMF patients are not signifi-
cantly elevated, nor are those in pyrin-associated autoinflamma-
tion with neutrophilic dermatosis (7). The specific genetic,
cellular, and environmental circumstances driving IL-18 through
the pyrin inflammasome remain unclear.

IL-18 may be significantly elevated in PAPA syndrome with-
out increasing MAS risk for a variety of reasons. First, although
ample animal experiments and preliminary case reports suggest
otherwise (7,15), it is possible that IL-18 elevation is associated
with autoinflammatory diseases such as PAPA syndrome, PFIT
syndrome, and MAS, but is not contributory to the pathology.
Second, IL-18 typically functions by amplifying the effects of other
cytokines; the inflammatory milieu of systemic JIA/MAS and
AIFEC/NLRC4-associated MAS may be substantively different
than that of PAPA syndrome. Third, though both are associated
with detectable free IL-18, it may be that only the highest levels
of IL-18 activity are sufficient to promote MAS. Finally, the source
of IL-18 may dramatically alter its effects. The sources of extreme
and chronic IL-18 elevation remain unclear. Macrophages are the
canonical sites of inflammasome activation and IL-18 production,
and PSTPIP1 mutations have been shown to activate the pyrin
inflammasome in macrophages in vitro (16). However, recent
work in Nlrc4-hyperactive mice suggests that (intestinal) epithelial
cells have both inflammasome machinery and abundant pro–
IL-18 as a substrate (7). Notably, skin epithelium is also a
substantial source of Il18 transcript (7,13).

Measurement of peripheral IL-18 may be diagnostically useful
in the evaluation of PAPA syndrome regardless of its pathogenic
role. The difference in IL-18 between PSTPIP1 mutation–positive
patients and PSTPIP1 mutation–negative patients appeared binary
and helped confirm the p.Arg405Cys and p.Gly258Ala variants as
likely nonpathogenic. Serum was available from only 1 patient
carrying a mutation associated with PSTPIP1-associated myeloid-
related proteinemia inflammatory syndrome and was elevated simi-
larly to the elevations in other PAPA syndrome patients. Some
patients in our cohort had almost exclusively cutaneous or articular
disease, suggesting that IL-18 elevation correlates with PSTPIP1
mutations rather than specific phenotypic features. Thus, serum
IL-18 appears to reliably distinguish patients carrying true PSTPIP1

mutations from patients with suspicious clinical findings or rare var-
iants. Elucidating what connects specific autoinflammatory genes
with dramatic elevations of S100 proteins, IL-18, and possibly zinc
remains an important area of future research (2,3).

Although we included 20 PAPA syndrome patients from var-
ious institutions, our study was limited by its relatively small size
and retrospective nature. Future studies would benefit from multi-
center prospective enrollment and concomitant measurement of
other PAPA syndrome–associated biomarkers (e.g., aldolase,
zinc, S100 proteins). Nevertheless, our observations add a puz-
zling diversity to the group of disorders characterized by chronic
elevation of total and free IL-18, and outline a path for studying
the pathogenic effects of IL-18 beyond MAS.
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Anti-Cortactin Autoantibodies Are Associated With
Key Clinical Features in Adult Myositis But Are Rarely
Present in Juvenile Myositis
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Objective. To define the prevalence and clinical phenotype of anti-cortactin autoantibodies in adult and juvenile
myositis.

Methods. In this longitudinal cohort study, anti-cortactin autoantibody titers were assessed by enzyme-linked
immunosorbent assay in 670 adult myositis patients and 343 juvenile myositis patients as well as in 202 adult healthy
controls and 90 juvenile healthy controls. The prevalence of anti-cortactin autoantibodies was compared among
groups. Clinical features of patients with and those without anti-cortactin autoantibodies were also compared.

Results. Anti-cortactin autoantibodies were more common in adult dermatomyositis (DM) patients (15%; P = 0.005),
particularly those with coexisting anti–Mi-2 autoantibodies (24%; P= 0.03) or anti–NXP-2 autoantibodies (23%; P= 0.04).
In adult myositis, anti-cortactin was associated with DM skin involvement (62% of patients with anti-cortactin versus 38%
of patients without anti-cortactin; P = 0.03), dysphagia (36% versus 17%; P = 0.02) and coexisting anti–Ro 52 autoanti-
bodies (47% versus 26%; P= 0.001) or anti-NT5c1a autoantibodies (59% versus 33%; P= 0.001). Moreover, the titers of
anti-cortactin antibodies were higher in patients with interstitial lung disease (0.15 versus 0.12 arbitrary units; P = 0.03).
The prevalence of anti-cortactin autoantibodieswas not different in juvenilemyositis patients (2%) or in any juvenilemyositis
subgroup compared to juvenile healthy controls (4%). Nonetheless, juvenilemyositis patientswith these autoantibodies had
a higher prevalence of “mechanic’s hands” (25% versus 7%; P= 0.03), a higher number of hospitalizations (2.9 versus 1.3;
P= 0.04), and lower peak creatine kinase values (368 versus 818 IU/liter; P= 0.02) than those without anti-cortactin.

Conclusion. The prevalence of anti-cortactin autoantibodies is increased in adult DM patients with coexisting anti–
Mi-2 or anti–NXP-2 autoantibodies. In adults, anti-cortactin autoantibodies are associated with dysphagia and intersti-
tial lung disease.
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INTRODUCTION

Idiopathic inflammatory myopathies (IIMs) are a heteroge-
neous group of diseases, and patients may be classified as hav-
ing dermatomyositis (DM), polymyositis (PM), immune-mediated
necrotizing myopathy (IMNM), or overlap myositis based on clin-
ical and muscle biopsy features (1). In older adults, inclusion
body myositis (IBM) represents another important type of IIM
(2). In addition to these clinicopathologic categories, myositis-
specific autoantibodies (MSAs) define distinct subtypes of myo-
sitis with unique clinical features. Furthermore, many myositis
patients have myositis-associated autoantibodies (MAAs) that
may be found in patients with other autoimmune disorders as
well (3).

In 2014, autoantibodies targeting cortactin, a ubiquitous
cytoplasmic protein that regulates polymerization of the actin
cytoskeleton, were identified in adult patients with myositis (4)
and those with myasthenia gravis (5). In a Spanish cohort of
162 adult myositis patients, these MAAs were present in 7 of
34 (20%) PM patients, 9 of 117 (7.6%) DM patients, 2 of 7 (28%)
IMNM patients, and 0 of 4 (0%) IBM patients (4). Moreover, only
1 of 29 patients with noninflammatory myopathies tested positive.
Anti-cortactin autoantibodies were not associated with distinct
clinical features in this relatively small cohort of myositis patients
(4). Furthermore, the prevalence and clinical features of anti-
cortactin autoantibodies in juvenile myositis have not been
described.

We undertook the present study to define the prevalence
and clinical characteristics of adult and pediatric myositis patients
with anti-cortactin autoantibodies. To accomplish this, we utilized
large cohorts of patients with well-characterized adult and juvenile
myositis that included significant numbers of patients with each of
the major MSA-defined subtypes of myositis.

PATIENTS AND METHODS

Adult patients and sera. Six hundred seventy patients
enrolled in the Johns Hopkins Myositis Center Longitudinal
Cohort study between 2002 to 2015 were included in the study.
These patients were classified as having IBM if they fulfilled the
Lloyd-Greenberg criteria (6), having DM or PM according to the
Bohan and Peter criteria (7), or having clinically amyopathic der-
matomyositis according to Sontheimer’s criteria (8). The clinical
features of anti-cortactin–positive patients were compared to
anti-cortactin–negative patients in the subset of 409 patients
that had IBM or were positive for autoantibodies recognizing
Mi-2, NXP-2, transcription intermediary factor 1γ (TIF1γ), mela-
noma differentiation–associated protein 5 (MDA-5), Jo-1, signal
recognition particle, or hydroxymethylglutaryl-coenzyme A
reductase (HMGCR) by ≥2 immunologic techniques from
among the following: enzyme-linked immunosorbent assay
(ELISA), in vitro transcription and translation followed by

immunoprecipitation (IP), line blotting (EuroLine myositis profile),
or IP from S35-labeled HeLa cell lysates (9,10). Data on demo-
graphic characteristics and clinical and laboratory features were
collected prospectively at each visit. Dysphagia was defined by
patient report as any type of difficulty swallowing, and interstitial
lung disease (ILD) was defined through a multidisciplinary
approach as suggested by the American Thoracic Society (11).
Sera samples from 202 healthy adult donors to the National
Institutes of Health (NIH) blood bank were also included in the
study as controls.

Juvenile myositis patients and sera. Three hundred
forty-three patients from the Childhood Myositis Heterogene-
ity Collaborative Study (12,13) enrolled in the NIH studies
between 1989 and 2016 with probable or definite juvenile-
onset myositis according to the Bohan and Peter criteria (7)
were included. Sera from 90 healthy children enrolled in the
same studies as controls were available. A physician ques-
tionnaire captured demographic data, clinical and laboratory
features, and therapeutic usage (13). Patient sera from the
time of enrollment were tested for myositis autoantibodies
by validated methods, including protein and RNA IP using
radiolabeled HeLa or K562 cell extracts, double immunodif-
fusion, immunoblot, or ELISA (13–15). For anti-TIF1γ, anti–
NXP-2, and anti–MDA-5 autoantibodies, serum samples
were screened by IP, with confirmation testing by IP blot-
ting (16).

Anti-cortactin autoantibody testing. For the anti-
cortactin autoantibody ELISA, the earliest available serum
sample for each patient was used. Ninety-six–well ELISA
plates were coated overnight at 4�C with 100 μg of recombi-
nant cortactin protein (no. TP710315; OriGene) diluted in
phosphate buffered saline (PBS). After washing the plates,
human serum samples, diluted 1:100 in PBS with 5% nonfat
milk and 0.05% Tween (PBS–Tween), were added to the wells
(1 hour at room temperature). After washing, the horseradish
peroxidase–labeled goat anti-human antibody (1:10,000 dilu-
tion) (no. 109-036-088; Jackson ImmunoResearch) was
added to each well (40 minutes at room temperature). Color
development was performed using SureBlue peroxidase
reagent (KPL), and absorbances at 450 nm were determined.
Test sample absorbances were normalized to the sera of an
arbitrarily selected patient positive for anti-cortactin, a refer-
ence serum included in every ELISA. The cutoff for a normal
anti-cortactin autoantibody titer was set at 0.21 arbitrary units
(AU), calculated as 2 SD above the mean of the normalized
absorbances in the 90 healthy juvenile controls. This cutoff
was determined to be optimal based on a graphical analysis of
the curve of normalized absorbances (17) (Supplementary
Figure 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41931/abstract).

PREVALENCE AND CLINICAL PHENOTYPE OF ANTI-CORTACTIN IN MYOSITIS 359

https://doi.org/10.1002/art.41931/abstract


Standard protocol approvals and patient consent.
This study was approved by the Johns Hopkins and NIH
institutional review boards. Written informed consent was
obtained from each participant.

Statistical analysis. Dichotomous variables are expressed
as absolute frequencies and percentages, and continuous vari-
ables are reported as the mean � SD. Bootstrapping with 1,000
replicates using the first-order normal approximation was used
to statistically validate our key estimates using the boot R library
version 1.3 for dichotomous variables and command bootstrap
in Stata for continuous variables. Results are shown as 95%
confidence intervals (95% CIs). Comparisons between groups
were made using chi-square test, Fisher’s exact test, or
Student’s t-test. Logistic and linear regression was used to
adjust comparisons for the length of follow-up, and MSAs
(or MSAs and IBM in adult patients). As previously described,
indirect standardization was used to calculate the mortality
(standardized mortality rate [SMR]) and rate of cancer (standard-
ized cancer rate [SCR]) in adult myositis patients compared to
the general population (10). Statistical analyses were performed
using Stata/MP 14.1 and R version 4.0.3. A 2-sided P value less
than 0.05 was considered significant with no correction for
multiple comparisons.

RESULTS

Prevalence of anti-cortactin autoantibodies in adult
myositis patients. Overall, the prevalence of anti-cortactin auto-
antibodies in the 670 adult myositis patients (11% [95% CI 9–13%])
(Table 1) was not different than that in 202 adult healthy controls

(8% [95% CI 4–11%]; P = 0.2). However, anti-cortactin autoanti-
bodies were more prevalent among adult DM patients (15% [95%
CI 11–19%]) compared to either healthy adults (P = 0.02) or to the
combined group of non-DM adult myositis patients (8% [95% CI
6–11%]; P = 0.005). Among the autoantibody subgroups of adult
DM patients, the only 2 groups with a higher prevalence of anti-
cortactin autoantibodies compared to adult healthy controls were
patients positive for anti–Mi-2 (24% [95% CI 8–40%]; P = 0.01) and
those positive for anti–NXP-2 (23% [95% CI 9–36%]; P = 0.01).
Although the prevalence of anti-cortactin autoantibodies was lower
in IBMpatients (4% [95%CI 1–7%];P= 0.002) and the anti-HMGCR
autoantibody–positive subgroup (3% [95%CI 0–8%]; P= 0.05) than
in other myositis patients, anti-cortactin autoantibodies were not sig-
nificantly decreased in these 2 groups compared to the adult healthy
controls (Table 1 and Supplementary Figure 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.41931/abstract). Anti-cortactin antibodies
were also found in 18% [95% CI 3–33%] of the 28 anti-Pm/Scl–
positive patients and 22% [95% CI 0–50%] of the 9 anti–U1 RNP–
positive patients tested. There was an increased level of muscle
weakness in the arm abductors of the patients positive for anti-
cortactin with anti-Pm/Scl autoantibodies, but the rest of the clinical
features were similar for anti-Pm/Scl and anti-Ku antibodies.

The epidemiologic features were similar between groups,
except for a lower prevalence of anti-cortactin antibodies in white
adult myositis patients (59% [95% CI 48–71%] versus 75% [95%
CI 72–78%]; P = 0.02) (Table 2).

Clinical features of adult myositis patients with
anti-cortactin autoantibodies. To determine whether anti-
cortactin autoantibodies are associated with specific clinical fea-
tures, we first performed a multivariate analysis comparing patients

Table 1. Prevalence of anti-cortactin autoantibodies in the adult and juvenile myositis patients*

Adult myositis Juvenile myositis

No./total no. tested (%) P† P‡ No./total no. tested (%) P† P‡

Clinical group
DM 42/279 (15) 0.005 0.02 8/282 (3) NS NS
CADM 4/21 (19) NS NS – – –

PM 23/231 (10) NS NS 0/23 (0) NS NS
IBM 5/139 (4) 0.002 NS – – –

Overlap myositis – – – 0/38 (0) NS NS
Autoantibody group
Anti–Mi-2 7/29 (24) 0.03 0.01 1/15 (7) NS NS
Anti–Nxp-2 8/35 (23) 0.04 0.01 4/83 (5) NS NS
Anti-TIF1γ 6/46 (13) NS NS 2/24 (2) NS NS
Anti–MDA-5 4/25 (16) NS NS 0/28 (0) NS NS
Anti–Jo-1 5/49 (10) NS NS 1/6 (17) NS NS
Anti-SRP 5/27 (19) NS NS 0/6 (0) NS NS
Anti-HMGCR 2/59 (3) 0.05 NS 0/3 (0) NS NS

Total 74/670 (11) – – 8/343 (2) – –

* DM= dermatomyositis; NS = not significant; CADM= clinically amyopathic dermatomyositis; PM = polymyositis; IBM= inclusion body myo-
sitis; anti-TIF1γ = anti–transcription intermediary factor 1γ; anti–MDA-5 = anti–melanoma differentiation–associated protein 5; anti-
SRP = anti–signal recognition particle; anti-HMGCR = anti–hydroxymethylglutaryl-coenzyme A reductase.
† Versus other myositis patients.
‡ Versus healthy controls.
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with and those without these autoantibodies, while controlling for
follow-up time and patient group (Table 2). This revealed an
increased prevalence of dysphagia and gastroesophageal reflux
among anti-cortactin–positive patients compared to anti-cortactin–
negative patients (36% [95% CI 21–50%] versus 17% [95% CI
13–20%] for dysphagia, and 67% [95% CI 52–81%] versus 47%
[95% CI 42–52%] for gastroesophageal reflux; P = 0.02 for both)
(Table 2). Of note, dysphagia was substantially more common in
anti–Mi-2–positive patients with anti-cortactin autoantibodies than
in anti–Mi-2–positive patients without them (100% versus 41%
[95% CI 20–62%]; P = 0.008). Interestingly, the MAAs anti–Ro
52 and anti-NT5c1a were more likely to be present in the sera of
adult myositis patients with anti-cortactin autoantibodies (47%
[95% CI 36–59%] versus 26% [95% CI 23–30%] for anti–Ro
52, and 59% [95% CI 35–82%] versus 33% [95% CI 27–40%];
P = 0.001 for both) (Table 2). Among the 10 patients positive for
both for anti-cortactin and anti-NT5c1a antibodies, 4 had IBM and
6 had DM. Of those 10 patients, 6 had dysphagia (4 DM).

Given their association with DM, there was an expected
increased prevalence of DM skin features in adult myositis
patients with anti-cortactin autoantibodies (62% [95% CI 47–
77%] versus 38% [95% CI 33–43%]; P = 0.03) (Table 2). Other-
wise, the clinical features of adult myositis patients with and those
without anti-cortactin autoantibodies were remarkably similar. For
instance, there were no differences in the pattern or severity of
weakness, muscle enzyme levels, severity of lung disease, thigh
magnetic resonance imaging features, or treatments received
(Supplementary Tables 1–5, http://onlinelibrary.wiley.com/doi/
10.1002/art.41931/abstract). Furthermore, compared to the gen-
eral population, there were no differences in the survival rate (SMR
0 [95% CI 0–2]) or cancer rate (SCR 1.3 [95% CI 0.4–3) in anti-
cortactin–positive patients.

Next, we explored whether anti-cortactin autoantibody titers
were associated with specific clinical features. Themultivariate anal-
ysis comparing anti-cortactin autoantibody titers in patients with
and those without each clinical feature, while controlling for follow-
up time and patient group, demonstrated that titers were higher in
patients with DM skin features (0.14 [95% CI 0.12–0.16] versus
0.11 [95% CI 0.09–0.12]; P = 0.008) and dysphagia (0.14 [95%
CI 0.12–0.16] versus 0.11 [95% CI 0.1–0.12]; P = 0.005). Further-
more, patients with ILD also had higher anti-cortactin autoantibody
titers than those without ILD (0.14 [95% CI 0.11–0.19] versus 0.11
[95% CI 0.10–0.13]; P = 0.005) (Supplementary Table 6, http://
onlinelibrary.wiley.com/doi/10.1002/art.41931/abstract).

Of note, at the onset of the disease, the presence of dyspha-
gia was also more prevalent in patients with anti-cortactin autoan-
tibodies compared to those without (29% [95% CI 15–42%]
versus 10% [95% CI 7–13%]; P = 0.01) (data not shown).
Likewise, the presence of ILD at the onset of the disease
showed a trend toward being more frequent in patients with
anti-cortactin antibodies (10% [95% CI 1–18%] versus 2%
[95% CI 1–4%]; P = 0.06).

Prevalence of anti-cortactin autoantibodies in juve-
nile myositis patients and clinical features of this
patient group. Overall, anti-cortactin autoantibodies were not
more prevalent in juvenile myositis patients compared to juvenile
healthy controls (2% [95% CI 1–4%] versus 4% [95% CI 0–9%];
P = 0.3) (Table 1). Notably, anti-cortactin antibodies were only
found in patients with juvenile DM, which also accounted for the
majority (82%) of the cohort. Unlike in adults, no differences were
found in the prevalence of anti-cortactin autoantibodies among
the different autoantibody subgroups in juvenile myositis. Also,
anti-cortactin antibodies were not found in any of the anti-Pm/
Scl–positive patients (n = 13) or anti–U1 RNP–positive patients
(n = 24) who were tested. Anti-cortactin autoantibody–positive
juvenile myositis patients did not show any significant differences in
terms of clinical features compared to anti-cortactin–negative
patients, except for a higher prevalence of “mechanic’s hands”
(25% [95% CI 0–54%] versus 7% [95% CI 4–10%]; P = 0.03),
higher number of hospitalizations (2.9 [95% CI 0–6] versus 1.3
[95% CI 1–1.5]; P = 0.04), and lower peak creatine kinase
(CK) values (368 [95% CI 0–1,800] versus 818 [95% CI 534–
1,101]; P = 0.02) (Table 2 and Supplementary Tables 7 and 8,
http://onlinelibrary.wiley.com/doi/10.1002/art.41931/abstract).
Importantly, juvenile myositis patients with mechanic’s hands had
higher anti-cortactin autoantibody titers (0.1 [95% CI 0.05–0.14]
versus 0.07 [95% CI 0.07–0.08]; P = 0.04) (Supplementary
Table 6). There were no differences between these groups in dis-
ease course, mortality, or treatments received (Supplementary
Tables 6 and 7).

DISCUSSION

In this study utilizing a large cohort of adult myositis patients,
we demonstrate an increased prevalence of anti-cortactin autoan-
tibodies in DM patients compared to those with PM or IBM or adult
healthy controls. Surprisingly, among all adult DM patients studied,
only those with anti–Mi-2 or anti–NXP-2 autoantibodies had an
increased prevalence of anti-cortactin autoantibodies. Anti-
cortactin antibodies fall into the category of MAA, since they were
1) previously found in myasthenia gravis (5), 2) not associated with
a specific myositis phenotype (e.g., DM) but only with isolated clin-
ical features, and 3) found in a significant proportion of healthy indi-
viduals. To the best of our knowledge, anti-cortactin is the only
MAA exclusively associated with MSA-defined DM subtypes.

We also found that anti-cortactin autoantibodies were
strongly associated with dysphagia in adults. Since we previously
demonstrated an increased risk of dysphagia in anti–NXP-2–
positive DM patients (18), we considered the possibility that dys-
phagia could be more common in anti-cortactin–positive patients
because of the high number of such patients with coexisting anti–
NXP-2 autoantibodies. However, dysphagia was associated with
anti-cortactin autoantibodies even in a multivariate analysis con-
trolling for MSAs, including anti–NXP-2. Additionally, we found
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that adult myositis patients with ILD also had higher titers of anti-
cortactin autoantibodies than patients without this clinical feature.

Interestingly, anti-cortactin autoantibodies were not more
common in any type of juvenile myositis compared to juvenile
healthy controls. This makes anti-cortactin the only known MAA
with an increased prevalence in adult, but not juvenile, forms of
myositis. Nonetheless, anti-cortactin autoantibodies were still
associated with increased prevalence of mechanic’s hands, a
higher number of hospitalizations, and lower peak CK values in
juvenile myositis patients. This observation suggests that anti-
cortactin autoantibodies could still be associated with specific
disease manifestations in children with myositis.

In the single prior report describing anti-cortactin autoanti-
bodies in adult myositis (4), this MAA was more common in PM
than DM. Furthermore, no MSA or clinical features were found to
be associated with anti-cortactin autoantibodies in the prior study.
While we cannot fully account for these differences, we expect that
by including more than 4 times as many adult myositis patients, the
current study is more highly powered to accurately determine the
prevalence of this MAA and any relevant clinical or serologic associ-
ations. Future studies will be required to determine why the preva-
lence of anti-cortactin autoantibodies is only increased in adult
DM patients with anti–NXP-2 or anti–Mi-2 autoantibodies and
why such patients have an increased risk of developing dysphagia.

Notably, anti-cortactin autoantibodies were more common in
adult patients who were also positive for the MAAs anti–Ro
52 and anti-NT5c1a. This suggests a potential association
between the development of these 3 different MAAs. In this
regard, it is of interest that anti–Ro 52, anti-NT5c1a, and anti-
cortactin autoantibodies each seem to be associated with more
severe disease manifestations (15,19,20). However, it remains to
be determined whether the development of these MAAs contrib-
utes to more severe tissue damage or whether they are simply
the byproduct of a more robust immune response.

The current study has several limitations. First, most of the
conclusions of this study are based on signs and symptoms that
were recorded prospectively from natural history studies that
have been ongoing since 2002 for adults and since 1989 for chil-
dren. Consequently, we could not include classification strategies
(e.g., the European Alliance of Associations for Rheumatology/
American College of Rheumatology 2017 myositis classification
criteria [21]) or activity and damage tools that were not available
when the studies started. Second, anti-cortactin antibodies were
only tested by ELISA according to the original assay proposed
by Labrador-Horrillo et al (4). Finally, while most of the autoanti-
bodies were systematically tested in all patients, only 227 of the
adult patients were tested for anti-NT5c1a, and only 314 juvenile
cases were tested for anti–Ro 52 and anti-NT5c1a.

In conclusion, we have shown the following: 1) the preva-
lence of anti-cortactin autoantibodies is increased in adult DM
patients with coexisting anti–Mi-2 or anti–NXP-2 autoantibodies;
2) in adults, anti-cortactin autoantibodies are associated with

dysphagia and ILD; and 3) anti-cortactin autoantibodies are asso-
ciated with other MAAs, specifically anti–Ro 52 and anti-NT5c1a,
suggesting that the presence of these autoantibodies may be part
of a broader, and largely uncharacterized, immunologic response
in patients with myositis.
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Safety and tolerability of the COVID-19 messenger RNA
vaccine in adolescents with juvenile idiopathic arthritis
treated with tumor necrosis factor inhibitors

To the Editor:
Patients with rheumatic and musculoskeletal diseases

(RMDs) who are taking immunosuppressants have been consid-
ered to be at increased risk of developing SARS–CoV-2 infection
during the COVID-19 pandemic, and vaccination is the mainstay
for the prevention of this infection (1). To date, recommendations
and data for COVID-19 vaccination in adolescent patients with
RMDs are lacking (2). Reports from international societies and
post-authorization safety studies of the novel messenger RNA
(mRNA) COVID-19 vaccines are generally reassuring; however,
in adolescent RMD patients treated with immunomodulators, the
safely profile of mRNA COVID-19 vaccines is unknown because
adolescents with RMD were excluded from the vaccine trials
(3–5). Furthermore, there is a theoretical risk of RMD flare related
to the mRNA COVID-19 vaccines (1,2). Nevertheless, the esti-
mated risks and benefits clearly favor vaccination (1,2). In a popu-
lation of adult RMD patients receiving non–B cell–depleting
therapy, it was demonstrated that after 2 doses of a COVID-19
mRNA vaccine, the vast majority of patients developed a positive
antibody response (though data on relative amount of antibody
responses are still lacking) and experienced only minor side
effects with no apparent disease exacerbation/flare (6).

Recently we performed a study that aimed to evaluate the
safety and tolerability of the BNT162b2 COVID-19 vaccine
(BioNTech; Pfizer) in adolescents with juvenile idiopathic arthritis
(JIA) treated with tumor necrosis factor (TNF) inhibitors. This
single-center study included adolescent patients (ages 16–21
years) with stable JIA who had been receiving treatment with
TNF inhibitors for at least 1 year following the diagnosis. Written
informed consent was obtained at enrollment. The patients
received 2 doses of the COVID-19 mRNA vaccine intramuscu-
larly, with the initial dose and follow-up dose administered
between April 15 and May 15, 2021 (designated 0 weeks and
3 weeks, respectively). Follow-up visits were planned for 1, 2,
and 3 months after vaccination. All participants were observed
for 30 minutes after the injection and were given a diary card to
record the occurrence of local or systemic symptoms for the fol-
lowing 14 days. Adverse reactions were defined as any reaction
that lasted for >7 days after vaccination, and serious adverse
reactions were defined as any reaction requiring medical attention
or hospitalization. Disease activity was evaluated using the

Juvenile Arthritis Disease Activity Score in 27 joints (JADAS-27)
(7). Data were analyzed using SPSS version 18.0 software.
P values less than 0.05 were considered significant.

A total of 21 adolescent patients were enrolled in our study.
Demographic and clinical characteristics are shown in Table 1.
Both doses of the vaccine were well tolerated by all of the partici-
pants. Local reactions were frequent in the majority of participants
(74%) (Table 1). No difference in reaction was noted between the
patients taking etanercept versus those taking adalimumab (71%
versus 75%, respectively; P = 0.09) or in patients with different
JIA types. In addition, systemic reactions were relatively infre-
quent (19%) (Table 1). There were no differences in the rates of
systemic reactions according to the type of JIA or the medication
received. Most localized and systemic reactions were noted after
the second dose of the vaccine (P= 0.02). One patient developed
hives after the second dose, which was alleviated with antihista-
mines. JIA was in clinical remission in all patients at the time of

Table 1. Baseline characteristics, treatments, and frequency of AEs
occurring after immunization with the COVID-19 messenger RNA
vaccine among adolescent patients with JIA treated with TNF
inhibitors*

Demographic and clinical characteristics (n = 21)
Age, median (IQR) years 17 (16–21)
Sex

Male 5 (24)
Female 16 (76)

Polyarticular JIA 8 (38)
Psoriatic JIA 7 (33)
ERA 6 (29)

Treatment (n = 21)
TNF inhibitors

Adalimumab 10 (48)
Etanercept 11 (52)

Other concurrent treatment, methotrexate 15 (71)
Postvaccination AEs (n = 21 patients, n = 42

vaccine doses)
Local 31 (74)

Erythema 21 (50)
Pain 32 (76)
Swelling 12 (29)

Systemic 8 (19)
Headache 7 (17)
Myalgias 5 (12)
Fatigue 6 (14)
Transient arthralgia 5 (12)

Allergic reaction 1 (2)
Exacerbation of JIA 0 (0)
Serious AEs 0 (0)

* Except where indicated otherwise, values are the number (%).
AEs = adverse events; JIA = juvenile idiopathic arthritis; TNF =
tumor necrosis factor; IQR = interquartile range; ERA = enthesitis-
related arthritis.
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vaccination. No exacerbation of underlying disease was noted,
based on evaluation of the JADAS-27 at 1 month before the vac-
cination, as well as at 1 and 3 months after the second dose of
vaccination (Figure 1). There were no significant changes in the
JADAS-27 (P = 0.417) or in laboratory test results (C-reactive
protein, erythrocyte sedimentation rate, and white blood cell
count) at follow-up over a period of 3 months (P = 0.1,
P = 0.09, and P = 0.4, respectively) (data not shown). None of
the participants discontinued treatment with TNF inhibitors at the
time of vaccine administration or during the follow-up period.

This is the first study demonstrating that mRNA vaccines
appear to be safe and well tolerated in adolescents with JIA
receiving treatment with TNF inhibitors. Although our sample size
was small and a limited number of patients were included within
each JIA type and treatment group, it may be concluded that the
vaccine has an adequate safety and tolerability profile and does
not provoke disease flare. As there are no studies examining the
safety and effectiveness of COVID-19 vaccines in this population,
further studies are needed to evaluate the immune response, ana-
lyze the immunogenicity of the 2-dose schedule, and determine
the real duration of immune protection.
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Sjögren disease, not Sjögren’s: comment on the article
by Baer and Hammitt

To the Editor:
I read with great interest the recent correspondence in Arthri-

tis & Rheumatology discussing the naming standards for

Figure 1. Disease Activity Score in 27 joints (JADAS-27) after vaccination with the BNT162b2 COVID-19 messenger RNA vaccine (BioNTech;
Pfizer) in 21 adolescent patients with juvenile idiopathic arthritis treated with tumor necrosis factor inhibitors. No significant changes in the
JADAS-27 were noted at 1 month prior to the vaccination (JADAS �1), at the time of vaccination (JADAS 0), 1 month after vaccination (JADAS
1), or 3 months after vaccination (JADAS 3) (P = 0.417 by Kruskal-Wallis H test).
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“Sjögren’s syndrome,” in which Drs. Baer and Hammitt sug-
gested that the terminology of “Sjögren’s syndrome” be changed
to “Sjögren’s disease” (1). The main argument in favor of using
the term “disease” is that this condition is now very well charac-
terized and identified within the group of connective tissue dis-
eases with autoimmune pathogenesis. In a very insightful article,
Scadding commented on semantic problems in medicine and
stated that there were 4 main classes of characteristics by which
diseases could be defined: the clinical description (syndrome), a
disorder of structure with recognizable morbid-anatomic change,
an identified disorder of function (in morbid-anatomic or patho-
physiologic terms), and/or when the cause of a disease becomes
known (etiology) (2). The suggested new terminology of “Sjögren’s
disease” meets several of the above-mentioned criteria. However,
Scadding further wrote: “One can speak of the syndrome of any
disease with which a consistently recognisable pattern of symp-
toms and signs is associated. Whether a category definable only
in clinical-descriptive terms is called a syndrome or a disease
does not matter, provided that verbal usages are made explicit
and applied consistently” (2).

While there should be no impediment in accepting the
change from Sjögren’s “syndrome” to “disease,” the use of
eponyms in medicine is debated. Eponymic terms should gener-
ally be replaced by descriptive terms (3). In rheumatology, the
terms “Reiter’s syndrome” and “Wegener’s disease” were aban-
doned for historical reasons (3), and “eosinophilic granulomatosis
with polyangiitis” was preferred to “Churg-Strauss syndrome” as
it better describes this condition. Also, some eponyms may have
2 different diseases attached to them. Some diseases have differ-
ent eponyms in different countries, and in fact Sjögren’s disease is
called “Gougerot Sjögren syndrome” in France.

Finally, if the eponym of “Sjögren” is here to stay because
it is considered better than alternative descriptors, the posses-
sive form should no longer be used (i.e., the eponym should no
longer be shown with the apostrophe s, as in “Sjögren’s”). The
style manual of the Council of Science Editors states that “it is
recommended that the possessive form be eliminated alto-
gether from eponymic terms so that they can clearly be differen-
tiated from true possessives” (4). This is because the person
behind the eponym has no proprietary claim on the entity (5).
Although it may be unfeasible to eliminate all eponyms, the non-
possessive form “Sjögren disease” should be preferred.
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Reply

To the Editor:
We thank Dr. Cottin for supporting our call to adopt the term

“disease” in lieu of “syndrome” when referring to the distinct
systemic disease described by Henrik Sjögren in a comprehen-
sive 150-page monograph published in 1933 (1). However,
Dr. Cottin has questioned the continued use of an eponym for this
disease. We appreciate the advantages of a noneponymic term
for this disease, including avoidance of the attribution of disease
discovery or description to one person, when in fact others also
provided earlier descriptions. In addition, a noneponymic name
can highlight a key clinical or pathophysiologic attribute of the dis-
ease (2). However, eponyms continue to be used widely in medi-
cine to describe physical findings, instruments, surgical
techniques, and diseases that were discovered, designed, or
described in a comprehensive or compelling manner by one or
more key individuals. As was pointed out by Castillo Aleman,
eponyms provide a “valuable linguistic means of very succinct
transmission of complex medical concepts” and fulfill a human
need to honor seminal contributions of specific individuals to the
medical craft (3).

We do not contest the logic of abandoning the possessive in
favor of simply “Sjögren disease.” The use of nonpossessive
eponyms has been encouraged by prominent medical organizations
and has been mandated by the editors of some medical journals
and textbooks (4). Despite this, the possessive form remains in com-
mon use; “Sjögren’s syndrome” was used 7,326 times compared
to 1,748 times for “Sjögren syndrome” in articles published during
the years 2010–2020 (analysis performed with PubMed).

Finally, our call for a name change for Sjögren’s needs inter-
national acceptance. We note the success of past efforts in
reaching international consensus with regard to the nomenclature
of systemic vasculitides (5), IgG4-related disease (6), and antineu-
trophil cytoplasmic antibody–associated vasculitis (7). Thus, we
plan to initiate an effort to achieve international consensus on the
nomenclature of Sjögren’s disease, in which collaborators could
discuss not only a proper standardized term for this disease, but
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also outmoded terms applied to its principal subsets, such as
“primary” and “secondary” Sjögren’s (8,9).
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Foundation.
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Long-term risk of cancer development among
anti-Th/To antibody–positive systemic sclerosis
patients: comment on the article by Mecoli et al

To the Editor:
We read with great interest the article by Dr. Mecoli and col-

leagues on the relationship between cancer and anti-Th/To anti-
bodies in patients with systemic sclerosis (SSc) (1). Interestingly,
the presence of anti-Th/To antibodies was reported to confer a
protective effect against the development of cancer in patients
with SSc. However, cancer development in anti-Th/To antibody–
positive patients was significantly suppressed only within the first
3 years after SSc onset, and there was no significant difference
in the number of deceased patients between the anti-Th/To
antibody–positive and the anti-Th/To antibody–negative groups.

In our own study on the development of cancer in SSc
patients with anti-Th/To antibodies, we retrospectively analyzed

data from 1,252 patients with various conditions seen at the
Nagoya University Hospital Department of Dermatology between
1994 and 2020, and from 244 patients with idiopathic interstitial
pneumonia (IIP) seen at the Tosei General Hospital Department
of Respiratory Medicine between 2007 and 2015 (2). We investi-
gated anti-Th/To antibodies in serum samples by enzyme-linked
immunosorbent assay and immunoprecipitation using the recom-
binant RPP25 and human pyrin only protein 1 (hPOP-1) proteins
produced by in vitro transcription/translation according to our
established protocol (2). Seventeen patients had antibodies to
RPP25 and/or hPOP-1, including 6 of 249 patients with SSc,
3 of 244 patients with IIP, 2 of 12 patients with overlap syndrome
without overlapping SSc, 2 of 141 patients with systemic lupus
erythematosus, 1 of 134 patients with primary Sjögren’s syn-
drome, 1 of 187 patients with dermatomyositis, 1 of 33 patients
with rheumatoid arthritis, and 1 of 23 patients with Raynaud’s dis-
ease. These results demonstrate that anti-Th/To antibodies can
be present in the setting of various autoimmune conditions.

The clinical features of the SSc patients with anti-Th/To anti-
bodies are shown in Table 1. Two patients also had anticentromere
antibodies, although none of the anti-Th/To antibody–positive
patients had other SSc-related antinucleolar antibodies (anti-
PM/Scl, anti–U3 RNP, or anti–NOR 90), anti–RNA polymerase III
antibodies, or anti–topoisomerase I antibodies. Four of the anti-
Th/To antibody–positive SSc patients had interstitial lung disease
(ILD), but the complication rate of ILD was not significantly higher
in SSc patients with anti-Th/To antibodies than in those without
(4 of 6 patients versus 74 of 196 patients experiencing ILD-
related complications; P < 0.215).

Only 1 anti-Th/To antibody–positive SSc patient developed
cancer within 3 years of SSc onset; however, there was no signif-
icant difference in the rate of cancer development within 3 years of
disease onset between the anti-Th/To antibody–positive and anti-
Th/To antibody–negative SSc patients (1 of 6 patients versus 6 of
197 patients developing cancer within 3 years; P < 0.193). More-
over, 5 anti-Th/To antibody–positive SSc patients had a history of
cancer, and cancer incidence was higher in the SSc patients with
anti-Th/To antibodies versus those without (5 of 6 patients versus
31 of 197 patients with incident cancer; P < 0.00072). The duration
of follow-up did not differ significantly between the anti-Th/To
antibody–positive and anti-Th/To antibody–negative groups
(median follow-up 10.8 years [interquartile range 3.3–31] versus
18.6 years [interquartile range 0.1–46]; P < 0.282). One anti-Th/To
antibody–positive SSc patient did not have cancer, although he
had been followed up for only 2 years.

One of our major concerns regarding the study by Mecoli
et al (1) is that it lacks a description of the causes of death in the
anti-Th/To antibody–positive SSc patients. Although none of the
anti-Th/To antibody–positive SSc patients from our study have
died to date, 8 (27.6%) of 29 deaths in our SSc cohort were
cancer-related. Our study suggests that anti-Th/To antibody–
positive patients need long-term follow-up.
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VEXAS syndrome with systemic lupus erythematosus:
expanding the spectrum of associated conditions

To the Editor:
An article recently published in The New England Journal of

Medicine reports the use of a genotype-driven approach to iden-
tify VEXAS syndrome (vacuoles, E1 enzyme, X-lined, autoinflam-
matory, somatic) (1). VEXAS syndrome is characterized by the

presence of somatic mutations affecting p.Met41 in the UBA1
gene. In the study by Dr. Beck and colleagues, all of the patients
identified as having UBA1 mutations were adult men who had
recurrent fevers, cytopenias, dysplastic bone marrow with vacu-
oles in myeloid and erythroid precursors, and neutrophilic skin
and lung tissue inflammation, and often had treatment-refractory
and fatal disease courses. The various conditions occurring in
conjunction with VEXAS syndrome (i.e., comprising a potential
phenotype for VEXAS syndrome) included relapsing polychondri-
tis, giant cell arteritis, polyarteritis nodosa, Sweet syndrome, mye-
lodysplastic syndrome, and multiple myeloma.

To further clarify these disease traits, we would like to
describe a previously unreported case of VEXAS syndrome in
association with a diagnosis of systemic lupus erythematosus
(SLE). In February 2020, a 70-year-old man presented to our hos-
pital with an 8-month history of recurrent fevers, polyarthralgia,
erythematous skin rash over the trunk, left leg venous thrombosis,
and weight loss. Laboratory tests revealed macrocytic anemia,
leukopenia, and neutropenia, as well as an increased erythrocyte
sedimentation rate (99 mm/hour) and C-reactive protein level
(33 mg/liter). The patient was positive for antinuclear antibodies
(titer 1:80 in a fine speckled pattern) and anti–Scl-70 antibodies.
His serum C3 level was below the normal range (73 mg/dl), while
the serum C4 level was in the lower range of normal (23 mg/dl).
Test results for anti–double-stranded DNA, anti-Ro, anti-La, and
antiphospholipid antibodies were negative. Bonemarrow examina-
tion showed hypercellular marrow with borderline megakaryocytic
dysplasia. The patient was diagnosed as having late-onset SLE,
accompanied by disease manifestations of cytopenias and polyar-
thralgia, and oral treatment with glucocorticoids (0.5.mg/kg/day)
was initiated. Subsequently, the patient’s fever subsided, and
improvements in the cytopenias and arthralgia were observed.

In August 2020, the patient developed fever and lung
nodules while receiving prednisolone at a dosage of 5 mg/day.

Table 1. Clinical features of the SSc patients with anti-Th/To antibodies*

Patient/age
(years)/sex

SSc
subtype

IIF
pattern†

Anti-RPP25/
anti–hPOP-1

Other
SSc-related
antibodies

ILD/
PAH

Cancer
(age at onset,

years)

Years from
SSc onset to

cancer
development

Years of
observation

1/38/F Limited AC-3; AC-8 +/+ ACA +/– Colon (55) 7 31
2/44/F Limited AC-8 +/+ – –/– Right breast

(44),
left breast
(62)

0 (right),
18 (left)

27

3/58/M Diffuse AC-8 +/+ – –/– – – 2
4/42/F Limited AC-8 +/+ – +/– Lung (63) 21 23
5/60/F Limited AC-3; AC-8; AC-

21
–/+ ACA +/– Lung (73) 13 13

6/56/F Limited AC-8 +/+ – +/– Endometrial
(54)

–2‡ 4

* SSc = systemic sclerosis; IIF = indirect immunofluorescence; hPOP-1 = human pyrin only protein 1; ILD = interstitial lung disease;
PAH = pulmonary arterial hypertension; AC = anti-cell; ACA = anticentromere antibody.
† Evaluation of IIF pattern is based on the International Consensus on Antinuclear Antibody Patterns.
‡ Patient 6 was diagnosed as having cancer 2 years before the onset of SSc.
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Fine-needle aspiration of the nodules revealed cryptococcal
organisms. The patient was started on amphotericin B and
fluconazole for pulmonary cryptococcosis, after which his fever
subsided. However, while he was hospitalized, his fever and dry
cough recurred, and testing for SARS–CoV-2 with nasopharyn-
geal swab and polymerase chain reaction (PCR) yielded positive
findings for SARS–CoV-2 infection. In accordance with the hospi-
tal’s COVID-19 protocols, the patient received treatment with glu-
cocorticoids and heparin, and was subsequently discharged after
20 days. In October 2020, he again developed fever, breathless-
ness, and altered mental status and was found to have a Klebsi-

ella pneumoniae–associated urinary tract infection. He received
intravenous antibiotics but experienced respiratory failure.
Mechanical ventilation was instituted, and subsequently, the
patient again tested positive for SARS–CoV-2 by PCR. Treatment
with intravenous dexamethasone was started, and thereafter the
patient’s symptoms improved and he was discharged from the
hospital.

A potential diagnosis of VEXAS syndrome was considered
for this patient, based on his clinical profile, older age, and history
of fevers, neutropenia, skin lesions, and treatment-refractory
symptoms. Slides of bone marrow samples that had been col-
lected previously were reviewed and showed the presence of
megakaryocytic dysplasia, toxic granulations, and vacuoles in
myeloid precursors in the bone marrow. VEXAS syndrome was

confirmed based on detection of a c.121A>G, p.Met41Val
mutation in the UBA1 gene. Monthly intravenous immunoglobu-
lin (1 gm/kg/month) was initiated in December 2020. At the
patient’s last visit, in March 2021, his hemoglobin level had
increased and he did not require a blood transfusion. Fever
and leukopenia also resolved. Figure 1 shows the details of
the patient’s clinical course and response to treatment.

This is, to our knowledge, the first reported case of VEXAS
syndrome in association with SLE, thus expanding the list of auto-
immune diseases associated with VEXAS syndrome. While this
patient met the 2019 European Alliance of Associations for Rheu-
matology/American College of Rheumatology classification cri-
teria for SLE and the Systemic Lupus International Collaborating
Clinics classification criteria for SLE (2,3), whether he has true
SLE or an SLE-like phenotype might become clearer with
follow-up.
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Figure 1. Time course of the clinical manifestations and response to therapy in a patient with a diagnosis of VEXAS syndrome in association with
systemic lupus erythematosus (SLE). MCV = mean corpuscular volume; Hb = hemoglobin; TLC = total leukocyte count; MMF = mycophenolate
mofetil; BD = twice per day; HCQ = hydroxychloroquine; OD = once per day; f/b = followed by; IVIG = intravenous immunoglobulin;
PRBC = packed red blood cell; ANA = antinuclear antibodies; DVT = deep vein thrombosis; UTI = urinary tract infection; VEXAS = vacuoles,
E1 enzyme, X-linked, autoinflammatory, somatic syndrome.
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Long-term extension study of tofacitinib in refractory
dermatomyositis

To the Editor:
In our study evaluating the 12-week outcomes of tofacitinib

treatment in patients with refractory dermatomyositis (DM) in a
prospective, open-label clinical trial, as recently reported in
Arthritis & Rheumatology (1), we demonstrated that tofacitinib
was effective in treating skin-predominant refractory DM at
12 weeks. We now want to report the results from the long-term
extension phase evaluating the durability of the efficacy of tofaciti-
nib at 96 weeks in patients with refractory DM. In this extension
study, we applied the same inclusion criteria and outcome mea-
sures as were used in the 12-week parent study (1). Patients were
assessed at weeks 20, 72, and 96. The baseline demographic
features of all 10 trial patients were reported previously (1).

All 10 patients continued treatment with tofacitinib for 20 weeks.
Themedian total improvement score according to the2016American
CollegeofRheumatology/EuropeanAllianceofAssociations forRheu-
matologymyositis responsecriteria (2)atweek20was35 (interquartile
range [IQR]32.5–37.5) (Figure1A).This representedasustainedmod-
erate responsegiven that themedian total improvementscoreatweek
12(theprimaryendpointof theoriginal trial)was35 (IQR25–55).Meth-
otrexatewas added to the treatment regimen of 1 subject with refrac-
tory DM, inwhom inflammatory arthritis had developed.

After the week 20 visit, 7 patients (70%) continued to receive
tofacitinib treatment for a mean � SD of 1.2 � 0.47 years and
then entered a follow-up period of up to 96 weeks. At 72 weeks
and 96 weeks, median total improvement score values were
35 (IQR 25–37.5) and 25 (IQR 20–37.5), respectively. The lower
median total improvement score was driven by 1 patient whose
score dropped to 15. Two patients continued combination ther-
apy with methotrexate. Throughout the 96-week extension study,
no additional glucocorticoids were required to treat disease flares.
Of note, all patients had full muscle strength at baseline; this
remained unchanged for the duration of the study.

Compared to baseline, the Cutaneous Dermatomyositis Dis-
ease Area and Severity Index score (3) declined significantly at
96 weeks (mean � SD 25.4 � 15.0 at baseline to 4.71 � 2.63 at
96 weeks; P= 0.02), and a notable resolution of cutaneous clinical

symptoms was observed in all patients (a representative patient is
shown in Figure 1B). Chemokine (CXCL9/CXCL10) levels also
decreased by 72 weeks, but were trending upward at 96 weeks.
Among all 10 patients, the median level of CXCL9 was 98.2 pg/ml
(IQR 67.2–176) at baseline; this dropped to a median of 50.7 pg/ml
(IQR 38.6–111) at 72 weeks (P= 0.04) and a median of 65.5 pg/ml
(IQR 31.1–156) at 96 weeks (P = 0.07). The median levels of
CXCL10 at each time point were as follows: 190 pg/ml (IQR
105–4,067) at baseline, 130 pg/ml (IQR 79.3–224) at 72 weeks
(P = 0.06), and 185 pg/ml (IQR 87.3–354) at 96 weeks (P =

0.07). No serious adverse events occurred, and no patient discon-
tinued treatment with tofacitinib.

These results indicate tofacitinib was safe and clinically bene-
ficial in refractory DM for up to 96 weeks. Overall, all 7 patients
met the International Myositis Assessment and Clinical Studies
definition of improvement at 20 weeks and 72 weeks, while
6 (86%) of 7 patients met this at 96 weeks (4). The median total
improvement score was 35 at both 20 weeks and 72 weeks,
demonstrating an overall moderate response in the 7 patients.

Limitations of this study are the open-label design and small
sample size. Nevertheless, the prospective design of the study,
which included the standardized collection of data on validated
outcomemeasures and long-term follow-up of ~2 years, highlights
the durable therapeutic potential of JAK inhibitors in the treat-
ment of DM.

Figure 1. A, Change in total improvement score over the 96-week
study period, as assessed using the 2016 American College of
Rheumatology/European Alliance of Associations for Rheumatology
myositis response criteria in 7 subjects with active dermatomyositis
treated with tofacitinib. B, Assessment of skin disease activity in a
representative subject with dermatomyositis showing improvement
of clinical symptoms in the chest skin from baseline (left) to 12 weeks
(middle) and 96 weeks (right) after tofacitinib treatment.
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