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Transcutaneous Electrical Nerve Stimulation Effective in 
Patients with Fibromyalgia
Patients with fibromyalgia (FM) experi-
ence pain and fatigue, especially during 
physical activity. Transcutaneous elec-

trical nerve stimulation 
(TENS) activates endog-
enous pain inhibitory 

mechanisms and has been proposed as 
a treatment option for FM. In this issue, 
Dailey et al (p. 824) report the results of 
their double-blind randomized controlled 
trial designed to investigate whether using 
TENS during activity could improve 
movement-evoked pain, and look at other 
patient-reported outcomes. 

For their study, the investigators 
included women with FM who were on a 
stable medication regimen. They randomly 
assigned participants to receive active 
TENS (m = 103), placebo TENS (n = 99), 
or no TENS (n = 99), and instructed the 
women to use the device at home, during 
activity, for 2 hours each day over a 4-week 

period. Patients applied TENS to their 
lumbar and cervicothoracic regions using 
a modulated frequency (2–125 Hz) at the 
highest tolerable intensity. Patients rated 
their movement-evoked pain and fatigue on 
an 11-point scale before and during appli-
cation of TENS, at baseline, and at 4 weeks.

The researchers found that 4 weeks of 
active TENS use resulted in significant 
improvement in movement-evoked pain 
and movement-evoked fatigue compared 
to placebo TENS or no TENS. A greater 
percentage (70%) of the patients in the 
active TENS group reported improve-
ment on the global impression of change 
(GIC) compared to the placebo TENS 
group (31%) and the no TENS group 
(9%). The authors suspect that the reduc-
tions in pain and fatigue likely contrib-
uted to the improvements in GIC reported 
by individuals who received active TENS. 
The investigators identified no serious 

Past research has suggested that asthma increases the risk for 
rheumatoid arthritis (RA). The reason for this, is it believed, is that 
inflamed airways contribute the RA-related autoantibody pro-

duction. Moreover, rheumatologists have identi-
fied smoking as the strongest environmental risk 
factor for RA. 

In this issue, Ford et al (p. 704) report on the association 
between asthma and chronic obstructive pulmonary disease 
(COPD) and an elevated risk of incident RA. The investigators 
performed a large prospective cohort study with long follow-up 
and found that asthma was associated with a >50% increase in the 
risk of subsequent RA compared to no asthma/COPD. 

The associations were independent of smoking status/inten-
sity and other potential confounders. The results are consistent 
with the hypothesis that chronic airway inflammation may be cru-
cial in RA pathogenesis.

The study utilized data derived from the Nurses’ Health Study 
(NHS, 1988–2014) and NHSII (1991–2015) to identify 15,148 
women with confirmed asthma, 3,573 women with confirmed 
COPD, and 1,060 incident RA cases during 4,384,471 person-
years of follow-up. After adjusting for covariates, the investigators 
found that asthma was associated with increased RA risk (hazard 
ratio [HR] 1.53 [95% confidence interval (95% CI) 1.24–1.88]) 
compared to no asthma/COPD. 

Asthma remained associated with increased RA among never-
smokers only (HR 1.53 [95% CI 1.14–2.05]). The researchers 
found that COPD was also associated with an increased RA risk 
(HR 1.89 [95% CI 1.31–2.75]), with the association of COPD with 
RA being most pronounced in the subgroup of ever-smokers age 
>55 years (HR 2.20 [95% CI 1.38–3.51]).

Asthma and COPD Associated with Increased Risk for RA
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adverse events related to TENS, and <5% 
of participants experienced minor adverse 
events from TENS. 

Figure 1. The percentage of participants who 
reported feeling better or much better (blue), no 
change (green), and worse or extremely worse 
(red) after 4 weeks of active TENS, placebo 
TENS, or no TENS treatment.
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Previous studies have indicated that ~40% of rheumatoid 
arthritis (RA) patients (both early and late-stage disease) 
present with synovitis characterized by a B cell–rich infiltrate.  

In this issue, Rivellese et al (p. 714) describe the 
results of their efforts to define the relationship 
of synovial B cells to clinical phenotypes at 

different stages of disease evolution and drug exposure. They did 
this by exploring the prevalence of B cell synovitis in a large, well-
characterized cohort of 329 patients. 

The authors describe in their paper a robust semiquantitative 
histologic B cell score that can closely replicate the quantification 
of B cells by digital or molecular analyses. The investigators first 
established that semiquantitative B cell scores correlated with 
digital image analysis and B cell lineage–specific transcripts. When 

they used the approach to analyze patients with established RA 
and early RA, they found an ongoing B cell–rich synovitis in a larger 
proportion of patients with established RA than early RA. They 
note in their paper that this synovitis does not seem to be captured 
by standard clinimetric assessment.

The researchers report that B cell–rich synovitis was present 
in 35% of the cohort of patients with early RA and 47.7% of 
the cohort of patients with established RA with an inadequate 
response to tumor necrosis factor inhibitors (TNFi). In addition, 
early RA patients, but not established RA patients, who were B 
cell rich showed higher levels of disease activity and seropositivity 
for rheumatoid factor and anti–citrullinated protein antibody. In 
contrast, the researchers found that both cohorts had significantly 
higher histologic synovitis scores in B cell–rich patients.

B Cell Synovitis More Common in Established RA

Ustekinumab Safe and Effective in SLE Phase II Trial
Although research has delivered advances 
in treatment of systemic lupus erythema-
tosus (SLE), over time patients continue 

to experience progressive 
organ damage, including 
pulmonary, cardiovas-

cular, and renal disease, and to suffer 
high rates of morbidity. In this issue, 
van Vollenhoven et al (p. 761) report 
the results of a phase II prospective trial 
designed to evaluate the efficacy and 
safety of ustekinumab through 1 year in 
patients with SLE. The researchers found 
that ustekinumab provided sustained clin-
ical benefit in patients. 

This study included patients who had 
clinically active SLE despite standard 
background therapy. The investigators 
defined active disease as having an SLE 
Disease Activity Index 2000 (SLEDAI-
2K) score of ≥6 as well as ≥1 British Isles 

Lupus Assessment Group (BILAG) A organ 
domain score and/or ≥2 BILAG B organ 
domain scores at screening. The investiga-
tors randomized (3:2) the 102 patients to 
receive either ustekinumab (~6 mg/kg of 
single intravenous infusion at week 0, then 
90 mg of subcutaneous injections every 8 
weeks beginning at week 8) or a matching 
placebo added to standard therapy. At 
week 24, the placebo group crossed over 
to receive a subcutaneous 90-mg dose 
of ustekinumab every 8 weeks, and the 
original ustekinumab group continued 
to receive therapy through week 40. The 
researchers measured efficacy using the 
SLEDAI-2K, the SLE Responder Index 4 
(SRI-4), physician global assessment, and 
mucocutaneous and joint disease measures 
in a modified intent-to-treat population.

The investigators found that a greater 
proportion of ustekinumab-treated 

patients had improvements in clinical effi-
cacy assessments at week 24, compared 
to patients in the placebo group. The 
SRI-4 response rates were 62% in the 
ustekinumab group and 33% in the 
placebo group at the week 24 primary 
end point analysis. These response rates 
were maintained at week 48. Patients in 
the placebo group who crossed over to the 
ustekinumab group experienced increased 
response rates across efficacy measures.

The researchers observed no deaths, 
malignancies, opportunistic infec-
tions, or tuberculosis cases. Among all 
ustekinumab-treated patients, 81.7% had 
≥1 adverse event (AE) and 15.1% had 
≥1 serious AE through week 56. The AEs 
reported through week 56 were consistent 
with those reported through week 24 and 
were consistent with the safety profile of 
ustekinumab’s other indications.
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Figure 1. B cell scoring. High-magnification views of representative images for each semiquantitative CD20 immunohistochemical score in RA patients with an 
inadequate response to TNFi. Bars = 100 μm.



Clinical Connections
Negative Regulation of Osteoclast Commitment by 
Intracellular Protein Phosphatase Magnesium-Dependent 1A
Kwon et al, Arthritis Rheumatol 2020;76:750–760
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SUMMARY 
Spondyloar thritis (SpA) is characterized by 
new bone formation leading to bony ankylosis. 
However, increased bone resorption in axial 
SpA is also evident, with decreased bone mineral 
density. Protein phosphatase magnesium-
dependent 1A (PPM1A) has been previously 
identified as a protein involved in osteoblast 
differentiation in patients with ankylosing 
spondylitis. To gain insight into whether PPM1A  
is also involved in osteoclast differentiation,  
Kwon et al used macrophage-specific PPM1Afl/fl  
mice and demonstrated enhanced osteoclast 
differentiation and a bone resorptive phenotype 
in these mice. The intracellular expression of 
PPM1A in macrophages from wild-type mice 
was decreased under inflammatory conditions, 
indicating that inflammation may enhance osteoclast 
differentiation by down-regulating PPM1A.  PPM1A 
expression in the peripheral blood mononuclear 
cells (PBMCs) of patients with SpA also showed 
an inverse correlation with disease activity.  These 
findings suggest a link between PPM1A and bone 
resorption in the setting of inflammation and that 
PPM1A may be a marker of bone metabolism in SpA.

KEY POINTS 
•  Under inflammatory conditions, PPM1A in macrophages is down-regulated and associated with enhanced osteoclast commitment.

•  Intracellular PPM1A expression in PBMCs correlates negatively with disease activity in SpA.

•  Depending on inflammatory burden in SpA, the alteration of intracellular PPM1A may shift bone homeostasis toward a resorptive phase.
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SUMMARY 
Lysyl oxidase–like 4 (LOXL-4) is a member of the 
lysyl oxidase family of extracellular enzymes that 
play an impor tant role in assembling the collagen 
fibrils needed for mechanical stability in connective 
tissues. Huang et al found that LOXL-4 was up-
regulated in systemic sclerosis (SSc) skin biopsies 
and particularly, in the inflammatory and proliferative 
intrinsic patient subsets identified by their previously 
published classifier.  These findings fur ther elucidate 
the heterogeneity of SSc patients at the molecular 
level. In order to investigate the potential role of 
LOXL4 in the pathogenesis of SSc, the researchers 
adapted 2 complimentary 3-dimensional (3-D) skin-
like tissues (self-assembled stromal tissue [SAS] and 
human skin equivalents [HSEs]).  These have both 
been well characterized to demonstrate hallmarks of 
tissue fibrosis in vitro, as indicated by increased stroma 
deposition and stiffness, altered collagen modification, 
and inter leukin-6 secretion in constructs that 
incorporated SSc dermal fibroblasts (SScDFs; n = 8) 
compared to normal dermal fibroblasts (NDFs; n = 6). 
Conversely, loss of function of LOXL-4 was associated 
with decreased stromal rigidity, tissue contraction, and 
α–smooth actin muscle+ myofibroblasts. 
Transforming growth factor β (TGFβ)–altered collagen 
modification was decreased by suppression of LOXL4 
in both SScDFS and NDFs. Collectively,  this study 
suggests a role for LOXL-4 as a mediator that drives 
fibrosis in a biologically relevant, in vitro tissue model 
that can help bridge the gap between existing animal 
models of SSc and findings in SSc patient skin. 

Systemic Sclerosis Dermal Fibroblasts Induce Cutaneous 
Fibrosis Through Lysyl Oxidase–like 4: New Evidence 
From Three-Dimensional Skin-like Tissues
Huang et al, Arthritis Rheumatol 2020;76:791–801

CORRESPONDENCE
Jonathan Garlick, PhD: jonathan.garlick@tufts.edu

KEY POINTS 
•  Up-regulation of LOXL-4 is found in SSc patient skin, specifically

in SSc patients with inflammatory and proliferative features as
identified by an intrinsic subsets classifier. 

•  Skin-like 3-D tissues, fabricated and populated with SSc fibroblasts, 
were enriched in LOXL4 expression and recapitulate the cutaneous
fibrotic features in vitro.

•  TGFβ-induced collagen deposition was blocked by suppression of
LOXL4 in in both normal and SSc fibroblasts.



ACR Meetings 
Annual Meeting

November 6–11, 2020, Washington, DC

November 5–10, 2021, San Francisco

For additional information, visit rheumatology.org/Learning-Center/

Educational-Activities.

Applications Invited for Arthritis Care & Research 
Editor-in-Chief (2021–2026 Term)

The American College of Rheumatology Committee on 

Journal Publications announces the search for the position of Ed-

itor, Arthritis Care & Research. The official term of the next Arthri-

tis Care & Research editorship is July 1, 2021–June 30, 2026; 

however, some of the duties of the new Editor will begin during a 

transition period starting April 1, 2021. ACR/ARP members who 

are considering applying for this prestigious and rewarding posi-

tion should submit a nonbinding letter of intent by May 4, 2020 to 

the Managing Editor, Maggie Parry, at mparry@rheumatology.org, 

and are also encouraged to contact the current Editor-in-Chief, 

Dr. Marian Hannan, to discuss details. Initial contact should be 

made via e-mail to Hannan@hsl.harvard.edu. Applications will 

be due by June 15, 2020 and will be reviewed during the sum-

mer of 2020. Application materials are available on the ACR 

web site at https://www.rheumatology.org/Learning-Center/Publi-

cations-Communications/Journals/AC-R.

Nominations for ACR Awards of Distinction and 
Masters Due May 15

The ACR has many Awards of Distinction, including the Pres-

idential Gold Medal. Members who wish to nominate a colleague or 

mentor for an Award of Distinction must complete the online form at 

www.rheumatology.org by May 15, 2020. The nomination process 

includes a letter of nomination, 2 additional letters of recommenda-

tion, and a copy of the nominee’s curriculum vitae. Recognition as a 

Master of the American College of Rheumatology is one of the highest 

honors the ACR bestows. The designation of Master is conferred on 

ACR members age 65 or older who have made outstanding contri-

butions to the fi eld of rheumatology through scholarly achievements 

and/or service to their patients, students, and the profession. To nom-

inate someone for a Master designation, members must complete the 

online nomination form at www.rheumatology.org and include a letter 

of nomination, 2 supporting letters from voting members of the ACR, 

and the nominee’s curriculum vitae. Nominees for ACR Master must 

have reached the age of 65 before October 1, 2020 

ACR Invites Nominations for Volunteer Positions
The ACR encourages all members to participate in forming policy 

and conducting activities by assuming positions of leadership in the or-

ganization. Positions are available in all areas of the work of the American 

College of Rheumatology and the Rheumatology Research Foundation. 

Please visit www.rheumatology.org for information about nominating 

yourself or a colleague for a volunteer position with the College. The 

deadline for volunteer nominations is June 1, 2020. Letters of recom-

mendation are not required but are preferred.
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Form, Function, and Dysfunction: Airway Diseases Are 
Associated With Increased Risk for Rheumatoid Arthritis
Maor Sauler

Whether it be the sweeping eagle in his flight, or the open 
apple-blossom, the toiling work-horse, the blithe swan, the 
branching oak, the winding stream at its base, the drifting 
clouds, over all the coursing sun, form ever follows function, 
and this is the law.

Louis Sullivan

Rheumatoid arthritis (RA) risk is strongly influenced by 
 environmental exposures, and the organ with the largest interface 
with our environment is the lung. To effectively exchange oxygen 
for CO2, the lung must support a delicately thin mucosal border 
(2 μm) spread over 140 m2 (1). While ideal for gas exchange, 
the immensity of the lung’s surface area makes it challenging to 
 mitigate threats from inhaled pathogens and toxins while simulta-
neously promoting immunologic tolerance to harmless epitopes. 
A failure to maintain homeostatic host–environment interactions 
along this mucosal border is implicated in the pathogenesis of 
many lung diseases, and growing evidence suggests it is also 
implicated in the pathogenesis of RA.

Pulmonary diseases occur commonly in RA. Clinically 
 significant interstitial lung disease (ILD) occurs in 5–10% of 
patients with RA, and subclinical ILD can be detected in 30–50% 
of patients with RA (2). Other pulmonary manifestations of RA 
include pleural effusions, bronchiectasis, pulmonary hyperten-
sion, pulmonary nodules, and both follicular and constrictive 
bronchiolitis. Recently, RA was also identified as a risk factor for 
chronic obstructive pulmonary disease (COPD) (3). The biologic 
mechanisms underlying RA- associated lung disease are poorly 
understood but they likely involve systemic autoimmunity and 
inflammation. Overexpression of tumor necrosis factor in mice 
causes both joint inflammation and lung disease, while in an 
SKG murine model of RA, the development of pulmonary dis-
ease requires a “second- hit” lung injury (e.g., cigarette smoke or 
 bleomycin) (4,5). Additionally, autoimmunity is now implicated as 
a cause of lung destruction in COPD (6).

However, lung disease may not simply be a consequence of 
RA, but also a cause of RA pathogenesis. Epidemiologic studies 
have identified cigarette smoking as a major risk factor for RA, and 
the relative risk for RA conveyed by certain HLA–DRB1 polymor-
phisms is synergistic with a history of smoking (7). Smokers have 
increased expression of peptidylarginine deiminase enzymes, which 
citrullinate proteins through the conversion of arginine to citrulline 
(8). In turn, these citrullinated proteins can trigger formation of anti–
citrullinated protein autoantibodies (ACPAs) that are highly specific 
to RA (9). Citrullinated proteins and ACPAs can be found at higher 
concentrations in bronchoalveolar fluid than blood in individuals 
with early RA (8,10), and RA is also associated with the presence 
of inducible bronchus- associated lymphoid tissue, which contains 
ACPA- producing B cells (11). Airway inflammation can also be 
identified in subjects with early ACPA- positive RA as well as those 
who have elevated serum levels of ACPA and/or rheumatoid factor 
(RF) but do not have inflammatory arthritis (10,12,13). In addition, 
ACPAs and RF can be found in sputum from individuals at risk for 
future RA (14,15). The risk of RA due to cigarette smoke is likely a 
consequence of pulmonary injury and inflammation rather than a 
direct effect of cigarette smoke. Inflammation is a common cause of 
citrullination in many tissues, and many volatile environmental expo-
sures (not just cigarette smoke) increase RA risk, including mineral 
and textile dust (9,16). In another study, ACPA titers were higher 
in smokers with COPD than those without COPD (17). Addition-
ally, individuals with COPD from α1- antitrypsin deficiency have an 
increased risk for elevated ACPA titers, but among these individuals, 
there is no association between ACPA titers and smoking (18).

If indeed pulmonary injury and inflammation are key steps 
in RA pathogenesis, then it may be hypothesized that chronic 
inflammatory airway diseases like COPD and asthma should 
also increase RA risk. Yet there have been no studies show-
ing COPD as an RA risk factor, and the evidence for asthma 
as an RA risk factor has been limited until now. However, in this 
issue of Arthritis & Rheumatology, Ford and colleagues provide 

Supported by the Flight Attendant Medical Research Institute (grant YCSA 142017)  
and the NIH (National Heart, Lung, and Blood Institute grant K08-HL-135402).

Maor Sauler, MD: Yale University School of Medicine, New Haven, Connecticut.
Dr. Sauler is a coinventor on a patent held by Yale University for the use 

of MIF020 for lung disease.

Address correspondence to Maor Sauler, MD, 300 Cedar Street, New 
Haven, CT 06519. E-mail: maor.sauler@yale.edu.

Submitted for publication November 25, 2019; accepted in revised form 
December 19, 2019.

https://orcid.org/0000-0001-5240-7978
mailto:maor.sauler@yale.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.41193&domain=pdf&date_stamp=2020-04-08


SAULER 700       |

compelling evidence that both asthma and COPD increase the 
risk of RA, independent of smoking history (19). They used Cox 
proportional hazard models to assess risk of incident RA in a  
prospective cohort study of 205,153 women in the Nurses’ 
Health Study. Participants were categorized by exposure (asthma 
or COPD) as determined by self- reported physician diagnosis of 
disease in combination with validated questionnaires. The out-
come measure was RA confirmed by medical record review by 2 
rheumatologists. Seropositive RA was determined by the pres-
ence of elevated RF or ACPAs. Importantly, their multivariable 
model was adjusted for potential confounders including smoking 
status (current/former/never) and duration/intensity (pack- years), 
and passive smoke exposure. Among women with COPD, the 
multivariable- adjusted hazard ratio (HR) for developing RA was 
1.89 (95% confidence interval [95% CI] 1.31–2.75). Interest-
ingly, there was an increased risk for seropositive RA (HR 2.07 
[95% CI 1.31–3.25]) but not seronegative RA (HR 1.59 [95% CI 
0.83–3.05]). Because COPD commonly occurs among older 
individuals, Ford et al evaluated a subgroup of ever- smokers age 
>55 years and identified a stronger association between COPD 
and seropositive RA (HR 2.85 [95% CI 1.63–4.99]). Among 
women with a diagnosis of asthma, the multivariable- adjusted 
HR for developing RA was 1.53 (95% CI 1.24–1.88). Asthma 
was associated with both seropositive RA and seronegative RA, 
but interestingly, the presence of asthma in women who never 
smoked was associated with seronegative RA (HR 1.90 [95% 
CI 1.22–2.96]) but not with seropositive RA (HR 1.32 [95% CI 
0.88–1.96]).

The study conducted by Ford et al was well designed, and 
their use of a large and thoroughly characterized cohort of sub-
jects allowed them to demonstrate that asthma and COPD are 
risk factors for RA. Naturally, the study also raises important 
questions. Only women were included, and therefore the findings 
may not be generalizable to men. There was also no assessment 
of medication use for asthma or COPD (e.g., inhaled corticoste-
roids), and it would be important to understand the role of medica-
tions in decreasing or increasing subsequent RA risk. Additionally, 
while validated tools were used to identify the presence of asthma 
or COPD, both diseases are remarkably complex and heteroge-
neous. COPD involves multiple pathologic manifestations, includ-
ing emphysema, small airway disease, mucous metaplasia, and 
vascular remodeling. These pathologic features occur in variable 
degrees among affected individuals, and therefore current pre-
clinical and clinical assessments of COPD include measurements 
of airflow obstruction, percentage of radiographic emphysema, 
respiratory diffusion capacity, patient- reported symptoms, and 
emerging biomarkers (20). Similarly, asthma is a complex dis-
ease involving various subtypes (i.e., endotypes). While some 
individuals with asthma have classic features of atopy and Th2 
inflammation, other subtypes of asthma are more closely asso-
ciated with the presence of obesity, neutrophilic inflammation, 
and/or  exposure to volatile pathogens and toxins (e.g., cigarette 

smoke) (21). There is also an increasing recognition of a sub-
group of patients with asthma/COPD overlap syndrome. While 
poorly defined, patients with this condition have features of both 
 diseases. Future studies will require thorough phenotyping of 
COPD and asthma to more completely understand their relation-
ships to RA.

The need for more extensive phenotyping may be particu-
larly important for asthma because of the intriguing finding by 
Ford et  al that asthma and COPD have different associations 
with RA seropositivity (19). The authors identified COPD as a 
risk factor for seropositive RA but not seronegative RA, a find-
ing rooted in mechanistic evidence as described above. In con-
trast, Ford and colleagues identified asthma as a risk factor for 
seronegative RA but not seropositive RA among never- smokers 
(19), and the cause of increased seronegative RA in this popula-
tion can only be speculated. What are the inflammatory profiles 
and mechanisms underlying this relationship? Is the relation-
ship strongest among those with atopic asthma? Are specific 
exposures or genetic associations involved? Understanding 
how asthma subtypes relate to seronegative RA may lead to the 
identification of yet- undiscovered mechanisms and treatments 
for RA.

Despite the limitations of this study, the findings have the 
potential to immediately impact the care of patients with asthma 
and COPD. Awareness of the heightened risk for RA in individuals 
with asthma and COPD can lead to reduced time to diagnosis 
and earlier initiation of treatment. In nature, form follows function. 
Ford and colleagues remind us that the lung’s form also exposes 
it to environmental factors that in turn contribute to diseases both 
inside and outside the lung.
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Advancing Rheumatoid Arthritis Synovial Biopsy Analysis: 
One B Cell at a Time
Dana E. Orange1  and Laura T. Donlin2

While biologic therapies have dramatically improved the 
management of rheumatoid arthritis (RA), not all patients respond 
well to treatment, and the field continues to await individualized 
medicine approaches that promise to determine effective medi-
cations based on a patient’s distinct disease features. The cellular 
and molecular characterization of an individual’s synovium holds 
promise to understand pathology, predict outcomes, and tailor 
treatment decisions, akin to the histologic and genetic assess-
ment of tumor tissue that guides cancer care. Recently, several 
large consortia (1–5) have set out to examine whether histologic 
and functional genomic assays of synovial tissue samples can 
provide important insights into RA disease pathology and predict 
clinical outcomes. These large- scale efforts have also taken on the 
task of harmonizing methods for assessment of synovial tissues to 
facilitate standardized clinical use.

B cells are of particular interest in efforts to connect syno-
vial tissue features with clinical measures. The notion that B cells 
impact RA pathogenesis is supported by the presence of B cells 
in RA synovium, the fact that autoantibodies are one of the few 
objective molecular markers of RA disease, and the fact that B 
cell–depleting therapies have been shown to be an effective treat-
ment. However, there is considerable patient- to- patient variability 
in the extent of synovial B cell infiltration, and while some groups 
have found B cell infiltrate scores useful for predicting RA treat-
ment response, others have not found associations with clinical 
assessments of RA disease activity. One possible source of this 
discrepancy is the lack of standardized B cell scoring systems for 
synovial tissue.

In this issue of Arthritis & Rheumatology, Rivellese et al (6)  
present steps to validate a semiquantitative CD20 immunohis-
tochemistry–based B cell score. They applied their approach 
to synovial biopsy specimens from 2 sizable cohorts: the 

Pathobiology of Early Arthritis Cohort (PEAC), which consisted 
of 165 consecutive patients with untreated RA with a disease 
duration of <1 year, and a subset of patients with an inade-
quate response to tumor necrosis factor inhibitors (TNFi) from 
the Response–Resistance to Rituximab versus Tocilizumab in 
RA (R4RA) trial (the TNFi- IR cohort), which consisted of 164 
patients who had a mean disease duration of 12.8 years. All  
patient synovial biopsy specimens were assessed by immu-
nohistochemical staining for CD20 (B cell marker), CD68 
 (macrophage/fibroblast marker), and CD138 (plasma cell 
marker), while a substantial number were also analyzed by RNA 
sequencing. From the transcriptome analysis, the authors gen-
erated B cell modules using subsets of 91 and 127 patients from 
the PEAC and TNFi- IR cohorts, respectively, using FANTOM  
data, an online resource of complementary DNA data estab-
lished in part by the RIKEN institute in Japan. Their analysis 
found that the pathologist- interpreted semiquantitative CD20 
immunohistochemistry–based B cell scores correlated with 
both a digital image analysis of CD20 immunohistochemistry 
and B cell gene expression module scores. With validation of 
the semiquantitative CD20 immunohistochemistry–based B cell 
scores using these 2 orthogonal approaches, they applied the 
B cell scores to the larger cohort of 329 patients and tested for 
clinical associations.

There were 2 major observations from this analysis. First, the 
investigators found that B cell–rich synovitis was more common in 
the TNFi- IR cohort than in the early RA cohort. The TNFi- IR cohort 
was also enriched for anti–citrullinated protein antibody (ACPA)–
positive patients, raising the possibility that increased B cell–rich 
synovitis could be attributed to increased B cell–rich synovitis in 
seropositive patients. It is also possible that B cell–rich synovitis is 
more prevalent in patients with a longer disease duration. Future 
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studies evaluating the frequencies of B cell–rich synovitis across 
a spectrum of disease durations and treatment exposures are 
needed to determine whether time or treatments impact synovial 
B cell accumulation.

A second notable finding related to B cell scores associat-
ing with numerous disease features, such as the Krenn synovi-
tis score (a global histology severity score for RA that includes 
assessments of synovial lining hyperplasia, infiltrates, and 
stromal cell activation), the Disease Activity Score in 28 joints 
(DAS28), swollen joint count, erythrocyte sedimentation rate, 
C- reactive protein (CRP) level, and ACPA and rheumatoid factor 
positivity, in the PEAC but not in the TNFi- IR cohort (where B 
cell scores associated with only Krenn score and CRP level). 
The finding that B cell scores associated with disease activity 
scores in the PEAC confirms the findings of previous studies 
demonstrating that B cell–rich lymphoid aggregates are asso-
ciated with disease activity and predict treatment response to 
disease- modifying antirheumatic drugs as well as radiographic 
progression (3).

Interestingly, the same B cell scores did not associate with 
measures of disease activity such as the DAS28 in the TNFi- IR 
group. One possible explanation for this discordance is that the 
TNFi- IR cohort had more aggressive disease overall, thereby 
reducing the chances of detecting variance in disease activity. This 
discrepancy between histology scores for synovitis and the DAS28 
is consistent with the results of studies from our group that failed 
to find associations of inflammatory infiltrates with the DAS28 in 
a cohort of patients with established disease undergoing arthro-
plasty (7). We noted that some patients with disease in remission 
or with low disease activity according to the DAS28 harbored  
subclinical synovitis (7,8), suggesting that current clinical mea-
sures of annotating disease activity, such as the DAS28, are not 
sufficiently sensitive for detecting synovitis in all patients. Indeed, 
multiple studies have noted ongoing radiographic synovitis as well 
as progression of erosions in patients with sustained low disease 
activity or remission (9–12). Further, over time, patients with long-
standing disease may accrue various levels and stages of synovial 
inflammation and damage in different joints. This increased joint- 
to- joint variability may exacerbate sampling error in patients with 
established disease.

The findings of Rivellese et al (6), along with those of other 
recent studies, are advancing our understanding of the transcrip-
tional and cellular characteristics of the synovium in RA. Incor-
poration of synovial assessments into clinical management is the 
next step in empowering clinicians to apply advances in molecu-
lar immunology to better tailor treatment decisions. Identification 
of subsets of RA that will specifically respond to therapeutics will 
enable targeting of their respective underlying disease mech-
anisms. Together, this work and complementary work by other 

groups will set the stage for “precision therapy for RA” and thereby 
advance the care of our patients.

AUTHOR CONTRIBUTIONS

Drs. Orange and Donlin drafted the article, revised it critically for 
important intellectual content, and approved the final version to be 
published.

REFERENCES
 1. Astorri E, Nerviani A, Bombardieri M, Pitzalis C. Towards a strat-

ified targeted approach with biologic treatments in rheumatoid 
arthritis: role of synovial pathobiology. Curr Pharm Des 2015;21: 
2216–24.

 2. De Groof A, Ducreux J, Humby F, Nzeusseu Toukap A, Badot V, 
Pitzalis C, et al. Higher expression of TNFα- induced genes in the 
synovium of patients with early rheumatoid arthritis correlates with 
disease activity, and predicts absence of response to first line thera-
py. Arthritis Res Ther 2016;18:19.

 3. Humby F, Lewis M, Ramamoorthi N, Hackney JA, Barnes MR, 
 Bombardieri M, et al. Synovial cellular and molecular signatures strat-
ify clinical response to csDMARD therapy and predict radiographic 
progression in early rheumatoid arthritis patients. Ann Rheum Dis 
2019;78:761–72.

 4. Najm A, Le Goff B, Orr C, Thurlings R, Cañete JD, Humby F, et al. 
Standardisation of synovial biopsy analyses in rheumatic diseases: a 
consensus of the EULAR Synovitis and OMERACT Synovial Tissue 
Biopsy Groups. Arthritis Res Ther 2018;20:265.

 5. Zhang F, Wei K, Slowikowski K, Fonseka CY, Rao DA, Kelly S, et al. 
Defining inflammatory cell states in rheumatoid arthritis joint synovial 
tissues by integrating single- cell transcriptomics and mass cytome-
try. Nat Immunol 2019;20:928–42.

 6. Rivellese F, Humby F, Bugatti S, Fossati-Jimack L, Rizvi H, Lucchesi 
D, et al, and the PEAC-R4RA Investigators. B cell synovitis and clinical 
phenotypes in rheumatoid arthritis: relationship to disease stages and 
drug exposure. Arthritis Rheumatol doi: http://onlinelibrary.wiley.com/ 
doi/10.1002/art.41184/abstract. E-pub ahead of print.

 7. Orange DE, Agius P, DiCarlo EF, Robine N, Geiger H, Szymonifka J, 
et al. Identification of three rheumatoid arthritis disease subtypes by 
machine learning integration of synovial histologic features and RNA 
sequencing data. Arthritis Rheumatol 2018;70:690–701.

 8. Orange DE, Agius P, DiCarlo EF, Mirza SZ, Pannellini T, Szymonifka 
J, et al. Histologic and transcriptional evidence of subclinical synovial 
inflammation in patients with rheumatoid arthritis in clinical remis-
sion. Arthritis Rheumatol 2019;71:1034–41.

 9. Molenaar ET, Voskuyl AE, Dinant HJ, Bezemer PD, Boers M,  
 Dijkmans BA, et al. Progression of radiologic damage in patients with 
rheumatoid arthritis in clinical remission. Arthritis Rheum 2004;50:36–42.

 10. Brown AK, Quinn MA, Karim Z, Conaghan PG, Peterfy CG,  Hensor 
E, et al. Presence of significant synovitis in rheumatoid arthritis pa-
tients with disease- modifying antirheumatic drug–induced clinical 
remission: evidence from an imaging study may explain structural 
progression. Arthritis Rheum 2006;54:3761–73.

 11. Ranganath VK, Motamedi K, Haavardsholm EA, Maranian P, Elashoff 
D, McQueen F, et al. Comprehensive appraisal of magnetic reso-
nance imaging findings in sustained rheumatoid arthritis remission: a 
substudy. Arthritis Care Res (Hoboken) 2015;67:929–39.

 12. Kohler MJ, editor. Musculoskeletal ultrasound in rheumatology review. 
Cham: Springer International Publishing Switzerland; 2016.

http://onlinelibr ary.wiley.com/doi/10.1002/art.41184/ abstract
http://onlinelibr ary.wiley.com/doi/10.1002/art.41184/ abstract


704  

Arthritis & Rheumatology
Vol. 72, No. 5, May 2020, pp 704–713
DOI 10.1002/art.41194
© 2019, American College of Rheumatology

Asthma, Chronic Obstructive Pulmonary Disease, and 
Subsequent Risk for Incident Rheumatoid Arthritis Among 
Women: A Prospective Cohort Study
Julia A. Ford,1  Xinyi Liu,2 Su H. Chu,1  Bing Lu,1 Michael H. Cho,1 Edwin K. Silverman,1  
Karen H. Costenbader,1  Carlos A. Camargo Jr.,3 and Jeffrey A. Sparks1

Objective. Inflamed airways are hypothesized to contribute to rheumatoid arthritis (RA) pathogenesis due to 
 RA- related autoantibody production, and smoking is the strongest environmental RA risk factor. However, the role of 
chronic airway diseases in RA development is unclear. We undertook this study to investigate whether asthma and 
chronic obstructive pulmonary disease (COPD) were each associated with RA.

Methods. We performed a prospective cohort study of 205,153 women in the Nurses’ Health Study (NHS, 
1988–2014) and NHSII (1991–2015). Exposures were self- reported physician- diagnosed asthma or COPD con-
firmed by validated supplemental questionnaires. The primary outcome was incident RA confirmed by medical 
record review by 2 rheumatologists. Covariates (including smoking pack- years/status) were assessed via biennial 
questionnaires. Multivariable hazard ratios (HRs) and 95% confidence intervals (CIs) for RA were estimated using 
Cox regression.

Results. We identified 15,148 women with confirmed asthma, 3,573 women with confirmed COPD, and 1,060 
incident RA cases during 4,384,471 person- years (median 24.0 years/participant) of follow- up in the NHS and NHSII. 
Asthma was associated with increased RA risk (HR 1.53 [95% CI 1.24–1.88]) compared to no asthma/COPD after 
adjustment for covariates, including smoking pack- years/status. Asthma remained associated with increased RA risk 
when analyzing only never- smokers (HR 1.53 [95% CI 1.14–2.05]). COPD was also associated with increased RA 
risk (HR 1.89 [95% CI 1.31–2.75]). The association of COPD with RA was most pronounced in the subgroup of ever- 
smokers age >55 years (HR 2.20 [95% CI 1.38–3.51]).

Conclusion. Asthma and COPD were each associated with increased risk of incident RA, independent of smoking 
status/intensity and other potential confounders. These results provide support for the hypothesis that chronic airway 
inflammation may be crucial in RA pathogenesis.

INTRODUCTION

Patients with rheumatoid arthritis (RA) have increased 
 respiratory morbidity and mortality (1,2). Pulmonary inflammation 
has been implicated in RA pathogenesis (3–6). Whether diseases 

related to chronic airway inflammation increase risk of developing 
RA, however, is unclear.

Asthma is a common disease characterized by chronic 
 airway inflammation (7). Prior studies investigating an association 
between asthma and RA risk (8–16) were limited by small sample 
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size (8,9), lack of adjustment for smoking (an established RA risk 
factor) (8,12,13,15), and inability to measure RA phenotypes char-
acterized by autoantibodies (9,11,13,15). Chronic obstructive pul-
monary disease (COPD) is characterized by chronic inflammation 
and narrowing of airways, and smoking is a proven major risk fac-
tor (17). While RA has been shown to increase risk of subsequent 
COPD (18–21), to our knowledge no prior prospective cohort 
studies have examined COPD as a risk factor of incident RA.

We investigated the associations between asthma, COPD, 
and incident RA using 2 large prospective cohorts, the Nurses’ 
Health Study (NHS) and NHSII. We hypothesized that asthma and 
COPD would each increase the risk of incident RA, independent 
of smoking.

SUBJECTS AND METHODS

Study population and design. We performed a prospec-
tive cohort study by pooling data from 2 prospective cohorts of 
female registered nurses in the US: the NHS, which began in 1976 
and enrolled 121,700 nurses between the ages of 30 and 55 
years, and the NHSII, which began in 1989 and enrolled 116,429 
nurses between the ages of 25 and 42 years. Participants com-
pleted baseline and biennial questionnaires regarding lifestyle, 
health behaviors, medications, and diseases. Both cohorts had 
a follow- up response rate of >90%, and only 5% of person- time 
was lost to follow- up (22).

For this analysis, participants who had self- reported RA or 
other connective tissue disease (CTD) at study baseline, had 
missing data related to smoking pack- years at baseline, or 
did not return any follow- up questionnaire after study baseline 
were excluded. For the asthma analysis, participants with self- 
reported COPD at baseline were also excluded. For the COPD 
analysis, participants ≤35 years old with self- reported COPD 
were excluded, as has been done in previous studies (23), since 
COPD is rarely diagnosed prior to 35 years of age (24). Flow dia-
grams of the analyzed study populations for both the asthma and 
COPD analyses are presented in Supplementary Figures 1 and 2 
(available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41194/ abstract). All participants 
provided informed consent, and the study protocol was approved 
by the Institutional Review Boards of the Brigham and Women’s 
Hospital and Harvard T. H. Chan School of Public Health.

Exposure variables (asthma and COPD). Asthma. 
Beginning with the 1988 (NHS) and 1991 (NHSII) question-
naires, participants were asked to report physician- diagnosed 
asthma. Positive responders were sent a previously validated 
 supplemental respiratory questionnaire with detailed questions 
regarding asthma symptoms, medications, and diagnostic test-
ing (25). The supplemental respiratory questionnaire categorized 
reported asthma according to the following case definitions: 
case  definition 1 (“possible” asthma) was considered met if the 

 participant reiterated a physician diagnosis of asthma and re-
ported taking an asthma medication since diagnosis; case defi-
nition 2 (“probable” asthma) was met if the participant fulfilled 
the criteria for case definition 1 and reported use of a long- term 
preventive asthma medication in the past year; and case defini-
tion 3 (“definite”  asthma) was met if all preceding criteria were 
met and participant- reported physician diagnosis of asthma was 
made within 1 month of symptom onset. In 1999, Camargo and 
colleagues validated case definition 2 in a random sample of 100 
women with high accuracy compared to the gold standard of 
presence of asthma by medical record review from a physician 
(25). We considered asthma as described in case definition 2 or 
higher (probable or definite) as confirmed asthma in our analyses. 
Participants who self- reported asthma but either failed to return 
the supplemental respiratory questionnaire or were disconfirmed 
per the respiratory questionnaire (did not meet the  criteria for 
case definition 2 or higher) were censored at the time of initial self- 
report. Asthma status was time- updated during study follow- up.

COPD. Participants self- reported physician diagnosis of 
emphysema or chronic bronchitis biennially beginning in 1988 
(NHS) and 1999 (NHSII), which was confirmed with a validated 
supplemental respiratory questionnaire (26). The supplemen-
tal respiratory questionnaire classified participants as having 
 possible COPD if they answered affirmatively to having physician- 
diagnosed chronic bronchitis or emphysema or COPD; as  having 
probable COPD if they met the criteria for a possible case, and 
the participant reported having a diagnostic test such as pulmo-
nary function testing, chest radiograph, or chest computed to-
mography scan at the time that the criteria for a possible case 
were met; or as having definite COPD if the criteria for a possible 
case were met and the participant reported having pulmonary 
function testing within the past year demonstrating forced expira-
tory volume in 1 second (FEV1) of <80% predicted or FEV1/forced 
vital capacity of <0.7. Barr et al validated these definitions in a co-
hort of 422 women, reporting a positive predictive value of 88% 
for probable COPD against the gold standard of medical record 
review by a physician (26). We considered a participant who self- 
reported COPD to have confirmed COPD if the criteria for a prob-
able or definite case were met. Participants who self- reported 
having COPD but did not return the respiratory questionnaire or 
were disconfirmed per the respiratory questionnaire (did not meet 
criteria for a probable or definite case) were censored at time of 
report. Participants who self- reported having asthma (not validat-
ed by the questionnaire) prior to receiving a validated COPD diag-
nosis were included as exposed individuals in the COPD analysis. 
COPD status was time- updated during study follow- up.

Nonexposed group (no asthma or COPD). For each analy-
sis, subjects contributed person- time to the nonexposed group 
until they self- reported having asthma or COPD. If asthma/
COPD was confirmed by validated supplemental questionnaires, 
person- time was contributed to that exposed group thereafter. 
If participants reported having asthma/COPD but did not return 
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the supplemental questionnaire or the diagnosis was not validat-
ed by the supplemental questionnaire, they were censored and 
no longer contributed person- time to that analysis. Therefore, 
at the beginning of each cycle considered in all analyses, the 
nonexposed group had never reported having asthma or COPD.

Outcome (incident RA). Participants who self- reported a 
new diagnosis of RA were mailed the CTD Screening Question-
naire (CSQ) (27). Medical records of participants with positive CSQ 
results were obtained and reviewed independently by 2 rheuma-
tologists to identify RA cases meeting the 1987 American Col-
lege of Rheumatology (ACR) criteria (28) or 2010 ACR/European 
League Against Rheumatism RA criteria (29). The date of RA diag-
nosis, and results of laboratory testing for rheumatoid factor (RF) 
and anti–cyclic citrullinated peptide (anti- CCP) antibodies, were 
collected from medical records. An RA case was determined to 
be seropositive if RF or CCP levels were above the upper limit of 
normal on the laboratory assay documented.

Covariates. We selected covariates as potential confound-
ers associated with asthma, COPD, and RA based on prior 
literature (30–46), and all covariates were time- updated. Socio-
demographic covariates included age, race, geographic region, 
and household income (categorized by quartile of US  Census 
tract–based median household income at ZIP code level). Poten-
tial reproductive confounders were parity/total breastfeeding 
duration, menopausal status, and postmen opausal hormone use. 
We used a combined parity/total  breastfeeding duration variable 
categorized as nulliparous, parous/0–<1 month, parous/1–11 
months, or parous/≥12 months, and a combined variable for 
menopausal status and postmenopausal hormone use (premen-
opausal, postmenopausal/never, or postmenopausal/ever). We 
categorized body mass index as <25.0, 25.0–<30.0, or ≥30.0 
kg/m2. Physical activity was categorized as <3 metabolic equiv-
alent (MET) hours/week versus ≥3 MET hours/week (47). Dietary 
intake, including alcohol consumption, was assessed by a semi-
quantitative food frequency questionnaire, the Alternative Healthy 
Eating Index (48), and categorized in quartiles. Considering health 
care utilization as a potential confounder on each questionnaire, 
we assessed whether the participant had a physical examination 
in the past 2 years.

Given previous associations of active and passive smok-
ing with risk of COPD (49–51), asthma (52,53), and RA (54–57), 
adjustment for those was an important aspect of our analysis. 
On the baseline questionnaire, participants reported smoking 
status (never/past/current) and age at which they started smok-
ing. Current smokers reported the number of cigarettes typically 
smoked per day, and past smokers provided the age at which 
they stopped smoking and the number of cigarettes smoked 
per day before quitting. On subsequent questionnaires, women 
reported smoking status and intensity (1–14 cigarettes/day, 
15–24 cigarettes/day, ≥25 cigarettes/day). Smoking pack- years 

were determined by multiplying packs of cigarettes smoked per 
day (20 cigarettes/pack) with the number of years smoked. We 
used smoking pack- years and smoking pack- years squared 
as continuous variables in our model, to include both a linear 
and quadratic term to account for possible nonlinear impact 
of smoking intensity on RA risk. We also adjusted for smoking 
status (never/past/ current). All smoking variables were time- 
updated. To address passive smoking, participants were asked 
whether parents smoked in the house during childhood (yes/no) 
and whether they lived with a smoker for >1 year (ever/never).

Statistical analysis. We performed separate analyses for 
the coprimary exposures of asthma and COPD, each compared 
to participants without reported asthma or COPD. We pooled 
individual- level data from the NHS and NHSII for statistical effi-
ciency. We reported descriptive statistics for covariates at the 
baseline of this analysis (NHS 1988 and NHSII 1991) in 3 groups: 
asthma with no COPD, COPD (with or without asthma), and no 
asthma or COPD.

Person- years of follow- up for each participant accrued from 
the date the study baseline questionnaire was returned (NHS 
1988 and NHSII 1991 for asthma; NHS 1988 and NHSII 1999 for 
COPD) to the date of censoring, whichever came first: RA diag-
nosis (outcome), reported other CTD not confirmed as RA, death, 
loss to follow- up (date of last questionnaire submitted), or end of 
follow- up for this analysis (June 1, 2014 for the NHS and June 1, 
2015 for the NHSII). For the asthma analysis, we also censored 
at date of self- reported COPD diagnosis. For the COPD analysis, 
we included participants who self- reported having asthma prior 
to a COPD diagnosis that was not confirmed by supplemental 
questionnaire, with the rationale that self- reported asthma prior to 
confirmed COPD diagnosis likely represented COPD.

We used Cox proportional hazards models to test for the 
association between the exposure (asthma or COPD) and RA risk. 
Base models were adjusted for age, cohort, and questionnaire 
cycle (cohorts pooled by similar calendar times; e.g., the 1988 
cycle in the NHS cohort was pooled with the 1989 cycle in the 
NHSII cohort). The multivariable model was additionally adjusted 
for the covariates noted above. Given the possibility of collinear-
ity among certain covariates (such as smoking status and pack- 
years), we initially considered partial models that adjusted for 
smoking status and continuous smoking pack- years separately. 
The point estimates were unchanged in the partial models com-
pared to the final model that considered them together, with little 
evidence for collinearity between the categorical smoking status 
variable and the continuous smoking pack- years variable. There-
fore, we reported the final model that included both of these terms 
since tightly controlling for possible confounding by smoking, 
especially for the COPD analysis, was a priority of the study. Since 
smoking is known to be strongly related to COPD, we expected 
relatively few women with COPD to be nonsmokers. Therefore, 
we performed a subgroup analysis among ever- smokers, again 
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using partial models for smoking status (past/current) and con-
tinuous pack- years prior to including both in the final model; all 
produced nearly identical point estimates for RA risk without evi-
dence for collinearity.

We further investigated the association between asthma 
and RA risk by additional analysis. First, we restricted the anal-
ysis to never-smokers. Second, we only considered the asthma 
exposure status as being prevalent, as of study baseline, as a 
proxy for the presence or absence of early-onset asthma since 
data on the precise age at onset prior to baseline were unavaila-
ble. Third, we only considered the asthma exposure as incident 

after study baseline among women without prevalent asthma 
to investigate adult-onset asthma. For COPD, we performed 
an additional analysis restricted to participants who were ever- 
smokers and >55 years old, since the prevalence of COPD is 
highest in this demographic group. Finally, we analyzed COPD 
and RA risk among women with confirmed COPD who never 
self- reported having asthma.

We tested the proportional hazards assumption by includ-
ing an interaction term between time after baseline and exposure 
status for the RA outcome, and in all analyses, it was verified 
that there were no statistically significant interactions. Two- sided 

Table 1. Pooled baseline characteristics of the Nurses’ Health Study (1988) sample and the Nurses’ Health Study II (1991) 
sample (n = 205,153)*

Asthma, no COPD
(n = 6,250)

COPD
(n = 1,004)

No asthma or COPD
(n = 197,899)

Cohort, %
Nurses’ Health Study 37.9 73.9 46.3
Nurses’ Health Study II 62.1 26.1 53.7

Age, years 42.5 ± 9.5 52.7 ± 10.2 44.4 ± 10.9
White race, % 94.2 95.1 93.0
Body mass index, kg/m2 25.8 ± 5.8 26.4 ± 6.2 25.0 ± 5.1
US geographic region, %

West 25.7 21.7 23.0
Midwest 26.5 22.3 27.0
Mid- Atlantic 33.3 37.9 35.0
New England 9.5 11.0 9.0
Southeast 5.0 7.2 6.0

Median household income, %
Quartile 1 (lowest income) 22.3 30.1 26.7
Quartile 2 24.5 25.6 24.3
Quartile 3 25.7 24.7 24.4
Quartile 4 (highest income) 27.5 19.6 24.6

Smoking, pack- years 5.3 ± 10.1 24.3 ± 24.5 7.5 ± 13.6
Ever- smokers only 13.6 ± 12.2 34.0 ± 22.5 17.6 ± 16.0

Smoking status, %
Never 61.5 28.5 57.1
Past 31.2 39.5 28.0
Current 7.3 32.0 14.5

Ever lived with smoker, % 49.4 70.8 44.0
Parents smoked in house during childhood, % 64.4 66.8 51.8
Cumulative average physical activity <3 MET  

hours/week, %
17.6 27.1 15.1

Cumulative average Alternate Healthy Eating Index, %
Quartile 1 (lowest- quality diet) 23.0 26.2 19.7
Quartile 2 23.7 20.8 19.8
Quartile 3 22.9 21.9 19.9
Quartile 4 (highest- quality diet) 25.1 21.8 19.9

Parity/breastfeeding, %
Nulliparous 19.9 11.8 15.1
Parous/<1 month 22.7 38.3 23.3
Parous/1–11 months 26.9 30.5 24.0
Parous/≥12 months 27.1 14.9 20.5

Menopausal status/postmenopausal hormone use, %
Premenopausal 69.6 29.7 65.4
Postmenopausal/never 13.3 29.3 18.1
Postmenopausal/ever 17.1 41.0 16.5

* A total of 15,148 women with confirmed asthma and a total of 3,573 women with confirmed chronic obstructive pulmonary 
disease (COPD) were identified by the end of study follow- up for these analyses. Data were missing for some subjects/
parameters. Values shown are based on the totals with data available. Except where indicated otherwise, values are the mean 
± SD. MET = metabolic equivalent. 
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P  values less than 0.05 were considered statistically significant. 
Analyses were performed using SAS version 9.4.

RESULTS

Sample size, asthma/COPD exposures, and RA out-
comes. After baseline exclusions, there were a total of 196,409 
participants included in the asthma analysis and 205,153 par-
ticipants included in the COPD analysis. We identified 15,148 
women with confirmed asthma, 3,573 women with confirmed 
COPD, and 1,060 incident RA cases (63% seropositive) during a 
total of 4,384,471 person- years of follow- up (for asthma analysis, 
median 23.9 years/participant [interquartile range 18.3–24.5]; for 
COPD analy sis, median 24.0 years/participant [interquartile range 
20.0–24.5]).

Characteristics of participants. Pooled baseline char-
acteristics of the NHS and NHSII study participants categorized 
by exposure (asthma without COPD, COPD, and no asthma or 
COPD) are shown in Table 1. Women in the COPD group were 
older (mean 52.7 years, compared to 42.5 years in the asthma 
group and 44.4 years in the no asthma/COPD group). Those in 
the COPD group were also more likely to be postmenopausal 

(70.3%, compared to 30.4% in the asthma group and 34.6% 
in the no asthma/COPD group). Pooled baseline characteristics 
of the NHS and NHSII study participants included in the asthma 
analysis are presented in Supplementary Table 1 (available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41194/ abstract).

Table  2. Hazard ratios for incident RA (overall and by serologic 
phenotype) by time- updated asthma compared to women without 
asthma or COPD in the Nurses’ Health Studies (n = 196,409)*

Asthma (versus reference of no 
asthma or COPD) Outcome measure

All RA
Cases/person- years† 100/265,359
HR (95% CI)

Age- adjusted model 1.67 (1.35–2.05)
Multivariable model 1.53 (1.24–1.88)

Seropositive RA
Cases/person- years† 60/264,341
HR (95% CI)

Age- adjusted model 1.51 (1.15–1.97)
Multivariable model 1.42 (1.08–1.86)

Seronegative RA
Cases/person- years† 40/264,329
HR (95% CI)

Age- adjusted model 1.98 (1.42–2.76)
Multivariable model 1.75 (1.25–2.45)

* Multivariable models were adjusted for age, questionnaire period, 
cohort, US geographic region (West, Midwest, Mid- Atlantic, New 
England, Southeast), median household income (quartile), smoking 
pack- years (continuous), smoking status (never/past/current),  cumu-
lative average physical activity (<3, ≥3 metabolic equivalent hours/
week), parity/months of breastfeeding (nulliparous, parous/<1 month, 
parous/1–11 months, parous/≥12 months), menopausal status/
postmenopausal hormone use (premenopausal, postmenopausal/
never, postmenopausal/ever), cumulative average Alternate Healthy 
Eating Index (quartile), body mass index category (<25.0, 25.0–<30.0, 
≥30.0 kg/m2), parents smoked in house during childhood (yes/no), 
lived with smoker (ever/never), and physical examination in last 2 
years (yes/no). HR = hazard ratio; 95% CI = 95% confidence interval. 
† Among subjects with no asthma or chronic obstructive pulmonary 
disease (COPD) (referent), cases/person- years for all rheumatoid 
arthritis (all RA), seropositive RA, and seronegative RA were 
874/3,841,747, 562/3,834,291, and 312/3,833,574, respectively. 

Table  3. Hazard ratios for incident RA (overall and by serologic 
phenotype) by time- updated asthma compared to women without 
asthma or COPD in the Nurses’ Health Studies, stratified by never 
smoking (n = 110,872) and ever smoking (n = 85,537)*
Asthma (versus reference of no 

asthma or COPD) Outcome measure
Never- smokers only

All RA
Cases/person- years† 52/159,472
HR (95% CI)

Age- adjusted model 1.69 (1.27–2.27)
Multivariable model 1.53 (1.14–2.05)

Seropositive RA
Cases/person- years† 28/158,816
HR (95% CI)

Age- adjusted model 1.40 (0.95–2.08)
Multivariable model 1.32 (0.88–1.96)

Seronegative RA
Cases/person- years† 24/158,973
HR (95% CI)

Age- adjusted model 2.23 (1.44–3.46)
Multivariable model 1.90 (1.22–2.96)

Ever- smokers only‡
All RA

Cases/person- years§ 48/105,887
HR (95% CI)

Age- adjusted model 1.59 (1.18–2.15)
Multivariable model 1.49 (1.10–2.02)

Seropositive RA
Cases/person- years§ 32/105,525
HR (95% CI)

Age- adjusted model 1.57 (1.08–2.27)
Multivariable model 1.50 (1.04–2.18)

Seronegative RA
Cases/person- years§ 16/105,356
HR (95% CI)

Age- adjusted model 1.64 (0.97–2.75)
Multivariable model 1.48 (0.87–2.50)

* Multivariable models were adjusted for age, questionnaire period, 
cohort, US geographic region (West, Midwest, Mid- Atlantic, New 
England, Southeast), median household income (quartile), cumulative 
average physical activity (<3, ≥3 metabolic equivalent hours/week), 
parity/months of breastfeeding (nulliparous, parous/<1 month, 
parous/1–11 months, parous/≥12 months), menopausal status/
postmenopausal hormone use (premenopausal, postmenopausal/
never, postmenopausal/ever), cumulative average Alternate Healthy 
Eating Index (quartile), body mass index category (<25.0, 25.0–<30.0, 
≥30.0 kg/m2), parents smoked in house during childhood (yes/no), 
lived with smoker (ever/never), and physical examination in last 2 
years (yes/no). See Table 2 for definitions. 
† Among subjects with no asthma or COPD (referent), cases/
person- years for all RA, seropositive RA, and seronegative RA were 
421/2,218,758, 268/2,214,956, and 153/2,214,780, respectively. 
‡ Multivariable model for the ever- smoker analysis was additionally 
adjusted for smoking pack- years (continuous) and smoking status 
(past/current). 
§ Among subjects with no asthma or COPD (referent), cases/
person- years for all RA, seropositive RA, and seronegative RA were 
453/1,622,988, 294/1,619,336, and 159/1,618,793, respectively. 
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Asthma and RA risk. Compared to women without asthma 
or COPD, the multivariable- adjusted hazard ratio (HR) for develop-
ing RA was 1.53 (95% confidence interval [95% CI] 1.24–1.88) 
among women with asthma (Table  2). Asthma was associated 
with both seropositive RA and seronegative RA, and HRs for risk 
of seropositive RA versus seronegative RA were not significantly 

different (P for heterogeneity = 0.45).

We examined the relationship between asthma and RA risk 
stratified by never- smoking and ever- smoking (Table 3). Among 
never- smokers only, asthma was associated with all RA (HR 
1.53 [95% CI 1.14–2.05]) and seronegative RA (HR 1.90 [95% 
CI 1.22–2.96]) but not with seropositive RA (HR 1.32 [95% CI 
0.88–1.96]), compared to women without asthma or COPD. 
Among ever- smokers only, subjects with asthma had HRs for 
all RA of 1.49 (95% CI 1.10–2.02), for seropositive RA of 1.50 
(95% CI 1.04–2.18), and for seronegative RA of 1.48 (95% CI 
0.87–2.50).

The association of prevalent asthma at study baseline (proxy 
for early- onset) and incident asthma during follow- up (proxy for 
adult- onset) with RA, compared to the reference group of women 
without asthma or COPD, is shown in Table 4. Overall RA risk was 
significantly increased in both prevalent asthma (HR 1.46 [95% CI 

1.06–2.01]) and incident asthma (HR 1.61 [95% CI 1.23–2.09]).

COPD and RA risk. Compared to women without asthma 
or COPD, the multivariable- adjusted HR for developing RA was 
1.89 (95% CI 1.31–2.75) among women with COPD (Table 5). 
COPD significantly increased the risk for seropositive RA (HR 
2.07 [95% CI 1.31–3.25]) but not seronegative RA (HR 1.59 
[95% CI 0.83–3.05]). Among ever- smokers age >55 years, there 

Table  5. Hazard ratios for incident RA (overall and by serologic 
phenotype) by time- updated COPD compared to women without 
asthma or COPD in the Nurses’ Health Studies (n = 205,153)*
COPD (versus reference of no 

asthma or COPD) Outcome measure
All RA

Cases/person- years† 31/47,285
HR (95% CI)

Age- adjusted model 2.39 (1.66–3.43)
Multivariable model 1.89 (1.31–2.75)

Seropositive RA
Cases/person- years† 21/47,134
HR (95% CI)

Age- adjusted model 2.69 (1.73–4.18)
Multivariable model 2.07 (1.31–3.25)

Seronegative RA
Cases/person- years† 10/47,121
HR (95% CI)

Age- adjusted model 1.93 (1.02–3.64)
Multivariable model 1.59 (0.83–3.05)

* Multivariable models were adjusted for age, questionnaire period, 
cohort, US geographic region (West, Midwest, Mid- Atlantic, New 
England, Southeast), median household income (quartile), smoking 
pack- years (continuous), smoking pack- years- squared (continuous), 
smoking status (never/past/current), cumulative average physical 
activity (<3, ≥3 metabolic equivalent hours/week), parity/months of 
breastfeeding (nulliparous, parous/<1 month, parous/1–11 months, 
parous/≥12 months), menopausal status/postmenopausal hormone 
use (premenopausal, postmenopausal/never, postmenopausal/ever),  
cumulative average Alternate Healthy Eating Index (quartile), body 
mass index category (<25.0, 25.0–<30.0, ≥30.0 kg/m2), parents smoked  
in house during childhood (yes/no), lived with smoker (ever/never), 
and physical examination in last 2 years (yes/no). See Table  2 for 
definitions. 
† Among subjects with no asthma or COPD (referent), cases/
person- years for all RA, seropositive RA, and seronegative RA were 
1,029/4,337,186, 642/4,328,257, and 387/4,327,740, respectively. 

Table  4. Hazard ratios for incident RA (overall and by serologic 
phenotype) according to prevalent asthma at study baseline or 
incident asthma during follow- up, each compared to women without 
asthma or COPD in the Nurses’ Health Studies (n = 196,409)*
Asthma (versus reference of no 

asthma or COPD) Outcome measure
Prevalent asthma, at baseline

All RA
Cases/person- years† 40/115,491
HR (95% CI)

Age- adjusted model 1.60 (1.16–2.20)
Multivariable model 1.46 (1.06–2.01)

Seropositive RA
Cases/person- years† 23/115,007
HR (95% CI)

Age- adjusted model 1.37 (0.90–2.09)
Multivariable model 1.29 (0.85–1.97)

Seronegative RA
Cases/person- years† 17/115,063
HR (95% CI)

Age- adjusted model 2.05 (1.25–3.36)
Multivariable model 1.79 (1.09–2.94)

Incident asthma during follow- up
All RA

Cases/person- years‡ 60/148,348
HR (95% CI)

Age- adjusted model 1.76 (1.35–2.29)
Multivariable model 1.61 (1.23–2.09)

Seropositive RA
Cases/person- years‡ 37/147,814
HR (95% CI)

Age- adjusted model 1.65 (1.18–2.31)
Multivariable model 1.56 (1.11–2.18)

Seronegative RA
Cases/person- years‡ 23/147,767
HR (95% CI)

Age- adjusted model 1.96 (1.28–3.01)
Multivariable model 1.73 (1.13–2.66)

* Multivariable models were adjusted for age, questionnaire period, 
cohort, US geographic region (West, Midwest, Mid- Atlantic, New 
England, Southeast), median household income (quartile), smoking 
pack- years (continuous), smoking status (never/past/current), cumu-
lative average physical activity (<3, ≥3 metabolic equivalent hours/
week), parity/months of breastfeeding (nulliparous, parous/<1 
month, parous/1–11 months, parous/≥12 months), menopausal status/
postmenopausal hormone use (premenopausal, post menopausal/ 
never, postmenopausal/ever), cumulative average Alternate Healthy  
Eating Index (quartile), body mass index category (<25.0, 25.0–
<30.0, ≥30.0 kg/m2), parents smoked in house when growing up 
(yes/no), lived with smoker (ever/never), and physical examination 
in last 2 years (yes/no). See Table 2 for definitions. 
† Among subjects with no asthma or COPD (referent), cases/
person- years for all RA, seropositive RA, and seronegative RA were 
855/3,792,384, 548/3,785,152, and 307/3,784,460, respectively. 
‡ Among subjects with no asthma or COPD at baseline (referent), 
cases/person- years for all RA, seropositive RA, and seronegative RA 
were 874/3,841,695, 562/3,834,240, and 312/3,833,522, respectively. 
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was a stronger association between COPD and seropositive RA 
(HR 2.85 [95% CI 1.63–4.99]) (Table 6). Among women with con-
firmed COPD who never self- reported asthma, COPD was asso-
ciated with RA (HR 2.57 [95% CI 1.51–4.39]) (see Supplementary 
Table 2, available on the Arthritis & Rheumatology web site at 

http://onlin elibr ary.wiley.com/doi/10.1002/art.41194/ abstract).

DISCUSSION

In this large prospective cohort study with long follow- up, 
asthma was associated with a >50% increase in the risk of sub-
sequent RA compared to no asthma/COPD, independent of 
potential confounders, most notably smoking status and dura-
tion/intensity. COPD conferred a nearly 90% increased risk of 
developing RA compared to no asthma/COPD in this cohort 
after  multivariable adjustment, including adjustment for smoking, 
with a >2- fold increased risk of RA among older smokers. These 
results demonstrate that asthma and COPD are risk factors for 
the develop ment of RA, and to our knowledge, this is the first 
prospective study to examine asthma or COPD as RA risk factors. 

These findings suggest that asthma and COPD patients may be an 
 at- risk population for purposes of research into RA development 
and provide helpful information for clinicians caring for asthma/
COPD patients regarding elevated RA risk in these groups.

While one retrospective study of Israeli soldiers showed an 
inverse association between asthma and RA (12), the majority of 
the published literature suggests that asthma increases RA risk 
(8–11,13,15,16). In a population- based case–control study in 
which asthma was identified via medical record review and RA 
outcomes using billing codes, Sheen et al (9) found an odds ratio 
(OR) for RA of 1.73 (95% CI 1.03–2.92) among patients with 
asthma compared to matched controls. While this study adjusted 
for several factors, including smoking status, and had high diag-
nostic accuracy for asthma, there was no adjustment for smoking 
duration/intensity, and sample size limited the ability to examine 
RA serologic status. Kronzer and colleagues (10) identified RA 
cases in a biobank population using a rules- based algorithm, find-
ing an increased OR for RA of 1.28 (95% CI 1.04–1.67) among 
subjects with self- reported asthma compared to matched con-
trols. Similar to Sheen et al (9), the authors adjusted for smoking 
status but not duration/intensity, and the results from this clinically 
sampled population mostly with prevalent RA may lack generaliz-
ability. Our study similarly showed a positive association between 
asthma and RA risk, and had the further strengths of prospective, 
detailed data collection with time- updated adjustment for multiple 
covariates, including smoking status as well as smoking duration/
intensity. Furthermore, we utilized time- updated exposure and 
outcome assessment using confirmed, not self- reported, diagno-
ses of both asthma and RA with serologic phenotype. Our large 
sample size enabled us to phenotype asthma exposures (accord-
ing to never/ever smoking status and incident/prevalent disease) 
and RA outcomes (according to serologic  status).

Prior studies have demonstrated a positive association 
between RA and subsequent risk of developing COPD (18–21). 
However, we identified only 2 studies examining COPD as an RA 
risk  factor,  neither of which were prospective. A Swedish nested 
case– control study (58) examined COPD (according to the Global 
Initiative for Obstructive Lung Disease stage results from spirom-
etry performed for research purposes) as a risk factor for RA, and 
ORs were not significant, likely due to small number of COPD 
exposures. In the case–control study by Sheen and colleagues 
(9), COPD was not associated with RA as an unadjusted baseline 
variable. Our findings are the first to demonstrate COPD as a risk 
factor for seropositive RA after adjustment for smoking. While our 
primary analysis for COPD included some cases who previously 
self-reported asthma, the secondary analysis that did not include 
women who reported both asthma and COPD showed an even 
stronger association of COPD with increased RA risk. Therefore, it 
is unlikely that the COPD results were explained by inclusion of par-
ticipants who may have also had preexisting or concurrent asthma.

There is increasing interest in the lung and airway mucosa as 
an initiating site for RA pathogenesis. RA- specific autoantibodies 

Table  6. Hazard ratios for incident RA (overall and by serologic 
phenotype) by time- updated COPD compared to women without 
asthma or COPD in the Nurses’ Health Studies among ever- smokers 
age >55 years (n = 21,525)*
COPD (versus reference of no 

asthma or COPD) Outcome measure
All RA

Cases/person- years† 21/29,365
HR (95% CI)

Age- adjusted model 2.26 (1.44–3.55)
Multivariable model 2.20 (1.38–3.51)

Seropositive RA
Cases/person- years† 15/29,271
HR (95% CI)

Age- adjusted model 2.80 (1.64–4.80)
Multivariable model 2.85 (1.63–4.99)

Seronegative RA
Cases/person- years† 6/29,279
HR (95% CI)

Age- adjusted model 1.52 (0.66–3.50)
Multivariable model 1.40 (0.59–3.29)

* Multivariable models were adjusted for age, questionnaire period,
cohort, US geographic region (West, Midwest, Mid- Atlantic, New 
England, Southeast), median household income (quartile), smoking 
pack- years (continuous), smoking pack- years- squared (continuous), 
smoking status (past/current), cumulative average physical activity 
(<3, ≥3 metabolic equivalent hours/week), parity/months of 
breastfeeding (nulliparous, parous/<1 month, parous/1–11 months, 
parous/≥12 months), menopausal status/postmenopausal hormone 
use (premenopausal, postmenopausal/never, postmenopausal/
ever), cumulative average Alternate Healthy Eating Index (quartile), 
body mass index category (<25.0, 25.0–<30.0, ≥30.0 kg/m2), parents 
smoked in house during childhood (yes/no), lived with smoker (ever/
never), and physical examination in last 2 years (yes/no). See Table 2 
for definitions. 
† Among subjects with no asthma or COPD (referent), cases/
person- years for all RA, seropositive RA, and seronegative RA were 
295/928,014, 176/926,338, and 119/926,271, respectively.

Correction added after online publication 10 April 2020: In Table 
heading “Asthma” has been changed to COPD for Table 5 and Table 6. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41194/abstract
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are increased in the sputum of unaffected first- degree relatives 
of RA patients prior to detection of elevation in the serum (59). In 
newly diagnosed RA patients, lymphoid aggregates are present 
near airways and interstitium (5,6). These findings provided the 
biologic basis of our hypotheses that asthma and COPD would 
increase RA risk. We might have also expected stronger associ-
ations between asthma/COPD for seropositive RA compared to 
seronegative RA. While we did observe this in COPD, there was 
not a statistically significant difference in the HRs for seropositive 
RA and seronegative RA in our primary asthma analysis. Preva-
lent asthma at study baseline was significantly positively associ-
ated with overall and seronegative RA, but not seropositive RA. 
We were unable to investigate RF- positive RA and CCP- positive 
RA separately, as we relied on clinical testing and the CCP test 
was not available in the early years of follow- up. It is unclear 
whether these discrepancies in risk according to RA serologic 
status have biologic and clinical meaning, or whether the smaller 
numbers of exposed cases in certain analyses affected statistical 
power.

Our study has several key strengths. We used a validated 
method to identify women with asthma and COPD throughout 
follow- up based on self- report and then confirmed the diag-
nosis with a supplemental respiratory questionnaire. The refer-
ence group had never reported asthma or COPD on any main 
questionnaire. Since many women reported having asthma/
COPD during the study, manual medical record review to con-
firm the presence or absence of these diseases would have 
been infeasible. Therefore, our methods allowed us to compare 
confirmed asthma/COPD cases to women who never reported 
having these diseases throughout the lengthy follow- up in 
these large prospective cohorts. We have a high level of confi-
dence in RA outcomes and date of RA diagnosis, which were 
agreed upon by 2 rheumatologists according to classification 
criteria. The NHS and NHSII are large cohorts with detailed 
prospectively collected data, which permitted adjustment for 
multiple time- updated covariates, most importantly smoking 
(both smoking status and duration/intensity). Our findings were 
robust to sensitivity analyses regarding smoking, particularly 
the positive association between asthma and RA among never- 
smokers.

A limitation of this study was that the Nurses’ Health  Studies 
included only women, the majority of whom were white,  limiting 
generalizability. While we used validated methods to identify 
confirmed cases of asthma/COPD, the supplemental question-
naire was sent only once for the purpose of establishing the 
presence of these diseases. The presence of these diseases 
has acceptable validity when compared to medical records, but 
it is still possible that there was some misclassification since 
both of the separate questionnaires were by self- report. We mit-
igated the possibility of misclassification by not analyzing ambig-
uous cases that were reported once but not again or were not 
deemed to have high likelihood of truly having asthma or COPD. 

Furthermore, inclusion of women without confirmed asthma or 
COPD in these analyses would be expected to bias results to 
the null, and among ever- smokers age >55 years (a group at 
higher risk for COPD), we observed the strongest association 
with RA risk. Further, reports have quantified similar proportions 
of nonsmokers with COPD as were observed in our study, per-
haps from air pollution, occupational exposures, or other inhal-
ants (60). Since data on clinical characteristics of asthma/COPD 
were only collected once, we were unable to analyze how the 
disease course of asthma/COPD may impact RA risk. We also 
had limited ability to analyze asthma and COPD according to 
disease severity, imaging/pulmonary function test abnormalities, 
medication use, or (in the case of asthma) atopy. Future stud-
ies should investigate whether characteristics of asthma/COPD 
based on subtype, severity, medication use, and flares are asso-
ciated with RA risk and RA- related autoantibody production.

As expected, women with confirmed COPD were older 
and thus were more likely to be postmenopausal. It is possible 
that they may have had other differences related to hormonal/ 
reproductive factors that could also impact RA risk. Our mul-
tivariable analyses therefore included the following hormonal/
reproductive factors: parity, breastfeeding duration, meno-
pausal status, and postmenopausal hormone use. We further 
mitigated the possibility that COPD results may have been 
explained by hormonal differences by performing a second-
ary analysis for COPD among only older women. This showed 
that COPD remained strongly associated with seropositive 
RA, so it is unlikely that differences in menopause explained 
our results. Regarding the strong association between COPD 
and subsequent RA risk among ever- smokers age >55 years, 
it is possible that hormonal factors may particularly impact RA 
risk in this subgroup; we mitigated this possibility by adjusting 
for menopausal status/postmenopausal hormone use as well 
as parity/breastfeeding. We chose the cutoff point of age 55 
years to classify women as younger or older in that particular 
analysis based on prior literature (61) as well as to reflect the 
 menopausal transition and because COPD is known to be an 
older- onset  disease. However,  we acknowledge the possibil-
ity that the selection of a different age cutoff may have yielded 
different results. Finally, inherent to any observational study is 
the possibility of  unmeasured confounding, particularly related 
to health care utilization.

In this large prospective cohort study of women, asthma 
and COPD were risk factors for subsequent RA after adjustment 
for multiple potential confounders, including smoking status and 
duration/intensity. These novel findings further implicate chronic 
airway inflammation in the pathogenesis of RA, and they identify 
populations at risk for RA for the purposes of research as well as 
informing clinical care. Providers caring for patients with asthma 
or COPD should be aware of increased RA risk in these popula-
tions and have a low threshold to evaluate for RA in patients with 
asthma or COPD with inflammatory joint symptoms.
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B Cell Synovitis and Clinical Phenotypes in Rheumatoid 
Arthritis: Relationship to Disease Stages and Drug Exposure
F. Rivellese,1  F. Humby,1  S. Bugatti,2 L. Fossati-Jimack,1  H. Rizvi,3 D. Lucchesi,1  G. Lliso-Ribera,1 
A. Nerviani,1 R. E. Hands,1 G. Giorli,1 B. Frias,1 G. Thorborn,1 E. Jaworska,1  C. John,1 K. Goldmann,1  
M. J. Lewis,1  A. Manzo,2 M. Bombardieri,1 C. Pitzalis,1 and the PEAC-R4RA Investigators

Objective. To define the relationship of synovial B cells to clinical phenotypes at different stages of disease  
evolution and drug exposure in rheumatoid arthritis (RA).

Methods. Synovial biopsy specimens and demographic and clinical data were collected from 2 RA cohorts  
(n = 329), one of patients with untreated early RA (n = 165) and one of patients with established RA with an inadequate 
response to tumor necrosis factor inhibitors (TNFi- IR; n = 164). Synovial tissue was subjected to hematoxylin and 
eosin and immunohistochemical staining and semiquantitative assessment for the degree of synovitis (on a scale of 
0–9) and of CD20+ B cell infiltrate (on a scale of 0–4). B cell scores were validated by digital image analysis and B cell 
lineage–specific transcript analysis (RNA- Seq) in the early RA (n = 91) and TNFi- IR (n = 127) cohorts. Semiquantitative 
CD20 scores were used to classify patients as B cell rich (≥2) or B cell poor (<2).

Results. Semiquantitative B cell scores correlated with digital image analysis quantitative measurements and B cell 
lineage–specific transcripts. B cell–rich synovitis was present in 35% of patients in the early RA cohort and 47.7% of 
patients in the TNFi- IR cohort (P = 0.025). B cell–rich patients showed higher levels of disease activity and seropositiv-
ity for rheumatoid factor and anti–citrullinated protein antibody in early RA but not in established RA, while significantly 
higher histologic synovitis scores in B cell–rich patients were demonstrated in both cohorts.

Conclusion. We describe a robust semiquantitative histologic B cell score that closely replicates the quantification 
of B cells by digital or molecular analyses. Our findings indicate an ongoing B cell–rich synovitis, which does not seem 
to be captured by standard clinimetric assessment, in a larger proportion of patients with established RA than early RA.

INTRODUCTION

The role of B cells in the pathogenesis of rheumatoid arthri­
tis (RA) is well recognized and has been reinforced by the estab­
lished efficacy of B cell–depleting treatments (1,2). B cells and B 
cell effector mechanisms are recognized as a central component 
of RA synovitis, through local autoantibody production (3,4), oste­
oclastogenesis/osteoclast activation (5,6), and immune complex–
mediated inflammatory responses (7,8). However, the degree of 

synovial B cell infiltrate is a highly variable phenomenon, ranging 
from complete absence to a dense distribution within organized 
infiltrates in up to 40% of patients (9–11) and as such has been 
examined as a potential source of predictive and prognostic bio­
markers in RA. Indeed, recent data from a large cohort of patients 
with untreated early RA have suggested that a B cell–rich lym­
phoid synovitis is associated with highly active disease and pre­
dictive of radiographic progression (12). However, comparison 
of these data with other cohorts that either support (13,14) or 
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refute (15–17) this notion is challenging due to a lack of consis­
tency in quantitative and qualitative assessment of B cell synovitis, 
the effects of concomitant diverse therapy, and examination of 
patients at variable disease stages and levels of disease activity.

Importantly, it remains unclear whether an association 
between B cell synovitis and disease severity is modulated during 
disease progression, and moreover, whether the prevalence of B 
cell synovitis remains stable or is enriched through disease evo­
lution and/or cycles of nonresponse to therapy. Since 2008, the 
Centre for Experimental Medicine and Rheumatology at Queen 
Mary University of London (QMUL) has been collecting pretreat­
ment synovial tissue as part of a pathobiology­ driven patient strat­
ification program in RA. This program includes patients enrolled 
in 2 multicenter precision­ medicine clinical studies collecting pre­
treatment synovial tissue at specific disease stages: untreated 
early RA (the Pathobiology of Early Arthritis Cohort [PEAC; http://
www.peac­mrc.mds.qmul.ac.uk]) and established RA in patients 
with an inadequate response to tumor necrosis factor inhibitors 
(TNFi­ IR) (Response–Resistance to Rituximab versus Tocilizumab 
in RA [R4RA; http://www.r4ra­nihr.whri.qmul.ac.uk]).

In this study, we developed and validated a semiquantitative 
scoring system focused on the measurement of B cell synovitis in 
RA. By analyzing the prevalence of B cell synovitis using a robust 
histologic score, we examined whether the association between 
B cell synovitis and clinical phenotype is a stable phenomenon 
during disease evolution or is enriched in a cohort of patients with 
treatment­ resistant established RA.

PATIENTS AND METHODS

Patients. A total of 329 patients fulfilling the 2010 American 
College of Rheumatology/European League Against Rheuma­
tism classification criteria for RA (18) were evaluated at 2 disease 
stages: early RA and established RA with an inadequate response 
to TNFi. The early RA cohort consisted of 165 consecutive patients 
with untreated early RA (disease duration <1 year) recruited as 
part of the Medical Research Council–funded multicenter PEAC. 
The established RA cohort consisted of 164 patients with an 
inadequate response to TNFi from the multicenter R4RA trial. The 
PEAC­ R4RA investigators are listed in Appendix A.

Synovial tissue specimens were obtained from all patients 
at study entry by ultrasound (US)–guided synovial biopsy (19) or 
arthroscopic approaches depending on the expertise of the local 
recruiting center. A minimum of 6 samples for subsequent histo­
logic analysis and 6 samples for RNA extraction were retained 
from each procedure. Patient demographic characteristics and 
clinical parameters collected at baseline included sex, disease 
duration, anti–citrullinated protein antibody (ACPA) and rheu­
matoid factor (RF) status, erythrocyte sedimentation rate (ESR),  
C­ reactive protein (CRP) level, swollen and tender joint counts, 
global health score (measured on a visual analog scale), and 
concomitant medications. All patients provided written informed 

 consent, and each study received local ethics approval (PEAC 
LREC: 05/Q0703/198; R4RA: LREC 12/WA/0307).

Semiquantitative histopathologic scoring and  digital 
image analysis. Formalin­ fixed and paraffin­ embedded synovial 
tissue sections (3 μm) were stained with hematoxylin and eosin 
(H&E) and semiquantitatively assessed for the degree of synovitis 
(on a scale of 0–9), according to a previously validated score (20). 
Consecutive sections were subjected to immunohistochemical 
staining for CD20 (mouse IgG2a anti­ human CD20) (clone L26; 
Dako), CD68 (mouse IgG1 anti­ human CD68) (clone KP1; Dako), 
and CD138 (mouse IgG1 anti­ human CD138) (clone MI15; Dako), 
as previously described (13). Slides were counterstained with 
hematoxylin and mounted. Images were acquired on an Olympus 
microscope using cellSens software.

First, the nature and quality of the tissue biopsy specimens 
were assessed by evaluating tissue morphology by H&E stain­
ing and macrophage distribution (CD68 staining). To be consid­
ered suitable for further histologic analysis, synovial samples had 
to present either a clear synovial lining (CD68+ cells in a linear 
arrangement) or sublining (characteristic vessels and stroma). 
Samples were rejected and classified as ungraded if there was 
no recognizable synovial tissue or there were artifactual changes 
(i.e., tissue folds, cutting and staining artifacts) in immunohisto­
chemical stainings. Samples with synovium were scored semi­
quantitatively (on a scale of 0–4) for the degree of CD20+ B cell 
infiltration, adapting a previously described B cell aggregation 
score (21) (Figures 1A and B). Patients were classified as B cell 
poor (semiquantitative score 0–1) or B cell rich (score 2–4), as 
shown in the flow chart in Supplementary Figure 1, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41184/ abstract. In B cell–poor samples, the  
presence of plasma cells was assessed, and samples with a semi­
quantitative CD138 score of ≥2 underwent an additional staining 
for CD20 at a deeper cutting level for a final classification as B 
cell poor or B cell rich. An overview of the cutting protocol at dif­
ferent levels is shown in Supplementary Figure 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41184/ abstract. All samples were assessed by 2 
independent observers.

For quantitative analysis using digital image analysis, whole 
CD20­ stained slides were reacquired using a Panoramic 250 High­ 
Throughput Scanner (3DHISTECH). Images were visualized and 
analyzed on Fiji software (22) using a pipeline developed in­ house 
(by DL) to obtain the following measurements: total stained area, 
total tissue area, and area fraction (percent of stained area, calcu­
lated as total stained area/total tissue area × 100). In the digital image 
analysis pipeline, the operator first manually selected region(s) of 
interest corresponding to the synovial tissue detectable on the slide 
(the “total tissue area”). The script then 1) removed the areas out­
side the region(s) of interest, 2) performed a color deconvolution to 
isolate the diaminobenzidine (DAB) color vector (method “H­ DAB”), 

http://www.peac-mrc.mds.qmul.ac.uk
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and 3) calculated the intensity threshold (method “Default,” manu­
ally adjusted if necessary) on the DAB channel. Finally, the software 
calculated the area included in the threshold (“total stained area”). 
An example of digital image analysis is shown in Supplementary 
Figure 3, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41184/ abstract.

In a pilot assessment exercise, digital image analysis was 
performed in parallel in a blinded manner by 2 observers from 
2 different centers (QMUL and University of Pavia). The analysis 
was performed on 15 random samples from the early RA PEAC 
cohort and replicated on the first 100 consecutive samples from 
the TNFi­ IR R4RA cohort in order to obtain independent measure­
ments. Intraclass correlation coefficients for the level of agreement 
between the 2 observers and Bland­ Altman plots were generated. 
Following this validation exercise, digital image analysis was per­
formed in the subset of patients from the early RA cohort who 
underwent RNA sequencing (n = 91) and in the patients in the 
TNFi­ IR cohort who had graded synovial tissue samples (n = 155).

RNA extraction and RNA sequencing. RNA extraction 
and RNA sequencing were performed as previously described 
(12) on synovial tissue samples from 94 patients in the early 
RA PEAC cohort and 128 patients in the TNFi­ IR R4RA cohort 

for whom RNA was available. For the PEAC cohort, RNA was 
extracted from synovial tissue homogenized at 4°C in TRIzol 
 reagent, according to the recommendations of the manufacturer 
(ThermoFisher Scientific, Invitrogen Division), followed by a phe­
nol–chloroform extraction. Briefly, the tissue lysate was mixed 
vigorously with chloroform before centrifugation. The aqueous 
phase was removed and mixed with ice­ cold isopropanol for 30 
minutes. After further centrifugation, the RNA pellet was washed 
in 70% ethanol before air­ drying and resuspension in RNase­ free 
water.

The concentration/purity of RNA samples was measured 
using a NanoDrop 2000c spectrophotometer (LabTech) and 
Qubit assay (ThermoFisher Scientific, Invitrogen Division). RNA 
quality (RNA integrity number) was assessed using an Agilent 
2100 Bioanalyzer or Agilent TapeStation system. One microgram 
of total RNA was used as input material for library preparation 
using a TruSeq RNA Sample Preparation Kit v2 (Illumina). Gener­
ated libraries were amplified with 10 cycles of polymerase chain 
reaction (PCR). The size of the libraries was confirmed using a 
2200 TapeStation system and High­ Sensitivity D1K ScreenTape 
(Agilent Technologies), and their concentration was determined by 
a quantitative PCR (qPCR)–based method using a Library Quan­
tification kit (KAPA). The libraries were first multiplexed (5 per lane) 

Figure 1. B cell scoring. A, Representative images for each semiquantitative CD20 immunohistochemical score in patients with rheumatoid 
arthritis with an inadequate response to tumor necrosis factor inhibitors. Bars = 500 μm. B, Higher­ magnification views of the boxed areas in 
A. Bars = 100 μm.

http://onlinelibrary.wiley.com/doi/10.1002/art.41184/abstract


B CELL SYNOVITIS IN RA |      717

and then sequenced on an Illumina HiSeq 2500 system to gener­
ate 50 million paired ends with 75 base pair reads.

For the R4RA cohort, the RNA extraction method was the 
same as for the PEAC, but subsequent to homogenization in TRI­
zol, a column­ based extraction (Zymo Direct­ zol RNA MicroPrep) 
was used according to the recommendations of the manufacturer 
for the majority of samples (n = 124), while phenol–chloroform 
extraction as described above was used on a small number of 
samples (n = 4). Principal components analysis confirmed that 
there were no major differences between the 2 extraction methods 
(data not shown). One hundred fifty to five hundred nanograms of 
total RNA was used as input material for library preparation using 
NEBNext Ultra RNA Library Prep Kit for Illumina according to the 
recommendations of the manufacturer (New England Biolabs). 
Generated libraries were amplified with 13 cycles of PCR. Library 
quality control was performed with MiSeq Nano QC, and the final 
concentration was determined by a qPCR­ based method using a 
Library Quantification kit. The libraries were first multiplexed and 
then sequenced on an Illumina HiSeq 4000 system to generate 
50 million paired ends with 150 base pair reads (Genewiz). A 
summary of the RNA extraction and sequencing methods for the 
2 cohorts is included in Supplementary Table 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41184/ abstract.

RNA sequencing analysis. For the PEAC cohort, tran­
script abundance was derived from fastq files over Gencode 
version24/GRCh38 transcripts using Kallisto version 0.43.0 (23). 
Transcript abundances and average transcript lengths were 
imported into R using tximport 1.10.0. Imported abundances 
were normalized in R, including a correction for average transcript 
length and incorporating batch, sex, and synovial histology pat­
terns (pathotypes) (12) as model covariates, using DESeq2 1.22.0 
(24). Transcript abundances underwent regularized log expression 
(RLE) transformation. The RNA­ Seq data have been deposited in 
the ArrayExpress database (online at https ://www.ebi.ac.uk/array 
express; accession no. E­ MTAB­ 6141). Outliers were identified 
and removed using principal components analysis, leaving 91 
samples for further analysis.

For the R4RA cohort, transcript abundance was quantified 
using Salmon version 0.12.0 (25) with the Gencode version 29/
GRCh38 annotation, and quantifications were aggregated to 
genes using tximport version 1.10.1. Data were subjected to 
variance­ stabilizing transformation to remove the dependency 
of the variance on the count mean using DESeq2 version 2.16.1 
(24). Outliers were identified and removed using principal compo­
nents analysis, leaving 127 samples for further analysis.

Definition of the B cell–specific gene module. Cell­ 
specific gene modules were obtained as previously described 
(26). Briefly, we downloaded RLE­ normalized FANTOM5 data 
from http://fantom.gsc.riken.jp/5/data/. Upon selecting primary 

cells and tissue and excluding derived cells, stimulated cells 
and cell line data were Z score–normalized, and the expression 
of each gene was ranked across all tissues and cells. A speci­
ficity score was determined by counting the number of tissues 
and cells showing increased gene expression (Z score >3 [>3 SD 
above the mean across all tissues]), so that the most tissue­ 
specific genes would have the lowest specificity scores. Genes 
were considered specific to a tissue type or cell type when: 1) the 
level of gene expression was in the top 3 tissues (i.e., rank 1–3); 
2) the Z score was >5 (i.e., >5 SD above the mean expression
across all tissues); and 3) the specificity score was <10 tissues. 
Gene modules for different cell types were consistent with lists of 
genes previously published by the FANTOM5 consortium for sev­
eral cell types (27,28). The list of B cell–specific genes (B cell mod­
ule; including Z scores, specificity scores, and rank) is shown in 
Supplementary Table 2, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41184/ 
abstract.

Synovial RNA- Seq B cell module scores. The B cell 
module was used to calculate synovial RNA­ Seq B cell module 
scores, by applying singular value decomposition to synovial RNA­ 
Seq data (29). Briefly, the normalized gene expression matrix for 
the patients was filtered to include only the B cell module genes. 
Next, the matrix was subjected to singular value decomposition, 
and the first principal component score was taken as the module 
expression or “module score” for plotting. B cell module scores 
were analyzed for correlation against histologic markers in syno­
vial tissue using Spearman’s correlation.

Statistical analysis. Measures of central tendency and 
dispersion and statistical tests used are indicated in each figure 
legend. Generally, the following statistical tests were used: Mann­ 
Whitney test for comparison between 2 groups, one­ way analysis 
of variance with Bonferroni post hoc adjustment for comparison 
between multiple groups, chi­ square test for proportions, and 
Spearman’s test for correlations. Statistical analyses were per­
formed using IBM SPSS version 20 and RStudio version 0.99.486. 
P values less than 0.05 were considered significant.

RESULTS

Demographic and clinical features of the patients 
with early RA and those with established RA. A total of 329 
patients with RA were included in this study: 165 with untreated 
early RA (PEAC) and 164 with an inadequate response to TNFi 
(R4RA trial). Table 1 summarizes the patient characteristics. Both 
cohorts included patients with highly active RA (mean Disease 
Activity Score in 28 joints [DAS28] >5.1), with no differences in 
terms of disease activity (DAS28 and its components) and other 
clinical features, except for a higher prevalence of female patients, 
higher CRP levels, and higher proportion of ACPA­ positive 

http://onlinelibrary.wiley.com/doi/10.1002/art.41184/abstract
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patients in the cohort with established RA. There were no differ­
ences between the cohorts with regard to the type of joint biop­
sied. Importantly, >70% of the samples were obtained from small 
joints (i.e., wrists or metacarpophalangeal joints), and >90% of the 
procedures were performed under US guidance. The procedures 
had an excellent success rate in terms of retrieval of gradable tis­
sue, ranging from 86.7% (143 of 165) in the early RA cohort to 
94.5% (155 of 164) in the TNFi­ IR cohort. These results demon­
strate that both the early RA and established RA cohorts included 
patients with active RA, although the patients with established RA 
showed more aggressive features, such as a greater proportion of 

patients with autoantibody positivity and higher levels of markers 
of inflammation, which is compatible with their recruitment after 

anti­ TNF failure.

Validation of semiquantitative synovial B cell scor-
ing by digital image analysis. To quantify the presence of B 
cells in synovia, we adapted a semiquantitative scoring method 
(scale of 0–4) previously described by our group (21). Repre­
sentative examples of tissue samples for each score are shown 
in Figures  1A and B, and a flow chart of the evaluation of the 
biopsy samples is shown in Supplementary Figure 1, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41184/ abstract. In order to validate the 
semiquantitative B cell scores against an objective measurement, 
we used computer­ aided automated digital image analysis. To this 
end, whole slide images were acquired, and digital image analysis 
was used to obtain the following measurements: total tissue area 
(in μm2), total stained area, and area fraction (percent of stained 
area, calculated as total stained area/total tissue area × 100). An 
example of the digital image analysis approach is shown in Sup­
plementary Figure 3, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41184/ 
abstract. First, we aimed to evaluate the reproducibility of digital 
image analysis, by performing the analyses in 2 different centers 
(QMUL and University of Pavia) in a blinded manner on 15 ran­
domly selected synovial samples from the early RA cohort and 
100 consecutive samples from the TNFi­ IR cohort. These analy­
ses showed an excellent agreement rate, with an intraclass cor­
relation coefficient of 0.97 in the early RA cohort (Figure 2A) and 
0.96 in the TNFi­ IR cohort (Figure 2B).

Having confirmed the reproducibility of digital image anal­
ysis, we next aimed to evaluate the correlation between the 
semiquantitative and digital image analysis (CD20+ area fraction) 
histologic B cell scores in 91 patients in the early RA cohort and 
164 patients in the TNFi­ IR cohort. Our results demonstrated 
a strong correlation between the semiquantitative and digital 
image analysis CD20 scores (Spearman’s r = 0.93 in the early RA 
cohort and 0.88 in the TNFi­ IR cohort; P < 0.0001) (Figures 2C 
and D). In addition, we determined the mean CD20+ area frac­
tion in patients classified as B cell rich and those classified as B 
cell poor according to the semiquantitative scores and demon­
strated a significantly higher CD20+ area fraction in B cell–rich 
patients, as shown in Figures 2E and F (mean ± SD area fraction 
1.4 ± 1.6 in B cell–rich patients and 0.02 ± 0.05 in B cell–poor 
patients in the early RA cohort [P < 0.0001] and 1.3 ± 1.9 in B 
cell–rich patients and 0.04 ± 0.1 in B cell–poor patients in the 
TNFi­ IR cohort [P < 0.0001]). Overall, our results demonstrate 
that the semiquantitative CD20 score presented both as a raw 
score and when applied to stratify patients into B cell–rich and B 
cell–poor cohorts reliably reflects quantitative measures of CD20 
B cell infiltration assessed using computer­ aided digital image 
analysis.

Table 1. Characteristics of the patients in the early RA and TNFi­IR 
cohorts*

Early RA 
(n = 165)

TNFi-IR 
(n = 164) P†

Age, years 53.2 ± 15.3 54.6 ± 13.3 NS
Sex, % female 66.1 79.9 0.005
Disease duration, 

years
0.5 ± 0.6 12.8 ± 10.8 <0.001

DAS28 5.7 ± 1.4 5.63 ± 1.27 NS
Tender joint count 11.6 ± 7.6 11.85 ± 7.8 NS
Swollen joint count 7.5 ± 5.6 6.92 ± 5.10 NS
Global health score 

(100- mm VAS)
61.5 ± 26.9 66.33 ± 24.99 NS

ESR, mm/hour 37.8 ± 28.4 34.47 ± 25.95 NS
CRP, mg/liter 17.6 ± 27.1 21.13 ± 27.97 0.01
ACPA positive, %‡ 64.2 75.3 0.03
RF positive, % 65.5 71.4 NS
No. of conventional 

synthetic 
DMARDs 
received, %

NA

0 100 2.4
1 0 67.7
2 0 21.3
3 0 8.4

Receiving steroids 
at the time of 
biopsy, % 

0 42.2 NA

Joint biopsied, % NS
Wrist 64.8 60.4
Knee 18.2 23.8
MCP 13.9 11
Other 3.1 4.8

Joint size, % NS
Large 25.2 27.4
Small 74.8 72.6

Synovial sampling 
technique, %

NA

US- guided 100 86
Arthroscopy 0 14

* Except where indicated otherwise, values are the mean ± SD. RA = 
rheumatoid arthritis; TNFi-IR = inadequate response to tumor  
necrosis factor inhibitors; NS = not significant; DAS28 = Disease  
Activity Score in 28 joints; VAS = visual analog scale; ESR =  
erythrocyte sedimentation rate; CRP = C- reactive protein; RF = 
rheumatoid factor; DMARDs = disease- modifying antirheumatic 
drugs; NA = not applicable; MCP = metacarpophalangeal; US = 
ultrasound. 
† By chi- square test or Mann- Whitney test. 
‡ Anti–citrullinated protein antibodies (ACPAs) were measured 
using a clinically available standard pathology laboratory anti–cyclic 
citrullinated peptide antibody 2 assay. 
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Correlation between semiquantitative and quantita-
tive histologic scores and B cell–lineage genes. Next, we 
evaluated the relationship between CD20+ B cell histologic scores 
(semiquantitative and digital image analysis) and B cell–specific 
gene expression levels. To this end, we correlated histologic scores 
for B cells with CD20 gene expression levels and RNA­ Seq B cell 
module scores obtained by RNA sequencing of synovial tissue from 
91 patients in the early RA cohort and 127 patients in the TNFi­ IR 
cohort. Our results demonstrated a strong correlation between 
the semiquantitative CD20 score and B cell module score and 
between the semiquantitative CD20 score and CD20 gene expres­
sion, both in the early RA cohort (Figure 3A) and the TNFi­ IR cohort 
(Figure 3B). Similarly, we observed a positive correlation between 
the digital image analysis CD20 area fraction and the B cell module 
score and between the digital image analysis CD20 area fraction 
and CD20 gene expression in the early RA cohort (Figure 3C) and 

the TNFi­ IR cohort (Figure 3D). Finally, when patients were seg­
regated into B cell–rich and B cell–poor subgroups, we demon­
strated significantly higher levels of B cell module scores and CD20 
gene expression in B cell–rich patients in both cohorts (Figures 3E 
and F). Overall, our results demonstrate that the semiquantitative 
CD20 score presented both as a raw score and when applied to 
stratify patients into B cell–rich and B cell–poor cohorts accurately 
reflects the levels of synovial B cell gene expression.

Clinical features of B cell–rich patients and B cell–poor 
patients at different disease stages. Next, we applied the 
semiquantitative CD20 score and algorithm shown in Figure 1 and 
Supplementary Figure 1 to stratify patients from the 2 cohorts into B 
cell–rich and B cell–poor categories. We assessed the prevalence 
of B cell–rich synovitis at different stages of disease evolution and 
drug exposure, i.e., in untreated early RA versus established RA with 

Figure 2. Semiquantitative (SQ) B cell scores and digital image analysis. A and B, Bland­ Altman plots showing the difference between and 
average of 2 measurements of CD20+ B cell area fraction (percent of stained area, calculated as total stained area/total tissue area × 100) 
in the cohort of patients with early rheumatoid arthritis (RA; n = 15) (A) and in the cohort of patients with established RA with an inadequate 
response to tumor necrosis factor inhibitors (TNFi­ IR; n = 100) (B), obtained by 2 independent observers in 2 different centers (Queen Mary 
University of London and University of Pavia). Solid lines indicate the mean; dotted lines indicate the 95% confidence interval. ICC = intraclass 
correlation coefficient. C and D, Correlation between semiquantitative CD20+ B cell score and CD20+ B cell area fraction in the early RA cohort  
(n = 91) (C) and the TNFi­ IR cohort (n = 155) (D). E and F, CD20+ B cell area fraction in the early RA cohort (n = 91) (E) and the TNFi­ IR cohort  
(n = 155) (F) classified as B cell poor or B cell rich. Symbols represent individual patients; horizontal lines and error bars show the mean ± SD.  
* = P < 0.05 by Mann­ Whitney test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.41184/abstract.
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an inadequate response to TNFi. Interestingly, we demonstrated a 
significantly higher prevalence of B cell–rich synovitis in patients 
with established RA with an inadequate response to TNFi (47.7% 
in the TNFi­ IR cohort and 35% in the untreated early RA cohort;  
P = 0.025) (Figure 4A), suggesting an increase in the  proportion of B 
cell–rich samples in longstanding treatment­ resistant RA.

Furthermore, we examined the relationship between clin­
ical phenotype and B cell–rich synovitis at each disease stage 
(Table 2). Consistent with previously published data (12), compared 
to B cell–poor patients, patients with B cell–rich synovitis in the 
early RA cohort showed higher levels of synovial inflammation, as 
measured by the Krenn synovitis score (P < 0.0001), which is a 
well­ validated composite score measuring the enlargement of the 
lining cell layer, the cellular density of synovial stroma, and leukocyte 
infiltrate. Accordingly, B cell–rich patients had significantly higher 
levels of other immune cells (T cells, macrophages, and plasma 
cells). Clinically, B cell–rich patients showed higher disease activ­

ity (P = 0.005 for DAS28 and P = 0.048 for swollen joint count), 
markers of inflammation (P = 0.001 for ESR and P = 0.012 for 
CRP level), and a higher prevalence of autoantibody positivity  
(P = 0.024 for ACPA and P = 0.023 for RF) than B cell–poor patients.

Conversely, in the cohort of patients with established disease 
(TNFi­ IR), while the significant association of B cell–rich synovitis 
with histologic synovitis and immune cell infiltration was maintained 
(Table 2 and Figure 4B), the only significant difference in terms of 
systemic inflammation or disease activity was a higher CRP level 
in B cell–rich patients than in B cell–poor patients (Table 2 and  
Figure 4C) (P = 0.001). There were no differences in terms of dis­
ease activity as measured by DAS28 (Figure 4D) and its compo­
nents (Table 2). Importantly, there were also no differences in the 
use of synthetic disease­ modifying antirheumatic drugs (DMARDs) 
or steroids between B cell–rich and B cell–poor patients. These 
data suggest that the clinical phenotype of highly active, aggres­
sive RA associated with a B cell–rich synovitis at disease initiation 

Figure  3. Correlation of semiquantitative (SQ) B cell scores with RNA­ Seq B cell module scores. A and B, Correlations between the 
semiquantitative CD20+ B cell score and the RNA­ Seq B cell module and between the semiquantitative CD20+ B cell score and CD20/MS4A1 
gene expression levels in the cohort of patients with early rheumatoid arthritis (RA) (A) and the cohort of patients with established RA with 
an inadequate response to tumor necrosis factor inhibitors (TNFi­ IR) (B). C and D, Correlations between the CD20+ B cell area fraction (AF) 
(percent of stained area, calculated as total stained area/total tissue area × 100) and the RNA­ Seq B cell module and between the CD20+ B 
cell area fraction and CD20/MS4A1 gene expression levels in the early RA cohort (C) and the TNFi­ IR cohort (D). In A–D, symbols represent 
individual patients (n = 91 for early RA and 127 for TNFi­ IR); Lines and shading indicate the regression line and 95% confidence interval. E and 
F, RNA­ Seq B cell module and CD20/MS4A1 gene expression levels in B cell–poor and B cell–rich patients in the early RA cohort (n = 91) (E) 
and TNFi­ IR cohort (n = 127) (F). Symbols represent individual patients; horizontal lines show the mean. * = P < 0.05 by Mann­ Whitney test. 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41184/abstract.
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is subsequently lost with disease progression and/or modulation 
of synovial pathobiology by concomitant therapy.

To further explore the association of synovial histopathology 
with clinical phenotypes, we compared clinical features in patients 
classified according to semiquantitative scores for T cells, mac­
rophages, and plasma cells (Supplementary Tables 3–6, avail­
able on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41184/ abstract). In the early RA 
cohort, higher levels of markers of inflammation were observed in 
patients with higher infiltration of all immune cells. On the contrary, 
a higher prevalence of autoantibody positivity was observed only 
in patients who, in addition to B cells, were rich in synovial T cells 
and plasma cells, but no relationship was observed with CD68L 
or CD68SL macrophage populations. Notably, on the other hand, 
higher disease activity measured by DAS28 was present only 
in patients with higher sublining macrophages and plasma cell 
infiltration. In the cohort of patients with established RA, patients 
with synovitis rich in T cells, sublining macrophages, and plasma 
cells showed significantly higher CRP levels, while there were no 
differences in any other clinical parameter. These data add new 
insights into the association of immune cells with specific disease 
features, while confirming a lack of association between synovitis 

and clinical phenotypes in the cohort of patients with established 
RA.

DISCUSSION

In this study, we explored the prevalence and relationship to 
clinical phenotypes of B cell synovitis in a large, well­ characterized 
cohort of 329 patients at 2 different stages of disease evolution 
and drug exposure. We validated and applied a semiquantitative  
B cell synovitis score that accurately reflects quantitative mea­
sures of both cellular and molecular B cell infiltrate, and demon­
strated that the prevalence of B cell synovitis was enriched in 
patients with treatment­ resistant established disease. Addition­
ally, although patients with established RA display a more severe 
clinical phenotype, which could explain the enrichment in B cells, 
we observed that the significant association of a B cell–rich syno­
vitis with a clinical phenotype of highly active aggressive RA in 
untreated early disease was diluted at later stages.

Previous data have suggested that ~40% of RA patients 
present synovitis characterized by a B cell–rich infiltrate, both in 
early (9–11) and late­ stage disease (6). However, the clinical rele­
vance of B cell synovitis has been a subject of controversy, with 

Figure 4. B cell–rich synovitis at different rheumatoid arthritis (RA) disease stages. A, Prevalence of B cell–rich synovitis in the cohort of 
patients with early RA and in the cohort of patients with established RA with an inadequate response to tumor necrosis factor inhibitors (TNFi­ 
IR). B–D, Krenn synovitis score (B), C­ reactive protein (CRP) level (C), and Disease Activity Score in 28 joints (DAS28) using the erythrocyte 
sedimentation rate (D) in B cell–poor and B cell–rich patients in the early RA cohort and the TNFi­ IR cohort. Symbols represent individual 
patients (n = 143 for early RA and 155 for TNFi­ IR); horizontal lines and error bars show the median and interquartile range in B and the  
mean ± SD in C and D. * = P < 0.05 by chi­ square test in A; by Mann­ Whitney test in B–D. NS = not significant.
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previous reports presenting conflicting data on the relationship of 
B cell synovitis with clinical phenotype (15–17). We attempted to 
overcome the limitations presented by previous analyses (30,31) 
by implementing a consistent and validated semiquantitative B 
cell score. This score was shown to be a reliable measure of total 
B cell content by validation against objective histologic and molec­
ular quantitative measurements (digital image analysis and RNA­ 
Seq transcript lineage analysis, respectively) in large, well­ defined 
cohorts of patients. Although the validation of semiquantitative 
histologic synovial T cell and macrophage scores using digital 
image analysis has been explored previously (32,33), validation 
of semiquantitative CD20 scores against both digital image anal­
ysis and B cell–lineage transcript analysis has not. In particular, 
the evaluation against B cell transcripts represents an invaluable 
confirmation that the semiquantitative histologic score used to 
grade limited tissue sections accurately reflects the B cell content 
of the whole specimen (6 additional biopsy specimens pooled for 
RNA extraction), therefore representing a reliable method for the 
assessment of B cells in synovia.

The significant association of B cell–rich synovitis with highly 
active seropositive RA in untreated early disease supports previ­
ous observations (12) and suggests that synovial tissue cellular 
infiltration could help define histologic RA subsets, similarly to what 

has been described for seronegative and seropositive RA (34). 
Consistent with these observations, the presence of B cell–rich 
lymphoid aggregates in early RA has recently been shown to pre­
dict treatment response to conventional synthetic DMARDs and 
radiographic progression (12) and to enhance clinical classification 
and prognostic/treatment response algorithms (35). In established 
RA, the associations of B cell synovitis with local inflammation 
(histologic synovitis) and CRP persisted, and patients showed a 
more aggressive clinical phenotype overall, but there was a lack of 
association of B cell–rich synovitis with clinical markers of disease 
activity such as the DAS28. This lack of association suggests that 
current standard clinimetric assessment of disease activity may 
be too insensitive to detect ongoing histologic inflammation, as 
it might be confounded by factors such as concomitant therapy 
or comorbidities and their impact on patient­ reported outcomes 
and disease activity scores. To overcome such limitations, future 
analyses may include alternative measures of disease activity, 
including, for example, the reweighted 2­ component imaging­ 
derived disease activity score (36), and determine their relation­
ship with histologic synovitis. To date, in fact, very little is known 
about the association of histologic synovitis with clinical pheno­
types. Importantly, our observations could provide an explanation 
for the variable associations observed between clinical phenotype 

Table 2. Clinical phenotype of B cell–poor versus B cell–rich patients at different RA disease stages*

Early RA 
(n = 143)

TNFi-IR 
(n = 155)

B cell poor  
(n = 93 [65.0%])

B cell rich  
(n = 50 [35.0%]) P†

B cell poor  
(n = 81 [52.3%])

B cell rich  
(n = 74 [47.7%]) P†

DAS28 5.6 ± 1.38 6.1 ± 1.2 0.005 5.6 ± 1.3 5.7 ± 1.2 NS
Tender joint count 11.3 ± 7.3 13 ± 7.7 NS 12.5 ± 7.9 11.2 ± 7.8 NS
Swollen joint count 7.1 ± 5.4 8.8 ± 5.7 0.048 6.5 ± 5.1 7.4 ± 5.1 NS
Global health score  

(100- mm VAS)
60.6 ± 28.6 64.8 ± 25.2 NS 65.2 ± 23.2 66.8 ± 27.3 NS

ESR, mm/hour 34.6 ± 28.9 49.5 ± 28.9 0.001 31.7 ± 24.4 38.3 ± 27.2 NS
CRP, mg/liter 17.5 ± 32.7 21.5 ± 24.2 0.012 19.9 ± 35.9 26.4 ± 26.8 0.001
ACPA positive, %‡ 59.8 78.4 0.024 73.1 76.4 NS
RF positive, % 62 80.4 0.023 70 72.2 NS
No. of conventional synthetic 

DMARDs received, %
NA NS

0 100 100 1.2 4.1
1 0 0 70.4 67.6
2 0 0 21 23
3 0 0 7.4 5.4

Receiving steroids at the time 
of biopsy, %

0 0 NA 39.7 41.9 NS

Synovitis score 3 ± 1 6 ± 1 <0.0001 2 ± 2 6 ± 2 <0.0001
Semiquantitative CD3  

score ≥2, %
6.5 70.8 <0.0001 9.1 90.9 <0.0001

Semiquantitative CD68L 
score ≥2, %

12.2 46 <0.0001 6.2 93.8 <0.0001

Semiquantitative CD68SL 
score ≥2, %

24.2 84 <0.0001 17.1 82.9 <0.0001

Semiquantitative CD138 
score ≥2, %

4.4 78 <0.0001 9.3 90.7 <0.0001

* Patients with ungraded synovial biopsy samples were excluded. Except where indicated otherwise, values are the mean ± SD. CD68L = CD68 
lining; CD68SL = CD68 sublining (see Table 1 for other definitions). 
† By Mann- Whitney test or Fisher’s exact test. 
‡ ACPAs were measured using a clinically available standard pathology laboratory anti–cyclic citrullinated peptide antibody 2 assay. 
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and synovial pathobiology in other disease cohorts where patients 
with varying disease duration and/or therapies were analyzed 
together (15,17).

Such disconnect between ongoing synovial inflammation and 
clinical disease activity could explain the reported radiographic 
progression in RA patients with low disease activity treated with 
synthetic and/or biologic DMARDs (37). However, future analyses, 
including the outcome of the R4RA trial, will help us to under­
stand whether B cell synovitis continues to drive radiographic 
progression in late­ stage disease, as recently demonstrated in 
early disease (12), and to further dissect the association of clinical 
parameters with histologic synovitis. An alternative explanation for 
such disconnect could be that different pathogenic mechanisms 
drive local synovial inflammation in early RA and in established RA 
and manifest different levels of clinical synovitis. For example, T 
cell cytokine signatures described in early RA do not appear to be 
present in later stages (38), while different immune cell infiltration 
has been found in synovial samples from patients with active RA 
compared with samples from patients with end­ stage destructive 
RA obtained at joint replacement (39). Importantly, however, our 
cohort of patients with established RA did not include patients 
with end­ stage RA, and the enriched B cell infiltrate in this cohort 
suggests that adaptive immunity continues to play a pivotal role in 
active established RA. Nonetheless, alternative non–B cell–driven 
synovitis may be present in different patients.

This study has some limitations. First, while we have ana­
lyzed 2 large cohorts of patients characterized by specific dis­
ease stages and drug exposure, our results do not include data 
on sequential biopsy or longitudinal clinical outcomes. Such data 
will emerge following completion of the R4RA trial and will be crit­
ical to determine whether our observation of an enrichment of B 
cell synovitis in patients with an inadequate response to TNFi is a 
treatment effect or is related to a propensity for B cell–rich patients 
to fail to respond to TNFi therapy.

Second, synovial sampling was performed by both US­ 
guided methods and arthroscopy, which could be considered a 
confounding factor due to the heterogeneity of sample retrieval 
methods and/or patient selection. However, recent data have 
shown an equivalence in quality outcomes of arthroscopy and 
US­ guided approaches (40). Moreover, the use of US­ guided 
biopsy for the majority of the procedures ensured that patients 
were included in the studies irrespective of joint distribution, a fac­
tor that is likely to account for the difference in results compared to 
previous studies that used only large joint arthroscopy (15), which 
is known to bias recruitment to patients with more severe disease 
(41), particularly in early RA.

Finally, we acknowledge that many other immune cells play 
a role in RA synovitis, driving both disease activity and progres­
sion and treatment response (42–44). We found that B cell infil­
tration was accompanied by T cells, sublining macrophages, and 
plasma cells, which is consistent with previously reported data 
(12). However, when comparing the clinical parameters in the 

early RA cohort, we observed that higher levels of markers of 
inflammation were associated with higher scores for all immune 
cells, but that a higher prevalence of autoantibody positivity was 
associated exclusively with higher B cell, T cell, and plasma cell 
scores. Higher disease activity was associated with higher B cell, 
sublining macrophage, and plasma cell scores. In the cohort of 
patients with established RA, these additional analyses confirmed 
the exclusive association of CRP levels with synovitis, without 
differences in any other parameters, once again suggesting that 
standard clinimetrics seems unable to pick up ongoing synovitis 
in established RA.

Overall, these data provide insights into the specific associa­
tions of immune cells with clinical phenotypes and highlight the rel­
evance of B cells as markers of ongoing synovitis associated with 
a clinical phenotype of aggressive disease in early RA. However, 
alternative histologic scoring systems that aim to more compre­
hensively assess immune cell infiltration are available, including an 
integrated histologic scoring system (10,12) that we have recently 
developed and that has been verified by combined histologic and 
­ omics approaches (11,45). Although it is likely that in the near 
future integrated histologic and molecular analyses will identify 
novel or previously unrecognized pathways mediating treatment 
response or resistance, in order to translate those studies to rou­
tine clinical care there is a need for well­ validated histopathologic 
scores that can be easily applied for patient classification, such 
as the B cell synovitis score described herein, particularly if it 
were demonstrated to have clinical utility for stratifying patients to 
receive rituximab.

In conclusion, we described the application of a robust, val­
idated B cell synovitis score that closely replicates the quantifi­
cation of B cells using either digital image analysis or RNA­ Seq 
analysis and identifies a significant enrichment of B cell synovitis in 
end­ stage treatment­ resistant RA. Furthermore, we demonstrated 
a variable association between B cell synovitis and clinical disease 
activity measurements at different stages of disease progression 
and drug exposure. In particular, the presence of synovial B cells 
in established treatment­ resistant RA helps identify patients with 
ongoing synovial inflammation that is not detected by standard 
clinimetric assessment. Overall, our study confirms the relevance 
of synovial B cells in RA and suggests that the classification of 
patients into B cell rich or B cell poor can contribute to patient 
stratification.
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Chondrocalcinosis of the Knee and the Risk of 
Osteoarthritis Progression: Data From the Knee and Hip 
Osteoarthritis Long- term Assessment Cohort
Augustin Latourte,1  Anne-Christine Rat,2  Willy Ngueyon Sime,3 Hang-Korng Ea,1 Thomas Bardin,1

Bernard Mazières,4 Christian Roux,5 Francis Guillemin,3 and Pascal Richette1

Objective. To assess the impact of knee chondrocalcinosis (CC) on the 5- year risk of joint replacement and  
disease progression in patients with knee osteoarthritis (OA).

Methods. Patients with symptomatic knee OA without previous total joint (knee or hip) replacement (TJR) were 
recruited from the Knee and Hip Osteoarthritis Long- term Assessment cohort. Cox proportional hazards regression 
and generalized estimating equation models were used to compare the time from inclusion or OA diagnosis to total 
knee replacement (TKR) or TJR between patients with and those without knee CC at inclusion. In patients without in-
cident TKR, logistic regression was performed to examine the association between CC and radiographic progression 
(Kellgren/Lawrence [K/L] grade) or worsening of Western Ontario and McMaster Universities Arthritis Index (WOMAC) 
subscores for OA pain or function between years 0 and 5. Hazard ratios (HRs) and 95% confidence intervals (95% 
CIs) were estimated. Analyses were adjusted for age, sex, body mass index, WOMAC subscores, and K/L grade.

Results. Among the 656 patients included, 93 (14.2%) had knee CC, and 91 (13.9%) underwent TKR during the 
follow- up. Risk of TKR was not affected by the presence of knee CC (HR 1.26 [95% CI 0.74–2.17]). Similar results 
were obtained for the risk of incident TJR. For patients without incident TKR, knee CC did not affect the risk of 
worsening of K/L grade (odds ratio [OR] 0.9 [95% CI 0.4–1.7]), WOMAC pain subscore (OR 1.1 [95% CI 0.7–1.4]), or 
WOMAC function subscore (OR 0.9 [95% CI 0.4–2.0]).

Conclusion. In patients with symptomatic knee OA, the presence of knee CC did not affect the risk of arthroplasty 
or disease progression at 5 years.

INTRODUCTION

Calcium crystal deposition, including calcium pyrophosphate 
dehydrate (CPP) and basic calcium phosphate (BCP) crystals, is 
common in joints and frequently observed in cartilage and syno-
vial fluid in osteoarthritis (OA) (1). The presence of these crystals 
is usually identified on radiographs as linear calcifications called 
chondrocalcinosis (CC), a condition strongly associated with 
OA, particularly in the knee (2,3). The role of calcium- containing 
crystals in the OA process has been largely debated, and it has 
been suggested that crystal- induced cartilage stress or synovial  

inflammation contributes to cartilage damage (4). However, 
whether those crystals play a specific role in OA pathogenesis or 
simply result from aging or the progression of OA is unclear (5–8). 
Several cross- sectional studies have repeatedly demonstrated 
an association between knee CC and increased radiographic 
severity (9), osteophytes (3), or greater disease burden (10,11). 
However, a prospective magnetic resonance imaging (MRI) study 
showed that knee CC was not associated with greater cartilage 
damage over time (12).

Joint arthroplasty is the last- resort treatment for knee OA and 
is therefore proposed at the most advanced stages of the  disease 
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(13). Few studies have investigated the association between 
knee CC and risk of joint replacement. One cross- sectional study 
showed that knee CC was not associated with younger age at 
the time of arthroplasty (14), and one retrospective study with a 
small sample size demonstrated a nonsignificant trend toward an 
increased risk of joint replacement in patients with knee OA and 
incident CC (15). A large study from a US veterans database sug-
gested that the risk of arthroplasty was higher in patients with CPP 
deposition disease (CPPD) than in those without CPPD (16).

The aim of our study was to examine the relationship between 
knee CC and OA progression in a population- based cohort of 
patients with symptomatic knee OA, using total joint replacement 
(TJR) as the primary outcome measure. We also investigated 
other indicators of disease progression, such as radio graphic out-
come measures and clinical scores for pain or function, in order to 
provide a global overview of the impact of knee CC on knee OA 
prognosis.

PATIENTS AND METHODS

Study design and patients. The Knee and Hip Osteoar-
thritis Long- term Assessment (KHOALA) cohort is a French multi-
center population- based cohort of 878 patients ages 40–75 years 
with symptomatic knee and/or hip OA according to the Ameri-
can College of Rheumatology criteria (17,18) and with a Kellgren/
Lawrence (K/L) grade of ≥2 on radiographs (19,20). Patients 
were recruited using data from an OA national prevalence survey 
performed in France from 2007 to 2009 (21). Briefly, this survey 
included a random sample of households located within a 1- hour 
transportation distance of each investigating center in 6 regions of 
France, using random-digit phone dialing and the next- birthday 
method in each household. All 1,010 patients with hip or knee OA 
who were identified in this survey were invited to participate in the 
KHOALA study. Patients were not included if they had arthroplasty 
for the symptomatic joint, previous osteotomy, severe comorbidity 
leading to significant deterioration of quality of life, isolated patel-
lofemoral OA, or other joint disease. The ethics committee Comité 
de Protection des Personnes Est III gave approval for the cohort 
study, which was registered at ClinicalTrials.gov (NCT00481338). 
For the purpose of this study, we included patients with symp-
tomatic knee OA at baseline who had completed the 5- year 
 follow- up.

Data collection. The detailed protocol for the KHOALA 
cohort has been previously described (19). Briefly, patients were 
followed up annually using self- reporting questionnaires. They 
underwent clinical examination and received knee and hip radio-
graphs at baseline (year 0) and at years 3 and 5. Data collected 
included usual sociodemographic features, clinical data, and 
treatments received (including local treatments such as gluco-
corticoid or hyaluronic acid [HA] injections). Patient- reported 
outcome measures included pain score on a visual analog scale 

(VAS; 0–100 mm) and pain, stiffness, and function subscores 
on the normalized Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC; 0–100 mm) (22). TJR (knee or hip) 
procedures were self- reported by participants, and data were 
cross- checked using radiographs or hospitalization data when 
feasible.

Knee radiography. All radiographs were obtained by 
routine analog or digital technology and were transferred to a 
centralized radiology center in Toulouse for reading and storage. 
Weight- bearing anteroposterior, posteroanterior semiflexed, and 
axial/sky views of both knees were obtained. All radiographs 
were read by 2 trained readers who were blinded with regard to 
clinical data and scored according to K/L grade (0 = no OA; 1 = 
doubtful OA; 2 = minimal OA; 3 = moderate OA; 4 = severe OA) 
(20). Radiographs were read independently by both observers, 
who trained together at the beginning of the study to adjust their 
K/L scoring, with a moderate level of interobserver agreement 
(weighted κ = 0.58) and good intraobserver reliability for each 
reader (weighted κ = 0.78 and 0.73). The training was repeated 
periodically during follow- up. CC was defined by the presence, in 
≥1 knee, of calcium deposits within hyaline cartilage or fibrocarti-
lage seen on knee radiographs (23).

Statistical analysis. Baseline characteristics of patients 
with and those without knee CC were compared by chi- square 
test or Fisher’s exact test for categorical variables and by Stu-
dent’s t- test for quantitative variables in a preliminary analysis. The 
primary outcome measure was the time to total knee replacement 
(TKR). Secondary outcome measures were structural progres-
sion (K/L grade) and clinical worsening (WOMAC subscores) at 
5 years.

With survival analyses, we estimated the association between 
knee CC and 1) the time from inclusion to the first TKR and 2) the 
time from inclusion to the first TJR. Because CPPD is likely a sys-
temic condition (24), we hypothesized that the presence of CC 
in 1 knee might affect outcomes in other joints (i.e., contralateral 
knee or both hips), regardless of the presence or absence of CC 
on radiographs of those distant joints. We also examined the time 
from OA diagnosis to TKR or TJR: Kaplan- Meier survival curves 
were constructed for incidence of joint arthroplasty in the pres-
ence or absence of knee CC and were then compared by log 
rank test.

We calculated hazard ratios (HRs) and 95% confidence 
intervals (95% CIs). Data were censored at the date of last 
 follow- up visit or death. Adjusted regression analysis with a Cox 
proportional hazards model included all tested variables (sex, 
age, body mass index [BMI], WOMAC subscores for pain and 
function, K/L grade, and previous joint replacement surgery [i.e., 
before inclusion]) with P values of <0.2 in the unadjusted model. 
Backward stepwise variable selection was used, with a signif-
icance level of 0.1 for entry in the model and 0.05 for  staying 
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in the model. Since knee CC might also specifically impact the 
prognosis of the affected knee, we assessed at the knee level 
with a generalized estimating equation (GEE) model, which 
accounts for within- patient correlation (25).

We also examined the association between CC and the 
risk of radiographic progression (defined as an increase in K/L 
grade of ≥1 at 5- year follow- up versus baseline in ≥1 joint) and 
between CC and WOMAC pain or function subscore worsen-
ing (defined as an increase of at least the minimum clinically 
relevant change threshold of 17 [on 100- mm scale] for pain 
subscore and 12 [on 100- mm scale] for function subscore [26] 
at 5 years versus baseline). For these analyses, we retained 
only patients without TKR during the 5- year follow- up. We used 
adjusted logistic regression to calculate odds ratios (ORs) and 
95% CIs.

To address potential confounding, we conducted sensi-
tivity analyses by removing variables related to knee OA or CC 
disease severity (K/L grade, VAS pain score, WOMAC pain and 
function subscores) from the Cox regression and GEE models. 
All analyses were performed with SAS version 9.3, and 2- tailed 
P values less than 0.05 were considered significant.

RESULTS

Study sample. Of the 656 patients with symptomatic knee 
OA who were included (mean ± SD age 62.2 ± 8.5 years; 70.3% 
female), 93 (14.2%) had prevalent knee CC at baseline, and of 
these, 50 (53.8%) had bilateral knee CC. Patients with CC were 
older (mean ± SD age 64.3 ± 9.6 years versus 61.9 ± 8.2 years; 
P = 0.009), had longer disease duration (mean ± SD time between 
inclusion and first symptoms 16.4 ± 10.5 years versus 13.0 ± 7.6 
years; P = 0.0002), and had a slightly lower BMI (mean ± SD 29.1 
± 5.3 kg/m2 versus 30.5 ± 6.3 kg/m2; P = 0.047) (Table 1). Patients 
with and those without CC at baseline had similar pain levels and 
function impairment as assessed by VAS pain score and WOMAC 
pain or function subscales, and K/L grades were also similar. The 
presence or absence of CC did not affect the use of local treat-
ments (i.e., glucocorticoids or HA injections) (Table 1).

Knee CC and incident TJR (primary outcome mea­
sure). During the 5- year follow- up, 105 patients (16.0%) and 91 
patients (13.9%) underwent TJR and TKR, respectively. The risk of 
TKR at 5 years was not associated with the presence of knee CC at 

Table 1. Baseline characteristics of OA patients in the study according to the presence or absence 
of knee chondrocalcinosis at baseline*

Total 
(n = 656)

Chondrocalcinosis at baseline

No 
(n = 563)

Yes 
(n = 93)

Age, mean ± SD years 62.2 ± 8.5 61.9 ± 8.2 64.3 ± 9.6†
Female sex 461 (70.3) 397 (70.5) 64 (68.8)
BMI, mean ± SD kg/m2 30.3 ± 6.2 30.5 ± 6.3 29.1 ± 5.3‡
Associated hip osteoarthritis 49 (7.5)
K/L grade

2 288 (43.9) 249 (44.2) 39 (41.9)
3 201 (30.6) 169 (30.0) 32 (34.4)
4 167 (25.5) 145 (25.8) 22 (23.7)

VAS pain score (range 0–100 mm), mean ± SD 38.8 ± 25.4 38.7 ± 25.3 39.0 ± 25.8
WOMAC subscore (range 0–100 mm), mean ± SD

Function subscore 34.2 ± 22.4 33.9 ± 22.1 36.4 ± 24.0
Pain subscore 33.2 ± 19.4 32.8 ± 19.0 35.3 ± 21.5

No. of painful joints§
0 43 (6.6) 37 (6.6) 6 (6.5)
1 163 (24.8) 141 (25.0) 22 (23.7)
≥2 450 (68.6) 385 (68.4) 65 (69.9)

Previous local treatments
Glucocorticoid injection 35 (5.3) 30 (5.3) 5 (5.4)

No. of injections, mean ± SD 1.5 ± 0.8 1.5 ± 0.8 1.6 ± 0.9
Hyaluronic acid injection 76 (11.6) 65 (11.5) 11 (11.8)

No. of injections, mean ± SD 3.2 ± 1.2 3.2 ± 1.1 3.5 ± 1.7
Previous joint replacement surgery 38 (5.8) 33 (5.9) 5 (5.4)

Time from inclusion to first symptoms, mean ± SD years 13.5 ± 8.2 13.0 ± 7.6 16.4 ± 10.5¶
Time from inclusion to OA diagnosis, mean ± SD years 8.2 ± 5.8 8.1 ± 5.7 9.0 ± 6.3
Bilateral chondrocalcinosis – – 50 (53.8)

* Except where indicated otherwise, values are the number (%) of patients. BMI = body mass index;
K/L = Kellgren/Lawrence scale; VAS = visual analog scale; WOMAC = Western Ontario and McMaster 
Universities Osteoarthritis Index; OA = osteoarthritis. 
† P = 0.0092 versus no chondrocalcinosis. 
‡ P = 0.047 versus no chondrocalcinosis. 
§ Among hip and knee joints (0–4). 
¶ P = 0.0002 versus no chondrocalcinosis. 
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baseline (HR 1.26 [95% CI 0.74–2.17]; P = 0.39) (Table 2). Similarly, 
knee CC did not affect the time between OA diagnosis and the 
first TKR (HR 1.01 [95% CI 0.58–1.77]; P = 0.97) (Figure 1). In an 
adjusted analysis, female sex, increased baseline K/L grade, and 
VAS pain score were the only factors associated with increased risk 
of TKR. Finally, analyses performed at the knee level (GEE model) 
suggested that CC may protect against TKR, but the association 
remained nonsignificant (OR 0.41 [95% CI 0.14–1.23]; P = 0.11) 
(Table 3). Similar findings, with the exception of female sex as a 

factor, were obtained for the risk of TJR in this sample (Supplemen-
tary Table 1 and Supplementary Figure 1, on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/

art.41186/ abstract).

Knee CC and OA structural and clinical progression 
(secondary outcome measures). The presence of knee CC 
at baseline was not associated with increased risk of worsened 
K/L grade at 5 years (P = 0.71) (Table 4). In addition, baseline 

Figure 1. Risk of total knee replacement (TKR) according to the presence (Yes) or absence (No) of knee chondrocalcinosis at baseline in 
patients with symptomatic knee osteoarthritis.

Table 2. Factors associated with 5- year risk of TKR: Cox proportional hazards regression model*

TKR during follow- up Unadjusted analysis Adjusted analysis†

No 
(n = 565)

Yes 
(n = 91) HR (95% CI) P  HR (95% CI) P

Age, mean ± SD years‡ 61.9 ± 8.6 64.2 ± 7.4 1.39 (1.07–1.80) 0.01 – –
Female sex 389 (61.9) 72 (79.1) 1.71 (1.03–2.84) 0.04 1.82 (1.07–3.08) 0.03
BMI, mean ± SD kg/m2‡ 30.2 ± 6.3 31.0 ± 5.5 1.26 (0.91–1.73) 0.16 – –
K/L grade <0.0001 – <0.0001

2 276 (48.8) 12 (13.2) 1.00 (referent) 1.00 (referent) –
3 174 (30.8) 27 (29.7) 3.47 (1.76–6.84) 3.58 (1.76–7.27) –
4 115 (20.4) 52 (57.1) 8.98 (4.79–16.83) 8.26 (4.23–16.11) –

VAS pain score (range 0–100 mm), 
mean ± SD‡

36.3 ± 24.8 53.2 ± 23.8 1.29 (1.19–1.41) <0.0001 1.19 (1.09–1.30) <0.0001

WOMAC subscore (range 0–100 mm),  
 mean ± SD‡

Function subscore 32.8 ± 22.3 42.8 ± 21.3 1.21 (1.11–1.32) <0.0001 – –
Pain subscore 31.5 ± 18.9 43.5 ± 18.8 1.35 (1.22–1.50) <0.0001 – –

Knee chondrocalcinosis 77 (13.6) 16 (17.6) 1.26 (0.74–2.17) 0.39 – –
* Except where indicated otherwise, values are the number (%) of patients. TKR = total knee replacement; 95% CI = 95% confidence interval (see 
Table 1 for other definitions). 
† Factors with P values of <0.2 in the unadjusted model were entered into multivariable regression. Backward stepwise variable selection was 
used, with a significance level of 0.1 for entry in the model and 0.05 for staying in the model. 
‡ For quantitative variables, the hazard ratio (HR) was calculated for a 10- point increase of the variable. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41186/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41186/abstract
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knee CC did not increase the risk of clinically relevant  worsening 
of WOMAC function subscores (P = 0.78) or pain subscores 

(P = 0.89) at 5 years.

Sensitivity analyses. When variables related to OA or 
CC disease severity (K/L grade, VAS pain score, WOMAC pain 
and function subscores) were removed from the Cox regression 
model, we found no association between knee CC and the 5- year 
risk of TKR (P = 0.88), K/L grade worsening (P = 0.56), WOMAC 
function subscore worsening (P = 0.31), or WOMAC pain sub-
score worsening (P = 0.20) (Supplementary Table 2, http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41186/ abstract). Additionally, 
knee CC did not affect the 5- year risk of TKR when the same 
variables were removed from the GEE model (HR 0.74 [95% CI 
0.31–1.77]; P = 0.50).

DISCUSSION

CPPD is a common finding in knee OA, but its impact on 
the evolution of OA is poorly understood. Knee CC has been 
associated with synovitis in some cases, and therefore might facil-
itate joint destruction (27). In this population- based observational 
cohort of patients with symptomatic knee OA, we found a knee 

CC prevalence of 14.2% in a population with a mean age of 62 
years, which is consistent with data reported in previous stud-
ies (3,11,12,28). We did not find an association between knee 
CC and the incidence of joint replacement surgery at 5 years. In 
addition, the presence of knee CC did not increase the risk of  
radiographic progression or worsening of WOMAC subscores 
for pain or function. These findings suggest that CPPD does not 
modify knee OA evolution.

In our study, patients with and those without knee CC had 
similar clinical and radiographic disease severity at baseline, 
although the disease duration of those with knee CC was signifi-
cantly longer. This finding was heavily confounded by age, which 
is a major risk factor for CC (29). We also found a cross- sectional 
association between knee CC and reduced BMI, which is con-
sistent with findings from a previous study (30). We have no clear 
explanation for this association, which deserves further research.

The presence of knee CC did not modify the risk of inci-
dent TKR in our cohort of knee OA patients. One previous study 
demonstrated that in patients undergoing TKR for knee OA  
(n = 102), age at the time of the surgery did not differ according 
to the presence or absence of CPPD crystals, and their preop-
erative disease burden was similar (14). Another study with a 
small sample size showed that among patients with knee OA, 
the need for surgery was higher in those with incident knee CC  
(n = 15, with 40% requiring surgery) than those without (n = 44, 
with 27.2% requiring surgery) but the difference was not signif-
icant (P = 0.27) (15). Conversely, a large cross- sectional study 
based on a US veterans database showed that knee arthro-
plasties were more frequent in patients with CPPD than in age- 
matched controls (n = 25,157 per group), even after controlling 
for the presence of OA (adjusted OR 1.64 [95% CI 1.53–1.76]) 
(16). This difference was not observed with hip or shoulder 
arthroplasties. Of note, the population of that study was highly 
specific because patients were mostly male (95%), and the site 
of OA was not specifically addressed. This precludes direct com-
parisons with our study.

CPPD is a systemic disease: knee CC is often associated 
with CC in other joints (24,31) but also with vascular or soft  tissue 
calcification (30), which suggests a predisposition to calcium- 
containing crystal formation. Similarly, OA often affects multiple 

Table 3. Factors associated with 5- year risk of TKR: generalized 
estimating equation model*

OR (95% CI) P
Age† 0.98 (0.94–1.03) 0.60
Female sex 2.06 (0.97–4.41) 0.06
BMI† 0.97 (0.92–1.01) 0.13
K/L grade

2 1.00 (referent)
3 5.01 (1.86–13.47) 0.001
4 14.01 (5.58–35.14) <0.001

VAS pain score† 1.01 (0.99–1.03) 0.12
WOMAC subscore†

Function subscore 0.98 (0.96–1.01) 0.12
Pain subscore 1.04 (1.00–1.07) 0.03

Knee chondrocalcinosis 0.41 (0.14–1.23) 0.11
* TKR = total knee replacement; 95% CI = 95% confidence interval 
(see Table 1 for other definitions). 
† For quantitative variables, the odds ratio (OR) was calculated for a 
10- point increase of the variable. 

Table  4. Association between baseline knee chondrocalcinosis and structural or clinical 
progression of knee OA at 5 years: logistic regression model*

Worsening score at 5 years

Chondrocalcinosis at 
baseline

OR 
(95% CI)No Yes

K/L grade 88/363 (24.2) 76/309 (24.6) 12/54 (22.2) 0.9 (0.4–1.7)
WOMAC function subscore  

(≥12 on 100- mm scale) 
75/388 (19.3) 64/335 (19.1) 11/53 (20.8) 1.1 (0.7–1.4)

WOMAC pain subscore  
(≥17 on 100- mm scale)

68/393 (17.3) 59/339 (17.4) 9/54 (16.7) 0.9 (0.4–2.0)

* Values are the number/total tested (%) of patients. OR = odds ratio; 95% CI = 95% confidence 
interval (see Table 1 for other definitions). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41186/abstract
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joints and can be considered a systemic disease (32). Thus, we 
examined the risk of TJR (knee and/or hip arthroplasty) in patients 
with knee OA and did not observe any difference between those 
with and those without CC. However, the association between hip 
CC and hip OA is uncertain (24,33).

Several studies have shown an association between CPPD 
and radiographic features of OA. Some cross- sectional studies 
have suggested that CPPD was associated with a more severe 
radiographic OA phenotype (9,33). We found the presence of knee 
CC not to be associated with the severity of structural damage as 
assessed by the K/L scoring system at baseline or with worsening 
K/L grades at 5 years. This discrepancy could be explained by 
different definitions of knee CC. The diagnosis of knee CC was 
based on radiography, a standard imaging method that is eas-
ily performed but might be less revealing than ultrasonography 
or synovial fluid analysis, which were not available in our cohort 
(34). Furthermore, only knee and hip radiographs were available in 
the KHOALA cohort. Given the poor sensitivity of radiographs to 
detect hip CC (23), we chose to examine only knee radiographs 
to detect knee CC. Therefore, we might have missed some cases 
because we could not assess the presence of CC at distant joints, 
such as the wrists or symphysis pubis (28).

Previous studies have demonstrated a cross- sectional asso-
ciation between knee CC and knee pain or functional impairment 
(10,11). Those studies investigated older participants (≥65 years) 
regardless of their health status (Progetto Veneto Anziani cohort) 
or patients with or at risk for knee OA regardless of their symptoms 
(Osteoarthritis Initiative [OAI] cohort). Unlike those cohorts, which 
included patients with knee CC without knee OA or with asymp-
tomatic knee OA, the KHOALA cohort included only patients with 
symptomatic OA. This difference might explain the lack of associ-
ation between knee CC and pain or physical function in our study, 
both at baseline and over 5 years of follow- up.

The present study has several limitations. First, only a small 
proportion of patients experienced clinical or radiographic wors-
ening of knee OA, and few underwent arthroplasty. This result is 
consistent with previous findings that show only a small proportion 
of knee OA patients with significant progression over time (35), 
which might affect the statistical power of our study. Second, if 
CC increases the risk of developing knee OA, then studying the 
effect of CC among patients who already have knee OA may intro-
duce collider bias, a particular case of selection bias caused by 
the overlap between risk factors for incidence and for progression 
(36,37). In that case, the null association between CC and OA 
progression observed in our study may be an underestimation. 
This question should be addressed by future research.

The severity of OA was assessed by K/L grade alone and not 
by evaluating osteophytes, which have been found to be associ-
ated with knee CC (3). As discussed above, the use of radiography 
as the modality to detect knee CC might have underestimated its 
prevalence (34). The absence of double reading of radiographs is 
also a limitation of the present study. In the same way, radiography 

might not be the best imaging method to address OA structural 
progression. For instance, MRI is widely used to more precisely 
examine cartilage loss over time in OA (38). In the OAI cohort, 
a cross- sectional association between MRI- detected calcium- 
containing crystals and greater cartilage defects was reported 
(39). However, data from longitudinal studies conversely showed 
knee CC not to be associated with cartilage loss over time (12), 
which is consistent with our findings. This representative real- life 
observational cohort was assessed using simple and standard 
tools close to what is typically done in routine care for patients 
with OA. This represents a strength of the KHOALA study, but we 
acknowledge that further studies are warranted to better under-
stand the relationship between calcium- containing crystals and 
OA. For instance, current routine imaging procedures are unable 
to discriminate between CPPD and BCP crystals, and their role in 
cartilage damage in OA might significantly differ (1). Finally, the role 
of calcium- containing crystals in other joints is unknown.

In conclusion, we confirmed that knee CC is common in 
patients with symptomatic knee OA, associated with both age 
and disease duration but not disease severity at baseline. The risk 
of arthroplasty at 5 years was similar for patients with knee OA 
and CC and those with OA alone, and the progression pattern 
was similar in terms of pain, function, and radiographic severity. 
Overall, these findings suggest that knee CC is not a relevant 
prognostic factor in symptomatic knee OA.
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Effect of Therapy on Radiographic Progression in Axial 
Spondyloarthritis: A Systematic Review and Meta- Analysis
Paras Karmacharya,1  Ali Duarte-Garcia,1  Maureen Dubreuil,2  M. Hassan Murad,1 Ravi Shahukhal,3 
Pragya Shrestha,1 Elena Myasoedova,1  Cynthia S. Crowson,1  Kerry Wright,1 and John M. Davis III1

Objective. To investigate the effect of therapies on radiographic progression in patients with axial spondyloarthritis (SpA).
Methods. A comprehensive database search for studies assessing radiographic progression in axial SpA (par-

ticular treatment versus no treatment of interest) was performed. Study- specific standardized mean differences in 
treatment outcomes at 2 and ≥4 years were estimated and combined using random- effects models.

Results. Twenty- four studies in patients with axial SpA were identified, of which 18 involved tumor necrosis factor in-
hibitors (TNFi), 8 involved nonsteroidal antiinflammatory drugs (NSAIDs), and 1 involved secukinumab. Spinal radiographic 
progression, as measured by the modified Stoke Ankylosing Spondylitis Spine Score (mSASSS), was not significantly 
different between TNFi- treated and biologics- naive patients at 2 years (mSASSS difference −0.73 [95% confidence inter-
val (95% CI) −1.52, 0.12], I2 = 28%) and ≥4 years (mSASSS difference −2.03 [95% CI −4.63, 0.72], I2 = 63%). Sensitivity 
analyses restricted to studies with a low risk of bias showed a significant difference in spinal radiographic progression 
between TNFi- treated and biologics- naive patients at ≥4 years (mSASSS difference −2.17 [95% CI −4.19, −0.15]). No sig-
nificant difference in spinal radiographic progression was observed between NSAID- treated and control patients (mSASSS 
difference −0.30 [95% CI −2.62, 1.31], I2 = 71%) or between secukinumab- treated and biologics- naive patients (mSASSS 
difference −0.34 [95% CI −0.85, 0.17]). With regard to treatment differences in patients with nonradiographic axial SpA or 
in patients with radiographic progression measured using the sacroiliac joint score, an insufficient number of studies were 
available for analysis.

Conclusion. Although no significant protective effect of TNFi treatment on spinal radiographic progression was 
seen over the course of 2 years or ≥4 years in patients with axial SpA, our analysis restricted to studies with a low risk 
of bias showed a protective effect of TNFi after ≥4 years. Therefore, long- term TNFi exposure might confer beneficial 
effects on spinal radiographic progression in axial SpA. No difference in radiographic progression at 2 years was seen 
in either the NSAID or secukinumab treatment groups compared to their controls. Future studies should explore the 
effects of biologic treatment on radiographic progression, as well as the effects of long- term biologics exposure, in 
patients with early axial SpA or those with nonradiographic axial SpA.

INTRODUCTION

Treatment goals for axial spondyloarthritis (SpA), including 
ankylosing spondylitis (AS) and nonradiographic axial SpA, are 

to achieve control of spinal and peripheral symptoms as well as 
to prevent radiographic damage (1). Radiographic progression of 
spinal disease takes place in 20–45% of patients with AS after 
2 years of follow-up, and progression is expected to continue in 
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successive years, leading to complete fusion of the spine (“bam-
boo spine”) in up to 40% of patients (2,3). The progression rate 
is slower in patients with nonradiographic axial SpA, with a pro-
gression rate of ~7% observed in this subset of patients within 2 
years (3).

Conventional radiography is the gold standard for assess-
ment of radiographic progression (4), although magnetic res-
onance imaging can detect active inflammation before the 
appearance of changes associated with chronic spinal damage 
on radiographs (5). The Assessment of SpondyloArthritis interna-
tional Society and Outcome Measures in Rheumatology Working 
Groups recommend use of the modified Stoke AS Spine Score 
(mSASSS) for quantitative assessment of axial damage (6,7). The 
scores on the mSASSS range from 0 to 72, signifying the extent 
of structural changes as detected on lateral radiographs of the 
cervical and lumbar spine (8). This scoring system has the high-
est reliability and strongest validation when compared to the Bath 
AS Radiology Index (BASRI) of the spine and sacroiliac (SI) joint 
radiographic progression scores (6,7,9). The minimum interval for 
assessing significant radiographic change is 2 years (10,11), and 
a change of 2 mSASSS units in 2 years or at least 1 new syndes-
mophyte formation in 2 years is considered to be radiographic 
progression (2,12).

Although radiographic progression is an important predictor 
of poor functional outcomes in axial SpA (13,14), treatment at 
present is largely targeted to symptoms. If any therapy is shown 
to slow the natural progression of the disease, it might support 
the early introduction of therapy with a treat- to- target strategy, 
similar to what has been implemented in patients with rheumatoid 
arthritis. The current guidelines recommend against this, however, 
because supporting evidence is lacking (1).

Considering the clinical implications of radiographic progres-
sion of spinal disease and the conflicting study results, we aimed 
to perform a systematic review and meta- analysis of the effect 
of different therapies on radiographic progression in patients with 
axial SpA.

METHODS

Search strategy and study selection. A comprehen-
sive search of several databases from inception to January 16, 
2019 was conducted. The databases included Ovid Medline In- 
Process & Other Non- Indexed Citations, Ovid MEDLINE, Ovid 
EMBASE, Ovid Cochrane Central Register of Controlled Trials, 
Ovid Cochrane Database of Systematic Reviews, and Scopus. 
American College of Rheumatology and European League Against 
Rheumatism abstracts indexed in MEDLINE were included as well. 
The search strategy was designed and conducted by a medical 
reference librarian with input from the principal investigator (see 
details on the search strategy in Supplementary File 1, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41206/ abstract).

We included all original reports in which specific inclusion 
criteria were met, including the following requirements: 1) eligible 
participants were adult patients (age ≥18 years) with axial SpA, 
including AS and nonradiographic axial SpA; 2) participants were 
assessed for radiographic progression of axial disease (outcome) 
using a quantitative scoring method (mean mSASSS score, num-
ber of syndesmophytes, SI joint radiographic progression score, 
or any other scoring method); 3) radiographic scores from each 
patient were reported with respect to a particular therapy, and 
were compared to those from a placebo group or a group without 
the therapy of interest; and 4) the duration of follow- up was at 
least 1 year. While cohort and case–control studies were included, 
cross- sectional studies, case series, case reports, and studies in 
animals were excluded. The effect of combination therapy was 
beyond the scope of this study.

The Preferred Reporting Items for Systematic Reviews and 
Meta- Analyses (PRISMA) statement for reporting systematic 
reviews (15) was followed (Figure  1). Two authors (PK and AD) 
screened abstracts for eligibility, retrieved full texts, and excluded 
irrelevant articles. The interrater agreement was very good (κ = 
0.91, 95% confidence interval [95% CI] 0.81, 0.99). Disagreements 
between raters were resolved by discussion about eligibility. Bibliog-
raphies belonging to included studies, reviews, and relevant articles 
were screened for additional studies. No language restrictions were 
made. Language translation was done by translators (AD and EM) 
who were proficient both in the particular language and in English.

Data extraction/handling methods. Relevant data were  
extracted by one of the authors (PK) and then checked by a sec-
ond author (RS). Data from available full texts were considered in 
preference to conference abstracts, unless the abstracts contained 
updated results. Where a matched data analysis was provided (for 
example, in studies with comparison to a historical control cohort), 
this was extracted with preference to data on all participants. 
Data on radiographic progression were collected at 2 years and 
≥4 years of follow- up. Authors were contacted for additional data 
where necessary.

Outcome measures. The main outcome measure was the 
difference in mSASSS scores between the treatment groups of 
patients with AS at 2 years and at ≥4 years. Other radiographic 
scores were used as secondary outcome measures, including 
the mSASSS score in patients with nonradiographic axial SpA, 
change in the number of syndesmophytes, BASRI spine score, 
computed tomography (CT) score of the facet joints, and SI joint 
radiographic progression score in patients with AS and/or nonra-
diographic axial SpA. We did not pool the mSASSS scores with 
the SI joint radiographic progression scores or with other scores 
in our analysis, as pooling different scoring systems has not been 
validated. For example, the SI joint score is semiquantitative, and 
has a relatively poor correlation with functional status (16) and with 
interreader reliability (17).

http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
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The effect size was calculated as the standard mean differ-
ence (SMD) of the change in radiographic score from baseline 
between the treatment and control groups.

The SMD was estimated as follows: SMD = (radiographic 
scoreT,baseline − radiographic scoreT,follow-up) – (radiographic scoreC,baseline −  
radiographic scoreC,follow-up) divided by SDpooled, where SDpooled is the 
pooled standard difference (SD) values for radiographic change in 
the treatment (T) and control (C) groups both at baseline and at 
follow- up.

Statistical analysis. All outcome comparisons and treat-
ment effects were calculated using RevMan, version 5.3. Binary 
measures were converted to the SMD ± SE (18). Study- specific 
SMDs were estimated and combined using the random- effects 
model described by DerSimonian and Laird (19). Rescaling to 
original units (e.g., mSASSS and number of syndesmophytes) 

was done by multiplying the SMD by the SD to allow better clin-
ical interpretation. The SD was obtained from the average of the 
pooled SD values for change in radiographic scores (in the treat-
ment and control groups) from several trials reporting the original 
scale (20).

Radiographic outcomes in AS and nonradiographic axial SpA 
were reported separately and not pooled. To maintain indepen-
dence, only 2 of the 4 studies with the Outcome Assessment in 
Ankylosing Spondylitis (OASIS) cohort as the control group (with 
the largest number of patients) were included in 2 separate forest 
plots (1 study with 2 years of follow- up [21] and 1 study with ≥4 
years of follow- up [22]).

Sensitivity analyses were carried out with other studies (23,24), 
one at a time. Similarly, 2 studies from the Prospective Study 
Of  AS  (PSOAS)  cohort were included only in separate analyses 
(25,26). Data from the study by Gensler et al (26) were used in pref-

Figure  1. Flow chart describing the systematic search and study selection process. TNFi = tumor necrosis factor inhibitors; NSAIDs = 
nonsteroidal antiinflammatory drugs.

Records identified through database 
searching from 

Ovid MEDLINE(R), Ovid EMBASE, Ovid 
Cochrane Central Register of Controlled 

Trials, Ovid Cochrane Database of 
Systematic Reviews, and Scopus

(n =540)

Records screened 
(n =524)

Full-text articles assessed 
for eligibility 

(n =133)

Full-text articles excluded (n=109):
Abstract duplicate- 58
No comparator- 28
Wrong comparator- 12
No medication listed- 4
Duration < 1 year- 2
Protocol only- 1
Relevant data not provided- 1
Subgroup study- 1
Wrong outcomes- 1
Wrong study design- 1Studies meeting inclusion criteria 

(n = 24; TNFi=18, NSAIDs=8, 
secukinumab=1)

Records excluded based on 
title/abstract 

(n =391)

Records after duplicates removed 
(n = 524)
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Studies included in quantitative 
synthesis (meta-analysis)
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Same historical comparison 
cohort- 2
Older publication from same 
cohort- 1
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erence to older data from the PSOAS cohort in which change in the 
mSASSS was defined as an mSASSS of ≥1 unit/year, and variable 
follow- up periods of 1.5–9 years were used (27). Sample mean ± 
SD values were calculated based on the sample size, and median 
values (with range and/or interquartile range) were also reported (28).

Assessment of risk of bias, certainty in the evidence, 
and heterogeneity. Studies were independently evaluated by 
2 of the authors (PK and RS) for risk of bias (29). The Newcastle- 
Ottawa scale (30) was used for cohort studies, and the revised 
Cochrane risk- of- bias tool (RoB 2.0) was used for randomized 
trials (31) (see details in Supplementary File 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41206/ abstract). The certainty in the evi-
dence was evaluated using the Grading of Recommendations, 
Assessment, Development and Evaluation (GRADE) method (32). 
Publication bias was assessed visually using funnel plots (see 
Supplementary File 3, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41206/ 
abstract). Between- study heterogeneity was assessed using I2 
statistics (i.e., I2 of <30% = low heterogeneity, 30–60% = moder-
ate heterogeneity, and >60% = high heterogeneity) (33).

RESULTS

Characteristics of the included studies. Of the 524 
studies screened, 24 of them (23 in English, 1 in Russian) fulfilled 
our inclusion criteria: 18 involving treatment with tumor necrosis 
factor inhibitors (TNFi) (n = 4,874 patients), 8 involving nonsteroi-
dal antiinflammatory drugs (NSAIDs) (n = 2,321 patients), and 1 
involving secukinumab (n = 237 patients). Among these studies, 3 
contained data for both NSAIDs and TNFi (25,26,34). The included 
studies were mostly cohort studies and open- label extensions of 
randomized controlled trials (RCTs). Three of the TNFi studies 
were excluded from the meta- analysis. One RCT for TNFi (35) 
and 2 RCTs for NSAIDs (36,37) were noted (Table 1). Most studies 
were judged to have a low risk of bias, except for 2 observa-
tional studies (38,39) and 2 RCTs (36,37) (see Supplementary File 
2 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41206/ abstract]). 
One study on NSAIDs (40) was excluded, because no quantita-
tive data were available and phenylbutazone (which is no longer 

approved for human use in the US) was studied.
Among the TNFi studies, there were 17 studies in patients with 

AS and 1 in patients with nonradiographic axial SpA (41). Six stud-
ies used a historical cohort as a comparator, including 4 studies 
using the OASIS cohort (comprising subjects not receiving TNFi) 
(21,32–34), 1 study using the German Spondyloarthritis Incep-
tion Cohort  (GESPIC) (42), and 1 study using the Herne cohort 
(43). Two studies used contemporary cohorts (comprising subjects 
not receiving TNFi) as comparators (41,44). Control groups were 
subjects receiving continuous NSAIDs (38), subjects receiving any 
NSAIDs (44), or subjects receiving standard of care with no TNFi. 

The only RCT for TNFi used a placebo group as the control. These 
control subjects were followed up until 24 weeks, after which they 
crossed over to receive golimumab 50 mg (same as the interven-
tion arm) through 100 weeks (35). The type of TNFi used was varia-
ble: 3 studies used infliximab (22,24,42), 2 studies used etanercept 
(23,41), 1 study used adalimumab (21), 1 study used golimumab 
(35), and 2 studies used etanercept, infliximab, and adalimumab 
(45,46), while in the remainder of the 7 studies, type of TNFi was 
not specified. Only 1 of the studies compared 2 doses of TNFi 
(golimumab), and none of the other studies compared the TNFi 
dose response in relation to radiographic progression (35).

The maximum duration of follow- up was 2 years in 7 of the TNFi 
studies (21,33–35,39–41) and ≥4 years in 9 studies (23,29,32,36–
38,43–45), while 1 study had a median follow- up of 3 years (>2 
years up to >10 years) (25). The mean duration of disease was >5 
years in most of the TNFi studies, except for 3 of them (41,44,47). 
The baseline mSASSS varied between studies and also within 
study groups, ranging from 4 to 18.87 (median 13.20) in the TNFi 
group and from 3.70 to 19 (median 14.20) in the control group.

Among the 8 NSAID studies, 6 studies included only 
patients with AS (25,34,36,37,49,50), 1 study evaluated patients 
with early axial SpA (39), and 1 study included both patients with 
AS and patients with nonra diographic axial SpA (48). Six stud-
ies used scores based on the mSASSS (26,34,36,37,39,48), 1 
study used BASRI spine scores (49), and 1 study used the base-
line SI joint score (25).

The maximum duration of follow- up was 2 years in 4 of the 
NSAID studies (36,37,39,48), and >2 years in the remaining 4 
studies (25,26,34,49). Among patients with AS, the baseline 
mSASSS ranged from 6.60 to 14.20 (median 7.90) in the NSAID 
group, and from 5.70 to 14.20 (median 11.65) in the control 
group. In 1 of the studies in patients with nonradiographic axial 
SpA, the mean ± SD baseline mSASSS was 1.60 ± 4, compared 
to 2.60 ± 4.80 in the control group (48).

The only included study evaluating secukinumab (an 
abstract) was a retrospective analysis of an RCT, comparing 
2- year data to the historical biologics- naive cohort from the 
Effects of NSAIDs on Radiographic Damage in AS (ENRADAS) 
study (50). The mSASSS was comparable between the 2 groups, 
with a mean ± SD mSASSS of 9.55 ± 14.14 in the secukinumab 
group and 9.95 ± 13.76 in the control group. The full report 
was published beyond the inclusion period for our review; nev-
ertheless, data from the abstract were verified against the final 
published version (June 2019) (51). The original trial and 4- year 
data were not included in our study, because although 2 different 
doses of secukinumab were compared, the study did not have 
an NSAID or placebo arm (52,53).

Radiographic outcomes. TNFi. In the assessment of spinal 
radiographic progression following treatment with TNFi in patients 
with AS, most studies used the mSASSS as the measure of radi-
ographic progression (15 studies), whereas 1 study reported CT 

http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
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scores of the facet joints in the total spine (47) (Table 2). No studies 
on spinal radiographic progression with TNFi treatment were found 
in patients with nonradiographic axial SpA. Five studies also meas-

ured change in the number of syndesmophytes (34,38,43,45,46).
Spinal radiographic progression was not significantly differ-

ent between the TNFi- treated and biologics- naive populations at 2 
years (mSASSS difference −0.73 [95% CI −1.52, 0.12], I2 = 28%) 
and at ≥4 years (mSASSS difference −2.03 [95% CI −4.63, 0.72],  

I2 = 63%) (Figures 2A and B). However, a sensitivity analysis restri-
cted  to 6 studies with a low risk of bias (excluding 1 study [38]) 
showed a significant difference in spinal radiographic progression  
at ≥4 years in the TNFi- treated patients compared to biologics- naive 
patients (mSASSS difference −2.17 [95% CI −4.19, −0.15], I2 = 
49%) (Figure 2C). Certainty with regard to this finding, as determined 
using the GRADE approach, was low (see Supplementary File 2  
[http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract]).

Figure 2. Forest plots of radiographic progression at the spine in patients with ankylosing spondylitis treated with tumor necrosis factor 
inhibitors (TNFi), measured at 2 years (A) and at ≥4 years of follow- up (B) with the modified Stoke Ankylosing Spondylitis Spine Score (mSASSS) 
and the computed tomography (CT) score of the facet joints. In sensitivity analyses, data on radiographic progression were obtained only from 
studies with a low risk of bias (C). Std. = standard; IV = inverse variance method (in RevMan); 95% CI = 95% confidence interval. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
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As explained above, conversion of all measures to the 
mSASSS was done by multiplying the SMD by the average 
pooled SD, yielding mSASSS radiographic progression scores 
of 6.06 at 2 years (21,26,35,42,45,46) and 14.47 at 4 years 
(22,26,35,38,43,55). Only 1 of the studies used change in CT 
score of the facet joints as the measure of radiographic progres-
sion, which waboveificantly different between the TNFi- treated 
and biologics- naive groups (CT score difference −0.16 [95% CI 
−27.91, 27.59]) (47).

The largest study in which the OASIS cohort was used 
as the control group (21) was included in the primary analysis 
(1 study with 2 years and 1 study with ≥4 years of follow- up). 
Sensitivity analyses performed with other studies that used the 
OASIS cohort as the control, carried out one at a time, did 
not show any difference between the treatment and control 
groups.

Subgroup analyses performed to assess heterogeneity did 
not reveal significant differences between the historical and con-
temporary control groups (P = 0.54). Similarly, there was no differ-
ence in the number of syndesmophytes between the TNFi- treated 
and biologics- naive groups at 2 years of follow- up (SMD −0.04 
[95% CI −0.51, 0.43]; change in number of syndesmophytes 
−0.05 [95% CI −0.59, 0.49], I2 = 69%) or 8 years of follow- up 
(SMD 0.34 [95% CI −0.86, 1.55]; change in number of syndesmo-
phytes 0.78 [95% CI −3.01, 4.57], I2 = 83%). The average pooled 
SD (1.15 at 2 years [45,46] and 2.29 at 8 years [38,43]) from stud-
ies reporting a change in the number of syndesmophytes was 
used for the conversion (46).

Only 2 studies (25,41) showed radiographic changes at the 
SI joint. Minhas et al reported an odds ratio of 0.06 (95% CI 0.004, 
0.99) for the change in the BASRI SI joint score (mea suring radio-
graphic change in the SI joint) in the TNFi- treated group compared 
to the biologics- naive group in the PSOAS cohort (25). Douga-
dos et al reported a change in the total SI joint score of −0.22 
(95% CI −0.38, −0.06) in the TNFi- treated group compared to the 
biologics- naive group of patients with nonradiographic axial SpA 
(P = 0.008) (41). Pooled estimates were not calculated for the 2 
studies, as the study populations were different (AS versus nonra-
diographic axial SpA) (Figures 3A and B).

NSAIDs. Among the 6 studies reporting mSASSS scores at 
2 years following treatment with NSAIDs in patients with AS, no 
significant difference was observed between the NSAID- treated 
and control groups (SMD −0.08 [95% CI −0.32, 0.16]; mSASSS 
difference −0.30 [95% CI −2.62, 1.31], I2 = 71%) (26,34,36,37,48) 
(Figure 4). The average pooled SD value of 8.18 was used for the 
conversion to mSASSS (26,36,37).

Dosing strategies for NSAIDs in both the treatment and control 
arms were different among the studies: comparisons were made 
between continuous and on- demand NSAIDs (36,37), between an 
NSAID index of >50 (high) and an NSAID index of <50 (low) (48), 
and between NSAID use and no NSAID use (26,34). Subgroup 
analyses using these comparisons (continuous versus on- demand 
NSAIDs, NSAID index high versus low, and NSAID use versus no 
NSAID use) showed no differences (each P = 0.79). There was one 
study in which the BASRI spine score was compared between the 
NSAID and control groups, and no difference was found (BASRI 
spine score difference 0.020 [95% CI −0.44, 0.48]) (49). One study 

Figure 3. Forest plots of radiographic progression in patients treated with TNFi, measured as change in the number of syndesmophytes 
in patients with ankylosing spondylitis (A) and as radiographic progression at the sacroiliac joint in patients with nonradiographic axial 
spondyloarthritis (B). See Figure 2 for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.41206/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
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showed NSAID effects in a subgroup of patients with nonradio-
graphic axial SpA, in whom no difference in mSASSS scores 
was observed between the NSAID- treated patients and controls 
(mSASSS difference 0.13 [95% CI −0.39, 0.65]) (48). A sensitivity 
analysis in which an observational study that was judged to have 
a high risk of bias (39) was removed did not change the results.

Two studies assessing NSAIDs (25,39) demonstrated 
changes in radiographic progression based on the BASRI SI joint 
score, and no difference in the SI joint radiographic progression 
score was seen between NSAID- treated and control groups (SMD 
−0.18 [95% CI −0.65, 0.29]; SI joint score difference −0.40 [95% 
CI −1.44, 0.64], I2 = 0%). The pooled SD of 2.21 was used for the 
conversion to mSASSS (39).

Secukinumab. The only included study in which secukinum-
ab was evaluated did not show a significant difference in radio-
graphic progression compared to controls over 2 years (mean 
mSASSS difference −0.34 [95% CI −0.85, 0.17]) (50).

DISCUSSION

This systematic review and meta- analysis showed that TNFi 
may slow radiographic progression at the spine in patients with 
AS at ≥4 years of follow- up (when only studies judged to have 
a low risk of bias were included) but not at 2 years. Results of a 
recent study suggested that progression might be less beyond 2 
years (54), and a nonlinear, continued benefit with TNFi has been 
observed beyond 4 years (26,56). These studies adjusted for 
important confounders (e.g., smoking status, NSAID use, baseline 
mSASSS, and disease/symptom duration), which might account 
for the difference in results. Our study showed a larger difference 
in the mSASSS between the TNFi- treated and biologics- naive 
groups at ≥4 years, suggesting that there is a continued benefit 
with long- term use of TNFi. The difference in radiographic pro-
gression at the SI joint in patients with AS and patients with nonra-
diographic axial SpA was not significant in each of the 2 included 

Figure 4. Forest plots of radiographic progression in patients treated with nonsteroidal antiinflammatory drugs (NSAIDs). Comparisons were 
made between continuous and on- demand NSAIDs, between an NSAID index of >50 (high index [HI]) and an NSAID index of <50 (low index 
[LI]), and between NSAID use and no NSAID use. In patients with ankylosing spondylitis (AS), radiographic progression at the spine was 
determined at 2 years (measured with the mSASSS) (A) and at 3 years (measured with the Bath AS Radiology Index for the spine) (B). In patients 
with early axial spondyloarthritis, radiographic progression was measured at the sacroiliac joint (C). See Figure 2 for other definitions. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41206/abstract
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studies (Figure 3). The semiquantitative nature of the SI joint score, 
with interreader variability, makes the study of radiographic pro-
gression at the SI joint challenging.

In contrast, treatment with NSAIDs did not show any signifi-
cant inhibition of radiographic progression at the spine in patients 
with AS at 2 years or at the SI joint at >2 years. A potentially 
clinically significant effect might be observed over long- term fol-
low- up, and therefore long- term studies are needed. Furthermore, 
differential effects of NSAIDs have been noted, and are believed to 
be related to the degree of cyclooxygenase 2 (COX- 2) selectivity. 
Wanders et al showed that patients with AS receiving continuous 
celecoxib had lower radiographic progression in comparison to 
those receiving on- demand treatment over 2 years, although the 
cumulative dose was not much different between the groups (37). 
Moreover, the study was not blinded, which may have resulted in 
differential use of cointerventions, such as exercise or smoking 
cessation. In a post hoc analysis of this trial, those with elevated 
levels of acute- phase reactants seemed to achieve the greatest 
benefit from treatment with continuous celecoxib compared to 
those who received on- demand NSAIDs (57). It is postulated that 
elevated levels of prostaglandin E2 will lead to increased osteo-
blastic activity, and therefore inhibition of prostaglandin (especially 
prostaglandin E2) synthesis by COX- 2 inhibitors might inhibit new 
bone formation (58,59). However, a subsequent, nonblinded RCT 
(ENRADAS trial) that evaluated diclofenac failed to confirm these 
findings (36). It is unclear whether the differential effect on bone 
formation with selective COX- 2 inhibitors (as used in Wanders 
et al), as opposed to that with nonselective NSAIDs (as used in the 
ENRADAS trial), led to the difference in results. At present, there is 
insufficient evidence to confirm the effect of NSAIDs (selective or 
nonselective) on radiographic progression alone or in combination 
with TNFi. The long- term risk of different NSAIDs in this population 
should be studied further, in terms of cardiovascular and gastroin-
testinal safety, to justify the risk–benefit profile.

The only study in which secukinumab was used did not show 
a significant difference in radiographic progression at 2 years (50). 
More studies are required to better understand the long- term 
effects of secukinumab and its effects in early disease. Phase III 
data from the secukinumab trial have shown no increase in spinal 
radiographic damage in 80% of patients with AS at 2 and 4 years 
(52,53), but these data need to be interpreted with caution in the 
absence of a control group.

A paucity of data on the effect of treatment on radiographic 
progression in patients with nonradiographic axial SpA was noted. 
A subgroup of patients with nonradiographic axial SpA from the 
GESPIC cohort showed no difference in spinal radiographic pro-
gression, as measured by the mSASSS, between the high and 
low NSAIDs use groups at 2 years (48). Only 1 study exploring 
the effects of TNFi on SI joint radiographic progression (from the 
Evaluation of Change in Structural Radiographic SI Joint Damage 
after 2 years of Etanercept Therapy [EMBARK] trial) was included 
in our study, which did not show any significant difference (41). A 

study by Almirall et al and the Certolizumab Pegol in Subjects with 
Active Axial SpA (RAPID- axSpA) study were not included in our 
meta- analysis, as all patients in these studies were treated with 
TNFi with no comparator arm (54,60). These studies showed no 
radiographic progression at the spine/SI joint at 2 years or at the 
SI joint at 4 years. However, the data are difficult to interpret in the 
absence of a controlled comparison. No data on secukinumab or 
on biologic agents with other modes of action were found.

Although our study showed a significant effect of TNFi on 
long- term radiographic progression (in sensitivity analyses), none 
of the included studies provided a prospective, long- term con-
trolled comparison. Most included studies were judged to have 
a low risk of bias; however, a predominance of observational and 
open- label extensions of RCTs limited the overall level of evidence. 
Most analyses in our study showed low- to- moderate heterogene-
ity, and a few (studies with NSAIDs) showed high heterogeneity. 
There were methodologic differences between the studies, and 
various subgroup and sensitivity analyses, e.g., historical versus 
contemporary controls were performed, and various dose levels 
of NSAIDs were studied. These may explain some of the hetero-
geneity in the data, but not all.

Definitively answering the question as to which treatments 
have the optimal beneficial effects on radiographic progression 
in axial SpA will require a concerted effort. Long- term, controlled 
trials of axial SpA therapies are costly, and therefore alternative 
strategies will be necessary to learn which therapies are best in 
preventing radiographic progression. Well- designed RCTs with 
head- to- head comparisons will be required to establish the com-
parative efficacy of biologic therapies, either alone or in com-
bination with NSAIDs, in slowing radiographic progression. A 
head- to- head study of secukinumab with TNFi is planned (61), 
which will hopefully give us more information regarding their com-
parative efficacy. There is an ongoing RCT in which radiographic 
progression at 2 years is being compared between treatment with 
TNFi alone and the combination of TNFi and NSAIDs, based on 
promising data from observational studies supporting the combi-
nation approach (26). There is also increasing evidence to suggest 
that TNFi in patients with early AS (<10 years’ disease duration) is 
associated with a higher benefit.

Observational studies by Haroon et al (27) and Park et al (44) 
have both suggested the importance of early initiation of TNFi 
therapy for controlling radiographic progression. Data from obser-
vational studies will be limited because of the expense of serial 
imaging tests. Using observational data to assess radiographic 
progression will likely require funding specifically to obtain serial 
imaging at standardized intervals among patients who are treated 
with TNFi or interleukin- 17 inhibitors alone or in combination with 
NSAIDs.

Moreover, risk stratification to identify those at high risk of 
progression is important, given that not all patients with axial SpA 
experience spinal disease progression. Risk factors for radio-
graphic progression of axial SpA, as noted in multiple studies, 
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are male sex, HLA–B27 positivity, baseline radiographic changes, 
long duration of disease and symptoms, high C- reactive protein 
levels, high disease activity, and smoking status (62), and, more 
recently, alcohol has been implicated (63). Close monitoring and 
early therapy with a treat- to- target strategy might have a greater 
impact on slowing structural damage in this high- risk group.

Furthermore, we need more sensitive and reliable mea-
sures to document radiographic progression. While most stud-
ies used the mSASSS, which is the most validated measure for 
radiographic progression in AS, it is based on plain radiographs 
with limited sensitivity to change. The mSASSS does not include 
assessment of changes at the thoracic spine or posterior elements 
(facet joints), and cannot assess early damage (64,65). Interreader 
reliability in the assessment of change in the mSASSS is also of 
concern, with most studies showing poor- to- moderate reliability 
(21,24,51). Although plain radiography is cheap and fast and has 
been backed up by years of experience with reading, it might not 
be the best measure for assessment due to the slow nature of 
radiographic progression in AS. Newer measures, such as those 
based on quantitative low- dose CT scanning, may provide higher 
sensitivity in detecting small changes in syndesmophyte size/vol-
ume (66,67). Low- dose CT has also been shown to have a good 
correlation with various measures of patient function, such as the 
Schober’s test and lateral thoracolumbar flexion (68). Comparison 
of radiographic measurement (the mSASSS) with these newer 
modalities will provide guidance as to whether CT is an accept-
able outcome measure in clinical trials.

In conclusion, although no significant protective effect of 
TNFi treatment on radiographic progression of AS at the spine at 
2 years and 4 years was found in our study, analyses restricted to 
studies with a low risk of bias showed a protective effect of TNFi 
at ≥4 years. Therefore, long- term TNFi exposure might have bene-
ficial effects on radiographic progression. No difference was seen 
with NSAIDs or with secukinumab (only 1 study) at 2 years, but 
long- term data were not available. Further studies should explore 
the effect of NSAIDs and biologics alone and in combination in 
patients with early axial SpA; their use in the group with high risk 
of progression should be evaluated with a follow- up of >4 years 
to see whether the effects are more pronounced over time. Newer 
measures with higher sensitivity to detect structural changes, such 
as those based on quantitative low- dose CT, should be compared 
to mSASSS for use in clinical trials.
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Negative Regulation of Osteoclast Commitment by 
Intracellular Protein Phosphatase Magnesium- Dependent 
1A
Oh Chan Kwon,1 Bongkun Choi,2 Eun-Jin Lee,2 Ji-Eun Park,2 Eun-Ju Lee,2 Eun-Young Kim,2 Sang-Min Kim,2  
Min-Kyung Shin,2 Tae-Hwan Kim,3  Seokchan Hong,2 Chang-Keun Lee,2 Bin Yoo,2 William H. Robinson,4 
Yong-Gil Kim,2  and Eun-Ju Chang2

Objective. Increased protein phosphatase magnesium- dependent 1A (PPM1A) levels in patients with ankylosing 
spondylitis regulate osteoblast differentiation in bony ankylosis; however, the potential mechanisms that regulate 
osteoclast differentiation in relation to abnormal bone formation remain unclear. This study was undertaken to inves-
tigate the relationship of PPM1A to osteoclast differentiation by generating conditional gene- knockout (PPM1Afl/fl; 
LysM- Cre) mice and evaluating their bone phenotype.

Methods. The bone phenotypes of LysM- Cre mice (n = 6) and PPM1Afl/fl;LysM- Cre mice (n = 6) were assessed 
by micro–computed tomography. Osteoclast differentiation was induced by culturing bone marrow–derived macro-
phages in the presence of RANKL and macrophage colony- stimulating factor (M- CSF), and was evaluated by count-
ing tartrate- resistant acid phosphatase–positive multinucleated cells. Levels of messenger RNA for PPM1A, RANK, 
and osteoclast- specific genes were examined by real- time quantitative polymerase chain reaction, and protein levels 
were determined by Western blotting. Surface RANK expression was analyzed by fluorescence flow cytometry.

Results. The PPM1Afl/fl;LysM- Cre mice displayed reduced bone mass (P < 0.001) and increased osteoclast differ-
entiation (P < 0.001) and osteoclast- specific gene expression (P < 0.05) compared with their LysM- Cre littermates. 
Mechanistically, reduced PPM1A function in osteoclast precursors in PPM1Afl/fl;LysM- Cre mice induced osteoclast 
lineage commitment by up- regulating RANK expression (P < 0.01) via p38 MAPK activation in response to M- CSF. 
PPM1A expression in macrophages was decreased by Toll- like receptor 4 activation (P < 0.05). The Ankylosing 
Spondylitis Disease Activity Score was negatively correlated with the expression of PPM1A in peripheral blood 
 mononuclear cells from patients with axial spondyloarthritis (SpA) (γ = −0.7072, P < 0.0001).

Conclusion. The loss of PPM1A function in osteoclast precursors driven by inflammatory signals contributes 
to osteoclast lineage commitment and differentiation by elevating RANK expression, reflecting a potential role of 
PPM1A in dynamic bone metabolism in axial SpA.

INTRODUCTION

Axial spondyloarthritis (SpA) is a chronic inflammatory disor-
der that primarily affects the axial skeleton, including the spine and 
sacroiliac joints (1). The characteristic features of axial SpA include 
new bone formation by the osteoproliferation of  osteoblasts, which 

can eventually lead to bony ankylosis (1). Blocking the differentia-
tion and activation of osteoblasts prevented radiographic progres-
sion in a mouse model of ankylosing spondylitis (AS) (2), which 
illustrates that osteoblasts represent an important component of 
bony ankylosis in AS. In addition, recent studies have focused on 
the divergent ability of osteoclast precursors to differentiate into 
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osteoclasts during osteoclast commitment and accordingly influ-
ence bone- resorbing capacity in AS (3,4). Given that the bone 
remodeling process is coordinated by bone- resorbing osteoclasts 
and bone- forming osteoblasts (5), the pathophysiologic mecha-
nisms underlying osteoproliferation in AS must be considered in 
terms of the coupling activities of osteoblasts and osteoclasts 
(2,3,6–8).

Bone- resorbing osteoclasts are derived from monocyte/
macrophage precursors of the hematopoietic progenitor line-
age. Proliferating macrophages serve as osteoclast precursors, 
which undergo further differentiation into osteoclasts (9). Two fac-
tors, namely macrophage colony- stimulating factor (M- CSF) and 
RANKL, are critical for osteoclast lineage commitment and differ-
entiation (10–12). In the earlier stages of osteoclast differentiation, 
M- CSF binds to its receptor c- Fms on proliferating monocyte/
macrophage precursors, thereby playing a key role in osteoclast 
lineage commitment prior to osteoclast differentiation (13) by acti-
vating transcription factors such as microphthalmia- associated 
transcription factor and PU.1 (14). Importantly, M- CSF can 
induce the expression of RANK, a receptor for RANKL, through 
MAPKs, including p38, JNK, and ERK (15,16). This induction of 
RANK typifies osteoclast lineage commitment. Following RANKL 
stimulation, the binding of TRAF6 to RANK results in the activa-
tion of MAPKs (17,18) and osteoclast- specific transcription fac-
tors, such as NFATc1 and NF- κB, to induce osteoclast- specific 
genes (10,19–21), leading to osteoclast differentiation (9,22). 
Therefore, in inflammatory conditions, the lineage commitment of 
macrophages is closely related to osteoclast activity, resulting in 
pathologic processes in bone remodeling in many diseases, such 
as osteoporosis, rheumatoid arthritis (RA), and AS (3,4,23).

Protein phosphatase magnesium- dependent 1A (PPM1A) 
is a member of the protein phosphatase 2C family of serine/
threonine phosphatases (24). The expression of this protein is 
increased in cells or tissues under certain circumstances (25,26). 
We previously demonstrated that PPM1A levels are increased in 
the synovial tissue of patients with AS and that its up- regulation 
enhances osteoblast differentiation (25). Further, PPM1A expres-
sion is increased in macrophages during Mycobacterium tubercu-
losis infection, and this up- regulation plays a key role in the innate  
immune responses of macrophages (26). Considering that macro-
phages are the precursors of osteoclasts (9) and that PPM1A is 
known to inactivate MAPKs by dephosphorylating p38 and JNK 
(27), which are critical for RANK expression (17,18), PPM1A in 
macrophages might be a possible regulator of osteoclast differ-
entiation.

In this study, we found that the down- regulation of the oste-
oclast precursor macrophage- specific PPM1A in mice resulted in 
apparently increased osteoclastogenesis, which occurs through 
the regulation of RANK expression. An inverse correlation between 
AS Disease Activity Score (ASDAS) and PPM1A expression level 
was also observed in peripheral blood mononuclear cells (PBMCs) 
obtained from patients with axial SpA. These discoveries establish 

PPM1A as a potential determinant of osteoclast lineage commit-
ment from macrophages.

MATERIALS AND METHODS

Reagents and antibodies. RANKL and M- CSF were 
obtained from PeproTech. A tartrate- resistant acid phosphatase 
(TRAP) assay kit, lipopolysaccharide (LPS; from Escherichia coli 
O11:B4), PD98059, SB203580, SP60025, and β- actin antibod-
ies were purchased from Sigma- Aldrich. Lipofectamine 2000 
was purchased from Invitrogen. Phycoerythrin (PE)–conjugated 
anti- mouse CD265 (RANK), protease, and phosphatase inhibi-
tor cocktails were purchased from ThermoFisher Scientific. Anti-
bodies against PPM1A were purchased from Novus Biologicals. 
Antibodies against phospho- ERK, ERK, phospho- p38, p38, 
phospho- JNK, and JNK were purchased from Cell Signaling 
Technology. All antibodies used in this study were polyclonal anti-
bodies raised from rabbits.

Mice and bone mineral density (BMD) measure-
ments and histologic analysis. PPM1Aflox/flox (PPM1Afl/fl,  
MGI:4458753, Ppm1atm1a(EUCOMM)Hmgu) mice were purchased 
from MRC Harwell. To obtain mice with PPM1A- deficient mac-
rophages, PPM1Afl/fl mice were bred with LysM- Cre mice  
(004781, B6.129P2- Lyz2tm1(cre)Ifo/J; Jackson Laboratory). PPM1Afl/fl; 
LysM- Cre mice were born at the expected Mendelian ratios, and 
they survived and reproduced as well as their wild- type (WT) lit-
termates (PPM1Afl/fl or LysM- Cre mice). All mice in this study were 
from a pure C57BL/6 background. All animal procedures were 
approved by the Institutional Animal Care and Use Committee of 
the Asan Institute for Life Sciences (Seoul, Korea). Distal femurs 
dissected from the LysM- Cre mice and PPM1Afl/fl;LysM- Cre mice 
(n = 6 per group) were fixed in 4% paraformaldehyde. Bone vol-
ume was measured by a micro–computed tomography analysis 
as previously described (28). Mouse hind limbs were collected for 
histologic analysis as previously described (28), and tissue sec-
tions were stained with hematoxylin and eosin or TRAP using an 
Acid Phosphatase Assay Kit (Sigma-Aldrich) according to the 
manufacturer’s instructions. TRAP staining indicates the presence 
of mature osteoclasts. The osteoclast surface was assessed on  
TRAP- stained sections using ImageJ densitometry software,  
version 1.6 (National Institutes of Health).

Osteoclast differentiation. Bone marrow (BM) cells 
were isolated by flushing the marrow space in the femurs and 
tibiae collected from 6- week- old C57BL/6, LysM- Cre, PPM1Afl/fl,  
and PPM1Afl/fl;LysM- Cre mice. Mature osteoclasts were gener-
ated from BM- derived macrophages (BMMs) and were evalu-
ated by TRAP staining as previously described (28,29). Briefly, 
isolated BMMs were cultured for 4 days with M- CSF (30 ng/
ml) and RANKL (100 ng/ml) to induce differentiation into mature   
osteoclasts.
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Reverse transcription–polymerase chain reaction 
(RT- PCR) and real- time quantitative PCR (qPCR) analy-
sis. Total RNA was isolated from cells using TRIzol reagent (Life 
Technology), and 0.5–1 μg of RNA was reverse- transcribed using 
SuperScript II reverse transcriptase (Life Technologies). The result-
ing complementary DNA (cDNA) was amplified by PCR using the 
following primers: for mouse PPM1A, forward 5′- ATG- GTG- CAG- 
 ATA- GAA- GCG- GG- 3′ and reverse 5′- AGC- CAG- AGA- GCC- ATT-  
GAC- AC- 3′; for mouse DC-STAMP, forward 5′- CCA- AGG- AGT- 
CGT- CCA- TGA- TT- 3′ and reverse 5′- GGC- TGC- TTT- GAT- CGT- 
TTC- TC- 3′; for mouse OC-STAMP, forward 5′- TTC- TCT- GGC- C
TG- GAG- TTC- CT- 3′ and reverse 5′- TGA- CAA- CTT- AGG- CTG- G
GC- TG- 3′; for mouse CTSK, forward 5′- AAT- ACC- TCC- CTC- TC
G- ATC- CTA- CA- 3′ and reverse 5′- GGT- TCT- TGA- CTG- GAG- TA
A- CGT- A- 3′; for mouse TRAP, forward 5′- TCC- TGG- CTC- AAA-  

AAG- CAG- TT- 3′ and reverse 5′- ACA- TAG- CCC- ACA- CCG- TTC-  
TC- 3′; for mouse PU.1, forward 5′- GAT- GGA- GAA- GCT- GAT- G
GC- TTG- G- 3′ and reverse 5′- TTC- TTC- ACC- TCG- CCT- GTC- T
G- C- 3′; for mouse NFATc1, forward 5′- GGG- TCA- GTG- TGA- C
CG- AAG- AT- 3′ and reverse 5′- GGA- AGT- CAG- AAG- TGG- GTG-  
GA- 3′; for mouse c-fms, forward 5′- CCC- ACC- CTG- AAG- TCC- 
TGA- GT- 3′ and reverse 5′- CTT- TGT- CCT- AGG- GAG- ACG- GC- 
3′; for mouse RANK, forward 5′- CAG- ATG- TCT- TTT- CGT- CCA- 
CAG- A- 3′ and reverse 5′- AGA- CTG- GGC- AGG- TAA- GCC- T- 3′; 
for mouse GAPDH, forward 5′- AGC- CAC- ATC- GCT- CAG- ACA- 3′ 
and reverse 5′- GCC- CAA- TAC- GAC- CAA- ATC- C- 3′; for human 
PPM1A, forward 5′- TGG- CGT- GTT- GAA- ATG- GAG- 3′ and reverse 
5′- AGC- GGA- TTA- CTT- GGT- TTG- TG- 3′; for human RANK, for-
ward 5′- AGA- TCG- CTC- CTC- CAT- GTA- CCA- 3′ and reverse 5′- G
CC- TTG- CCT- GTA- TCA- CAA- ACT- TT- 3′; and for human GAPDH, 

Figure 1. Bone phenotype in LysM- Cre mice and PPM1Afl/fl;LysM- Cre mice. A, Comparison of the size of LysM- Cre mice and PPM1Afl/fl;LysM- 
Cre mice. B, Micro–computed tomography images showing trabecular bone density in the femurs of 6- week- old LysM- Cre and PPM1Afl/fl; 
LysM- Cre mice. C, Quantification of the features shown in B. BMD = bone mineral density; BV/TV = bone volume/total volume; TbTh = 
trabecular thickness; TbN = trabecular number; TbSp = trabecular separation; SMI = structure model index. D, Left, Hematoxylin and eosin 
(H&E) and tartrate- resistant acid phosphatase (TRAP) staining of hind limb sections from LysM- Cre and PPM1Afl/fl;LysM- Cre mice. Mouse hind 
limbs were dissected, fixed, and decalcified, and the sections with the trabecular region were stained with H&E or TRAP (purple). Representative 
images from 3 independent experiments are shown. Bars = 200 μm. Right, Quantitation of the TRAP- positive surface area in sections from each 
mouse strain. E, Levels of C- terminal crosslinking telopeptide of type I collagen (CTX), a marker of bone turnover, in plasma from 6- week- old 
male LysM- Cre and PPM1Afl/fl;LysM- Cre mice, measured by enzyme- linked immunosorbent assay. Values in C, the right panel of D, and E 
are the mean ± SD of triplicate determinations (n = 6 mice per group). * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann- Whitney U test.
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forward 5′- TGT- TGC- CAT- CAA- TGA- CCC- CTT- 3′ and reverse  
5′- CTC- CAC- GAC- GTA- CTC- AGC- G- 3′. The PCR conditions and  
detailed procedure have been described previously (28). Real- 
time qPCR was performed using a Power SYBR Green 1- Step 
Kit and an ABI 7000 Real- Time PCR System (Applied Biosystems) 
according to the manufacturer’s instructions.

Western blotting and fluorescence flow cytometry.  
Preparation of the cell lysates and sodium dodecyl sulfate– 
poly acrylamide gel electrophoresis gels and Western blot analy-
ses were conducted according to a standard protocol (28). RANK 
expression on BMMs isolated from LysM- Cre and PPM1Afl/fl; 
LysM- Cre mice was evaluated by incubating 5 × 105 cells with PE- 
conjugated anti- mouse RANK or an isotype control antibody in 
phosphate buffered saline (PBS) containing 2% fetal bovine serum 
at 4°C for 1 hour. The cells were washed twice with PBS. Flow 
cytometry was performed on a FACScan instrument according to 
the manufacturer’s instructions (Becton Dickinson).

Reporter assay. The RANK promoter–luciferase reporter 
plasmid was transiently transfected into BMMs from WT and 
TLR- 4–knockout mice using Lipofectamine 2000 according to the 
manufacturer’s instructions. Two days after transfection, the cells 
were lysed using passive lysis buffer (Promega), and the luciferase 
activity in the extracts was measured using a Dual Luciferase assay 
system (Promega). Co- transfection with the Renilla vector allowed 
normalization of the assays for differences in transfection efficiency.

Human samples. PBMCs were collected from patients  
with axial SpA (n = 30) and age-  and sex- matched healthy controls  
(n = 13) at the Asan Medical Center and Hanyang University Hos-
pital. Clinical information was extracted from an electronic clinical 
database. All patients met the Assessment of SpondyloArthritis 
International Society classification criteria for axial SpA (30). Dis-
ease activity was determined using the ASDAS using the C- reactive 
protein level (ASDAS- CRP) (31). This study was approved by the 
institutional review boards of Asan Medical Center (IRB No. 2015- 
0274) and Hanyang University Hospital (IRB No. 2017- 12- 001).

Enzyme- linked immunosorbent assay (ELISA). The 
concentrations of C- terminal crosslinking telopeptide of type I 
collagen (CTX) (Mouse CTX- 1 ELISA kit; Novus) in the plasma of 
LysM- Cre and PPM1Afl/fl;LysM- Cre mice were measured accord-
ing to the manufacturer’s protocols. All samples were examined in 
triplicate for each experiment.

Statistical analysis. Differences between the 2 groups 
were analyzed using the Mann- Whitney U test or Student’s 
unpaired t- test, and the differences among 3 groups were analy-
zed by one- way analysis of variance. In the figures, bars are trip-
licate averages from single experiments, and a representative of 
3 independent experiments is shown. The relationships between  

parameters were tested using Spearman’s rank correlation coeffi-
cient. P values less than 0.05 were considered significant.

RESULTS

Macrophage- specific reduction in PPM1A expres-
sion in mice results in increased bone resorption due 
to enhanced osteoclast formation. To evaluate the effect of 
reduced PPM1A expression in macrophages (osteoclast precur-
sors) on bone phenotype, we compared LysM- Cre and PPM1Afl/fl; 
LysM- Cre mice at 6 weeks of age. Compared with LysM- Cre 
mice, the PPM1Afl/fl;LysM- Cre mice were smaller (Figure 1A). CT 
revealed sparse trabecular bone density in PPM1Afl/fl;LysM- Cre 
mice compared with LysM- Cre mice (Figure  1B). Accordingly, 
BMD, bone volume/total volume, trabecular thickness, and trabec-
ular number were significantly lower and trabecular spacing and 
the structure model index were significantly greater in PPM1Afl/fl; 
LysM- Cre mice, suggesting that bone resorption appears as a bone  
phenotype in PPM1Afl/fl;LysM- Cre mice (Figure  1C). TRAP stain-
ing revealed enhanced osteoclast activity in PPM1Afl/fl;LysM- Cre 
mice, as evidenced by the increased TRAP- positive staining (Fig-
ure 1D). Indeed, ELISA revealed that the level of CTX in the plasma 
of PPM1Afl/fl;LysM- Cre mice was significantly higher than that in 
LysM- Cre mice, indicating that the reduced bone mass in PPM1Afl/fl; 
LysM- Cre mice is caused by increased osteoclast activity  
(Figure 1E).

We next evaluated the expression status of osteoclast- 
specific genes (TRAP, DC-STAMP, OC-STAMP, and CTSK) 
(10,19–21,32) in macrophages from PPM1Afl/fl;LysM- Cre and 
LysM- Cre mice. RT- PCR revealed lower PPM1A expression in 
macrophages from PPM1Afl/fl;LysM- Cre mice than C57BL/6, 
LysM- Cre, and PPM1Afl/fl mice, as expected (Figure 2A). Con-
sistent with this finding, PPM1A protein expression in mac-
rophages was similarly decreased in PPM1Afl/fl;LysM- Cre 
mice (Figure  2B). TRAP- positive mononuclear cells, which 
are osteoclast- specific lineage cells (33), were  numerically 
increased in PPM1Afl/fl;LysM- Cre mice (Figures  2C and D). 
Real- time qPCR illustrated that BMMs from PPM1Afl/fl;LysM- 
Cre mice displayed higher DC-STAMP, OC-STAMP, CTSK, 
and TRAP expression than those from LysM- Cre mice (Fig-
ure 2E). These data suggest that reduced PPM1A expression 
in macrophages results in increased osteoclast differentiation 
due to the increased capacity for osteoclast formation in the 
early stages of osteoclast differentiation.

PPM1A down- regulation in macrophages leads to 
increased expression of RANK via p38 MAPK signal-
ing. To determine the mechanism by which PPM1A influences 
osteoclast commitment, we investigated the status of gene 
expression related to osteoclast lineage commitment (34) in 
M- CSF–cultured BMMs obtained from LysM- Cre and PPM1Afl/fl; 
LysM- Cre mice. Real- time PCR revealed that PU.1  messenger 
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RNA (mRNA) expression was increased in BMMs from 
PPM1Afl/fl;LysM- Cre mice with no alteration in c-fms expres-
sion, suggesting that the osteoclast lineage commitment was 
enhanced by PPM1A down- regulation. Interestingly, RANK 
mRNA expression was increased in BMMs from PPM1Afl/fl; 
LysM- Cre mice (Figure  3A). RANK protein expression was 

increased in macrophages from PPM1Afl/fl;LysM- Cre mice 
compared with those from LysM- Cre mice (Figure 3B). Time- 
course Western blot analysis revealed no major changes in the 
activation of ERK or JNK upon M- CSF stimulation for 0–30 
minutes compared with the LysM- Cre control (Figure 3C). Only 
p38 activation was increased in a time- dependent manner 

Figure 2. Association of decreased protein phosphatase magnesium- dependent 1A (PPM1A) expression in macrophages with increased 
expression of osteoclast- specific genes and osteoclast differentiation. A and B, PPM1A mRNA expression, determined by reverse transcription–
polymerase chain reaction (PCR) (A), and PPM1A protein levels, determined by Western blotting (B), in macrophages from C57BL/6, LysM- Cre, 
PPM1Afl/fl, and PPM1Afl/fl;LysM- Cre mice. The right panel of B shows the densitometric quantification of PPM1A compared to β- actin. GAPDH 
was used as a loading control in A; β- actin was used as a loading control in B. C, Tartrate- resistant acid phosphatase (TRAP) staining for 
osteoclast formation. Macrophages from C57BL/6, LysM- Cre, PPM1Afl/fl, and PPM1Afl/fl;LysM- Cre mice were treated with macrophage colony- 
stimulating factor (30 ng/ml) and RANKL (100 ng/ml) for 4 days, fixed, and stained with TRAP. Original magnification × 200. D, Numbers of 
TRAP- positive multinucleated cells (MNCs) containing ≥3 nuclei, ≥10 nuclei, or an actin ring in C, counted under a light microscope. E, Relative 
expression of mRNA for the indicated osteoclast- specific genes in bone marrow–derived macrophages from LysM- Cre and PPM1Afl/fl;LysM- Cre 
mice, determined by real- time quantitative PCR. The transcript levels were normalized to GAPDH. Values in the right panel of B, D, and E are 
the mean ± SD of triplicate determinations. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann- Whitney U test. Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.
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in PPM1Afl/fl;LysM- Cre mouse macrophages compared with  
LysM- Cre mouse macrophages (Figure 3C).

To gain more direct evidence that PPM1A regulates RANK 
through p38 MAPK signaling, we treated BMMs with various 
MAPK inhibitors and analyzed RANK expression by flow cytom-
etry. Consistent with the up- regulation of RANK, there was a sig-

nificant difference in RANK levels in PPM1Afl/fl;LysM- Cre mouse 
macrophages due to the activation of p38 MAPK (Figure  3D). 
These data indicate that PPM1A influences RANK expres-
sion through the p38 signaling pathway and that it may directly 
dephosphory late p38 MAPK, as previously reported (35). Taken 
together, these findings show that PPM1A primarily regulates 

Figure 3. Increased expression of RANK in macrophages from PPM1Afl/fl;LysM- Cre mice. A, Levels of expression of mRNA for genes involved in 
macrophage colony- stimulating factor (M- CSF) signaling and RANK in LysM- Cre (wild- type [WT]) and PPM1Afl/fl;LysM- Cre mouse macrophages, 
determined by real- time quantitative polymerase chain reaction. B, Left, RANK expression in bone marrow–derived macrophages (BMMs) from 
LysM- Cre and PPM1Afl/fl;LysM- Cre mice, analyzed by fluorescence flow cytometry. The shaded histogram indicates the isotype control. Right, 
Quantification of the percentage of phycoerythrin (PE)–conjugated RANK–positive cells. C, Left, Western blot analysis of M- CSF–induced 
activation of MAPKs (phospho- ERK, ERK, phospho- p38, p38, phospho- JNK, and JNK) in BMMs from LysM- Cre and PPM1Afl/fl;LysM- Cre mice 
after stimulation with M- CSF for 0–30 minutes. Right, Quantification of the Western blot analysis results. D, Left, RANK expression in BMMs 
from LysM- Cre mice and PPM1Afl/fl;LysM- Cre mice pretreated with DMSO (vehicle [veh]) and treated with an ERK inhibitor (PD98059 [PD];  
10 mM), a p38 inhibitor (SB203580 [SB]; 10 mM), or a JNK inhibitor (SP60025 [SP];10 mM) in the presence of M- CSF. Cells were analyzed for 
RANK expression by fluorescence flow cytometry. Right, Percentage of PE- conjugated RANK–positive cells. Values in A and the right panels of 
B and D are the mean ± SD of triplicate determinations. * = P < 0.05; ** = P < 0.01 by Mann- Whitney U test. Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.
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RANK expression in mouse macrophages through the p38 sig-
naling pathway.

LPS reduces PPM1A expression, resulting in in -
creased RANK expression in macrophages. We next 
explored whether the inflammatory environment affects PPM1A 
expression. LPS, tumor necrosis factor, interleukin- 1β (IL- 1β), 
and IL- 6 were used as the inflammatory stimuli. PPM1A mRNA 
and protein expression were diminished in macrophages from 
wild-type mice following LPS stimulation (Figures  4A and 
4B). Because Toll- like receptor 4 (TLR- 4) is the receptor for 

LPS (36–38), we then investigated whether PPM1A is down- 
regulated in response to LPS exposure using TLR- 4–knockout  
mice. Whereas LPS stimulation resulted in decreased PPM1A  
mRNA and protein expression in WT mouse macrophages,  
these effects were not observed in macrophages from  
TLR- 4–knockout mice (Figures  4C and 4D). This regulatory 
axis affects RANK expression in macrophages, as evidenced 
by the finding that LPS stimulation increased RANK promoter 
activation (Figure 4E) and RANK expression (Figure 4F) in WT 
mouse macrophages but not in TLR- 4–knockout mouse mac-
rophages. Similarly, in human PBMCs, TLR- 4 activation by LPS 

Figure 4. Reduced protein phosphatase magnesium- dependent 1A (PPM1A) expression and increased RANK expression in macrophages 
from wild-type mice stimulated with lipopolysaccharide (LPS). A, PPM1A mRNA expression in macrophages exposed to inflammatory stimuli 
including LPS, tumor necrosis factor (TNF), interleukin- 1β (IL- 1β), and IL- 6, determined by reverse transcription–polymerase chain reaction (RT- 
PCR) (top) and quantitative RT- PCR (qRT- PCR) (bottom). B, PPM1A protein expression in macrophages treated with LPS, TNF, IL- 1β, and IL- 6, 
determined by Western blot analysis (top) and quantification of protein expression (bottom). C, PPM1A mRNA expression in macrophages from 
wild- type (WT) and TL- R4–knockout (TLR4KO) mice exposed to LPS, determined by RT- PCR (top) and qRT- PCR (bottom). D, PPM1A protein 
expression level in macrophages from WT and TLR- 4–knockout mice exposed to LPS, determined by Western blotting (top), and quantification 
of protein expression (bottom). E, Relative luciferase activity in WT and TLR- 4–knockout mice. Bone marrow–derived macrophages (BMMs) 
from WT and TLR- 4–knockout mice were treated with LPS, and RANK promoter–luciferase reporter plasmids were transiently transfected into 
these cells. After 24 hours, the cells were harvested and subjected to the luciferase assay. Relative luciferase activity was normalized to control 
activity. F, Surface RANK protein level in WT and TLR- 4–knockout mouse BMMs exposed to LPS, determined by flow cytometry. G, PPM1A 
and RANK mRNA expression levels in human peripheral blood mononuclear cells (hPBMCs) isolated from healthy controls and stimulated with 
LPS, determined by qRT- PCR. Values are the mean ± SD of triplicate determinations. * = P < 0.05; *** = P < 0.001, by Mann- Whitney U test. 
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.
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 stimulation was linked to decreased PPM1A mRNA expression, 
and this decrease was accompanied by an increase in RANK 
mRNA expression (Figure 4G).

PPM1A expression in PBMCs from patients with 
axial SpA. Because our results revealed a regulatory axis 
between PPM1A expression and the inflammatory condition, 

Figure  5. Lower expression levels of protein phosphatase magnesium- dependent 1A (PPM1A) in peripheral blood mononuclear cells 
(PBMCs) from patients with axial spondyloarthritis (Ax SpA) with higher disease activity. A, Protein levels of PPM1A in PBMCs from patients 
with axial SpA (n = 30) and age-  and sex- matched healthy controls (n = 13), determined by immunoblot assay. Symbols represent individual 
subjects; horizontal lines and error bars show the mean ± SD. B, Correlation between PPM1A levels and Ankylosing Spondylitis Disease Activity 
Score using the C- reactive protein level (ASDAS- CRP) in patients with axial SpA (n = 30), determined by Spearman’s correlation analysis. C, 
Suggested working model in axial SpA. M- CSF = macrophage colony- stimulating factor; OC = osteoclast. Color figure can be viewed in the 
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41180/abstract
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it was important to determine whether there is a correlation 
between PPM1A expression and disease activity in axial SpA (7). 
We compared the PPM1A:β- actin ratio in PBMCs from patients 
with axial SpA (n = 30) and age-  and sex- matched healthy con-
trols (n = 13) and found that there was no significant difference 
(Figure 5A). Next, we evaluated whether the inflammatory burden,  
as measured by ASDAS- CRP, is correlated with PPM1A expres-
sion in PBMCs from patients with axial SpA (Figure 5B). Clinical 
variables for the patients with axial SpA are shown in Table 1. 
Of the 30 patients with axial SpA, 27 (90.0%) fulfilled the 1984 
modified New York criteria for AS (39). In the correlation analysis, 
PPM1A expression in PBMCs and the ASDAS- CRP were nega-
tively correlated (r = −0.7072, P < 0.0001), emphasizing that the 
inflammatory burden of axial SpA is associated with decreased 

PPM1A expression.

DISCUSSION

In this study, we demonstrated that the macrophage- specific 
down- regulation of PPM1A results in osteoclast commitment via 
increased RANK expression and enhanced RANK signaling. To 
our knowledge, this is the first study to identify the role of PPM1A 
in macrophages in osteoclast differentiation. We previously 
reported that PPM1A levels are increased in the synovial tissue of 
patients with AS and that PPM1A overexpression promotes oste-
oblast differentiation (25). The serum levels of PPM1A in patients 
with AS were also increased compared with those in patients with 
RA and in healthy controls (25). Although the serum PPM1A levels  
varied among patients with AS, the clinical significance of this var-
iability has not been determined. In the present study, a greater 
range of PPM1A expression was also observed in PBMCs from 
patients with axial SpA. Those with higher expression of PPM1A in 
PBMCs may attenuate RANK expression more potently, resulting 
in the inhibition of osteoclast commitment and potential changes 
in the joint microstructure.

Osteoclasts are derived from hematopoietic stem cells 
(HSCs), and they are responsible for the resorption of endosteal 
bone surfaces and periosteal surfaces beneath the perios-
teum (10,40). RANK–RANKL interaction is the primary factor 
involved in osteoclast differentiation (9,22). RANKL binds to 
RANK expressed on the surface of osteoclast precursors and 
initiates downstream signaling (RANK signaling), which leads to 

the expression of osteoclast- specific genes and consequently 
the differentiation and activation of mature osteoclasts (9,22). 
Thus, the RANK level in osteoclast precursors can determine 
the capacity for osteoclast formation through osteoclast lineage 
commitment. We demonstrated that expression of mRNA for 
RANK and PU.1 was increased in PPM1Afl/fl;LysM- Cre mouse 
macrophages compared with LysM- Cre mouse macrophages. 
Considering that HSCs differentiate into osteoclast precursors in 
the presence of PU.1 under M- CSF signaling (33), we can con-
clude that macrophages from PPM1Afl/fl;LysM- Cre mice display 
enforced osteoclast commitment due to M- CSF signaling. Nota-
bly, M- CSF, by binding to c- fms, autophosphorylates cytoplas-
mic tail tyrosine residues (41) and activates downstream events 
including p38 phosphorylation (42,43), resulting in increased 
RANK expression in early osteoclast precursors (44). Based on 
our results, we speculate that in circumstances in which PPM1A 
expression is decreased in macrophages, p38 activity increases, 
resulting in increased RANK expression and thereby enhanced 
osteoclast commitment.

The osteoclast- specific genes that are induced by RANK- 
mediated intracellular signaling include CTSK, TRAP, CALCR, 
DC-STAMP, OC-STAMP, and β3 integrin (10,19–21,32). In our 
study, the expression of mRNA for CTSK, TRAP, DC-STAMP, 
and OC-STAMP was increased in PPM1Afl/fl;LysM- Cre mouse 
macro phages compared with LysM- Cre mouse macrophages, 
indicating that PPM1A down- regulates osteoclast- specific genes 
in these cells. Given that PPM1A inactivates MAPKs (27) and 
that MAPKs are important mediators of RANK- mediated intracel-
lular signaling (17,18), PPM1A may attenuate further osteoclast 
differentiation by down- regulating RANK- mediated intracellular 
signaling stimulated by RANKL in osteoclast precursors. In par-
ticular, we found that LPS stimulation reduced PPM1A expression 
in macrophages, thus identifying inflammation as an important 
variable affecting PPM1A mRNA expression. Thus, in inflam-
matory conditions, osteoclast differentiation may be enhanced 
by increased RANK expression signaling attributable to PPM1A 
down- regulation in macrophages. However, the individual LPS- 
regulated inflammatory cytokines failed to suppress PPM1A. The 
reasons are not yet apparent, but we speculate that there could 
be additional mediators that stimulate TLR- 4 signaling, such as 
pathogen- associated molecular patterns, rather than cytokine 
signaling that affects PP1MA.

In axial SpA, the severity of joint inflammation tends to fluc-
tuate over time (45). Data in Figure  5A show that there was 
no significant difference in PPM1A expression in PBMCs from 
patients with axial SpA versus healthy controls. Although the 
explanation for this observation is unclear, the variability of axial 
SpA disease activity might have contributed to the greater 
range of PPM1A expression in PBMCs from patients with axial 
SpA. A strong negative correlation was observed between 
ASDAS- CRP and PPM1A expression in PMBCs, supporting 
the notion that the inflammatory burden is a possible  regulator 

Table 1. Characteristics of the 30 patients with axial spondyloarthritis*
Age, median (IQR) years 33.0 (28.5–42.0)
Male, no. (%) 28 (93.3)
Disease duration, median (IQR) months 19.2 (1.5–111.7)
HLA–B27 positive, no. (%) 29 (96.7)
Ankylosing spondylitis, no. (%)† 27 (90.0)
ASDAS- CRP, mean ± SD 2.35 ± 1.06

* IQR = interquartile range; ASDAS- CRP = Ankylosing Spondylitis 
Disease Activity Score using the C- reactive protein level. 
† Patients who fulfilled the radiologic criterion of the 1984 modified  
New York criteria (sacroiliitis grade ≥2 bilaterally or grade 3–4 unilaterally). 
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of PPM1A expression. Interestingly, elevated serum levels of 
soluble RANKL and increased bone resorption as assessed 
by decreased BMD have also been reported in patients with 
AS (46). In that study, prominent elevation of soluble RANKL 
in patients with AS might have led to osteoclast commitment 
more actively in the presence of strong RANK expression in 
macrophages, thereby resulting in a resorptive bone phenotype. 
The notion that osteoclasts play a role in the pathogenesis of 
AS is supported by the clinical benefits resulting from treatment 
with pamidronate in active AS (47). Taken together, those find-
ings and our results indicate that the PPM1A level may deter-
mine the resorptive bone phenotype in active axial SpA under 
an inflammatory burden by altering the capacity for osteoclast 
commitment in macrophages.

In conclusion, we demonstrated that PPM1A down- 
regulation in macrophages results in RANK up- regulation and 
RANK signaling enhancement, causing osteoclast commitment 
and further bone resorption. This finding suggests that PPM1A 
is both a potential enhancer of osteoblastogenesis (25) and 
a potential regulator of osteoclast commitment. Thus, in axial 
SpA with active inflammation, decreased PPM1A expression in 
PBMCs may enhance osteoclastogenesis via the up- regulation 
of RANK, thereby shifting the homeostasis of bone metabo-
lism toward bone resorption (Figure 5B). These findings identify 
PPM1A as an important marker of bone metabolism in axial 
SpA and a potential therapeutic target for treating bony anky-
losis.
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Maintenance of Efficacy and Safety of Ustekinumab 
Through One Year in a Phase II Multicenter, Prospective, 
Randomized, Double- Blind, Placebo- Controlled Crossover 
Trial of Patients With Active Systemic Lupus Erythematosus
Ronald F. van Vollenhoven,1  Bevra H. Hahn,2 George C. Tsokos,3  Peter Lipsky,4 Kaiyin Fei,5  
Robert M. Gordon,5 Irene Gregan,5 Kim Hung Lo,5 Marc Chevrier,5 and Shawn Rose5

Objective. To evaluate the efficacy and safety of ustekinumab through 1 year in a phase II trial in patients with 
systemic lupus erythematosus (SLE).

Methods. Eligible patients were diagnosed as having clinically active SLE (based on Systemic Lupus International 
Collaborating Clinics criteria), despite standard background therapy. Active disease was defined by an SLE Disease 
Activity Index 2000 (SLEDAI- 2K) score of ≥6 as well as having ≥1 British Isles Lupus Assessment Group (BILAG) A or-
gan domain score and/or ≥2 BILAG B organ domain scores present at screening. Patients (n = 102) were ran domized 
(3:2) to receive either ustekinumab (~6 mg/kg of single intravenous infusion at week 0, then 90-mg subcutaneous 
injections every 8 weeks beginning at week 8) or a matching placebo added to standard therapy. At week 24, the 
placebo group crossed over to receive a subcutaneous 90- mg dose of ustekinumab every 8 weeks, and the original 
ustekinumab group continued to receive therapy through week 40. Maintenance of efficacy was assessed using the 
SLEDAI- 2K, the SLE Responder Index 4 (SRI- 4), physician global assessment, and mucocutaneous and joint disease 
measures in a modified intent- to- treat population.

Results. SRI- 4 response rates were significantly greater in the ustekinumab group (62%) versus the placebo 
group (33%) in the week 24 primary end point analysis (P = 0.006) and were maintained at week 48 (63.3%) in the 
ustekinumab group. In the ustekinumab group, response rates across other disease measures were also maintained 
through week 48. Among patients in the placebo group who crossed over to ustekinumab treatment (n = 33), in-
creased response rates across efficacy measures were noted. Among all ustekinumab- treated patients, 81.7% had 
≥1 adverse event (AE), and 15.1% had ≥1 serious AE through week 56. No deaths, malignancies, opportunistic infec-
tions, or tuberculosis cases were observed.

Conclusion. Ustekinumab provided sustained clinical benefit in patients with SLE through 1 year, with a safety 
profile consistent with other indications.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic inflamma-
tory disease that affects multiple tissues, often resulting in organ 

damage. The pathogenesis and clinical manifestations of SLE are 
complex and heterogeneous, which can complicate diagnosis 
and treatment (1). Conventional therapy for SLE often includes 
glucocorticoids and immunosuppressants, which carry a risk of 
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serious toxicities, particularly with long- term use. Belimumab, a 
monoclonal antibody targeting B lymphocyte stimulator, provides 
an additional therapeutic option for autoantibody- positive patients 
with SLE (2). Treat- to- target paradigms for many chronic inflam-
matory diseases now aim for long- term low disease activity and 
remission; however, the proportion of patients with SLE who 
achieve and sustain these important treatment goals is low with 
currently available standard therapy. Consequently, there remains 
a significant need to develop therapies that allow patients to main-
tain a low disease activity or remissive state, prevent flares, and 
limit organ damage.

Interleukin- 12 (IL- 12) and IL- 23 have been implicated in the 
pathogenesis of SLE (3–6). Ustekinumab is a monoclonal anti-
body targeting the p40 subunit of IL- 12 and IL- 23 and has demon-
strated efficacy in phase III trials of patients with plaque psoriasis 
(7,8), psoriatic arthritis (9,10), Crohn’s disease (11), and ulcerative 
colitis (12). In a randomized, placebo- controlled phase II trial, the 
safety and efficacy of ustekinumab were evaluated in patients with 
active moderate- to- severe SLE (13). Through week 24, patients 
treated with ustekinumab in addition to standard therapy had 
significantly greater improvements in global SLE disease activity 
measures compared to patients receiving standard therapy plus 
placebo. Patients treated with ustekinumab also had a lower 
risk of flares and greater improvements in skin and joint disease 
compared to standard therapy alone. Here, we report additional 
results of this phase II trial, which demonstrated maintenance of 
efficacy through 1 year of treatment with ustekinumab added to 
background medication in patients with active SLE.

PATIENTS AND METHODS

Patients and study design. This was a phase II multi-
center, prospective, randomized, double- blind, placebo- controlled 
crossover study of patients with active SLE despite conventional 
therapy. The details of the study design and patient population 
have been previously published (13). Briefly, eligible patients were 
adults 18–75 years of age with a diagnosis of SLE, based on the 
Systemic Lupus International Collaborating Clinics classification 
criteria (14), for ≥3 months prior to the first study drug adminis-
tration. At screening, patients had to have a Systemic Lupus  
Erythematosus Disease Activity Index 2000 (SLEDAI- 2K) (15) score 
of ≥6 (assessed ~2–6 weeks before randomization) and a SLE-
DAI- 2K score of ≥4 for clinical features (excluding laboratory results) 
at baseline. Eligible patients were also required to have ≥1 Brit-
ish Isles Lupus Assessment Group 2004 index (BILAG 2004) (16) 
A organ domain score (severe manifestation) and/or ≥2 BILAG B 
organ domain scores (moderate manifestation) present at screen-
ing. An additional screening requirement was a positive test result 
for autoantibodies (antinuclear antibody titer ≥1:80 by immuno-
fluorescence, anti–double- stranded DNA antibodies >75 IU/ml, 
and/or anti- Sm antibodies >120 AU/ml) as well as a positive titer 
for ≥1 of these autoantibodies documented in their medical history.

Prior to screening, all patients were required to be receiving ≥1 
of the following conventional therapies for SLE: oral glucocorticoids 
(≤20 mg/day of prednisone or equivalent), immunosuppressant 
drugs (e.g., ≤2 gm/day of mycophenolate mofetil/mycophenolic 
acid, ≤2 mg/kg/day of azathioprine/6- mercaptopurine, or ≤25 mg/
week of methotrexate), antimalarials (e.g., hydroxychloroquine, 
quinacrine, or chloroquine), angiotensin- converting enzyme inhibi-
tors, angiotensin receptor blockers, nonsteroidal antiinflammatory 
drugs or other analgesics, or topical low-  or medium- potency glu-
cocorticoids. With the exception of glucocorticoids, concomitant 
medications were to be kept stable through week 28; temporary 
reductions or discontinuation of concomitant medications were 
permitted for safety reasons.

Patients were randomly assigned (in a 3:2 ratio) to receive a 
single intravenous infusion of ustekinumab (260 mg for patients 
weighing ≥35 kg to ≤55 kg; 390 mg for patients weighing >55 kg  
to ≤85 kg; 520 mg for patients weighing >85 kg) at week 0, fol-
lowed by subcutaneous injections of a 90- mg dose of ustekin-
umab at week 8 and every 8 weeks thereafter through week 40, 
or placebo infusion at week 0 followed by placebo subcutane-
ous injections at weeks 8 and 16. Patients in the placebo group 
crossed over to ustekinumab treatment at week 24 and began 
subcutaneous injections of a 90- mg dose of ustekinumab every 8 
weeks from week 24 through week 40 without receiving the initial 
intravenous dose.

Assessments. Global clinical efficacy assessments included 
the SLE Responder Index 4 (SRI- 4) response, which is a compos-
ite measure requiring a reduction of ≥4 points from baseline in the 
SLEDAI- 2K score, no worsening (<10% increase) in the physician 
global assessment (PhGA) score from baseline (17), no new BILAG 
A organ domain scores, and ≤1 new BILAG B organ domain 
score compared to baseline (18). SRI- 5 and SRI- 6 responses 
were assessed similarly to the SRI- 4 response, with the excep-
tion that SLEDAI- 2K improvement from baseline was ≥5 or ≥6 
points, respectively. SLEDAI- 2K response (≥4- point improvement 
from baseline), PhGA response (≥30% improvement from base-
line), and BILAG- based Combined Lupus Assessment (BICLA) 
response (19) were also used to assess overall efficacy. BICLA 
response is a composite measure requiring BILAG improvement 
(all BILAG A and B scores present at baseline improve to lower 
grade scores, no new BILAG A scores, and ≤1 new BILAG B  
score), no worsening in the PhGA score, no worsening in the  
SLEDAI- 2K score from baseline (change ≤0), and no treatment 
failure (i.e., prohibited changes to concomitant medications 
or  discontinuation of study agent due to lack of efficacy or the 
adverse event [AE] of worsening of SLE prior to week 24) (13).

Mucocutaneous disease was evaluated using the Cutaneous 
Lupus Erythematosus Disease Area and Severity Index (CLASI) 
(20), with CLASI response defined as ≥50% improvement from 
baseline CLASI activity score in patients with a baseline score 
of ≥4. Joint disease was evaluated by recording the numbers of 
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tender, swollen, and active (defined as demonstrating both pain/
tenderness and signs of inflammation [e.g., swelling or effusion]) 
joints. Joint response was defined as ≥50% improvement from 
baseline active joint count in patients with ≥4 active joints at base-
line. Flare was defined as ≥1 new BILAG A domain score (severe 
flare) or ≥2 new BILAG B domain scores (moderate flare) com-
pared to baseline (21).

Patients were monitored throughout the study for AEs, and 
AEs are reported here according to the actual treatment received. 
Serum samples were collected for the evaluation of ustekinumab 
concentrations and the presence of antibodies to ustekinumab. 
Immunogenicity was assessed using a highly sensitive, drug- 
tolerant enzyme immunoassay.

This trial was conducted in accordance with the principles of  
the Declaration of Helsinki and Good Clinical Practices (clinicaltrials. 
gov: NCT02349061). The protocol was approved by the insti-
tutional review board or ethics committee at each site. Patients 
provided written informed consent before any study- specific pro-
cedures were performed.

Statistical analysis. Efficacy results are reported accord-
ing to the randomized treatment group through week 48. For 
patients randomized to receive ustekinumab, efficacy analyses 
included all patients who were randomized to receive usteki-
numab at baseline and who received ≥1 administration of usteki-
numab. For patients randomized to receive placebo, efficacy  
analyses after week 24 included only patients who crossed 
over to ustekinumab treatment. No formal hypothesis testing 
was performed between the treatment groups after week 24 
because all patients were receiving ustekinumab. Proportions of 
patients achieving SRI, SLEDAI- 2K, and BICLA responses were 
determined using the intent- to- treat population, and patients 
who met the treatment failure criteria (13) before week 24 were 
classified as nonresponders for subsequent time points through 
week 48. Patients who withdrew from the study or had missing 
values were considered to be nonresponders. Mean changes 
from baseline in PhGA and SLEDAI- 2K scores were reported 
using observed data, with no imputation for missing data. For 
the proportion of patients achieving PhGA, CLASI, and joint 
response and the proportion of patients with no worsening in 
BILAG or PhGA scores, values for patients who met the treat-
ment failure criteria were classified as missing data from the point 
of treatment failure forward. Safety data are reported through  
week 56.

RESULTS

Patient disposition. At baseline, a total of 102 patients 
were randomized to receive either placebo (n = 42) or ustekin-
umab (n = 60) in addition to standard therapy for SLE. Patient 
demographic data and disease characteristics at baseline were 
well balanced between the treatment groups, as previously 

reported (13); some baseline characteristics are also shown 
in Supplementary Table 1 (available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41179/ abstract). Most patients were female (placebo 
group, n = 35 [83.3%]; ustekinumab group, n = 58 [96.7%]), 
and the mean age was 42.9 years in the placebo group and 
40.0 years in the ustekinumab group. The mean disease dura-
tion was also similar between the 2 groups (placebo, mean 9.5 
years [range 0.3–24.6]; ustekinumab, mean 9.7 years [range 
0.4–32.7]), and 4 patients in each group had a disease dura-
tion of <1 year. The most common standard therapy at baseline 
was glucocorticoids (placebo, n = 34 [80.9%]; ustekinumab,  
n = 51 [85.0%]).

Through week 24, 13 patients (placebo, n = 9 [21.4%]; 
ustekinumab, n = 4 [6.7%]) discontinued the study agent (13). 
Between weeks 24 and 40, an additional 6 patients discontinued 
the study agent (placebo crossover group, n = 3 [7.1%]; usteki-
numab group, n = 3 [5.0%]) (Figure 1). AEs were the most com-
mon reason for discontinuation (placebo crossover, n = 5 [11.9%]; 
ustekinumab, n = 5 [8.3%]).

Clinical efficacy. As previously reported, the SRI- 4 response 
rate at week 24 (primary end point) was significantly greater in 
patients receiving ustekinumab (62%) than in those receiving pla-
cebo (33%) in addition to background therapy (P = 0.006) (13). In 
the ustekinumab group, the proportion of patients achieving an 
SRI- 4 response was maintained from week 24 through week 48 

Figure 1. Patient disposition through week 40 (the last adminis-
tration of study agent). AE = adverse event.

Patients randomized
(n = 102)

Patients screened
(n = 166)

64 excluded

Ustekinumab
(n = 60)

Placebo
(n = 42)

Completed study agent
through week 24

(n = 56)

Completed study agent
through week 24

(n = 33)

Completed study agent
through week 40

(n = 53)

Completed study agent
through week 40

(n = 30)

9 Patients discontinued 
study agent
 4 due to AE
 2 withdrew consent
 1 unsatisfactory
  therapeutic effect
 1 physician decision
 1 other

3 Patients discontinued 
study agent
 1 due to AE
 1 withdrew consent
 1 physician decision

3 Patients discontinued 
study agent
 2 due to AE
 1 unsatisfactory 
  therapeutic effect

4 Patients discontinued 
study agent
 3 due to AE
 1 other

http://onlinelibrary.wiley.com/doi/10.1002/art.41179/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41179/abstract
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(63.3%) (Figure  2). Similarly, the proportions of patients achiev-
ing an SRI- 5 and SRI- 6 response were maintained from week 24 
through week 48 (SRI- 5: 43.4% at week 24, 48.3% at week 48; 
SRI- 6: 43.3% at week 24, 46.7% at week 48). In addition, the  

proportion of patients in the ustekinumab group achieving a  
SLEDAI- 2K response (65.0% at week 24, 66.7% at week 48) 
and the mean ± SD change from baseline SLEDAI- 2K score were 
sustained from week 24 (mean ± SD −4.7 ± 3.2) through week  
48 (mean ± SD −5.4 ± 3.1) (Figure 3 and Supplementary Figure 1,  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41179/ abstract). 
PhGA response rates (67.9% at week 24, 75.0% at week 48) and 
the mean ± SD change from baseline PhGA score (mean ± SD −2.2 
± 2.0 at week 24, −2.5 ± 2.2 at week 48) were also similar between 
week 24 and week 48 in the ustekinumab group (Figure 3 and Sup-
plementary Figure 1). In addition, the proportion of patients with no 
worsening from baseline in PhGA score (92.9% at week 24, 94.2% 
at week 48) or BILAG score (100% at week 24, 96.2% at week 48), 
and the proportion of patients with a BICLA response (35.0% at 
week 24, 45.0% at week 48) were also sustained through week 48 
in the ustekinumab group (Supplementary Figure 1).

Improvements in organ- specific disease manifestations 
including mucocutaneous and joint disease were also observed. 
The proportion of patients with ≥50% improvement from base-
line in CLASI activity score stabilized at week 28 (67.7%) and 
then was maintained through week 48 (68.6%) in the usteki-
numab group (Figure 3). In addition, the proportion of patients 
with ≥50% improvement from baseline in the number of active 
joints was maintained from week 24 to week 48 (86.5% at both 
time points) (Figure 3).

Of the 42 patients randomized to the placebo group, 33 
crossed over to receive subcutaneous ustekinumab at week 24. 
Among these 33 patients, 14 (42.4%) had an SRI- 4 response 
at week 24; this response rate increased to 54.5% (18 of 33 
patients) at week 48 (Figure 2). Similar increases were observed 
in patients achieving an SRI- 5 response (27.3% at week 24, 
42.4% at week 48) and an SRI- 6 response (24.2% at week 
24, 42.4% at week 48) (Figure  2). Trends consistent with this 
were observed in the proportion of patients achieving a SLE-
DAI- 2K response (45.5% at week 24, 54.5% at week 48), PhGA 
response (56.3% at week 24, 76.7% at week 48), and CLASI 
response (35.3% at week 24, 47.1% at week 48), and in patients 
with ≥50% improvement from baseline in the number of active 
joints (60.9% at week 24, 81.8% at week 48) (Figure  3). The 
proportion of placebo crossover patients who achieved a BICLA 
response was slightly increased from week 24 (42.4%) to week 
48 (48.5%).

All flares that occurred during the trial were classified as 
severe (i.e., ≥1 new BILAG A domain score). In the ustekinumab 
group, flare rates for patients with severe flares were 2.1:10,000 
patient- days from week 0 to week 24 and 1.1:10,000 patient- 
days from week 24 to week 48. Among patients in the placebo 
group, the rate for severe flares was 8.4:10,000 patient- days 
from week 0 to week 24. Among the placebo group patients who 
crossed over to receive ustekinumab at week 24, the severe flare 
rate was 4.6:10,000 patient- days from week 24 to week 48. The 
occurrence of severe flares seemed to diminish after ~8 weeks 

Figure  2. Proportions of patients achieving Systemic Lupus 
Erythematosus Responder Index (SRI) responses. Responses 
for SRI- 4 (A), SRI- 5 (B), and SRI- 6 (C) through week 48 are 
shown. In the placebo group, only patients who crossed over 
to receive ustekinumab at week 24 (n = 33) were included in 
efficacy analyses from week 24 through week 48. The SRI- 4/5/6 
is a composite measure, defined as a reduction (by ≥4, ≥5, or ≥6 
points, respectively) in the Systemic Lupus Erythematosus Disease 
Activity Index 2000 total score, with no new scores from the British 
Isles Lupus Assessment Group 2004 index (BILAG) A domain and 
≤1 new BILAG B domain score, as well as no worsening (<10% 
increase) from baseline in the physician global assessment.
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of treatment with ustekinumab (week 8 in the ustekinumab arm, 
week 32 in the placebo arm) (Figure 4).

Safety. Through week 56, 93 patients (placebo cross-
over, n = 33; ustekinumab, n = 60) received ≥1 administration 
of ustekinumab and were included in the safety analysis. Among 
all ustekinumab- treated patients, 76 (81.7%) had ≥1 AE through 
week 56 (Table 1). Infections were the most common type of AE. 
Common infections among all ustekinumab- treated patients were 
urinary tract infection (18.3%), upper respiratory tract infection 

(17.2%), and nasopharyngitis (8.6%).
Fourteen (15.1%) of all ustekinumab- treated patients had ≥1 

serious AE (SAE) through week 56 (Table 1). Serious infections 
occurred in 8 patients (8.6%) in the combined ustekinumab group: 
bronchitis, pneumonia, bacteremia, cellulitis, neutropenic sepsis, 
Salmonella sepsis, and pyrexia (each in 1 patient), and Stenotro-
phomonas infection and urinary tract infection in the same patient. 
The SAE noted as pyrexia occurred in a patient who presented 
with an unknown source of fever, sweats, chills, myalgia, and 
abdominal pain, which resolved after antibiotic therapy. The SAE 
noted as Stenotrophomonas infection occurred in a patient who 
presented with a lower respiratory tract infection 4 months after 

the last dose of ustekinumab. While Stenotrophomonas was iso-
lated from a bronchoalveolar aspirate, blood, sputum, and bron-
choalveolar lavage fluid were all negative for this organism. Thus, it 
was believed to be a colonizing organism rather than the source of 
infection. The lower respiratory tract infection resolved after treat-
ment with levofloxacin. Other SAEs that occurred after week 24 
included glomerulonephritis, hypotension, hypochromic anemia, 
and fracture (humerus). There were no opportunistic infections, 
cases of tuberculosis, malignancies, or deaths through week 56.

One patient randomized to the ustekinumab group experi-
enced an infusion reaction (potential anaphylactic reaction) prior 
to week 24 as previously described (13). One patient in the usteki-
numab group had multiple mild injection site reactions (urticaria) 
before week 24 and between week 24 and week 48.

Immunogenicity. Through week 56, a total of 92 patients 
(placebo crossover, n = 32; ustekinumab, n = 60) had received 
≥1 administration of ustekinumab and had samples available for 
assessing the presence of antibodies to ustekinumab. Among 
these patients, 10 (31.3%) in the placebo crossover group and 
6 (10.0%) in the ustekinumab group tested positive for antibod-
ies to ustekinumab; of these, 3 and 2 patients, respectively, were 

Figure 3. Proportion of patient responses to disease activity indexes. Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI- 
2K) response (A), physician global assessment (PhGA) response (B), Cutaneous Lupus Erythematosus Disease Area and Severity Index (CLASI) 
response (C), and joint response (D) through week 48 are shown. In the placebo group, only patients who crossed over to receive ustekinumab at 
week 24 (n = 33) were included in efficacy analyses from week 24 through week 48. SLEDAI- 2K response was defined as a ≥4- point improvement 
from baseline. PhGA response was defined as ≥30% improvement from baseline. CLASI response was defined as ≥50% improvement from 
baseline in patients with a baseline CLASI activity score of ≥4. Joint response was defined as ≥50% improvement from baseline in the number of 
joints with pain and signs of inflammation (active joints) in patients with ≥4 active joints at baseline. Pbo = placebo; Ust = ustekinumab.
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 positive for neutralizing antibodies. All patients who tested posi-
tive for antibodies to ustekinumab through week 40 achieved an 
SRI- 4 response by week 48.

DISCUSSION

In this phase II prospective trial, greater proportions of 
ustekinumab- treated patients had improvements in clinical effi-
cacy assessments at week 24, compared to patients in the pla-
cebo group, for many of the indices evaluated. Results reported 
here demonstrate sustained response rates through 1 year in 
patients who received ustekinumab from baseline through week 
40. Patients in the ustekinumab group also had a significantly 
lower risk of flares compared to the placebo group through week 
24, and the patients in this group maintained a low risk of flares 
through week 48. Patients in the placebo group who began 

 subcutaneous ustekinumab therapy at week 24 had an increase 
in response rates of ~6–20% from week 24 to week 48, as well 
as a reduction in severe flares (severe flare defined as ≥1 new 
BILAG A domain score).

Among ustekinumab- treated patients, AEs reported through 
week 56 were consistent with those reported through week 24. 
Infections were the most common type of AE and SAE occurring 
in patients receiving ustekinumab. There were no deaths in either 
group, and SAEs occurred in 15.1% of all patients who received 
≥1 dose of ustekinumab throughout the 56 weeks. There were 
no new safety findings in patients with SLE, and the safety results 
through week 56 were consistent with the known safety profile 
of ustekinumab in patients with psoriasis (7,8), psoriatic arthritis 
(9,10), Crohn’s disease (11), and ulcerative colitis (12).

Despite recent advancements in treatment and increased 
survival rates, mortality rates among patients with SLE remain 
high, with progressive organ damage over time, including pul-
monary, cardiovascular, and renal disease (22,23). Patients with 
SLE also have a 4.6- fold greater risk of mortality when compared 
to the general population (24). Given the heterogeneous nature 
of SLE, it is often difficult to predict the disease course in these 
patients. In addition to persistent disease activity, long- term use 
of glucocorticoids can also contribute to organ damage (25,26). 
Thus, there continues to be a significant unmet need for therapies 
to improve long- term outcomes for patients with SLE.

These results are limited by the sample size of this phase 
II trial and the lack of a placebo comparison after week 24. 
Because patients in this trial were receiving ≥1 standard medica-
tion, it is presently unclear whether ustekinumab may be effective 
as a monotherapy in SLE. Given the variations in background 
medications used at baseline, it is also unknown which of these 
medications is most suitable for combination with ustekinumab, 
potentially affecting the generalizability of these results. A 
steroid- sparing effect of ustekinumab could not be ascertained 
in this study because although tapering of oral glucocorticoids 
was permitted after week 24, only ~9–12% of evaluable patients 
had their glucocorticoid dose reduced by study investigators at 
any visit after week 24 through week 48. Further, this trial did not 
include patients with certain manifestations of lupus, such as 

Table 1. AEs through week 56*

Placebo, 
weeks 0–24

Placebo crossover, 
weeks 24–56†

Ustekinumab, 
weeks 0–56‡

Combined, 
weeks 0–56§

No. of patients 42 33 60 93
Mean follow- up, weeks 23.8 26.4 49.5 41.3
Patients with ≥1 AE 29 (69.0) 22 (66.7) 54 (90.0) 76 (81.7)
Infections 20 (47.6) 15 (45.5) 40 (66.7) 55 (59.1)
Patients with ≥1 SAE 4 (9.5) 4 (12.1) 10 (16.7) 14 (15.1)
Serious infections 0 1 (3.0) 7 (11.7) 8 (8.6)

* Except where indicated otherwise, values are the number (%) of patients. SAE = serious adverse event. 
† Includes only patients who crossed over to receive ustekinumab. 
‡ Includes all patients who were randomized to receive ustekinumab at baseline and received ≥1 administration of 
ustekinumab. 
§ Includes all patients in the placebo crossover and ustekinumab groups who received ≥1 administration of ustekinumab. 

Figure  4. Time to flare (baseline through week 48). Flare was 
defined as ≥1 new British Isles Lupus Assessment Group 2004 index 
(BILAG) A domain score (severe flare) or ≥2 new BILAG B domain 
scores (moderate flare). Patients in the placebo group crossed 
over to ustekinumab treatment at week 24 (vertical dashed line). All 
flares experienced during the trial were severe (≥1 new BILAG A 
domain score). Counts included patients evaluable at each study 
visit; patients who met the treatment failure criteria were classified as 
having missing data for subsequent visits.
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severe  unstable lupus nephritis or central nervous system dis-
ease, which could be evaluated in future studies. In addition, 
this study was not powered to detect rare AEs, and longer- 
term safety data on ustekinumab in SLE patients are needed. 
However, taken together with the week 24 results, these find-
ings indicate that response rates were sustained during the first 
year of ustekinumab treatment, with an acceptable safety profile 
in patients with SLE. The efficacy and safety of ustekinumab, 
including the potential for reduction in glucocorticoid dose, are 
being evaluated further in a broader population of SLE patients 
in an ongoing phase III program.
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B Cell Tetherin: A Flow Cytometric Cell-Specific Assay for 
Response to Type I Interferon Predicts Clinical Features and 
Flares in Systemic Lupus Erythematosus
Yasser M. El-Sherbiny,1  Md Yuzaiful Md Yusof,2  Antonios Psarras,2 Elizabeth M. A. Hensor,2

Kumba Z. Kabba,3 Katherine Dutton,2 Alaa A. A. Mohamed,4 Dirk Elewaut,5  Dennis McGonagle,2 
Reuben Tooze,3 Gina Doody,3 Miriam Wittmann,2 Paul Emery,2  and Edward M. Vital2

Objective. Type I interferon (IFN) responses are broadly associated with autoimmune diseases, including system-
ic lupus erythematosus (SLE). Given the cardinal role of autoantibodies in SLE, this study was undertaken to investi-
gate whether the findings of a B cell–specific IFN assay correlate with SLE activity.

Methods. B cells and peripheral blood mononuclear cells (PBMCs) were stimulated with type I IFN and type II IFN. 
Gene expression was analyzed, and the expression of pathway- related membrane proteins was determined. A flow 
cytometry assay for tetherin (CD317), an IFN- induced protein ubiquitously expressed on leukocytes, was validated 
in vitro and then clinically against SLE diagnosis, plasmablast expansion, and the British Isles Lupus Assessment 
Group (BILAG) 2004 score in a discovery cohort (n = 156 SLE patients, 30 rheumatoid arthritis [RA] patients, and 25 
healthy controls). A second, longitudinal validation cohort of 80 SLE patients was also evaluated for flare prediction.

Results. In vitro, a close cell- specific and dose- response relationship between type I IFN–responsive genes and 
cell surface tetherin was observed in all immune cell subsets. Tetherin expression on multiple cell subsets was selec-
tively responsive to stimulation with type I IFN compared to types II and III IFNs. In patient samples from the discov-
ery cohort, memory B cell tetherin showed the strongest associations with diagnosis (SLE:healthy control effect size 
0.11 [P = 0.003]; SLE:RA effect size 0.17 [P < 0.001]), plasmablast numbers in rituximab- treated patients (R = 0.38,  
P = 0.047), and BILAG 2004. These associations were equivalent to or stronger than those for IFN score or monocyte 
tetherin. Memory B cell tetherin was found to be predictive of future clinical flares in the validation cohort (hazard ratio 
2.29 [95% confidence interval 1.01–4.64]; P = 0.022).

Conclusion. Our findings indicate that memory B cell surface tetherin, a B cell–specific IFN assay, is associated 
with SLE diagnosis and disease activity, and predicts flares better than tetherin on other cell subsets or whole blood 
assays, as determined in an independent validation cohort.
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INTRODUCTION

Type I interferons (IFNs) are a highly pleiotropic group of 
cytokines that link the innate and adaptive immune systems and 
play a pivotal role in autoimmune disease (1–3). All nucleated cells 
express type I IFN receptors and express a set of IFN- stimulated 
genes (ISGs) after exposure to type I IFN (4,5). Hundreds of 
effects of type I IFN on various cellular processes, interactions, 
and  disease processes have been described. A challenge in the 
assessment of type I IFN response in an individual disease is 
therefore ensuring that the appropriate cellular response can be 
detected within this complex system.

Type I IFN proteins are unstable in blood and not easily 
detected even in monogenic interferonopathies with known high 
type I IFN production, possibly due to their efficient binding to 
the abundant IFN receptor (6). Type I IFN activity is therefore 
usually measured using the expression of ISGs in whole blood. 
We previously analyzed ISG expression in sorted cells from 
patients with systemic lupus erythematosus (SLE), a prototypic 
IFN- mediated disease, and healthy individuals and showed that 
in both groups, ISG expression was markedly higher in mono-
cytes than in other circulating immune cells. ISG expression in 
monocytes therefore dominates ISG assays that use unsorted 
blood (7).

These differing levels of ISG expression in different cell pop-
ulations may be due to the rate of turnover in each population, 
their trafficking to sites of higher type I IFN production in inflamed 
tissues, or priming for type I IFN response by other inflammatory 
mediators. In autoimmunity, type I IFN assays may have value to 
predict flares and response to a range of different targeted thera-
pies (8). However, existing whole blood IFN biomarkers show poor 
or uncertain correlation with disease activity (9–11).

The measurement of type I IFN using ISG expression in whole 
blood has 2 key weaknesses with regard to interpreting pathogenic 
processes. First, changes in expression may reflect the expansion 
or contraction of certain circulating leukocyte populations (12,13) 
that differ in their level of ISG expression. This characteristically 
occurs in inflammatory diseases. In the case of SLE, lymphopenia 
is almost universally seen (14). So, any difference in whole blood 
gene expression may not necessarily indicate a change in the pro-
duction of or exposure to type I IFN. Second, analyzing whole 
blood ISG expression does not allow the detection of key patho-
genic processes among the noise of other, less relevant, effects of 
type I IFN on biology. For example, B cells are a key mediator in 
SLE (15,16). Type I IFN stimulates B cells to differentiate into plas-
mablasts, which are expanded in SLE and correlate with disease 
activity (17,18). We previously demonstrated that the rate of plas-
mablast regeneration after rituximab treatment predicts clinical 
outcome (19). We also previously showed that type I IFN imprints 
plasma cells for the secretion of the proinflammatory molecule 
ISG- 15 (17). Assessment of type I IFN activity in unsorted blood 
gives limited information about the degree to which B cells have 

specifically been stimulated by type I IFN. Further, gene expres-
sion assays do not prove that a phenotypic change in target cells 
has occurred—there has been no widely used biomarker for IFN 
response at the protein level. This may be one reason why some 
patients classified as having a low IFN signature have responded 
well to IFN- blocking therapy (20).

In order to resolve these problems, we developed a flow 
cytometry assay that allows measurement of type I IFN response in 
individual cells without the need for cell sorting. We measured the 
expression of tetherin (also known as bone marrow stromal antigen 
2 [BST- 2]; CD317), a glycosyl phosphatidylinositol–anchored pro-
tein with a unique topology that is ubiquitously expressed on the 
surface of nucleated cells. This molecule is prominent in viral immu-
nology and encoded by a commonly measured ISG expressed 
in all leukocytes (4,5,21–23). Unlike most ISGs, BST2 encodes a 
cell surface protein and can be easily measured in patient sam-
ples by flow cytometry. Sialic acid–binding Ig- like lectin 1 (Siglec- 1) 
is another flow cytometry type I IFN biomarker that has been 
described previously (24,25). However, Siglec- 1 is only expressed 
on monocytes so resolves the issue of changes in the size of cell 
populations but does not allow interrogation of type I IFN responses 
in individual cells subsets, including the key B cell populations that 
are strongly linked to clinical and experimental disease (26–28).

We hypothesized that a dominant pathogenic role of type I 
IFN in SLE is its effect on B cells, promoting plasmablast differen-
tiation and clinical disease. Our reasons for addressing B cells as 
a particular cell of interest in SLE were: 1) SLE is associated with 
autoantibodies, which are made by B cells; 2) there are a num-
ber of susceptibility loci for SLE in genes with important roles in B 
cell signaling and function, such as LYN, BLK, BANK1, PTPN22, 
TNFAIP3, and TNIP1 (29); and 3) the only targeted therapy licensed 
for SLE targets B cells specifically. Using in vitro stimulation and 
sorted cells from SLE patients and healthy individuals, we showed 
that tetherin accurately captures cell- specific responses to type I 
IFN. A crucial issue in biomarker research is demonstrating that 
biomarkers are predictive, correlate with a range of outcomes, and 
can be reproduced in validation studies. In our study, longitudinal 
analysis of discovery and validation cohorts showed that memory 
B cell tetherin levels more accurately correlated with plasmablast 
expansion and clinical features of disease, and predicted flares bet-
ter, compared to monocyte tetherin or whole blood ISG expression.

PATIENTS AND METHODS

The discovery cohort included 156 consecutive SLE pa-
tients, 25 age- matched healthy controls, and 30 patients with 
active rheumatoid arthritis (RA) as non- SLE inflammatory disease 
controls. The RA patients were positive for anti–citrullinated pro-
tein antibody, negative for antinuclear antibody (ANA), and had a 
mean Disease Activity Score in 28 joints of 3.9 (95% confidence 
interval [95% CI] 3.23–4.56). An independent validation cohort 
consisted of 80 SLE patients recruited and studied longitudinally  
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(n = 236 SLE patients total). SLE disease activity was assessed 
at the time of sampling using the British Isles Lupus Assessment 
Group 2004 (BILAG 2004) score (30). Patients in the validation 
cohort were also followed up for subsequent flare (a BILAG score 
of A or B). SLE patient demographics and disease activity are 
shown in Supplementary Table 1, available on the Arthritis & Rheu-

matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41187/ abstract. Patients with acute or chronic viral infection at 
the time of blood sampling were excluded from this study.

All individuals provided informed written consent, and the 
study was carried out in compliance with the Declaration of 
 Helsinki. The patient blood samples used for this study were 

Figure 1. Tetherin is a scalable cell- specific measure of type I interferon (IFN) response. A, Gating strategy for flow cytometric assessment of tetherin 
on immune cell subsets. A representative flow cytometry plot of tetherin protein expression on individual immune cell subsets is shown. FSC- A and 
SSC- A were used to define lymphocytes and monocytes. B cells were defined as CD19+ lymphocytes and subdivided into naive, memory, and 
plasmablast subsets using CD27 and CD38. T cells were defined as CD3+, and natural killer (NK) cells were defined as CD3–CD56+ lymphocytes. 
The mean fluorescence intensity (MFI) of bone marrow stromal antigen 2/tetherin for each cell subset compared to isotype control is shown. B, 
Correlation of tetherin protein level with BST2 gene expression for the indicated immune cell subsets. In order to validate tetherin as a cell- specific 
marker, tetherin protein expression was compared with expression of its gene BST2 in various immune cell subsets in systemic lupus erythematosus 
patients and healthy controls. Cell surface tetherin protein levels were determined in unsorted peripheral blood mononuclear cells (PBMCs) by flow 
cytometry, and BST2 gene expression data were determined by quantitative polymerase chain reaction of cells sorted by fluorescence- activated 
cell sorting. There was a strong correlation between gene expression and protein level within each subset, allowing differences in IFN- stimulated 
gene expression between cell subsets to be measured without cell sorting (for monocytes, R = 0.47, P = 0.064; for T cells, R = 0.61, P = 0.012; 
for NK cells, R = 0.63, P = 0.008; for naive B cells, R = 0.63, P = 0.009; for memory B cells, R = 0.78, P = 0.001; and for plasmablasts, R = 0.58, 
P = 0.018). C, Dose- dependent response of memory B cell tetherin and monocyte tetherin to IFN. Healthy control PBMCs (n = 3 samples) were 
stimulated with increasing doses of IFNα, IFNβ, IFNγ, and IFNλ, and tetherin MFI was determined by flow cytometry. D, Tetherin protein levels and 
BST2 gene expression levels in sorted B cells stimulated in vitro with increasing doses of IFNα and evaluated by flow cytometry. There was a parallel 
increase in each marker. Dotted line indicates a 1-fold increase in BST2 gene expression. In C and D, values are the mean ± SD.

http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
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obtained with ethics approval (REC 10/H1306/88, National 
Research Ethics Committee Yorkshire and Humber–Leeds 
East), and healthy control participant peripheral blood samples 
were obtained under study number 04/Q1206/107. All exper-
iments were performed in accordance with relevant guidelines 
and regulations. The University of Leeds was contracted with 
administrative sponsorship. Additional details are included in 
the Supplementary Methods, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41187/ abstract, and in a previously published methodology 
article (7).

RESULTS

BST-2/tetherin as a cell- specific phenotypic biomarker  
of type I IFN response. Global gene expression profiles have 
shown that many ISGs are responsive to both IFNα and IFNγ, 
while other ISGs respond specifically to IFNα (7,17). We there-
fore tested the effect of IFNα (type I IFN) and IFNγ (type II IFN) 
on 31 of the most commonly reported ISGs. TaqMan quantitative 
polymerase chain reaction (qPCR) analysis of B cells in vitro was 
performed as previously described (17) (Supplementary Figure 1, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41187/ abstract). In vitro stimula-
tion confirmed that BST2 was in the group of ISGs predominantly 
responsive to type I IFN.

For this reason, we used multiparameter flow cytometry to 
detect and quantify tetherin on peripheral blood mononuclear cells 
(PBMCs), as described in the Supplementary Methods (available 

on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41187/ abstract). We used a gating 
strategy that allowed us to define T cells, natural killer (NK) cells, 
and monocytes as well as the B cell subsets naive B cells, memory 
B cells, and plasmablasts. For each of these populations, the mean 
fluorescence intensity (MFI) of tetherin compared to isotype control 
was determined (Figure  1A). We compared cell surface tetherin 
protein levels, determined by flow cytometry, with BST2 gene 
expression, determined by qPCR, for these 6 cell subsets sorted 
by fluorescence- activated cell sorting from 10 SLE patients and 6 
healthy controls. BST2 gene expression levels were substantially 
positively correlated with cell surface tetherin protein levels within 
each of the subsets (Figure 1B). These data confirm that varying 
levels of tetherin/BST2 expression between cell subsets and differ-
ences between individuals may be captured using flow cytometry 
without the need for cell sorting. Furthermore, we compared teth-
erin and Siglec- 1 MFI on monocytes, B cells, and T cells in samples 
from 25 SLE patients and 5 healthy controls. We confirmed that 
tetherin correlated with Siglec- 1 on monocytes only because other 
cell subsets lacked Siglec- 1 expression (Supplementary  Figure 2, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41187/ abstract).

Dose response of tetherin to type I IFN, type II IFN, 
and type III IFN. We tested the dose- response relationship of 
tetherin to IFNα, IFNβ (both type I IFN), IFNγ (type II IFN), and IFNλ 
(type III IFN) on all circulating cell subsets. Healthy control PBMCs 
were stimulated for 48 hours with doses of 0.1–1,000 ng/ml  
and then analyzed by flow cytometry. Interestingly, memory B cell 

Table 1. Tetherin levels in cell subsets in SLE patients and healthy controls*

Mean MFI 
tetherin protein  

levels in SLE 
patients 

(n = 113)†

Within SLE, between 
cell subset

Mean MFI 
tetherin protein 

levels in  
healthy controls 

(n = 17)†

Between group 
(SLE:healthy controls)

Between group, between 
cell subset 

Ratio (90% CI) P Ratio (90% CI) P Ratio (90% CI) P
All subjects

Monocytes 3,388 Reference 2,837 1.19 (0.91–1.58) 0.293 Reference
T cells 687 0.20 (0.19–0.22) <0.001 475 1.45 (1.17–1.79) 0.005 1.21 (1.00–1.46) 0.092
NK cells 1,129 0.33 (0.31–0.36) <0.001 824 1.37 (1.09–1.72) 0.024 1.15 (0.94–1.40) 0.258
Naive B cells 1,118 0.33 (0.30–0.36) <0.001 712 1.57 (1.22–2.03) 0.004 1.32 (1.03–1.68) 0.062
Memory B cells 1,586 0.47 (0.43–0.50) <0.001 1,033 1.53 (1.23–1.92) 0.002 1.29 (1.04–1.58) 0.046
Plasmablasts 2,650 0.78 (0.72–0.84) <0.001 1,813 1.46 (1.15–1.86) 0.009 1.22 (0.99–1.51) 0.115

Rituximab- naive 
 only‡

Monocytes 3,206 Reference 2,949 1.09 (0.80–1.48) 0.657 Reference
T cells 666 0.21 (0.19–0.23) <0.001 494 1.35 (1.07–1.70) 0.034 1.24 (1.01–1.52) 0.080
NK cells 1,068 0.33 (0.31–0.36) <0.001 857 1.25 (0.98–1.58) 0.129 1.15 (0.93–1.41) 0.271
Naive B cells 1,132 0.35 (0.32–0.39) <0.001 740 1.53 (1.20–1.95) 0.004 1.41 (1.15–1.73) 0.006
Memory B cells 1,574 0.49 (0.45–0.53) <0.001 1,074 1.47 (1.17–1.83) 0.005 1.35 (1.11–1.64) 0.013
Plasmablasts 2,597 0.81 (0.74–0.89) <0.001 1,885 1.38 (1.08–1.76) 0.033 1.27 (1.02–1.57) 0.068

* Tetherin cell protein data were natural log–transformed prior to analysis. The back- transformed results represent the ratio of the value for
each cell subset relative to the value for monocytes within the group of patients with systemic lupus erythematosus (SLE), and the ratio of the 
value for each cell subset in SLE patients relative to that in healthy controls. Interaction ratios (between group, between cell subset) are the ratio 
of the extent of the difference in the value for each cell subset relative to monocytes between SLE patients and healthy controls. MFI = mean 
fluorescence intensity; 90% CI = 90% confidence interval; NK = natural killer. 
† Adjusted for age. 
‡ n = 76 patients with SLE. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
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tetherin MFI was most responsive to increasing doses of IFNα 
and IFNβ, and showed more modest responses to IFNγ and 
IFNλ. Although monocytes had the highest expression of tetherin 
in patient samples and the highest basal expression in unstim-
ulated healthy control PBMCs, they showed much lower fold 
change in tetherin response to type I IFN stimulation (Figure 1C). 
Furthermore, purified B cell response curves for BST2 gene 
expression and tetherin protein MFI revealed a closely matched 
dose- response to IFNα (Figure 1D). We concluded that tetherin 
MFI determined by flow cytometry could accurately measure 
change in the expression of BST2 in response to type I IFN and 
could be used to capture type I IFN exposure in a dose-  and cell- 
specific manner.

B cell surface tetherin protein levels best demon-
strate disease- associated IFN response in SLE. We next 
compared tetherin protein expression in immune cell subsets in 
SLE patients and healthy controls to determine which cell subset 
best demonstrates disease- associated change in IFN response. 
Using all discovery cohort data, tetherin protein levels were com-
pared between the different cell subsets in SLE patients and 
healthy controls by flow cytometry (Table 1).

Tetherin levels differed significantly between cell subsets 
within the group of SLE patients and were highest in monocytes. 
Tetherin levels in T cells were 20% of the levels in monocytes, and 
tetherin levels in plasmablasts were 78% of the levels in mono-
cytes (both P < 0.001). A comparison of the SLE and healthy  
control groups showed that monocyte tetherin MFI in SLE patients 

did not differ significantly from that in healthy controls (SLE:healthy 
control ratio 1.19; P = 0.293), whereas a significantly higher level 
of tetherin was seen in all other subsets in SLE patients ver-
sus healthy controls (ratios 1.37–1.57; all P < 0.05). When the 
between- group ratio for each of the other cell subsets was com-
pared to that for monocytes, the greatest difference was seen 
for memory B cell tetherin levels, which were increased in SLE 
patients (P = 0.046).

Rituximab treatment could confound accurate measurement 
of the B cell phenotype in the SLE patients. We therefore repeated 
these analyses in rituximab- naive patients (Table 1). In rituximab- 
naive patients (n = 76), the largest disease- associated increases in 
tetherin expression versus healthy controls were seen for naive B 
cells (ratio 1.53) and memory B cells (ratio 1.47). These ratios for 
naive and memory B cells were significantly different from that for 
monocytes (P = 0.006 and P = 0.013, respectively). These results 
indicate that differences in IFN response between cell subsets at 
the protein level are clinically relevant, and that B cell tetherin is the 
most clinically relevant parameter.

Tetherin and IFN gene expression assays. Overall 
comparisons of tetherin levels measured on memory B cells and 
2 validated IFN gene expression scores are shown in Supplemen-
tary Figures 3 and 4, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41187/ 
abstract. As expected, given the difference in cell populations 
analyzed, there was a significant correlation but a degree of 
 disagreement between these assays.

Figure 2. Performance of the tetherin interferon (IFN) flow cytometry assay in discriminating patients based on diagnosis. Age- adjusted 
differences in tetherin levels on the indicated cell subsets between patients with systemic lupus erythematosus (SLE), patients with active 
rheumatoid arthritis (RA) (with a Disease Activity Score in 28 joints of >3.2), and healthy controls (HCs) are shown. Cell surface bone marrow 
stromal antigen 2/tetherin protein levels were determined by flow cytometry of peripheral blood mononuclear cells. Effect sizes (partial η2) 
indicate the degree to which variables differed between groups. We considered an effect size of ≤0.01 to be small, ~0.06 to be medium, and 
≥0.14 to be large (31). Bars show the mean and 90% confidence interval (90% CI). NK = natural killer. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
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Clinical validation of the tetherin IFN assay: di-
agnosis.  We evaluated the performance of the tetherin flow 
 cytometry assay in distinguishing between patients diagnosed 
as having SLE, those diagnosed as having active RA, and healthy 
controls. Given our previous results, for this analysis we included 
only rituximab- naive patients controlled for age (Figure 2). The 
full statistical table is shown in Supplementary Table 2, available  
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41187/ abstract. An effect size of 
≤0.01 was considered small, ~0.06 medium, and ≥0.14 large, 
as described by Cohen (31). Tetherin data revealed a marked 
difference between cell subsets. Monocyte tetherin levels did 
not differentiate SLE patients from healthy controls at all, with 
a ratio of 1.19 (90% CI 0.87–1.61) and an effect size of 0.01. 
T cells and NK cells had moderate effect sizes of 0.06 each. 
However, naive and memory B cell subsets had medium to large 
effect sizes of 0.11, with ratios of 1.63 (90% CI 1.26–2.11) and 
1.59 (90% CI 1.21–2.09), respectively. For memory B cells, the 
SLE:healthy control effect size was 0.11 (P = 0.003), and the 
SLE:RA effect size was 0.17 (P < 0.001).

Tetherin levels differentiated SLE from other inflammatory dis-
ease when compared to active RA. Monocyte tetherin levels had 
no diagnostic function, with a ratio of 1.37 (90% CI 1.00–1.88) 
and an effect size of 0.03. However, all other cell subsets had 
large effect sizes, ranging from 0.14 to 0.23, the effect size for 
plasmablasts (ratio 2.20 [90% CI 1.66–2.93]).

Clinical validation of IFN assays: disease activity 
and autoantibodies. For disease activity, we investigated 
the association between the number of active organ systems  
(BILAG domains scored A, B, or C) per patient compared to 
tetherin levels on cell subsets as well as our recently described 
IFN score A, which comprises 12 type I IFN–selective ISGs 
(7). We controlled for age in all SLE patients (164 observations  
in 124 patients). The number of active domains was categorized 
as 0 (n = 22), 1 (n = 54), 2 (n = 57), or ≥3 (n = 31).

At the 10% level of significance, disease activity was asso-
ciated with IFN score A (R2 = 0.08, P = 0.027) and tetherin 
surface expression on T cells (R2 = 0.07, P = 0.007), NK cells  
(R2 = 0.09, P = 0.001), memory B cells (R2 = 0.09, P = 0.006), and 
plasmablasts (R2 = 0.06, P = 0.020). The degree of association 
was weaker, and hence not significant, for monocytes (R2 = 0.04,  
P = 0.179) and naive B cells (R2 = 0.04, P = 0.103).

For IFN score A, the relationship with disease activity was 
not linear. The only significant association between the score 
and disease activity was attributable to patients with the most 
severely active disease (≥3 domains). A similar, although not sig-
nificant, pattern was observed for monocyte tetherin levels. In 
contrast, there was a linear relationship between memory B cell 
tetherin levels and disease activity, with a stepwise increase in 
tetherin expression for each increase in the number of active 
domains  (Figure  3A). We did not expect a strong correlation 

between memory B cell tetherin levels and IFN score in unsorted 
PBMCs. Since memory B cells are only ~2% of PBMCs, these 
assays do not measure the same biologic effect. We found a 
moderate correlation (Spearman’s R = 0.356, P < 0.0001)  
(Supplementary Figure 3, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41187/ abstract).

To investigate whether the difference between IFN assays 
was due to the type of organ system affected, we analyzed the 2 
most commonly affected domains (mucocutaneous and muscu-
loskeletal) in combination, excluding patients with activity (BILAG 
scores of A, B, or C) in any of the other domains. Although there 
was a significant relationship between each IFN assay and overall 
disease activity, the relationship with IFN assays varied between 
these 2 organ systems (Figure 3B). For IFN score A, increased 
expression was only seen with mucocutaneous disease activity. 
For monocyte tetherin levels, increases were observed only in 
patients with musculoskeletal disease activity. This finding may 
explain why this assay does not show a linear relationship with 
disease activity. However, memory B cell tetherin had a more 
consistent relationship with disease activity in both organ sys-
tems. Tetherin levels were lowest in patients in clinical remission, 
higher in patients with active disease in a single organ, and high-
est in patients with active disease in both organs.

The numbers of patients with other active organ domains 
were more limited. Of patients with no activity in other domains, 12 
had active hematologic disease (BILAG score of A or B) (immune- 
mediated hemolysis or thrombocytopenia). Memory B cell teth-
erin MFI in the patients with active hematologic disease versus 
those with inactive disease was 1,954 versus 1,494, respectively  
(P = 0.005). Eight patients had active renal disease. Comparing 
these 8 patients with active renal disease to patients with inac-
tive disease also revealed a significant increase in memory B cell 
tetherin levels (MFI 2,625 versus 1,562; P = 0.005). Tetherin levels  
were not associated with glucocorticoid use (Supplementary  
Figure 5, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41187/ abstract). 
In our rituximab- naive patients, there was a positive correlation 
between memory B cell tetherin expression and autoantibodies 
summarized as the number of extractable nuclear antigen sub-
types (R = 0.412, P = 0.0001) (Supplementary Figure 6, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41187/ abstract).

For additional comparison to alternative IFN assays, we 
classified patients as type I IFN positive or type I IFN negative 
according to a 5- gene IFN signature, as described by Higgs et al 
(32). Results are shown in Supplementary Figure 7, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41187/ abstract. The majority of the SLE 
patients were in the type I IFN–positive subgroup. As expected, 
this subgroup had worse BILAG disease activity (P = 0.016). To 
determine whether tetherin expression gave additional informa-

http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract
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tion in comparison to the gene expression status, we retested the 
association of tetherin levels with BILAG scores within the type 
I IFN–positive subgroup. We still found a significant association 

between tetherin expression and disease activity (Spearman’s R = 
0.321, P = 0.038), which could not be measured using the more 
standard assay. This finding indicates that memory B cell tetherin 

Figure 3. Association between interferon (IFN) assays and disease activity in systemic lupus erythematosus (SLE). A, Association between 
different IFN assays (IFN score A, monocyte tetherin levels, and memory B cell tetherin levels) and the number of organ systems (domains) with 
active disease in the discovery cohort (164 observations in 124 SLE patients). IFN score A was increased in patients with ≥3 active domains, 
but not in patients with 1 or 2 active domains, compared to those with 0 active domains (remission). Tetherin mean fluorescence intensity (MFI) 
measured on memory B cells demonstrated a more consistent stepwise increase with increasing disease activity. Bars show the mean and 
90% confidence interval (90% CI), calculated using the 2−ΔCt method (i.e., taller bars represent higher expression). Broken lines and shaded 
areas represent the mean and 90% CI in healthy controls (HCs; n = 23). B, Association between different IFN assays and musculoskeletal 
and mucocutaneous disease activity. Disease activity was defined as active (British Isles Lupus Assessment Group [BILAG] score of A or B) 
or inactive (BILAG score of D or E). Patients with activity in other organs were excluded. For IFN score A, there were inconsistent relationships 
with disease activity, with an increase with skin involvement, but not musculoskeletal involvement alone. For monocyte tetherin levels, increased 
protein expression was seen with musculoskeletal disease activity but not with skin activity alone. Tetherin levels measured on memory B cells 
demonstrated a consistent relationship with both common types of clinical disease. Bars show the median. C, Association between different 
IFN assays (monocyte tetherin levels and memory B cell tetherin levels) and the number of organ systems with active disease in the validation 
cohort. Results were similar to those for the discovery cohort, shown in A. Bars show the mean ± SD (n = 80 patients). D, Scatterplots showing 
association between overall disease activity (BILAG global score) and tetherin levels. There was a significant association between BILAG global 
score and memory B cell tetherin levels but not monocyte tetherin levels. E, Relationship between tetherin levels and SLE disease flare. Memory 
B cell tetherin levels were significantly predictive of subsequent clinical flare (hazard ratio [HR] 2.290 [95% CI 1.013–4.644]; P = 0.022), while 
monocyte tetherin levels were not (HR 0.814 [95% CI 0.580–1.141]; P = 0.231).
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gives additional clinically relevant information compared to the IFN 
signature alone.

Clinical validation of IFN assays: plasmablasts. Last,  
in the discovery cohort, we used the plasmablast count to 
represent current B cell activity and differentiation. Type I IFN 
is known to promote the differentiation of memory B cells into 
plasmablasts (33). We have previously shown that an early rapid 
population of plasmablasts after rituximab treatment led to an 
early clinical relapse (19,34). We hypothesized that the mem-
ory B cell tetherin level would correlate with circulating plasma-
blast numbers after rituximab treatment, reflecting an increased 
rate of differentiation secondary to type I IFN. The results are 
shown in Table 2. In rituximab- naive patients, no relationship was 
found between any tetherin IFN assay and plasmablast count. 
In patients who had received rituximab treatment there was no 
correlation between monocyte, NK, or T cell tetherin levels and 
plasmablast numbers, but memory B cell tetherin levels were 
significantly correlated with plasmablast numbers (Spearman’s 
R = 0.38, P = 0.047) as well as inversely correlated with time to 
clinical relapse (R = 0.623, P = 0.022). To further explore whether 
tetherin surface protein expression was associated with the 
induction of relevant pathogenic pathways in B cells, we evalu-
ated 2 transcripts for downstream plasmablast function: IgJ for 
antibody synthesis in all samples, and ISG15 for ISG- 15 protein 
secretion in sorted memory B cells. Both of these transcripts 
showed a significant correlation with flow cytometric measure-
ment of memory B cell tetherin MFI (Supplementary Figure 8, 
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.41187/abstract).

Independent validation cohort. The independent val-
idation cohort consisted of an additional 80 patients with SLE 
who were recruited and studied prospectively. Memory B cell and 
monocyte tetherin levels were measured using fresh lysed whole 

blood in an independent accredited diagnostic laboratory. Disease 
activity was measured at the time of sampling using the BILAG 
2004. Patients were followed up for subsequent flare (a BILAG 
score of A or B).

We found a similar relationship between tetherin levels and 
disease activity as in our discovery cohort. There was a significant 
relationship between the number of organ domains with active 
disease and memory B cell tetherin levels (P = 0.0005) but no rela-
tionship with monocyte tetherin levels (P = 0.759) (Figure 3C). There 
was a significant association between global BILAG score and 
memory B cell tetherin levels (Spearman’s R = 0.503, P < 0.0001) 
but no association with monocyte tetherin levels (R = 0.058,  
P = 0.627) (Figure  3D). Additionally, in this cohort we demon-
strated that in patients in clinical remission at the time of sampling  
(n = 36), memory B cell tetherin levels predicted time to clinical 
flare. In a multivariable Cox regression analysis including mem-
ory B cell tetherin level, monocyte tetherin level, and age, mem-
ory B cell tetherin level was a significant predictor of subsequent 
BILAG A/B flare (hazard ratio [HR] 2.290 [95% CI 1.013–4.644]; 
P = 0.022). Monocyte tetherin level did not significantly predict 
flare (HR 0.814 [95% CI 0.580–1.141]; P = 0.231) (Figure 3E). In 
conclusion, we independently confirmed that disease activity is 
related to type I IFN response in memory B cells measured using 
tetherin, and further, that this is predictive of clinical outcome.

DISCUSSION

In this study we demonstrated the value of a novel cell- specific 
biomarker based on the IFN- inducible protein tetherin, using in 
vitro methods and human clinical studies. We showed that flow 
cytometric measurement of memory B cell surface tetherin lev-
els captured cell- specific type I IFN response, was responsive to 
increasing doses of type I IFN, and had a strong and consistent 
relationship with disease activity, B cell activity, and time to flare in 
2 cohorts of SLE patients. These results are important because 
type I IFN and B cells play a role in many autoimmune diseases, 
and their measurement has the potential to stratify outcomes and 
use of therapies, though previous studies have yielded conflicting 
results (35).

Better biomarkers are needed in SLE. European League 
Against Rheumatism treat- to- target recommendations advise 
treating to a target of low disease activity, while minimizing expo-
sure to glucocorticoids (36). Predictors of a severe disease tra-
jectory or flares are needed to achieve this goal. Response to 
conventional and targeted therapies in SLE and related diseases 
is variable, and reclassification of autoimmune diseases according 
to pathogenic mechanisms instead of clinical features has been 
proposed (35).

The crucial role of type I IFN in the pathogenesis of SLE and 
related diseases is indicated by genetic susceptibility and mono-
genic interferonopathies as well as evidence of overexpression 
(35). As such, it has face validity as a stratification biomarker. 

Table  2. Association between candidate IFN assays and 
plasmablast level following B cell depletion therapy in SLE patients*

Plasmablast count 
before rituximab 

treatment 
(n = 50)

Plasmablast count 
after rituximab 

treatment 
(n = 28)

IFN score A –0.11 0.24
Tetherin protein level

Monocytes –0.08 0.20
T cells –0.16 0.32
NK cells –0.14 0.05
Naive B cells –0.04 0.30
Memory B cells 0.07 0.38†

* Values are Spearman’s rank correlation coefficient. Interferon (IFN) 
score A was measured on unsorted peripheral blood mononuclear 
cells, and tetherin mean fluorescence intensity (MFI) on each cell 
subset was analyzed by flow cytometry. SLE = systemic lupus 
erythematosus; NK = natural killer. 
† P = 0.047 for correlation between plasmablast count and tetherin MFI. 
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Existing studies indicate the potential value of measuring type I 
IFN for diagnosis and prediction of flares. Type I IFN biomarkers 
may also predict clinical response to tumor necrosis factor block-
ade, B cell depletion, and type I IFN blockade in RA and SLE (35).

Nevertheless, there are limitations to previous approaches 
to measuring type I IFN activity, and some previous results have 
been contradictory. Direct measurement of type I IFN protein is 
limited by the number of different ligands and instability in serum, 
with most cell types expressing the type I IFN receptor. A recent 
improvement was the use of single- molecule arrays (Simoa). The 
higher sensitivity of Simoa allows for reliable measurement of  
IFNα (6). However, this assay is currently expensive and limited in 
availability and has not been validated against clinical outcomes. 
For ISG expression–based methods, another issue is the effect 
of other IFN subtypes or other inflammatory mediators. ISGs are 
known to fall into distinct subsets, which may be due to the effect 
of type II IFN (7,9). We previously showed that there are different 
patterns of ISG expression in different autoimmune diseases. In 
the present study we confirmed that tetherin is selectively respon-
sive to type I IFN, and we included ANA- negative RA patients as 
inflammatory disease controls. (We did not see any elevation of 
tetherin levels in our RA patients as others have reported for an 
IFN signature, but this difference may be due to our selection of 
only ANA- negative cases rather than differences in the biomarkers).

While candidate biomarker discoveries in autoimmunity are 
numerous, a significant challenge is validation in clinically relevant 
contexts (37). An important aspect of our work is the degree of 
preclinical and clinical validation. We used 2 methods of validation 
to demonstrate that tetherin reflects cellular response to type I 
IFN. We demonstrated a correlation with existing validated IFN 
assays. However, such concurrent validity studies are limited by 
the potential imprecision of the IFN scores. These scores may 
be affected by changes in the cellular composition of the sam-
ple or other subtypes of IFNs. Moreover, tetherin assesses the 
response to IFN of a specific cell subset (we have shown memory 
B cells), while IFN scores assess a mixed population of cells and 
will be influenced by other cell types. For these reasons, the more 
important method of demonstrating that tetherin reflects cellular 
response to type I IFN is through in vitro stimulation assays. We 
showed that tetherin has a dose- dependent response to type I 
IFN in multiple cell subsets, far exceeding response to type II IFN. 
Our data therefore demonstrate good face and construct valid-
ity, as well as concurrent and prospective criterion validation and 
feasibility in a routine clinical setting. We also present validation 
against a range of different clinical and longitudinal end points.

Cell- specific measurement based on flow cytometry has 
been demonstrated previously using expression of Siglec- 1, 
another cell surface protein convenient for flow cytometry that 
is expressed by monocytes. Monocyte Siglec- 1 expression has 
been shown to correlate with disease activity as well as predict 
autoimmune congenital heart block (25,38,39). This was a sig-
nificant advance in analysis of IFN status. In the present study 

we advanced this principle further by using a marker expressed 
on all circulating cells. Tetherin captures the same information as 
Siglec- 1 on monocytes, but also evaluates other cell subsets. We 
have shown that results from these different subsets vary, with the 
strongest clinical correlation for memory B cells. This method has 
distinct advantages when there is particular interest in a specific 
cell population, such as with the B cell–directed therapies rituxi-
mab and belimumab in SLE. B cell response to type I IFN is crucial 
in SLE.

While there were many associations between tetherin protein 
expression and clinical features of SLE, memory B cell tetherin 
levels seemed to be particularly important. This marker correlated 
best with clinical features, and was the only marker to be asso-
ciated with plasmablast number. After B cell depletion with ritux-
imab, there is a highly variable rate of plasmablast repopulation 
that predicts clinical relapse. Understanding the determinants of 
these repopulation patterns may reveal upstream factors con-
trolling B cell autoreactivity. One previous study showed a relation-
ship between serum BAFF titers and the numbers of plasmablasts 
at relapse (40). However, BAFF may not be the only factor. Type 
I IFN also promotes B cell activation and differentiation into plas-
mablasts and plasma cells (28,41). This may include direct influ-
ences; for example, in animal models type I IFN influences B cell 
receptor– and Toll- like receptor–mediated response to self nuclear 
antigen. Our work provides data from human disease to support 
this observation (42,43). Additionally, type I IFN induces a plasma 
cell phenotype that secretes ISG- 15 with additional proinflamma-
tory effects (17). In the present study, we found that memory B cell 
tetherin levels correlated with plasmablast expansion after rituxi-
mab treatment. A plasmablast signature was recently shown to be 
a strong biomarker for SLE, and we and others previously showed 
that plasmablast expansion after rituximab was strongly predic-
tive of clinical relapse (19,44,45). This was further supported by a 
correlation between memory B cell tetherin levels and transcripts 
representing disease- relevant B cell dysfunction.

The tetherin biomarker has some limitations. First, although 
this flow cytometry assay avoids confounders that may affect ISG 
expression scores, analyzing a single IFN- inducible transcript may 
be more susceptible to the influence of other inflammatory stimuli, 
which we cannot exclude based on these results. However, our 
data comparing SLE to the RA disease control are very consist-
ent with those we observed using IFN scores, with a clear differ-
ence in IFN score A and tetherin expression between SLE and 
RA. Tetherin, like all type I IFN biomarkers, may be influenced by 
acute or chronic viral infections, which were excluded from this 
study. It may be more difficult to perform flow cytometry in some 
situations. However, with widespread use of flow cytometry in cell- 
targeted therapies in autoimmunity and oncology, as well as in 
routine monitoring of HIV, addition of tetherin cell surface staining 
is a highly cost- effective test. Tetherin may be analyzed in combi-
nation with B cell and plasmablast flow cytometry to stratify both 
B cell– and type I IFN–blocking therapy.
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In summary, we describe measurement of the IFN- inducible 
protein tetherin on B cells as a cell- specific biomarker with a num-
ber of advantages and widespread applications in clinical and 
laboratory research in this rapidly expanding area of immunology.

ACKNOWLEDGMENTS

We thank C. F. Taylor for gene expression analysis and  
A. Droop for database organization.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Vital had full access to all of the data in the study and 
takes responsibility for the integrity of the data and the accuracy of the 
data analysis.
Study conception and design. El- Sherbiny, Emery, Vital.
Acquisition of data. El- Sherbiny, Md Yusof, Psarras, Hensor, Kabba, 
Dutton, Mohamed, Elewaut, McGonagle, Tooze, Doody, Wittmann.
Analysis and interpretation of data. El- Sherbiny, Md Yusof, Psarras, 
Hensor, Kabba, Dutton, Mohamed, Elewaut, McGonagle, Tooze, Doody, 
Wittmann, Emery, Vital.

REFERENCES
 1. Crow MK. Type I interferon in the pathogenesis of lupus. J Immunol

2014;192:5459–68.

 2. Rönnblom L, Eloranta ML. The interferon signature in autoimmune
diseases. Curr Opin Rheumatol 2013;25:248–53.

 3. Niewold TB. Interferon α as a primary pathogenic factor in human
lupus. J Interferon Cytokine Res 2011;31:887–92.

 4. Vidal-Laliena M, Romero X, March S, Requena V, Petriz J, Engel P.
Characterization of antibodies submitted to the B cell section of the
8th Human Leukocyte Differentiation Antigens Workshop by flow cy-
tometry and immunohistochemistry. Cell Immunol 2005;236:6–16.

 5. Evans EJ, Hene L, Sparks LM, Dong T, Retiere C, Fennelly JA, et al. The 
T cell surface—how well do we know it? Immunity 2003;19:213–23.

 6. Rodero MP, Decalf J, Bondet V, Hunt D, Rice GI, Werneke S, et al.
Detection of interferon α protein reveals differential levels and cellular
sources in disease. J Exp Med 2017;214:1547–55.

 7. El-Sherbiny YM, Psarras A, Yusof MY, Hensor EM, Tooze R, Doody
G, et al. A novel two- score system for interferon status segregates
autoimmune diseases and correlates with clinical features. Sci Rep
2018;8:5793.

 8. Raterman HG, Vosslamber S, de Ridder S, Nurmohamed MT, Lems
WF, Boers M, et al. The interferon type I signature towards prediction 
of non- response to rituximab in rheumatoid arthritis patients. Arthritis 
Res Ther 2012;14:R95.

 9. Chiche L, Jourde-Chiche N, Whalen E, Presnell S, Gersuk V, Dang K, 
et al. Modular transcriptional repertoire analyses of adults with sys-
temic lupus erythematosus reveal distinct type I and type II interferon 
signatures. Arthritis Rheumatol 2014;66:1583–95.

 10. Kawasaki M, Fujishiro M, Yamaguchi A, Nozawa K, Kaneko H,
Takasaki Y, et al. Fluctuations in the gene expression of peripheral
blood mononuclear cells between the active and inactive phases of
systemic lupus erythematosus. Clin Exp Rheumatol 2010;28:311–7.

 11. Landolt-Marticorena C, Bonventi G, Lubovich A, Ferguson C,
 Unnithan T, Su J, et al. Lack of association between the interferon- α
signature and longitudinal changes in disease activity in systemic
lupus erythematosus. Ann Rheum Dis 2009;68:1440–6.

 12. Becker AM, Dao KH, Han BK, Kornu R, Lakhanpal S, Mobley AB,
et al. SLE peripheral blood B cell, T cell and myeloid cell transcrip-
tomes display unique profiles and each subset contributes to the
interferon signature. PLoS One 2013;8:e67003.

 13. Whitney AR, Diehn M, Popper SJ, Alizadeh AA, Boldrick JC, Relman 
DA, et al. Individuality and variation in gene expression patterns in
human blood. Proc Natl Acad Sci U S A 2003;100:1896–901.

 14. Fayyaz A, Igoe A, Kurien BT, Danda D, James JA, Stafford HA, et al.
Haematological manifestations of lupus [review]. Lupus Sci Med
2015;2:e000078.

 15. Taylor KE, Chung SA, Graham RR, Ortmann WA, Lee AT, Langefeld
CD, et al. Risk alleles for systemic lupus erythematosus in a large
case- control collection and associations with clinical subpheno-
types. PLoS Genet 2011;7:e1001311.

 16. Md Yusof MY, Vital EM, Emery P. Biologics in systemic lupus erythe-
matosus: current options and future perspectives. Br J Hosp Med
(Lond) 2014;75:440–7.

 17. Care MA, Stephenson SJ, Barnes NA, Fan I, Zougman A,  El-Sherbiny 
YM, et al. Network analysis identifies proinflammatory plasma cell
polarization for secretion of ISG15 in human autoimmunity. J Immu-
nol 2016;197:1447–59.

 18. Jacobi AM, Mei H, Hoyer BF, Mumtaz IM, Thiele K, Radbruch A,
et al. HLA- DRhigh/CD27high plasmablasts indicate active disease
in patients with systemic lupus erythematosus. Ann Rheum Dis
2010;69:305–8.

 19. Vital EM, Dass S, Buch MH, Henshaw K, Pease CT, Martin MF, et al.
B cell biomarkers of rituximab responses in systemic lupus erythe-
matosus. Arthritis Rheum 2011;63:3038–47.

 20. Kalunian KC, Merrill JT, Maciuca R, McBride JM, Townsend MJ, Wei
X, et al. A phase II study of the efficacy and safety of rontalizumab
(rhuMAb interferon- α) in patients with systemic lupus erythematosus
(ROSE). Ann Rheum Dis 2016;75:196–202.

 21. Blasius AL, Giurisato E, Cella M, Schreiber RD, Shaw AS,  Colonna
M. Bone marrow stromal cell antigen 2 is a specific marker of type I
IFN- producing cells in the naive mouse, but a promiscuous cell sur-
face antigen following IFN stimulation. J Immunol 2006;177:3260–5.

 22. Neil SJ, Zang T, Bieniasz PD. Tetherin inhibits retrovirus release and
is antagonized by HIV- 1 Vpu. Nature 2008;451:425–30.

 23. El-Sherbiny YM, El-Jawhari JJ, Moseley TA, McGonagle D, Jones E.
T cell immunomodulation by clinically used allogeneic human can-
cellous bone fragments: a potential novel immunotherapy tool. Sci
Rep 2018;8:13535.

 24. Rose T, Grützkau A, Hirseland H, Huscher D, Dähnrich C, Dzionek
A, et al. IFNα and its response proteins, IP- 10 and SIGLEC- 1, are
biomarkers of disease activity in systemic lupus erythematosus. Ann
Rheum Dis 2013;72:1639–45.

 25. Biesen R, Demir C, Barkhudarova F, Grün JR, Steinbrich-Zöllner M,
Backhaus M, et al. Sialic acid–binding Ig- like lectin 1 expression in
inflammatory and resident monocytes is a potential biomarker for
monitoring disease activity and success of therapy in systemic lupus 
erythematosus. Arthritis Rheum 2008;58:1136–45.

 26. Morawski PA, Bolland S. Expanding the B cell- centric view of sys-
temic lupus erythematosus. Trends Immunol 2017;38:373–82.

 27. Nashi E, Wang Y, Diamond B. The role of B cells in lupus pathogen-
esis [review]. Int J Biochem Cell Biol 2010;42:543–50.

 28. Malkiel S, Barlev AN, Atisha-Fregoso Y, Suurmond J, Diamond B.
Plasma cell differentiation pathways in systemic lupus erythemato-
sus [review]. Front Immunol 2018;9:427.

 29. Vaughn SE, Kottyan LC, Munroe ME, Harley JB. Genetic suscep-
tibility to lupus: the biological basis of genetic risk found in B cell
signaling pathways. J Leukoc Biol 2012;92:577–91.

 30. Isenberg DA, Rahman A, Allen E, Farewell V, Akil M, Bruce IN,
et al. BILAG 2004: development and initial validation of an updated



B CELL TETHERIN PREDICTS SLE DISEASE ACTIVITY |      779

 version of the British Isles Lupus Assessment Group’s disease activi-
ty index for patients with systemic lupus erythematosus. Rheumatol-
ogy  (Oxford) 2005;44:902–6.

 31. Cohen J. Statistical power analysis for the behavioral sciences. 2nd 
ed. Hillsdale (NJ): Lawrence Erlbaum Associates; 1988.

 32. Higgs BW, Liu Z, White B, Zhu W, White WI, Morehouse C, et al. 
Patients with systemic lupus erythematosus, myositis, rheumatoid 
arthritis and scleroderma share activation of a common type I inter-
feron pathway. Ann Rheum Dis 2011;70:2029–36.

 33. Cocco M, Stephenson S, Care MA, Newton D, Barnes NA, Davison 
A, et al. In vitro generation of long- lived human plasma cells. J Immu-
nology 2012;189:5773–85.

 34. Md Yusof MY, Shaw D, El-Sherbiny YM, Dunn E, Rawstron AC, 
 Emery P, et al. Predicting and managing primary and secondary 
non- response to rituximab using B- cell biomarkers in systemic lupus 
erythematosus. Ann Rheum Dis 2017;76:1829–36.

 35. Psarras A, Emery P, Vital EM. Type I interferon- mediated autoim-
mune diseases: pathogenesis, diagnosis and targeted therapy. 
Rheumatology (Oxford) 2017;56:1662–75.

 36. Van Vollenhoven RF, Mosca M, Bertsias G, Isenberg D, Kuhn A, 
Lerstrøm K, et al. Treat- to- target in systemic lupus erythematosus: 
recommendations from an international task force. Ann Rheum Dis 
2014;73:958–67.

 37. Paulovich AG, Whiteaker JR, Hoofnagle AN, Wang P. The inter-
face between biomarker discovery and clinical validation: the 
tar pit of the protein biomarker pipeline. Proteomics Clin Appl 
2008;2:1386–402.

 38. Kyogoku C, Smiljanovic B, Grün JR, Biesen R, Schulte-Wrede  
U, Häupl T, et al. Cell- specific type I IFN signatures in  autoimmunity 

and viral infection: what makes the difference? PLoS One 
2013;8:e83776.

 39. Lisney AR, Szelinski F, Reiter K, Burmester GR, Rose T, Dörner T. 
High maternal expression of SIGLEC1 on monocytes as a  surrogate 
marker of a type I interferon signature is a risk factor for the de-
velopment of autoimmune congenital heart block. Ann Rheum Dis 
2017;76:1476–80.

 40. Carter LM, Isenberg DA, Ehrenstein MR. Elevated serum BAFF levels 
are associated with rising anti–double- stranded DNA antibody levels 
and disease flare following B cell depletion therapy in systemic lupus 
erythematosus. Arthritis Rheum 2013;65:2672–9.

 41. Jego G, Palucka AK, Blanck JP, Chalouni C, Pascual V,  Banchereau 
J. Plasmacytoid dendritic cells induce plasma cell differentiation 
through type I interferon and interleukin 6. Immunity 2003;19:225–34.

 42. Lau CM, Broughton C, Tabor AS, Akira S, Flavell RA, Mamula MJ, 
et al. RNA- associated autoantigens activate B cells by combined B 
cell antigen receptor/Toll- like receptor 7 engagement. J Exp Med 
2005;202:1171–7.

 43. Chaturvedi A, Dorward D, Pierce SK. The B cell receptor governs the 
subcellular location of Toll- like receptor 9 leading to hyperresponses 
to DNA- containing antigens. Immunity 2008;28:799–809.

 44. Anolik JH, Barnard J, Owen T, Zheng B, Kemshetti S, Looney RJ, 
et al. Delayed memory B cell recovery in peripheral blood and lym-
phoid tissue in systemic lupus erythematosus after B cell depletion 
therapy. Arthritis Rheum 2007;56:3044–56.

 45. Lazarus MN, Turner-Stokes T, Chavele KM, Isenberg DA, Ehrenstein 
MR. B- cell numbers and phenotype at clinical relapse following ritux-
imab therapy differ in SLE patients according to anti- dsDNA anti-
body levels. Rheumatology (Oxford) 2012;51:1208–15.



780  

Arthritis & Rheumatology
Vol. 72, No. 5, May 2020, pp 780–790
DOI 10.1002/art.41188
© 2019, American College of Rheumatology

Role of Systemic Lupus Erythematosus Risk Variants With 
Opposing Functional Effects as a Driver of Hypomorphic 
Expression of TNIP1 and Other Genes Within a  
Three- Dimensional Chromatin Network
Satish Pasula,1 Kandice L. Tessneer,1 Yao Fu,1 Jaanam Gopalakrishnan,2 Richard C. Pelikan,1 Jennifer A. Kelly,1 
Graham B. Wiley,1 Mandi M. Wiley,1 and Patrick M. Gaffney2

Objective. Genetic variants in the region of tumor necrosis factor–induced protein 3–interacting protein 1 (TNIP1)  
are associated with autoimmune disease and reduced TNIP1 gene expression. The aim of this study was to  
define the functional genetic mechanisms driving TNIP1 hypomorphic expression imparted by the systemic lupus  
erythematosus–associated TNIP1 H1 risk haplotype.

Methods. Dual luciferase expression and electrophoretic mobility shift assays were used to evaluate the allelic 
effects of 11 risk variants on enhancer function and nuclear protein binding in immune cell line models (Epstein- Barr 
virus [EBV]–transformed human B cells, Jurkat cells, and THP- 1 cells), left in a resting state or stimulated with phor-
bol 12- myristate 13- acetate/ionomycin. HiChIP was used to define the regulatory 3-dimensional (3-D) chromatin 
network of the TNIP1 haplotype by detecting in situ long-range DNA contacts associated with H3K27ac-marked 
chromatin in EBV B cells. Then, quantitative reverse transcription–polymerase chain reaction (qRT-PCR) was used 
to determine the expression of genes within the 3-D chromatin network.

Results. Bioinformatics analyses of 50 single- nucleotide polymorphisms on the TNIP1 H1 risk haplotype iden-
tified 11 non–protein- coding variants with a high likelihood of influencing TNIP1 gene expression. Eight variants in 
EBV B cells, 5 in THP- 1 cells, and 2 in Jurkat cells exhibited various allelic effects on enhancer activation, result-
ing in a cumulative suppressive effect on TNIP1 expression (net effect of risk variants −7.14 fold, −6.80 fold, and 
−2.44 fold, respectively; n > 3). Specifically, in EBV B cells, only 2 variants (rs10057690 and rs13180950) exhibited 
allele- specific loss of both enhancer activity and nuclear protein binding (each P < 0.01 relative to nonrisk alleles). In 
contrast, the rs10036748 risk allele reduced binding affinities of the transcriptional repressors basic helix- loop- helix 
family member 40/differentially expressed in chondrocytes 1 (bHLHe40/DEC1) (P < 0.05 relative to nonrisk alleles) 
and CREB- 1 (P not significant) in EBV B cells, resulting in a gain of enhancer activity (P < 0.05). HiChIP and qRT- PCR 
analyses revealed that overall transcriptional repression of the TNIP1 haplotype extended to the neighboring genes 
DCTN4 and GMA2, both of which also showed decreased expression in the presence of the TNIP1 risk haplotype  
(P < 0.001 and P < 0.01, respectively, relative to the nonrisk haplotype); notably, it was found that these genes share 
a 3- D chromatin network.

Conclusion. Hypomorphic TNIP1 expression results from the combined concordant and opposing effects of 
multiple risk variants carried on the TNIP1 risk haplotype, with the strongest regulatory effect in B lymphoid line-
age cells. Furthermore, the TNIP1 risk haplotype effect extends to neighboring genes within a shared chromatin 
network.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a challenging auto-
immune disease characterized by a loss of immune self tolerance 
and widespread dysfunction of the innate and adaptive immune  
systems, which can lead to systemic end- organ damage, severe 
morbidity, and early mortality. Genome- wide association stud-
ies (GWAS) and targeted genetic scans of SLE case–control  
populations have identified more than 100 genetic loci associ-
ated with increased SLE susceptibility (1,2). Tumor necrosis fac-
tor (TNF)–induced protein 3–interacting protein 1 (TNIP1), located 
on 5q32–33.1, has been identified by multiple GWAS, large- scale 
replication, and genetic fine- mapping studies as a strong SLE 
susceptibly locus shared across multiple racial groups, including 
European American, African American, Gullah, Hispanic, His-
panic Dominican Republic, Chinese, and Japanese (3–9). Multiple 
independent and race- specific SLE risk haplotypes spanning the 
TNIP1 locus have been identified, including independent H1 and 
H2 haplotypes that we previously identified in European Ameri-
cans (3,6). Genetic variability within the TNIP1 locus has also been 
associated with several other autoimmune diseases, including 
Sjögren’s syndrome (10), systemic sclerosis (11,12), psoriatic 
arthritis (13), and psoriasis (13–16), as well as asthma (17) and 
some cancers (18–20). 

TNIP1 encodes the polyubiquitin binding protein A20- binding 
inhibitor of NF- κB (ABIN- 1). TNIP1/ABIN- 1 is a critical negative reg-
ulator of the proinflammatory NF- κB signaling pathway (21), and has 
been implicated in regulation of Toll- like receptors (TLRs) (22), per-
oxisome proliferator- activated receptor (23), retinoic acid receptor 
(24), and CCAAT/enhancer binding protein β (C/EBPβ) (25) signa-
ling pathways. Loss of TNIP1/ABIN- 1 in mice exacerbates NF- κB 
and C/EBPβ signaling, resulting in chronic inflammation and the 
progressive development of lupus- like inflammatory phenotypes, 
including immune cell expansion and activation, circulating autoan-
tibodies, and renal dysfunction (21,25,26). These findings strongly 
imply that the hypomorphic TNIP1 expression that is associated 
with SLE TNIP1 risk haplotypes is an important contributing factor in 
the pathogenesis of SLE (3,27).

Despite its strong genetic association with SLE and the iden-
tification of several risk variants, the mechanisms that modulate 
the cell type– and state- specific transcriptional regulation of TNIP1 
in the context of SLE is not well understood. Using a combination 
of in vitro assays across different immune cell lineages, in a resting 
state or after stimulation, we functionally characterized SLE risk 
variants located in enhancers spanning the TNIP1 H1 risk haplo-
type. Our findings suggest that multiple variants with concordant 
and opposing allelic effects in vitro collectively function to sup-
press TNIP1 gene expression, most potently in B lymphoid line-
age cells. Moreover, we also demonstrate that the hypomorphic 
expression induced by the TNIP1 risk haplotype extends beyond 
TNIP1 to other genes that share 3- dimensional (3- D) chromatin 
contact domains with the risk haplotype.

MATERIALS AND METHODS

Antibodies and cell lines. Jurkat and THP- 1 cells were 
purchased from ATCC. Epstein- Barr virus (EBV)–transformed 
human B cell lines were obtained from the Lupus Family Registry 
and Repository at the Oklahoma Medical Research Foundation, 
with Institutional Review Board approval (28). EBV B cell lines 
were selected using genotype data corresponding to the different 
TNIP1 variants. Genotypes were verified by Sanger sequencing. 
Cell lines were maintained in RPMI 1640 medium supplemented 
with 10% fetal bovine serum, 1X penicillin/streptomycin antibi-
otic mixture (Atlanta Biologicals), and 2 mM l- glutamine (Lonza). 
THP- 1 cell medium was also supplemented with 50 μM  
β-mercaptoethanol.

Cells were left in a resting state or stimulated with phorbol 
12- myristate 13- acetate (PMA) and ionomycin (P/I) (50 ng/ml PMA 
and 500 ng/ml ionomycin) for 2 hours. The following antibodies 
were used: anti–early growth response 1 (Egr- 1) and anti–CREB- 1 
(product nos. 44D5 and 48H2, respectively; Cell Signaling Tech-
nology), antibodies to basic helix- loop- helix family member  
40/differentially expressed in chondrocytes 1 (bHLHe40/DEC1) 
(product no. NB100- 1800; Novus Biologicals), anti–histone H3 
(acetyl K27) and anti–β- actin (product nos. ab4279 and ab8226, 
respectively; Abcam), anti- FLAG (F1804; Sigma- Aldrich), and nor-
mal rabbit IgG (Millipore). All stock laboratory chemicals were from 
Sigma- Aldrich.

Dual luciferase reporter assay. DNA sequences, ~350 bp 
in length, surrounding selected nonrisk or risk TNIP1 variants were 
amplified by polymerase chain reaction (PCR) (the oligonucleotide 
sequences for each probe are listed in Supplementary Table 1,  
available on the Arthritis & Rheumatology web site at http://onlin e  
libr ary.wiley.com/doi/10.1002/art.41188/ abstract) and cloned into  
a minimal promoter luciferase plasmid, pGL4.23 (Promega). 
CREB1 (OHu22955D) and BHLHE40/DEC1 (OHu17520) were 
purchased from GenScript and cloned into a Flag- tagged overex-
pression cloning vector, pcDNA3.1/C- (K)DYK. Each plasmid was 
transiently cotransfected with the pRL- TK plasmid into Jurkat cells 
(V4XC- 1032, Amaxa Nucleofector SE kit), THP- 1 cells (V4XC- 
3032, Amaxa Nucleofector SG kit), or EBV B cells (V4XC- 2032, 
Amaxa Nucleofector SF kit) (all from Lonza). The pRL- TK plasmid 
was used for normalization and to calculate transfection efficiency. 
Twenty- four hours after transfection, cells were treated with P/I 
(50 ng/ml PMA and 500 ng/ml ionomycin) for 2 hours, and then 
enhancer activity was measured using a dual luciferase reporter 
assay (Promega) as previously described (29).

Electrophoretic mobility shift assay (EMSA). Com-
plementary pairs of 40- bp nonrisk and risk probes (see Supple-
mentary Table 1 at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41188/ abstract), chemically synthesized and 5′- end bioti-
nylated (IDT), were annealed by heating at 95°C for 5 minutes, 

http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
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and then cooled to room temperature. Ten micrograms of nuclear 
protein, which was extracted from Jurkat, EBV B, or THP- 1 
cells that were either left quiescent or stimulated with P/I (50 
ng/ml PMA and 500 ng/ml ionomycin), was incubated with 20 
fmoles of biotin–end- labeled probes in binding buffer (1 μg poly 
[dI- dC], 20 mM HEPES, 10% glycerol, 100 mM KCl, and 0.2 mM 
EDTA, pH 7.9) for 20 minutes at room temperature. DNA–protein 
complexes were resolved on a nondenaturing 5% acrylamide gel 
for ~60 minutes at 100V in 0.5X Tris borate/EDTA before being 
transferred onto a positively charged nylon membrane (AM10104; 
Thermo Fisher Scientific) in 0.5X Tris borate/EDTA at 300 mA for 
30 minutes.

Membrane- bound DNA–protein complexes were  ultraviolet 
cross- linked at 120 mJ/cm2 using a UV Stratalinker 1800 
 (Stratagene), and then detected by horseradish peroxidase–
conjugated streptavidin chemiluminescence (LightShift chemi-
luminescent EMSA kit 89880; Thermo Fisher Scientific) in 
accordance with the manufacturer’s instructions. Chemilumines-
cence was captured on radiographic films that were exposed 
for 1–5 minutes and developed using a Mini- Med 90 X- ray Film 
Processor (AFP Manufactur ing). For competition assays, 10- , 
50- , and 200- fold excess of unlabeled nonrisk or risk probes 
was added to the EMSA binding reactions (for representative 
images, see Supplementary Figure 1, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41188/ abstract). Semiquantitative densitometry 
was  performed using NIH ImageJ software.

DNA-­affinity­pulldown­of­nuclear­proteins. Streptavi-
din magnetic beads (200 μg Dynabeads M- 280 Streptavidin,  
112- 06D; Invitrogen) were subjected to 2 rounds of block-
ing with 1% bovine serum albumin (BSA) in phosphate buff-
ered saline (PBS) for 15 minutes, followed by washing with 
PBS containing 1M NaCl and Tris–EDTA buffer. Biotinylated 
nonrisk or risk oligonucleotides were bound to 100 μl of the 
BSA- blocked streptavidin beads by incubating for 30 minutes 
at room temperature in Tris–EDTA buffer, followed by washing 
with Tris–EDTA buffer. A biotinylated scrambled oligonucleotide 
served as a negative control (see Supplementary Table 1 at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41188/ abstract). 
Fifty micrograms of nuclear extract was precleared by incu-
bating with 100 μl of the BSA- blocked beads in binding buffer 
(250 mM NaCl, 50 mM Tris HCl, 50% glycerol, 2.5 mM dith-
iothreitol, 2.5 mM EDTA, pH 7.6) containing 15 ng/μl poly(-
dI- dC) (product no. 81349- 500UG; Sigma- Aldrich), 0.5 μg/ml  
BSA, and 0.1% Nonidet P40 for 30 minutes on ice. Precleared 
nuclear extracts were incubated with the oligonucleotide- linked 
streptavidin beads for 30 minutes in a 37°C water bath. Samples 
were gently shaken every 5 minutes. Beads were subsequently 
washed 3 times with binding buffer containing 0.1% Nonidet P40. 
The proteins were eluted in 50 μl of 0.2% sodium dodecyl sulfate 
(SDS) sample buffer by boiling for 5 minutes, and then resolved 

on a Criterion XT 4%–12% Bis- Tris gel (product no. 3450124; 
Bio- Rad), followed by Western blotting.

Western blotting. Cells were pelleted and washed in 
cold PBS and lysed with radioimmunoprecipitation assay lysis 
buffer (25 mM Tris HCl, 150 mM NaCl, 5 mM EDTA, pH 8,  
1% Triton X- 100, 0.1% SDS, 0.5% sodium deoxycholate) 
containing a protease inhibitor cocktail (product no. 539132; 
EMD Millipore) and Halt phosphatase inhibitors (product no. 
1862495; Thermo Fisher Scientific). Cells were lysed for 15 
minutes on ice, followed by syringe lysis with a 27- gauge nee-
dle, and then cleared by centri fugation at maximum speed for 
20 minutes.

Protein concentrations were determined using a Qubit pro-
tein assay kit (product no. Q33212; Thermo Fisher Scientific). 
Proteins were denatured in 2X SDS loading buffer by heating to 
95°C for 5 minutes, and then separated by SDS–polyacrylamide 
gel electrophoresis, transferred to a PVDF membrane (product 
no. 1620177; Bio- Rad), blocked with 5% nonfat dairy milk, and 
analyzed by Western blotting using the indicated antibodies. Pro-
teins were detected using Pierce enhanced chemiluminescence 
Western blotting substrate (product no. 32106; Thermo Fisher 
Scientific) and visualized using a ChemiDocMP imaging system 
(Bio- Rad).

Chromatin immunoprecipitation (ChIP) and real- 
time quantitative reverse transcription–PCR (qRT-PCR). 
ChIP assays were performed using a Covaris truChIP chromatin 
shearing kit and Magna ChIP protein A/G beads (MilliporeSigma), 
in accordance with the manufacturer’s recommendations. In brief, 
1 × 107 EBV B cells carrying the TNIP1 rs10036748 nonrisk or 
risk alleles were treated with P/I (50 ng/ml PMA and 500 ng/ml 
ionomycin) in growth medium for 2 hours, and then crosslinked 
with 1% formaldehyde. Nuclei were isolated and sonicated 
in 1 ml of lysis buffer with a Covaris S1 sonicator. Chromatin– 
protein complexes (500 μl) were immunoprecipitated overnight 
at 4°C by mild agitation with antibodies specific for CREB- 1, 
bHLHe40/DEC1, or normal rabbit IgG (as a negative control). DNA 
was eluted from the immunoprecipitated chromatin complexes, 
reverse- crosslinked, purified using Agencourt AMPure XP beads 
(Beckman Coulter), and subjected to qRT- PCR analysis using RT2 
SYBR Green (Qiagen) and primers neighboring the rs10036748 
variant (see Supplementary Table 1 at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41188/ abstract).

HiChIP. H3K27ac- mediated chromatin interactions were 
measured for the whole genome of EBV B cells as part of a pre-
viously published study (30). HiChIP raw reads (fastq files) were 
aligned to those of the hg19 human reference genome, using HiC- 
Pro (31). Aligned data were processed and analyzed through the 
hichipper data preprocessing pipeline (32). Loops were derived 
from the linked paired- end reads that overlap with anchors, and 

http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
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findings were analyzed and visualized using the R package diffloop 
(33). HiChIP sequencing data have been made available in the 
Gene Expression Omnibus database (accession no. GSE116193).

RNA extraction and real- time qRT- PCR. Total RNA from 
EBV B cells carrying the nonrisk or risk TNIP1 H1 haplotype was 
isolated using a Direct- zol RNA MiniPrep Plus kit (Zymo Research), 
in accordance with the manufacturer’s protocol (3). Synthesis of 
complementary DNA was performed using a QuantiTect reverse 
transcriptase kit (Qiagen) in accordance with the manufacturer’s 
recommendations. Gene expression was measured by real- time 
PCR analysis using RT2 SYBR Green (Qiagen). Gene expres-
sion primers for human ANXA6 (QT00066941), human DCTN4 
(QT00038766), human GM2A (QT00071967), human SMIM3 
(QT01028090), human TNIP1 (QT00044072), and human GAPDH 
(PPH00150F) were purchased from Qiagen.

RESULTS

Role of SLE risk variants in collectively suppressing 
the expression of TNIP1. We used RegulomeDB, which col-
lates bioinformatics data from ENCODE and other sources, to 
prioritize variants on the SLE- associated risk haplotypes that are 
most likely to be functional regulators of TNIP1 expression (defined 
as those with a RegulomeDB score ≤3a) (34). Of the 50 variants on 
the risk haplotype (3), RegulomeDB identified 11 that were located 
in non–protein- coding regions enriched for H3K4me1 (marker of 
a poised enhancer) and H3K27ac (marker of an active enhancer) 
and ChIP- seq transcription factor binding sites in several cell lines, 

as well as peripheral blood mononuclear cells and primary CD19+ 
B cells (Figure 1; see also Supplementary Figure 2 and Supple-
mentary Table 2, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41188/ abstract).

To begin functionally characterizing the allelic and cell type–
specific regulatory potential of these variants, we created a series 
of luciferase expression vectors by PCR amplification of an ~350- 
bp sequence containing the respective nonrisk or risk alleles from 
EBV B cells carrying the nonrisk or SLE risk haplotype, and then 
cloning it into a minimal promoter luciferase vector designed to 
measure the activity of upstream DNA elements using a dual 
luciferase assay (29). We transiently transfected the luciferase 
constructs into B lymphoid (EBV B), monocytoid (THP- 1), or T lym-
phoid (Jurkat) lineage cells for 24 hours. Thereafter, we measured 
luciferase activity in the cells in a resting state or after 2 hours of 
stimulation with P/I. After normalization to the vector-only control, 
an increase in luciferase activity over that of the vector-only control 
was interpreted as increased enhancer activity. Cell type–specific 
increases in enhancer activity were observed for 10 variants in 
EBV B cells (Figure 2A), 9 variants in THP- 1 cells (Figure 2B), and 
5 variants in Jurkat cells (Figure 2C).

Of the 10 variants demonstrating enhancer activity in EBV B 
cells, 8 showed significant allele- specific effects (Figure 2A). Three 
variants (rs10057690, rs13180950, and rs10036748) retained the 
allelic effect irrespective of whether the cells remained quiescent 
or were stimulated with P/I. Only 1 variant, rs2042234, produced 
a significant allelic effect in stimulated EBV B cells, while 3 others 
(rs4958879, rs4958435, and rs2233287) lost evidence for allele- 
specific activity with stimulation. The rs62383767 variant flipped 

Figure 1. Bioinformatics analysis of the 11 systemic lupus erythematosus (SLE) risk variants located in regulatory elements of the TNIP1 
locus. RegulomeDB was used to identify the 11 non–protein- coding SLE risk variants on the TNIP1 locus that were predicted to have regulatory 
functions, and that are positioned in enhancer regions identified by enrichment of H3K27ac marks and transcription factor binding according to 
chromatin immunoprecipitation sequencing (ChIP- seq). Variant positions are indicated on the UCSC Genome Browser tracks: Gene Symbol, 
custom track of the TNIP1 SLE risk single- nucleotide polymorphisms, ENCODE H3K27Ac chromatin marks for GM12878, H1- hESC, and K562 
cell lines, and ENCODE ChIP- seq transcription factor enrichment.

http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract


PASULA ET AL 784       |

from increased to decreased luciferase activity from the risk allele 
following stimulation. Interestingly, the 2 variants with the strong-
est enhancer effect exhibited opposing allelic effects, in which the 
risk allele of rs10057690 significantly reduced enhancer activity, 
and the risk allele of rs10036748 significantly increased enhancer 
 activity.

Of the 9 variants demonstrating enhancer activity in THP- 1 
cells (Figure 2B), 5 demonstrated significant allelic effects on lucif-
erase activity. Risk alleles of rs4958879 and rs13180950 signifi-
cantly impaired enhancer activity irrespective of whether the cells 
remained quiescent or were stimulated with P/I. The increased 
enhancer activity of the rs2042234 risk allele and the decreased 

enhancer activity of the rs10057690 risk allele were observed only 
in unstimulated cells. Stimulation of THP- 1 cells flipped the allelic 
effect of rs4958435, increasing the luciferase activity from the risk 
allele over that from the nonrisk allele. Only 5 variants in Jurkat 
cells exhibited enhancer effects, with 2 variants, rs10057690 and 
rs13180950, showing reduced luciferase activity for the risk alleles, 
with, however, opposing stimulation dependence (Figure 2C).

In order to summarize the cumulative effect of these vari-
ants in each cell line, either at rest or following stimulation, we 
 calculated the difference in the sum of the fold change in luciferase 
activity between the risk and nonrisk variants in the cells under 
each condition (Figure 2D). EBV B and THP- 1 cells demonstrated 

Figure 2. The TNIP1 locus has a complex regulatory mechanism with cell type–specific and stimulation- dependent regulatory elements. A–C, 
Sequences carrying the nonrisk alleles (solid bars) or risk alleles (hatched bars) of the indicated variants were cloned into a luciferase vector with 
a minimal promoter. Luciferase activity was measured after transient transfection in Epstein- Barr virus (EBV)–transformed B cells (A), THP- 1 
cells (B), or Jurkat cells (C), either at rest (left) or after stimulation with phorbol 12- myristate 13- acetate/ionomycin (P/I) (right). Luciferase activity 
was normalized to the values for the vector- only control (vertical gray lines), with values presented as the normalized relative luciferase units 
(RLU). Luciferase activity in the risk allele relative to the nonrisk allele was assessed as either a significant decrease (blue) or significant increase 
(yellow) or a lack of allelic effect (black). Bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 for risk versus nonrisk, by 
Student’s t- test (n > 3). D, Summary analysis of the TNIP1 haplotype effect on luciferase activity in EBV B, THP- 1, and Jurkat cells with or 
without stimulation with P/I. The total fold change in luciferase activity for nonrisk or risk alleles over vector- only control were calculated for all 
variants exhibiting significant allelic effects, and then the cumulative effect was estimated by subtracting the total nonrisk effect from the total 
risk effect, to yield the net effect of risk.
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the strongest net effect of the risk alleles in attenuating luciferase 
activity (net effect of risk −7.14 fold and −6.80 fold, respectively) 
compared with that found in Jurkat cells (net effect of risk −2.44 
fold), suggesting that the SLE risk haplotype is most potent in 
suppressing TNIP1 expression in B lymphoid and monocytoid 
cell types. Stimulation with P/I augmented to some degree the 
luciferase expression from the risk allele in each cell type, but 
not enough to reverse the cumulative suppression of luciferase 
activity. Overall, these results are consistent with the observations 
of hypomorphic TNIP1 gene expression in vivo in carriers of the 
TNIP1 risk haplotype.

Involvement of SLE risk variants in altering nuclear 
protein complex binding at the TNIP1 locus. We per-
formed EMSAs using extracts from Jurkat, THP- 1, or EBV B 
cells, either at rest or stimulated with P/I, to determine whether 
the risk alleles of the 11 variants altered the binding affinities of 
nuclear protein complexes. In all 3 cell types, nearly all of the 
variants that exhibited binding demonstrated a qualitative loss of 
nuclear protein complex binding to the risk allele (see Supplemen-

tary Figures 3–5, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41188/ abstract).

Densitometry was used to obtain semiquantitative esti-
mates of the nuclear protein complex binding for each cell 
type, in either resting or stimulated conditions. Any variants 
that did not  demonstrate detectable binding were omitted from 
the semiquantitative analysis. Only 2 variants (rs4958879 and  
rs10036748)  exhibited a significant loss of binding to the risk 
allele in unstimulated Jurkat cells  (Figure 3A and Supplementary  
Figure 3 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41188/ 
 abstract]). The allelic effect of rs4958879 was lost with stimulation 
of Jurkat cells (Figure 3B and Supplementary Figure 3 [http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41188/ abstract]). In THP- 1 cells,  
no significant allelic effects were observed (Figures 3C and D and  
Supplementary Figure 4 [http://onlin elibr ary.wiley.com/doi/10.1002/ 
art.41188/ abstract]).

The nuclear extracts from EBV B cells demonstrated the  
most robust allele- specific effects, with 3 risk alleles (rs10057690,  
rs13180950, and rs10036748) significantly reducing bind-
ing of nuclear proteins from unstimulated cells (Figure 3E and  

Figure 3. TNIP1 systemic lupus erythematosus (SLE) risk alleles differentially affect nuclear complex binding in immune cells. Electrophoretic 
mobility shift assays were performed using biotinylated oligonucleotides containing the nonrisk (NR) or risk (R) alleles of the indicated variants. 
Nuclear extracts were from Jurkat cells (A and B), THP- 1 cells (C and D), or Epstein- Barr virus (EBV)–transformed B cells (E and F), either at 
rest (A, C, and E) or after stimulation with phorbol 12- myristate 13- acetate/ionomycin (P/I) (B, D, and F). Representative images are shown in 
Supplementary Figures 3–5 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41188/ abstract). * = P < 0.05; ** = P < 0.01 for risk versus nonrisk, 
by paired t- test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
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Supplementary Figure 5 [http://onlin elibr ary.wiley.com/doi/10.10 
02/art.41188/ abstract]). Stimulation of EBV B cells resulted in a 
loss of allele- specific significance for the rs10057690 risk var-
iant, but produced a gain of allele- specific significance for the 
risk allele of rs7719549 (Figure 3F and Supplementary Figure 5 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41188/ abstract]). 
Taken together, the combined results of the luciferase and 
EMSA assays suggest that the functional potency of the TNIP1 
risk haplotype is most active in B lymphoid lineage cells.

Impairment of nuclear factor binding to the SLE risk 
allele rs10036748. In EBV B cells, 2 variants, rs10057690 and 
rs13180950, showed concordant loss of nuclear protein binding 
and reduced luciferase activity for the risk alleles relative to the 
nonrisk alleles (Figures 2A and 3E and F). In contrast, rs10036748 
showed discordant effects, with the risk allele showing loss of 
binding in the EMSAs, but increased luciferase activity (Figure 2A 
and Figures 3E and F), suggesting that this allele may oppose the 
overall reduction in TNIP1 gene expression imparted by the risk 
haplotype in vivo.

We hypothesized that the loss of binding of a transcription 
inhibitor complex was responsible for the enhanced allele- specific 
luciferase activity conferred by the rs10036748 risk (A) allele. To 
test this, we used bioinformatics analyses to identify nuclear pro-
teins that could be predicted to bind to the rs10036748 variant. 
Based on bioinformatics data from the ENCODE and Genomatix 
databases, we identified Egr- 1, bHLHe40/DEC1, and CREB- 1 as 
relevant nuclear factor binding proteins. All 3 of these are tran-
scription factors reportedly involved in the activation, proliferation, 
differentiation, and/or function of different immune cell subtypes 
(35–40). In addition, both bHLHe40/DEC1 and CREB- 1 have 
been reported to function as transcriptional repressors in specific 
cell types and states. The bHLHe40/DEC1 transcription factor is 
an essential transcriptional repressor of interleukin- 10 production 
both in Th1 cells and in mice infected with Mycobacterium tuber-
culosis (41–43), and CREB- 1 reportedly competes against CBP/
p300 to impair NF- κB signaling in germinal B cells (40,44).

We performed DNA- affinity pulldowns using nuclear 
extracts from Jurkat, EBV B, and THP- 1 cells to determine the 
allele- specific binding of Egr- 1, bHLHe40/DEC1, and CREB- 1 
to the rs10036748 variant. Egr- 1 from Jurkat cell nuclear 
extracts exhibited reduced binding to the risk (A) allele, rela-
tive to the nonrisk (G) allele, of rs10036748 (Figure 4A). We did 
not observe allele- specific binding by Egr- 1 in EBV B cells, and 
THP- 1 nuclear extracts did not pull down detectable levels of 
Egr- 1 (Figure  4A). In contrast, bHLHe40/DEC1 and CREB- 1 
exhibited reduced binding to the risk (A) allele in all 3 cell types 
(Figure 4A).

To confirm the allele- specific binding of bHLHe40/DEC1 and 
CREB- 1 in situ, we performed ChIP–qPCR in EBV B cells carrying 
the nonrisk or risk TNIP1 haplotype. Both bHLHe40/DEC1 and 
CREB- 1 showed decreased binding to the risk (A) allele relative to 

Figure  4. The systemic lupus erythematosus (SLE) risk allele 
rs10036748 reduces binding of early growth response 1 (Egr- 1), 
basic helix- loop- helix family member 40/differentially expressed in 
chondrocytes 1 (bHLHe40/DEC1), and CREB- 1. A, DNA- affinity 
pulldown assays using annealed biotinylated oligonucleotides con-
taining the nonrisk (NR) or risk (R) allele of rs10036748 were 
performed with nuclear extracts from Jurkat cells, Epstein- Barr 
virus (EBV)–transformed B cells, or THP- 1 cells that had been 
stimulated with phorbol 12- myristate 13- acetate/ionomycin (P/I) 
for 2 hours. Eluted proteins were separated by sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis and analyzed by 
Western blotting using specific antibodies against each protein. 
A biotinylated scrambled oligonucleotide served as a negative 
control. Representative images from 1 of 3 experiments are shown. 
B and C, Chromatin immunoprecipitation followed by quantitative 
reverse transcription–polymerase chain reaction (ChIP–qPCR) was 
performed in P/I-stimulated homozygous EBV B cell lines carrying 
the nonrisk or risk allele of rs10036748. The cells were analyzed by 
ChIP–qPCR using specific antibodies against bHLHe40/DEC1 (B) 
or CREB- 1 (C) (n = 5 cell lines per genotype). Rabbit IgG was used 
as an isotype control. D, Luciferase activity was measured in EBV B 
cells transiently transfected with Firefly luciferase vector- only control 
or cotransfected with luciferase vector carrying the rs10036748 risk 
allele and pcDNA3.1, pcDNA3.1–bHLHe40/DEC1, or pcDNA3.1–
CREB- 1. Luciferase activity was normalized to the values for the 
vector- only control, with values presented as the normalized relative 
luciferase units (RLU). In B–D, symbols represent individual samples; 
horizontal lines with bars show the mean ± SEM. * = P < 0.05; ** = 
P < 0.01; *** = P < 0.001 by Student’s t- test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41188/abstract
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the nonrisk (G) allele (Figures 4B and C), but only the reduction in 
bHLHe40/DEC1 binding reached significance (Figure 4B). Collec-
tively, these results suggest that the risk (A) allele of rs10036748 
impairs nuclear protein binding, particularly bHLHe40/DEC1, in 
immune- relevant cell lines.

In DNA- affinity pulldowns and ChIP–qPCR assays, both 
bHLHe40/DEC1 and CREB- 1 demonstrated reduced binding 
to the risk allele, and both are reported to function as transcrip-
tion repressors. Therefore, we reasoned that the increased lucif-
erase activity observed for the rs10036478 risk allele may result 
from an allele- dependent loss of these transcriptional inhibitors. 
Furthermore, we hypothesized that the overexpression of either 
bHLHe40/DEC1 or CREB- 1 could overcome the lower affin-
ity binding to the rs10036748 risk allele, thereby suppressing 
the allelic increase in luciferase activity. Indeed, transient over-
expression of either bHLHe40/DEC1 or CREB- 1 in EBV B cells 

expressing the luciferase vector carrying the rs10036748 risk 
allele significantly reduced the allele- specific increase in luciferase 
activity (Figure 4D and Supplementary Figure 6, available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41188/abstract).

Influence­ of­ the­ TNIP1 locus on gene expression 
locally and at a distance. Enhancers can regulate gene 
expression locally or at a distance through long- range DNA loop-
ing (45). We therefore hypothesized that the hypomorphic effect 
of the TNIP1 risk haplotype might also manifest an effect on other 
genes within its 3- D chromatin network. To define the 3- D chro-
matin network of the TNIP1 locus, we performed HiChIP in EBV 
B cells with immunoprecipitation of chromatin using antibodies 
for H3K27ac (30). Several long- range interactions were observed 
between the enhancer spanning the TNIP1 risk haplotype and 

Figure 5. The TNIP1 locus has a complex regulatory structure that influences gene expression locally and at a distance. A, H3K27ac HiChIP 
looping interactions within the TNIP1 region were visualized as a 2- dimensional looping diagram. Thickness of the arc is proportional to the 
frequency of observed paired- end tags (PET scan threshold of 6). The enhancer with a strong H3K27ac chromatin immunoprecipitation (ChIP) 
peak spanning the TNIP1 gene locus forms long- range interactions with multiple H3K27ac anchors proximal to distant genes. H3K27Ac Peak 
Track was adapted from the UCSC Genome Browser ENCODE H3K27Ac chromatin marks for GM12878, H1- hESC, and K562 cell lines. B, 
Expression of distant genes in the H3K27ac regulatory network with TNIP1 was measured in resting Epstein- Barr virus (EBV)–transformed B 
cell lines carrying the nonrisk or risk H1 TNIP1 haplotype using quantitative reverse transcription–polymerase chain reaction. Expression values 
were normalized to those for GAPDH, and then to TNIP1 expression in nonrisk EBV B cell controls. Results are the mean ± SEM (n > 3). * =  
P < 0.05; ** = P < 0.01; *** = P < 0.001 by Student’s t- test.
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flanking genes known to be expressed in immune cell types (see 
www.gtexp ortal.org) (46), including SMIM3, ANXA6, DCTN4, and 
GM2A (Figure  5A). Similar chromatin looping events were also 
observed in publicly available Hi- C data from the GM12878 EBV 
B cell line (see Supplementary Figure 7, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41188/ abstract) (47,48).

To determine whether the TNIP1 risk haplotype influenced the 
expression of these distant genes, we performed qRT- PCR using 
RNA isolated from resting EBV B cells carrying the TNIP1 nonrisk 
or risk H1 haplotype. As expected, the TNIP1 SLE risk haplotype 
significantly reduced TNIP1 expression (Figure 5B). EBV B cells 
carrying the TNIP1 risk haplotype also exhibited a significant loss 
of DCTN4 and GM2A expression. Although showing a similar 
trend, no significant differences in the expression of SMIM3 and 
ANXA6 in the presence of the TNIP1 risk haplotype, relative to the 
nonrisk haplotype, were observed. Collectively, these data sug-
gest that the effect of the TNIP1 risk haplotype extends beyond 
TNIP1 to include other genes whose promoters are contacted by 
the TNIP1 haplotype through long- range DNA interactions.

DISCUSSION

Despite the fact that associations between the TNIP1 SLE risk 
haplotype, hypomorphic TNIP1 expression, and dysregulation of 
key inflammatory signaling pathways have been reported, few stud-
ies have investigated the regulatory mechanisms controlling TNIP1 
expression in the context of the genetic risk haplotype. Using a 
combination of in vitro assays aimed at characterizing the TNIP1 risk 
variants that are predicted to have functional effects, we discovered 
a complex regulatory mechanism whereby the cumulative loss of 
nuclear protein complex binding and loss of enhancer activity at spe-
cific risk alleles drives the hypomorphic expression of TNIP1. More-
over, both EMSA and luciferase assays revealed the most significant 
and reproducible effects in EBV B cells, suggesting that the TNIP1 
risk haplotype may be most potent in cells of B lymphoid lineage.

With respect to the effects of stimulation on enhancer activity 
and allele- specific effects, the luciferase assays provided the most 
definitive information. Our data demonstrated that stimulation with 
P/I across all 3 cell types alleviated the suppressive effects of the 
risk alleles on luciferase activity (Figure  2D), but not enough to 
completely reverse the suppressive effect of the TNIP1 haplotype. 
This suggests that the magnitude of suppression of TNIP1 expres-
sion by the TNIP1 risk haplotype can be modulated by the overall 
activation of cellular pathways. Since we used a cell surface recep-
tor–independent activation method, we cannot reach a conclusion 
as to how the activation of pathways downstream of cell surface 
receptors, such as the TNF receptor and TLRs, might alter the 
suppressive effect of the TNIP1 risk alleles.

We chose to further study the TNIP1 risk variant, rs10036748, 
which is an index single-nucleotide polymorphism for this locus in 
multiple SLE GWAS and is shared among several risk haplotypes 

and across multiple racial groups, including the H1 and H2 hap-
lotypes in European Americans and the Block 2 haplotype in the 
Han Chinese (3–9), because it exhibited an allele- specific increase 
in enhancer activity, but a discordant reduction in nuclear protein 
complex binding. This illustrates how genetic variants modulate 
gene expression through not only loss of binding of transcription- 
activating proteins, but also loss of binding of transcriptional 
repressor proteins. Our affinity pulldown and ChIP–qPCR data 
suggest that the rs10036748 risk allele promotes enhancer 
activity by reducing the binding affinity of bHLHe40/DEC1 and 
CREB- 1. Forced expression of bHLHe40/DEC1 and CREB- 1 can 
overcome the low affinity binding of the risk allele, returning the 
luciferase activity to the level of the nonrisk allele. Taken together, 
these results suggest that the risk allele of rs10036748 opposes 
the hypomorphic expression of the TNIP1 risk haplotype by low-
ering the binding affinity of bHLHe40/DEC1 and CREB- 1 tran-
scriptional repressors. Further studies using genetic engineering 
methods that swap the risk and nonrisk alleles at rs10036748 will 
be necessary to confirm our observations.

Another interesting observation from our study is that the 
suppression of gene transcription induced by the TNIP1 risk hap-
lotype is not limited to TNIP1. Within the 3- D chromatin network 
defined by H3K27ac HiChIP data, we observed significant reduc-
tions in the transcription of DCTN4 and GM2A. Similar trends 
were also observed for SMIM3 and ANXA6, but these reductions 
did not reach statistical significance. These results suggest that 
the functional impact of the TNIP1 risk haplotype likely extends 
beyond its effect on TNIP1 expression toward pathways involv-
ing suppressed expression of DCTN4 and GMA2. For example, 
DCTN4 missense variants have recently been shown to be asso-
ciated with shorter time to development of chronic Pseudomonas 
aeruginosa infection, a condition associated with worse long- term 
pulmonary disease and survival in patients with cystic fibrosis (49). 
Patients with cystic fibrosis who are biallelic for DCTN4 missense 
variants and the TNIP1 risk haplotype could be at risk of even ear-
lier infection, due to the reduced expression of wild- type DCTN4 
in the presence of the TNIP1 risk haplotype.

Our study has some limitations that must be considered 
in the interpretation of our data. First, the EMSA and luciferase 
assays do not assess function of the risk alleles in their natu-
ral genomic context. Second, binding of proteins to the probes 
used in both assays is dependent, to some extent, on the length 
of the probe and the sequences contained therein. Third, we 
measured the function of risk variants in immortalized cell lines. 
Both the Jurkat and THP- 1 cell lines are derived from spontane-
ous malignant transformations, whereas EBV B cells are virally 
transformed; the molecular composition of these cell lines is not 
expected to fully reflect the precise molecular composition of the 
primary cells from which they were originally derived.

Despite these limitations, the data presented herein demon-
strate that the majority of the SLE risk alleles reduced nuclear 
protein complex binding with variable allelic effects on enhancer 
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activity (Figure 2D), resulting in an overall affect that is consistent 
with the observations of hypomorphic TNIP1 expression. There-
fore, we are confident that our data provide a reasonable approx-
imation for how the TNIP1 risk haplotype operates in primary 
immune cells in patients with SLE.
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Systemic Sclerosis Dermal Fibroblasts Induce Cutaneous 
Fibrosis Through Lysyl Oxidase–like 4: New Evidence From 
Three- Dimensional Skin- like Tissues
Mengqi Huang,1  Guoshuai Cai,2 Lauren M. Baugh,3 Zhiyi Liu,4 Avi Smith,5 Matthew Watson,3 Dillon Popovich,6 
Tianyue Zhang,5 Lukasz S. Stawski,7 Maria Trojanowska,7 Irene Georgakoudi,3 Lauren D. Black III,8  
Patricia A. Pioli,6 Michael L. Whitfield,6 and Jonathan Garlick5

Objective. Systemic sclerosis (SSc) is a clinically heterogeneous disease characterized by increased collagen 
accumulation and skin stiffness. Our previous work has demonstrated that transforming growth factor β (TGFβ) in-
duces extracellular matrix (ECM) modifications through lysyl oxidase–like 4 (LOXL- 4), a collagen crosslinking enzyme, 
in bioengineered human skin equivalents (HSEs) and self- assembled stromal tissues (SAS). We undertook this study 
to investigate cutaneous fibrosis and the role of LOXL- 4 in SSc pathogenesis using HSEs and SAS.

Methods. SSc- derived dermal fibroblasts (SScDFs; n = 8) and normal dermal fibroblasts (NDFs; n = 6) were in-
corporated into HSEs and SAS. These 3- dimensional skin- like microenvironments were used to study the effects of 
dysregulated LOXL- 4 on ECM remodeling, fibroblast activation, and response to TGFβ stimulation.

Results. SScDF- containing SAS showed increased stromal thickness, collagen deposition, and interleukin- 6 
secretion compared to NDF- containing SAS (P < 0.05). In HSE, SScDFs altered collagen as seen by a more mature 
and aligned fibrillar structure (P < 0.05). With SScDFs, enhanced stromal rigidity with increased collagen crosslink-
ing (P < 0.05), up- regulation of LOXL4 expression (P < 0.01), and innate immune signaling genes were observed 
in both tissue models. Conversely, knockdown of LOXL4 suppressed rigidity, contraction, and α- smooth muscle 
actin expression in SScDFs in HSE, and TGFβ- induced ECM aggregation and collagen crosslinking in SAS.

Conclusion. A limitation to the development of effective therapeutics in SSc is the lack of in vitro human model 
systems that replicate human skin. Our findings demonstrate that SAS and HSE can serve as complementary in vitro 
skin- like models for investigation of the mechanisms and mediators that drive fibrosis in SSc and implicate a pivotal 
role for LOXL- 4 in SSc pathogenesis.

INTRODUCTION

Skin fibrosis is a common feature of systemic sclero-
sis (SSc). Pathologic hallmarks of dermal fibrosis include an 
increased proportion of α- smooth muscle actin (α- SMA)–
expressing fibroblasts and excess production and altered 
remodeling of collagenous extracellular matrix (ECM) (1). 

This leads to abnormal tissue contraction and stiffness, with 
decreased mobility and other complications (2). In SSc, this 
becomes even more critical as the severity of skin involve-
ment, which inversely correlates with patient survival (3,4), is 
a key indicator of disease progression and patient prognosis. 
Unfortunately, no effective therapy has been developed to treat 
fibrotic progression in skin.
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Current methods of studying SSc include animal models of 
fibrosis and 2- dimensional (2- D) monolayer culture systems that 
use SSc patient–derived fibroblasts. However, both of these bio-
logical systems have drawbacks. Although animal models have 
been widely used to study fibrosis, mouse models of SSc may 
not fully recapitulate the range of clinical features associated with 
disease (5). Five commonly used models, including tight skin 1 
(TSK1/+), TSK2/+, sclerodermatous graft- versus- host disease 
(GVHD), and bleomycin- induced fibrosis models, were analyzed 
in a comparative genomic study (6). Findings demonstrated that 
sclerodermatous GVHD (7), bleomycin- induced fibrosis (6), and 
TSK2/+ (8) represented different subsets of SSc patients, and 
surprisingly, TSK1/+ did not resemble SSc on the molecular level. 
Alternatively, fibroblasts derived from SSc biopsy samples might 
be more representative of SSc; however, traditional 2- D monolayer 
cultures have been shown to poorly reproduce gene expression 
changes in skin and do not recreate in vivo skin phenotypes when 
grown on plastic in vitro (9,10).

In order to fill in the gaps between these existing models and 
human skin, a critical goal is to create a biological system that can 
model the complex intercellular interactions and tissue microenvi-
ronment present in SSc patients. We have previously shown that 
2 well- characterized skin fabrication systems, self- assembled stro-
mal tissues (SAS) and human skin equivalents (HSEs), hold prom-
ise for in vitro studies of SSc that cannot be performed in either 
2- D culture or by using existing animal models (11). In the present 
study, SAS were used to analyze endogenous ECM produced by 
dermal fibroblasts that were grown from the skin of SSc patients 
(SSc- derived dermal fibroblasts [SScDFs]). Additionally, we used 
HSEs that are morphologically similar to full- thickness human skin 
in order to study SScDFs in a realistic 3- D tissue microenvironment 
in which epithelial–dermal cross- talk is indispensable for recreating 
cell phenotypes observed in vivo. Together, SAS and HSE serve as 
complementary skin- like tissue models which may provide valuable 
insights when investigating SSc pathogenesis by studying media-
tors and mechanisms that drive fibrotic phenotypes.

Type I collagen plays a major role in providing mechanical 
stability to tissues and structures and is known to be altered in 
the connective tissue of patients with SSc (12,13). The lysyl oxi-
dase (LOX) family, made up of the LOX and LOX- like (LOXL) 1–4 
enzymes, is responsible for initiating covalent crosslinking in colla-
gen fibrils by deamination on lysine residues (14). This crosslinking 
reaction makes the collagen more resistant to degradation and 
also provides additional mechanical strength to the ECM (15,16). 
LOXs have been evaluated in the skin of SSc patients using immu-
nohistochemical staining and, while LOXs were increased in inter-
stitial fibroblasts compared to normal skin, LOX expression was not 
augmented in SSc patients with skin atrophy (17,18). Research-
ers have demonstrated that serum LOX levels are elevated in SSc 
patients and are directly correlated with the Modified Rodnan Skin 
Thickness Score (MRSS) (3), suggesting that LOX levels may be a 
potential biomarker of fibrosis in SSc (19,20), although expression 

of LOXL enzymes (LOXL- 1–4) was not evaluated in those studies. 
Additionally, it has previously been shown that LOXL- 4–mediated 
crosslinking may signal through the transforming growth factor 
β (TGFβ) pathway to induce fibrosis by modifying ECM organi-
zation and tissue stiffness (11,21). Based on these findings, we 
conducted the present study in order to investigate the potential 
role of LOXL- 4 in the pathogenesis of SSc, using 3- D human SSc 
tissue–based models of skin fibrosis.

MATERIALS AND METHODS

Human dermal fibroblasts. Using a protocol approved 
by the Tufts Medical Center Institutional Review Board (IRB), dei-
dentified skin biopsy specimens (4 mm in diameter, 3 mm in depth) 
were obtained from the forearm/bicep of scleroderma patients and 
sex- matched healthy controls. Dermal fibroblasts were isolated as 
previously described (22). Briefly, skin biopsy samples were incu-
bated overnight at 4ºC in Dispase (Invitrogen) to remove epidermis 
from skin. The connective tissues were minced and incubated in a 
mixture of collagenase (Invitrogen), hyaluronidase (Sigma- Aldrich), 
and Dulbecco’s modified Eagle’s medium/F-12 (Invitrogen) for 1 
hour at 37ºC with constant stirring. Cells and tissues were col-
lected by centrifugation and cultured in 10% fetal bovine serum 
(FBS) medium (HyClone).

Human peripheral blood plasma. Each SSc patient 
and a sex- matched control donor provided 20 ml of blood after 
approval by the Dartmouth- Hitchcock Medical Center IRB. Periph-
eral blood was transferred to a tube with Ficoll and centrifuged at 
1,600 revolutions per minute for 30 minutes. Plasma sited in the 
top layer was collected from the buffy coat layer beneath.

Three- dimensional tissue constructs. For HSEs, 
SScDFs or normal dermal fibroblasts (NDFs) were mixed with 
bovine CTX- I (Organogenesis) to a final concentration of 3 × 105 
fibroblasts/ml and cultured with 10% FBS. After the collagen 
matrix was remodeled by the embedded fibroblasts for 1 week, 
5 × 105 human neonatal keratinocytes were added onto the col-
lagen. Next, HSEs were submerged in 0.3% FBS for 5 days and 
lifted into a liquid–air interface for the subsequent 8 days to be fed 
with 2% FBS and treated with 8 μM β- aminopropionitrile (β- APN). 
For SAS, SScDFs or NDFs were seeded into Transwell inserts 
(Millipore) at 1.6 × 105 fibroblasts/insert and cultured with 5% FBS 
and 10 μg/ml ascorbic acid (Sigma- Aldrich) for 5 weeks. HSEs 
and SAS were constructed using NDFs and SScDFs at passage 4 
or 5. For studies using short hairpin RNA (shRNA) lentivirus trans-
duction experiments, fibroblasts were used at passage 7 or 8.

Atomic force microscopy (AFM). Fresh 3- D tissues 
were mechanically characterized by performing microindentation 
with a 5- μm borosilicate spherical probe (Novascan) at a nomi-
nal spring constant of 0.06 N/m. Calibration of the microscopy 



LOXL- 4 INDUCES CUTANEOUS FIBROSIS IN SSc |      793

system (3100 Veeco) was performed according to the instruc-
tions of the manufacturer (Diagnostic Instruments) before each 
indentation measurement. Force- contact profiles were acquired 
at an indentation velocity of 20 μm/second separated by 5 μm in 
a 16 × 16 μm sample grid to map an area of 80 × 80 μm. Elastic 
moduli at each point at the grid were calculated by fitting force- 
contact data using the Hertz model (23).

Multiphoton microscopy. HSE was maintained in a 
humidified chamber to prevent dehydration during imaging. 
Images (512 × 512 pixels; 600.0 × 600.0 μm) were acquired using 
a 3- μm Z- step (70 optical sections total) with a Leica TCS SP2 
confocal microscope. The second harmonic generation (SHG) 
images (excitation 800 nm, emission 400 ± 10 nm) and two- 
photon excited fluorescence (TPEF) images (excitation 755 nm, 
emission 525 ± 25 nm) were processed in MatLab to obtain quan-
titative metrics of collagen microstructure (24). Next, a weighted 
summation algorithm was used to determine the fiber 3- D ori-
entations, based on representative collagen spatial organization. 
The cumulative TPEF signal over the collagen- containing regions 
was computed in order to determine the collagen crosslinking, as 
conducted in our previous studies (11,25).

Quantification of hydroxyproline. The total amount of 
de novo collagen in SAS was determined using a hydroxypro-
line assay kit (Cell Biolabs) as previously described (11). Briefly, 
SAS were homogenized in phosphate buffered saline by soni-
cation on ice. Samples were hydrolyzed using 12N hydrochloric 
acid at 120°C for 3 hours and then incubated with chloramine 
T mixture for 30 minutes at room temperature followed by the 
4- dimethylaminobenzaldehyde mixture for 90 minutes at 60°C. 
The absorbance was read at 540–560 nm, and hydroxyproline 
content was normalized to the DNA amount measured with a 
Quant- iT PicoGreen dsDNA Assay Kit (ThermoFisher Scientific).

Collagen crosslinking. To assess the collagen crosslink-
ing level in SAS, a human CTX- I kit was used according to the 
instructions of the manufacturer (MyBioSource). Briefly, 50 μl ali-
quot of homogenized SAS sample that was used for hydroxy-
proline assay was incubated in microtiter plate precoated with 
horseradish peroxidase–conjugated CTX- I antibody at 37°C for 1 
hour. The enzyme–substrate reaction was terminated by adding 
50 μl of sulfuric acid solution, and the color change was measured 
spectrophotometrically at a wavelength of 450 nm.

Short hairpin RNA lentivirus–mediated knockdown. 
Briefly, pLKO.1 plasmid encoding shRNA (Sigma- Aldrich) against 
human LOXL4 or SMAD3 gene sequences (see Supplementary 
Table 1 on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41163/ abstract) was transfected  
with lentiviral packaging plasmids, pMD2.G and psPAX2 (both 
from Addgene), into HEK 293T cells using FuGENE6 (Promega) 

to  generate lentiviral particles. The shRNA nontarget vector was 
used as negative control. For transduction, human fibroblasts 
were seeded at 1 × 105 fibroblasts/well in the 6- well plate for 
24 hours and incubated with 2 ml lentiviral supernatant, sup-
plemented with 1 ng/ml Polybrene (Sigma- Aldrich) for 7 hours. 
Subsequently, complete medium was added, followed by 2 μg/ml 
puromycin (Sigma- Aldrich) for 2 weeks.

DNA microarray analysis. RNA was isolated using an 
RNeasy Fibrous Tissue Mini Kit (Qiagen) followed by amplification 
and labeling using a Low Input Quick Amp Labeling Kit (Agilent). 
Signal density was log2 lowess normalized and filtered for probes 
with an intensity of ≥2- fold over the local background in Cy3 or 
Cy5 channels. Probes with >20% missing data were excluded.

Differential expression analysis was performed using R, ver-
sion 3.4.4. False discovery rate–adjusted P values less than 0.05 
were considered significant. The bias between 2 individual patient 
sets was adjusted by ComBat (26), and expression profiles of dif-
ferentially expressed genes were hierarchically clustered and pre-
sented using a heatmap. Gene set enrichment analysis (27) was 
applied in order to identify the enrichment of hallmark gene sets in 
the Molecular Signatures Database (28).

Statistical analysis. Values are reported as the mean ± SD, 
with a sample size (n ≥ 4) specified for each experiment. Experimen-
tal data were analyzed by Student’s unpaired t- test for differences 
between each of the groups, with two- way analysis of variance 
for overall condition effects using GraphPad Prism 5.0 software. 
P values less than 0.05 were considered significant for differences 
between groups. More details can be found in Supplementary Meth-
ods (http://onlin elibr ary.wiley.com/doi/10.1002/art.41163/ abstract).

RESULTS

Cutaneous fibrosis–associated features retained in 
3- D in vitro tissues populated with SScDFs. The 2 comple-
mentary skin- like 3- D tissue platforms containing HDFs accurately 
recapitulated key features of the in vivo SSc skin environment, as 
indicated by endogenous stroma deposition (SAS) and interac-
tions between keratinocytes and fibroblasts embedded in an ECM 
(HSEs) (Figure 1A). To assess whether SScDFs exhibit excessive 
ECM production compared to NDFs, both were stimulated with 
ascorbic acid for 5 weeks to form SAS. As demonstrated in Fig-
ures 1B–D, SScDF- constructed SAS deposited a cellular, stromal 
tissue that demonstrated notable increases in both tissue thick-
ness and rigidity compared to NDF- constructed SAS. This tissue 
phenotype aligns well with the clinical diagnosis of skin pathogen-
esis in SSc patients.

Since collagen makes up ~75–80% of human skin and 
forms fibrils that provide the structural and mechanical properties 
in fibrous tissue (29), we next investigated collagen content and 
crosslinking in these skin- like tissue models harboring SScDFs. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41163/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41163/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41163/abstract
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Our results showed that a more collagenous matrix and higher 
crosslinking levels were found in SScDF- constructed SAS com-
pared to NDF- constructed SAS (Figures 1E and F). Additionally, 
very few well- developed fibril bundles were detected in NDF- 
constructed SAS (Figure 1G), suggesting that the excessive colla-
gen deposition in fibrotic skin may result from collagen fibers with a 
greater degree of crosslinking, which renders them more resistant 
to degradation.

Because interleukin- 6 (IL- 6) is secreted by dermal fibroblasts 
and has been shown to mediate skin thickness in SSc patients 
(30), soluble IL- 6 levels were measured in SAS supernatant. As 
demonstrated in Figure 1H, secreted IL- 6 expression was signifi-
cantly higher in SScDFs compared to NDFs. To investigate fibro-
blasts in a relevant microenvironment when grown in the presence 
of a fully differentiated epithelium, NDFs and SScDFs were incor-
porated into HSE, and their ability to modify the surrounding bovine 

collagen that formed the dermis of HSE was evaluated (Figure 1I). 
Consistent with findings in SAS, stromal stiffness measured in the 
dermal surface of HSE with SScDFs was 2.5- fold higher than in 
tissue with NDFs (Figure 1J). Noninvasive TPEF and SHG micros-
copy of collagenous ECM (31,32) was assessed to confirm this 
alteration of the mechanical properties of skin. Elevated crosslink-
ing, with higher amounts of collagen fibers in the ECM embedded 
with SScDFs compared to NDFs, was observed (Figures 1K–M). 
A recently developed quantitative analysis of 3- D directional vari-
ance (33) was used to measure the spatial organization of fibrillar 
collagen in HSE, and SScDF- modified collagen fibers were more 
aligned compared to those modified by NDFs (Figure 1N). Of note, 
a similar microstructure alteration was previously observed in 
skin biopsy samples from both bleomycin- treated mice and SSc 
patients (34,35). Taken together, these findings demonstrate that 
both SAS and HSE provide rigorous skin- like tissue platforms to 

Figure 1. Altered extracellular matrix (ECM) properties of systemic sclerosis (SSc) recapitulated in models using 2 complementary skin- like 
tissues: self- assembled stromal (SAS) and human skin equivalent (HSE). A, Schematic representation of the incorporation of dermal fibroblasts 
derived from normal (Norm) skin biopsy samples (NDFs; n = 6) or SSc skin biopsy samples (SScDFs; n = 8) into SAS and HSE. Bars = 200 μm. 
B, Representative hematoxylin and eosin (H&E) staining of SAS. Bars = 60 μm. C, Stromal tissue thickness of SAS assessed by quantifying 
the tissue surface area in B. D, Stromal stiffness of SAS measured by atomic force microscopy (AFM). E, Total collagen content of SAS lysate 
analyzed by hydroxyproline assay. F, Collagen crosslinking level of SAS measured with a CTX-I kit. G, Representative images with picrosirius 
red staining. Yellow/orange birefringence represents type I collagen; white represents polycarbonate membrane. Bars = 30 μm. H, Interleukin- 6 
(IL- 6) measured from SAS supernatant. I, Representative H&E staining of HSE. Bars = 100 μm. J, Stromal stiffness of HSE measured by AFM. 
K, Representative images of second harmonic generation (SHG) microscopy (green) and two- photon excited fluorescence (TPEF) microscopy 
(red). Bars = 100 μm. In C–F, H, and J, data are shown as box plots, where each box represents the interquartile range (IQR). Lines inside the 
boxes represent the median, and lines outside the boxes represent 1.5 times the upper and lower IQRs. L–N, Collagen microstructures quantified 
by multiphoton (SHG/TPEF) microscopy. Levels of collagen crosslinking (cumulated TPEF) (L), total collagen (SHG intensity) (M), and spatial 
distribution (3- dimensional [3- D] variance) (N) are shown. Bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
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address the critical role of fibroblasts during the development of 
fibrosis in the connective tissue of SSc patients.

Increased expression of LOXL4 in 3- D skin- like tis-
sue harboring SScDFs. To identify potentially dysregulated 
genes associated with the fibrotic phenotypes observed in 3- D 
skin- like tissues, we performed genome- wide analyses of gene 
expression in SAS that were constructed using SScDFs from 3 
patients with limited SSc and 5 patients with diffuse SSc and 
NDFs from 6 sex- matched controls (Table 1 and Supplementary 
Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41163/ 
abstract). A total of 895 genes were found to be differentially 
expressed between SScDFs and NDFs in SAS. Signaling path-
way analysis of 463 up- regulated genes in SScDFs demon-
strated an increase in genes that are hallmarks of SSc and are 
functionally enriched for TGFβ signaling, as well as increases 
in interferon and inflammatory responses (Figure 2A and Sup-
plementary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/

art.41163/ abstract).
Consistent with our previously published findings (11), LOXL4 

showed increased expression in tissues containing SScDFs com-
pared to those with NDFs and confirmed at the protein level 
 (Figures  2A and B). Other genes with increased expression in 
SScDFs included TGFBR1, THBS2, MMP2, and PLOD (Figure 
2A), which are well recognized for their concerted role in the reg-
ulation of ECM homeostasis. Moreover, up- regulation of LOXL4 in 
the skin biopsy samples from SSc patients was confirmed using 
a previously published clinical data set (Figure 2C). We performed 
an analysis by intrinsic molecular subset using the originally pub-
lished sample assignments (36). Increased expression of LOXL4 
was identified in proliferative and inflammatory SSc subsets but 
not in limited or normal- like SSc subsets (Figure 2D), which further 
elucidates the heterogeneity of SSc at the molecular level.

To provide soluble mediators present in the local in vivo 
microenvironment, SAS containing NDFs or SScDFs were treated 
with plasma collected from either a healthy donor or an SSc patient 
during the early stage of tissue development, when the ECM is 
deposited and organized. As presented in Figures 2E and F, the dif-
ference in LOXL4 expression between SScDFs and NDFs increased 
from ~2.5- fold in HSE without plasma to more than 8- fold in SAS 
with plasma. Additionally, the difference in stromal stiffness between 
SSc plasma–incubated SAS containing SScDFs and control 
plasma–incubated SAS containing NDFs increased from 2- fold to 
3- fold compared to that of SScDFs and NDFs without plasma in 
the HSE (Figures 1J and 2G). These data indicate that 3- D tissue 
models are useful for monitoring the effects of altered expression of 
LOXL4 on fibrosis in SScDFs compared to control NDFs.

LOXL- 4–mediated collagen crosslinking maintains 
fibrogenic phenotypes in HSE embedded with SScDFs. To 
elucidate the role of LOXL- 4 in modulating the ECM of skin- like 
tissues, SScDFs and NDFs were transduced with a lentivirus car-
rying shRNA sequences that impair LOXL4 activity (Figure 3A). Fol-
lowing verification of knockdown of LOXL4 expression or controls, 
SScDFs and NDFs were incorporated into HSE (Figure 3B). The 
level of contraction, mediated by the fibroblasts embedded within 
HSEs, was characterized by measuring the size of the plateau area 
in the center of HSEs. We found that the contraction was higher in 
SScDFs compared to NDFs expressing vector control (Figures 3B 
and C). In contrast, contraction was inhibited by suppression of 
LOXL4 in both SScDFs and NDFs (Figures 3B and C).

To determine if LOXL- 4–mediated collagen crosslinking could 
also affect the stromal stiffness of HSE, AFM was performed. As 
shown in Figure  3D, LOXL4 knockdown resulted in decreased 
rigidity in both SScDFs and NDFs. Interestingly, levels of messen-
ger RNA (mRNA) for COL1A2 were not affected by the  expression 

Table 1. Demographic and clinical characteristics of donors of skin- derived NDFs (n = 6) and SScDFs (n = 8)*

Ethnicity Age/sex Location Type of SSc
NDF donor

1 White 53/F Forearm –
2 White 62/F Forearm –
3 White 28/F Forearm –
4 White 60/M Forearm –
5 White 23/F Forearm –
6 White 34/M Forearm –

SScDF donor
1 Hispanic 53/F Forearm, uninvolved skin Limited
2 White 72/F Bicep, uninvolved skin Diffuse
3 Hispanic 53/F Forearm, uninvolved skin Limited
4 White 62/F Forearm, uninvolved skin Limited
5 White 64/M Forearm, involved skin Diffuse
6 White 45/F Forearm, involved skin Diffuse
7 White 50/M Forearm, involved skin Diffuse
8 White 63/F Forearm, involved skin Diffuse

CP White 46/F Peripheral blood –
SP White 34/F Peripheral blood Diffuse

* Six normal dermal fibroblast (NDF) strains and 8 systemic sclerosis dermal fibroblast (SScDF) strains were established 
using skin biopsy samples. One control plasma (CP) and 1 SSc plasma (SP) were collected from peripheral blood. 
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of LOXL4, regardless of the fibroblasts’ origin (Figure 3E). Fibro-
blast activation indicated by expression level of ACTA2 with α- SMA 
staining was significantly higher in SScDFs compared to NDFs, in 
which both were inhibited by LOXL4 knockdown  (Figures 3F–H). 
Additionally, there was a positive correlation between decreasing 
levels of ACTA2 with α- SMA staining and decreased stromal stiff-
ness by LOXL4 knockdown in both NDFs and SScDFs (Figure 3D). 
These results suggest that inhibition of LOXL4 in SScDFs was able 
to attenuate fibrotic phenotypes, including increased contractility 
and dermal stiffness via suppression of myofibroblast activation.

Next, we examined the effects of β- APN, a small molecular 
inhibitor of the LOX family, on HSE containing either SScDFs or 
NDFs. Consistent with previous findings using LOXL4 knock-
down, β- APN significantly decreased the stromal stiffness in 
HSE with SScDFs. However, we failed to observe a difference in 
NDFs (Figure 3I). Given the roles of COL1A2 and ACTA2 in fibro-
sis, we also tested the effect of β- APN treatment on expression 

of these genes. While no significant differences in COL1A2 were 
observed between NDFs and SScDFs with or without treat-
ment with β- APN (Figure  3J), ACTA2 was significantly down- 
regulated by β- APN in both NDFs and SScDFs (Figure 3K). This 
may represent part of a positive feedback loop via sensing of 
mechanical force that is related to altered stiffness. Using 3- D 
variance, we observed decreased alignment of collagen fibers in 
β- APN–treated HSE containing SScDFs (Figure 3L). Collectively, 
these results suggest that suppression of the collagen- modifying 
enzyme, LOXL- 4, which is up- regulated in SScDFs, may attenu-
ate excessive collagen production and altered ECM organization 
and structures characteristic of the fibrotic dermis.

Blocking of TGFβ- enhanced collagen synthesis by 
targeting LOXL-4 in SScDF- harboring SAS. To understand  
the role of LOXL-4 during the TGFβ- induced biosynthesis  
of collagen, shRNA against SMAD3 were used to block 

Figure 2. Expression of LOXL4 is elevated in both SScDFs and SSc skin biopsy samples. A, Hierarchical clustering of 895 genes that were 
significantly dysregulated (adjusted P < 0.05) in SScDFs (n = 8) compared to NDFs (n = 6) in SAS. Microarray gene expression signal was log2 
transformed and quantile normalized. Batch effects were corrected by ComBat analysis. Selected differentially expressed genes are displayed on 
both sides. Selected signaling pathways displayed on the left side were determined by gene set enrichment analysis on the MSigDB hallmark gene 
set (false discovery rate < 0.02) of 432 up- regulated genes in SScDFs. B, Western blot (WB) of lysyl oxidase–like 4 (LOXL- 4) (80 kd) and GAPDH 
(37 kd) using SAS lysates of NDFs (n = 2) and SScDFs (n = 4), and quantified integrated optical density (IOD) results. C and D, Relative fold 
changes of LOXL4 expression in GSE9285 by DNA microarray analysis of skin biopsy specimens. E, Relative expression of LOXL4 mRNA in NDFs 
(n = 6) and SScDFs (n = 8) isolated from HSE, measured by quantitative polymerase chain reaction (qPCR) and normalized to GAPDH expression. 
F and G, Expression of LOXL4 (F) and stromal stiffness (G) in SAS containing NDFs (n = 4) and SScDFs (n = 4) treated with control plasma (CP) 
or SSc plasma (SP), respectively, for 1 week. Relative expression of LOXL4 mRNA was measured by qPCR and normalized to GAPDH. Stromal 
stiffness of SAS was measured by AFM. In B, E, and F, bars show the mean ± SD. In C, D, and G, data are shown as box plots, where each box 
represents the interquartile range (IQR). Lines inside the boxes represent the median, and lines outside the boxes represent 1.5 times the upper 
and lower IQRs. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. lSSc = limited SSc; dSSc = diffuse SSc (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.41163/abstract.
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canonical TGFβ- mediated responses in SScDFs and NDFs  
(Figures 4A and B). Indeed, suppression of SMAD3 resulted in 
reduced production of type I collagen in SAS (Figures 4C and D), 
indicating that autocrine TGFβ signal ing promotes ECM aggre-
gation. In parallel, shRNA against LOXL4 in SScDFs and NDFs 
decreased levels of type I collagen deposition in SAS, similar 
to the inhibitory effects of blocking canonical TGFβ via SMAD3 
knockdown  (Figures 4C and D).

Next, exogenous TGFβ1 was added to SAS to evaluate 
paracrine TGFβ- mediated responses in SScDFs and NDFs. SAS 
treated with TGFβ1 formed nodules in both SScDFs and NDFs 
(Figure  4E), suggesting an increased accumulation of ECM in 
response to TGFβ. The differences between SScDFs and NDFs 
were not altered by TGFβ1 induction, as demonstrated by the 
increased mass of tissue cross- sections in SScDF- constructed 

SAS (Figure 4E). One possible explanation for this is that collagen 
deposition was increased in SScDF- constructed SAS compared 
to NDF- constructed SAS in either the presence or absence of 
TGFβ1 (Figure 4F). Suppression of LOXL4 significantly inhibited 
the nodular- like structures induced by TGFβ1, to an extent similar 
to that seen with SMAD3, in both SScDFs and NDFs (Figure 4E). 
TGFβ1- induced collagen accumulation was successfully blocked 
by LOXL4 knockdown to a level comparable to that observed by 
inhibiting the canonical TGFβ pathway via SMAD3 knockdown  
(Figures 4G and H). As expected, the collagen crosslinking level 
of SAS was found to be higher in SScDFs than NDFs and was 
significantly enhanced by TGFβ1 in both SScDFs and NDFs (Fig-
ure  4I). While suppression of LOXL4 impaired TGFβ1- induced 
crosslinking of collagen, the initial differences between SScDFs 
and NDFs remained (Figure 4J). In contrast, inhibition of SMAD3 

Figure 3. Suppression of lysyl oxidase–like 4 (LOXL- 4) in SScDFs alleviates profibrogenic phenotypes in HSE. LOXL4 expression was knocked 
down by transduction of lentivirus carrying short hairpin RNA (shRNA) targeting LOXL4 or control sequence (vector) into NDF- 1, NDF- 2, 
SScDF- 1, and SScDF- 2 (n = 3 biologic replicates for each). HSE was incorporated with NDF- 1, NDF- 2, SScDF- 1, and SScDF- 2 and treated 
with 8 μg  β-aminopropionitrile (β-APN) for 8 days. A, Western blot (WB) bands showing the protein levels of LOXL- 4 (80 kd) and GAPDH (37 kd)  
in NDFs and SScDFs. B, Representative overhead images of HSE, with tissue plateau area circled by dashed white line. C, Contractile levels induced 
by fibroblasts as indicated by relative surface area, calculated by comparing surface of tissue plateau in B to Transwell membrane surface. D and 
I, Stromal stiffness of HSE measured by AFM, with either LOXL4 knockdown (KD) (D) or β-APN (I). Data are shown as box plots, where each box 
represents the interquartile range (IQR). Lines inside the boxes represent the median, and lines outside the boxes represent 1.5 times the upper 
and lower IQRs. E, F, J, and K, Relative expression of mRNA for COL1A2 (E and J) and ACTA2 (F and K) in fibroblasts dissociated from HSE, 
measured by quantitative polymerase chain reaction and normalized to GAPDH expression. G, Immunohistochemistry staining of α- smooth muscle 
actin (α- SMA). Bars = 100 μm. H, Quantification of myofibroblast percentage in G by identifying the number of α- SMA–positive fibroblasts among 
the total number of fibroblasts. L, Spatial distribution (3- dimensional [3- D] variance) of fibrillar collagen in HSE quantified by multiphoton (SHG/TPEF) 
microscopy. Bars show the mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant (see Figure 1 for other definitions). Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41163/abstract.
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completely abrogated not only the TGFβ1 effects but also the 
differences in basal collagen crosslinking between SScDFs and 
NDFs  (Figure 4K). Collectively, these results suggest that TGFβ- 
induced collagen aggregation is at least partially mediated by 
enhanced crosslinking in SScDFs in a LOXL4- dependent manner.

DISCUSSION

In recent years, significant progress has been made in 
understanding of site- specific, fibrogenic characteristics of 
fibroblasts from a variety of origins under pathologic conditions 
(37–40). The plasticity of fibroblasts may contribute to the res-
ervoir of disease- causing myofibroblasts in SSc, which may in 

part explain the functional cellular heterogeneity of this disease. 
The ability of SSc fibroblasts to promote autocrine recruitment 
and differentiation in SSc is actively being investigated. Here, 
we used 2 complementary skin- like tissue models to provide 
new insights into these mechanisms by studying mediators and  
regulators that drive the pathogenesis of SSc.

We previously found that LOXL- 4 was elevated in SScDFs 
and may be partly responsible for mediating TGFβ- induced fibro-
sis (11). Increasing evidence has demonstrated that both canonical 
and noncanonical (JNK/activator protein 1 [AP- 1]) pathways are 
involved in TGFβ- mediated LOXL4 induction (41,42), contribut-
ing to ECM remodeling and fibrosis. Regulatory regions of LOXL4 
contain binding elements for the AP- 1 transcription complex com-

Figure 4. Blocking LOXL4 in SScDFs tempers transforming growth factor β1 (TGFβ1)–induced collagen accumulation in SAS. Lentiviruses 
carrying short hairpin RNA (shRNA) targeting LOXL4 knockdown (KD), SMAD3 knockdown, or the control sequence (vector) were transduced 
into NDF- 1, NDF- 2, SScDF- 1, and SScDF- 2. A, Western blot (WB) bands showing protein levels of SMAD3 (55 kd) and GAPDH (37 kd) from 
the cell lysates of NDF- 1, NDF- 2, SScDF- 1, and SScDF- 2. B, Quantified integrated optical density (IOD) results from the SMAD3 Western 
blot, normalized to GAPDH. C, Western blot bands showing protein levels of Col1 (200–150 kd) and GAPDH (37 kd) from the tissue lysates 
of SAS. D, Quantified integrated optical density (IOD) results from the Col1 Western blot, normalized to GAPDH. E, Representative images 
of SAS treated with 2 ng/ml TGFβ1 for 2 weeks and corresponding H&E staining. Arrows show SAS nodule. Bars = 60 μm. Insets are 
enlarged images of the boxed areas showing thin tissue in SAS. F–H, Total collagen content of SAS lysate after treatment with vector (F), 
LOXL4 knockdown lentivirus (G), or SMAD3 knockdown lentivirus (H), analyzed by hydroxyproline assay and normalized to total cell number. 
I–K, Collagen crosslinking level of SAS after treatment with vector (I), LOXL4 knockdown lentivirus (J), or SMAD3 knockdown lentivirus (K), 
measured by CTX- I analysis and normalized to total collagen detected in F, G, and H. Bars show the mean ± SD (n = 6). * = P < 0.05;  
** = P < 0.01; *** = P < 0.001. NS = not significant (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is 
available at http://onlinelibrary.wiley.com/doi/10.1002/art.41163/abstract.
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posed of Jun/Fos and ATF (42), and direct interaction between 
SMAD3 and AP- 1 has been reported to regulate TGFβ responses 
via binding its promoter (43). Analysis using the Tfsitescan  
tool predicted multiple AP- 1 binding sites in LOXL4 promoter 
(Supplementary Table 3 and Supplementary Methods, http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41163/ abstract). More over,  
genomic analysis of GSE12493 (44,45) demonstrates up- regulated  
expression of LOXL4 and JUNB in SScDFs treated with TGFβ 
for up to 24 hours (Supplementary Figure 1, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41163/ abstract). These re -
sults suggest that TGFβ induces transcription of LOXL4, and this 
regulation may occur through AP- 1.

This study introduces a range of SSc fibroblast lines from 
patients with clinically diagnosed diffuse or limited SSc, allowing 
assessment of fibrosis in a heterogeneous patient population. 
It is the first time that 3- D skin- like tissues have been used to 
investigate altered expression of LOXL4 in SScDFs and suggests 
that increased LOXL4 signaling in SSc enhances fibrosis through 
impaired collagen crosslinking. To date, most studies have been 
carried out in LOXL- 2, a member of the LOX family, which has a 
role in fibrotic disease and metastasis (46,47). A clinical trial of 
simtuzumab, a humanized antibody to LOXL- 2, has been per-
formed in patients with idiopathic pulmonary fibrosis (IPF) and 
was found not to be efficacious (48). However, a recent compre-
hensive study demonstrated the different roles of LOX and LOXL 
subtypes in IPF and determined that LOX plays a prominent role in 
fibroblast activation (47). Moreover, Vadasz et al reported elevated 
LOX serum levels in SSc (20), although enhanced immunostaining 
of LOX was not identified in patients’ skin. Substantial evidence, 
including that in this study, implicates LOXL4 as a target that con-
tributes to both vascular and fibrotic processes associated with 
ECM synthesis and remodeling (41,49). Most recently, LOXL4 was 
found to promote cancer growth and metastasis by regulating cell 
cycle mediators (50,51). Therefore, antibody therapies directed 
against LOXL4 may not merely target antifibrotic pathways but 
may also modulate pathways associated with anti- vasculopathic 
phenotypes, which regulate the proliferation and migration of 
endothelial cells.

Previously, we observed that genes in dermal fibroblasts were 
differentially expressed when fibroblasts were grown in 3- D tissue 
microenvironments compared to conventional monolayer cultures 
(11). Here, we found increased tissue rigidity in vector- transduced 
dermal fibroblasts compared to primary dermal fibroblasts (Fig-
ure 3D). This may be due to altered cell properties as a result of 
monolayer cell culture for 2 weeks during puromycin selection. On 
the other hand, the difference of stromal rigidity in HSE treated with 
β- APN was not significant in NDFs, while ACTA2 was still decreased 
by β- APN (Figures 3I and K). We therefore hypothesized that the 
basal stiffness of NDF- containing HSE (~8 kPa elastic modulus) 
was too low to be distinguished by AFM. However, once the basal 
stiffness level had increased up to 4- fold in stromal tissues harbor-
ing transduced NDFs (~30 kPa elastic modulus), the mechanical 

property of the tissue captured by AFM could be  consistent with 
decreasing expression of ACTA2 (Figures 3D and F). It appears that 
the basal stromal stiffness was maintained in HSE with SScDFs 
compared to NDFs for both primary and transduced fibroblasts, 
and the 2.5- fold increased level was consistent with the observed 
change in bleomycin- treated mouse skin (52).

It is widely accepted that an aberrant immune response and 
vasculopathy work together to orchestrate fibroblast activation 
in SSc. Conversely, recent studies illustrate that SSc fibroblasts 
can affect the polarization state of inflammatory cells (53). Addi-
tionally, comprehensive transcriptional analysis of skin biopsy 
samples has demonstrated systematic differences in the gene 
expression profile of dermal fibroblasts from SSc patients into 
subsets that can be distinguished by inflammatory and TGFβ 
gene signatures (7,54). These concepts are consistent with our 
transcriptome analysis results which demonstrated that over-
expressed genes in SScDF- containing SAS (IL1B, HLA-A, IL7, 
IL15, and CCL4) detected by global gene analysis are function-
ally enriched for inflammatory response and interferon responses 
(Figure 2A). Thus, it may be useful in future studies to selectively 
incorporate SSc peripheral blood cells into 3- D skin- like tissues 
in order to assess how SSc dermal fibroblasts interact with them 
to affect localized, tissue- based immune responses. For exam-
ple, the clinical efficacy of tocilizumab suggests that activated 
macrophages may be a promising candidate in modifying the 
disease process of SSc (55). Consistent with this is the notion 
that the 3- D tissues can provide a skin- like microenvironment 
characterized by interactions between SSc dermal fibroblasts 
and macrophages that could enable the investigation of how 
intercellular cross- talk may regulate the transdifferentiation of 
macrophage activation.

Future studies will be needed to define the interplay of fibro-
blasts with immune cells in order to devise improved targeted 
therapeutics to treat SSc. Emerging data support the notion that 
pathways central to normal growth and development play a key role 
in the regulation of aberrant fibroblast activation in acquired diseases 
and fibrosis (56–58). The skin- like tissue platforms used in the pres-
ent study may provide an innovative approach to test pathways that 
mediate fibroblast activation, which may ultimately provide personal-
ized strategies for the treatment of patients with SSc.
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Differential DNA Methylation of Networked Signaling, 
Transcriptional, Innate and Adaptive Immunity, and 
Osteoclastogenesis Genes and Pathways in Gout
Zengmiao Wang,1 Ying Zhao,1 Amanda Phipps-Green,2 Ru Liu-Bryan,3 Arnoldas Ceponis,1 David L. Boyle,1 
Jun Wang,1 Tony R. Merriman,2 Wei Wang,1 and Robert Terkeltaub3

Objective. In gout, autoinflammatory responses to urate crystals promote acute arthritis flares, but the  pathogeneses 
of tophi, chronic synovitis, and erosion are less well understood. Defining the pathways of epigenomic immunity train-
ing can reveal novel pathogenetic factors and biomarkers. The present study was undertaken to seminally probe 
differential DNA methylation patterns utilizing epigenome- wide analyses in patients with gout.

Methods. Peripheral blood mononuclear cells (PBMCs) were obtained from a San Diego cohort of patients with 
gout (n = 16) and individually matched healthy controls (n = 14). PBMC methylome data were processed with ChAMP 
package in R. ENCODE data and Taiji data analysis software were used to analyze transcription factor (TF)–gene 
networks. As an independent validation cohort, whole blood DNA samples from New Zealand Māori subjects (n = 13 
patients with gout, n = 16 control subjects without gout) were analyzed.

Results. Differentially methylated loci clearly separated gout patients from controls, as determined by hierarchical 
clustering and principal components analyses. IL23R, which mediates granuloma formation and cell invasion, was 
identified as one of the multiple differentially methylated gout risk genes. Epigenome- wide analyses revealed differ-
ential methylome pathway enrichment for B and T cell receptor signaling, Th17 cell differentiation and interleukin- 17 
signaling, convergent longevity regulation, circadian entrainment, and AMP- activated protein kinase signaling, which 
are pathways that impact inflammation via insulin- like growth factor 1 receptor, phosphatidylinositol 3- kinase/Akt, 
NF- κB, mechanistic target of rapamycin signaling, and autophagy. The gout cohorts overlapped for 37 (52.9%) of the 
70 TFs with hypomethylated sequence enrichment and for 30 (78.9%) of the 38 enriched KEGG pathways identified 
via TFs. Evidence of shared differentially methylated gout TF- gene networks, including the NF- κB activation–limiting 
TFs MEF2C and NFATC2, pointed to osteoclast differentiation as the most strongly weighted differentially methylated 
pathway that overlapped in both gout cohorts.

Conclusion. These findings of differential DNA methylation of networked signaling, transcriptional, innate 
and adaptive immunity, and osteoclastogenesis genes and pathways suggest that they could serve as novel 
therapeutic targets in the management of flares, tophi, chronic synovitis, and bone erosion in patients with 
gout.
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INTRODUCTION

Acute gouty arthritis is promoted by NLRP3 inflammasome–
driven autoinflammatory responses to urate crystals (1,2). Gout 
flares are characteristically superimposed on urate crystalline mac-
roaggregates, including in tophi, the majority of whose volume is 
composed of variable foci of fibrosis, chronic synovitis, and gran-
ulomatous changes (3,4). B and T lymphocytes and plasma cells 
are among the cells surrounding crystals in tophi (5). Furthermore, 
osteoclastogenesis is prominent at the tophus–bone interface, and 
is linked with bone erosion (3). Observations of enhanced in vitro 
osteoclastogenesis of RANKL-  and macrophage colony- stimulating 
factor (M- CSF)–treated peripheral blood mononuclear cells (PBMCs) 
in patients with severe, tophaceous disease have suggested that 
molecular programming in PBMCs is a feature of advanced gout (6). 
However, major knowledge gaps remain with regard to the mecha-
nisms promoting chronic synovitis, tophus development and asso-
ciated granulomatous changes, and bone erosion in gout (1–3,5,6).

Altered innate and adaptive immunity in gout could reflect 
dietary and genetic factors (1), including the effects of common 
genetic variants linked to ion transport and the effects of purine, 
carbohydrate, or lipoprotein metabolism (7–9). However, gout- 
associated gene variants generally have weak effects on gene 
expression and transcript processing or stability (7). Epigenetic 
changes regulate gene expression and also cell differentiation and 
function in response to diet, lifestyle, and other factors (10,11). 
Epigenetic training of both adaptive and innate immunity, includ-
ing through reversible histone modifications (12,13), can regulate 
inflammation phenotypes. Notably, hyperuricemia modulates the 
inflammatory responses of monocytes, and increases murine urate 
crystal–induced inflammation in vivo (13). Repeated exposure of 
leukocytes to urate crystals, interleukin- 1β (IL- 1β), and other medi-
ators of inflammation can also modify the epigenome (12,13).

Epigenetic changes include DNA methylation, defined by 
covalent methyl group binding to a 5′ carbon cytosine nucleotide, 
typically followed by guanine (termed CpG) (11). This relatively sta-
ble epigenetic change regulates both myeloid and lymphoid lineage 
development (14) and inflammatory gene expression in response 
to environmental stressors, aging, pathogens, endogenous dan-
ger signals, and many cytokines (11). DNA methylome changes 
are implicated in obesity and type 2 diabetes (15), both of which 
are comorbidities frequently associated with gout (16). More-
over, chemokine CCL2 promoter hypomethylation was found in 
patients with gout (17). Therefore, in the present study, we analyzed 
epigenome- wide DNA methylation changes in patients with gout.

PATIENTS AND METHODS

Subject recruitment. San Diego cohort. Study of the 
San Diego cohort was preapproved by the University of Cali-
fornia, San Diego Institutional Review Board, and informed con-
sent was obtained from all subjects. Outpatients diagnosed as 

having gout, according to the American College of Rheumatol-
ogy (ACR)/European League Against Rheumatism 2015 gout 
classification criteria (18), were recruited along with individually 
matched healthy controls, by rheumatologist referral, invitation 
via health record searches, and solicitation from pools of healthy 
subjects. Subjects undergoing hemodialysis or those with stage 
4 chronic kidney disease were excluded.

Gout patients (n = 17) were recruited first, followed by individ-
ual matching to healthy control subjects who did not have a history 
of gout (n = 16). Patients and controls were matched by sex, age 
(≤9 years difference), and body mass index (BMI) (<30 kg/m2 or 
≥30 kg/m2). One gout patient was not matchable due to advanced 
age. Sixteen gout patients and 14 healthy controls agreed to DNA 
testing.

All subjects were evaluated in a single visit, with limited clin-
ical laboratory studies (measurement of serum urate and serum 
creatinine levels) and examination for palpable tophi. No subjects 
in the San Diego cohort were smokers. At the time of blood sam-
pling, gout patients had to be ≥7 days removed from treatment 
with glucocorticoids or colchicine, and ≥14 days from resolution 
of the last gout flare.

New Zealand cohort. Study of the Māori subjects in the 
New Zealand cohort was approved by the Institutional Review 
Board of the New Zealand Health and Disability Ethics Commit-
tee. Subjects were part of a diabetes- focused substudy com-
prising 40 male and 40 female Māori subjects from Aotearoa/
New Zealand (19). All subjects gave their informed consent, 
which allowed extraction of their genomic DNA from whole 
blood. Forty control subjects who self- reported a diagnosis of 
type 2 diabetes and 40 healthy control subjects were matched 
to the patients with gout by sex, age, and BMI. Selection was 
prioritized to those control subjects who had a normal fasting 
glucose level, or secondarily to those control subjects who had 
normal lipid levels and were without evident heart disease. In 
all, 30 patients with gout (23 male, 7 female), whose diagnosis 
met the ACR 1977 preliminary gout classification criteria (20), 
and 23 control subjects without gout (16 male, 7 female) were 
considered for inclusion in the New Zealand cohort. After ex-
cluding subjects who had missing data for smoking status and 
presence or absence of chronic kidney disease, we assembled 
a cohort of 13 gout patients and 16 control subjects without 
gout.

Isolation of PBMCs and DNA, methylation assay, and 
data preprocessing. PBMCs from EDTA- anticoagulated blood 
samples collected from subjects in the San Diego cohort were iso-
lated using Ficoll- Paque Plus (GE Healthcare). DNA was isolated 
from washed PBMC pellets using a DNeasy blood kit (Qiagen), 
and thereafter concentrated using Amicon Ultra (Millipore). Whole 
blood DNA from subjects in the New Zealand cohort was isolated 
using a GuCl- guanadinium–based method. DNA was converted 
by sodium bisulfite modification, and then hybridized to Illumina 
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Infinium MethylationEPIC BeadChip arrays. Samples were ran-
domized across plates and chip positions.

Illumina Methylation Beadarray 850K flatform data were pro-
cessed using the ChAMP package (21) in R. Probes were filtered 
(using the champ.filter function) based on the following conditions: 
1) probes with detected P values of >0.01; 2) probes with <3
beads in ≥5% of samples examined; 3) all non- CpG probes; 4) all 
single- nucleotide polymorphism (SNP)–related probes; 5) all multi- 
hit probes; and 6) all probes in chromosomes X and Y. The mask-
ing list included probes with SNPs close to the 3′ end, probes 
with an SNP in the extension base that cause a color channel 
switch from the designated annotation, and probes with reason 
to be mapped (22). SNP probes on the array were also removed. 
Methylation at each locus was reported as a beta value, ranging 
from β = 0 (unmethylated) to β = 1 (fully methylated). Beta mix-
ture quantile normalization (using the champ.norm function) was 
applied for normalization of the data. Principal components anal-
ysis (PCA) (with the champ.SVD function) showed the top PCs 
significantly correlated with the slide and array, and batch effects 
were corrected for normalized data (using the champ.runCombat 
function).

Adjustment for cell type composition, and identifi-
cation of gout- associated differential  methylation loci 
(DMLs) and mapping to genes. Cell type composition is 
a cofactor in DNA methylation from blood samples. We down-
loaded healthy donor leukocyte type–selective DNA methylation 
data from the NCBI Gene Expression Omnibus data set (acces-
sion no. GSE110554), serving as a reference for DNA methylation 
measured on the 850K platform. Healthy donor cell types com-
prised neutrophils (n = 6 reference donors) in the whole blood 
from the New Zealand cohort, and monocytes (n = 6 reference 
donors), B lymphocytes (n = 6 reference donors), CD4+ T cells  
(n = 7 reference donors), CD8+ T cells (n = 6 reference donors), 
and natural killer cells (n = 6 reference donors) in both cohorts.

Automatic selection using the minfi package was used 
to identify probes specific to each cell type. The top 50 hyper-  
and hypomethylated probes were selected for each cell type. In 
total, 600 probes were used to estimate cell type composition. 
We estimated the distribution of cell types in a manner previously 
described (23), and added cell type proportion to the linear regres-
sion to adjust for its effects in both cohorts (24). Other cofactors 
used for adjustment in the linear regression models included age 
and smoking status (see Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.41173/abstract). For the San Diego cohort, eth-
nicity was included in the linear regression.

DMLs related to gout were identified using the limma package 
(25) in R, for differential analysis of microarray, RNA- sequencing, 
or methylation data using linear models. For both cohorts, the 
Benjamini- Hochberg procedure (i.e., false discovery rate [FDR]) was 
used to correct for multiple hypothesis testing. Two criteria were 

used to weight the DMLs: 1) FDR cutoff <0.05, and 2) differences 
in average beta values greater than the 99% quantile. To adjust 
for effects of allopurinol, we fitted a linear regression model using 
data from gout cases only. Two criteria to identify DMLs related to 
allopurinol were applied: 1) P value cutoff <0.05 (a liberal signifi-
cance threshold was used because of the small sample size), and 
2) selection of the top 1% of probes with the largest difference in
beta values between those taking and those not taking allopurinol. 
For the downstream analyses, we used the DML sets derived after 
removal of the overlapping DMLs related to allopurinol.

Mapping from DML to gene was based on the file 
“MethylationEPIC_v- 1- 0_B4.csv” (provided by Illumina). We clas-
sified DML genes based on the overall changes in DMLs and the 
locations of the DMLs. Sites were designated as “hypermethylated” 
when gout cases had more DNA methylation, and designated as 
“hypomethylated” when gout cases had less DNA methylation, as 
compared to controls. DML genes with only 1 differentially meth-
ylated probe were designated as either promoter- hypo, promoter- 
hyper, body- hypo, or body- hyper. DML genes with ≥2 differentially 
methylated probes were classified based on each DML. For exam-
ple, if there were 2 hypomethylated DMLs within a gene, the clas-
sification was “promoter- hypo;body- hypo.” Based on the UCSC 
RefGene Groups from the Illumina annotation file, the transcrip-
tional start sites TSS200 and TSS1500 were defined as “promoter” 
sites, while other features were defined as “gene- body” sites.

Hierarchical clustering, PCA, and pathway  enrichment  
analyses, and identification of TF binding sites and TF- 
gene networks. Based on the DMLs identified, hierarchical 
clustering was employed via the heatmap.2 function in R, with 
“maximum” set as the distance function and “ward.D2” as the 
agglomeration method. PCA was performed for the visualization 
of DMLs (using the plotMDS function). Because neither hierarchi-
cal clustering nor PCA tested a null hypothesis, no P values were 
used to test significance. KEGG pathway enrichment analysis was 
performed based on DML gene sets, using ConsensusPathDB 
(26) (see http://conse nsusp athdb.org/). The following criteria were 
applied to define enriched pathways: 1) >2 overlaps between DML 
genes and pathway genes, and 2) q value cutoff <0.01. R package 
KEGGprofile was used for visualizing KEGG pathways. The key-
words “GWAS” and “gout” were used for searching the  literature 
related to genome- wide association study (GWAS) results, with 
110 GWAS gout risk genes tallied (see  Supplementary Table 1, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41173/ abstract).

For TF binding sites in DML regions, sequences from 250 
bp upstream to 250 bp downstream of the DML position were 
extracted; 500- bp sequences were divided into hypo- sets and 
hyper- sets based on DML status. AME (run from the MEME 
suite) (27) was employed to find motifs enriched in these 2 
sets, separately, with the motif set downloaded from JASPAR  
(JASPAR2018_CORE_vertebrates_non- redundant.meme file) (28).  

http://consensuspathdb.org/
http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
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We ran AME with the following parameters: –verbose 1 –scoring 
avg –method fisher –hit- lo- fraction 0.25 –control –shuffle– –kmer 
2. Motifs were enriched in the sequence set if the corresponding
E value was below 1 × 10−10.

For analyses of TF- gene networks comparing PBMCs from 
the San Diego and New Zealand cohorts, ATAC- seq data for B 
cells, T cells, CD14+ monocytes, CD4+ T helper cells, and CD8+ 
αβ T cells were downloaded from the ENCODE project database. 
For each cell type, a TF- gene regulatory network was constructed 
using Taiji data analysis software (29), to assess the global influ-
ence of each TF from the network perspective. The top 10% of 
edges by weights from Taiji were kept.

The networks were then combined, and the 335 DML genes 
falling into common classes in both cohorts were mapped (including 
2 TFs with differential methylation and hypomethylated sequence 
enrichment in both cohorts), leaving 224 genes and 1,232 edges. 
Modules were identified using the Affiliation Graph Model AGMfit 
algorithm, to detect network communities (i.e., modules) by fitting a 
probabilistic generative model for given networks using  maximum 

likelihood estimation. Fourteen TFs were identified on the basis 
of membership in all 5 different modules, and these 14 TFs were 
identified as DML genes in both cohorts. Since genes were ranked 
by the number of modules (without hypothesis testing), no P val-
ues were used to test significance. The identified DMLs and beta 
estimates (with standard errors and P values) in the 2 cohorts are 
listed in the Supplementary Table 1 and Supplementary Table 2 
Appendices; in addition, the Supplementary List of GWAS Genes 
provides data on the relationship between the GWAS genes, CpG 
sites, SNP sites, and linkage disequilibrium (LD) blocks in different 
populations (all available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41173/ abstract).

RESULTS

The gout DNA methylome signature. Most gout 
patients in the San Diego cohort were being treated with a 
stable dose of allopurinol, and overall the serum urate levels 
were comparable to those in healthy controls  (characteristics 

Figure 1. Overview of differential DNA methylation in the San Diego gout cohort. A, Separation of gout cases from healthy controls using 
hierarchical clustering. Rows represent methylation probes; columns show individual DNA samples from cases (red) or controls (blue). B, 
Separation of gout cases from controls using principal components analysis. The proportion of variance was 64.15% for the first principal 
component (PC1) and 6.50% for the second principal component (PC2). In total, PC1 and PC2 contained 70.65% of the variance. C, Genomic 
locations of the 5,438 differential methylation loci. Shelf = 2–4 kb from CpG island; Shore = 0–2 kb from CpG island; OpenSea = >4 kb away 
from CpG island; N = upstream (5′) of CpG island; S = downstream (3′) of CpG island.

http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
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of the cohort are listed in Supplementary Table 2, availa-
ble on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41173/ abstract). The study  
workflow is depicted in Supplementary Figure 2 (http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41173/ abstract).

Epigenome- wide DNA methylation covered 865,859 loci. 
After filtering to exclude low-quality probes, 755,223 probes 
remained, with 5,438 promoter or gene- body DMLs. Of the DMLs 
detected, 96.7% were hypomethylation changes in gout, mostly 
(80.3%) in open sea regions (i.e., >4 kb away from CpG islands). 
The fewest DMLs (3.1% each) were in CpG islands (typically 
located at promoters with a CG:GC ratio of >0.6) or N Shelf (2–4 kb  
upstream of CpG islands) (Figure 1C).

The gout DMLs were mapped to 2,488 genes (designated 
DML genes), with 70.8% demonstrating gene- body hypomethyla-
tion, which modulates gene expression, depending on the context 
and whether or not the specific CpG site is in an enhancer region 
that is relevant to that specific gene or neighboring genes. The 
identified DMLs allowed clear separability of gout patients from 
controls, as shown by hierarchical clustering (Figure 1A) and PCA 
(Figure 1B).

Enrichment of GWAS gout risk genes among the identi-  
fied gout DML genes, and identification of  diff erentially 
methylated pathways. We found 22 DML genes that over-
lapped with known gout risk genes from past GWAS (Figure 2A 
and Supplementary Table 3, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41173/ abstract); box plots showing DNA methylation levels of 
the genes are shown in Figure 2D. Several of the identified loci 
encode gene products involved in vascular function or ion trans-
port (e.g., SLC2A9, ABCC9). Other loci, such as PRKG2, mod-
ulate innate and/or adaptive immunity, and BDKRB2 encodes a 
bradykinin receptor supporting neutrophil recruitment in experi-
mental gout (30). The PPARGC1A product drives mitochondrial 
biogenesis, inhibits insulin resistance, and is antiinflammatory. The 
TRPA1 product mediates pain and neuroinflammation. The probe 
cg13841979 of SLC2A9 and the previous GWAS- identified 
rs1014290 were in the same LD block, as were cg05205932 
and rs7688672 and rs6837293 for PRKG2 (data not shown). 
DML genes that had DMLs and gout- associated SNPs in the 
same LD block included A1CF, CFTR, ABCC9, MYL2, PDZK1, 
and B4GALT1 (data not shown). These findings buttress past 
evidence of the potential functional impact of GWAS SNPs in 
gout.

We detected hypomethylation of IL23R (cg19227223, 
cg13549101), SLC2A9, ABCC9, PRKG2, and BDKRB2 
 (Figure  2D). Several of the enriched KEGG pathways that were 
identified in gout patients (e.g., those for renin and insulin secre-
tion) (Figures 2B and C) are related to hyperuricemia and hyper-
tension, metabolic syndrome, and type 2 diabetes (16). Other 
pathways included those for phospholipase D, regulation of the 

actin cytoskeleton and Rap1 signaling, cell migration, cell adhe-
sion, extracellular matrix (ECM)–receptor interaction, and MAPK 
and calcium signaling pathways. In addition, we detected enrich-
ment of DMLs in circadian entrainment (Figure 2B) and inflamma-
tion mediator–regulated transient receptor potential (TRP) channels 
involved in neuroinflammation (Figure 2B).

AMP- activated protein kinase (AMPK), a nutritional biosensor 
suppressed by dietary excesses and modulated by inflammation, 
exerts broad effects on the epigenome and is, in turn, regulated by 
epigenetic changes, and also limits urate crystal–induced inflam-
mation (31,32). PRKAG2, which encodes an AMPK heterotrimer 
γ- subunit isoform, was gene- body hypomethylated (cg09817217, 
cg07012178) in gout patients (Figure 2D). AMPK signaling was 
among the KEGG pathways enriched in both the DML gene set 
and GWAS gene set (q value 8.1 × 10−4) (Figure 2C and Sup-
plementary Figure 3A, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41173/ 
abstract). PPP2R5C (for protein phosphatase 2A regulatory sub-
unit B family) negatively regulates AMPK activity via phosphatase 
activity for the AMPK α- chain catalytic site threonine. In this 
study, PPP2R5C was also gene- body hypomethylated. AMPK- 
intersecting pathways with DML enrichment in gout included 
phosphatidylinositol 3- kinase (PI3K)/Akt, circadian entrainment, 
and longevity regulation (33) (Figures 2B and C and Supplemen-
tary Figures 3B–D [http://onlin elibr ary.wiley.com/doi/10.1002/art. 
41173/ abstract]).

TF motif scanning in DML regions and pathway 
changes. Transcriptional signaling controls the development, 
differentiation, and function of leukocytes. We identified 75 hypo-
methylated TF motifs, corresponding to 65 TFs, enriched in the 
500- bp sequences centered at the hypomethylated loci. Exam-
ples of hypomethylated TF motifs included the circadian clock 
regulators CLOCK and ARNT (for aryl hydrocarbon nuclear recep-
tor) and genes encoding STAT2 and multiple components of AP1 
(for activator protein 1), IRF1 (for interferon regulatory transcription 
factor 1) (34), and NFATC2 and NFATC3. Among the top iden-
tified TFs (Figure 3A), NFATC2 was 1 of 2 TFs that were them-
selves hypomethylated in the gene- body region, and all genes 
regulated by NFATC2 were differentially methylated. MEF2C (35) 
also showed gene- body hypomethylation in patients with gout 
 (Figure 3A). For NFATC2, 1 DML was intronic. For MEF2C, 1 CpG 
was in an exon region. Specific examples of motifs of NFATC2 
and MEF2C that exhibited the conserved DNA binding pattern are 
shown in Figure 3B. Detected CpG sites and methylation levels 
for the CpG sites along the NFATC2 and MEF2C genes in gout 
patients compared to controls are depicted in Figures 3C and D, 
respectively.

Analyses of gout DNA methylome changes in certain TFs 
pointed to differential DNA methylation of multiple  biologic path-
ways, including the osteoclast differentiation pathway  (Figure 3A and 
Supplementary Figure 4, available on the  Arthritis &  Rheumatology 
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web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41173/ 
abstract). Furthermore, multiple KEGG pathways that are central 
to adaptive immunity, specifically the B cell receptor signaling, 
Th1 and Th2 cell differentiation, Th17 cell differentiation, and IL- 
17  signaling pathways, were also linked to differential DMLs and 
DNA methylated TFs in PBMCs from gout patients (Figure 3A).

Validation of the DNA methylation signature of 
genes, pathways, and TFs in an independent gout cohort. 
The New Zealand cohort, which was enriched for obesity and 
hypertension and was previously selected to examine patients 
with type 2 diabetes, comprised exclusively subjects of New 
Zealand Māori and Cook Island Māori (East Polynesian) descent 

Figure  2. Differential methylation loci (DML) genes and associated pathways in the San Diego gout cohort. A, Number of DMLs and 
overlaps with gout genetic risk loci genes previously identified from genome- wide association studies (GWAS). *** = P = 3.3 × 10−4 from 
hypergeometric distribution. B, Signaling pathways strongly associated with the gout DML genes. Colored squares represent the percentage 
of DMLs in each pathway. C, Pathways associated with the 9 DML genes overlapping with the GWAS gout genetic risk loci genes. Darker 
green and orange squares represent hypomethylation (hypo) at the promoter or gene- body regions, respectively, while lighter green squares 
represent DML genes with multiple DMLs. Gray- shaded bars in B and C indicate the significance (q value) of each association. P values for 
the pathways listed in B and C were calculated using the hypergeometric distribution and transformed into q values for the multiple hypothesis 
testing correction. D, DNA methylation (Meth.) levels of the CpG sites in 7 DML genes in gout cases and controls. Data are shown as box 
plots. Each box represents the upper and lower interquartile range (IQR). Lines inside the box represent the median. Whiskers represent 1.5 
times the upper and lower IQRs. The circle indicates an outlier. Locations of the CpG sites are shown at the bottom of the box plots. ECM 
= extracellular matrix; PI3K = phosphatidylinositol 3- kinase; TRP = transient receptor potential; PKG = cGMP- dependent protein kinase;  
AMPK = AMP- activated protein kinase; TSS1500 = 200–1,500 bases upstream of the transcriptional start site (TSS); 5′UTR = 5′- untranslated 
region; TSS200 = 0–200 bases upstream of the TSS.

http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
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(19) (the characteristics of the cohort are listed in  Supplementary 
Table 4, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41173/ abstract). 
Using the same cutoff as for the San Diego cohort, 4,845 DMLs 
were identified, corresponding to 2,530 genes. Hierarchical clus-

tering and PCA clearly separated the New  Zealand gout patients 
from the control subjects without gout (Figures 4A and B).

To probe for the most fundamental methylome changes in 
gout, we assessed and ranked sharing of methylome findings by 
looking at DML genes, pathways enriched in DMLs, and TFs and 

Figure 3. Transcription factor (TF) motifs, CpG sites, and differential DNA methylation (Meth.) in the San Diego gout cohort. A, Top biologic 
pathways in gout identified through TF motif scanning in hypomethylated differential methylation loci (DML) regions. Rows show the pathways, 
and columns show the TFs associated with the enriched pathways. These TFs in gout cases were either DNA hypomethylated (hypo) at the 
gene- body (orange) or not differentially DNA methylated (blue). P values for pathways were calculated using hypergeometric distribution and 
transformed into q values. B, Examples of motifs of the significantly enriched TFs in gout cases. The E value is the measurement of significance 
of a motif. C and D, CpG sites along the TFs NFATC2 (C) and MEF2C (D). The top line depicts the chromosome, with the gene region highlighted 
in red. The second line depicts the genome coordinate. The third line lists the RefSeq annotation for each gene. Numbers designated with 
NM are the transcript IDs for each gene. Exons are shown as dark blue rectangles, and introns as gray lines. The graph at bottom shows the 
methylation levels for the CpG sites along the genes in the gout and control cohorts. Significant DMLs are labeled with asterisks. PKG = cGMP- 
dependent protein kinase; TNF = tumor necrosis factor; IL- 17 = interleukin- 17.

http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
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related gene networks. Both gout cohorts shared 656 of 4,362 
DML genes (P ≤ 5 × 10−324 from hypergeometric distribution) 
 (Figure 5A) and 17 of 40 KEGG pathways (Figures 4C and 5B).

The average log10 (q value) in both cohorts served as 
an indicator of overlap strength. Shared pathways included 
those for circadian entrainment, MAPK signaling, ECM–
receptor interaction, and focal adhesion. When we looked for 
overlap between the DML genes in the New Zealand cohort 
and gout genes in the GWAS, we found that 15 KEGG path-
ways were enriched, and 5 were shared with the San Diego 
cohort  (Figures  4D and 5C and Supplementary Figure 5A, 
available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41173/ abstract). 
Strikingly, overlap between the San Diego and New  Zealand 
gout cohorts was seen for 37 (52.9%) of the 70 identified 
TFs with motifs enriched in hypomethylated sequences 
(Figure  4E), and for 30 (78.9%) of the 38 enriched KEGG 
pathways based on TFs (Figures 4F and 5D and Supplemen-
tary Figure 5B [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41173/ abstract]). The strongest overlap was for the 
osteoclast differentiation pathway (Figure  5D). Moreover, 

differential methylome changes in Th17 cell differentiation, 
Th1 and Th2 cell differentiation, and B cell receptor signaling 
pathways were supported by the overlap findings (Figure 5D).

Integration of gout- related DMLs with TF- gene 
 regulatory networks. Based on the findings from Taiji data 
analyses, NFATC2 and MEF2C as well as 12 other TFs, including 
several involved in retinoid or E26 transformation- specific (ETS) 
transcriptional programming, exerted effects propagated through-
out the entire leukocyte TF- gene regulatory network (Figure  6). 
The known biologic effects of these 14 TFs, which are pertinent 
to gout and/or gout comorbidities (as individually described in 
Supplementary Table 5, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41173/ 
abstract), included modulation of myeloid cell differentiation, 
inflammation, and immunity.

DISCUSSION

This study probed the gout PBMC DNA methylome, reveal-
ing that the DNA methylome signature in gout patients was clearly 

Figure 4. Analysis of the DNA methylome in the New Zealand (NZ) gout validation cohort. A, Separation of gout cases from controls using 
hierarchical clustering. Heatmaps show all of the differential methylation loci (DMLs) in the New Zealand cohort. B, Separation of gout cases 
from controls using principal components analysis in the New Zealand cohort. C–F, Venn diagrams illustrating sharing of DMLs, and related 
changes, between the San Diego (SD) and New Zealand cohorts, for enriched pathways based on DML genes (P = 2.7 × 10−14) (C), enriched 
pathways based on the overlaps between DML genes and genome- wide association study (GWAS) gout risk genes (D), transcription factors 
(TFs) whose motifs are enriched in hypomethylated (hypo) DML regions (P ≤ 5 × 10−324) (E), and enriched pathways based on TFs (P ≤ 5 × 10−324) 
(F). *** = P value is calculated from hypergeometric distribution.

http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract


WANG ET AL 810       |

separable from that in controls. In gout, epigenome- wide differen-
tial DNA methylation was highlighted by changes in gout genetic 
risk genes, signaling and transcriptional pathways in innate and 
adaptive immunity, neuroinflammation, and osteoclastogenesis. 
Many results from the San Diego cohort, particularly for differen-
tially methylated TF motifs and related pathways, were validated in 
the New Zealand gout cohort. The study design limited potential 
confounding effects from current hyperuricemia, ongoing acute 
gouty arthritis, colchicine or glucocorticoid use, age, sex, and 
some comorbidities.

The gout DNA methylome signature could reflect the com-
bined effects of inherited genetic variants (1,7–9) and past 
hyperuricemia (13), as well as adaptations to age, diet, lifestyle 

exposures, and comorbidity stressors (11,15,36). Other contrib-
utors likely include innate immunity training effects via past bouts 
of systemic stress triggered by repeated, self- limiting flares of 
marked, acute inflammatory arthritis (12). Significantly, the circu-
lating monocyte DNA methylome in rheumatoid arthritis (RA), as 
identified in a small study of 33 patients with RA, was separable 
from that in 17 healthy controls and reflected differences in RA 
disease activity, demonstrated plasticity in response to therapy, 
and was associated with distinct markers of the inflammatory 
state in RA peripheral blood (37). Tumor necrosis factor (TNF) and 
interferons can induce some of the monocyte DNA methylome 
changes in vitro associated with high disease activity in circulating 
monocytes from patients with RA (37). Monocyte DNA methylome 

Figure 5. Concordance of differential DNA methylation findings between the San Diego (SD) and New Zealand (NZ) gout sample sets. A, 
Venn diagrams illustrating the differential methylation loci (DML) genes shared between the 2 cohorts. *** = P ≤ 5 × 10−324 from hypergeometric 
distribution. B, Enriched KEGG pathways using DML genes in the New Zealand cohort. The P value for each pathway was obtained using the 
hypergeometric distribution and transformed into a q value. Colored squares indicate the subclass for each pathway. Pathways common to the 
2 cohorts are indicated in blue, and those in italics are a New Zealand cohort–specific pathway. The overlap weight for the common pathways 
is the average of the log10 (q value) in the 2 cohorts. C, Enriched pathways identified from overlaps between DML genes in the New Zealand 
cohort and genome- wide association study genes. D, Enriched pathways in gout, identified from specific transcription factors by motif scanning 
in hypomethylated DML regions in the New Zealand cohort. ECM = extracellular matrix; PI3K = phosphatidylinositol 3- kinase; AMPK = AMP- 
activated protein kinase; IL- 17 = interleukin- 17; TNF = tumor necrosis factor; PKG = cGMP- dependent protein kinase.
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changes that occurred in conjunction with high disease activity in 
RA were pinpointed in certain ETS family TFs (37), and effects of 
2 ETS TF- gene regulatory networks were propagated throughout 
the entire leukocyte TF- gene regulatory network in gout patients 
in this study.

We saw differential DNA methylation in several gout GWAS 
genes relevant to gouty arthritis, including IL23R, which mod-
ulates the bridging of innate and adaptive immunity, and pro-
motes granuloma formation and cell invasiveness. PRKAG2 
encodes the γ2 chain of AMPK, a major nutrition biosensor that 
is a native suppressor of urate crystal–induced inflammation, 
partly by promoting autophagy and inhibiting NF- κB and NLRP3 
inflammasome activation (31). AMPK activation also mediates 
the antiinflammatory effects of colchicine (31). Through insulin- 
like growth factor 1 receptor (IGF- 1R) and PI3K/Akt signaling, 
mechanistic target of rapamycin (mTOR) signaling, autophagy 
and mitophagy, and NF- κB activation, AMPK signaling intersects 

with the longevity regulation pathway, also a modulator of innate 
inflammation (33). AMPK signaling also intersects with circa-
dian rhythm. Circadian entrainment modulates diurnal changes 
in phagocyte behavior (38), which could promote the nocturnal 
flare onset that is so characteristic in gout (39). The PI3K/Akt 
pathway regulates inflammatory monocyte/macrophage acti-
vation by downstream sig naling via hypoxia- inducible factor 1, 
the product of a gout genetic risk locus, and via intersection 
with mTOR activity and AMPK in regulating antiinflammatory 
 autophagy.

Gout DNA methylome changes were detected in multiple 
pathways fundamental in phagocyte migration and activation, 
including those for cytoskeletal organization and cell adhesion and 
migration. The gout DNA methylome also included changes in the 
pathway for TRP ion channel signaling, which acts in endothelial 
cells and leukocytes and mediates neuroinflammation, including in 
response to urate crystals in vivo (40).

Figure 6. Shared transcription factor (TF)–gene regulatory networks between the San Diego and New Zealand cohorts, determined from 
integration of common gout- related differential methylation loci (DML) genes. The TF- gene regulatory networks were constructed using Taiji 
data analysis methods, in B cells, T cells, CD14+ monocytes, CD4+ T helper cells, and CD8+ αβ T cells, and then combined into one network. 
After mapping of DML genes and TFs to the network, 224 DML genes and 1,231 edges remained. Five modules were identified using the 
AGMfit algorithm. Genes were assigned different colors based on module membership. Notably, olive green indicates presence of a gene 
in ≥2 modules. Supplementary Table 5 (http://onlin elibr ary.wiley.com/doi/10.1002/art.41173/ abstract) summarizes the properties of the 14 
genes present in all modules (in red). The shape schemes of nodes are as follows: diamond = body- hypermethylation (hyper); ellipse = body- 
hypomethylation (hypo); triangle = promoter- hypermethylation; V- shape = promoter- hypomethylation; rounded rectangle = DML gene with 
multiple DMLs.

http://onlinelibrary.wiley.com/doi/10.1002/art.41173/abstract
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Many interconnected TF- gene networks and signaling 
pathways had differential DNA methylation in gout, including 
osteoclastogenesis (3). Enhanced in vitro osteoclastogenesis of 
RANKL-  and M- CSF–treated PBMCs from gout patients and joint 
fluid mononuclear leukocytes was reported in severe, tophaceous 
gout, being associated with increased circulating levels of RANKL 
and M- CSF (6). The origins and sites (i.e., in the bone marrow, 
peripheral blood, or synovial lining) of priming of the osteoclast 
precursors that develop into osteoclasts remain to be clarified in 
gout. Characteristically, bone erosion in patients with gout takes 
years to become evident on imaging (4). Our results suggest that 
epigenomic training potentially modulating bone erosion is identifi-
able even in relatively early gout, and even with reasonable control 
of serum urate levels.

The results of this study identified gout- associated enrich-
ment of differential DNA methylation in pathways for B and T 
cell receptor signaling and for Th17 cell development and IL- 
17 signaling, as well as gout- specific enrichment of DMLs for 
STAT2, IRF1, NFATC2, and NFATC3. These findings collectively 
highlight changes in adaptive immunity programming in gout. 
Not only  IL- 1β and IL- 17 (41), but also potentially IRF1 and 
STAT2 could help bridge innate and adaptive immunity in gout. 
For example, IRF1 activates genes involved in both innate and 
acquired immune responses, and also promotes inflammatory 
M1 macrophage commitment (34). Moreover, NFATC3 regulates 
polarization of inflammatory M1 macrophages (42). By modu-
lating the effects of IRF1, MYC, and STAT1 and the functions of 
inflammatory myeloid cells, and by suppressing NF- κB hyperac-
tivation, NFATC2 regulates both acute and chronic inflammation 
(43). Determining whether such methylome changes mediate 
the presence of B and T lymphocytes, and plasma cells in the 
corona surrounding urate crystals in tophi (5), is germane to 
elucidating the fundamental processes of tissue urate crystal 
deposition, which might be modulated by crystal- bound immu-
noglobulin.

This study identified differentially DNA methylated TF- gene 
regulatory networks in leukocytes. NFATC2 and MEF2C stood 
out among the TFs propagated throughout the network; nota-
bly, both demonstrated gene- body hypomethylation, and both 
NFATC2 (also termed NFAT1 or NFATp) and MEF2C regulate mul-
tiple DML genes. Collective evidence supports a role of NFATC2 
and MEF2C in potentially acting in the functional regulation of cas-
cades modulating gouty inflammation. NFATC2 is a member of 
an inducible TF family with 5 members, with 4 of these regulated 
by Ca2+ signaling, which is itself a pathway differentially methyl-
ated in PBMCs in the San Diego gout cohort. NFATs transduce 
signaling after ligation of Toll- like receptor 4 (TLR- 4), CD14, and 
dectin- 1, to stimulate intracellular Ca2+ signaling in myeloid cells. 
Consequent calcineurin phosphatase activation is permissive for 
NFAT nuclear translocation, allowing NFATs to act with AP- 1 and 
other TFs to regulate transcription (44). Calcineurin, partly by act-
ing on NFATC2, limits NF- κB hyperactivation and signaling and 

suppresses TNF expression in macrophages (44). Conversely, 
calcineurin inhibition promotes hyperactivation of NF- κB and tol-
erance to the TLR- 4 ligand lipopolysaccharide (44). Notably, the 
calcineurin inhibitor cyclosporine is associated with not only hyper-
uricemia and gout, but also accelerated tophus development, and 
particularly severe acute and chronic gouty arthritis (45).

MEF2C is a checkpoint for precursor commitment to 
monocyte or neutrophil differentiation. In addition, MEF2C, via 
its effects on Jun, promotes monocyte differentiation over gran-
ulopoiesis (35). MEF2C also enhances activation- induced mac-
rophage  apoptosis, and limits NF- κB activation. Furthermore, 
MEF2C promotes the expression of CD14, which is essential 
for the inflammatory function of classic monocytes (46). CD14 
rs2569190 is a gout genetic risk locus in European and New 
Zealand Polynesian populations (47), and CD14 rs2569190 
can modulate transcriptional activity of the CD14 promoter (48). 
Mono nuclear phagocyte CD14, which associates with TLR- 2 and 
TLR- 4, is directly engaged by urate crystals, and supports crystal- 
induced NLRP3 inflammasome activation and the release of IL- 1β 
and CXCL1 in vitro (49). The extent of neutrophil recruitment in 
experimental gouty inflammation in mice in vivo is diminished by 
~75% in global CD14– knockout mice (49). Thus, multiple recog-
nized effects of both NFATC2 and MEF2C could regulate inflam-
mation in gouty arthritis.

A limitation of this study was the fact that the established 
San Diego cohort of patients with gout were mostly receiving allo-
purinol and had serum urate levels that were not significantly dif-
ferent from those in healthy controls. There also were differences 
between the cohorts in the source of the genetic material, with 
PBMCs in San Diego compared to whole blood in New Zealand. 
Moreover, we studied only a small number of subjects. Given 
these limitations, the results of this study are seminal, but differ-
ential DNA methylation in even a small cohort of gout patients 
emphasizes the potential utility of the DNA methylome in discrim-
inating gout from non- gout states. Controlling for the severity of 
comorbidities was not built into the design of this study. Never-
theless, characterization of the gout DNA methylome brings up 
the question as to whether epigenetic training of immunity in gout 
can impact comorbidities such as obesity, type 2 diabetes, and 
coronary artery disease.

Another limitation is that we focused on unseparated PBMCs 
in this study. Despite our computational adjustments for cell type 
composition, future single- cell DNA epigenetic and transcriptomic 
analyses would be informative. We cannot exclude the possibil-
ity that antiinflammatory medications that have been previously 
used to control gout flares (11) may have contributed to the DNA 
methylome findings. However, the duration of such a form of epi-
genetic memory is unknown.

Finally, gout methylome changes might modulate not sim-
ply gouty arthritis, but also changes in urate levels (e.g., through 
SLC2A9 or IGF1R), renal function, and metabolism (e.g., through 
PRKAG2 or A1CF), which are comorbidities pertinent to gout (16).
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In summary, we observed grossly altered DNA  methylation 
in the PBMCs from patients with gout. The disease signature, 
observed in 2 distinct cohorts, included involvement of AMPK 
signaling and multiple intersecting pathways, circadian entrain-
ment, neuroinflammatory TRP ion channel signaling, and oste-
oclast  differentiation. Differential DNA methylation in genes 
involved in B and T cell signaling, Th17 and IL- 17 signaling, and 
genetic loci (including STAT2 and IRF1), in combination with 
 IL- 23 signaling, could bridge the processes of innate and adap-
tive immunity to promote tophaceous granuloma formation and 
bone erosion in gout. NFATC2 and MEF2C stood out among the 
PBMC TF- gene regulatory networks potentially involved in gout. 
Conspicuous absence of the NLRP3 pathway was a notable 
finding from the DML enrichment analysis. The results suggest 
a model whereby the DNA methylome can regulate acute and 
chronic gouty inflammation through signal transduction path-
ways and transcriptional pathways, including those for leukocyte 
differentiation and function and for neuroinflammation (50–53). 
The gout DNA methylome potentially acts on immune, meta-
bolic, and other elements (13–15,31,32) that regulate first- signal 
NLRP3 inflammasome priming, leading to regulation of phago-
cyte behavior following second- signal inflammasome activation 
by phagocytosed urate crystals (54). Future studies to elucidate 
other novel target genes and pathways in addition to those 
highlighted herein would help advance the recognition of gout 
biomarkers and the development of new treatment strategies in 
patients with gout.
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Heritability of the Fibromyalgia Phenotype Varies by Age
Diptavo Dutta,1  Chad M. Brummett,2 Stephanie E. Moser,2 Lars G. Fritsche,1  Alexander Tsodikov,1 
Seunggeun Lee,1 Daniel J. Clauw,2 and Laura J. Scott1

Objective. Many studies suggest a strong familial component to fibromyalgia (FM). However, those studies have 
nearly all been confined to individuals with primary FM, i.e., FM without any other accompanying disorder. The current 
2011 and 2016 criteria for diagnosing FM construct a score using a combination of the number of painful body sites 
and the severity of somatic symptoms (FM score). This study was undertaken to estimate the genetic heritability of 
the FM score across sex and age groups to identify subgroups of individuals with greater heritability, which may help 
in the design of future genetic studies.

Methods. We collected data on 26,749 individuals of European ancestry undergoing elective surgery at the Universi-
ty of Michigan (Michigan Genomics Initiative study). We estimated the single- nucleotide polymorphism–based heritabil-
ity of FM score by age and sex categories using genome- wide association study data and a linear mixed-effects model.

Results. Overall, the FM score had an estimated heritability of 13.9% (SE 2.9%) (P = 1.6 × 10−7). Estimated FM 
score heritability was highest in individuals ≤50 years of age (23.5%; SE 7.9%) (P = 3.0 ×10−4) and lowest in individ-
uals >60 years of age (7.5%; SE 8.1%) (P = 0.41). These patterns remained the same when we analyzed FM as a 
case–control phenotype. Even though women had an ~30% higher average FM score than men across age catego-
ries, FM score heritability did not differ significantly by sex.

Conclusion. Younger individuals appear to have a much stronger genetic component to the FM score than older 
individuals. Older individuals may be more likely to have what was previously called “secondary FM.” Regardless of 
the cause, these results have implications for future genetic studies of FM and associated conditions.

INTRODUCTION

Fibromyalgia (FM) is a symptom complex characterized 
by widespread pain accompanied by somatic symptoms such 
as fatigue and sleep and memory problems. Nearly all recent 
research studies of FM have focused on what is termed “primary 
FM,” which is FM without any other identifiable autoimmune or 
structural causes of pain. However, similar symptom complexes 
are observed in individuals with identifiable causes of pain such as 
autoimmune disorders and chronic diseases. This form of FM is 
thought to be more similar to animal and human studies of central 
sensitization, where ongoing nociceptive input is required to drive 
the processes of central sensitization, at the level of both the spi-
nal cord and the brain (1–6).

Individuals with primary FM typically begin developing pain 
in their childhood or teens and are often diagnosed as having 

regional pain conditions early in their life before finally being diag-
nosed as having FM. Primary FM occurs preferentially in women, is 
strongly familial, and co aggregates with other regional pain condi-
tions in both individuals and families (7–12). In contrast to primary 
FM, pain with identifiable causes can be caused by pain- related 
diseases such as osteoarthritis, which often occur later in life, and 
less is known about the heritability of pain with identifiable causes. 
Understanding the pathogenic differences between FM with and 
FM without identifiable causes of pain may lead to different treat-
ments for the 2 forms of FM. For example, central nervous system 
drugs and primary FM therapies may be less effective than iden-
tification and treatment of the ongoing nociceptive input (7,13).

Candidate gene and genome- wide association studies 
(GWAS) comparing variant allele frequencies in FM cases and 
controls have been performed, but many of the results have been 
inconsistently noted or replicated (14). However, the studies to date 
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have been small in size (n < 1,000) and would only have been able 
to identify common genetic variants with very large effects (14,15).

Population-  (16) or hospital- based (17) cohorts provide an 
opportunity to study the genetics of a wider spectrum of pain in 
much larger samples, although it may not always be possible to 
differentiate between patients with and those without any iden-
tifiable causes of pain given available survey or medical records 
and the high prevalence of individuals with peripheral sources of 
ongoing nociceptive input. Large studies of quantitative pain phe-
notypes can potentially contribute to the understanding of disease 
processes. A multisite chronic pain (MCP) GWAS (18) performed 
using data from the large- scale UK Biobank found 76 indepen-
dent MCP- associated variants at 39 loci and an estimated MCP 
heritability of 10.2%.

Estimates of disease or trait heritability are of interest because 
they give a sense of the genetic contribution to the measured 
trait. Heritability has traditionally been estimated from family and 
twin studies, which require intensive participant recruitment. But 
narrow- sense heritability (additive components) can also be esti-
mated from cohort-  or case–control–based GWAS data (19,20). 
The estimation of heritability from GWAS data is based on the idea 
that if genetics underlie the predisposition to disease, individuals 
with more similar levels of a trait or with a disease will tend to share 
more alleles than individuals with less similar trait levels or with-
out the disorder (21). For example, estimates of heritability based 
on GWAS of nonfamilial data range from 55% to 81% for height 
(19,22), 23% to 51% for body mass index (BMI) (20,23), and 37% 
to 50% for depression (24,25). The GWAS- based estimates are 
usually smaller than those estimated from familial data or twin stud-
ies, likely because they only capture additive effects from the variant 
classes included in the estimation (narrow- sense heritability) (26).

The genetic contributions to trait level or disease risk can 
vary by age or sex (27), and these differences can be assessed 
by estimating heritability in subgroups of samples. For example, 
many physical measures, including basal metabolic rate, systolic 
blood pressure, BMI, and neck pain, appear to be more heritable 
in younger individuals (28), potentially because trait differences at 
younger ages are less driven by environmental factors or because 
the processes that cause trait differences at older ages are differ-
ent from or more diverse than those at younger ages.

This study was undertaken to estimate the heritability of 
FM and of a continuous measure of FM severity and to inves-
tigate whether heritability differs by patient sex and/or age at 
assessment. To do this, we measured FM severity using patient- 
completed 2011 Survey Criteria for FM (29,30) from 26,749 indi-
viduals of European ancestry undergoing elective surgery in the 
Michigan Genomics Initiative. Using GWAS data, we estimated 
the heritability of a continuous phenotype, FM severity (FM score), 
across age categories. We also dichotomized FM scores as a 
case–control phenotype according to 2 different definitions and 
estimated their heritability across age categories. Further, we esti-
mated the genetic correlation of FM score with several psychiatric, 

personality, and autoimmune traits using publicly available GWAS 
summary statistics.

PATIENTS AND METHODS

Patients. Participants were prospectively recruited into the 
Michigan Genomics Initiative, an institutional biorepository at the 
University of Michigan. All patients were ≥18 years of age and 
were scheduled to have an elective surgery on the day of their 
recruitment. We excluded patients who did not speak English, 
were unable to provide written informed consent, or were cur-
rently imprisoned. We obtained written informed consent from all 
patients for use of their clinical data and DNA for research pur-
poses. This study was approved by the University of Michigan 
Institutional Review Board (IRB ID HUM00099605).

Genotyping. We genotyped DNA from blood samples using 
customized versions of an Illumina HumanCoreExome v12.1 array 
and applied quality control filters (see Supplementary text, avail-
able on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41171/ abstract). After sample quality  
control, 37,412 samples remained, with 462,868 polymorphic 
variants. The average genotyping rate for the samples and var-
iants included was 99.96%.

We projected the genotype data for the 37,412 samples on 
the principal components of Human Genome Diversity Project 
data using TRACE (31) to infer the genetic ancestry of the sam-
ples. Of these samples, 31,730 (84.8%) were inferred to be from 
individuals of European ancestry. We estimated the sample kin-
ship (32) and retained 30,431 samples from participants who had 
less than a second- degree relationship. We next performed princi-
pal components analysis on their genotype data. We excluded 33 
samples that were outliers based on the first and second princi-
pal components, resulting in 30,398 samples with genotype data 
(Supplementary text and Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41171/ abstract).

Phenotyping. We phenotyped patients preoperatively 
using a self- administered questionnaire on widespread pain and 
psychological status, based on the American College of Rheu-
matology (ACR) Survey Criteria for FM (30). These criteria for FM, 
conceptualized in 2011, represent a validated self- report measure 
based on the presence of widespread pain and comorbid symp-
toms (29,30). To calculate the Widespread Pain Index (WPI), we 
assessed 19 specific body areas using the Michigan Body Map 
(range of possible scores 0–19) as described in the ACR Survey 
Criteria (30). To calculate a Symptom Severity Index (SSI) we used 
the comorbid Symptom Severity Scale with questions on fatigue, 
trouble thinking or remembering, waking up tired, pain or cramps 
in the lower abdomen, depression, and headache (range of pos-
sible scores 0–12). Following the method of Wolfe et al (30), we 

http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract
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summed the WPI and SSI to create an FM score (range of possi-
ble scores 0–31).

To dichotomize patients as FM cases or controls based on 
the FM score and its components, we used the following 2 defi-
nitions: 1) any individual with an FM score of ≥13 was defined as 
a case according to the 2011 criteria for FM; and 2) any individual 
with pain in 4 of the 5 main body regions, a WPI score of ≥7, and 
an SSI score of ≥5, or with pain in 4 of the 5 main body regions, 
a WPI score of 4–6, and an SSI score of ≥9 was defined as a 
case according to the modified 2016 criteria for FM. The modified 
2016 criteria is a modified version of the criteria outlined by Wolfe 
et al (33) in 2016, adapted to our study according to the availabil-
ity of data. (For details, see Supplementary text, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41171/ abstract.) All individuals who were not 
classified as cases according to the definitions described above 
were classified as controls. Of the 30,398 individuals of European 
ancestry with genotype data, 3,649 (12.0%) did not have an FM 
score (WPI was missing for 2,708 [8.9%] and SSI was missing for 
3,494 [11.5%]), leaving 26,749 individuals for analysis.

Log transformation of FM score, WPI, and SSI. Since 
the distribution of the FM score was highly skewed, we added a 
small constant (0.1) to the FM score to retain individuals with a 
value of 0 in the analysis, and log transformed the adjusted score. 
We regressed the log- transformed FM score (log FM) on age, age 
squared, and sex using a linear regression model and inverse nor-
malized the residuals (inverse normalized FM score). The same 
transformations were applied to the WPI and SSI.

Estimation of heritability and genetic correlation. 
The genetic contribution to a phenotype can be measured by her-
itability, the fraction of trait variation explained by genetic variation. 
We estimated the heritability of the FM score, WPI, and SSI using 
a linear mixed- effects model (34) defined as:

where y is the vector of phenotype values for n individuals, in this 
case the inverse normalized FM score (or inverse normalized WPI/
SSI score); X is a matrix of nongenetic covariates containing the 
top 10 genetic principal components and a binary variable with 
levels 0 and 1 indicating the genotype array (UM_HUNT_Biobank 
or UM_HUNT_Biobank_v1- 1); βy is the vector of corresponding 
fixed effects; gy is a random vector of genetic contributions to the 
phenotypes, random effects, with gy ~ N(0,σy

2K), where K is the 
genetic relatedness matrix (GRM) between the pairs of individuals 
(see Supplementary text for the construction of the GRM) and σy

2 
is the genetic variability contributed by the genetic relatedness of 
the samples; and εy ~ N(0,σey

2I), where σey
2 is the residual variance 

of the model.
The heritability of the phenotype y is estimated as h2 =  

σy
2/(σy

2 + σey
2). We used genome- wide complex trait analysis (35) 

to fit this model and estimate the heritabilities. We used a likelihood 
ratio test to evaluate the significance of the estimated heritability. 
We note that h2 used here is a narrow- sense heritability measure. 
Thus, h2 only measures the fraction of trait variability explained by 
the additive effects of the variants in the array, which is lower than 
the total trait heritability. For a case–control phenotype (binary), we 
used the same linear mixed-effects model but with a liability scale, 
adjusting for ascertainment probabilities of the cases by the pop-
ulation prevalence (36). We used 2 different ways to dichotomize 
individuals into cases and controls based on FM score. For both 
case–control definitions we used a population prevalence of 2% 
to estimate the heritability of FM as a case–control phenotype (37).

The genetic overlap between 2 phenotypes y and w can 
be measured by the genetic correlation (20). We estimated the 
genetic correlation among the FM score, SSI, and WPI using a 
multiple linear mixed-effects model. For phenotype w, we used 
the same linear mixed- effects model as for y:

with the additional assumption cov(gy,gw) = σywK, where σyw 
is defined as the co heritability of the phenotypes y and w. The 
genetic correlation between the phenotypes is then defined as  
ryw = σyw/σyσw. We used Phenix (38) to fit the model and calculate 
the co heritability and subsequently estimated the genetic corre-
lations. Further, we estimated the genetic correlation of FM score 
with selected traits using publicly available summary statistics 
from existing genetic association studies using linkage disequilib-
rium score regression (39–41).

RESULTS

Our analysis included 26,749 patients of European ancestry 
who were scheduled for elective surgery. Their mean ± SD age 
was 54.2 ± 15.9 years, and 53.2% were women. The distribution 
of the FM scores for the 26,749 individuals is shown in Figure 1. 
For 10.8% of the samples, the FM score was 0 (both the WPI and 
SSI scores were 0). (See Supplementary Figure 2, available on the 

y=Xβy+gy+εy

w=Xβw+gw+εw; gw∼N(0,σw
2K); εw∼N(0,σew

2I)

Figure  1. Distribution of fibromyalgia (FM) scores in the sample 
included for analysis. The range of possible scores is 0–31. Vertical line 
indicates the cutoff for considering an individual an FM patient (FM score 
≥13). Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract.
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Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41171/ abstract, for WPI and SSI distributions.)

FM scores by age categories and sex are shown in Figure 2.  
When divided into age subcategories of 10 years, individuals 
who were 40–50 years old and those who were 50–60 years 
old had significantly higher FM scores than those who were ≤40 
years old. Individuals who were 60–70 years old, those who 
were 70–80 years old, and those who were 80–90 years old had 
lower FM scores than those who were ≤40 years old (Figure 2). 
This pattern was consistent for women and men (Figure 2) (for 
 regression estimates see Supplementary Table 1, available on the 
 Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41171/ abstract). In the total sample, the mean ± 
SD FM score was higher in women than in men (6.2 ± 4.9 ver-
sus 4.6 ± 4.2, respectively; mean score in women/mean score 
in men = 1.34). (See Supplementary Table 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41171/ abstract, for the FM scores for patients 
dichotomized into 2 groups by age [≤50 years or >50 years].)

We investigated whether the components of the FM score, 
measurements of pain at different sites of the body (WPI), and 

symptoms of pain (SSI) had consistent trends across age and sex 
(Supplementary Table 3, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41171/ 
abstract). Younger individuals (age ≤50 years) had a lower WPI 
score than older individuals (age >50 years) (mean ± SD 1.8 ± 
2.6 versus 2.0 ± 2.6, respectively). In contrast, younger individuals 
had a higher SSI score than older individuals (mean ± SD 3.8 ± 
2.9 versus 3.4 ± 2.8) (Supplementary Table 3). Women had higher 
WPI and SSI scores than men (2.1 ± 2.8 versus 1.6 ± 2.3 for WPI 
and 4.1 ± 2.9 versus 3.0 ± 2.6 for SSI).

To evaluate the significance of the effects of age and sex on 
FM score–related measures, we used a multiple linear regression 
model simultaneously adjusted for age, age squared, and sex. 
We found that age, age squared, and sex were significantly asso-
ciated with the FM score, WPI, and SSI (P < 0.05) (Supplemen-
tary Table 4, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41171/ abstract). 
To determine if the effect of age category (younger or older) on 
FM score varied by sex or if the effect of sex on FM score var-
ied by age category (younger or older), we tested for an interac-
tion between age category and sex. We did not find significant 

Figure 2. Distribution of fibromyalgia (FM) scores in women, men, and the entire sample, divided into 10- year age categories. Data are shown 
as box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the lines outside 
the boxes represent the 10th and 90th percentiles. Circles indicate outliers. Red lines indicate the mean FM score across all age categories.
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 evidence that the effect of sex varied between older and younger 
individuals or that the effect of age varied by sex.

To estimate the genetic contribution to FM score, we cal-
culated the genotype- based heritability of the inverse normalized 
FM score. We constructed the GRM using the common variants 
(minor allele frequency >5%) and fit a linear mixed-effects model 
(see Patients and Methods). The estimated heritability of FM was 
13.9% (SE 2.9%) (P = 1.6 × 10−7). To examine if heritability dif-
fered by age, we divided the sample into 10- year age categories. 
Patients ≤40 years old had the highest heritability, estimated at 
22.8% (SE 13.4%), and those 60–70 years old had the lowest 
heritability, estimated at 3%, although no age category was sig-
nificantly heritable on its own. We saw similar trends for WPI and 
SSI (Figure 3).

To obtain larger age subgroups, we dichotomized patients by 
age cutoffs and estimated the heritability in the corresponding age 
groups (Table 1). For each age cutoff we observed that younger 
individuals consistently had higher heritability of FM than older 
individuals. For example, individuals age ≤50 years had an esti-
mated heritability of 23.5% (SE 7.9%) (P = 3.0 × 10−4) and those 
age >50 years had an estimated heritability of 8.6% (SE 5.6%) 
(P = 0.12). This means that the estimated heritability of FM for 
individuals ≤50 years old is significantly higher than 0. Conversely, 
the heritability for individuals >50 years old is low and could not be 
distinguished from 0 in this sample.

When we repeated the analysis by age category for men 
and women separately, we found that women had slightly higher 
estimated heritabilities than men in almost all age categories. 
However, we found no evidence of a significant difference in the 
estimated heritabilities between men and women (Supplemen-
tary text and Supplementary Table 5, available on the Arthritis &  
Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41171/ abstract).

To assess the heritability in individuals more likely to have FM 
we used the 2 definitions of FM cases described above. Any indi-
vidual with an FM score of ≥13 was defined as a case according 
to the 2011 FM criteria (22) (n = 2,304; sample prevalence 8.6%). 

Any individual with pain in 4 of the 5 main body regions, a WPI 
score of ≥7, and an SSI score of ≥5, or with pain in 4 of the 5 
main body regions, a WPI score of 4–6, and an SSI score of ≥9 
was defined as a case according to the modified 2016 criteria 
(adapted from Wolfe et  al [33]) (n = 1,319; sample prevalence 
4.9%). All individuals not defined as a case were defined as con-
trols. All but 48 of the participants who met the modified 2016 
criteria also met the 2011 criteria. We estimated heritabilities as 
8.6% (P = 0.005) for those who met the 2011 criteria and 7.9% 
(P = 0.41) for those who met the modified 2016 criteria. When 
participants were divided into age categories, we observed higher 
estimated heritability for younger individuals than for older individ-
uals, suggesting that the overall trends by age were consistent 
in the data across varying levels of FM severity measured by dif-
ferent criteria (Supplementary Table 6, available on the Arthritis &  
Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10. 
1002/art.41171/ abstract).

To understand the contributions of the WPI and SSI to the 
age- based heritability trends for FM score, we estimated the 
genetic correlations of FM score with WPI and SSI by 10- year age 
categories (Figure 4). The estimated genetic correlation between 
the FM score and WPI score varied from 38% for younger indi-
viduals (age ≤40 years), to 56% for individuals ages >40 and 
≤50 years and those ages >50 and ≤60 years and 30% for the 
group of older individuals (ages >60 and ≤70 years). The genetic 
correlation between the FM score and SSI varied from 57% in 
individuals age ≤40 years to 88% in individuals ages >60 years 
and ≤70 years. The estimated genetic correlation between WPI 
and SSI varied between 55% for individuals ages >40 years and 
≤50 years and 6% for older individuals (ages >60 years and ≤70 
years). These genetic correlation estimates show that for younger 
individuals, both WPI and SSI contribute substantially toward the 
genetic components of FM, while in older individuals SSI appears 
to be the dominant component. Further, our estimates show that, 
for younger individuals, WPI and SSI have a substantial shared 
genetic component, while in older individuals, they have a low 
genetic correlation. Using the definitions based on the 2011 criteria 
for FM and the modified 2016 criteria for FM to dichotomize indi-
viduals as cases and controls, we found similar patterns of genetic 
correlations across age categories (Supplementary Figure 3,  

Figure 3. Heritability of fibromyalgia (FM) score, Widespread Pain 
Index (WPI), and Symptom Severity Index (SSI) scores by 10- year 
age category.

Table  1. Heritability of inverse normalized fibromyalgia score by 
age

Age, years n
Heritability 
estimate, % SE P

≤40 5,693 22.8 13.4 0.09
>40 21,056 8.1 4.9 0.06
≤50 10,201 23.5 7.9 3.0 × 10−4

>50 16,548 8.6 5.6 0.12
≤60 16,687 12.4 5.5 0.01
>60 10,062 7.5 8.1 0.41
All 26,749 13.9 2.9 1.6 × 10−7

http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract
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available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41171/ abstract).

We next tested for co heritability of FM score with traits that 
might a priori be expected to be correlated with FM score or were 
found to be significant in the UK Biobank study of MCP. FM score 
had a significant genetic correlation with psychiatric disorders such 
as attention deficit hyperactivity disorder (ADHD), neuroticism, 
major depressive symptoms, subjective well- being, and depres-
sive symptoms (−0.26 to 0.78) (Table 2). We also found significant 

genetic correlation of FM score with immune and autoimmune dis-
eases such as asthma and rheumatoid arthritis (RA) (0.31 to 0.35) 
(Table 2). To understand the contribution of SSI and WPI to the 
genetic correlations of FM score, we estimated their genetic corre-
lations with the same traits separately. For almost all traits tested, 
SSI had similar estimated genetic correlations as FM score. WPI 
had similar estimated genetic correlations as FM score for asthma 
and RA, and of the traits tested, these were the most strongly 
genetically correlated with WPI. In contrast, WPI showed much 

Figure 4. Estimated genetic correlation between the fibromyalgia (FM) score and Symptom Severity Index (SSI), between the FM score and 
Widespread Pain Index (WPI), and between SSI and WPI, by 10- year age categories.

Table 2. Genetic correlation of FM score, WPI, and SSI with selected traits for the overall sample and by age*

Trait
PubMed 

ID

All Age ≤50 years Age >50 years Genetic  
correlation in UK 
Biobank (MCP)FM WPI SSI FM WPI SSI FM WPI SSI

Depressive symptoms† 27089181 0.53‡ 0.11 0.49‡ 0.63‡ 0.12 0.59‡ 0.49‡ 0.07 0.44‡ 0.59‡
Major depressive disorder† 29700475 0.40‡ 0.08 0.43‡ 0.48‡ 0.07 0.50‡ 0.36‡ 0.09 0.37‡ 0.53‡
Bipolar disorder† 21926972 0.08 0.03 0.09 0.13 0.04 0.14‡ 0.06 0.04 0.07 0.02
ADHD† 27663945 0.78‡ 0.19‡ 0.66‡ 0.81‡ 0.20‡ 0.80‡ 0.53‡ 0.15 0.54‡ NR
Subjective well- being† 27089181 −0.26‡ −0.12 −0.28‡ −0.25‡ −0.11 −0.23‡ −0.21‡ −0.14 −0.22‡ NR
PGC cross- disorder 

analysis†
24353885 0.28‡ 0.15 0.33‡ 0.32‡ 0.13 0.34‡ 0.25‡ 0.11 0.30‡ 0.13‡

Autism spectrum disorder† 30804558 0.04 −0.01 0.05 −0.01 −0.02 0.04 0.05 0.01 0.07 −0.10‡
Anorexia nervosa† 24514567 −0.09 −0.06 −0.12 −0.13 −0.07 −0.17‡ −0.07 −0.06 −0.10 −0.06‡
RA§ 24390342 0.35‡ 0.38‡ 0.26‡ 0.38‡ 0.39‡ 0.25‡ 0.31‡ 0.32‡ 0.19‡ 0.16‡
Asthma§ 17611496 0.31‡ 0.33‡ 0.30‡ 0.40‡ 0.45‡ 0.39‡ 0.28‡ 0.30‡ 0.22 0.22‡
Primary biliary cirrhosis§ 26394269 0.13 0.16 0.12 0.15 0.16 0.09 0.11 0.13 0.06 0.10‡
Neuroticism¶ 27089181 0.39‡ 0.16 0.35‡ 0.45‡ 0.17‡ 0.41‡ 0.37‡ 0.13 0.38‡ 0.40‡
Sleep duration# 27494321 −0.03 0.05 −0.11 −0.02 0.01 −0.08 −0.03 0.02 −0.08 NR
MCP 31194737 0.46‡ 0.38‡ 0.29‡ 0.49‡ 0.43‡ 0.31‡ 0.41‡ 0.37‡ 0.21‡ –

* FM = fibromyalgia; WPI = Widespread Pain Index; SSI = Symptom Severity Index; MCP = multisite chronic pain; ADHD = attention deficit 
hyperactivity disorder; NR = not reported; PGC = Psychiatric Genomic Consortium; RA = rheumatoid arthritis. 
† Psychiatric trait. 
‡ Significant estimate (P < 0.05). 
§ Immune/autoimmune trait. 
¶ Personality trait. 
# Sleeping trait. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41171/abstract
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lower genetic correlation with psychiatric traits (−0.12 to 0.19) than 
we found for FM score or SSI, although genetic correlation of WPI 
with ADHD and neuroticism was nominally significant in younger 
individuals. Multiple phenotypes that were reported to have signifi-
cant genetic correlation with MCP in the UK Biobank study (18) did 
not have significant genetic correlation with FM score, WPI, or SSI. 
However, the directions of genetic correlations for these traits were 
highly consistent between the UK Biobank and our sample (9 of 
the 10 reported traits in Table 2 had the same direction of effects). 
Further, the estimated genetic correlations for these traits were 
highly correlated with those estimated in the UK Biobank sample 

for MCP (r > 0.9).
We also estimated the genetic correlation of FM score, WPI, 

and SSI with the UK Biobank MCP. We found significant genetic 
correlations of MCP with FM score (0.46), WPI (0.38), and SSI 
(0.29). For younger individuals the genetic correlations were 
slightly higher than those estimated for older individuals (Table 2).

DISCUSSION

The present study is the largest to date to examine genetic 
contributions to the FM score (a composite measure of WPI and 
SSI). We found that the FM score was more heritable in younger 
individuals than in older individuals in this hospital- based sample. 
Thus, the variability in FM score for younger individuals, who are 
potentially more likely to have primary FM, appears to be driven 
by genetic factors shared across individuals to a greater degree 
than the variability in FM score in older individuals. Older individ-
uals may have a greater contribution of environmental factors to 
pain, a greater diversity of conditions that increase pain, and/or 
more susceptibility towards nociceptive pain.

We found that there was a substantial genetic correlation 
of FM with both WPI and SSI for younger individuals, indicating 
that both the pain component (WPI) and the comorbid symptoms 
component (SSI) jointly contributed to the genetic architecture of 
FM in the younger individuals. In contrast, for the older individuals, 
the heritability of FM was more highly correlated with the comor-
bidity component (SSI) than with the pain component (WPI). 
Overall, our results suggest that genetic studies of FM might have 
differing results depending on the age of the participants.

If FM in younger individuals stayed constant throughout their 
lives, one would expect FM measures to slowly increase with age 
as pain from chronic diseases increases, but in this study, the 
mean FM score (in individuals undergoing elective surgery) was 
slightly lower in older individuals. Other studies have shown that 
the incidence and prevalence of FM wanes over time. Wolfe et al 
(37) showed that the prevalence of chronic widespread pain in 
Kansas peaked at ages 60–69 and then decreased in older indi-
viduals. Vincent et al (42) used the 2011 FM Survey Criteria to 
show that the prevalence of FM in the general Minnesota popu-
lation was 8.4% for individuals ages 21–39 years, 6.0% for indi-

viduals ages 40–59 years, and 3.8% for individuals >60 years of 
age (27).

Given that an individual’s genetic information is constant from 
birth until death (notwithstanding epigenetic modifications), our 
results suggest that, for a set number of FM cases, inclusion of 
younger individuals might increase the power to detect primary 
FM. All previous GWAS or large candidate gene studies in FM 
either included many individuals >50 years of age or did not report 
age (15,21,43). Thus, all of the large- scale genetic studies per-
formed to date in FM have included sizable numbers of older indi-
viduals, where the genetic contributions to FM or FM symptoms 
might have been lower or different than in younger cohorts.

Differentiating individuals with primary FM from those with 
pain from an identifiable source, in a hospital or electronic health 
record (EHR)–based cohort, is difficult, even with the potentially 
large arrays of phenotype data. Although EHR- based studies 
can reduce diagnosis/reporting misclassifications and recall bias 
compared to cohort studies, ongoing sources of nociceptive pain 
might still be present without a diagnosis and hence not identified 
in an EHR- based study. In particular, nociceptive pain might be 
relatively more common in the population we have considered in 
this study, which consists of patients undergoing elective surgery. 
How to distinguish between pain with and pain without  identifiable 
causes in such an EHR- based study remains a largely unan-
swered question. This in turn impedes the ability of our study and 
other EHR- based studies to isolate the patients with primary FM. 
In their UK Biobank–based study of MCP, Johnston et al (18) did 
not report whether individuals had identifiable or nonidentifiable 
sources of pain. Given our current measures of FM, we cannot 
definitively say if the older individuals we classified as being FM 
cases in this study had primary FM or had pain from an identifiable 
source. Thus, we do not have data to evaluate whether primary 
FM has a smaller genetic component in older individuals than it 
does in younger individuals.

Although women had higher FM scores than men across 
age categories, we did not find evidence that heritability varies by 
sex. This is possible because women can have a higher mean FM 
score value than men, for example, because sex- related factors 
cause higher FM score values in women, but still have the same 
amount of FM score variability explained by genetic variation. We 
can interpret this as follows: although the average FM scores in 
women are higher than those in men, the genetic contributions to 
FM score variability did not differ significantly by sex in this sample 
size.

FM co- occurs with multiple diseases, suggesting there are 
shared genetic factors underlying these diseases. We found that 
FM score and SSI have a strong genetic correlation with several 
psychiatric and personality syndromes, indicating a substantial 
genetic overlap between them, potentially because psychological 
measures are part of the FM score. However, our genetic corre-
lation findings for FM score are consistent with results from a UK 
Biobank study (n = 387,649) by Johnston et al (18) that found a 
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genetic overlap between MCP and several psychiatric conditions. 
FM score and WPI were more strongly positively genetically corre-
lated with asthma and RA than was MCP from the UK Biobank. 
For RA this may be due to an enrichment of individuals with RA in 
our surgical patient population compared to the more general UK 
Biobank population.

One limitation of our study is that our sample is not pop-
ulation based. Individuals who were scheduled to have sur-
gery were eligible for recruitment in the study and are more 
likely to suffer from pain and to be enriched for particular FM- 
related disorders. Additionally, we used quantile- based inverse 
normalization of the FM score, which can affect the power to 
detect heritability.

Overall, this study highlights the importance of consider-
ing the age distribution of individuals when designing a genetic 
association study of FM. These data support the notion that there 
are (at least) 2 different forms of FM: one that occurs in younger 
individuals and is strongly genetically driven and one that occurs 
in older individuals and can be driven by a variety of nongenetic 
factors and other conditions that cause pain.
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Transcutaneous Electrical Nerve Stimulation Reduces 
Movement-Evoked Pain and Fatigue: A Randomized, 
Controlled Trial
Dana L. Dailey,1 Carol G. T. Vance,2 Barbara A. Rakel,2 M. Bridget Zimmerman,2 Jennie Embree,2  
Ericka N. Merriwether,3  Katharine M. Geasland,2 Ruth Chimenti,2  Jon M. Williams,4 Meenakshi Golchha,4  
Leslie J. Crofford,4 and Kathleen A. Sluka2

Objective. Fibromyalgia (FM) is characterized by pain and fatigue, particularly during physical activity. Trans­
cutaneous electrical nerve stimulation (TENS) activates endogenous pain inhibitory mechanisms. This study was 
 undertaken to investigate if using TENS during activity would improve movement­ evoked pain and other patient­ 
reported outcomes in women with FM.

Methods. Participants were randomly assigned to receive active TENS (n = 103), placebo TENS (n = 99), or no 
TENS (n = 99) and instructed to use it at home during activity 2 hours each day for 4 weeks. TENS was applied to 
the lumbar and cervicothoracic regions using a modulated frequency (2–125 Hz) at the highest tolerable intensity. 
Participants rated movement­ evoked pain (primary outcome measure) and fatigue on an 11­ point scale before and 
during application of TENS. The primary outcome measure and secondary patient­ reported outcomes were assessed 
at baseline (time of randomization) and at 4 weeks.

Results. After 4 weeks, a greater reduction in movement­ evoked pain was reported in the active TENS group 
versus the placebo TENS group (group mean difference –1.0 [95% confidence interval –1.8, –0.2]; P = 0.008) and ver­
sus the no TENS group (group mean difference –1.8 [95% confidence interval –2.6, –1.0]; P < 0.0001). A reduction in 
movement­ evoked fatigue was also reported in the active TENS group versus the placebo TENS group (group mean 
difference –1.4 [95% confidence interval –2.4, –0.4]; P = 0.001) and versus the no TENS group (group mean difference 
–1.9 [95% confidence interval –2.9, –0.9]; P = <0.0001). A greater percentage of the patients in the active TENS group
reported improvement on the global impression of change compared to the placebo TENS group (70% versus 31%; 
P < 0.0001) and the no TENS group (9%; P < 0.0001). There were no TENS­ related serious adverse events, and <5% 
of participants experienced minor adverse events from TENS.

Conclusion. Among women who had FM and were on a stable medication regimen, 4 weeks of active TENS use 
compared to placebo TENS or no TENS resulted in a significant improvement in movement­ evoked pain and other 
clinical outcomes. Further research is needed to examine effectiveness in a real­ world setting to establish the clinical 
importance of these findings.

INTRODUCTION

Fibromyalgia (FM) is a complex condition characterized by 
widespread pain and fatigue. Pharmacologic interventions are 

only modestly effective for treating FM, with most individuals 
 experiencing activity- limiting pain despite use of multiple drugs 
(1,2). It has become increasingly recognized that nonpharma-
cologic interventions should be considered as first- line treatments 
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for chronic pain (3–5) and as safe, low- cost treatments that can 
be added to pharmacologic approaches. While there is strong 
evidence that exercise is an effective treatment for FM (6,7), indi-
viduals report that movement- evoked pain limits activity partici-
pation (8,9). Use of nonpharmacologic approaches that reduce 
movement- evoked pain would theoretically increase activity par-
ticipation, resulting in a perceived global improvement.

Transcutaneous electrical nerve stimulation (TENS) is a 
nonpharmacologic intervention that delivers electrical current 
through the skin for pain control. Animal studies show that TENS 
activates endogenous inhibitory mechanisms to reduce cen-
tral excitability (10–14). In contrast, individuals with FM exhibit 
reduced endogenous inhibition and enhanced central excitability 
(15,16). Thus, based on the mechanism of action of TENS, it 
may be useful in individuals with FM.

Although TENS is effective for several pain conditions, 
recent systematic reviews have shown mixed results (17–20). 
Johnson and colleagues have noted limitations of the TENS trials 
currently described in the literature, such as inadequate sample 
size, limited outcome data, and moderate risk of bias (17,21). We 
have further suggested that variables not considered in TENS 
clinical trials also lead to equivocal results (22). Stimulation inten-
sity must be strong, but comfortable or greater for TENS effec-
tiveness (14,23,24). TENS works best for movement- evoked 
pain (24,25) and provides the greatest effects while the unit is on 
(22,26), yet prior studies have routinely measured resting pain or 
assess pain after treatment, when physiologic effects of TENS 
are no longer optimal (25,27–30). Furthermore, few studies have 
examined effects on other domains such as fatigue, quality of 
life, or function.

We designed a double- blind randomized controlled trial to 
examine the effects of TENS in women with FM, using a study pro-
tocol that does not entail weaknesses of prior studies. The primary 
aim was to test effectiveness of repeated TENS on movement- 
evoked pain in women with FM following random assignment to 
3 groups: active TENS, placebo TENS, or no TENS. Secondary 
aims were to test the effects of TENS on fatigue, function, and 
other patient- reported outcomes. We hypothesized that TENS 
would reduce movement- evoked pain, resulting in perceived 
global improvement in women with FM.

PATIENTS AND METHODS

Study design and participants. The Fibromyalgia Activ-
ity Study with TENS (FAST) is a phase II randomized, double- 
blind, placebo- controlled, dual- site clinical trial conducted at the 
University of Iowa and Vanderbilt University Medical Center and 
approved by the institutional review boards of both universities. 
The study protocol has been previously described (31), and the 
study was conducted in accordance with the Declaration of Hel-
sinki. Written informed consent was obtained from all participants 
prior to enrollment.

We examined the effects of TENS home use in women with 
FM in a trial in which women were treated with TENS or placebo 
for 4 weeks, followed by a 4- week period during which all sub-
jects received active TENS (Figure 1A). Participants were recruited 
from 2 sites using a variety of strategies (for details see Supple-
mentary Methods, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41170/ 
abstract). Eligibility was verified at both visit 1 and visit 2. Inclusion 
criteria were as follows: female sex, age 18–70 years, FM accord-
ing to the American College of Rheumatology 1990 criteria (32), 
on a stable medication regimen during the 4 weeks preceding 
the study, and projected to be on a stable treatment regimen for 
the next 2 months. Exclusion criteria included a pain level of <4 
on a 10- point numerical rating scale (NRS) at the first and second 
visits, inability to walk 6 minutes without assistance, TENS use in 
the last 5 years, presence of a pacemaker, history of neuropathic 
or autoimmune disorder, history of spinal fusion or metal implants 
in the spine, allergy to adhesive or nickel, pregnancy, epilepsy, 
and/or a serious or unstable medical or psychiatric condition 
that would preclude participation (31). All participants continued 
current treatments prescribed by their health care provider and 
were asked not to change medications during the study. Current 
medications were recorded at each visit. Analgesic use before the 
second visit did not differ between groups (Supplementary Table 
1, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41170/ abstract).

Outcome measures. The primary outcome measure was 
movement- evoked pain and secondary outcome measures were 
resting pain, fatigue, function, disease impact, quality of life, fear of 
movement, and other psychological factors. These measures are 
described briefly below, with more detail in the published proto-
col (31). The effects of TENS on pain and fatigue were examined 
before and during TENS treatment on visits 2, 3, and 4. Patient- 
reported outcomes were examined before TENS treatment at 
these same visits.

Assessment of pain, fatigue, and physical function. Pain 
intensity at rest and during movement was measured with an 
11- point NRS before and during TENS. Movement- evoked pain 
was measured during a 6- minute walk test, which measures the 
distance a person can walk in 6 minutes, and a 5- time sit- to- stand 
test, which measures how long it takes for a person to move from a 
seated position to standing 5 times. Pain intensity and interference 
were measured using the Brief Pain Inventory (BPI) (33). Fatigue at 
rest and during movement was measured with an 11- point NRS 
before and during the 6- minute walk test and 5- time sit- to- stand 
test and with the Multidimensional Assessment of Fatigue (MAF) 
(34). Physical function was assessed using the 6- minute walk test, 
the 5- time sit- to- stand test, physical activity for 1 week recorded 
via accelerometry (Supplementary Methods, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41170/ abstract), and the International 
Physical Activity Questionnaire (IPAQ) short form (35).

http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
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Patient- reported outcomes. We examined fear of move-
ment with the Tampa Scale of Kinesiophobia (TSK) (36), pain 
catastrophizing with the Pain Catastrophizing Scale (PCS) (37), 
self- efficacy with the Pain Self- Efficacy Questionnaire (PSEQ) (38), 
and depression and anxiety with Patient- Reported Outcomes 
Measurement Information System (PROMIS) short forms. Dis-
ease impact was measured with the Revised Fibromyalgia Impact 
Questionnaire (FIQ) (39), and quality of life was assessed with the 

Short Form 36 (SF- 36) Health Survey (40). Use of rescue pain 
medication was examined using home logs for opioid and non- 
opioid analgesic use 1 week before visits 2, 3, and 4. Of the 301 
participants enrolled in the study, completed logs were available 
for 227 patients’ pain medication use, opioid and non-opioid, (76 
in the active TENS group, 70 in the placebo TENS group, and 81 
in the no TENS group). Perceived improvement was examined 
with the Global Impression of Change (GIC) using a 7- point scale.

Figure 1. Study design and Consolidated Standards of Reporting Trials (CONSORT) diagram. A, Study design for all 4 visits. At visit 1, 
participants were screened for pain and fibromyalgia (FM) according to the American College of Rheumatology 1990 criteria (32). At visit 2, 
subjects were re- screened for pain and randomized into treatment (Tx) groups. Baseline questionnaires were assigned, and subjects were 
assessed for pain and fatigue at rest and during functional tasks. Transcutaneous electrical nerve stimulation (TENS) was applied during visit 
2 and remained turned on for 30 minutes prior to reassessment of pain, fatigue, and function. Participants were given the TENS unit for home 
use over a 4- week period before returning for visit 3. Visit 3 followed the same protocol as visit 2. After visit 3, all subjects received active 
TENS for 4 weeks and were reassessed with the same protocol as visits 2 and 3. All assessments were the same across treatment arms. B, 
CONSORT diagram. We assessed 1,046 participants for eligibility, with 468 excluded prior to enrollment. The main reasons for exclusion were 
previous TENS use and a pain level of <4 on a 10- point numerical rating scale. Following enrollment at visit 1, 5 subjects did not meet the criteria 
for FM, and 1 week later at visit 2, 14 subjects were excluded for having a pain level of <4. After enrollment on visit 1, 17 subjects withdrew 
from the study due to personal reasons. Thus, the remaining 301 participants were then randomly assigned to receive active TENS (n = 103), 
placebo TENS (n = 99), or no TENS (n = 99). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41170/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
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Randomization, allocation, and blinding. Participants 
were randomly assigned to active TENS, placebo TENS, or no 
TENS groups with permuted blocks sizes of 6 and 9, stratified 
by site and opioid use status (Proc Plan; SAS/STAT software ver-
sion 13.1). Subjects were classified as opioid users if they had 
taken an opioid at least 5 days per week for the last 30 days. The 
randomization schedule was password- protected, with access 
granted only to those who were not blinded with regard to the 
intervention (the statistician [MBZ] who generated the random-
ization schedule and the TENS allocators [CGTV, JMW] who 
provided the TENS intervention). Neither the statistician nor the 
TENS allocators had any role in patient recruitment, scheduling, 
or assessment of  outcomes.

Assessments were performed by a separate person (out-
come assessors [DLD, KMG, MG]) than the TENS allocators. Par-
ticipants were blinded with regard to their treatment group (active 
TENS or placebo TENS), and outcome assessors were blinded 
with regard to all 3 groups. TENS allocators, who were not 
blinded with regard to treatment, were responsible for accessing 
the randomization schedule to assign participants to groups and 
for maintaining contact with participants between visits 2 and 3 
(blinded phase). A mock TENS unit (a TENS unit with attached 
electrodes that provided no electric current intensity) was used in 
the no TENS group during visits 2 and 3 to blind outcome asses-
sors. For all groups, a concealment pouch was used to prevent an 
outcome assessor from viewing the TENS unit, and participants 
were asked to not discuss treatment with outcome assessors. 
A standardized script for each treatment group specific to each 
visit was utilized so that all participants received the same instruc-
tions. The standardized script remained identical (except for 1 
line that differed between the active TENS and placebo TENS 
groups, to reduce bias) (see Supplementary Methods, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41170/ abstract). Blinding of outcome 
assessors was assessed after visit 3 by asking the assessors if 
the participant had received active TENS, placebo TENS, or no 
TENS (or if they did not know what treatment the participants 
received), and blinding of participants was determined by asking 
if they had received active TENS or placebo TENS, or if they did 
not know what treatment they received. Additional details on the 
integrity of blinding procedures performed in this study are avail-
able in Supplementary Methods.

TENS intervention. The EMPI Select TENS units (gener-
ously provided by DJO Global) delivered both active TENS and 
placebo TENS interventions via butterfly electrodes placed at the 
cervicothoracic junction and lower back (see Supplementary Figure 
1, available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41170/ abstract). Active TENS 
parameters were as follows: asymmetric biphasic waveform with a 
modulating frequency of 2–125 Hz, pulse duration 200 μsec, and 
the highest tolerable stimulation intensity. During visits 2, 3, and 

4, TENS was applied by a TENS allocator in a clinical setting for 
30 minutes prior to an outcome assessor measuring its effects on 
pain, fatigue, and function. The placebo TENS unit had an appear-
ance identical to that of the active TENS unit and delivered current 
for 45 seconds, ramping down to 0 in the last 15 seconds (41).

Following completion of visit 2, active TENS or placebo TENS 
units were sent home with participants with an instruction manual 
developed by study personnel. TENS allocators used a standard-
ized script to instruct participants on home use and for weekly 
contact. Participants were instructed to use TENS at least 2 hours 
per day during physical activity. Both active TENS and placebo 
TENS units monitored the number of sessions, number of minutes 
used, and average intensity per channel. All participants received 
active TENS between visit 3 and visit 4 (the nonblinded phase) 
with identical instructions.

Statistical analysis. Sample size was determined using 
data from our pilot study (25), in which a single active TENS treat-
ment was compared to placebo TENS and no TENS (maximum 
SD 1.96 for movement- evoked pain). Assuming an SD of 2.0, 
80% power to detect a P value of <0.05, a correlation (r) of 0.5 
between pain measurements in the same subject, and a sam-
ple size of 88 per group, linear mixed model analysis of repeated 
measures at 3 time points (visit 2 pre- TENS, visit 3 pre- TENS, and 
visit 3 post- TENS) would be able to detect a clinically meaningful 
mean difference of at least 1.5 (equivalent to a 30% improvement 
in pain for this sample, which had an average baseline pain score 
of 5 on a 0–10 NRS), which corresponds to an effect size of 0.75. 
A 30% improvement in pain is considered clinically significant (42).

Both intent- to- treat (ITT) and per- protocol analyses were 
used to assess treatment effect. For per- protocol analysis, mini-
mal effective treatment was defined as an average of 30 minutes 
each day and a minimum of 8 sessions over 4 weeks. Primary and 
secondary outcome variables, except for rescue medication, were 
compared among groups using linear mixed models for repeated 
measures controlling for site, as there were significant differences 
between sites at baseline (Supplementary Table 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41170/ abstract) (42). For the outcome variables of 
movement- evoked pain, resting pain, fatigue, and function during 
the randomized portion of the trial, the time variable comprised 4 
time points: visit 2 pre- TENS, visit 2 during TENS, visit 3 pre- TENS, 
and visit 3 during TENS. In fitting the linear mixed model, Akaike’s 
information criteria (AIC) and Bayesian information criteria (BIC) 
were used to select the covariance structure that best fit these lon-
gitudinal measures within- subject. The covariance types that were 
considered included compound symmetry, heterogeneous com-
pound symmetry, first- order autoregressive, and unstructured.

Based on these model parameter estimates and the fitted 
covariance structure, tests of mean contrast were performed to 
assess the effect of TENS, compared to placebo, and control on 
the primary outcome measures. These assessments included 1)  

http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
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testing within each treatment group for the immediate effect of 
TENS use (during TENS versus pre- TENS at visits 2 and 3); 2) 
testing within each treatment group for the long- term effect of 
TENS (during TENS at visit 3 versus pre- TENS at visit 2, as well 
as pre- TENS at visit 3 versus pre- TENS at visit 2); and 3) compar-
ison of long- term effect of TENS according to treatment (visit 3 
during TENS minus visit 2 pre- TENS, as well as visit 3 pre- TENS 
minus visit 2 pre- TENS, compared between treatment groups).

The analgesic effect of TENS is produced by release of inhib-
itory neurotransmitters (endogenous opioids, serotonin, γ- amin-
obutyric acid [GABA]), and thus the effects are maximal during 
the actual time the unit is on (14). We therefore tested the primary 

 outcome after 4 weeks of home use at a time point when the 
TENS unit was active (visit 3 during TENS) and compared this out-
come to visit 2 before TENS use (visit 2 pre- TENS). To account for 
the number of tests performed within each of the 3 sets of tests,  
P values with Bonferroni adjustment for multiple comparisons 
were used. Similar analysis was performed, using a linear mixed 
model for repeated measures, for the other secondary variables 
that were measured at 2 time points (visit 2 and visit 3). The fol-
lowing analyses were performed: 1) test for change (visit 3 versus  
visit 2) within each treatment group (Bonferroni- adjusted for 
3 tests) and 2) comparison of visit 3 minus visit 2 change between 
treatment groups (Bonferroni- adjusted for 3 tests).

Table 1. Demographic and baseline clinical characteristics of the study participants*

Active TENS 
(n = 103)

Placebo TENS 
(n = 99)

No TENS 
(n = 99)

Demographic variables†
Age, years 44.7 ± 14.3 47.2 ± 12.6 48.6 ± 11.8
White race, % 92 92 92
Ethnicity, not Hispanic, % 95 95 95
Married/living with partner, % 33‡ 51 52
Less than college graduate, % 61 61 64
Working, % 55 45 58

Health variables
Never smoked, % 82 80 70
Body mass index, kg/m2 34.8 ± 8.7 33.7 ± 8.8 34.0 ± 8.9
Duration of fibromyalgia, median (range) years 7 (3–12) 7 (2–14) 7 (4–15)
Opioid use for pain§, no. (%) 27 (26) 26 (26) 26 (26)

Baseline measures
Pain with movement during 6MWT (0–10) (primary outcome 

measure)
6.5 ± 1.9 6.2 ± 1.9 6.4 ± 1.9

Pain with movement during 5STS (0–10) (primary outcome 
measure)

5.8 ± 2.4 5.5 ± 2.2 5.6 ± 2.2

Pain at rest, NRS (0–10) 6.2 ± 1.5 5.9 ± 1.4 6.1 ± 1.6
Fatigue at rest, NRS (0–10) 6.8 ± 2.0 6.1 ± 1.8 6.4 ± 2.0
Revised FIQ pain score (0–10) 6.7 ± 1.8¶ 6.0 ± 1.6 6.15 ± 1.8
Revised FIQ disease impact score (0–100) 59.2 ± 16.8# 53.7 ± 15.9 55.6 ± 16.0
Mental quality of life (SF- 36 mental composite score, T score) 38.7 ± 10.0 40.2 ± 10.2 39.5 ± 10.6
Physical quality of life (SF- 36 physical composite score, T score) 32.7 ± 6.4 33.3 ± 6.2 32.7 ± 6.6
Pain catastrophizing (PCS, 0–52) 23.1 ± 13.0 20.4 ± 12.5 20.8 ± 12.1
Self- efficacy (PSEQ, 0–60) 28.2 ± 13.3 29.9 ± 13.1 29.0 ± 13.2
Fear of movement (TSK, 17–68) 36.5 ± 7.7 37.1 ± 8.0 37.4 ± 8.3
Anxiety (PROMIS, T score) 58.8 ± 8.7 58.1 ± 8.0 58.3 ± 7.8
Depression (PROMIS, T score) 58.1 ± 8.1 55.7 ± 8.5 56.6 ± 8.1
Function (6MWT, feet walked) 1,386 ± 323 1,358 ± 305 1,316 ± 318
Function (5TSTS, sit- to- stand times in 10 seconds) 4.1 ± 1.5 4.0 ± 1.4 3.9 ± 1.5
Physical activity, median (range) minutes per day of moderate- to- 

vigorous activity
17.7 (7.4–29.0) 16.5 (6.3–29.1) 15.0 (7.3–36.0)

Physical activity, IPAQ SF, median (range) METs per week 1,290 (504–3,276) 1,108 (198–2,839) 1,386 (297–2,970)
TENS use (n = 94)

Intensity used on lumbar locations, mA 38.67 ± 7.98 – –
Intensity used on cervical locations, mA 38.70 ± 7.24 – –
Minutes used per day, median (range) 77.1 (51.4–109.7) – –

* Except where indicated otherwise, values are the mean ± SD. TENS = transcutaneous electrical nerve stimulation; 6MWT = 6- minute
walk test; 5TSTS = 5- time sit- to- stand test; NRS = numerical rating scale; FIQ = Fibromyalgia Impact Questionnaire; SF- 36 = short- form 
36; PCS = Pain Catastrophizing Scale; PSEQ = Pain Self- Efficacy Questionnaire; TSK = Tampa Scale of Kinesiophobia; PROMIS = Patient- 
Reported Outcomes Measurement Information System; IPAQ SF = International Physical Activity Questionnaire short- form; METs = 
metabolic equivalents. 
† Percentages are based on the number of participants who chose to respond. 
‡ P = 0.010 versus placebo TENS and no TENS groups. 
§ Groups were stratified for opioid use during randomization. 
¶ P = 0.020. 
# P = 0.049. 



TENS AND FIBROMYALGIA |      829

Since Revised FIQ results and marital status differed at  baseline 
between groups, treatment effect on outcome measures was also 
tested with Revised FIQ results and marital status as a covariate 
in the model. Estimates of mean change or difference between 
groups with 95% confidence intervals (95% CIs) were computed. 
Rescue pain medication (opioid and non- opioid analgesics) was 
calculated as morphine equivalents for opioids and as the number 
of pills for non- opioid analgesics. The groups were subdivided by 
those who reported rescue pain medication use at visit 2 and those 
who did not use pain medication. We then examined the change in 
rescue medication between visit 2 and visit 3 to classify study par-
ticipants as either 1) those who decreased the amount of rescue 
medication or who remained non- users or 2) those who increased 
or used the same amount of rescue medication. The percentages 
of participants in these 2 categories were compared among the 
treatment groups using the Cochran- Mantel- Haenszel test, con-
trolling for site and rescue pain medication use at visit 2.

The handling of missing data in linear mixed model analysis 
assumes that data are missing at random. However, a subsequent 
analysis that examined sensitivity of the findings if data were missing 
not at random (with a multiple imputation approach) was performed 
using a control- based pattern imputation and delta- adjustment 

imputation (Supplementary Methods and Supplementary Table 3, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41170/ abstract).

RESULTS

Participants. Between September 2013 and February 
2018, 352 participants were enrolled in this study, with 301 ran-
domly assigned to 1 of 3 groups (active TENS [n = 103], placebo 
TENS [n = 99], or no TENS [n = 99]), which comprised ITT analysis 
(Figure  1B). The majority of participants who were enrolled but 
not randomized failed to meet the pain severity threshold required 
for inclusion at visit 2. Of the 301 randomized participants, 238 
were included in the per- protocol analysis (active TENS [n = 76], 
placebo TENS [n = 68], and no TENS [n = 94]). Participant demo-
graphics and baseline characteristics prior to randomization at 
visit 2 were similar between all 3 groups except for marital status 
and Revised FIQ (Table 1 and Supplementary Results, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41170/ abstract). Subjects used active 
TENS for a median of 77.1 minutes (interquartile range [IQR] 51.4–
109.7) each day and placebo TENS for a median of 72 minutes 

Figure 2. Active transcutaneous electrical nerve stimulation (TENS) use significantly decreased pain and fatigue in women with fibromyalgia 
during activity and at rest compared to placebo TENS or no TENS use, per intent- to- treat analysis. Graphs show movement- evoked and resting 
pain and fatigue before and during treatment at visits 2 and 3. Between visits 2 and 3, participants used TENS at home for 4 weeks (dotted 
lines). A, Movement- evoked pain during the 6- minute walk test (6MWT). B, Movement- evoked pain during a 5- time sit- to- stand test (5TSTS). 
C, Resting pain. D, Movement- evoked fatigue during the 6MWT. E, Movement- evoked fatigue during the 5TSTS. F, Resting fatigue. * = P < 
0.05 versus placebo TENS and no TENS. Data are the mean ± SEM.

http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
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(IQR 39.4–104.6) each day. The mean ± SD stimulation intensity 
in the active treatment group was 38.8 ± 7.98 mA for lumbar loca-
tions and 38.7 ± 7.2 mA for cervical locations.

Outcome measures. Pain. After 4 weeks of active TENS 
use, within- group movement- evoked pain during a 6- minute 
walk test was significantly reduced by 1.8 points (95% CI –2.3, 
–1.2) compared to pre- TENS treatment on visit 2, and the reduc-
tion was greater compared to movement- evoked pain observed 
in the placebo TENS group (mean –0.8 [95% CI –1.4, –0.2]; P =  
0.008) and the no TENS group (mean –0.006 [95% CI –0.5, 
0.6]; P < 0.0001) (Figure 2 and Table 2), per ITT analysis. Similar  
results were obtained after adjustment for baseline Revised FIQ 
and marital status. There were also significant reductions in rest-
ing pain (NRS), pain intensity and interference (BPI), and pain 
based on the Revised FIQ in the active TENS group compared to 
the placebo TENS or no TENS groups after 4 weeks of home use 
(P < 0.05) (Figure 2 and Table 2). Per- protocol analysis demon-
strated similar results for pain (Supplementary Figure 2 and Sup-
plementary Table 4, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41170/ 
abstract). There was no significant change observed at visit 3 in 
rescue pain medication use after 1 month of active TENS versus 
placebo TENS or no TENS (Supplementary Table 5, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41170/ abstract).

As part of our recruitment and retention strategy, we provided 
active TENS units to all participants after visit 3 for 4 weeks of 
home use and then tested effects on visit 4. The active TENS 
group (n = 75) continued to exhibit a reduction in resting and 
movement- evoked pain after an additional 4 weeks of home 
use (Table 2 and Supplementary Table 6, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41170/ abstract). After 4 weeks of active TENS 
use, the placebo TENS group (n = 68) and no TENS group (n = 
94) had significant decreases in resting and movement- evoked 
pain (Table 2 and Supplementary Table 6).

Fatigue. After 4 weeks of active TENS use, there was a 
significant reduction in movement- evoked fatigue in the active 
TENS group compared to the placebo TENS group (P = 0.001) 
and the no TENS group (P < 0.0001) (Figure  2 and Table  2), 
per ITT analysis. Resting fatigue and MAF global fatigue index 
results showed significant differences between active TENS use 
and placebo TENS or no TENS use (P < 0.05) (Table 2). The per- 
protocol analysis demonstrated similar results for fatigue (Sup-
plementary Figure 2 and Supplementary Table 4, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41170/ abstract).

Function, disease impact, quality of life, and pain- related psy-
chological factors. Active TENS produced significant reductions in 
disease impact (Revised FIQ) and self- reported function (Revised 
FIQ function subscale) compared to no TENS use but not com-
pared to placebo TENS (Table 2), per ITT analysis. No  differences 

between groups were observed for performance- based function 
(6- minute walk test and 5- time sit- to- stand test), physical activity 
(accelerometry and IPAQ short form), fear of movement (TSK), pain 
catastrophizing (PCS), self- efficacy (PSEQ), anxiety (PROMIS), or 
quality of life (SF- 36), except for a small decrease in depression 
(PROMIS) with active TENS use (Table 2).

Global impression of change. The GIC showed that 
70% of those in the active TENS group reported global improve-
ment compared to 31% of those in the placebo TENS group (P < 
0.0001) and 9% of those in the no TENS group (P < 0.0001), by 
ITT analysis (Figure 3A). The GIC rating was moderately correlated 
with the change in movement- evoked pain (r = –0.39, P = 0.0001 
by Spearman’s coefficient; n = 242) (Supplementary Figure 3, 
available on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41170/ abstract).

Responders to TENS intervention. We defined TENS 
responders as subjects who exhibited the following after TENS use: 
pain reduction of ≥30%, fatigue reduction of ≥20%, and function 
improvement of ≥20% (based on percentages that have been sug-
gested as clinically meaningful in prior studies [42,43]). For pain, the 
active TENS group had significantly more responders compared to 
the placebo TENS and no TENS groups (P = 0.004 and P < 0.001, 
respectively) (Figure 3B). Similarly, for fatigue, the active TENS group 
had significantly more responders compared to the placebo TENS 
and no TENS groups (P = 0.019 and P = 0.004, respectively). For 
function (measured with the Revised FIQ function scale), the num-
ber of responders did not differ between groups (Figure 3B).

Blinding. The outcome assessors were adequately blinded 
with regard to active TENS, placebo TENS, and no TENS treat-
ment (with correct treatment identification of 45%, 13%, and 20%, 
respectively). The participants were blinded with regard to placebo 
TENS treatment (with correct treatment identification of 49%), but 
correctly identified active TENS treatment 70% of the time. The 
reduction in movement- evoked pain during the 6- minute walk test 
after 4 weeks of active TENS use was not significantly different in 
those who correctly identified active TENS treatment (–1.9 [95% 
CI –2.6, –1.3]) compared to those who did not correctly identify 
active TENS treatment (–1.4 [95% CI –2.5, –0.3]), with a mean 
difference of –0.56 (95% CI –1.7, 0.6) (P = 0.50).

Adverse events. There were 30 adverse events related 
to TENS intervention in 30 participants on visits 1, 2, or 3. 
The most common adverse events were pain with TENS (4.8% 
in the active TENS group, 4% in the placebo TENS group, 
and 1% in the no TENS group) and skin irritation with elec-
trodes (4.8% in the active TENS group, 1% in the placebo 
TENS group, and 0% in the no TENS group). Adverse events 
reported on visit 2 occurred during the first treatment at that 
visit, and adverse events reported on visit 3 were during treat-
ment at that visit and during the 4- week period of home use. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
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Supplementary Table 7, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41170/ abstract, shows rates of TENS- related adverse 
events by visit. There were 4 serious adverse events, with none 
related to TENS use (Supplementary Results, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41170/ abstract).

DISCUSSION

This double- blind, randomized, controlled trial showed that 
active TENS use significantly reduced movement- evoked and 

resting pain and fatigue compared to placebo TENS or no TENS 
use in women with FM. The current study used a classic design to 
examine active TENS–specific effects compared to placebo TENS 
use, but also included a unique method of comparison (no TENS 
use) as a more pragmatic application that includes both specific 
and nonspecific treatment effects. While participants in the active 
TENS group correctly identified the intervention 70% of the time, 
there was no difference in pain reduction between participants who 
correctly guessed the treatment and participants who did not—an 
argument against a difference based on inadequate blinding. We 
also demonstrated adequate blinding with regard to placebo TENS 

Figure 3. The active TENS group had an improved perception of change and a greater number of responders with regard to the degree of 
change in movement- evoked pain or fatigue during a 6MWT compared to the placebo TENS or no TENS groups. A, The percentage of participants 
who reported feeling better or much better (blue), no change (green), and worse or extremely worse (red) after 4 weeks of active TENS, placebo 
TENS, or no TENS treatment. The majority of individuals reported a significant overall improvement after using active TENS compared to those 
who used placebo TENS or no TENS (P < 0.0001). There were no differences between the placebo TENS and no TENS groups (P = 0.175). B, 
Percentages (with 95% confidence intervals [95% CIs]) of subjects in each treatment group who had a clinically meaningful response to TENS (as 
described by Arnold and colleagues [43], i.e., ≥30% reduction [pain], ≥20% reduction [fatigue, function]). There was a significantly greater number 
of responders for pain, fatigue, and both pain and fatigue in the active TENS group compared to the placebo TENS and no TENS groups. Function 
was measured according to the Revised Fibromyalgia Impact Questionnaire (39). See Figure 2 for other definitions. Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41170/abstract
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intervention by utilizing our novel transient placebo TENS unit with 
repeated use, further validating the placebo TENS intervention from 
our prior study that showed excellent blinding with a single use (41).

Our primary outcome measure of movement- evoked pain 
lacks formally validated minimally important differences in the 
published literature; however, we utilized the general thresholds 
recommended by the Outcome Measures in Rheumatology group 
(30% reduction in pain, 20% reduction in fatigue, and 20% reduc-
tion in functional impairment) (43). In the active TENS group, 44% 
of participants exhibited clinically important reductions of 30% 
and 45% in pain and fatigue, respectively, with 29% exhibiting a 
reduction in both pain and fatigue, suggesting that a subpopula-
tion of individuals with FM responds well to TENS. The responder 
rates for pain are similar to those obtained with Food and Drug 
Administration–approved pharmaceutical agents for FM, such as 
duloxetine or pregabalin, which demonstrate responder rates of 
31–41% based on a 30% reduction in pain (44,45). The com-
parative reductions in movement- evoked pain with active TENS 
compared to placebo TENS were small, averaging a 1- point dif-
ference on an 11- point scale. However, the comparative reduc-
tion was 1.8 when compared to no TENS. A 1.8- point decrease 
equates to a >30% reduction for individuals with a pain rating of 
≤6 (42). It should be noted that some studies also suggest that 
a 2- point reduction in pain is the clinically relevant threshold (46). 
Future studies should be conducted to identify which patients are 
most likely to respond to TENS, which would be an inexpensive, 
safe, and easy- to- disseminate intervention for pain management.

The reductions in pain and fatigue, 2 common symptoms in 
FM, likely contributed to improvements in GIC reported by individ-
uals who received active TENS. While pain is a defining character-
istic of FM, fatigue is also a common symptom, occurring in the 
majority of individuals with FM (47). Both pain and fatigue contrib-
ute significantly to perceived disability and function (48), and the 
global rating of change is associated with improvements in pain 
and fatigue in individuals with FM (49,50). We show in our trial, for 
the first time, the relationship between global improvement and 
movement- evoked pain, with similar results to those obtained in 
prior studies on pain and GIC (49,50). The magnitude of reduction 
in both pain and fatigue observed in the current study is likely 
to have a significant impact on the day- to- day experience of FM 
patients (51,52).

In a recent Cochrane review, Johnson et al examined the effi-
cacy of TENS treatment for individuals with FM and concluded 
that there was insufficient high- quality evidence (17). The main 
concerns were inadequately powered studies (n = 5–43 partici-
pants per group) with incomplete and limited outcome reporting. 
Additional concerns in regard to TENS clinical studies include 
use of an adequate placebo with blinding of participant and 
assessors, timing of outcome measurements, adequate dosing 
of TENS, and monitoring of concurrent analgesia (21,22). The 
current study was designed to address these concerns, as well 
as the multiple dimensions of FM recommended by professional 

societies as  clinically important domains (53). While we showed 
significant effects on pain, fatigue, and global improvement, we 
failed to detect a change in several FM domains, including func-
tion, psychological factors, and quality of life, after 4 weeks of 
TENS use. The lack of effect on function could be related to the 
short duration of TENS use, as functional changes may take a 
longer period of time to change or are harder to achieve, par-
ticularly in longstanding conditions such as FM. As an example, 
most exercise studies require 8–24 weeks for improved function, 
with improvements varying between 10% and 20% (54). It is also 
possible that TENS may improve adherence to an exercise task, 
while not directly improving function. Future studies are needed in 
order to examine more long- term effects in a pragmatic setting so 
as to evaluate the interactions between function and adherence 
with physical activity interventions.

Uniquely, the current study, compared to prior TENS studies 
(22), examined outcomes during TENS treatment. TENS activates 
endogenous inhibitory pathways in the central nervous system, 
releasing the inhibitory neurotransmitters serotonin, opioids, and 
GABA to reduce sensitization of central neurons (14,55), and 
the greatest effects occur during stimulation, when endogenous 
inhibitory neurotransmitters are released. We also demonstrate 
that active TENS has a cumulative effect because there was a 
greater reduction after 4 weeks of home use when compared to 
the first single treatment. Further, active TENS remained effective 
after 8 weeks of repeated home use in the active TENS group. 
This is important as we have previously reported the development 
of analgesic tolerance to the repeated use of high- frequency or 
low- frequency TENS in animals and human participants, a phe-
nomenon mediated by endogenous opioids (56,57). The lack 
of tolerance to repeated use is likely a result of the mixed fre-
quency used in the current study, as prior studies in animals have 
shown decreased tolerance with mixed frequencies (58). Thus, 
understanding the mechanisms underlying analgesia produced 
by nonpharmacologic interventions is critical to the design of an 
adequate clinical trial to detect clinical effectiveness.

Importantly, the current study recorded adverse events in 
the active TENS and placebo TENS groups and showed mini-
mal adverse events. Fewer than 5% of individuals receiving active 
TENS or placebo TENS reported pain with TENS or irritation with 
electrodes. This demonstrates that TENS is safe and could be a 
useful treatment for home use.

There are several limitations to the study. The inability to 
achieve full blinding with regard to the active intervention, as 
noted above, may lead to reporting bias by the subject. How-
ever, if TENS is given at an adequate intensity (strong, but com-
fortable or greater [23,41]) to produce analgesic effects, this 
limitation may be unavoidable in a clinical trial of TENS. Data 
on medication usage were collected by self- report, and thus 
subject recall bias and willingness of the subject to fill out the 
log can influence results. In the current study, 75% of subjects 
filled out enough logs for us to examine change in medication 
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use as an outcome. A greater number of subjects withdrew 
from the active TENS group (n = 15) and the placebo TENS 
group (n = 11) group than the no TENS group (n = 4), which 
might suggest an unwillingness of some individuals to use the 
units on a regular basis. Additionally, this study was performed 
only in women with FM and thus the findings may not trans-
late to men with FM. Last, the trial was designed as a 4- week 
intervention, and while we observed significant effects on pain 
and fatigue, we did not see significant effects on function, res-
cue medication usage, or psychological outcomes. It is possi-
ble that longer treatment is necessary to see effects on these 
other outcomes, and thus future experiments will be needed to 
examine the more long- term impact of TENS use.

In conclusion, among women with FM who were on a stable 
medication regimen, the use of active TENS compared to placebo 
TENS for 4 weeks resulted in significantly reduced movement- 
evoked pain. The use of active TENS compared to no TENS, as 
would be done clinically, resulted in a statistically and clinically 
meaningful improvement in movement- evoked pain. Further 
research is needed for replication, to assess the duration of effect, 
and to establish clinical importance of these findings.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Sluka had full access to all of the data in the study 
and takes responsibility for the integrity of the data and the accuracy of 
the data analysis.
Study conception and design. Dailey, Vance, Rakel, Zimmerman, 
Crofford, Sluka.
Acquisition of data. Dailey, Vance, Embree, Merriwether, Geasland, 
Chimenti, Williams, Golchha, Crofford, Sluka.
Analysis and interpretation of data. Dailey, Vance, Zimmerman, 
Merriwether, Geasland, Crofford, Sluka.

REFERENCES
 1. Okifuji A, Hare BD. Management of fibromyalgia syndrome: review of 

evidence. Pain Ther 2013;2:87–104.

 2. Vincent A, Whipple MO, McAllister SJ, Aleman KM, St Sauver JL. 
A cross- sectional assessment of the prevalence of multiple chronic 
conditions and medication use in a sample of community- dwelling 
adults with fibromyalgia in Olmsted County, Minnesota. BMJ Open 
2015;5:e006681.

 3. Qaseem A, Wilt TJ, McLean RM, Forciea MA, for the Clinical Guide-
lines Committee of the American College of Physicians. Noninvasive 
treatments for acute, subacute, and chronic low back pain: a clinical 
practice guideline from the American College of Physicians. Ann In-
tern Med 2017;166:514–30.

 4. Macfarlane GJ, Kronisch C, Atzeni F, Häuser W, Choy EH, Amris 
K, et al. EULAR recommendations for management of fibromyalgia 
[letter]. Ann Rheum Dis 2017;76:e54.

 5. Dowell D, Haegerich TM, Chou R. CDC guideline for prescribing opi-
oids for chronic pain—United States, 2016. MMWR Recomm Rep 
2016;65:1–49.

 6. Bement MH, Sluka KA. Exercise-induced hypoalgesia: an evi-
dence-based review. In: Sluka KA, editor. Mechanisms and manage-
ment of pain for the physical therapist. 2nd ed. Philadelphia: Wolters 
Kluwer Health; 2016. p. 177–202.

 7. Bidonde J, Busch AJ, Bath B, Milosavljevic S. Exercise for adults 
with fibromyalgia: an umbrella systematic review with synthesis of 
best evidence. Curr Rheumatol Rev 2014;10:45–79.

 8. Dailey DL, Keffala VJ, Sluka KA. Do cognitive and physical fatigue 
tasks enhance pain, cognitive fatigue, and physical fatigue in people 
with fibromyalgia? Arthritis Care Res (Hoboken) 2015;67:288–96.

 9. Bair MJ, Matthias MS, Nyland KA, Huffman MA, Stubbs DL, Kroenke 
K, et al. Barriers and facilitators to chronic pain self- management: a 
qualitative study of primary care patients with comorbid musculo-
skeletal pain and depression. Pain Med 2009;10:1280–90.

 10. Ma YT, Sluka KA. Reduction in inflammation- induced sensitization of 
dorsal horn neurons by transcutaneous electrical nerve stimulation in 
anesthetized rats. Exp Brain Res 2001;137:94–102.

 11. Sluka KA, Deacon M, Stibal A, Strissel S, Terpstra A. Spinal block-
ade of opioid receptors prevents the analgesia produced by TENS in 
arthritic rats. J Pharmacol Exp Ther 1999;289:840–6.

 12. Kalra A, Urban MO, Sluka KA. Blockade of opioid receptors in ros-
tral ventral medulla prevents antihyperalgesia produced by transcu-
taneous electrical nerve stimulation (TENS). J Pharmacol Exp Ther 
2001;298:257–63.

 13. Radhakrishnan R, King EW, Dickman J, Herold CA, Johnston NF, 
Spurgin ML, et al. Spinal 5- HT(2) and 5- HT(3) receptors mediate low, 
but not high, frequency TENS- induced antihyperalgesia in rats. Pain 
2003;105:205–13.

 14. Vance CG, Dailey DL, Rakel BA, Sluka KA. Using TENS for pain 
control: the state of the evidence. Pain Manag 2014;4:197–209.

 15. Clauw DJ. Fibromyalgia: a clinical review. JAMA 2014;311:1547–55.

 16. Sluka KA, Clauw DJ. Neurobiology of fibromyalgia and chronic wide-
spread pain. Neuroscience 2016;338:114–29.

 17. Johnson MI, Claydon LS, Herbison GP, Jones G, Paley CA. Transcu-
taneous electrical nerve stimulation (TENS) for fibromyalgia in adults 
[review]. Cochrane Database Syst Rev 2017;10:CD012172.

 18. Johnson MI, Paley CA, Howe TE, Sluka KA. Transcutaneous elec-
trical nerve stimulation for acute pain [review]. Cochrane Database 
Syst Rev 2015;CD006142.

 19. Chen LX, Zhou ZR, Li YL, Ning GZ, Li Y, Wang XB, et al. Trans-
cutaneous electrical nerve stimulation in patients with knee oste-
oarthritis: evidence from randomized- controlled trials. Clin J Pain 
2016;32:146–54.

 20. Resende L, Merriwether E, Rampazo ÉP, Dailey D, Embree J,  Deberg 
J, et al. Meta- analysis of transcutaneous electrical nerve stimulation 
for relief of spinal pain. Eur J Pain 2018;22:663–78.

 21. Bennett MI, Hughes N, Johnson MI. Methodological quality in ran-
domised controlled trials of transcutaneous electric nerve stimulation 
for pain: low fidelity may explain negative findings. Pain 2011;152: 
1226–32.

 22. Sluka KA, Bjordal JM, Marchand S, Rakel BA. What makes trans-
cutaneous electrical nerve stimulation work? Making sense of the 
mixed results in the clinical literature. Phys Ther 2013;93:1397–402.

 23. Moran F, Leonard T, Hawthorne S, Hughes CM, McCrum-Gardner 
E, Johnson MI, et al. Hypoalgesia in response to transcutaneous 
electrical nerve stimulation (TENS) depends on stimulation intensity. 
J Pain 2011;12:929–35.

 24. Rakel B, Frantz R. Effectiveness of transcutaneous electrical 
nerve stimulation on postoperative pain with movement. J Pain 
2003;4:455–64.

 25. Dailey DL, Rakel BA, Vance CG, Liebano RE, Amrit AS, Bush HM, 
et al. Transcutaneous electrical nerve stimulation reduces pain, fa-
tigue and hyperalgesia while restoring central inhibition in primary 
fibromyalgia. Pain 2013;154:2554–62.

 26. Cowan S, McKenna J, McCrum-Gardner E, Johnson MI, Sluka KA, 
Walsh DM. An investigation of the hypoalgesic effects of TENS deliv-
ered by a glove electrode. J Pain 2009;10:694–701.



DAILEY ET AL 836       |

 27. Sunshine W, Field TM, Quintino O, Fierro K, Kuhn C, Burman I, et al. 
Fibromyalgia benefits from massage therapy and transcutaneous 
electrical stimulation. J Clin Rheumatol 1996;2:18–22.

 28. Löfgren M, Norrbrink C. Pain relief in women with fibromyalgia: a 
cross- over study of superficial warmth stimulation and transcutane-
ous electrical nerve stimulation. J Rehabil Med 2009;41:557–62.

 29. Lauretti GR, Chubaci EF, Mattos AL. Efficacy of the use of two si-
multaneously TENS devices for fibromyalgia pain. Rheumatol Int 
2013;33:2117–22.

 30. Carbonario F, Matsutani LA, Yuan SL, Marques AP. Effectiveness of 
high- frequency transcutaneous electrical nerve stimulation at tender 
points as adjuvant therapy for patients with fibromyalgia. Eur J Phys 
Rehabil Med 2013;49:197–204.

 31. Noehren B, Dailey DL, Rakel BA, Vance CG, Zimmerman MB, 
 Crofford LJ, et al. Effect of transcutaneous electrical nerve stimu-
lation on pain, function, and quality of life in fibromyalgia: a double- 
blind randomized clinical trial. Phys Ther 2015;95:129–40.

 32. Wolfe F, Smythe HA, Yunus MB, Bennett RM, Bombardier C, 
 Goldenberg DL, et al. The American College of Rheumatology 1990 
criteria for the classification of fibromyalgia: report of the Multicenter 
Criteria Committee. Arthritis Rheum 1990;33:160–72.

 33. Cleeland CS, Ryan KM. Pain assessment: global use of the Brief 
Pain Inventory. Ann Acad Med Singapore 1994;23:129–38.

 34. Belza BL. Comparison of self- reported fatigue in rheumatoid arthritis 
and controls. J Rheumatol 1995;22:639–43.

 35. PloS One. International Physical Activity Questionnaire - short form. 
URL: https ://journ als.plos.org/ploso ne/artic le/file?type=suppl ement 
ary&id=info:doi/10.1371/journ al.pone.02191 93.s010.

 36. Miller RP, Kori S, Todd D. The Tampa Scale: a measure of kinesio-
phobia. Clin J Pain 1991;7:51–2.

 37. Sullivan MJ, Bishop SR, Pivik J. The Pain Catastrophizing Scale: 
 development and validation. Psychol Assess 1995;7:524–32.

 38. Nicholas MK. The pain self- efficacy questionnaire: taking pain into 
account. Eur J Pain 2007;11:153–63.

 39. Bennett RM, Friend R, Jones KD, Ward R, Han BK, Ross RL. The 
Revised Fibromyalgia Impact Questionnaire (FIQR): validation and 
psychometric properties. Arthritis Res Ther 2009;11:R120.

 40. Ware JE Jr, Snow KK, Kosinski M, Gandek B. SF-36 health survey: 
manual and interpretation guide. Boston: The Health Institute, New 
England Medical Center; 1993.

 41. Rakel B, Cooper N, Adams HJ, Messer BR, Frey Law LA, Dannen 
DR, et al. A new transient sham TENS device allows for investi-
gator blinding while delivering a true placebo treatment. J Pain 
2010;11:230–8.

 42. Farrar JT, Young JP Jr, LaMoreaux L, Werth JL, Poole RM.  Clinical 
importance of changes in chronic pain intensity measured on an 
11- point numerical pain rating scale. Pain 2001;94:149–58.

 43. Arnold LM, Williams DA, Hudson JI, Martin SA, Clauw DJ,  
Crofford LJ, et al. Development of responder definitions for fibromy-
algia  clinical trials. Arthritis Rheum 2012;64:885–94.

 44. Straube S, Derry S, Moore RA, Cole P. Cervico- thoracic or lumbar 
sympathectomy for neuropathic pain and complex regional pain syn-
drome [review]. Cochrane Database Syst Rev 2013;CD002918.

 45. Moore RA, Wiffen PJ, Derry S, Toelle T, Rice AS. Gabapentin for 
chronic neuropathic pain and fibromyalgia in adults [review]. 
Cochrane Database Syst Rev 2014;CD007938.

 46. Salaffi F, Stancati A, Silvestri CA, Ciapetti A, Grassi W. Minimal 
 clinically important changes in chronic musculoskeletal pain intensity 
 measured on a numerical rating scale. Eur J Pain 2004;8:283–91.

 47. Wolfe F, Clauw DJ, Fitzcharles MA, Goldenberg DL, Häuser W, Katz 
RL, et al. 2016 revisions to the 2010/2011 fibromyalgia diagnostic 
criteria. Semin Arthritis Rheum 2016;46:319–29.

 48. Dailey DL, Frey Law LA, Vance CG, Rakel BA, Merriwether EN, 
Darghosian L, et al. Perceived function and physical performance 
are associated with pain and fatigue in women with fibromyalgia. 
Arthritis Res Ther 2016;18:68.

 49. Arnold LM, Zlateva G, Sadosky A, Emir B, Whalen E. Correlations 
between fibromyalgia symptom and function domains and patient 
global impression of change: a pooled analysis of three randomized, 
placebo- controlled trials of pregabalin. Pain Med 2011;12:260–7.

 50. Rampakakis E, Ste-Marie PA, Sampalis JS, Karellis A, Shir Y, 
Fitzcharles MA. Real- life assessment of the validity of patient global 
impression of change in fibromyalgia. RMD Open 2015;1:e000146.

 51. Arnold LM, Crofford LJ, Mease PJ, Burgess SM, Palmer SC, Abetz 
L, et al. Patient perspectives on the impact of fibromyalgia. Patient 
Educ Couns 2008;73:114–20.

 52. Okifuji A, Bradshaw DH, Donaldson GW, Turk DC. Sequential analy-
ses of daily symptoms in women with fibromyalgia syndrome. J Pain 
2011;12:84–93.

 53. Mease PJ, Clauw DJ, Christensen R, Crofford LJ, Gendreau RM, 
Martin SA, et al. Toward development of a fibromyalgia respond-
er index and disease activity score: OMERACT module update.  
J Rheumatol 2011;38:1487–95.

 54. Bidonde J, Busch AJ, Schachter CL, Overend TJ, Kim SY, Góes SM, 
et al. Aerobic exercise training for adults with fibromyalgia [review]. 
Cochrane Database Syst Rev 2017;6:CD012700.

 55. Sluka KA, Walsh DM. Transcutaneous electrical nerve stimulation 
and interferential therapy. In: Sluka KA, editor. Pain mechanisms 
and management for the physical therapist. 2nd ed. Philadelphia: 
Wolters Kluwer Health; 2016. p. 203–23.

 56. Chandran P, Sluka KA. Development of opioid tolerance with repeat-
ed transcutaneous electrical nerve stimulation administration. Pain 
2003;102:195–201.

 57. Liebano R, Rakel B, Vance CG, Walsh DM, Sluka KA. An investiga-
tion of the development of analgesic tolerance to TENS in humans. 
Pain 2011;152:335–42.

 58. DeSantana JM, Santana-Filho VJ, Sluka KA. Modulation between 
high-  and low- frequency transcutaneous electric nerve stimulation 
delays the development of analgesic tolerance in arthritic rats. Arch 
Phys Med Rehabil 2008;89:754–60.

https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0219193.s010
https://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0219193.s010


837  

Arthritis & Rheumatology
Vol. 72, No. 5, May 2020, pp 837–848
DOI 10.1002/art.41174
© 2019 The Authors. Arthritis & Rheumatology published by Wiley Periodicals, Inc. 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.

Functional and Structural Adaptations of Skeletal Muscle 
in Long- Term Juvenile Dermatomyositis: A Controlled 
Cross- Sectional Study
Kristin Schjander Berntsen,1  Truls Raastad,2 Henriette Marstein,3 Eva Kirkhus,1 Else Merckoll,1  
Kristoffer Toldnes Cumming,2 Berit Flatø,3 Ivar Sjaastad,3 and Helga Sanner4

Objective. To compare muscle strength and endurance of the knee extensors between patients with long- term 
juvenile dermatomyositis (DM) and controls and between patients with active disease and those with inactive dis-
ease, and to explore associations between strength/endurance and 1) clinical parameters, 2) physical activity, and 3) 
humoral/structural adaptation in the skeletal muscle of patients.

Methods. In a cross- sectional study (44 patients and 44 age-  and sex- matched controls), we tested isometric 
muscle strength (peak torque, in Nm) and dynamic muscle endurance (total work, in Joules) of the knee extensors, 
physical activity (measured by accelerometer), and serum myokine levels (by enzyme- linked immunosorbent assay). 
Patients were examined with validated tools (clinical muscle tests and measures of disease activity/damage and in-
active disease) and using magnetic resonance imaging of the thigh muscles, which included evaluation of the quadri-
ceps cross- sectional area (CSA). Needle biopsy samples of the vastus lateralis muscle (obtained from 12 patients 
ages ≥18 years) were assessed by histochemistry.

Results. After a mean ± SD disease duration of 21.8 ± 11.8 years, peak torque was lower in patients with juve-
nile DM compared to controls (mean difference 29 Nm, 95% confidence interval 13–46; P = 0.001). Similarly, total 
work of the knee extensors was lower in patients compared to controls (median 738J [interquartile range 565–1,155]  
versus 1,249J [interquartile range 815–1,665]; P < 0.001). Both peak torque and total work were lower in patients with active 
juvenile DM compared to those with inactive disease (both P < 0.019); in analyses controlled for quadriceps CSA, only total 
work remained lower in patients with active disease. Moreover, peak torque and total work correlated with findings from 
clinical muscle tests in patients with active disease (r = 0.57–0.84). Muscle biopsy results indicated that the fiber type com-
position was different, but capillary density was similar, between patients with active disease and those with inactive disease.

Conclusion. In patients with long- term juvenile DM, both muscle strength and endurance of the knee extensors 
were lower when compared to matched controls, and also lower in patients with active disease compared to those 
with inactive disease. Our results indicate a need for more sensitive muscle tests in this clinical setting. We hypoth-
esize that impaired muscle endurance in patients with active juvenile DM may be influenced by structural/functional 
adaptations of muscle tissue independent of muscle size.

INTRODUCTION

Reduced muscle strength and endurance are major  clinical 
manifestations of juvenile dermatomyositis (DM), the most 
 common idiopathic inflammatory myopathy (IIM) of childhood (1). 

Muscle involvement often comprises the proximal muscles of the 
extremities as well as truncal muscles, including neck flexors (2).

During the early phase of juvenile DM, decreased  muscle  
function can be severe and is related to active myositis (3). 
 Auto immune- like mechanisms are believed to contribute to 
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 perivascular inflammation and vasculopathy, resulting in ischemic 
muscle fiber damage, perifascicular atrophy, and reduced capillary 
density (4). However, nonimmune mechanisms related to reduced 
blood flow also seem to be involved in impaired muscle function 
(3,5). Both immune and nonimmune processes may induce the 
release of myokines, which are cytokines derived from muscle tis-
sue (6). Myokines are associated with muscle inflammation, but 
also are believed to mediate antiinflammatory effects related to 
exercise (6).

With treatment, muscle strength and endurance gradually 
improve. Yet, long- term outcome studies have shown persistent, 
mild muscle weakness and decreased muscle endurance, tested 
clinically using the unilateral Manual Muscle Testing in 8 groups 
(MMT- 8) and the Childhood Myositis Assessment Scale (CMAS)  
(7–9), both of which are features that are more pronounced in patients  
with active juvenile DM than in those with inactive disease (10). 
Severe impairment is rare (7). However, a challenge related to the 
MMT- 8 and CMAS is their frequently observed ceiling effects (11). 
Mild, but functionally important, muscle weakness may therefore 
be difficult to detect, especially in patients with inactive disease (10).

Testing of isometric strength and dynamic muscular endur-
ance could provide a more objective and sensitive method for 
evaluating muscle function in juvenile DM patients who experience 
mild muscle impairment (12). Thigh muscles, including the knee 
extensors, are among the most commonly involved muscles in 
juvenile DM (13), comprising the muscle group most frequently 
examined by biopsy (14) and magnetic resonance imaging (MRI) 
(15). Therefore, knee extensors could serve as a representative 
test localization for proximal muscle function in juvenile DM.

After long- term disease in patients with juvenile DM, scores 
on the MMT- 8 or CMAS have been found to be associated with 
levels of disease activity (9,16) and damage (16) and elevated 
serum myokine levels (17). Despite the association with active 
inflammation, myokines may also be involved in persistent muscle 
weakness in noninflamed muscle in which inflammation has been 
suppressed by targeted treatment (6). However, the associations 
between objective muscle test findings and these parameters in 
long- term juvenile DM are not known.

To our knowledge, no studies on muscle fiber composition 
exist in patients after long- term juvenile DM. A study of adult patients 
with DM found altered muscle fiber composition in those with 
chronic disease (18). Muscle fiber composition is dynamic, with the 
size and proportion of slow- twitch oxidative type I and fast- twitch 
fiber type II muscle fibers changing according to numerous factors, 
 including age, sex, and exercise levels (19,20). Exercise was found 
to increase the proportion of type I muscle fibers in adult DM (21).

In this study, we aimed to compare isometric muscle strength 
and dynamic muscle endurance of the knee extensors, measured 
by sensitive, objective methods, between patients with long- term 
juvenile DM and controls, and between patients with active juve-
nile DM and those with inactive disease. Furthermore, we aimed to 
explore whether changes in thigh muscle strength and endurance 

in patients are associated with 1) disease parameters, including 
results of commonly used clinical muscle tests, 2) physical activity, 
and 3) structural or humoral adaptation of the skeletal muscle.

PATIENTS AND METHODS

Design. We used a controlled cross- sectional study design. 
The study was part of a larger project on physical fitness in juvenile 
DM patients at Oslo University Hospital (OUS) and the Norwegian 
School of Sport Sciences between 2013 and 2015. Patients were 
recruited from an already established juvenile DM cohort (22). In 
addition, 8 patients from a prospective juvenile DM cohort at OUS 
and 3 additional patients were invited.

The inclusion criteria were as follows: 1) a diagnosis of juve-
nile DM after 1970, 2) a diagnosis of definite or probable der-
ma tomyositis according to the Bohan and Peter criteria (23), 3) 
having been diagnosed with juvenile DM at age <18 years, and 
4) being age ≥10 years at the time of examination. Patients were 
excluded from the data analyses if they had not completed tests 
of isometric muscle strength and muscle endurance or had not 
undergone a muscle biopsy. Patients were scored retrospectively 
according to the 2017 European League Against Rheumatism 
(EULAR)/American College of Rheumatology (ACR) classification 
criteria for adult and juvenile IIMs (24).

Controls were randomly drawn from the Norwegian National 
Registry, and were age-  and sex- matched 1:1 to the patients. 
Exclusion criteria were as follows: 1) mobility problems, 2) presence 
of inflammatory rheumatic disease, 3) presence of other active 
autoimmune disease, 4) presence of other autoimmune disease 
being treated with immunosuppressive agents, 5) presence of seri-
ous lung or heart disease, and 6) exclusion of the matched patient.

All participants (or if age <16 years, their guardians) pro-
vided signed informed consent, in accordance with the Declara-
tion of Helsinki (25). The study was approved by the Norwegian 
Regional Committee for Medical and Health Research Ethics 
(approval no. 2013/1039).

Clinical examination. In patients with juvenile DM, we 
used the Disease Activity Score (DAS) (scale 0–20) and the phy-
sician global assessment of disease activity visual analog scale 
(VAS) score (scale 0–10) to assess global disease activity, and 
used the Myositis Damage Index (MDI) (scale 0–40) and the phy-
sician global damage VAS score (scale 0–10) to assess global 
disease damage (11). We used the MMT- 8 (scale 0–80) (including 
the separate MMT knee extensor component [scale 0–10]) and 
the CMAS (scale 0–52) to clinically assess muscle strength and 
endurance (11). We defined an MMT- 8 score of <64 or CMAS 
score of <35 as severe impairment (7). We used the DAS mus-
cle component score (scale 0–11) to assess disease activity in 
the muscle (26), and the MDI muscle damage extent score (scale 
0–3) and MDI muscle VAS severity score (scale 0–10) to assess 
disease damage in the muscle (27). We divided patients into those 
with active disease and those with inactive disease based on the 
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original Paediatric Rheumatology International Trials Organisation 
criteria for inactive disease (28).

Self- reported health. To evaluate physical function, we used 
the Norwegian version of the 36- item Short- Form health survey 
physical component score (scale 0–100) in patients and controls who 
were age 14 years or older, and used the Childhood Health Assess-
ment Questionnaire (C- HAQ) and adult HAQ (each on a scale of 0–3) 
in patients ages <18 years and ages ≥18 years, respectively (11).

Physical activity. As previously described, we measured 
physical activity levels in patients and controls using waist- borne 
accelerometers for 7 consecutive days (29). Physical activity 
was evaluated according to the number of minutes spent in sed-
entary, light, or moderate-to-vigorous physical activity (MVPA) 
for the total wear period, divided by the number of valid days. 
Each registered minute was labeled as sedentary, light, or MVPA 
based on the count value for the given minute (<100 counts, 
100–1,999 counts, and >2,000 counts, respectively) (30). MVPA 
bouts were defined as the average daily time of MVPA in bouts 
of of at least 10 minutes’ duration.

Objective muscle testing of patients and controls. 
We used the maximal voluntary isometric contraction (MVC) 
force of knee extension, expressed as the peak torque (in Nm), 
to mea sure muscle strength, and dynamic knee extensions, 
expressed as the total work (in Joules), to measure muscle 
endurance (collectively referred to as objective muscle tests). A 
custom- made knee extension device (GYM 2000AS; Vikersund) 
was set up as previously described (31). Following a warm- up 
protocol, participants performed 3 consecutive unilateral max-
imal isometric contractions of the knee extensors that, under 
strong verbal encouragement, lasted 5 seconds, with each sep-
arated by rest periods of 60 seconds. We processed the data 
using LabVIEW software (National Instruments), and used the 
average of the maximum force for each leg for statistical anal-
yses. We calculated the peak torque (in Nm) as follows: peak 
torque = force (in Newtons) × lever arm length (in meters).

To measure muscle endurance, a resistance mass of 30% 
of the MVC force was attached to the knee extension device. 
Guided by a metronome paced at 1 Hz, participants performed 
rounds of full knee extension and 90° flection until exhaustion 
was reached (defined as the point at which the participant was 
incapable of full knee extension). The average maximal number 
of extensions between the right and left leg was used for sta-
tistical analyses. We calculated dynamic muscle endurance as 
the total work (in Joules), as follows: total work = 30% of peak 
torque (in Nm) × sin (90º) × number of repetitions.

MRI. Patients underwent MRI of the thigh muscles using a 
1.5T scanner (Siemens) with phased- array body coils, including 
transversal T1 turbo- spin echo and short tau inversion recovery 

sequences. Three of the MRIs performed at local hospitals were 
summoned and scored collectively with the remaining cohort. Two 
experienced musculoskeletal radiologists (EK and EM) assessed 
the presence or absence of edema in the muscle and calcinosis 
in the soft tissue layers, and scored pathologic fatty infiltration in 
the muscle on a scale of 0–4 (32), in which a score of 0 = normal,  
1 = fatty streaks (interpreted as not pathologic), 2 = muscle 
greater than fat, 3 = muscle equal to fat, and 4 = muscle less 
than fat. They also measured the maximal cross- sectional area 
(CSA; in cm2) of the anterior thigh compartment (quadriceps 
femoris) separately for each leg (31). We took the maximal CSA 
of either leg and found the average between these maximal val-
ues by adding them and dividing by 2.

Measurement of muscle enzymes and myokines in 
the blood. We obtained serum samples from all subjects through 
venous blood sampling, and performed all procedures mentioned 
below according to the manufacturers’ protocols.

In patients and controls, we analyzed serum levels of creatine 
kinase, lactate dehydrogenase, and aspartate amino transferase 
in the hospital’s routine laboratory. We analyzed circulating levels of 
interleukin- 6 (IL- 6), IL- 8, IL- 15, interferon- γ (IFNγ), IFNγ- inducible 
protein 10 (IP- 10), CCL5, and tumor necrosis factor using Luminex 
Xmap technology with the Bio- Plex Pro Human Cytokine 27- plex 
assay (M500KCAF0Y; Bio- Rad). The assay included a highly sen-
sitive standard curve in order to detect very low concentrations of 
the cytokines. We used enzyme- linked immunosorbent assay kits 
to measure the levels of decorin (EHDCN; Thermo Scientific) as 
well as myostatin and monocyte chemotactic protein 1 (DGDF80 
and DCP00, respectively; R&D Systems).

Muscle biopsy. We invited patients ages ≥18 years to 
undergo a percutaneous needle muscle biopsy (a more gentle 
procedure compared to open biopsy, as it was not intended for 
clinical purposes [33]) of the left vastus lateralis muscle. With the 
patient placed in a supine position and given local  anesthesia 
(xylocaine 10 mg/ml + adrenaline 5 μg/ml), we used a 6- mm 
Pelomi needle with manual suction to obtain the muscle biopsy 
sample in a sterile procedure. We obtained 30–40 mg muscle 
tissue for histochemical analysis. Following excision, the muscle 
biopsy samples were frozen in OCT medium (CellPath) and dis-
persed in isopentane at freezing point, before storage at −80°C.

Histochemical analysis. In an atmosphere of −20°C, we 
cut serial 8- μm thick sections of the muscle biopsy tissue using 
a microtome (CM 1860 UV; Leica), before mounting the sample 
on microscopic slides (Superfrost Plus; Thermo Scientific). We 
performed hematoxylin and eosin staining in accordance with a 
standard protocol, followed by immunohistochemical analysis 
according to the method of Paulsen et al, using primary antibodies 
against myosin heavy chain (MHC) type 1, dystrophin, and CD31 
to evaluate muscle fibers and capillaries (34), and CD68,  tenascin 



BERNTSEN ET AL 840       |

C, and embryonic MHC to evaluate active inflammation and 
regeneration (35) (for details, see Supplementary Table 1, availa-
ble on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41174/ abstract). We determined the 
distribution of muscle fiber types, fiber CSA, and capillary data 
using TEMA software (CheckVision). We expressed capillarization 
as the total number of capillaries per total number of fibers (CF), 
total number of capillaries around each muscle fiber type (type I 
and type II) (CAFI and CAFII, respectively), and total number of 
capillaries around each muscle fiber type related to muscle fiber 
area (CAFAI and CAFAII, respectively).

Statistical analysis. For statistical analyses, we used IBM 
SPSS statistical software, version 25. To compare patients and 
controls, we used a paired- sample t- test, Wilcoxon’s signed rank 
test, or McNemar’s test, as appropriate. To compare patients 
with active disease and those with inactive disease, we used an 
independent- sample t- test, Mann- Whitney U test, or chi- square 
test, as appropriate. Values are presented as the mean ± SD 
or median with interquartile range (IQR). We performed correla-
tion analyses using Pearson’s R or Spearman’s rho correlation 
 coefficients, as appropriate, with weak correlation defined as r < 

0.3, moderate as r = 0.3–0.69, and strong as r ≥ 0.7. P values 
less than 0.05 were considered statistically significant. We did 
not correct for multiple comparisons because of the hypothesis- 
generating nature of our study, nor did we perform statistical anal-
yses of the muscle biopsy results, due to the small number of 
patients with available muscle biopsy tissue samples.

RESULTS

Patient participation. Of the 72 invited patients, 45 (85%) 
of the 53 accepting the study invitation fulfilled the inclusion criteria. 
One patient was later excluded due to a change of diagnosis. We 
obtained muscle biopsy samples from 17 (46%) of 37 patients ages 
≥18 years. All patients but 1 fulfilled the EULAR/ACR classification 
criteria for juvenile DM, while the remaining patient fulfilled the criteria 
for IIMs but lacked the classic juvenile DM presentation of rashes.

General characteristics. Among the patients with juvenile 
DM, 17 (39%) of 44 had active disease (14 [82%] of 17 were age 
>18 years) and 27 (61%) of 44 had inactive disease (23 [85%] 
of 27 were age >18 years) (Table 1). Regarding physical  activity, 
patients had less time spent in MVPA than controls (mean 13.2 

Table 1. General characteristics, physical activity measures, and disease variables in patients with juvenile dermatomyositis (DM) 
compared to controls*

Patients with juvenile DM

Controls 
(n = 44)

Active disease 
(n = 17)

Inactive disease 
(n = 27)

Total 
(n = 44)

General characteristic 
Age, mean ± SD years 32.2 ± 14.6 28.7 ± 10.3 30.1 ± 12.1 30.49 ± 12.1
Female, no. (%) 11 (65) 16 (59) 27 (61) 27 (61)
Height, mean ± SD cm 165.7 ± 13.1 170.2 ± 9.3 168.5 ± 11.0 171.5 ± 10.1
Weight, mean ± SD kg 65.8 ± 19.1 69.2 ± 16.1 67.9 ± 17.0 67.8 ± 14.7

Physical activity
Level, mean ± SD minutes/day

Sedentary 551.6 ± 75.9 579.7 ± 67.0 569.2 ± 70.8 571.0 ± 625
LPA 168.2 ± 60.8 171.4 ± 57.7 170.2 ± 58.1 169.2 ± 60.3
MVPA 48.3 ± 28.0† 42.0 ± 22.1 44.4 ± 24.3‡ 57.6 ± 21.1

Counts per minute, mean ± SD 389.4 ± 177.2† 335.2 ± 132.6 352.6 ± 149.6‡ 438.7 ± 196.4
Disease variable 

Disease duration, mean ± SD years 23.2 ± 13.4 21.0 ± 10.8 21.8 ± 11.8 NA
Taking medication for juvenile DM, no. (%) 4 (24) 6 (22) 10 (23) NA
DAS muscle (scale 0–20), mean ± SD§ 5.2 ± 3.1 3.8 ± 2.0 4.3 ± 2.5 NA
MDI (scale 0–40), median (IQR)§ 5.0 (2.0–5.5) 2.0 (1.0–4.0) 3.0 (1.0–5.0) NA
PhGA score (scale 0–10), median (IQR)§ 0.4 (0.0–0.8)¶ 0.0 (0.0–0.3) 0.2 (0.0–0.6) NA
PhGD score (scale 0–10), median (IQR)§ 1.0 (0.5–2.2) 0.8 (0.2–2.1) 1.0 (0.2–2.1) NA

Self- reported physical health 
SF- 36 PCS (scale 0–100)# 49.4 (33.2–53.2)† 56.3 (48.9–60.3) 52.4 (46.6–59.0)‡ 58.1 (54.3–60.1)
CHAQ/HAQ score >0, no. (%) 9 (53) 9 (33) 18 (41) NA

* Categorization into active versus inactive disease was based on the Paediatric Rheumatology International Trials Organisation criteria
for inactive disease. LPA = light physical activity; MVPA = moderate- to- vigorous physical activity; NA = not applicable; DAS = Disease 
Activity Score; MDI = Myositis Damage Index; IQR = interquartile range; PhGA = physician global assessment of disease activity; PhGD =  
physician global assessment of damage; SF- 36 PCS = Short- Form 36 physical component summary score; CHAQ/HAQ = childhood/adult 
Health Assessment Questionnaire. 
† P < 0.01 versus patients with inactive disease. 
‡ P < 0.01 versus age-  and sex- matched controls. 
§ Higher scores indicate more impairment/worse function.
¶ P < 0.05 versus patients with inactive disease. 
# Lower scores indicate more impairment/worse function. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41174/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41174/abstract
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fewer minutes/day, 95% confidence interval [95% CI] 4.6–21.8; 
P = 0.003). While there was no significant difference in the MVPA 
between patients with active disease and respective controls, 
nor between the control groups of active/inactive disease (data 
not shown), patients with inactive disease had less time spent in 
MVPA than respective controls (mean 16.4 fewer minutes/day, 
95% CI 6.5–26.2; P = 0.002). In patients ages <18 years (n = 6), 
the MVPA was a mean ± SD 58.5 ± 34.3 minutes/day, while in 

adults ages ≥18 years (n = 37), it was 341.8 ± 131.6 minutes/day.
A DAS score >0 was found in 42 (95%) of 44 patients with 

juvenile DM. The MDI score of muscle damage in patients was a 

mean ± SD 3.3 ± 2.4, and 27 (61%) of 44 patients had an MDI 
global VAS muscle score of >0.2 cm. In the whole patient group, 
there were no correlations between age and any physical activity 
variables determined by accelerometer.

Muscle characteristics. Patients with juvenile DM had 
a lower peak torque compared to controls (mean difference 29 
Nm, 95% CI 13–46; P = 0.001) (Table 2). The total work of the 
knee extensors was a median 738J (IQR 565–1,155) in patients 
compared to a median 1,249J (IQR 815–1,665) in controls (P < 
0.001). Peak torque and total work were also lower in patients 

Table 2. Muscle characteristics in patients with juvenile dermatomyositis (DM) compared to controls*

Patients with juvenile DM

Controls 
(n = 44)

Active disease 
(n = 16)

Inactive disease 
(n = 27)

Total 
(n = 43)

Objective muscle test variable 
Peak torque, mean ± SD Nm 98.0 ± 37.8† 127.0 ± 35.8 116.2 ± 38.8‡ 145.5 ± 46.6
Repetitions, mean ± SD 22.2 ± 8.7 26.2 ± 7.9 24.7 ± 8.3‡ 29.5 ± 8.2
Total work, median (IQR) Joules 565 (350–1,032)† 994 (651–1,175) 738 (565–1,155)§ 1,249 (815–1,665)
Peak torque/CSA, median (IQR) Nm/cm2 2.0 (1.6–2.2) 2.1 (2.0–2.2) 2.0 (1.8–2.2) NA
Total work/CSA, median (IQR) Joules/cm2 10.0 (8.3–14.3)† 16.5 (12.4–18.9) 14.1 (9.3–18.5) NA

Clinical variable
MMT- 8 score (scale 0–80), median (IQR)¶ 75.0 (73.0–77.0)# 78.0 (77.0–79.0) 77.5 (74.3–79.0) NA
CMAS score (scale 0–52), median (IQR)¶ 48.0 (45.0–51.5)† 50.5 (49.0–52.0) 50.0 (48.0–52.0) NA
DAS muscle (scale 0–11), median (IQR)** 2.0 (1.0–4.5) 1.0 (1.0–2.0) 1.8 (1.0–2.5) NA
MDI muscle (scale 0–3), mean ± SD** 1.5 ± 0.7‡ 0.7 ± 0.6 1.0 ± 0.7 NA
MDI muscle VAS score (scale 0–10)

Median (IQR)** 0.6 (0.3–1.6)# 0.2 (0.0–0.4) 0.3 (0.0–1.0) NA
Score >0.2, no. (%) 13 (77)† 11 (41) 24 (55) NA

Laboratory parameter 
CK, median (IQR) units/liter 179 (84–266) 108 (67–131) 118 (79–180) 116 (86–182)
LD, mean ± SD units/liter 181 ± 40 160 ± 19 168 ± 30 170 ± 37
ASAT, median (IQR) units/liter 29 (24–31) 24 (22–33) 26 (22–31) 23 (20–29)
Decorin, median (IQR) pg/ml 177 (156–195) 191 (156–252) 182 (156–238)†† 157 (135–184)
IP- 10, median (IQR) pg/ml 765 (517–1,477) 863 (547–1,175) 799 (531–1,175)†† 579 (461–863)
MCP- 1, mean ± SD pg/ml 375 ± 213 290 ± 125 327 ± 168 309 ± 110
Myostatin, mean ± SD pg/ml 1,873 ± 720 (n = 12) 1,983 ± 855 (n = 16) 1,844 ± 629 (n = 26) 2,446 ± 908
CCL5, mean ± SD pg/ml 6,224 ± 2,072 6,046 ± 2,058 (n = 26) 6,122 ± 1,822 6,530 ± 1,610
IL- 6, median (IQR) pg/ml 0.6 (0.4–1.1) (n = 16) 1.0 (0.5–1.4) (n = 26) 0.9 (0.4–1.4) 1.0 (0.6–1.5)
IL- 8, median (IQR) pg/ml 8.8 (4.6–9.7) (n = 16) 6.5 (5.1–9.8) (n = 26) 6.7 (5.0–9.6) 8.3 (5.1–12.1)
TNF, mean ± SD pg/ml 19.9 ± 11.3 20.9 ± 12.3 20.0 ± 10.6 18.9 ± 7.8

MRI muscle 
Edema, no. (%)‡‡ 1 (6) 2 (7) 3 (7) NA
Fatty infiltration, no. (%) 10 (63) 11 (41) 21 (49) NA

Grade 2 8 (50) 9 (33) 17 (40) NA
Grade 3 2 (13) 2 (7) 4 (9) NA

Calcinosis, no. (%)‡‡ 1 (6) 3 (11) 4 (9) NA
Quadriceps CSA, median (IQR) cm2 48.5 (39.8–58.7)† 56.7 (50.6–62.5) 53.2 (45.0–62.3) NA

* Peak torque/cross- sectional area (CSA) and total work/CSA represent the peak torque and total work per maximal quadriceps CSA. Fatty 
infiltration is defined as the presence of pathologic fatty infiltration. IQR = interquartile range; NA = not applicable; MMT- 8 = unilateral Manual 
Muscle Testing in 8 muscle groups; CMAS = Childhood Myositis Assessment Scale; DAS = Disease Activity Score; MDI = Myositis Damage Index 
(score for muscle damage extent); MDI VAS = MDI visual analog scale (score for muscle damage severity); CK = creatine kinase; LD = lactate 
dehydrogenase; ASAT = aspartate amino transferase; IP- 10 = interferon- γ–inducible protein 10; MCP- 1 = monocyte chemotactic protein 1; IL- 6 = 
interleukin- 6; TNF = tumor necrosis factor; MRI = magnetic resonance imaging. 
† P < 0.05 versus patients with inactive disease. 
‡ P < 0.01 versus age-  and sex- matched controls. 
§ P < 0.001 versus age-  and sex- matched controls. 
¶ Lower scores indicate more impairment/worse function. 
# P < 0.01 versus patients with inactive disease. 
** Higher scores indicate more impairment/worse function. 
†† P < 0.05 versus age-  and sex- matched controls. 
‡‡ Due to the small numbers of patients, data on edema and calcinosis were not statistically analyzed. 
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with active disease and patients with inactive disease compared 
to their respective controls (each P < 0.034 versus controls), and 
in patients with active disease compared to those with inactive 
disease (P = 0.016 for peak torque and P = 0.019 for total work) 
(Table  2). When these muscle strength and endurance values 
were normalized to the quadriceps femoris CSA, only total work/
CSA remained significantly lower in patients with active disease 

compared to those with inactive disease (P = 0.027).
In the total patient group, 38 patients (86%) had an MMT- 8 

score <80, and 27 (61%) had a CMAS score <52; only 1 (2.3%) 
had an MMT- 8 score <64 and a CMAS score <35 (indicating severe 
muscle impairment). Muscle dysfunction, as measured by the MDI, 
was found in 9 patients (21%), muscle weakness was found in 
31 patients (71%), and muscle atrophy was found in 5 patients 
(11%). The MMT- 8 and CMAS scores (included in the definition 
of active/inactive disease) were lower and the extent of muscle 
damage (MDI muscle scores) and severity of muscle damage (MDI 
VAS muscle scores) were higher in patients with active disease 
compared to patients with inactive disease (all P < 0.005) (Table 2).

The total patient group had higher serum levels of decorin and 
IP- 10 (myokines related to inflammation) compared to controls. 

However, there were no significant differences in any of the serum 
myokine levels between patients with active disease and those 
with inactive disease (Table 2). Myokine levels were not found to be 
correlated with the total DAS scores or MDI muscle scores.

Of the MRI- assessed variables in the thigh muscle, none 
showed a significant difference between patients with active dis-
ease and those with inactive disease. Nevertheless, a numerically 
larger proportion of patients with active disease had pathologic 
muscle fatty infiltration as compared to patients with inactive dis-
ease (Table 2). No patients had fatty infiltration of the muscle of 
more than 50% (grade 4). The quadriceps CSA was smaller in 
patients with active disease compared to patients with inactive 
disease (P = 0.017) (Table 2).

Associations between objective muscle test find-
ings and disease variables/physical activity measures. 
In patients with active disease, peak torque and total work of the 
knee extensors showed moderate- to- strong correlations with the 
MMT- 8 score, MMT knee extensor component score, and CMAS 
score (Table 3 and Figure 1). There were no significant correlations 
between the findings on clinical tests and findings on objective tests 

Table 3. Correlations between peak torque or total work of the knee extensors and general, disease- related, and muscle characteristics in 
patients with DM*

Peak torque Total work

Active  
juvenile DM

Inactive  
juvenile DM Total

Active  
juvenile DM

Inactive  
juvenile DM Total

General characteristic
Height† 0.662‡ 0.602‡ 0.650§ 0.735‡ 0.518‡ 0.678§
Weight† 0.360 0.532‡ 0.464‡ 0.206 0.394¶ 0.412‡

Physical activity
MVPA† 0.092 0.395¶ 0.227 0.066 0.228 0.139
MVPA bouts 0.260 0.203 0.133 0.254 −0.005 0.066

Disease or muscle variable
Disease duration† 0.272 0.150 0.165 0.387 0.107 0.220
MMT- 8 0.770§ 0.270 0.521§ 0.838§ 0.194 0.533§
CMAS 0.574¶ 0.140 0.456‡ 0.574¶ 0.309 0.519§
DAS muscle −0.667‡ −0.436¶ −0.605§ −0.706‡ −0.385¶ −0.576§
MDI muscle† −0.144 −0.292 −0.359¶ −0.091 −0.182 −0.228
MRI fatty infiltration 0.315 −0.223 −0.153 0.347 −0.184 −0.090
CSA† 0.560¶ 0.469¶ 0.450‡ 0.609¶ 0.770§ 0.756§
MCP- 1† 0.515 −0.395¶ −0.076 0.309 −0.048 0.063
Myostatin† 0.247 0.428 0.345 0.259 0.341 0.294
Decorin 0.182 −0.416¶ 0.019 0.338 −0.138 0.138
IP- 10 −0.025 0.020 0.056 −0.071 −0.234 −0.093
CCL5† 0.324 −0.197 −0.021 0.214 −0.141 0.034
IL- 6 0.536¶ −0.053 0.203 0.105 0.054 0.184
IL- 8 0.096 −0.277 −0.098 0.063 −0.079 −0.007
TNF† 0.466 0.113 0.236 0.014 −0.002 0.043

* Correlations were determined using Pearson’s R and Spearman’s rho correlation tests. Moderate- to- vigorous physical activity (MVPA) bouts 
refer to the average time (in minutes) of MVPA spent in bouts lasting 10 minutes each. The myokines presented were selected on the basis 
of associations seen in the present and previous studies of myokines in patients with juvenile dermatomyositis (DM). MMT- 8 = unilateral 
Manual Muscle Testing in 8 muscle groups; CMAS = Childhood Myositis Assessment Scale; DAS = Disease Activity Score; MDI = Myositis 
Damage Index; MRI = magnetic resonance imaging; CSA = (quadriceps) cross- sectional area; MCP- 1 = monocyte chemotactic protein 1; IP- 10 
= interferon- γ–inducible protein 10; IL- 6 = interleukin- 6; TNF = tumor necrosis factor. 
† Normally distributed variable. 
‡ P < 0.01. 
§ P < 0.001. 
¶ P < 0.05. 
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of muscle strength or endurance in patients with inactive disease 
(Table 3 and Figure 1). Peak torque correlated weakly with the MVPA 
in patients with inactive disease. Both peak torque and total work 
correlated with DAS muscle scores both in patients with active 
disease and in patients with inactive disease. In the whole patient 
group, peak torque correlated negatively with the MDI muscle score. 
No significant correlations were found between peak torque or total 
work and MDI muscle scores or MRI findings in the patient sub-
groups. In patients with active disease, peak torque showed a mod-

erate, positive correlation with serum IL- 6 levels (Table 3).

Characteristics of the muscle biopsy tissue. Twelve 
(71%) of 17 muscle biopsy samples from patients with juvenile DM 
were of adequate quality for muscle fiber assessment, and 11 (65%) 
of 17 samples were adequate for capillary assessment. The muscle 
biopsy samples that were deemed to be of inadequate quality had 
tissue resembling muscle tissue, but had a texture unsuitable for 
slicing. Among the patients with adequate- quality muscle biopsy 
samples, the median time from clinical examination to the needle 
muscle biopsy was 11.0 months (IQR 9.0–16.3), and none reported 
major changes in lifestyle or disease activity during this time.

General characteristics of the 12 patients with adequate- 
quality muscle biopsy samples were not significantly different from 
the remaining cohort of patients ages ≥18 years (see Supplemen-
tary Table 2, available on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41174/abstract). 
Seven (58%) of the 12 patients had active disease, and 5 (42%) 

had inactive disease, with comparable age and sex distribution 
between the groups. None of the 12 patients were taking antiin-
flammatory medications at the time of biopsy. Eight (67%) of the 
12 patients had fatty infiltration evident on MRI of the thigh muscle.

Muscle biopsy tissue samples were stained with hematox-
ylin and eosin, with results showing that 1 patient had increased 
variability of muscle fiber size and 2 patients had muscle fibers 
with centralized nuclei (signs of muscle degeneration/regenera-
tion). None of the 12 muscle biopsy samples had pathologic fatty 
infiltration or definite cell infiltration.

Results of immunohistochemical analyses of the muscle tis-
sue demonstrated that 1 patient with active disease had abnor-
mally large muscle fibers and showed signs of perifascicular 
atrophy. None of the patients had inflammatory infiltrates (accu-
mulation of CD68+ cells) or the inflammation markers tenascin C 
or embryonic MHC. There was a numeric trend toward patients 
with active disease having a larger area of type I muscle fibers 
compared to type II muscle fibers (Table 4). In addition, patients 
with active disease tended to have a larger area of type I  muscle 
fibers compared to patients with inactive disease. This trend was 
reversed in patients with inactive disease, as they had a larger 
area of type II fibers compared to type I fibers, and had larger type 
II fibers compared to patients with active disease. There was also 
a numerically smaller proportion of type I fibers in patients with 
active compared to inactive  disease (Figure 2). There were no sig-
nificant differences in capillary features between the active disease 
and inactive disease groups.

Figure 1. Correlations between objective muscle measures (peak torque of muscle strength and total work of dynamic muscle endurance) 
and clinical muscle test findings (both general and knee extensor) in patients with juvenile dermatomyositis in total, and in patients with active 
disease and those with inactive disease. Correlation analyses were performed using Pearson’s R or Spearman’s rho. MMT- 8 = Manual Muscle 
Testing of 8 muscle groups (unilateral); CMAS = Childhood Myositis Assessment Scale.
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DISCUSSION

In our study focusing on long- term skeletal muscle outcomes 
in patients with juvenile DM, we found lower muscle strength 
and lower muscle endurance in the knee extensors of patients 

compared to age-  and sex- matched controls. Moreover, patients 
with active disease had lower muscle strength and endurance 
compared to patients with inactive disease. Corrected for mus-
cle size (the quadriceps CSA), only muscle endurance remained 

Figure 2. Visual images of the muscle fiber composition (types I and II muscle fibers) and relative size of the muscle fibers in patients with 
active juvenile dermatomyositis (DM) and those with inactive juvenile DM.

Table 4. Muscle biopsy results in patients with juvenile DM*

Active juvenile DM 
(n = 7)

Inactive juvenile DM 
(n = 5)

Total 
(n = 12)

Type I fiber area, μm2

Total 4,497 (2,701–8,560) 4,045 (2,643–4,576) 4,212 (3,233–4,600)
Men 4,608 (3,143–8,560) (n = 3) 4,311 (4,045–4,576) (n = 2) 4,576 (3,143–8,560)
Women 4,098 (2,701–5,387) (n = 4) 3,503 (2,643–4,379) (n = 3) 3,699 (2,643–5,387)

Type II fiber area, μm2

Total 4,030 (1,951–12,275) 5,081 (2,319–5,873) 4,255 (2,939–5,434)
Men 4,720 (2,922–12,275) (n = 3) 5,713 (5,552–5,873) (n = 2) 5,552 (2,922–12,275)
Women 3,611 (1,951–4,479) (n = 4) 2,990 (2,319–5,081) (n = 3) 3,191 (1,951–5,081)

Type I fibers/total  
 number of fibers, %

39 (33–64) 47 (33–52) 43 (33–53)

Capillarization†
CF 1.7 (1.1–1.9) 1.8 (1.5–2.0) 1.7 (1.4–2.0)
CAFI 4.3 (3.3–4.7) 4.0 (3.7–4.4) 4.2 (3.7–4.5)
CAFII 3.6 (3.4–3.9) 3.7 (3.0–4.5) 3.6 (3.3–4.1)
CAFAI 0.9 (0.8–1.2) 0.9 (0.8–1.2) 0.9 (0.8–1.2)
CAFAII 1.0 (0.7–1.3) 0.9 (0.6–1.1) 1.0 (0.7–1.3)

* No statistical analyses of the muscle biopsy data were performed due to the small number of needle biopsy samples 
available. Type I and type II fibers refer to muscle fiber types. Values are the median (interquartile range). 
† Data on capillarization are expressed as the total number of capillaries per total number of fibers (CF), total number of 
capillaries around type I and type II muscle fibers (CAFI and CAFII, respectively), and total number of capillaries around 
type I and type II muscle fibers per fiber area (CAFAI and CAFAII, respectively). The number of samples for capillary data 
were as follows: active juvenile dermatomyositis (DM) n = 7, inactive juvenile DM n = 4, total patient group n = 11. 
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significantly lower in patients with active disease compared to 
patients with inactive disease. Clinically assessed muscle dam-
age was higher in patients with active disease compared to those 
with inactive disease. The results of objective muscle tests of the 
knee extensors correlated with the findings from clinical tests of 
muscle strength and endurance only in patients with active dis-
ease. Muscle biopsy results indicated that capillary density was 
similar but muscle fiber composition was different between the 
active and inactive disease groups. To our knowledge, this is the 
first long- term study to assess functional, laboratory, serologic, 
radiographic, and histologic muscle outcomes simultaneously in 
patients with juvenile DM.

Our patients were older, had a longer disease duration, and 
were comparable in sex distribution when compared to patients in 
other studies of juvenile DM outcomes (7,8). Compared to those 
other studies (7,8), more patients in our study had a DAS >0, and 
our study had a comparable proportion of patients with an MDI 
global VAS muscle score >0.2; however, the MDI scores were 
higher in our patients. The physical activity levels of our patients 
were similar to those in a Danish juvenile DM cohort and higher 
than those in a Brazilian juvenile DM cohort (36,37). Based on our 
findings, the patients in our study presented with fairly high levels 
of physical activity despite frequently having relatively high levels of 
disease activity and damage.

The control subjects were randomly selected from the Nor-
wegian National Registry, which is a strength of our study. They 
were age-  and sex- matched to our patients in order to account 
for the large age dispersion and to exclude the potential for age- 
related confounders in our main results. The physical activity levels 
of our adult control subjects resembled those of the general Nor-
wegian adult population (38), supporting the representativeness 
of our control group.

Isometric muscle strength and muscle endurance of the knee 
extensors as well as MMT- 8 scores and CMAS scores were lower 
in patients with active disease compared to patients with inactive 
disease, but the findings of these clinical and objective muscle 
tests correlated only in patients with active disease. Although 
objective muscle tests were only assessed in the knee exten-
sors, peak torque also correlated with the MMT knee component 
scores only in patients with active disease. Taken together, these 
results support the ceiling effects of the MMT- 8 and CMAS scor-
ing systems. A precise scoring of mild muscle weakness and dys-
function, especially in patients with inactive disease, may therefore 
require more objective and sensitive muscle testing.

The MMT- 8 and CMAS scores were mildly reduced (median 
MMT- 8 score 77.5 and median CMAS 50.0), similar to that in a 
Danish study of juvenile DM patients assessed after a disease dura-
tion of 13.9 years, in which the mean values were 78.0 and 48.8, 
respectively (8). An MMT- 8 score <80 and CMAS score <52 were, 
however, more frequent in our study (86% and 61%, respectively) 
than in a multinational outcome study of 490 juvenile DM patients 
whose mean disease duration was 7.7 years (41% and 53%, 

respectively) (7). Nevertheless, severe muscle weakness/dysfunc-
tion was rare; only 1 patient (2.3%) had serious muscle weakness 
and dysfunction based on having an MMT- 8 score <64 and CMAS 
score <35, as compared to 7% having an MMT- 8 score <64 and 
8% having a CMAS score <35 in the multinational study. A longer 
disease duration in our study could be the reason for this difference. 
Even though the CMAS has been used in mixed pediatric/adult 
juvenile DM populations (7–9), it has not been validated for adults 
with juvenile DM. However, our group has shown moderate corre-
lations between the CMAS score and disease measures (MMT- 8, 
DAS muscle scores, and the MDI) in patients ages >18 years (9), 
supporting the use of the tool in this adult age group.

Objective muscle strength and muscular endurance were 
lower in patients (both in those with active disease and in those 
with inactive disease) compared to controls. Multiple factors may 
have contributed to these results, including exercise habits and 
disease- related features (39) (age/sex effects were controlled for 
by matching). We did not systematically collect data on strength- 
training habits, a limitation to our study. However, only patients 
with inactive disease had a lower MVPA compared to controls, 
and there was a correlation between the MVPA and mean peak 
torque in patients with inactive disease. This suggests that decon-
ditioning may play a larger role in explaining the lower muscle 
strength in these patients compared to patients with active dis-
ease, although muscle disease activity and damage were also 
present in this patient group.

Patients with active disease had higher muscle damage 
(based on MDI muscle and MDI VAS muscle scores, as well as 
numeric values of MRI- detected damage, including fatty infiltra-
tion), but not muscle activity (based on DAS muscle scores, mus-
cle enzyme levels, or MRI- detected edema), compared to patients 
with inactive disease. However, muscle damage scores did not 
correlate with isometric muscle strength or muscle endurance 
in either patient group. This suggests that the difference in peak 
torque and total work between active and inactive juvenile DM 
may be attributed to disease- related factors other than the classic 
juvenile DM measures of disease damage.

Muscle CSA was lower in patients with active disease com-
pared to patients with inactive disease; this might represent a 
larger reduction in volume due to muscle atrophy in patients with 
active disease. The CSA correlated with findings on objective 
muscle tests in both patient groups. However, when correcting 
the measurements of muscle strength and muscle endurance for 
the quadriceps CSA, only total work remained lower in patients 
with active disease compared to those with inactive disease. This 
could indicate that muscle endurance associated with active dis-
ease is influenced by structural or functional differences within the 
muscle tissue independent of muscle size. This hypothesis was 
supported by the muscle biopsy results. We found no signs of 
muscle inflammation in the biopsy samples. However, although 
not statistically tested, there were numeric trends of different mus-
cle fiber composition between patients with active disease and 
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those with inactive disease. In patients with active disease, type I 
muscle fibers were relatively larger and type II muscle fibers were 
relatively smaller compared to patients with inactive disease, and 
patients with active disease had a lower proportion of type I fibers. 
Given the numerically higher MVPA in patients with active disease, 
this difference in fiber composition was unexpected, as exercise 
is found to increase the size of type II fibers and the proportion 
of type I fibers in adult patients with DM (21). However, there is 
evidence that long- term physical inactivity or chronic  disease can 
cause a greater percentage of type II fibers (40).

Hypoxia has been suggested as a possible mechanism for 
the reduction in muscle endurance in patients with juvenile DM, 
attributable to the fact that blood flow increases more poorly 
in response to exercise (41). In patients with severe chronic 
obstructive pulmonary disease, which leads to chronic hypoxia, 
the proportion of type I muscle fibers has been found to be 
decreased, together with an increase in the type II muscle fiber 
area (42), similar to the findings in our patients with active dis-
ease. With regard to capillarization, we found that the histologic 
capillary density was similar to that in studies of healthy pop-
ulations (43), and there was no difference in capillary features 
between patients with active disease and those with inactive 
disease. However, the presented biopsy results do not tell us 
anything about the potential for functional impairment of the cap-
illaries in juvenile DM (41).

Myokines are known to be secreted from muscle tissue in 
response to exercise or inflammatory stimuli (6). We found higher 
levels of IP- 10 in patients compared to controls, similar to previ-
ous data from our own cohort (17), supporting the notion that this 
myokine is up- regulated even after long- term disease. IP- 10 was 
recently validated as a strong, reliable, and sensitive biomarker for 
active juvenile DM (44). We did not, however, find significant dif-
ferences in IP- 10 levels between the active and inactive disease 
groups, suggesting that our study may be underpowered, or that 
the myokine may be a less stable marker of disease activity over a 
longer disease duration. In addition, our patients had higher circu-
lating levels of decorin compared to controls. Decorin is known to 
be both antifibrotic and proinflammatory (45,46). Higher levels of 
decorin may be attributable to increased levels of visceral fat (VAT) 
depots, as has been previously described (47) (VAT is a greater 
source of decorin than subcutaneous fat [46]), and may reflect the 
inflammatory state of juvenile DM. Surprisingly, we found a positive 
association between the serum IL- 6 levels and the peak torque in 
patients with active disease. IL- 6 is known as a  biomarker for active 
inflammation in juvenile DM (48). Interestingly, it was also recently 
found to be both expressed and secreted from type I muscle fib-
ers in mice (49), while torque was associated with type I fibers in 
female athletes (50). Thus, we could speculate that the association 
between IL- 6 levels and torque is related to an increase in the area 
of type I muscle fibers in patients with active disease.

In addition to the limitations to our study already mentioned, 
the time delay between muscle biopsies and other examinations 

may have affected the interpretation of the biopsy results, although 
none of the patients who underwent a muscle biopsy reported 
experiencing lifestyle changes, including physical activity habits. 
The small number of patients in each group (active and inactive 
disease) may have created Type II errors in the statistical analyses. 
For the lowest numbers, therefore, we chose not to perform sta-
tistical analyses, but rather we described numeric differences. We 
also isolated the muscle subscores of the validated tools DAS and 
MDI, and the knee extensor component of MMT- 8, although these 
subscores have not been validated separately.

In conclusion, after an average disease duration of almost 
22 years, objectively measured muscle strength and muscle 
endurance of the knee extensors were lower in patients with 
juvenile DM compared to controls, and in patients with active 
disease compared to those with inactive disease. The results 
of objective muscle tests and clinical muscle tests correlated 
only in patients with active disease, suggesting the need for 
more objective and sensitive muscle tests in this clinical setting. 
Based on the results of the present study, we can hypothe-
size that impaired muscle endurance of the knee extensors in 
patients with active disease may be influenced by structural and 
functional adaptions of muscle tissue indepen dent of muscle 
size. Further study of these concepts should be carried out in 
patients with juvenile DM.
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Systemic Autoimmune Disease Among Adults Exposed to 
the September 11, 2001 Terrorist Attack
Sara A. Miller-Archie,1  Peter M. Izmirly,2 Jessica R. Berman,3 Jennifer Brite,1 Deborah J. Walker,1  
Renato C. Dasilva,1 Lysa J. Petrsoric,1 and James E. Cone1

Objective. Autoimmune disease is an emerging condition among persons exposed to the September 11, 2001 
attack on the World Trade Center (WTC). Components of the dust cloud resulting from the collapse of the WTC have 
been associated with development of a systemic autoimmune disease, as has posttraumatic stress disorder (PTSD). 
We undertook this study to determine whether dust exposure and PTSD were associated with an increased risk of 
systemic autoimmune disease in a 9/11- exposed cohort.

Methods. Among 43,133 WTC Health Registry enrollees, 2,786 self- reported having a post- 9/11 systemic auto-
immune disease. We obtained informed consent to review medical records to validate systemic autoimmune disease 
diagnoses for 1,041 enrollees. Diagnoses of systemic autoimmune diseases were confirmed by classification cri-
teria, rheumatologist diagnosis, or having been prescribed systemic autoimmune disease medication. Controls were 
enrollees who denied having an autoimmune disease diagnosis (n = 37,017). We used multivariable log- binomial 
regression to examine the association between multiple 9/11 exposures and risk of post- 9/11 systemic autoimmune 
disease, stratifying by responders (rescue, recovery, and clean- up workers) and community members (e.g., residents, 
area workers).

Results. We identified 118 persons with systemic autoimmune disease. Rheumatoid arthritis was most frequent 
(n = 71), followed by Sjӧgren’s syndrome (n = 22), systemic lupus erythematosus (n = 20), myositis (n = 9), mixed 
connective tissue disease (n = 7), and scleroderma (n = 4). Among 9/11 responders, those with intense dust cloud 
exposure had almost twice the risk of systemic autoimmune disease (adjusted risk ratio 1.86 [95% confidence inter-
val 1.02–3.40]). Community members with PTSD had a nearly 3- fold increased risk of systemic autoimmune disease.

Conclusion. Intense dust cloud exposure among responders and PTSD among community members were as-
sociated with a statistically significant increased risk of new- onset systemic autoimmune disease. Clinicians treating 
9/11 survivors should be aware of the potential increased risk of systemic autoimmune disease in this population.

INTRODUCTION

Systemic autoimmune diseases are an emerging health 
 concern among individuals who were exposed to the Septem-
ber 11, 2001 terrorist attack on the World Trade Center (WTC) in 
New York City. The collapse of the WTC towers after the attack 
resulted in the release of a cloud of dust and debris that covered 
parts of Lower Manhattan, New York. Further exposure occurred 

 subsequently through the resuspension of dust particles during 
recovery and clean- up activities (1). Crystalline silica, a known risk 
factor for autoimmune diseases (2–8), was a major component of 
the dust cloud (1,9). Additional components of the dust cloud and 
the air at the site during the clean- up period (1,10) have been pre-
viously associated with autoimmune diseases, including organic 
hydrocarbon solvents (11–13), fine particulate matter (PM2.5) 
(14–16), and asbestos (8,17).
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In addition to the physical exposures, many people witnessed 
or experienced traumatic events on 9/11 as well as continued 
occupational or personal reminders of the attacks. Posttraumatic 
stress disorder (PTSD), one of the most common post- 9/11 men-
tal health disorders (18), has been associated with the subsequent 
onset of rheumatoid arthritis (RA) and other autoimmune disorders 
in both veteran and civilian populations (19–21).

Studies conducted among New York City firefighters 
and emergency medical services personnel have identified an 
exposure- response relationship between length of time worked 
at the WTC site, level of exposure to the dust and debris following 
the attacks, and systemic autoimmune disease (22,23). Currently, 
there have been no published studies on autoimmune diseases 
among community members who were exposed to the attack or 
among responders and clean- up workers other than those with 
the Fire Department of the City of New York (FDNY).

This study aimed to identify systemic autoimmune diseases 
among a cohort of 9/11- exposed adults. We also sought to deter-
mine whether high levels of 9/11 dust exposure or PTSD were 
associated with an increased risk of systemic autoimmune disease 
and whether this association differed between 9/11 responders 
and community members.

SUBJECTS AND METHODS

WTC Health Registry. The WTC Health Registry (referred 
to as the Registry) is a longitudinal, prospective cohort of 71,426 
enrollees who were exposed to the events of September 11, 2001 
in New York City, or who were involved in the subsequent recov-
ery and clean- up effort, which lasted until July 2002. The Registry 
comprises individuals who were part of the rescue, recovery, and 
clean- up response (responders) (43%) and those who worked, 
resided, attended school, or were in transit in Lower Manhattan 
the morning of the attack (community members) (57%), and has 
been estimated to include 17% of eligible exposed individuals 
(24,25). Approximately 10% of responders in the Registry were 
FDNY firefighters or emergency medical services personnel on 
9/11 (25). Potential enrollees were identified and recruited using 
employer, organizational, and building occupant lists and an out-
reach and advertising campaign (18). A more detailed descrip-
tion of the Registry’s recruitment methods has been published 
elsewhere (18). Enrollment occurred in 2003–2004 via telephone 
interviews (95%) or in- person interviews (5%) (wave 1), at which 
time interviewers collected demographic, exposure, and physical 
and mental health data. All enrollees provided verbal informed 
consent at Registry enrollment. There have been subsequent 
Registry- wide follow- up surveys, including wave 2 (2006–2007, 
68% response rate) and wave 3 (2011–2012, 63% response 
rate), which was the first Registry survey that included questions 
on autoimmune diseases. The study was approved by the Insti-
tutional Review Board of the New York City Department of Health 
and Mental Hygiene.

Autoimmune disease study participants. Eligible 
enrollees included all those age ≥18 years who reported on the 
wave 3 survey that they had ever been told by a physician or other 
health professional that they had RA or “(an)other autoimmune 
disorders (e.g., lupus, scleroderma, polymyositis).” Participants 
were eligible if they indicated that the year they were first told was 
2001 or later. We excluded 8 enrollees who died between their 
wave 3 survey and the launch of the autoimmune disease study 
in 2014, leaving 2,786 potential cases of post- 9/11 autoimmune 
disease for further examination. A detailed flow chart of the study 
population is shown in Figure 1.

Phase I (autoimmune disease enrollee survey). An in- 
depth autoimmune disease follow- up survey or survey link (enrollee 
survey) was mailed or e-mailed to all eligible Registry enrollees in 
May 2014. The enrollee survey asked participants whether they 
had been told by a clinician that they had RA or other type of 
arthritis, systemic lupus erythematosus (SLE), scleroderma, poly-
myositis (PM)/dermatomyositis (DM), mixed connective tissue 
disease (MCTD), Sjӧgren’s syndrome (SS), or other autoimmune 
disease, and whether they were taking medication for their condi-
tion. The survey included the CTD Screening Questionnaire (CSQ) 
(26,27), which is a screening tool for the systemic autoimmune 
diseases listed above, and includes questions on symptoms and 
blood tests. Additional questions covered topics including general 
health, symptoms of other systemic autoimmune conditions, and 
family history of autoimmune disease. We created versions of the 
paper survey in English, Spanish, and Chinese; the online version 
was only available in English.

Enrollees who did not respond to the initial e-mail invitation 
or mailed paper survey were sent up to 1–2 reminder postcards, 
6 reminder e-mails, and 2 additional mailings. Registry and New 
York City Department of Health and Mental Hygiene call center 
staff then telephoned enrollees who had not yet completed the 
survey, with up to 10 phone call attempts and 2 telephone mes-
sages left on their home or mobile phone.

Phase II (consent for release of medical records and 
physician survey). Most enrollee survey respondents had some 
indication of possible post- 9/11 autoimmune disease, either 
because they screened positive via the CSQ, they reported an 
autoimmune disease diagnosis, or they reported taking a med-
ication consistent with treatment for autoimmune disease (data 
not shown). Therefore, all enrollees who completed the survey 
(n = 2,042; response rate 73%) were sent a letter with a con-
sent form authorizing the release of their medical records to the 
Registry. The consent form requested permission to obtain cop-
ies of enrollee medical records and to send a survey (physician 
survey) to their rheumatologist or to the physician who could pro-
vide information regarding their autoimmune disease diagnosis. 
Letters and consent forms were written in English, Spanish, and 
Chinese. Of those registrants who completed the enrollee survey, 
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1,041 (51%) provided the Registry with their informed consent. 
We used methods similar to those used for the enrollee survey to 
increase participation.

The physician survey, first mailed in May 2015, included 
checklists adapted from the American College of Rheumatology 
classification criteria for RA (28), SLE (29), and scleroderma (30); 
Bohan and Peter’s criteria for PM/DM (31,32); Kahn’s criteria for 
MCTD (33); and American– European Consensus Group criteria 
for SS (34). The survey also queried the enrollee’s year of diag-
nosis for each condition, any medications prescribed to treat the 
autoimmune disease, and whether the physician was a board- 
certified rheumatologist.

In response to feedback received from physicians, we also 
offered the option of having medical records sent directly to the 
Registry for abstraction. Physicians who did not respond to the 
initial request were sent additional requests via mail, fax, and 
office telephone. Medical records retrieval contractors then  

followed up with physicians who had not responded to  multiple 
requests from the Registry. Of the registrants who submit-
ted consent forms, ~10% listed more than one physician, and 
attempts were made to contact multiple physicians when listed. 
Our report is presented based on the medical records and 
 physician surveys obtained as of November 2017.

Cases. Documentation of an autoimmune disease and 
the year of diagnosis were abstracted either from the com-
pleted physician survey or the enrollee’s medical records and 
reviewed independently by 2 Registry research staff, including 
the Registry’s Medical Director (SM- A, JEC). Medical records 
with unclear diagnoses were reviewed independently by 2 
board- certified rheumatologists (PMI, JRB). If the rheuma-
tologists disagreed, they met and discussed the cases until 
agreement was reached. Agreement was achieved for all 
records.

Figure 1. Flow chart of the World Trade Center Health Registry systemic autoimmune disease study population. Systemic autoimmune 
diseases (rheumatoid arthritis, Sjӧgren’s syndrome, systemic lupus erythematosus, polymyositis/dermatomyositis, mixed connective tissue 
disease, and scleroderma) were diagnosed in 2002 or later. Cases had to either meet disease- specific classification criteria, have been 
diagnosed by a board- certified rheumatologist, or have been prescribed a medication commonly used to treat systemic autoimmune disease.
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Participants’ conditions were classified as RA, SLE, 
 scleroderma, SS, MCTD, and PM/DM based on ≥1 of the follow-
ing 3 criteria: 1) met classification criteria for a specific systemic 
autoimmune disease; 2) diagnosis determined by a board- certified 
rheumatologist; and 3) medication prescribed commonly for auto-
immune disease.

We only included participants who received their first sys-
temic autoimmune disease diagnosis in 2002 or later. Enrollees for 
whom we were unable to verify a diagnosis, including those who 
did not participate in the enrollee survey (n = 744), those who did 
not provide informed consent (n = 1,001), those for whom a phy-
sician survey or medical record was not submitted by November 
2017 (n = 289), and those whose survey did not indicate the pres-
ence of a systemic autoimmune disease (n = 545) or where the 
timing or classification criteria were unclear, incomplete, or prior to 
2002 (n = 89), were excluded from our analysis.

Comparison group. The comparison study population 
included all enrollees age ≥18 years who completed the wave 3 
survey and who denied having ever been diagnosed with RA or 
another autoimmune disease.

9/11 exposure. We used 4 metrics of 9/11- related hazards. 
The first was a measure of intensity of exposure to the cloud of 
dust and debris on September 11, using responses to the wave 
1 survey and the wave 2 survey. Intense dust cloud exposure was 
defined as having been caught in the dust cloud the morning of 
9/11 and also experiencing an additional marker of intense expo-
sure, including the inability to see a few feet ahead, trouble walking 
or navigating due to dust cloud thickness, taking shelter from the 
dust cloud, being covered in dust and debris, and the inability to 
hear anything while in the dust cloud.

The second and third measures were composite dust expo-
sure scores, with one specific to responders and the other specific 
to community members. These indices are based on those devel-
oped by Li et al (35). Briefly, the responder index included the date 
of arrival to work at the WTC site, duration of work, and exposure 
to the dust cloud and to the events of the morning of 9/11, and 
its scoring system was derived using the Delphi method. For this 
analysis, we defined very high exposure among responders as 
a score of ≥29.5 (the 75th percentile). The community member 
index score, dichotomized into categories of “high” and “low” 
(with “low” defined as low, intermediate, or moderately high), was 
based on a hierarchy of exposure intensity and duration, includ-
ing dust cloud exposure and exposures specific to whether the 
person was a resident (home evacuation and date of return), area 
worker (date returned to work), or present in Lower Manhattan on 
9/11 (for school students/staff members and passersby).

The fourth measure of exposure was the number of months 
worked at the WTC site. This was calculated based on the 
work start and end dates provided at wave 1 and was limited to 
responders.

9/11- related PTSD. PTSD was assessed at wave 1 using 
the 9/11- specific PTSD checklist and was defined as a score 
of ≥44 on the checklist. The PTSD checklist is a 17- item ques-
tionnaire that asks respondents how much they have been 
bothered by various symptoms in the past 30 days. The PTSD 
checklist and, in particular, the use of a cutoff score of 44 have 
been shown to have high diagnostic efficiency (36). Persons with 
missing items were included in the appropriate category if their 
PTSD status could be definitively identified based on their com-
pleted items; otherwise, they were categorized as missing.

Covariates. All covariates included in our analysis were self- 
reported at wave 1, including age, sex, race/ethnicity, educational 
attainment (high school diploma or less, some college, or college 
degree and higher), and history of smoking. For our models, we 
used age at wave 3, which was derived based on date of birth and 
date of wave 3 completion.

Statistical analysis. This analysis focused on the 6 sys-
temic autoimmune diseases that were specifically queried on 
the enrollee survey and physician survey. Diagnoses of RA, SLE, 
PM/DM, scleroderma, SS, and MCTD were aggregated into 
one outcome, referred to as systemic autoimmune disease. On 
both surveys, we also included an “other” category, from which 
we identified additional cases of autoimmune disease. However, 
these were either organ- specific disorders (e.g., Hashimoto thy-
roiditis) or conditions for which we were unable to collect sufficient 
classification criteria for validation.

We conducted a bivariate analysis to compare cases 
and noncases using chi- square test for independence, Fish-
er’s exact test for sparse cell sizes, t- test, and Wilcoxon’s rank 
sum test, as appropriate. Due to inherent differences in char-
acteristics and exposures between responders and community 
members, we stratified our bivariate analysis and multivariable 
log- binomial regression to examine each group separately. 
In these models, we analyzed the association between 9/11 
exposure, PTSD, and the risk of systemic autoimmune disease. 
Each 9/11 exposure was modeled separately, as was PTSD, 
and all models were adjusted for sex, age, race/ethnicity, and 
smoking history. We included educational attainment in our 
PTSD models to account for potential confounding. Variables 
were selected for inclusion based on known risk factors for 
autoimmune disease.

We performed 4 sensitivity analyses. First, we limited our 
cases to those who met classification criteria, i.e., a more con-
servative and specific case definition. Second, we excluded 
diagnoses obtained prior to 2005 to account for possible dis-
ease latency effects. We conducted a third analysis examining 
only RA, the most frequently reported autoimmune disease in 
this population, as the outcome measure. Finally, we stratified 
the main analytic exposure models by PTSD status at wave 1. 
All analyses were performed using SAS Enterprise Guide 7.13.
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RESULTS

We identified 118 persons with post- 9/11 systemic auto-
immune disease in our population, of whom 62 were responders 
and 56 were community members. Sixty- six cases met disease 

 classification criteria, 43 only met the case criterion of having been 
diagnosed by a board- certified rheumatologist, and 9 only met the 
criterion of having been prescribed medication for an autoimmune 
disease. The most commonly reported diagnosis was RA (n = 71), 
followed by SS (n = 22), SLE (n = 20), PM/DM (n = 9), MCTD (n = 7),  
and scleroderma (n = 4) (Table  1). Twelve percent of cases had 
>1 post- 9/11 systemic autoimmune disease. Of enrollees who 
screened positive on the CSQ, 20% were subsequently verified as 
having an autoimmune disease, compared with only 4% among 
those who did not screen positive (P < 0.0001).

In both the responder group and the community member 
group, those who developed autoimmune disease included a 
higher percentage of females (48% of responders who developed 
autoimmune disease were female versus 21% of responders who 
did not, and 86% of community members who developed auto-
immune disease were female versus 53% of community members 
who did not; P < 0.0001) and were on average slightly older (age 
55 years versus 51 years and age 54 years versus 51 years; each 
P < 0.05) (Table 2). A higher proportion of community members 
with systemic autoimmune disease had PTSD than those in the 

Table 1. Specific systemic autoimmune disease diagnoses among 
World Trade Center Health Registry enrollees (n = 118)*
RA 71
SS 22
SLE 20
Myositis (PM or DM) 9
MCTD† 7
Scleroderma 4

* Total number of enrollees with a systemic autoimmune disease will 
be >118, due to individuals with >1 systemic autoimmune disease 
diagnosis: rheumatoid arthritis (RA) and Sjögren’s syndrome (SS) (n = 
4); systemic lupus erythematosus (SLE) and mixed connective tissue 
disease (MCTD) (n = 3); RA and MCTD (n = 2); RA and SLE (n = 2); SLE 
and SS (n = 1); RA and myositis (n = 1); RA and myositis, and MCTD  
(n = 1). PM = polymyositis; DM = dermatomyositis. 
† Diagnoses for 6 persons with MCTD, all of whom also had another 
systemic autoimmune disease, were made based on the opinion 
of the treating physician, though independent confirmation of 
classification criteria could not be made. 

Table  2. Characteristics of the WTC Health Registry study population stratified by systemic autoimmune disease case 
status*

Responders Community members

Comparison 
group 

(n = 17,284)

Systemic 
autoimmune  
disease cases 

(n = 62)

Comparison 
group 

(n = 19,733)

Systemic  
autoimmune  
disease cases 

(n = 56)
Sex

Female 3,676 (21.3) 30 (48.4)† 10,384 (52.6) 48 (85.7)†
Male 13,608 (78.7) 32 (51.6)† 9,349 (47.4) 8 (14.3)†

Age at wave 3, mean ± SD years 51.3 ± 10.3 55.1 ± 9.5† 51.1 ± 12.6 53.8 ± 10.1†
Race/ethnicity

Non-Latino white 13,338 (77.2) 45 (72.6) 12,899 (65.4) 32 (57.1)
Non-Latino African American‡ 1,133 (6.6) – 2,410 (12.2) 11 (19.6)
Latino‡ 1,896 (11.0) 8 (12.9) 2,134 (10.8) –
Asian or other‡ 917 (5.3) – 2,290 (11.6) –

Educational attainment
High school or less 4,391 (25.6) 21 (33.9) 3,348 (17.1) 13 (23.6)
Some college 5,391 (31.4) 22 (35.5) 3,631 (18.6) 13 (23.6)
College graduate and higher 7,395 (43.1) 19 (30.7) 12,592 (64.3) 29 (52.7)

PTSD
Yes 1,885 (11.0) 11 (17.7) 2,940 (15.3) 22 (40.0)†
No 15,299 (89.0) 51 (82.3) 16,268 (84.7) 33 (60.0)†

Smoking history
Ever 7,332 (42.7) 28 (45.2) 8,006 (41.0) 29 (52.7)
Never 9,861 (57.4) 34 (54.8) 11,535 (59.0) 26 (47.3)

9/11- related exposures
Dust intensity

Intense 3,208 (19.6) 15 (26.3) 5,991 (33.9) 23 (43.4)
None/some 13,154 (80.4) 42 (73.7) 11,691 (66.1) 30 (56.6)

Dust composite score
High 4,204 (25.1) 15 (24.6) 1,916 (9.8) 6 (10.7)
Low 12,539 (74.9) 46 (75.4) 17,683 (90.2) 50 (89.3)

Worked at WTC site, median (IQR) months 0.6 (0.2–1.7) 0.8 (0.2–1.8) – –
* Except where indicated otherwise, values are the number (%). PTSD = posttraumatic stress disorder; WTC = World Trade 
Center; IQR = interquartile range. 
† P < 0.05 versus comparison group. 
‡ Data were missing for some subjects/parameters. Values shown are based on the totals with data available. 
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comparison group (40% versus 15%; P < 0.0001). There were no 
significant differences in race/ethnicity, 9/11- related exposures, or 
smoking history at the bivariate level.

Our multivariable models revealed that women had a 3–5 
times greater risk of systemic autoimmune disease compared with 
men (Tables 3 and 4). This result was consistent and significant in 
all models for both responders and community members. Older 
age, included as a continuous variable, was significant among 
responders. The adjusted risk ratios (RRs) for Non-Latino African 
American enrollees and Latino enrollees were consis tently elevated 
compared with Non-Latino white enrollees, and the adjusted RRs 
for Asians and persons of other race/ethnicities were consistently 
lower compared with Non-Latino white enrollees, though none 
of the differences reached statistical significance. Lower levels of 
educational attainment were associated with an increased risk of 
systemic autoimmune disease only among responders. Commu-
nity members with a history of smoking had an elevated, though 
nonsignificant, risk of systemic autoimmune disease.

Among responders, those who experienced intense dust 
cloud exposure were at increased risk of systemic autoimmune 
disease (adjusted RR 1.86 [95% CI 1.02–3.40]). Though the 
adjusted RRs for dust composite score, PTSD, and for each 
month worked at the WTC site were elevated, none were statisti-
cally significant (Table 3).

Among community members, neither dust cloud intensity nor 
dust composite score was significantly associated with systemic 
autoimmune disease (Table 4). However, PTSD was associated 
with a nearly 3- fold increased risk of systemic autoimmune dis-
ease (adjusted RR 2.80 [95% CI 1.60–4.90]).

The results of our sensitivity analyses showed that, when 
cases were limited to those who met classification criteria (35 
responders and 31 community members), there were associa-
tions, though not significant, between 9/11 exposures and sys-
temic autoimmune disease among responders. Intense dust cloud 
exposure and PTSD were both associated with a statistically sig-
nificant increased risk (>2- fold) for systemic autoimmune disease 
among community members. When our analysis was restricted 
to cases diagnosed in 2005 or later, the initial analysis was 
unchanged, though the magnitude of the association between 
PTSD and systemic autoimmune disease among community  
members increased (Table 5).

The results of our analysis examining only RA as an outcome 
among responders were similar in magnitude to the findings in our 
analysis of those with the combined outcome, though the asso-
ciation with dust intensity lost significance. Among community 
members, neither dust exposure variable was significant. How-
ever, we observed an elevated association between PTSD and RA 
(adjusted RR 3.94 [95% CI 1.92–8.07]) (Table 5).

Table 3. Risk of post- 9/11 systemic autoimmune disease among responders enrolled in the WTC Health Registry*

Model 1 Model 2 Model 3 Model 4
adjusted RR (95% CI) adjusted RR (95% CI) adjusted RR (95% CI) adjusted RR (95% CI)

9/11- related exposure
Dust intensity – – – –

Intense 1.86 (1.02–3.40)† – – –
None/some Referent – – –

Dust composite score
High – 1.86 (0.98–3.53) – –
Low – Referent – –

Months worked at WTC site (continuous) – – 1.10 (0.97–1.24) –
PTSD

Yes – – – 1.42 (0.72–2.80)
No – – – Referent

Demographics
Age at wave 3 (continuous) 1.03 (1.01–1.06)† 1.04 (1.01–1.06)† 1.04 (1.01–1.06)† 1.03 (1.01–1.06)†
Sex

Female 3.96 (2.34–6.70)† 4.10 (2.39–7.06)† 3.41 (2.04–5.73)† 3.75 (2.25–6.25)†
Male Referent Referent Referent Referent

Race/ethnicity
Non-Latino white Referent Referent Referent Referent
Non-Latino African American 1.24 (0.49–3.13) 1.70 (0.77–3.79) 1.39 (0.59–3.29) 1.39 (0.62–3.12)
Latino 1.39 (0.65–2.99) 1.37 (0.64–2.93) 1.31 (0.61–2.83) 1.07 (0.49–2.33)
Asian and other 0.70 (0.17–2.91) 0.68 (0.17–2.82) 0.68 (0.17–2.82) 0.70 (0.17–2.90)

Educational attainment
High school or less – – – 2.21 (1.16–4.21)†
Some college – – – 1.91 (1.03–3.56)†
College graduate and higher – – – Referent

Smoking history
Ever 1.01 (0.59–1.70) 1.03 (0.62–1.71) 0.98 (0.59–1.65) 0.98 (0.59–1.63)
Never Referent Referent Referent Referent

* WTC = World Trade Center; RR = risk ratio; 95% CI = 95% confidence interval; PTSD = posttraumatic stress disorder.
† P < 0.05. 
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After stratifying by PTSD status, we observed that among 
responders without PTSD, the association between dust com-
posite score and systemic autoimmune disease became sta-
tistically significant and increased in magnitude (adjusted RR 
2.28 [95% CI 1.13–4.61]) compared with the main results. There 
were associations, though not significant, between intense dust 
exposure and systemic autoimmune disease among responders 
regardless of PTSD status. We also observed effect modifica-
tion between intense dust cloud exposure and PTSD among 
community members, with an elevated and significant adjusted 
RR among those without PTSD and a nonsignificant adjusted 
RR of <1 among those with PTSD. There was a similar pattern 
for the dust composite score, though neither association was 
significant.

DISCUSSION

Intense dust cloud exposure and 9/11- related PTSD were 
associated with a greater risk of systemic autoimmune disease 
among Registry enrollees. Among responders, the present anal-
ysis found that intense dust cloud exposure was associated with 
a higher risk of systemic autoimmune disease. Among commu-
nity members, there was a strong association between PTSD and 

new- onset systemic autoimmune disease. The responder group 
and community member group had inherently different demo-
graphic compositions and different types of 9/11 exposures (9). In 
the responder group, 79% were male, and only 47% were male in 
the community member group. Since autoimmune diseases are 
generally more prevalent among women (37–39), it is important to 
identify an elevated risk of autoimmune diseases among mostly 
male responders.

Our results are similar to 2 FDNY studies of predominantly 
male firefighters, which showed that increased duration (number 
of months) and levels of WTC rescue and recovery work were 
linked to increased odds and incidence of systemic autoimmune 
disease, respectively (22,23). FDNY researchers found that each 
additional month worked at the WTC site yielded a 13% increase 
in the odds of developing a systemic autoimmune disease (23). 
In our analysis of responders, there was a 10% increased risk 
of systemic autoimmune disease for each month worked at the 
WTC site, though this result was not significant. All those who 
responded to the 9/11 attack were involved in rescue, recovery, 
and/or clean- up work. Some responders arrived at the site on 9/11 
and may have been caught in the cloud of dust and debris, while 
others arrived days or weeks later and may have been exposed to 
resuspended 9/11 dust as they sifted through or moved debris (1). 

Table 4. Risk of post- 9/11 systemic autoimmune disease among community members enrolled in the WTC 
Health Registry*

Model 1 Model 2 Model 3
adjusted RR (95% CI) adjusted RR (95% CI) adjusted RR (95% CI)

9/11- related exposures
Dust intensity – – –

Intense 1.50 (0.87–2.60) – –
None/some Referent – –

Dust composite score
High – 1.06 (0.45–2.48) –
Low – Referent –

PTSD
Yes – – 2.80 (1.60–4.90)†
No – – Referent

Demographics
Age at wave 3 (continuous) 1.02 (1.00–1.04) 1.02 (1.00–1.04) 1.01 (0.99–1.04)
Sex

Female 5.04 (2.35–10.79)† 5.18 (2.43–11.05)† 4.69 (2.20–10.04)†
Male Referent Referent Referent

Race/ethnicity
Non-Latino white Referent Referent Referent
Non-Latino African American 1.18 (0.55–2.50) 1.36 (0.68–2.73) 1.12 (0.55–2.30)
Latino 1.44 (0.66–3.15) 1.52 (0.73–3.19) 1.15 (0.53–2.49)
Asian and other 0.61 (0.19–2.01) 0.57 (0.17–1.87) 0.56 (0.17–1.83)

Educational attainment
High school or less – – 1.23 (0.62–2.45)
Some college – – 1.08 (0.55–2.12)
College graduate and higher – – Referent

Smoking history
Ever 1.47 (0.84–2.56) 1.56 (0.90–2.68) 1.43 (0.83–2.46)
Never Referent Referent Referent

* WTC = World Trade Center; RR = risk ratio; 95% CI = 95% confidence interval; PTSD = posttraumatic stress 
disorder. 
† P < 0.05. 
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Responders were not always able to wear appropriate respiratory 
protection (40), which may have resulted in increased inhalation 
of fine particulate matter, crystalline silica, asbestos, and organic 
hydrocarbon solvents (1,9), all of which have a documented asso-
ciation with autoimmune disease (2–8,10–17).

Our analysis used multiple measures of exposure, and 
mixed results were obtained. Duration of work at the WTC site 
and an exposure index comprising a dust composite score both 
had an elevated association, though not statistically significant, 
with systemic autoimmune disease. However, intense dust cloud 
exposure was significantly associated with new- onset systemic 
autoimmune disease among responders. Those who experi-
enced intense dust cloud exposure were also likely exposed to 
many of the other traumatic events the morning of 9/11, and 
the definition of intense dust cloud exposure relies on subjec-
tive measures that may be associated with trauma or fear (e.g., 
inability to see or hear, needing to take cover). Given the sig-
nificant association between PTSD and systemic autoimmune 
disease identified in this study (possible association between 
9/11 exposures and PTSD, and the strong association between 
dust exposure and systemic autoimmune disease among those 
without PTSD), the potential mediating or modifying role that 
PTSD may have had in the development of autoimmune dis-
eases due to 9/11 exposure cannot be discounted. Prior stud-
ies conducted among US veterans of the wars in Vietnam, Iraq, 

and  Afghanistan have identified  temporal associations between 
PTSD and subsequent autoimmune diseases (19,20), as has 
an analysis conducted among women enrolled in the Nurses’ 
Health Study II (21). Future analyses should examine whether 
PTSD or other mental health conditions play a mediating role in 
the association between 9/11 exposure and subsequent auto-
immune disease.

Autoimmune disorders result from interactions between the 
environment, genetics, and the immune system. Inhalation of dust 
containing crystalline silica, solvents, diesel exhaust, particulate air 
pollution, and cigarette smoke have been hypothesized to induce 
systemic autoimmune diseases via inflammatory pathways, dys-
regulation of the immune response, and increased peptide citrul-
lination (41–46). Environmental risk factors have been associated 
with many epigenetic DNA methylation changes (47). Evidence 
from animal studies and other experimental research suggests 
that reduced methylation is present in immune cell types in per-
sons with SLE and in those with other autoimmune disease, 
including reduced methylation of the X chromosome, resulting in 
overexpression of genes specifically among women and increased 
susceptibility to these diseases (47). Differences in methylation 
patterns have also been associated with disease severity among 
persons with SLE (48).

This study has several limitations. Informed consent for 
medical record release was not obtained from approximately half 

Table 5. Results of sensitivity analyses of risk of systemic autoimmune disease among WTC Health Registry enrollees*

Cases that met 
classification criteria, 
adjusted RR (95% CI)

Cases diagnosed in 
2005 or later,  

adjusted RR (95% CI)

RA only,  
adjusted RR 

(95% CI)

With PTSD, 
adjusted RR  

(95% CI)

Without PTSD, 
adjusted RR 

(95% CI)
Responders
Dust intensity

Intense 1.57 (0.66–3.69) 1.85 (0.99–3.45) 1.84 (0.85–3.99) 1.28 (0.37–4.42) 1.88 (0.94–3.75)
None/some Referent Referent Referent Referent Referent

Dust composite 
score

High 2.03 (0.84- 4.93) 1.82 (0.94- 3.53) 1.81 (0.79- 4.11) 0.60 (0.12- 3.07) 2.28 (1.13- 4.61)†
Low Referent Referent Referent Referent Referent

Months worked 
at WTC site 
(continuous)

1.03 (0.86–1.23) 1.10 (0.98–1.25) 0.99 (0.83–1.18) 0.95 (0.73–1.26) 1.13 (0.99–1.29)

PTSD
Yes 1.84 (0.77–4.38) 1.39 (0.68–2.82) 1.71 (0.76–3.85) – –
No Referent Referent Referent – –

Community members
Dust intensity

Intense 2.12 (1.03–4.35)† 1.45 (0.81–2.61) 1.33 (0.66–2.69) 0.46 (0.18–1.21) 2.40 (1.21–4.75)†
None/some Referent Referent Referent Referent Referent

Dust composite 
score

High 0.96 (0.29–3.17) 1.00 (0.39–2.53) 0.55 (0.13–2.31) 0.46 (0.06–3.43) 1.51 (0.58–3.93)
Low Referent Referent Referent Referent Referent

PTSD
Yes 2.63 (1.24–5.56)† 3.40 (1.90–6.10)† 3.94 (1.92–8.07)† – –
No Referent Referent Referent – –

* All models adjusted for age, sex, race/ethnicity, and smoking history. Models with posttraumatic stress disorder (PTSD) were also adjusted for 
educational attainment. Every 9/11 exposure or characteristic received its own model. WTC = World Trade Center; RR = risk ratio; 95% CI = 95% 
confidence interval; RA = rheumatoid arthritis. 
† P = < 0.05. 
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of respondents who completed the enrollee survey. Enrollees 
who provided informed consent to review their medical records 
were more likely to be male and a 9/11 responder compared 
with those who did not provide consent (see Supplementary 
Table 1,  available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41175/ abstract). 
Given the higher proportion of women who developed auto-
immune disease compared with men, a number of cases may 
have been undetected. Because women in our population were 
less likely to have experienced high levels of 9/11 exposure, 
differential availability of data between men and women may 
have inflated our results. However, after stratifying by sex, the 
association between 9/11 exposures and autoimmune disease 
was qualitatively similar in men and women (data not shown). In 
addition, among responders who were mostly male, there was 
no difference in the proportion exposed to intense dust among 
those who provided informed consent and those who did not. 
This further suggests that selection bias did not greatly impact 
our results. Enrollees who provided informed consent were 
more likely to have screened positive for autoimmune disease 
on the CSQ (73% versus 63%; P < 0.0001) (see Supplementary 
Table 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41175/ abstract). 
However, given that there were no significant differences in 
exposure or PTSD among those who provided informed con-
sent and those who did not, this did not likely bias our results.

Another limitation of the study is that due to the different 
potential 9/11 exposures experienced by responders and com-
munity members, we were unable to compare the dust compos-
ite scores between the 2 groups. Additionally, while the index for 
responders relies on a score that was divided into quartiles, the 
index for community members is based on an ordinal hierarchy of 
what are likely more intense/chronic dust exposures, which in turn 
are based on whether a community member was a resident, area 
worker, passerby, or school student/staff. Therefore, the magni-
tude of differences between categories are qualitative rather than 
quantitative. Additionally, the prior occupational exposure history 
for our responders was not collected, and therefore we were  
un able to control for potential pre- 9/11 exposures to crystalline 
silica or other components. 

Next, due to resource constraints, medical record reviews 
to confirm the absence of autoimmune disease among our con-
trol population were not conducted. However, due to the rarity of 
autoimmune diseases, it is likely that the number of false nega-
tives in our comparison population is small, and any misclassifi-
cation among the comparisons would likely have little effect on 
our  findings.

Finally, our study sample included enrollees who completed 
a wave 3 survey in 2011–2012; therefore, we likely missed 
autoimmune disease cases among enrollees who did not com-
plete the wave 3 survey, whether due to death, illness, or lack of 
participation for other reasons. A smaller proportion of wave 3 

survey participants had PTSD at baseline compared with those 
who did not participate (15% versus 19%; P < 0.0001). How-
ever, it does not appear that persons with PTSD were more 
likely to overreport or underreport a diagnosis compared with 
those without PTSD, as there was no significant difference in 
the likelihood that a self- reported diagnosis would be verified as 
a case based on PTSD status at wave 1 (P = 0.51). Those with 
PTSD also comprised a similar proportion of both self- reported 
cases and verified cases (31% and 28%). A prior evaluation of 
Registry nonresponse bias found that there was no association 
between wave 3 survey participation status and either chronic 
health at wave 1 or having been caught in a dust cloud on 9/11 
(49).

Numerous studies, including this one, have found that auto-
immune diseases are often overreported by study participants. For 
example, the positive predictive value of self- reported RA is low, 
ranging between 21% and 34% (50–52). In 2 large population- 
based studies that investigated risk factors for RA (the Nurse’s 
Health Study and the Iowa Women’s Health Study), only 6–7% of 
self- reported RA diagnoses could be confirmed by medical record 
review (53,54).

To address the issue of overreporting, only study partic-
ipants with autoimmune disease verified by a physician or by 
medical record review were considered. Of the 2,161 enroll-
ees who reported an RA diagnosis after 9/11 on their wave 
3  survey, 71 cases (3%) were confirmed. When limited to 
those who provided permission to have their medical records 
reviewed (n = 558), our validation rate for enrollees with RA rose 
to 13%. The reasons for these low rates may include confusion 
over whether their disease is autoimmune in nature (e.g., mis-
taking osteoarthritis for RA), having autoimmune- like symptoms 
but no physician diagnosis, and lack of access to a rheuma-
tologist. The difficulty in diagnosing an autoimmune disease 
and length of time between symptom onset and diagnosis add 
to this  complexity (55).

In addition to using medically verified diagnoses and 
classification criteria, strengths of this study included a high 
response rate to the enrollee survey and the physician sur-
vey, a relatively large sample size, and prospective design. Our 
study identified similar associations, though not significant, 
between 9/11 exposures and systemic autoimmune disease 
in enrollees who met classification criteria, which strengthens 
our findings and highlights the importance of using rigorous 
diagnostic criteria. The similar findings of our sensitivity anal-
ysis limited to cases diagnosed in 2005 or later also helped 
confirm the main results of this study.

Systemic autoimmune diseases are associated with expo-
sure to 9/11- related dust and debris and PTSD. Given that they are 
difficult to diagnose, it is not surprising that a pattern of increased 
risk by level of 9/11 exposure has only emerged in recent years. It 
also demonstrates the need to monitor the health of populations 
affected by a disaster over the long term.

http://onlinelibrary.wiley.com/doi/10.1002/art.41175/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41175/abstract
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Cell- bound complement activation products are 
superior to serum complement C3 and C4 levels to 
detect complement activation in systemic lupus 
erythematosus: comment on the article by Aringer et al

To the Editor:
The recently published European League Against 

 Rheumatism/American College of Rheumatology criteria for the 
classification of systemic lupus erythematosus (SLE) combine 
clinical criteria with standard laboratory testing (1). One stated 
advantage of these new criteria is that they perform better than 
prior criteria in patients with early- onset SLE. Unfortunately, the 
common “standard”  diagnostic laboratory tests included in these 
criteria—anti- DNA, anti- Sm antibodies, and low serum C3 and C4 
levels—have not changed for decades (2,3). Although complement 
activation is intrinsic to the pathophysiology of SLE, hypocomple-
mentemia is neither a  reliable marker for detecting complement 
activation in SLE nor very  sensitive for the diagnosis of lupus (4).

Complement activation in SLE can be detected more accu-
rately by measuring cell- bound complement activation prod-
ucts (CB- CAPs) than by measuring serum complement levels (4). 
 Furthermore, clinical validation studies and a prospective, ran-
domized clinical utility study have demonstrated that CB- CAPs 
 perform better than serum C3 and C4 levels for the diagnosis of 
early SLE and probable lupus (4–6).

Although classification and diagnostic criteria perform different  
functions, in the absence of diagnostic criteria the classification 
criteria often function as a diagnostic surrogate (7,8). Therefore, 
I believe it is remiss that new classification criteria did not include 
the option of including complement activation measured by 
 CB- CAPs as an alternative to serum hypocomplementemia.

Dr. Weinstein has received consulting fees and/or honoraria from 
Exagen (more than $10,000) and owns stock or stock options in Exagen.

Arthur Weinstein, MD, FACP, FRCP, MACR
Loma Linda University
Loma Linda, CA 

Georgetown University  
Washington, DC 

and Exagen
Vista, CA

 1. Aringer M, Costenbader K, Daikh D, Brinks R, Mosca M,
 Ramsey-Goldman R, et al. 2019 European League Against Rheu-
matism/American College of Rheumatology classification criteria
for systemic lupus erythematosus. Arthritis Rheumatol 2019;71:
1400–12.

DOI 10.1002/art.41226

Reply

To the Editor:
Dr. Weinstein expresses disappointment that the new Euro-

pean League Against Rheumatism (EULAR)/American College of 
Rheumatology (ACR) 2019 classification criteria for SLE do not 
include CB- CAPs.

We find the concept of CB- CAPs interesting in that low com-
plement proteins C3 and C4 can be masked, as they are part 
of the acute- phase response. We also appreciate that the cited 
work had prominent involvement of colleagues who also played 
an active role in the EULAR/ACR SLE classification project (1,2). 
However, we do not share Dr. Weinstein’s disappointment with the 
EULAR/ACR 2019 classification criteria and believe that it is due, 
in part, to misunderstanding of the criteria.

Development of new classification criteria takes several 
years, is unidirectional, and is based on robust evidence. The 
expert Delphi exercise, which supported the primary choice of 
candidate criteria, was completed and presented in abstract form 

 2. Weinstein A, Bordwell B, Stone B, Tibbetts C, Rothfield NF. Antibod-
ies to native DNA and serum complement (C3) levels: application to
diagnosis and classification of systemic lupus erythematosus. Am J
Med 1983;74:206–16.

 3. Tsokos GC. In the beginning was Sm. J Immunol 2006;176:1295–6.

 4. Putterman C, Furie R, Ramsey-Goldman R, Askanase A, Buyon J,
Kalunian K, et al. Cell- bound complement activation products in sys-
temic lupus erythematosus: comparison with anti- double- stranded
DNA and standard complement measurements. Lupus Sci Med
2014;1:e000056.

 5. Wallace DJ, Alexander RV, O’Malley T, Khosroshahi A, Hojjati M,
Loupasakis K, et al. Randomized prospective trial to assess the
clinical utility of multianalyte assay panel with complement acti-
vation products for the diagnosis of SLE. Lupus Sci Med 2019;6:
e000349.

 6. Ramsey-Goldman R, Alexander RV, Massarotti EM, Wallace DJ,
Narain S, Arriens C, et al. Complement activation in patients with
probable systemic lupus erythematosus and ability to predict
progression to American College of Rheumatology–classified
systemic lupus erythematosus. Arthritis Rheumatol 2020;72:
78–88.

 7. Aggarwal R, Ringold S, Khanna D, Neogi T, Johnson SR, Miller A,
et al. Distinctions between diagnostic and classification criteria?
 Arthritis Care Res (Hoboken) 2015;67:891–7.

 8. Bertsias GK, Pamfil C, Fanouriakis A, Boumpas DT. Diagnostic cri-
teria for systemic lupus erythematosus: has the time come? Nat Rev
Rheumatol 2013;9:687–94.
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in 2017 and published in 2018 (3). Therefore, 2 of the 3 CB- CAP 
studies cited by Dr. Weinstein (1,2) could not have been taken into 
consideration.

Complement fragments (elevated EC4d and BC4d levels) 
were considered (3) as were many other more novel laboratory 
parameters, but, as with these other assays, there was insufficient 
consensus in the expert Delphi exercise. Many laboratory param-
eters (including CB- CAPs and type I interferon signature) were not 
selected due to insufficient evidence or unavailability worldwide. 
This problem is not resolved for CB- CAPs, as of today. Inclusion, 
in classification criteria approved by EULAR and ACR, of a test 
that is not broadly available in clinical practice would limit access 
to scientific studies. This precludes inclusion of potentially interest-
ing tests that have not been proven robust in independent patient 
cohorts and hence are not fully established for clinical use in differ-
ent regions of the world.

There is another distinction between diagnosis and clas-
sification that appears relevant regarding CB- CAPs. CB- CAP 
testing was apparently optimized for sensitivity, which at 61% is 
much higher than the sensitivity of low C4 or C3 levels (23%) (1). 
This is important in a diagnostic setting, where it is often relevant 
to exclude an SLE diagnosis. Classification, on the other hand, 
aims to positively define the disease with high specificity. There-
fore, low C3 and C4 complement levels, with a higher specificity 
(98%) compared to CB- CAPs (86%) (1), are advantageous for 
classification. Whether the CB- CAP assay becomes available 
for routine clinical use worldwide and whether its specificity for 
SLE will be proven to be high remain to be seen, and we would 
welcome validated demonstrations of improved laboratory test 
characteristics.

Martin Aringer, MD
University Medical Center  

and Faculty of Medicine Carl Gustav Carus at TU Dresden
Dresden, Germany
Karen H. Costenbader, MD, MPH
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and Harvard Medical School
Boston, MA
Thomas Dörner, MD
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Freie Universität Berlin  
Humboldt-Universität zu Berlin 
and Berlin Institute of Health
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Four cases of lupus psychosis: comment on the article 
by Hanly et al

To the Editor:
We read with great interest the article by Hanly et al  discussing 

lupus psychosis (1). The authors present data from the largest 
prospective inception cohort study to date (Systemic Lupus Inter-
national Collaborating Clinics [SLICC] cohort) that demonstrate 
that psychosis is a relatively rare event, occurring in 1.53% of 
neuropsychiatric systemic lupus erythematosus (SLE) patients. 
Of these patients with lupus psychosis, almost one- fourth of 
 psychotic events occurred a year prior to the diagnosis of lupus, 
and >80% of the psychotic events resolved within 2 years. While 
this might suggest a benign course of psychosis, each episode of 
psychosis is a severe, organ- threatening manifestation of SLE and 
should be treated with immunosuppressants. As emphasized by 
Hanly et al, when evaluating lupus psychosis, relatively common 
causes of psychosis should be excluded; such potential causes 
include: primary psychotic disorder, primary mood disorder with 
psychotic features, substance-induced psychotic disorder, side 
effects of medications (e.g., corticosteroids), and encephalitis (e.g.,  
N-methyl-d-aspartate receptor antibodies).

In Table 1 herein, we present 4 cases of lupus psychosis, 
supplementing a small body of literature describing lupus psycho-
sis as the initial presentation of SLE, sometimes preceding the 
diagnosis of lupus by many years and thereafter responding to 
immunosuppressive treatment. After reviewing all of these pub-
lications, we have observed some common themes, including 
the following: 1) most patients with lupus psychosis are initially 
diagnosed as having major psychiatric disorder (e.g., schizophre-
nia/schizoaffective disorder, bipolar disorder, or major depressive 
disorder); 2) initial diagnosis is often followed by eventual unsuc-
cessful treatment with conventional antipsychotics; 3) the diag-
nosis is confirmed by the finding of lupus- associated antibodies 
(e.g., antinuclear antibodies [ANAs]) on serologic testing, as well 
as abnormal neuroimaging results; and 4) symptoms completely 
or partially respond to steroids and immunosuppressants (2–4). 
This confirms the phenotype described in the SLICC cohort, in 
which the lupus psychosis patients responded well to a combi-
nation of psychotropic and immunosuppressive agents, empha-
sizing the essential role of immunosuppression in the treatment of 
lupus psychosis.
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While serologic testing for ANA positivity is not universally 
used to screen for lupus, an argument could be made for ANA 
screening in the evaluation of atypical psychosis. Van Mierlo et al 
reported a point prevalence of ANA positivity in schizophrenia of 
5.9–48.0% (5). In a study by Mantovani et al (6), 3 of 85 patients 
fulfilling Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition criteria for a first episode of primary psychotic 
disorder were found to be ANA positive; 2 of the 3 were also 
positive for anti–ribosomal P and anticardiolipin antibodies and 
met American College of Rheumatology classification criteria for 
SLE (7).

The cases presented here illustrate that primary psy-
chosis remains a diagnosis of exclusion, and nothing in the 
patient’s previous history should override the clinical suspi-
cion for a possible autoimmune etiology, especially if atypi-
cal psychosis features are present. In patients with atypical 
or treatment- refractory psychosis, imaging studies, broad 
assessment of serologic test results and cerebrospinal fluid 
markers of neuronal autoimmunity, as well as collaboration 
between rheumatologists and psychiatrists are all critical to 
establish a diagnosis of lupus psychosis.
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Sander Markx, MD
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Reply

To the Editor:
We would like to thank Dr. Park and colleagues for their  interest 

in our article and for their description of 4 cases of lupus  psychosis. 
Albeit rare in occurrence, psychosis has been reported as an early 
manifestation of SLE in several studies (1,2). In the SLICC cohort, 
the earliest psychotic episode occurred 2 months prior to the diag-
nosis of SLE, so it is incorrect that “almost one- fourth of psychotic 
events occurred a year prior to the diagnosis of lupus.” Prompt 
recognition of SLE close to the onset of psychosis and the exclu-
sion of other potential causes supports a causal link and a rationale 
for the introduction of  antiinflammatory/immunosuppressive ther-
apies with concurrent antipsychotic drugs. Although speculative, 
we suggest that this was a factor in the observation that >80% of 
the psychotic events had resolved by the second annual assess-
ment following onset of psychosis, parallel with an improvement 
in patient- reported health- related quality of life. In contrast, as  
illustrated by Park and colleagues, antipsychotic drugs alone were 
insufficient to restore the patient to full mental health, and a delay in 
diagnosis may limit the patient’s response to lupus therapies.

To our knowledge, screening for systemic autoimmunity is 
not universally performed by psychiatrists in the initial assess-
ment of patients presenting with new- onset psychosis. The data 
presented by Park and colleagues support such an approach, 
at least in patients with atypical psychosis and in those whose 
disease is refractory to standard antipsychotic drugs. Laboratory 
screening for ANA is a reasonable and low- cost approach, and a 
positive result should be followed by a rheumatologic assessment 
to confirm or rule out a diagnosis of SLE. Although the experi-
enced clinician holds the key role in the diagnosis of neuropsychi-
atric SLE (NPSLE), advances in neuroimaging, autoantibodies, 
and insight into pathogenic mechanisms (3,4) hold promise for 
improved diagnoses and treatments. As suggested by Lockshin 
(5), state- of- the- art research models may advance the funda-
mental understanding of neuropsychiatric lupus, whether it pres-
ents as psychosis or other manifestations of NPSLE.
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Clinical Images: Facial papular lesions in granulomatosis with polyangiitis

The patient was a 39- year- old woman with a 5- year history of limited pulmonary granulomatosis with polyangiitis (GPA). She was treated with 
methotrexate (15 mg/week subcutaneously), oral glucocorticoids (0.5 mg/kg/day), and trimethoprim/sulfamethoxazole (160–800 mg/day), 
with good clinical response. However, after 3 years of receiving the same treatment, she presented with mild anemia (hemoglobin 11.4 gm/dl), 
elevated serum C- reactive protein level (62 mg/liter [normal <5]), moderate proteinuria (500 mg/24 hours), and high proteinase 3–antineutrophil  
cytoplasmic antibody (PR3- ANCA) titers. Renal biopsy revealed no abnormalities. High- resolution computed tomography of the 
chest showed enlargement of the preexisting lung nodules and ground- glass opacities bilaterally. Methotrexate was discontinued; a 4- week 
course of weekly rituximab (375 mg/m2 body surface) was initiated and repeated after 6 months. Four months after the second rituximab 
cycle, the patient presented with a dry cough and red, brown, and black papular lesions on the chin and right cheek (A). Titers of cyto-
plasmic ANCA and PR3- ANCA were high, and lung nodules had recavitated and increased in size. Biopsy of the chin lesions (B) showed 
granulomatous dermal inflammation with multinuclear histiocytic giant cells (arrows) without vasculitis, and extravasated red blood cells 
(arrowheads) (hematoxylin and eosin stained; original magnification × 100). Oral cyclophosphamide was initiated. Three months later, the 
papular lesions had subsided substantially. In immunocompromised individuals presenting with granulomatous cutaneous lesions, mycobac-
terial or fungal infections should be ruled out. Other conditions seldomly coexisting with GPA, e.g., erythema elevatum diutinum (EED) (1),  
granuloma annularis (2), and Sweet syndrome (3), should be considered in the differential diagnosis. In EED, papules appear on extensor sur-
faces, and leukocytoclastic vasculitis is the key diagnostic histologic feature. Granuloma annularis papules appear above/near distal extremity 
joints and not on the face; histologic analysis reveals collagen fiber degeneration, dermal mucin deposition, and palisaded granulomatous 
inflammation. Sweet syndrome has been described in only a few patients with GPA; histologic analysis demonstrates neutrophilic dermatosis. 
GPA causes a wide range of skin lesions in 15–50% of patients. Palpable purpura, due to leukocytoclastic vasculitis, is the most common. 
Cutaneous manifestations in GPA usually parallel disease activity in other organs and are frequently suggestive of active systemic disease.
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