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

Immune Checkpoint Inhibitor Treatment in Patients With 
Cancer and Preexisting Autoimmune Disease
In this issue, Tison et al (p. 2100) report that 
in patients with cancer and preexisting auto-
immune disease who are treated with immune 
checkpoint inhibitors (ICIs) as cancer therapy, 

flares of immune-related 
adverse effects (IRAEs) 
occur frequently but are 

mostly manageable without discontinuation 
of the ICIs. The authors also demonstrated 
that immunosuppressive (IS) therapy at base-
line was associated with poorer outcomes in 
these patients. This nationwide, multicenter 
cohort is the largest study published to date 
to describe safety and efficacy outcomes of 
ICI treatment in patients (n = 112) with the 
following preexisting autoimmune diseases: 
psoriasis (n = 31), rheumatoid arthritis (n = 
20), and inflammatory bowel disease (n = 
14), as well as other less common autoim-
mune diseases. Patients were followed up for 
a median of 8 months. 

Twenty-four (22%) of the patients in the 
study were receiving IS therapy at ICI initia-
tion. During the study, autoimmune disease 
flares and/or other IRAE(s) occurred in 79 
patients (71%), with 47% experiencing a 

flare of preexisting autoimmune disease and 
42% experiencing other IRAE(s). Many of 
the patients (43%) required IS therapy over 
the course of the study, and 21% of patients 
required a permanent discontinuation of 
ICIs. The mean progression-free survival 
time was shorter in patients receiving IS 
therapy at ICI initiation (3.8 months versus 

12 months), which was confirmed by multi-
variable analysis. Moreover, the median 
progression-free survival time was shorter 
in patients who experienced a flare of preex-
isting autoimmune disease or other IRAE, 
with a trend toward better survival in the 
subgroup without immunosuppressant use 
or discontinuation.

In this issue, Volkmann et al (p. 2059) report the results of their study  
of patients with systemic sclerosis (SSc)–related interstitial lung disease 
(ILD). Theirs is the first study to evaluate the relationship between plasma 

levels of the pneumoproteins (which are primarily 
produced in the lungs) Krebs von den Lungen 6 
(KL-6) and CCL18 and progression of ILD in the 

context of a relatively large randomized controlled trial for SSc-related ILD. 
Levels of KL-6 and CCL18 correlated with ILD severity, as determined by 
the extent of radiographic fibrosis, and declined with immunosuppression. 
Moreover, patients with higher baseline KL-6 and CCL18 levels were 
more likely to experience disease progression despite treatment. 

The investigators showed that both KL-6 and CCL18 levels declined 
significantly at 1 year following treatment. When they compared patients 
treated with cyclophosphamide to patients treated with mycophenolate 
mofetil, they found in both treatment arms that a higher baseline KL-6 
level predicted progression of ILD based on the course of forced vital 
capacity (FVC) and diffusing capacity for carbon monoxide (DLco) over 
1 year.  A higher baseline CCL18 level predicted progression of ILD 
based on the course of FVC and DLco over 1 year, as well as mortality. 
The results suggest that KL-6 and CCL18 levels could be used to 
identify patients with a progressive ILD phenotype who may benefit 
from a more aggressive initial treatment approach.

Pneumoproteins Predict Progression of Interstitial 
Lung Disease in Systemic Sclerosis

p.   2100

p.   2059

Figure 1. Progression-free survival (PFS) (A) and overall survival (OS) (B) for patients not receiving 
baseline IS therapy at initiation of ICI treatment (solid line) and patients receiving ongoing IS therapy 
at initiation of ICI treatment (dashed line).



Patients with uveitis, as well as Behçet’s disease (BD)–related uveitis, 
have high levels of tumor necrosis factor (TNF) in their serum and 
aqueous humor.  In this issue,  Atienza-Mateo et al (p. 2081) report that 
although the anti-TNF agents infliximab (IFX) and adalimumab (ADA) 

are efficacious in the treatment of refractory 
BD-related uveitis, after 1 year of follow-up ADA 
appears to be associated with better outcomes 

than IFX.  The multicenter study had 177 cases (316 affected eyes) 
of refractory BD-related uveitis treated with IFX (n = 103) or ADA  
(n = 74) as first-line biologic therapy.  There were no significant 
baseline differences between treatment groups in main demographic 
features, previous therapy,  or ocular symptom severity.

After 1 year of therapy, the investigators observed an 
improvement in all ocular parameters in both treatment groups. 
The patients receiving ADA, however, had significantly better 
outcomes in improvement of anterior chamber inflammation 

and best-corrected visual acuity (BCVA). The drug retention rate 
was also higher in the ADA group. The researchers documented 
a nonsignificant difference in macular thickness between the 2 
groups, and they report that the improvement in retinal vasculitis 
was similar between the groups.

Effectiveness of Infliximab Versus  
Adalimumab for Behçet’s  
Disease–Related Uveitis

p.   2081

Toward a Better Understanding of Damage to the 
Sacroiliac Joint
This issue contains 2 articles on sacroiliac 
(SI) joints and bone marrow edema (BME), 
an imaging marker of inflammation that is 
increasingly used to guide diagnosis and 

treatment in patients 
with low back pain 
(LBP) with suspected 

spondyloarthritis (SpA). In one article, 
Seven et al (p. 2034) report the results of 
their prospective study of 204 participants, 
in which they investigate magnetic reso-
nance imaging (MRI) findings of SI joint 
lesions to determine whether the identifi-
cation of different types of SI joint lesions 
would allow for the differentiation of 
patients with axial SpA from subjects with 
or without buttock/low back pain. 

The investigators report that MRI 
imaging detected SI joint ankylosis and 
backfill (a specific sign of axial SpA seen 
on MRI) only in patients with axial SpA. In 
contrast, while BME and fat lesions were 
seen in all non–axial SpA control groups, 
they were most pronounced in patients with 
axial SpA and women with postpartum 

buttock/pelvic pain. SI joint erosion was 
present only in patients with axial SpA 
and in women with postpartum buttock/
pelvic pain, and erosion at a Spondylo-
arthritis Research Consortium of Canada 
(SPARCC) score threshold of ≥5 was 
present only in patients with axial SpA and 
in women with postpartum buttock/pelvic 
pain. Fat lesions, however, were present, 
albeit rarely, at high SPARCC cutoff scores 
in nearly all groups. Of the 38 women from 
the control groups who had given birth, 5% 
had BME, whereas none had SI joint erosion 
or fat lesions, and none had a BME score of 
≥4. Thus, erosion above a certain SPARCC 
score threshold, as well as backfill and anky-
losis, were highly specific for axial SpA.

In another article, Arnbak et al (p. 2027)  
report that while extensive SI joint BME 
was a strong independent predictor of 
development of structural lesions, limited 

and intermediate BME 
were mostly tran-
sient and only rarely 

evolved into extensive BME or structural 

lesions. The investigators report that 41% 
of participants ages 18–40 years who were 
referred with LBP to an outpatient spine 
clinic had SI joint BME at baseline or at 4 
years, but only 16% had SI joint BME that 
was persistent at both time points. Finally, 
they found that extensive BME at base-
line was a strong independent predictor 
of structural lesions showing odds ratios 
(ORs) of 46 for the development of new 
erosion at follow-up. By contrast, limited 
and intermediate baseline BME predicted 
the development of erosions with ORs of 3 
and 5 (all as compared to absent BME). In 
the case of fat lesions, the ORs were 3, 7, and 
33, respectively. In regions with limited and 
intermediate BME at baseline, 60% and 50% 
had resolved by follow-up, respectively. 
In contrast, only 2% and 7% had evolved 
into extensive BME by follow-up. These 
findings enhance the understanding of the 
natural development of SI joint lesions and 
indicate different progression patterns for 
limited/intermediate versus extensive BME, 
possibly due to different etiologies.

p.   2034

Figure 1. BCVA at the indicated time points in the patients with BD–related 
uveitis treated with IFX and those treated with ADA. Values are the mean. 

p.   2027



Clinical Connections
Contribution of Inflammation and Bone 
Destruction to Pain in Arthritis:  A Study in Murine 
Glucose-6-Phosphate Isomerase–Induced Arthritis
Ebbinghaus et al, Arthritis Rheumatol 2019;71:2016–2026

CORRESPONDENCE 
Hans-Georg Schaible, MD:  Hans-Georg.Schaible@med.uni-jena.de

KEY POINTS  

•  Inflammation mainly determines mechanical hyperalgesia, whereas aggravation of arthritis with severe bone destruction mainly 
prolongs thermal hyperalgesia.  

•  Reduction of bone destruction by treatment with ZA reduces thermal hyperalgesia but does not attenuate inflammation and 
mechanical hyperalgesia.  

•  Pain-related behaviors precede and outlast arthritis and reflect disease processes in the joint as well as neuronal challenge.

SUMMARY  
Rheumatoid arthritis is characterized by both inflammation and 
bone destruction. How do these processes contribute to pain? In 
their study, Ebbinghaus et al investigated pain-related behaviors in an 
experimental arthritis model that can be switched from self-limiting 
arthritis to nonremitting arthritis with pronounced inflammation and 
bone destruction by depletion of  Treg cells. Guarding behavior during 
walking was stronger in nonremitting arthritis but persisted also in self-
limiting arthritis. Mechanical and thermal hyperalgesia (elicitation of 
pain reaction by induced mechanical or thermal stimuli) at the inflamed 
hindpaws began shortly before signs of inflammation became visible. 
Thermal hyperalgesia, but not mechanical hyperalgesia, was transient 
in self-limiting arthritis and was prolonged in nonremitting arthritis. 
Treatment with zoledronic acid (ZA) reduced bone resorption but not 
inflammation, and it attenuated guarding and thermal hyperalgesia but 
not mechanical hyperalgesia. In addition, in both self-limiting arthritis 
and nonremitting arthritis sensory neurons showed an upregulation 
of activating transcription factor 3, a marker of neuronal regeneration. 
Prospectively, a precise analysis of the pain phenotype may influence 
treatment strategies in individual patients. 
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Clinical Connections

SUMMARY  
In systemic sclerosis (SSc), enhanced and uncontrolled production of extracellular matrix (ECM), fibroblast-to-
myofibroblast differentiation, and secretion of profibrotic factors lead to fibrosis in skin and internal organs. Skin 
fibrosis is the main hallmark of SSc. Continuous profibrotic signalling and external stress factors may result in an 
accumulation of apoptosis-resistant myofibroblasts,  which are pathologic cells responsible for overproduction of 
ECM and skin fibrosis. MicroRNAs (miRs) are small noncoding RNAs (19–22 nt) that repress expression of their 
target genes and can regulate a variety of biologic processes, including cell apoptosis and proliferation. In their 
study, Kozlova et al demonstrated that MiR-125b down-regulation in dermal fibroblasts increases cell apoptosis 
and decreases cell proliferation, indicating a compensatory, antifibrotic mechanism.  Therefore, the reduction of 
miR-125b could be potentially used as a therapeutic strategy to prevent fibroblast-to-myofibroblast differentiation 
and to overcome the resistance towards apoptosis of activated fibroblasts. 

Regulation of Fibroblast Apoptosis and 
Proliferation by MicroRNA-125b in  
Systemic Sclerosis
Kozlova et al, Arthritis Rheumatol 2019;71:2068–2080

CORRESPONDENCE 
Oliver Distler, MD: Oliver.Distler@usz.ch

KEY POINTS  

•  MiR-125b is down-regulated in 
the skin in both the dermis and 
epidermis and in primary dermal 
fibroblasts from SSc patients in 
comparison with skin and cells 
from healthy controls.

•  MiR-125b is not regulated by any 
of the main cytokines active in 
SSc but is regulated by epigenetic 
factors such as histone 
deacetylases. 

•  MiR-125b down-regulation 
does not affect the expression 
of collagens but decreases the 
expression of the myofibroblast 
marker α-smooth muscle actin.

•  MiR-125b regulates the 
expression of the proapoptotic 
molecules BAK1, BMF, and BBC3. 

1
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S P E C I A L  A R T I C L E

Winners of the 2018 and 2019 American College of 
Rheumatology Annual Image Competition
American College of Rheumatology Image Library Subcommittee

The mission of the American College of Rheumatology Image 
Library Subcommittee is to provide ACR members, as well as 
the entire medical community, access to a wide variety of clinical 
images to help educators effectively present the manifestations of 
the rheumatologic diseases. Additionally, our images have been 
widely used in peer- reviewed publications and textbooks. Since 
its inception, the ACR Image Library has become the preeminent 
collection devoted to the rheumatologic diseases. The collection 
is a dynamic one, changing yearly because of submissions from 
the medical community. The Image Library Subcommittee meets 
annually to review these new images and awards prizes based on 
the panel’s consensus. Many nonwinners are also introduced into 
the image library, greatly enhancing the collection. For the 2018 
and 2019 competitions, more than 100 entries were received. The 
subcommittee carefully evaluates each entry. Winners, as well as 
additional images selected for inclusion, are chosen based on 
image quality and educational value.

The 2018 grand prize winner (Figure 1) was a series of still 
images showing thoracic IgG4- related aortitis in the chest. The 
2019 grand prize winner (Figure 2) (titled Not Just a Disease of 
Ancient “C-farers”: A Case of Scurvy Presenting as Knee Pain and 
Refusal to Walk in a Developmentally Normal Toddler) was a com-
posite of frontal radiographic and magnetic resonance images 
depicting osteopenia in a child with vitamin C deficiency. The 
winning images of the 2018 and 2019 competitions, as well as 
several additional outstanding images that were submitted, have 
been added to the ACR Rheumatology Image Library.

The Rheumatology Image Library provides the medical com-
munity with 24/7 online access to the world’s foremost collection 
of rheumatology images. This collection features contributions 
from all over the world and is an invaluable resource for countless 

Members of the Image Library Subcommittee of the American College 
of Rheumatology Committee on Education: Christopher E. Collins, MD, 
Washington, DC (Chair); Senada Arabelovic, DO, Boston, Massachusetts; 
Sharon Banks, DO, Hershey, Pennsylvania; Elana Bernstein, MD, New York, 
New York; Abhishek Nandan, MD, Richmond, Virginia; Rochella Ostrowski, MD, 
MS, Maywood, Illinois; Lesley Saketkoo, MD, MPH, New Orleans, Louisiana; 
Virginia Steen, MD: Washington, DC; Michael Jennings, RT, CBDT, New Lebanon, 
New York (Association of Rheumatology Professionals representative).

Submitted for publication August 19, 2019; accepted August 19, 2019.

Figure  1. Thoracic IgG4 aortitis: chest. The patient, a 58- year- old 
woman with a medical history significant for morbid obesity, coronary 
artery disease, and diabetes mellitus, presented with severe substernal 
chest pain radiating to the left arm, neck, and back. Contrast- enhanced 
computed tomographic angiography (A) and positron emission 
tomography–computed tomography (B) of the chest demonstrated 
thickening of the wall of the aortic arch (arrows) along with marked 
fluoro- 2- deoxy- d- glucose avidity of the aorta (circle) consistent with 
aortitis. Biopsy from surgical repair of the aorta revealed IgG4- related 
aortitis. IgG4 staining (C) showed an increased number of IgG4- positive 
plasma cells. The patient was treated with high- dose steroids followed by 
rituximab infusion. Submitted by Manjinder Kaur, DO, Sacramento, CA.
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physicians, researchers, journalists, and other health care profes-
sionals. Since its launch in 2009, the Rheumatology Image Library 
has received more than 2.5 million unique visitors worldwide. To 
view the winning images and many others, visit the Rheumatology 
Image Library at http://images.rheum atolo gy.org.

The ACR encourages the continued submission of high- 
quality images to its Annual Image Competition. If you have high- 
quality images that illustrate rheumatic conditions or are relevant 
to the practice of rheumatology, please submit them to the 2020 
Image Competition. Visit https ://www.rheum atolo gy.org/Annu-
al-Meeti ng/Progr am/Image-Compe tition for competition rules 
and entry/deadline dates. If you have any questions regarding the 
image competition, please contact education@rheumatology.org.

Figure 2. Diffuse osteopenia of the knee in a child. The patient, a 
developmentally normal 3-year-old girl, presented with knee pain and 
refusal to walk. Frontal radiography of the left knee (A) demonstrated 
diffuse osteopenia. Slightly dense metaphyseal lines, reflecting a 
thickened zone of provisional calcification (“white line of Frankel”), 
were seen, while the adjacent metaphyseal bone showed a sparsity 
of trabeculae known as the scurvy zone (or “Trümmerfeld zone”). 
Magnetic resonance imaging of the legs (coronal STIR image) (B) 
showed bilateral, fairly symmetric bone marrow edema confined to 
the metaphyses, most pronounced at the distal femora and proximal 
tibiae, with subtle surrounding periostitis. Lesser signal abnormality 
was evident at the proximal femoral and right distal tibial metaphyses 
bilaterally. Vitamin C deficiency was diagnosed. Submitted by Tara 
McGrath, MD, Vancouver, British Columbia, Canada.

http://images.rheumatology.org
https://www.rheumatology.org/Annual-Meeting/Program/Image-Competition
https://www.rheumatology.org/Annual-Meeting/Program/Image-Competition
mailto:education@rheumatology.org
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Toward Accelerated Authorization and Access to New 
Medicines for Juvenile Idiopathic Arthritis
Laura E. Schanberg,1 Athimalaipet V. Ramanan,2 Fabrizio De Benedetti,3 Timothy Beukelman,4 Guy S. Eakin,5 
Vincent Del Gaizo,6 Sarah Ringold,7 Richard Vesely,8 Suzanne Schrandt,5 Thomas Jaki,9 Androniki Bili,10  
James B. Chung,11 Stephanie De Bono,12 Wendy Douglass,13 Jeffrey V. Enejosa,14 Keith S. Kanik,15 Karin Knobe,16 
Rebecca Kunder,17 Juliana C. Leite-Schnell,14 Ricardo Maisse Suehiro,18 Robert L. Wong,19 Kelly L. Mieszkalski,6 
Laura C. Marrow,5 Kristin Siebenaler,20 Elizabeth Fraulo,1 and Yukiko Kimura21

A meeting was organized to bring together multiple stakeholders involved in the testing and authorization of new 
medications for juvenile idiopathic arthritis (JIA) to discuss current issues surrounding clinical trials and access to 
new medications for children and adolescents with JIA. The Childhood Arthritis and Rheumatology Research Alliance 
invited representatives of regulatory agencies (Food and Drug Administration and European Medicines Agency), and 
major pharmaceutical companies with JIA- approved products or products in development, patient and parent repre-
sentatives, representatives of an advocacy organization (Arthritis Foundation), and pediatric rheumatology clinicians/
investigators to a 1- day meeting in April 2018. The participants engaged in discussion regarding issues in clinical 
trials. As the pharmacologic options to treat inflammatory arthritis rapidly expand, registration trial designs to test 
medications in JIA patients must adapt. Many methodologies successfully used in the recent past are no longer feasi-
ble. The pool of patients meeting entry criteria who are willing to participate is shrinking while the number of medica-
tions to be tested is growing. Suggested solutions included proposing innovative clinical trial methods to regulatory 
agencies, as well as open discussions among stakeholders. Ensuring that new medications are authorized in a timely 
manner to meet the needs of JIA patients worldwide is critical. Approaches should include open dialog between reg-
ulatory agencies, pharmaceutical companies, and other stakeholders to develop and implement novel study designs, 
including patient and clinician perspectives to define meaningful trial outcomes, and changing existing study plans.

The views expressed in this article are the personal views of the 
authors and may not be understood or quoted as being made on behalf 
of or reflecting the position of the agencies or organizations with which the 
authors are affiliated.

The Childhood Arthritis and Rheumatology Research Alliance (CARRA) is 
a North American research organization incorporated in the US as a 501c3 
nonprofit. It receives funding from multiple sources, primarily the Arthritis 
Foundation, as well as research support from the NIH and the Patient-
Centered Outcomes Research Institute, as well as advocacy organizations 
and industry. The CARRA Registry is sponsored by CARRA and receives 
support from Novartis and Roche for the pharmacosurveillance program.
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Introduction

The impact of new biologic and small molecule therapeutics 
on inflammatory arthritis in the last 2 decades is remarkable and 
continuing to grow. The legislative agendas set by the US Govern-
ment with Pediatric Study Plans (PSPs) (1) and by the European 
Commission and Parliament with Paediatric Investigation Plans 
(PIPs) ensure that drug development includes pediatric trials (2). 
Pediatric trials of new drugs, primarily led by the Pediatric Rheu-
matology Collaborative Study Group and the Pediatric Rheumatol-
ogy International Trials Organization, have caused a sea change, 
leading to marked improvement in the outcomes and quality of life 
of children and adolescents with juvenile idiopathic arthritis (JIA). 
Pharmaceutical companies continue to develop additional drugs 
in both established and new drug classes. To continue the expo-
nential trajectory of treatment advances, innovative approaches to 
testing and authorizing medicines are sorely needed, as current 
approaches do not meet the needs of stakeholders, including 
patients, regulators, clinicians, investigators, and industry. Efforts to 
define patient- centered outcomes consistently emphasize unmet 
needs in the patient community (3). In April 2018 in Denver, CO, 
a stakeholder meeting of clinicians, researchers, patients/parents, 
and representatives of the Arthritis Foundation, industry, and regu-
latory agencies (Food and Drug Administration [FDA] and European 
Medicines Agency [EMA]) was held to discuss current challenges 
and potential solutions. Topics discussed included novel study 
designs for authorization, increasing and diversifying patients avail-
able for clinical trial participation, and improving communication 
and collaboration between regulators and other stakeholders. In 
this report, we outline the key issues raised at the meeting and 
possible approaches to push the field forward.

There are now highly effective biologic therapeutics 
approved by the FDA and EMA for the treatment of JIA, includ-
ing etanercept, adalimumab, abatacept, tocilizumab, and 
canakinumab (in the European Union, also golimumab and 

anakinra). In this environment, it is crucial to rethink how clin-
ical trials are performed and what data are required for prod-
uct registration, depending on whether a new drug class, new 
preparation of a registered drug, or new molecule in a well- 
studied drug class is involved. Adding to the growing com-
plexity of registering additional products is the limited pool  
of children available to participate in trials, considering that  
~40–60% of children with JIA (depending on subtype) have 
clinically inactive disease while receiving medication(s) at 1-  or 
2- year follow- up, making them ineligible for a clinical trial (Child-
hood Arthritis and Rheumatology Research Alliance [CARRA] 
Registry: unpublished data). Similar results have been found in 
other longitudinal observational registries in other countries (38% 
had clinically inactive disease at 1 year in the UK and 45% had 
clinically inactive disease at 1 year in Canada) (4,5).

The multiple current PIPs/PSPs agreed upon for testing 
in enthesitis- related arthritis require more than the number of 
eligible patients in Europe and North America to fulfill industry 
commitments (Table  1). Testing and authorizing new products 
continues to be an urgent need. Data from the above registries 
indicate that in half of children with JIA, the disease is clinically 
active despite treatment at 2 years, and in ~25% of subjects 
treated with investigational products in JIA trials, modest Amer-
ican College of Rheumatology (ACR) Pediatric 30 (Pedi 30) trial 
response definitions are not achieved (4). At a recent meeting 
of the Systemic JIA Foundation, researchers reported that in 
5–10% of patients with systemic JIA, the disease is resistant to 
both interleukin- 1 (IL- 1) blockade and IL- 6 blockade. Safety con-
cerns are also an ongoing issue with currently available medical 

treatments. More and better products are needed.
At the 1- day stakeholder meeting, participants discussed 

the current state of JIA clinical trials, outcome measures, the role 
of registries, and new approaches for JIA clinical trials, as well as 
next steps. The meeting was an initial dialog to highlight current 
issues and provide a call to action.

Table 1. Estimated range of patients with prevalent enthesitis- related arthritis (ERA) and juvenile psoriatic arthritis (JPsA) eligible for study 
recruitment among European countries, the US, and Canada in 2025*

Country 
2025 population 

projection†

JIA prevalence 
rate, per 
100,000‡

Low end of estimated 
prevalence of ERA and 

JPsA combined, per 
100,000§

High end of estimated  
prevalence of ERA 

and JPsA combined, 
per 100,000¶

Estimated no. of 
prevalent ERA 
and JPsA cases

Estimated no. of 
prevalent cases 

that warrant bio-
logic therapy#

Europe** 96,203,359 32.6 4.89 6.5 4,704–6,272 1,345–1,794
US 66,829,693 44.7 6.71 8.9 4,481–5,975 1,282–1,709
Canada 6,638,473 44.7 6.71 8.9 445–593 127–170

* All estimates are for patients under age 16. 
† United Nations Department of Economic and Social Affairs, population division (2017). World Population Prospects: The 2017 Revision (custom 
data acquired via website). Age groupings available via query included 0–14 years of age. The population projection for those 15 years of age was 
calculated by obtaining one- fifth of the 15–19- year- old population figure. 
‡ European estimate obtained from ref. 36. US estimate obtained from ref. 37. 
§ Assumed that 15% of juvenile idiopathic arthritis (JIA) prevalence is attributable to JPsA and ERA subtypes (from refs. 38–40). 
¶ Assumed that 20% of JIA prevalence is attributable to JPsA and ERA subtypes (from ref. 41). 
# Assumed that biologic therapy is warranted in 28.6% of patients with ERA and JPsA (from ref. 40). 
** Includes Belarus, Bulgaria, Czechia, Hungary, Poland, Republic of Moldova, Romania, Slovakia, Ukraine, Channel Islands, Denmark, Estonia, 
 Finland, Iceland, Ireland, Latvia, Lithuania, Norway, Sweden, United Kingdom, Albania, Bosnia- Herzegovina, Croatia, Greece, Italy, Malta,  Montenegro, 
Portugal, Serbia, Slovenia, Spain, TFYR Macedonia, Austria, Belgium, France, Germany, Luxembourg, The Netherlands, and Switzerland. 
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Current state of clinical trials in JIA

Most available medications were authorized for JIA treat-
ment based on placebo- controlled randomized clinical trial 
results, including all subtypes of JIA. Currently, a growing num-
ber of products are being developed for specific JIA categories, 
all of which are rare diseases. Given the current number of effica-
cious drugs for JIA (4–6), the robust development pipeline, and a 
dwindling number of eligible JIA patients, continuing the current 
model for obtaining regulatory approval is not feasible. Future 
trials may be feasible only if they enroll patients without medi-
cation access due to either socioeconomic restraints or lack of 
drug availability at a national level. This raises ethical concerns, 
particularly if participants are recruited from a country that is not 
part of the sponsors’ marketing plans, as well as issues with 
generalizability of results. Enrollment issues extend the length of 
placebo- controlled trials, increasing expense and delaying avail-
ability of novel medicines. A current example is the tofacitinib trial 
(ClinicalTrials.gov Identifier: NCT03000439) (7), which has yet to 
complete enrollment after several years, potentially depriving 
systemic JIA patients access to a new class of oral treatment, if 
found to be safe and effective.

The randomized placebo- controlled withdrawal clinical trial 
design (8) is a commonly used alternative to the standard ran-
domized controlled trial (RCT) that limits placebo exposure (9). 
Although successfully used to obtain authorization of the early 
biologics, this trial design now has notable issues. In this trial 
design, all participants are initially treated with open- label study 
medication, then only participants meeting the trial definition of 
response (usually the JIA ACR Pedi 30 criteria), are randomized 
to receive placebo or continued active treatment. The difference 
in the flare rate between the placebo and active treatment arms 
in the withdrawal phase is the primary outcome measure (10).

There are several methodologic issues with this design. 
The initial open- label design makes the outcome in the resul-
tant responder group difficult to interpret and generalize. Valu-
able information about nonresponders is lost because they are 
excluded from the study after the open- label phase, making the 
actual clinical efficacy of the therapeutic agent difficult to interpret 
and making it difficult to power future studies. Since all partici-
pants receive the study drug, only limited information about rel-
ative safety is gleaned. Responders may experience prolonged 
response despite being randomized to the placebo group. This 
can be due to placebo effect or durability of response to open- label 
drugs. Fewer patients may experience flares for these reasons, 
decreasing observed differences between the 2 treatment groups 
and leading to the false conclusion that the drug is not effective. 
This scenario, coupled with the long half- life of golimumab, may 
have led to negative results from a randomized withdrawal trial 
conducted on children with JIA, depriving children in the US the 
use of this long- acting anti–tumor necrosis factor (anti- TNF) agent. 
(It is important to note that the EMA approved golimumab for JIA 

anyway, concluding that the benefit/risk ratio was positive despite 
the negative trial results [11,12]). Additionally, withdrawing an effi-
cacious medication is no longer acceptable to patients, families, 
and clinicians, considering the availability of other agents and con-
cerns about possibly missing a window of opportunity in which 
effective early treatment may result in long- term remission.

RCTs will continue to play an important but selective role. The 
first of a new class of medications certainly warrants a rigorous 
clinical trial. However, many drugs currently in development are 
similar, though not identical, to registered medications (i.e., “me- 
too” drugs). Placebo- controlled trials of each new drug class, as 
well as the plethora of “me- too” drugs such as many new JAK 
inhibitors, are creating unprecedented demand for JIA patients to 
enroll in clinical trials. Simply stated, the demand for JIA patients 
cannot be met if every new medicine is studied using a placebo 
RCT (PRCT). Therefore, alternative approaches to prove efficacy, 
dosing, and safety are urgently needed (13).

Outcome measures used in JIA clinical trials

Meaningful study outcome measures are of central impor-
tance to evaluate medication efficacy. Ideally, study outcome 
measures support an efficient trial design, are clinically meaningful, 
and enable timely disclosure of trial results to regulatory agencies, 
providers, and patients/families (14). Improved study end points 
in JIA clinical trials could meet these requirements. Outcome 
assessment in JIA is challenging due to the need to determine 
both response and disease activity, the need for measures that 
function across research settings and study designs, and the lack 
of objective variables or accurate biomarkers (15).

The most common JIA clinical trial outcome measures are 
response to therapy, flare, disease activity, damage, and a range 
of patient- reported outcomes (16). The ACR measure of response 
to treatment in JIA and the occurrence of flare are composite 
measures that are the standard for registration trials (17). How-
ever, although these response measures are familiar to investi-
gators, they do not reflect disease activity levels, making clinically 
useful interpretation challenging. Furthermore, with effective treat-
ments avail able, the standard JIA ACR Pedi 30 (meaning 30% 
improvement from baseline) is no longer a satisfactory, meaningful 
response threshold for families or clinicians. Indeed, in the clinical 
setting, a JIA ACR Pedi 30 response would often prompt further 
escalation of therapy. The parent/patient global assessment tools 
are often misunderstood, leading to inaccurate measurements. 
The ACR measure is not useful in clinical care because it requires 
blood test results and formal calculations of percent improvement, 
plus lack of worsening of multiple components from baseline val-
ues. For all these reasons, it is not optimal for shared decision- 
making. A large, international collaboration is currently updating 
components of the core set to be more meaningful to providers 
and patients (3), but any format comparing multiple individual 
assessments to baseline will continue to be problematic.
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The Juvenile Arthritis Disease Activity Score (JADAS) (18), a 
continuous, composite measure of disease activity, has been pro-
posed as an alternative. The JADAS conveys the level and change 
in disease activity. Further ongoing validation, including defining 
meaningful levels of response and cutoffs for disease activity lev-
els, is needed for use in clinical trials. Indeed, the JADAS has been 
included in several positive registration trials as a secondary out-
come measure and the JADAS cutoff for inactive disease could 
be used as an outcome measure, particularly in trials that incor-
porate a treat- to- target approach. The ACR provisional criteria for 
clinically inactive disease (19) standardize the measurement of 
inactive disease and remission on and off medication, but require 
additional prospective validation. Although meaningful to patients 
and parents, the ACR definition of clinically inactive disease does 
not incorporate the patient perception of disease status, which is 
a weakness. Strictly applied criteria for clinically inactive disease 
also describe a high level of response that may be difficult to attain 
during a registration trial (20). In addition, clinically inactive dis-
ease and JADAS inactive disease are not equivalent states, which 
could be a problem when using either outcome measure in a clin-
ical trial and when comparing results (21).

Patient- reported outcomes bring the impact of disease 
and treatment on families to clinical trials. Currently, registra-
tion trials incorporate generic patient- reported outcomes (e.g., 
Childhood Health Assessment Questionnaire [22] and Child 
Health Questionnaire [23]) that are limited by substantial floor 
and ceiling effects and do not measure aspects of disease 
(e.g., fatigue) that are especially important to patients and fam-
ilies. Work is ongoing to validate the pediatric Patient- Reported 
Outcomes Measurement Information System (PROMIS) mod-
ules in JIA as part of the National Institutes of Health–funded 
Pediatric Patient Reported Outcomes in Chronic Diseases 
Consortium (https ://www.peprc onsor tium.org/). The PROMIS 
computerized adaptive testing forms may be particularly use-
ful. In addition to the PROMIS measures, there are many other 
patient- reported outcomes available for use in JIA. The choice 
of patient- reported outcome will vary based on the study pop-
ulation and the research questions of interest. Last, an Arthri-
tis Foundation and CARRA- sponsored, externally led FDA 
Patient Focused Drug Development program (https ://www.
arthr itis.org/arthr itis-cure/scien tific-initi ative s/ja-resea rch/ 
juven ile-idiop athic-arthr itis-pfdd.php) was held on August 2,  
2018, to ascertain patient/family perspectives on critical 
domains to assess.

Long- term medication safety studies and 
 analysis

There are also challenges in evaluating the long- term safety 
of new therapeutic agents following regulatory approval. Usage 
patterns in clinical practice are complex, with many children 
exposed to multiple medications. Data from the CARRA Registry 

indicate that ~40% of JIA patients treated with a biologic receive 
a second biologic within 2 years. Registry data on JIA manage-
ment in other countries show similar patterns (24,25). Pharma-
cosurveillance approaches that do not adequately account for 
switching between therapeutic agents are therefore inadequate 
and  potentially misleading.

Historically, medication safety has been studied in drug- 
specific prospective registries (phase IV studies) that enroll 
patients upon initiation of the new therapeutic agent. However, 
limited duration of follow- up, small patient numbers, unnecessarily 
restrictive cohort inclusion criteria, lack of accounting for biologic 
switching, unreasonably high enrollment goals, and the absence 
of comparators have made meaningful assessment of phase IV 
study results impossible.

More recent studies capture safety data using large pro-
spective observational disease- based registries (26,27). Disease- 
based registries enroll patients with a specific disease irrespective 
of medication use. The most efficient approach is to include all 
patients newly starting the study drug in a disease- based registry, 
irrespective of prior medication use or inclusion in a prior compar-
ator cohort. Unfortunately, some studies have applied unneces-
sary restrictions, such as not allowing patients to switch from a 
comparator cohort to a study drug cohort during the course of 
follow- up.

The uptake of new therapeutic agents to treat JIA in clinical 
practice is often slow, due to the relative rarity of JIA and how 
well most patients respond to currently available biologic agents. 
Many of the patients who will be starting treatment with a newly 
approved agent have already been treated unsuccessfully with 
older available medications and are waiting to start the new agent 
as soon as it is approved. Since this backlog of waiting patients 
will then rapidly diminish following agent approval, if compa-
nies are not poised to initiate enrollment in a phase IV safety 
study immediately at the time of drug approval, the opportunity 
to prospectively collect safety information on this relatively large 
number of patients will be lost. A uniform transparent regulatory 
approach to phase IV requirements, including data collection in 
an approved disease- based registry, would allow companies to 
anticipate their needs and initiate registry operations prior to new 
drug approval.

Current regulatory mandates are based on specific patient 
numbers for phase IV studies with enrollment goals that can be 
unrealistically high. An alternative approach would be to study 
newly approved medications in the context of a disease- based 
registry for a prespecified time period (e.g., 15 years), rather than 
for a prespecified number of patients. The registries would pro-
vide safety data on all patients newly beginning treatment with 
the medication of interest and appropriate comparator patients 
during the same time period. This approach accounts for unpre-
dictable utilization of new medications and does not penalize 
companies for slow uptake of a new product, standardizes the 
rigor of safety data collection for all medications, and ensures 

https://www.peprconsortium.org/
https://www.arthritis.org/arthritis-cure/scientific-initiatives/ja-research/juvenile-idiopathic-arthritis-pfdd.php
https://www.arthritis.org/arthritis-cure/scientific-initiatives/ja-research/juvenile-idiopathic-arthritis-pfdd.php
https://www.arthritis.org/arthritis-cure/scientific-initiatives/ja-research/juvenile-idiopathic-arthritis-pfdd.php
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that new medications are studied long enough and contempo-
raneously with comparators to meaningfully assess long- term 
safety.

Unmet needs from the clinical perspective of 
parent/patient and providers

Patients with JIA may face a lifetime of testing medications that 
may potentially be unsuccessful in treating their condition. Despite 
treatment advances, managing JIA is still trial and error. Medication 
delivery by injection is problematic and negatively impacts quality 
of life. Children in whom enduring remission is not achieved may 
exhaust all currently approved medications. However, as the list of 
available medications grows, family and provider decision- making 
becomes more complex. Key unanswered questions remain, such 
as 1) How do medications compare when used for specific JIA 
categories? 2) How often do patients need to be switched from 
one medication to another (same class or different class), and what 
is the outcome? 3) Do long- term safety profiles differ by length of 
use, medication class, and combination? 4) Can clinical trial results 
be applied to JIA patients seen in the clinic? and 5) What predicts 
response and nonresponse for individual patients?

To facilitate access to new therapies, it is imperative that clin-
ical trial designs evolve to be more feasible, patient- centered, and 
representative of the clinic population in terms of racial, ethnic, 
socioeconomic, and disease characteristics. Increasingly, fami-
lies and providers are demanding more patient- centeredness in 
trial design, especially in an environment with multiple treatment 
options already available. Clinical trials should be a source of hope 
and expanded knowledge, rather than a last resort for families 
with few options due to lack of insurance, failure of available med-
ications, or residence in countries where biologics are not readily 
accessible. Novel patient- centered clinical trial designs are nec-
essary to foster improved participation and timely trial comple-
tion. With a wide array of treatment options currently available and 
under development, patients and families want and need to know 
how medications compare to one another, which work best for 
which JIA category and which populations of patients, which are 
safest in the long term, and ultimately which is best for their indi-
vidual child. All patients and families rightfully expect clinical trials 
to generate information that is meaningful to them.

Use of validated patient- reported outcomes that are selected 
in collaboration with patients and parents ensures that trial out-
comes are meaningful to stakeholders as well as grounded in 
 rigorous methodology. Incorporating patient- reported outcomes 
into study outcomes is essential to understand impactful changes 
in the patient experience. Efforts by the Outcome Measures in 
Rheumatology group (OMERACT) and the Arthritis Foundation 
confirm that 30% improvement in disease activity domains deter-
mined by clinicians is not sufficient for shared decision- making. 
Adopting a more robust patient- centered approach to trial design 
and execution is a critical step forward. An externally led FDA 

patient- focused drug development meeting sponsored by the 
Arthritis Foundation and CARRA held in August 2018 is helping 
guide this process for JIA (https://www.arthritis.org/arthritis-cure/
scientific-initiatives/ja-research/juvenile-idiopathic-arthritis-pfdd.
php). Other international efforts are under way to promote the 
patient- centered perspective in setting outcomes and trial design, 
notably the OMERACT JIA group (28).

The regulatory perspective

Demonstration of a positive benefit/risk ratio based on the 
evaluation of all available information acquired during drug devel-
opment is required for regulatory approval of new medications. 
Treatment advances for JIA exemplify the successful implementa-
tion of the Pediatric Research Equity Act in the US and Paediatric 
Regulation in the European Union (29). Most prior JIA authoriza-
tion studies used a randomized withdrawal design showing sig-
nificant differences between placebo and active treatment in the 
withdrawal phase in relatively small numbers of patients (average 
<150 total enrollment). Data from the larger, more comprehensive 
randomized controlled trials in adults, mostly with RA, enabled 
adoption of the JIA withdrawal design with smaller sample sizes 
as acceptable for authorization purposes (2).

Since a large volume of information is available from the 
development, authorization, and clinical use of the first biolog-
ics for treating JIA (mainly anti- TNF agents), the FDA and EMA 
updated their guidance to officially include the statement that in 
certain situations, formal confirmation of efficacy in children is not 
needed (30,31). Although pharmacokinetic/pharmacodynamic 
(PK/PD) studies are always required in children to confirm dosing, 
a limited uncontrolled open- label study or other design developed 
for rare diseases can support the extrapolation of efficacy from 
adult studies. This is appropriate only after careful assessment 
of available data and agreement between the sponsor and the 
regulatory authorities on the specific extrapolation plan with input 
from independent disease experts and patients/families (2,6). For 
products targeting new pathways, opportunities to use extrap-
olation studies are much more limited, and the use of placebo 
or an active comparator(s) is needed. However, the feasibility of 
parallel- design studies in children with JIA is limited, due to the 
large number of products under development and the limited 
number of patients available and willing to participate. A rand-
omized withdrawal design study requires fewer participants than 
a classic noninferiority study, but the example of the golimumab 
placebo- controlled withdrawal study highlighted limitations of this 
design in patients with relatively mild disease. 

Further development of innovative clinical trial methodologies 
facilitated by collaboration among patients and families, clinicians, 
researchers, industry, and regulators will address changing needs, 
sparing pediatric patients from unnecessary trials while ensuring 
sufficient data to provide an evidence base for clinical decision- 
making. With this in mind, modifications of already agreed- upon 



ISSUES IN JIA DRUG DEVELOPMENT |      1981

PSPs and PIPs may be appropriate to streamline drug develop-
ment in line with current regulatory thinking and today’s social, 
medical, and marketing environments.

During the April 2018 stakeholders meeting, representatives 
of both the FDA and EMA encouraged pharmaceutical companies 
to utilize potential new trial designs, leverage Bayesian statistical 
analysis or extrapolation studies when possible, including modeling 
and simulation, and develop study plans with guidance from clini-
cians, researchers, and patients/families to support the approval of 
new medicines for JIA. Guidelines, including direction about what 
information is needed to support proposals, are  available (32,33).

The industry perspective

The pharmaceutical industry wants to work in partnership 
with patients/families, clinicians, researchers, and regulators to 
design and deliver clinically meaningful and feasible trials. The 
stakeholders meeting demonstrated that collaborative and open 
dialog between all stakeholders, especially regulators and indus-
try, is desired and possible. However, there is still reluctance to 
ask regulators to update previously agreed- upon decisions, even 
if it is to reflect current community needs and concerns. Addi-
tionally, informal interactions between industry and regulators may 
be helpful to facilitate new trial designs, assessing whether draft 
proposals are feasible and acceptable prior to formal submission. 
Even closer collaboration between the FDA and EMA, including 
alignment of drug development timelines, would promote the 
coordinated and timely authorization of new medicines. Industry 
hopes to engage with a wide variety of expert opinion leaders and 
patients/families to garner diverse opinions and approaches, as 
well as with research networks, not only regarding design, but 
also operational and feasibility issues. Industry partners are com-
mitted to ensuring that novel agents reach children in a timely 
manner and recognize that clinical trial methodologies being used 
no longer meet the needs of the community. Indeed, most pres-
ently agreed- upon PSPs and PIPs include pivotal phase III trial(s) 
in JIA (systemic JIA and polyarticular JIA) involving >300 patients 
each. With the increasing number of patients achieving satisfac-
tory responses with currently available drugs, the ability of indus-
try to meet these requirements is unlikely. Recent renegotiation 
of PSPs/PIPs leading to smaller and shorter development plans 
indicates that all stakeholders respect the consequences of the 
current scenario on PSPs and PIPs.

Potential solutions for the future

Importantly, close collaboration between clinical trialists and 
methodologists across disciplines is resulting in more discussion 
of alternative study designs that are potentially superior to the 
placebo- withdrawal design for testing treatments in JIA and other 
pediatric rheumatic diseases, including uncontrolled open- label, 
active comparator–controlled, extrapolation, and others (34).

Uncontrolled open- label design

Open- label PK/PD studies may be sufficient for regulatory 
approval of new therapeutic agents that directly target known 
disease mechanisms with previously demonstrated efficacy and 
safety in JIA, and/or with an existing label for adult inflammatory 
arthritis (35). Previous PSPs/PIPs for the TNF inhibitor certo-
lizumab, as well as the IL- 6 receptor antagonist sarilumab, set 
precedence for this approach. Further scientific development of 
this concept by all stakeholders and approval by international reg-
ulators would be a key step in alleviating uncertainty about when 
this approach is acceptable.

Given high rates of clinically inactive disease/remission in 
poly articular JIA and systemic JIA with the use of available bio-
logics, a critical unmet medical need is treatment for patients with 
unsatisfactory response to current therapies. Therefore, agents 
targeting novel mechanisms of action with limited safety infor-
mation might be appropriately evaluated in small open- label trials 
with extensive PK and PD assessment, including patients whose 
disease has not responded to approved treatments, providing 
quicker access to needed treatments. This approach would also 
avoid ethical implications of using an experimental drug with or 
without placebo when proven alternatives are available.

Active comparator–controlled design

Use of an active comparator completely avoids expos-
ing children to placebo while maintaining the advantages of 
a PRCT study. New molecules with phase III data on adult 
inflammatory arthritis but never tested in children are candi-
dates for this design in JIA. To ensure that the burden of proof 
is not excessive, noninferiority of the novel agent compared 
to the registered active comparator, rather than superiority, 
would be required. Careful consideration is needed to deter-
mine the acceptable relative efficacy leading to approval of the 
new agent, but this design would lead to easier recruitment of 
participants, produce more clinically meaningful results, and be 
more acceptable and relevant to patients and families. Other 
issues with active comparator designs include establishment of 
safety in the absence of a placebo arm, selection of an appro-
priate comparator as not all biologics are available in all coun-
tries, and the high cost of the comparator drugs, a problem 
companies could help one another resolve.

Extrapolation

Another approach to enable efficient and ethical evaluation of 
treatments is extrapolation, a complex concept that leverages all 
available information on the disease and treatment/class of treat-
ments in question. The information is applied to the background 
of specific unmet needs, in order to identify which information can 
be inferred from testing in other populations, what information is 
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missing, and how to mitigate remaining uncertainties. A Bayesian 
(adaptive) design can be part of this approach, in which informa-
tion from a relevant source (e.g., adult studies, non- JIA pediatric 
studies, PK/PD studies, registries, and expert opinion) is used to 
inform the effect of the study drug in JIA (32,33). Source informa-
tion is augmented with trial observations in children with JIA, and 
decisions about effectiveness are made based on the combined 
data. When the source information (e.g., estimated treatment effect 
in adults) is similar to what is observed in children, this design leads 
to increased power (and a lower number of participants) in the JIA 
clinical trial.

Precision medicine

The most significant question asked frequently by patients/
families and clinicians is, which drug is right for this child? To 
answer this critical question, clinical trials must move toward 
head- to- head studies of novel agents compared to established 
medications. Adaptive designs with small sample sizes, analysis 
of individual patient trajectories, and  associated biomarker stud-
ies move toward addressing this critical question.

Conclusions

The April 2018 meeting of stakeholders highlighted crit-
ical factors affecting the timely approval of new medications 
for JIA (Table 2). Collaboration among stakeholders with the 
shared goals of reducing barriers to regulatory approval, 

including use of active comparator trials, extrapolation for 
authorization of “me- too” medicines, studying outcomes of 
importance to clinicians and patients, and ensuring adequate 
evaluation of long- term medication safety using disease- 
specific registries, were key points discussed. In addition, 
speakers from both the FDA and EMA discussed the use 
of alternative clinical trial designs, including open- label and 
innovative approaches, specifically adaptive and Bayesian 
methodologies, encouraging dialog between pharmaceutical 
industry representatives, regulators, patients/families, clini-
cians, and investigators, including reconsideration of previ-

ously approved development plans.
In the presence of significant needs for new treatments for 

nonresponders and answers to essential questions about indi-
vidual drug selection, new and innovative changes are urgently 
needed to move the treatment of children with JIA forward and 
not just lengthen the list of registered medicinal products. In 
addition, the number of patients with JIA and the market envi-
ronment cannot support the authorization of the large number of 
medications in development through multiple placebo- controlled 
trials running concurrently. Clinical trial methodology must and 
should change to fit the modern treatment landscape, as well as 
the needs of the pediatric rheumatology community. Since this 
meeting was the initial step in discussing these issues regarding 
clinical trials and the role of registries, an important next step is 
being planned to engage the broader community of stakehold-
ers in a large, public meeting on October 2, 2019 to establish 
solutions through consensus.

Table 2. Summary of different stakeholder perspectives regarding clinical trials in pediatric rheumatology*

Stakeholder Current issues Potential solutions
Patients and 

advocacy 
organizations

Absence of head- to- head comparator studies to guide 
individual decision- making

Randomized withdrawal and placebo designs not acceptable 
with marketed options available

Outcomes not meaningful to patients
Pragmatic and ethical considerations of placebo withdrawal 

design

Noninferiority active comparator studies approved 
by regulators

Adaptive designs/open label for agents with similar 
mechanisms

New outcomes that are meaningful to patients and 
accepted by regulators

Patient engagement in trial design
Investigators and 

clinicians
Insufficient input into study design/pediatric investigation 

plans
Trial designs and outcomes not relevant to clinical practice
Absence of head-to-head studies to guide medical 

decision- making
Poor use of disease- specific registries for safety surveillance
Unmet needs of nonresponders

Diverse investigator input to guide clinical trial 
design

Adaptive study designs with active comparators
Use of Bayesian methodology
Open- label studies

Industry Prefers trial design accepted by regulators in the past
Difficulty enrolling/completing trials
Reluctance to propose extrapolation/adaptive design/

open- label studies because of uncertain regulatory 
response

Reluctance to request change in previously approved PSPs/
PIPs even if plan not currently feasible

Clarity/transparency regarding expected regulatory 
response to novel study designs

Patient representatives in trial design committees
Agreement and collaboration between the FDA and 

the EMA regarding requirements and timelines

Regulators Follow national laws and existing agency guidelines
Ensure equal treatment
Serve many stakeholders

Increased dialog with all stakeholders: formal and 
colloquial

Align pediatric timelines between agencies
Encourage reassessment of existing PSPs and PIPs 

before implementation
* FDA = Food and Drug Administration; EMA = European Medicines Agency; PSPs = Pediatric Study Plans; PIPs = Paediatric Investigation Plans. 
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Charles L. Christian, MD, 1926–2019
Charles L. Christian, MD, a beloved mentor and revered 

icon in academic medicine, died August 11, 2019 in Fernandina 
Beach, Florida, surrounded by his family. An insightful and car-
ing clinician, a dedicated and influential teacher of physicians 
throughout the world, a groundbreaking scientist, and a consum-
mate gentleman, it is unlikely that academic medicine will see 
another like him.

Dr. Christian was born and grew up in Wichita, Kansas. After 
a tour in the Navy he attended Case Western Reserve School of 
Medicine, graduating in 1953. He came to New York for training 
in internal medicine at Columbia Presbyterian Hospital, where 
he developed his interest in the rheumatic diseases under the 
tutelage of Dr. Charles Ragan, a founder of the Arthritis Foun-
dation. At Columbia he initiated a scientific career marked by 
significant insights into the pathogenesis of rheumatoid arthritis 
and systemic lupus erythematosus. In one of his first publica-
tions, a single- author study published in Journal of Experimental 
Medicine in 1958, he described aggregated gamma globulin as 
the serum target of rheumatoid factor. He went on to character-
ize immune complexes, anti- DNA antibodies, and the essential 
contribution of complement to the immune system alterations 
in patients with SLE. With Paul Phillips, Dr. Christian introduced 
the possibility that viruses might play a contributing role in con-
nective tissue diseases, a concept that continues to be of great 
interest. With David Gocke, John Sergent, Michael Lockshin, 
and others, he led the discovery that hepatitis B (then called 
“Australia antigen”) can drive polyarteritis nodosa, the first exam-
ple of a chronic rheumatic disease caused by a virus, and with 
Robert Inman and others, he characterized the microbial and 
host components of immune complexes in patients with  infective 
endocarditis.

Dr. Christian’s impact in clinical medicine and as a leader 
in academic medicine was equally significant. In 1971, with  
Dorothy Estes, he published the definitive description of the natu-
ral history of SLE, a classic paper read by many medical students. 
Extending and applying the observations of Holman and Kunkel 
that lupus sera bound DNA and nuclear components, Dr. Chris-
tian perfected the Farr assay with Graham Hughes and Selwyn 
Cohen and demonstrated the association of anti- DNA antibodies 
with disease activity in SLE. His work established what remains 
the most informative biomarker for management of lupus. With 
Robert Kimberly, Michael Lockshin, Robert Inman, and others, 
he introduced high- dose pulse methylprednisolone therapy for 
patients with lupus nephritis.

In early 1970, Dr. Christian was recruited to Hospital for Spe-
cial Surgery along with colleagues Stefano Bombardieri, Selwyn 
Cohen, Graham Hughes, Lawrence Kagen, Robert Lightfoot, 
Michael Lockshin, and Paul Phillips, where he served from 1970 to 
1995 as Physician- in- Chief and Director of Rheumatic Diseases, as 
well as Chief of the Division of Rheumatology at Weill Cornell Med-
ical College. In addition to his role in clinical medicine, he held the 
position of Associate Director of the Department of Research. Dr. 
Christian was called on twice to serve as Acting Physician- in- Chief 
at The New York Hospital and as Acting Chairman of the Depart-
ment of Medicine at Cornell University Medical College. At HSS he 
developed the Combined Arthritis Program, a unique clinical and 
teaching collaboration among rheumatologists, orthopedic sur-
geons, and social workers, providing comprehensive management 
of the most complex cases of arthritis. Under Dr. Christian’s lead-
ership, in 1978 HSS received its first Multipurpose Arthritis Center 
grant from the National Institutes of Health, and 10 years later in 
1988, received its second grant. After retirement from his academic 
position at HSS and Cornell in 1995, Dr. Christian continued to care 
for patients with rheumatic disease as Professor of Medicine at the 
University of Florida College of Medicine in Jacksonville.

Among his many contributions to the American College of 
Rheumatology (formerly called the American Rheumatism Asso-
ciation), Dr. Christian served as Editor- in- Chief, Arthritis & Rheu-
matism in 1971–75 and President of the organization in 1976–77. 
In 1996 he was awarded the American College of Rheumatology 
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Presidential Gold Medal, in recognition of outstanding achieve-
ments in rheumatology over an entire career. He was an emeritus 
member of the American Society for Clinical Investigation.

Dr. Christian was known for his remarkable memory, particu-
larly when it came to his patients, as well as his elegance,  kindness, 
and grace. He was, first and foremost, a doctor, and his major 
passion was improving the lives of his patients, trainees, and all 
those he encountered. He didn’t try to clone himself, but gave his 
fellows and colleagues the opportunity to find their passion. Charles 
Christian was a man of the highest integrity and humility. He did not 
seek recognition, and thus merited the highest honors and posi-
tions he received. The words that he expressed in describing his 
mentor, Charlie Ragan, equally apply to Charles Christian: “His life 
confirmed the thesis that the skills of a great teacher and physician 
are inextricably bound with human qualities.”

Dr. Christian was preceded in death by Diane Collings Chris-
tian, his wife of 47 years. He is survived by Molly Rinehart, his 
partner, constant companion, and soulmate of 15 years, and his 
children Victoria, Jennifer, and Matthew, grandchildren Maximil-
ian, Daphne, Luke, and Maria, great- grandchildren Wilder, Bowie, 
and Arlo, and so many patients and physicians whose lives he 
enriched.

Mary K. Crow, MD
Allan Gibofsky, MD, JD
Hospital for Special Surgery  

and Weill Cornell Medical College
New York, NY
John S. Sergent, MD
Vanderbilt University Medical Center 
Nashville, TN
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Machine Learning to Predict Anti–Tumor Necrosis Factor 
Drug Responses of Rheumatoid Arthritis Patients by 
Integrating Clinical and Genetic Markers
Yuanfang Guan,1  Hongjiu Zhang,1 Daniel Quang,1 Ziyan Wang,1 Stephen C. J. Parker,1  
Dimitrios A. Pappas,2  Joel M. Kremer,3 and Fan Zhu4

Objective. Accurate prediction of treatment responses in rheumatoid arthritis (RA) patients can provide 
 valuable information on effective drug selection. Anti–tumor necrosis factor (anti- TNF) drugs are an important 
second- line treatment after methotrexate, the classic first- line treatment for RA. However, patient heterogeneity 
hinders identification of predictive biomarkers and accurate modeling of anti- TNF drug responses. This study 
was undertaken to investigate the usefulness of machine learning to assist in developing predictive models for 
treatment response.

Methods. Using data on patient demographics, baseline disease assessment, treatment, and single- nucleotide 
polymorphism (SNP) array from the Dialogue on Reverse Engineering Assessment and Methods (DREAM): Rheu-
matoid Arthritis Responder Challenge, we created a Gaussian process regression model to predict changes in the 
Disease Activity Score in 28 joints (DAS28) for the patients and to classify them into either the responder or the non-
responder group. This model was developed and cross- validated using data from 1,892 RA patients. It was evaluated 
using an independent data set from 680 patients. We examined the effectiveness of the similarity modeling and the 
contribution of individual features.

Results. In the cross- validation tests, our method predicted changes in DAS28 (ΔDAS28), with a correlation 
coefficient of 0.405. It correctly classified responses from 78% of patients. In the independent test, this method 
achieved a Pearson’s correlation coefficient of 0.393 in predicting ΔDAS28. Gaussian process regression effectively 
remapped the feature space and identified subpopulations that do not respond well to anti- TNF treatments. Genetic 
SNP biomarkers showed small contributions in the prediction when added to the clinical models. This was the best- 
performing model in the DREAM Challenge.

Conclusion. The model described here shows promise in guiding treatment decisions in clinical practice, based 
primarily on clinical profiles with additional genetic information.

INTRODUCTION

Rheumatoid arthritis (RA) patients show great heteroge-
neity in their responses to treatments (1), and accurate pre-
diction of these responses would provide valuable information 
for optimal drug selection (2). In current practice, patients who 
respond inadequately to conventional therapies usually receive 
anti–tumor necrosis factor (anti- TNF) drugs as a second- line 

therapy (3). These expensive drugs are mainly chosen on a 
trial- and- error basis (4), and ~30% of patients respond poorly 
to them (5). Nonresponders incur costly drug expenses (6) and 
experience unimproved disease conditions (6,7), treatment side 
effects (8,9), and infection risks (10). In order to provide effective 
treatment to these patients, physicians need the ability to pre-
dict in advance how individual patients will respond to various 
anti- TNF drugs.
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However, patient heterogeneity hinders the identification 
of predictive biomarkers and accurate modeling of anti- TNF 
responses. Early studies showed that demographic and clinical 
markers such as sex and baseline disease activity are related to 
treatment responses (11,12), but these markers are not predic-
tive enough independently to identify nonresponders (13). Recent 
genome- wide association studies have identified multiple genetic 
markers that are associated with poor drug responses, and these 
variants were used to facilitate the identification of nonresponders 
(5,14–16). However, results obtained using these variant mark-
ers are often confounded by cohort or ethnic group (17). RA 
patients exhibit great genotypic and phenotypic heterogeneity, 
and markers found in one ethnic population or cohort may not 
be applicable to others (18). Thus, effective modeling of patient 
heterogeneity is the key to accurate drug response prediction.

In the present study, we used a Gaussian process regres-
sion (GPR) model to predict anti- TNF responses. This model 
was awarded first- place in the Dialogue on Reverse Engineer-
ing Assessment and Methods (DREAM): Rheumatoid Arthritis 
Responder Challenge (19,20). The GPR model combines demo-
graphic, clinical, and genetic markers, predicts changes in dis-
ease activity scores 24 months after baseline assessment, and 
identifies nonresponders to anti- TNF treatments. Specifically, the 
model predicts changes in the Disease Activity Score in 28 joints 
(DAS28) (21) of patients who have received 12 months of anti- 
TNF treatment and also classifies patient responses according 
to the European League Against Rheumatism response criteria 
(22). Using this model, we examined the transformation that the 
GPR kernel applied to the patient data as well as the distribution 
of the patients in the transformed space. Using an independ-
ent testing data set, we aimed to evaluate the potential of the 
GPR model in improving anti- TNF drug selection and the effect 
of genetic markers across multiple cohorts.

PATIENTS AND METHODS

Data acquisition. The training and testing data sets used 
in this study were provided by the DREAM Challenge organiz-
ers (Table 1). Data on 1,892 of these 2,706 individuals (chosen 
randomly) were provided to the participants in the competition 
before the final evaluation. Data on the remaining subjects were 
withheld for real- time submission evaluation, so that participants 
could assess their models throughout the competition. None of 
these data were included in the final evaluation. The samples in 
the training data set consisted of patients of European ances-
try from the following 13 cohorts: the Autoimmune Biomarkers 
Collaborative Network (US) (23), the Genetics Network Rheuma-
tology Amsterdam (The Netherlands), the Behandelstrategieen 
voor Rheumatoide Arthritis (The Netherlands) (24), the Biologics 
in Rheumatoid Arthritis Genetics and Genomics Study Syndicate 
(UK) (25,26), the Brigham Rheumatoid Arthritis Sequential Study 
(US) (27), the Epidemiological Investigation of Rheumatoid Arthri-

tis (Sweden) (28), the Immunex Early Rheumatoid Arthritis study 
(US) (29), the Karolinska Institutet study (Sweden), the collection 
from Leiden University Medical Center (The Netherlands), the 
Treatment of Early Aggressive Rheumatoid Arthritis study (US), the 
Dutch Rheumatoid Arthritis Monitoring registry, the ApotheekZorg  
database (The Netherlands) (30,31), and the Research in Active 
Rheumatoid Arthritis trial (France) (32). All patients were either 
diagnosed as having RA by a board- certified rheumatologist or 
met the 1987 American College of Rheumatology criteria for RA 

(33). All patients had a baseline DAS28 of >3.2.
The testing data were collected from 680 patients in the 

Corrona registry (34) who participated in the Comparative Effec-
tiveness Registry to study Therapies for Arthritis and Inflamma-
tory Conditions (CERTAIN) study (35). The CERTAIN study was 
conducted using data from the Corrona registry and involved 
adult RA patients who were diagnosed by certified rheumatol-
ogists, who had at least moderate disease activity defined by a 
Clinical Disease Activity Index (36) of >10, and who were starting 
or switching biologic agents.

For all patients in both the training and the testing data sets, 
information on sex, age, methotrexate use, and baseline DAS28 
were collected and provided. Posttreatment DAS28 scores of all 
patients in the training data sets were available to all participants in 
the DREAM Challenge, whereas those of patients in the testing data 
sets were withheld by the organizers until the end of the challenge. 
For each subject, a panel of genotype imputation was provided 
(https ://www.synap se.org/#!Synap se:syn17 34172/ wiki/62201 ).

Treatment response prediction. The proposed model 
in this study adopted GPR to predict changes in the DAS28 
(ΔDAS28). GPR is designed to predict the unknown dependent 
variable for any given independent variable(s) based on known but 
noisy observations of the dependent and independent  variables. 

Table  1. Demographic, treatment, and response information on 
the training and testing (CERTAIN cohort) data sets*

Training 
data set 

(n = 1,892)

CERTAIN cohort 
data set 
(n = 680)

Demographic data
Mean age, years 54.9 55.6
Female, % 75.1 77.9

Treatment 
Methotrexate 1,332 (70.4) 441 (64.9)
Adalimumab 757 (40.0) 210 (30.9)
Etanercept 520 (27.5) 179 (26.3)
Infliximab 609 (32.2) 177 (26.0)
Certolizumab 0 (0) 114 (16.8)

Baseline DAS28, mean 5.87 4.73
Response status
Nonresponder 436 (23) 238 (35)
ΔDAS28, mean 2.15 1.17

* Except where indicated otherwise, values are the number (%) of 
patients. CERTAIN = Comparative Effectiveness Registry to study 
 Therapies for Arthritis and Inflammatory Conditions; DAS28 = 
 Disease Activity Score in 28 joints. 

https://www.synapse.org/#!Synapse:syn1734172/wiki/62201
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GPR does not match its target function to a specific model (e.g., 
linear, quadratic, or cubic). In this study, the GPR model took 
the input ΔDAS28 of known subjects as noisy observations and 
predicted treatment responses based on patients’ clinical and 
genetic features. For more information on the full formulation, 
see Supplementary Table 1, available at on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41056/ abstract. The final model is available at https ://www.
synap se.org/#!Synap se:syn23 68045/ wiki/64596 .

The kernel function of the GPR model accepts the differences 
in demographic data, treatment, and genetic features between 
2 patients as input variables. For each input variable, the kernel 
function performs a squared exponential transformation and takes 
the summation of the transformed values. The distance between 
each pair of patients is then simultaneously determined by the 
nonlinear transformed difference across all features.

The genetic features included in the model were cho-
sen via literature search or statistical analysis (Supplementary 
Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41056/ 
abstract). Genetic features were collected from the literature 
based on their reported association with either RA risks or anti- 
TNF responses; those from statistical analysis were collected 
based on the correlation between the geno type dosages and 
the ΔDAS28. During the DREAM Challenge, the organizing 
team provided a leaderboard set (used to compare the per-
formance of all participants) to test the models. Both sets of 
candidate features were then tested using cross- validation 
and forward feature selection, and only features that improved 
the cross- validation performance and were on the leaderboard 
were included. Any single- nucleotide polymorphism (SNP) col-
lected from the literature that did not show substantial cor-
relation with the drug response phenotype was nevertheless 
retained if it added to the prediction performance. In the end, 
our model included 10–15 SNPs from the literature (depending 
on drug type) and ~5 SNPs from correlation testing. In addi-
tion, SNPs were tested using FaST- LMM (37), a linear mixed 
model–based program for performing both single- SNP and 
SNP- set genome- wide significance testing. However, none of 
the genetic features passed the 5 × 10−8 threshold in the FaST- 
LMM test when clinical variables were available.

All clinical and demographic features provided in the data 
sets were included in the model. Separate models were devel-
oped for different anti- TNF drugs. Each model was trained 
using data only from patients who received the correspond-
ing anti- TNF treatment. In order to predict the responses of 
patients receiving certolizumab, a general model was devel-
oped using all patients in the training data set, but without 
genetic features. Models to classify patients as responders 
or nonresponders were developed using a binary cutoff of 0 
(responders) or 1 (nonresponders) based on the predicted val-
ues, so that the proportion of nonresponders was consistent 
with that in the training set.

Evaluation. The prediction models were evaluated using 
5- round 2- fold cross- validation (38). Each round of the repeated tests 
started with randomly splitting the training data set into 2 halves. A 
model was trained on 1 half and scored on the other, and the same 
was done with both halves swapped. Five rounds of tests yielded 
a total of 10 scores, and their average was used as the estimated 
performance score of the model. Repeated cross- validation tests 
were performed on the training data set provided by the DREAM 
Challenge. Because we were investigating 3 different drugs, we car-
ried out evaluations on each of them as well as on the combined set.

The predicted ΔDAS28 was evaluated using Pearson’s cor-
relation coefficient. The performance of nonresponder identifica-
tion was measured using the correctly predicted percentage and 
area under the receiver operating characteristic curve (AUC). The 
receiver operating characteristic curve was created by plotting the 
true- positive ratio (the ratio of the number of correctly identified 
patients to the number of all subjects with Alzheimer’s disease or 
mild cognitive impairment) against false- positive ratio (the ratio of 
the number of incorrectly identified patients to the number of all 
subjects) at various threshold settings.

In order to assess the improvement of the GPR models com-
pared to other algorithms, models using different algorithms were 
assessed via bootstrap test. This test is similar to the test method 
used in the original DREAM Challenge to assess the robustness 
of the models. These tests were repeated 100 times. In each of 
these rounds of testing, the training data set was the same size as 
the original challenge training data set (n = 1,892) and was sam-
pled from the original challenge training data with replacement. 
The unsampled data were merged as the testing data. Perfor-
mance was evaluated by examining the number of bootstrap tests 
in which GPR outperformed other methods.

RESULTS

Accuracy of GPR predicting anti- TNF responses. 
Given data on patient demographics, baseline DAS28, treat-
ment, and SNP array, the GPR model predicted ΔDAS28 for 
patients and classified them as responders or nonrespond-
ers (Figure  1). It relied on a custom kernel function to weight 
a subject proportionally according to his or her similarity to the 
paired patient based on clinical and genetic data. The model 
predicted treatment outcomes by leveraging the outcomes and 
features of training patients, and it estimated patients’ ΔDAS28 
24 months after the initial disease assessment and classified 
them as responders or nonresponders. It would be expected 
that the estimations derived with our method would be close to 
the outcomes in patients with similar demographic, treatment, 
and SNP array data. We developed separate GPR models for 
different anti- TNF treatments.

There was a major difficulty in developing this method due to 
heterogeneity in the data sets. The DREAM Challenge used dif-
ferent cohorts for training and testing, requiring the  participating 

http://onlinelibrary.wiley.com/doi/10.1002/art.41056/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41056/abstract
https://www.synapse.org/#!Synapse:syn2368045/wiki/64596
https://www.synapse.org/#!Synapse:syn2368045/wiki/64596
http://onlinelibrary.wiley.com/doi/10.1002/art.41056/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41056/abstract


GUAN ET AL 1990       |

models to take into account the cohort effects. Post- challenge 
analysis on the 2 data sets, using the Mann- Whitney U test, 
showed that DAS28 (P < 10−23) and ΔDAS28 (P < 10−17) were 
drastically different. To address this heterogeneity, the GPR 
model was able to use data on similar patients from the train-
ing data set to guide the prediction, without explicitly specifying 
the feature distribution across cohorts. We then compared the 
results obtained with our GPR model to those obtained using 
other alternative models.

We evaluated the GPR model through repeated cross- 
validation tests as described above. The GPR model was 
compared to linear models, classification and regression 
tree models, and a support vector machine (SVM) model. 
For ΔDAS28 prediction, GPR achieved the best average cor-

relation (0.405) between predicted and observed ΔDAS28, 
followed by ridge regression, SVM, and regression tree 
models (Figure 2B). In terms of response classification, the 
GPR model was shown to be the best performer overall, cor-
rectly classifying ~78% of subjects, with an AUC of ~0.66 
(Figures 2C and D). Another well- performing model, SVM, is 
also a kernel- based method that shares properties with GPR. 
These methods can be used in clinical settings to inform the 
decision- making process. Compared to random assignment 
(50/50 chance of classification accuracy), using a GPR or 
SVM model increased the rate of accurate classification, and 
therefore of accurate treatment selection, by 28%. To eval-
uate the margin of improvement from our GPR models, we 
performed 100 bootstrap tests on the original data set and 

Figure 1. Overview of the treatment response prediction model. The model uses data on patient demographics, baseline Disease Activity 
Score in 28 joints (DAS28), treatment, and single- nucleotide polymorphism array to predict ΔDAS28 for the patient and to classify the patient 
as a responder or nonresponder. Anti- TNF = anti–tumor necrosis factor.

Figure 2. A, Overview of repeated cross- validation evaluation. All models underwent both treatment- specific and overall evaluations and were 
measured based on the 3 listed metrics. B, Pearson’s correlation coefficients between the observed change in Disease Activity Score in 28 
joints and predictions from tested regression methods. C, Accuracy (percentage correct classification) of tested responder versus nonresponder 
classification methods. D, Area under the receiver operating characteristic (ROC) curve (AUC) of tested responder versus nonresponder 
classification methods. Values are the mean ± SEM. The final model is displayed in red. GPR = Gaussian process regression; SVM = support 
vector machine; L2 = L2 regularization; RF = random forest; GB = gradient boosting regression/decision tree.
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found that GPR showed substantial improvement over all 
other methods (Supplementary Table 1, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41056/ abstract). We also eval-
uated the models for individual drugs separately (Supple-
mentary Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/ 
art.41056/ abstract). The performance rankings varied, but 
the GPR model achieved the best performance overall, 
closely followed by linear and SVM models. We further opti-
mized the hyperparameter in the model (Supplementary Fig-
ure 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41056/ 
abstract). The GPR model was then submitted for the DREAM 
Challenge evaluation.

Evaluation on an independent “hidden” cohort. The 
DREAM Challenge also evaluated the GPR model using an inde-
pendent testing cohort (20). The independent data set, released 
after the competition, consisted of information on 680 patients 
from the CERTAIN study, conducted by Corrona (35). The GPR 
model achieved a Pearson’s correlation coefficient of 0.393 when 
predicting ΔDAS28 (P < 1e−6 versus null hypothesis) and an AUC 
of 0.615 when classifying anti- TNF nonresponders. This repre-
sents reduction in correlation coefficient of only ~0.01 from the 
cross- validation, indicating limited overfitting and batch effects. 
The GPR model showed more consistent prediction performance 
than both the cross- validation data set and the independent test-
ing data set.

Treatment response prediction enhanced by 
 similarity modeling. To investigate how GPR effectively mod-
eled patient heterogeneity, we inspected the properties of individual 
features. Among all the features, baseline DAS28 had the highest 
correlation with ΔDAS28 (Supplementary Table 3, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41056/ abstract). Across all of  
the samples in the training data set, regardless of specific anti- 
TNF treatment, the correlation coefficient between the baseline 
DAS28 and the ΔDAS28 was 0.370. In the CERTAIN cohort, the 
correlation coefficient was 0.351. However, the high correlation 
between baseline DAS28 and ΔDAS28 does not fully explain 
the performance of the GPR model. The difference in the per-
formance of the GPR model and that of a naive baseline DAS28 
linear regression implies some contribution of other demographic, 
clinical, and genetic features.

GPR relies on its kernel function to transform input features. 
To study how the kernel transformation incorporates features to 
help predict treatment responses, we projected the training sam-
ple in the feature spaces before and after the kernel transformation 
(Figure 3 and Supplementary Figures 3 and 4, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41056/ abstract). Principal components 
analysis on the features showed major confounding factors such as 
geographic or cohort information. The major contributing factors to 
the first 2 principal components were genetic features, which cate-
gorized patients based on their cohort information instead of their 
treatment responses. Conversely, principal components analysis 

Figure 3. Feature space analysis of adalimumab users in the training data set. A, Principal components analysis (PCA) of the original feature 
space (without kernel transformation, colored according to change in Disease Activity Score in 28 joints [ΔDAS28]) shows separation by 
cohort. B, PCA of the original feature space (without kernel transformation, colored according to cohort) does not show obvious separation 
of responders and nonresponders. C, PCA of the kernel matrix (colored according to ΔDAS28) shows a clear gradient from responders to 
nonresponders. D, Feature contributions to first 2 principal components, based on the findings shown in C.
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on the kernel- transformed similarity matrix showed a clear gradient 
from anti- TNF responders to nonresponders. Important features 
besides baseline DAS28, such as age, methotrexate use, and sev-
eral genetic markers, correlated well with the first 2 principal com-
ponents. The pattern demonstrated that in the kernel- transformed 
feature space, patients’ similarity correlated well with their similarity 
in ΔDAS28 rather than other confounding factors.

Clinical and genetic heterogeneity in cross- cohort 
evaluation. During the assessment of features described above, 
we noticed a large variation in features among patients receiving 
different anti- TNF treatments. Therefore, in the original submission 
to the DREAM Challenge, we developed specialized models for 
individual drugs. In the post- challenge analysis, we reassessed 
the treatment- specific approach on the testing cohort. Our orig-
inal analysis using the training data set showed that the baseline 
DAS28 correlated more strongly with ΔDAS28 among patients 
taking adalimumab and etanercept than those taking infliximab. 
However, in the CERTAIN cohort, baseline DAS28 scores were 
substantially less predictive of responses to adalimumab and 

infliximab than responses to etanercept. To accommodate the 
variation, we excluded patients receiving different drugs from 
kernel calculation for each drug- specific model. We also curated 
drug- specific genetic feature lists. We compared these models 
to two sets of genetic feature–free models, one trained on all 
patients and the other on those receiving only one correspond-
ing anti- TNF treatment. The performance of these approaches 
was similar (Supplementary Figure 5, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41056/ abstract). The negligible difference 
produced by sample exclusion suggests that variation across 
different drugs may be attributed to sampling biases instead of 
treatment- specific characteristics. The conflict between the afore-
mentioned high contributions of genetic features in treatment- 
specific models and high performance of clinical information–only 
models suggested the need for further analysis on the roles of 
genetic markers in treatment response prediction.

We therefore next investigated the contribution of genetic 
markers to treatment response prediction. The genetic markers 
we investigated were chosen based on either literature review 
or statistical analysis on the training data set (Supplementary 

Figure 4. Repeated cross- validation tests of models with different feature sets using the training data set. A, D, and G, Pearson’s correlation 
coefficients between the observed change in Disease Activity Score in 28 joints (ΔDAS28) and predictions from tested regression methods for 
adalimumab, etanercept, and infliximab. B, E, and H, Classification accuracy ratio of predictions from tested responder versus nonresponder 
classification methods for adalimumab, etanercept, and infliximab. C, F, and I, Area under the receiver operating characteristic curve (AUC) of 
tested responder versus nonresponder classification methods for adalimumab, etanercept, and infliximab. Model variations were developed to 
include all features, baseline DAS28 score only, age/sex (G)/methotrexate use (AGM) only, features except for sex (G- free), and genetic features 
only. Values are the mean  SEM. The final model is displayed in red.
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Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41056/ 
abstract). To assess these markers, we developed a baseline 
features–only model, a genetic features–only model, and an 
age/sex/methotrexate use model. These models were com-
pared to the originally submitted GPR models, which incorpo-
rated all of these features. We performed both cross- validation 
tests using the training data set (Figure 4) and an independent 
test using the CERTAIN cohort data set (Figure 5). The results 
showed that while clinical information and genetic markers 
have relatively low predictive power themselves, they can 
improve the accuracy of the GPR model when the baseline 
DAS28 feature is added, especially for ΔDAS28 prediction. 
Our analysis of genetic markers showed a strong cohort asso-
ciation (Supplementary Figure 6, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41056/ abstract). Considering that the training 
cohorts were of European descent only and each cohort was 
from a specific geographic area, it is challenging to apply these 
biomarkers to other cohorts.

DISCUSSION

In this study, we demonstrated the state- of- the- art predictive 
power of the GPR model (39). The similarity modeling approach of 

GPR complements the ongoing development of precision medi-
cine efforts in RA (40). The premise of similarity modeling has been 
widely used in social network analysis and other areas (41,42). 
It is considered to be effective in investigating heterogeneous 
data sets, which are commonly seen in cross- sectional studies 
(43). Additionally, the heterogeneity of diseases often obstructs 
explicit modeling of underlying distributions of individual features, 
which can be even more problematic when the sample population 
is small (44). A GPR model circumvents this issue by matching 
patients to those with similar conditions. The model developed in 
this study can predict which subpopulations will not respond to 
certain treatments, which can help physicians tailor treatments for 
individual patients based on their conditions.

The GPR model, as an interpretable method, has practical 
advantages in clinical application. Many sophisticated machine 
learning algorithms may make accurate predictions but lack inter-
pretability for medical application (45–47). In contrast, GPR is a 
well- studied statistical model. The similarity modeling approach 
is intuitive, and its results are easy to interpret (48). In treatment 
response prediction, the kernel function allows for the identifica-
tion of known subjects with similar conditions. While the kernel 
function for both GPR and SVM models provides information 
regarding the importance of genetic and clinical features, GPR 

Figure 5. Evaluation of treatment- specific models and nonspecific models using the Comparative Effectiveness Registry to study Therapies 
for Arthritis and Inflammatory Conditions cohort data set. A, D, and G, Pearson’s correlation coefficients between the observed change in 
Disease Activity Score in 28 joints (ΔDAS28) and predictions from tested regression methods for adalimumab, etanercept, and infliximab.  
B, E, and H, Classification accuracy ratio of predictions from tested responder versus nonresponder classification methods for adalimumab, 
etanercept, and infliximab. C, F, and I, Area under the receiver operating characteristic (ROC) curve of tested responder versus nonresponder 
classification methods for adalimumab, etanercept, and infliximab.
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also bases its prediction on the most similar individuals in the 
training data set. This allows physicians to inspect the conditions 
of known samples that have the highest weights in the GPR pre-
diction. The additive design of our custom kernel function allows 
new features to be easily incorporated with reduced parameter 
tuning. This model can also estimate confidence intervals for its 
predictions, which can be useful for physicians.

However, in comparison to many linear methods that come 
with feature penalty, which allows for built- in feature selection, GPR 
does not have this benefit. As there are millions of genetic features, 
many genes are correlated with clinical outcomes by chance. Fur-
thermore, because of the model differences, significance in linear 
model tests does not translate directly to accuracy improvement 
in a GPR model. To address these issues together, we chose a 
preselected set of genetic features in our model. The selection 
was based on cross- validation, with clinical features present in the  
training process. The genes chosen through this process were often 
by themselves not informative enough to predict the outcomes 
but may improve the performance of the clinical characteristics– 
only models. Recent advances in deep learning may aid in the 
future development of methodologies that directly connect 
genome sequences to phenotypes and treatment responses in 
RA by implementing one- dimensional convolutional neural net-
works that can be used to directly extract information from DNA 
sequences. With the increase in the amount of sequencing data, 
we foresee growth in this area in the near future.

Clinical and genetic heterogeneity may pose a major chal-
lenge for predicting anti- TNF responses. On one hand, clinical and 
demographic markers worked well across different cohorts. The 
cross- validation showed that although clinical markers themselves 
had predictive power, they also improved accuracy when added 
to the baseline DAS28–only model, regardless of cohort. Previous 
studies also identified several blood biomarkers that were informa-
tive about treatment responses and were validated across differ-
ent cohorts (49,50). Genetic features used in our models have 
been reported to be immune- related, including insulin secretion 
(PDZD2), immunoresponse (CD84), and eicosanoids synthesis 
(PLA2G4A). Previous studies have shown ethnic differences in 
genetic markers for anti- TNF responses in the treatment of both 
RA (15,51) and other related autoimmune diseases (52,53). Our 
principal components analysis on the training data set showed 
that the genetic markers were associated with cohort information. 
We showed that genetic markers could not improve the prediction 
accuracy within the CERTAIN cohort data set as they did within 
the training data set. While both the training and the testing data in 
our study involved only patients of European descent, the variation 
across different geographic areas still obstructed the modeling 
of genetic markers. Accurate modeling of treatment responses 
would require a larger panel of genetic features covering multiple 
populations. We believe that extending the clinical feature panel to 
include blood markers or other clinical assays would be beneficial 
for cross- sectional predictions. On the other hand, genetic mark-

ers were found to be specific to certain populations in the context 
of sufficient genetic subtype modeling.

Compared to traditional trial- and- error methods, our model 
can help up to 40% of European- descent anti- TNF nonre-
sponders avoid ineffective treatments. The model’s performance 
is comparable to that of some published models that used 
additional biomarker data, whose AUCs ranged from 55% to 
~74% using various testing sets (50). We would caution future 
users of this model that it was built upon data from European 
descendants only. Considering the heterogeneity of the anti- TNF 
responses among RA patients, we do not expect the model to 
perform similarly in other populations; the use of this model in 
other populations would require new patient data and separate 
feature selection.

In conclusion, we developed a GPR model to predict 
anti- TNF responses among RA patients and to identify nonre-
sponders. The model interpretation shows promise in guiding 
treatment selection. While we showed that the clinical features 
described here are still the features most predictive of treatment 
response, the prediction model allows researchers to assess the 
contribution of genetic markers using existing clinical information 
across cohorts. In the future, various clinical markers may poten-
tially be used for more accurate identification of nonresponder 
subpopulations that carry predictive biochemical traits (50,54). 
However, since this model was developed using data on Euro-
pean descendants only, transferring prediction models to other 
populations may be difficult (55). Further studies involving larger 
and more diverse populations will result in the development of 
more robust models to predict ΔDAS28.
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Objective. Nationwide Danish guidelines regarding rheumatoid arthritis (RA) patients initiating biologic treat-
ment (i.e., biologic disease- modifying antirheumatic drugs [DMARDs]) are issued on an approximately annual basis. 
For biologics- naive patients treated with concomitant methotrexate, mandatory medications included certolizumab 
pegol (CZP; year 2013–2014, recommended compliance 80%), abatacept (ABA; 2014–2015, 80%), and biosimilar 
infliximab (CT- P13; 2015–2016, 50%). We hypothesized that these guidelines could be perceived as a surrogate 
randomization tool in which calendar period rather than patient- specific factors defined the choice of the biologic 
DMARD. We undertook this study to assess compliance with guidelines (supporting the assumption of surrogate ran-
domization) and to compare the effectiveness of CZP, ABA, and CT- P13 in patients treated according to guidelines.

Methods. This was an observational cohort study emulating a randomized trial (using intent- to- treat analyses). RA 
patients compliant with the treatment guidelines were identified in DANBIO, and information on prior comorbidities 
was obtained by linking to national registries. Outcome measures included remission rates according to the Disease 
Activity Score in 28 joints (DAS28) (at 6 and 12 months) and treatment retention at 1 year, compared across treatment 
regimens. Comorbidity/confounder-adjusted multivariable logistic and Cox regression analyses were used.

Results. Seven hundred seventy- six patients were included in the study (336 receiving CZP, 215 receiving ABA, 
225 receiving CT- P13). Compliance with treatment guidelines was high: 70%, 65%, and 59%, respectively. Six- month 
DAS28 remission rates were 35%, 33%, and 42%, and 12- month rates were 35%, 31%, and 35%, respectively. Com-
pared to CZP, adjusted odds ratios for 6-  and 12- month DAS28 remission rates were 0.96 (95% confidence interval 
[95% CI] 0.63–1.47) and 0.74 (95% CI 0.47–1.15) for ABA and 1.38 (95% CI 0.91–2.09) and 0.96 (95% CI 0.62–1.49) 
for CT- P13, respectively. Adjusted hazard ratios for withdrawal (during days 0–90 and days 91–365) were 0.70 (95% 
CI 0.39–1.27) and 1.16 (95% CI 0.84–1.60) for ABA and 0.58 (95% CI 0.33–1.10) and 0.83 (95% CI 0.59–1.17) for CT- 
P13, respectively, compared to CZP.

Conclusion. The surrogate randomization procedure enabled head- to- head comparisons of CZP, ABA, and CT- 
P13. Although some differences in estimated effectiveness were observed across drugs, confidence intervals were 
wide and statistical significance was not reached.
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INTRODUCTION

Rheumatoid arthritis (RA) is a severe inflammatory joint dis-
ease associated with pain, disability, and joint destruction. An 
increasing number of biologic disease- modifying antirheumatic 
drugs (DMARDs) are now available. Randomized controlled trials 
(RCTs) are considered the gold standard for assessing effects of 
medications (1). In RCTs with intent- to- treat (ITT) analyses, various 
biologic DMARDs in combination with methotrexate (MTX) appear 
to have similar efficacy (2–4), but only some of the prior RCTs 
have performed direct comparisons between different biologic 
DMARDs (5,6). Observational studies in routine care are a valuable 
supplement to RCTs due to the inclusion of less restricted popu-
lations, longer follow- up time, and lower costs. However, lack of 
randomization makes observational effect estimates vulnerable to 
confounding, including confounding by indication (7). Interestingly, 
it has been shown that a properly designed observational study 
may produce results very similar to those of RCTs when observa-
tional data are analyzed in a way that emulates an RCT (8).

DANBIO is a nationwide Danish registry of patients diagnosed 
as having inflammatory arthritis (9). Patients are monitored pro-
spectively in routine care, and >95% of biologic DMARD–treated 
patients are included (10). Through linkage to other national reg-
istries, DANBIO data can be enriched with information on factors 
such as hospitalizations, comorbidities, and vital status (11). In 
Denmark, national guidelines on mandatory choice of biologic 
DMARDs are issued on an approximately annual basis accord-
ing to a combination of expert opinions and costs. Guidelines 
include the expected proportion of patients treated according to 
the guideline (compliance) (12). According to the guideline, the 
cheapest drug is selected as the first- line treatment among drugs 
considered to be equally effective and with comparable safety pro-
files. Additionally, the treating physician must argue for any desired 
deviation from the guideline in each individual case. Between 
2013 and 2016, certolizumab pegol (CZP; a tumor necrosis factor 
inhibitor [TNFi]), abatacept (ABA; an inhibitor of costimulation of 
T cells), and CT- P13 (biosimilar infliximab) were successively the 
recommended biologic DMARDs to be taken in combination with 
MTX in biologics- naive RA patients who had insufficient response 
to conventional synthetic DMARDs (csDMARDs).

We hypothesized that the guidelines could be considered as 
a surrogate randomization tool (13,14) and that the selection of 
biologic DMARD would be determined by calendar period rather 
than by patient- specific factors, thus minimizing confounding by 
indication. This might provide a unique opportunity to emulate an 
RCT, thus allowing for the comparison of real-world effectiveness 
of 3 drugs that have never been directly compared in the same 
RCT. The “ideal hypothetical trial” that this observational study 
attempted to emulate was a pragmatic trial (15,16), in which eli-
gible participants were biologics- naive patients with RA that did 
not adequately respond to MTX/csDMARD treatment and began 
receiving their first biologic DMARD between 2013 and 2016. In 

such a trial, patients would be randomized to receive either CZP, 
ABA, or CT- P13, and the adherence to and effects of the treat-
ment would be compared after 6 and 12 months (15,16).

The aims of the current study were therefore 2- fold: 1) to 
assess guideline compliance in order to support the assumption 
of surrogate randomization, and 2) to compare the effectiveness 
of treatment with CZP, ABA, and CT- P13 given in combination 
with concomitant MTX in biologics- naive RA patients in routine 
care.

PATIENTS AND METHODS

National treatment guidelines and compliance. In 
Denmark, biologic DMARD treatment is funded by taxes, which 
 facilitates equal access to expensive therapies. For drugs con-
sidered to be equally effective, a bidding process takes place 
approximately annually, after which it is mandatory to prescribe 
the cheapest drug as the initial biologic DMARD treatment. The 
expected compliance with the guideline is stated in terms that 
require the treating rheumatologist to prescribe the cheapest med-
ication to 50% or 80% of patients, for example, in the calendar 
period that the guideline covers (17). Between 2013 and 2016, 
CZP (January 1, 2013–June 30, 2014), ABA (July 1, 2014–June 
30, 2015), and CT- P13 (July 1, 2015–June 30, 2016) were rec-
ommended as the first- line biologic DMARDs for biologics- naive 
RA patients concomitantly receiving MTX, with an expected com-
pliance rate of 80% for CZP, 80% for ABA, and 50% for CT- P13. 
For each of the 3 calendar periods, the proportion of all biologics- 
naive RA patients who started their first biologic DMARD in com-
bination with MTX in accordance with the national guidelines 
was calculated and compliance was assessed as: (the number 
of treatment- adherent patients/the number of all biologics- naive 
patients initiating biologic DMARD treatment in combination with 
MTX) × 100.

Study design. For each of the calendar periods, biologics- 
naive patients were identified in DANBIO and included in the study if 
they had started biologic DMARD treatment (with concomitant MTX) 
in accordance with the guideline. We sought to establish a non-
blinded observational cohort study with surrogate randomization.

Data on patient characteristics and disease activity (at base-
line, 6 months, and 12 months) were retrieved from DANBIO. Base-
line (i.e., index date) was defined as the biologic DMARD start date. 
Time frames of visits were defined as follows: the baseline visit was 
defined as occurring 30 days prior to treatment initiation until 6 
days after, the 6- month visit between 8 and 39 weeks, and the 12- 
month visit between 40 and 72 weeks after treatment initiation. If 
more than one visit occurred within a given window of time, the visit 
closest to the given time point (baseline, 6 months, or 12 months) 
was selected for the analysis.

Using unique civil registration numbers, comorbidities that 
were present prior to the index date in each patient were identified 
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by linkage to the Danish National Registry of Patients (DNRP) (11). 
The DNPR has nearly complete data on inpatient and outpatient 
contacts (inpatient data since 1977 and outpatient data since 
1995). According to Danish law, informed consent and ethical 
approval were not required for the present study.

Clinical variables and outcome measures. The follow-
ing baseline covariates were identified in DANBIO: age (years), sex 
(female/male), RA disease duration (years), anti–cyclic citrullinated 
peptide (anti- CCP) status (positive/negative), current smoking sta-
tus (yes/no/missing), physician global assessment (visual analog 
scale [VAS] 0–100), patient pain (VAS 0–100), fatigue (VAS 0–100), 
patient global assessment (VAS 0–100), functional status (Health 
Assessment Questionnaire [HAQ] [18]; continuous 0–3), C- reactive 
protein (CRP; continuous), and glucocorticoid use at baseline 
(injections or oral; yes/no). Similarly, at baseline and at the 6-  and 
12- month visits, the DAS28 score (based on 4 variables and CRP; 
continuous) (19,20) and the Clinical Disease Activity Index (CDAI; 
continuous) (21) were calculated. Remission criteria were defined 
as DAS28 <2.6 and CDAI ≤2.8.

Outcome measures included the proportion of patients 
with disease in remission according to the DAS28 (ITT analysis) 
after 6 and 12 months and retention rates at 1 year. Further-
more, the odds of achieving remission after 6 and 12 months 
and the 1- year risk of withdrawal (hazard ratio [HR]) were com-
pared across treatments. Secondary outcome measures were 
the median DAS28 and the proportion of patients with dis-
ease in remission according to the CDAI at 6 and 12 months. 
Comorbidities were identified in the DNPR 10 years prior to 
baseline, and the Charlson comorbidity index (CCI) score (0 
versus ≥1) (22) was calculated, excluding category 7, connec-
tive tissue disease (see Supplementary Table 1, on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41031/ abstract).

In the analysis of treatment retention, the duration for 
which a patient received a biologic DMARD was defined 
as the number of days from baseline to one of the follow-
ing (whichever occurred first): date of discontinuation of the 
biologic DMARD, emigration, start of treatment with another 
biologic DMARD, death, or end of study period. The date 
of discontinuation was recorded in DANBIO by the treat-
ing physician as the date of first missed dose. Reasons for 
withdrawal (lack of effect, adverse events, cancer, possible 
intention to become pregnant, treatment at another hospital, 
infection, loss to follow- up, death, surgery, project partici-
pation, remission, other, or unavailable) were retrieved from 
DANBIO. The end of the study period was January 1, 2018, 
which ensured 12 months of follow- up with patients in the 
third calendar period.

Statistical analysis. All analyses were conducted using 
SAS software, version 9.4. Descriptive statistics for continuous 

variables were summarized as medians and interquartile ranges 
(IQRs), and categorical variables were assessed as frequencies 
and percentages.

For patients with data missing on DAS28 remission sta-
tus at 6 months, the following assumptions about treatment 
responses were made as part of an approximated ITT anal-
ysis: 1) patients who had withdrawn from treatment due to 
“lack of effect” were classified as being not in remission, 2) 
patients who had withdrawn due to “remission” were classi-
fied as having disease in remission, 3) patients still receiving 
treatment who had >1 swollen joint at 6 months were clas-
sified as having disease not in remission, and 4) patients 
who still had missing data on outcome measures were in 
the main analyses classified as having disease not in remis-
sion. Similar approaches were applied to DAS28 remission 
status at 12 months and to CDAI remission status. When 
DAS28 median scores were calculated, patients with miss-
ing DAS28 data were excluded.

The odds of disease being in DAS28 remission at 6 months 
were estimated using logistic regression analyses adjusted for 
baseline confounders that were identified a priori as clinically 
relevant: 1) age and sex, and 2) age, sex, DAS28, HAQ score, 
smoking status, and CCI score (fully adjusted). CZP was used 
as the reference drug because most patients were treated 
with it. In “best- case/worst- case” sensitivity analyses, the ITT 
analysis mentioned above was expanded further to assess the 
impact of extreme end points. In patients who had missing 
data on DAS28 remission status (yes/no) at 6 months, logistic 
regression analyses were carried out in which 1 drug at a time 
was assigned “best case” for all missing data and compared to 
the 2 other drugs assigned “worst case” for all missing data. In 
the best- case analysis, patients with missing data at 6 months 
were categorized as having disease in remission. In the worst- 
case analysis, they were categorized as having disease not 
in remission (i.e., nonresponder imputation). Similar analyses 
were used for DAS28 remission at 12 months.

Treatment retention at 1 year was investigated using multivar-
iable Cox regression analyses with adjustment for the confound-
ers described above. The proportional hazard assumption was 
not met for the initial model but was fulfilled when analyses were 
conducted with separate effects for the time intervals 0–90 days 
and 91–365 days.

To mimic common inclusion and exclusion criteria in RCTs, 
further sensitivity analyses were performed, in which we excluded 
patients with severe comorbidities (myocardial infarction, cere-
brovascular disease, dementia, hemiplegia, moderate- to- severe 
renal disease, diabetes mellitus with end- organ damage, any 
tumor, leukemia, lymphoma, moderate- to- severe liver disease, 
and AIDS) and only included patients who had a baseline DAS28 
of >3.2 and who were seropositive for rheumatoid factor or anti- 
CCP. In these analyses, no adjustment for baseline comorbidities 
was performed.

http://onlinelibrary.wiley.com/doi/10.1002/art.41031/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41031/abstract
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RESULTS

Compliance with national guidelines. Table 1 shows the 
pattern of biologic DMARD prescriptions administered during the 3 
calendar periods. The national guidelines were followed in 776 RA 
patients initiating CZP (336 patients), ABA (215 patients), or CT- 
P13 (225 patients) (Table 1). Compliance regarding choice of drug 

in each calendar period was 70%, 65%, and 59%, respectively.

Baseline patient characteristics. Patients had sim-
ilar DAS28 and CDAI scores, CRP levels, and patient- reported 
outcomes (HAQ, fatigue, and pain) across treatments (Table 2). 
Patients treated with CT- P13 were slightly older; those treated 
with ABA had fewer comorbidities, and fewer patients in this 

group were smokers (Table 2).

Visits during follow- up. The number of visits registered 
in DANBIO during the first year of treatment was similar for all 3 
drugs (median 3 visits). Furthermore, the median number of days 
until the 6-  and 12- month visits were similar for all drugs (186–199 
days and 385–404 days, respectively).

Treatment responses at 6 and 12 months and 1- year 
retention rates. At 6 months, DAS28 disease remission had 
been achieved in 35% of CZP- treated patients, 33% of ABA- 
treated patients, and 42% of CT- P13–treated patients. At 12 
months, these rates were 35%, 31%, and 35%, respectively (ITT 
analyses) (Table 3). CDAI scores revealed similar patterns (Sup-
plementary Table 2, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41031/ abstract). One- year crude retention rates were 60% 
for CZP, 57% for ABA, and 69% for CT- P13. With CZP as the 
reference drug, the estimated age-  and sex- adjusted odds ratio 
(OR) for achieving DAS28 remission at 6 months was 0.95 (95% 
confidence interval [95% CI] 0.65–1.39) for abatacept and 1.38 
(95% CI 0.95–1.99) for CT- P13. After 12 months, the results were 
OR 0.84 (95% CI 0.56–1.24) and OR 1.04 (95% CI 0.70–1.54), 

Table 1. Rheumatoid arthritis patients receiving biologic disease- 
modifying antirheumatic drugs (DMARDs) in combination with 
methotrexate (MTX) during 3 calendar periods*

Jan. 2013–
June 2014 
(n = 474)

July 2014–
June 2015 
(n = 329)

July 2015–
June 2016 
(n = 379)

Abatacept 6 (1) 215 (65)† 23 (6)
Adalimumab 29 (6) 20 (6) 12 (3)
Certolizumab pegol 336 (70)† 31 (9) 62 (16)
Etanercept 

(originator)
46 (10) 8 (3) 1 (0.5)

Etanercept (biosimilar 
SB4)

–‡ –‡ 14 (4)

Golimumab 10 (2) 3 (1) 0 (0)
Infliximab (originator) 12 (3) 4 (1) 1 (0.5)
Infliximab (biosimilar 

CT- P13)
–‡ 7 (2) 225 (59)†

Rituximab 22 (5) 14 (4) 15 (4)
Tocilizumab 12 (3) 27 (8) 26 (7)

* Values are the number (%) of patients. 
† First- line treatment according to national guidelines. 
‡ Treatment not available during calendar period. 

Table 2. Baseline characteristics of the rheumatoid arthritis patients adhering to the Danish national guidelines and included in the comparative 
effectiveness study*

Treatment, calendar period

Certolizumab pegol,  
Jan. 2013–June 2014 

(n = 336)

Abatacept,  
July 2014–June 2015 

(n = 215)

CT- P13,  
July 2015–June 2016 

(n = 225)

No. with  
data

No. (%) or  
median (IQR)

No. with 
data

No. (%) or  
median (IQR)

No. with 
data

No. (%) or 
median (IQR)

Age, years 336 57 (48–65) 215 57 (48–65) 225 59 (50–66)
Female, no. (%) 336 240 (71) 215 155 (72) 225 153 (68)
Anti- CCP positive, no. (%) 248 184 (74) 168 129 (77) 174 123 (71)
Disease duration, median (IQR) 

years
318 3 (1–10) 207 3 (1–9) 212 4 (2–10)

Current smoker, no. (%) 279 55 (20) 191 21 (11) 204 36 (18)
Glucocorticoids, no. (%) 336 148 (44) 215 118 (55) 225 123 (55)
Physician global VAS, median (IQR) 309 31 (18–46) 194 26 (17–41) 211 26 (16–42)
Pain VAS, median (IQR) 320 58 (38–75) 197 63 (44–75) 214 61 (34–75)
Fatigue VAS, median (IQR) 320 69 (44–82) 195 69 (40–84) 214 64 (40–82)
DAS28, median (IQR) 312 4.6 (3.8–5.3) 193 4.5 (3.9–5.3) 206 4.5 (3.7–5.3)
CDAI, median (IQR) 307 20 (14–28) 191 19 (13–26) 205 19 (13–26)
HAQ, median (IQR) 318 1.1 (0.6–1.8) 194 1.0 (0.6–1.6) 211 1.0 (0.6–1.6)
Patient global VAS, median (IQR) 324 70 (49–84) 197 73 (51–84) 214 68 (48–85)
CRP, median (IQR) mg/liter 319 8 (3–18) 197 9 (3–20) 214 9 (4–20)
CCI score ≥1, no. (%) 334 72 (22) 213 35 (16) 222 53 (24)

* Expected guideline compliance rates were 80% for certolizumab pegol, 80% for abatacept, and 50% for CT- P13 (biosimilar infliximab). Actual 
guideline compliance rates were 70%, 65%, and 59%, respectively. IQR = interquartile range; anti- CCP = anti–cyclic citrullinated peptide; VAS = 
visual analog scale; DAS28 = Disease Activity Score in 28 joints; CDAI = Clinical Disease Activity Index; HAQ = Health Assessment Questionnaire; 
CRP = C- reactive protein; CCI = Charlson comorbidity index. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41031/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41031/abstract
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respectively. Similar estimates were found in confounder- adjusted 
analyses (Figure 1). For all analyses, the CIs included 1. Worst- 
case and best- case imputations changed the estimates so that 
whichever drug was assigned “best case” was superior to the 
2 other drugs (Supplementary Table 3, http://onlin elibr ary.wiley.

com/doi/10.1002/art.41031/ abstract).

Comparison of retention rates. In the fully adjusted 
model, the estimated risk of withdrawal for ABA was 30% lower 
(HR 0.70 [95% CI 0.39–1.27]) than for CZP during the first 90 
days of treatment. However, from days 91 to 365, the risk was 
16% higher (HR 1.16 [95% CI 0.84–1.60]) (Table 4). For CT- P13, 
the risk was 42% lower (HR 0.58 [95% CI 0.33–1.10]) during the 
first 90 days and 17% lower from days 91 to 365 (HR 0.83 [95% 
CI 0.59–1.17]). All CIs included 1 (Table 4). After 6 months of fol-
low- up, the median DAS28 was 2.9 (IQR 2.0–3.9) for CZP, 3.0 
(IQR 2.0–3.9) for ABA, and 2.6 (IQR 2.0–3.8) for CT- P13 in patients 
still receiving treatment. Similarly, after 12 months, the median 
DAS28 was 2.2 (IQR 1.7–3.0) for CZP, 2.4 (IQR 1.8–3.3) for ABA, 
and 2.5 (IQR 1.7–3.5) for CT- P13. Reasons for discontinuation  
(e.g., lack of effect, adverse events) are routinely registered in 
DANBIO. The main reasons for discontinuation were lack of effect 

(36–60%) and adverse events (15–42%), while other reasons 
were given in <10% of cases.

Sensitivity analyses restricted to patients fulfilling 
strict RCT inclusion and exclusion criteria. Adherence to 
guidelines, baseline characteristics, treatment responses, and 
retention rates were similar in the analyses that excluded patients 
with severe comorbidities and included only seropositive (for 
rheumatoid factor or anti- CCP) patients with a DAS28 of >3.2. 
In the restricted cohort, the baseline characteristics, treatment 
responses, and retention rates were largely similar across the 3 
treatments, and the CIs were wide (Supplementary Tables 4–8, 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41031/ abstract).

DISCUSSION

In this report, we describe how data from an observational 
cohort study of >700 biologics- naive RA patients who initiated 
treatment with biologic DMARDs according to national guide-
lines during 2013–2016 could emulate an RCT study, which 
allowed for a head- to- head comparison of CZP, ABA, and CT- 
P13. Compliance with the guidelines was high. Although some 
differences in the estimated remission and retention rates were 
observed between the drugs, CIs were wide and statistical sig-
nificance was not reached.

RCTs are considered the gold standard for assessing 
the efficacy of biologic DMARDs. RCTs comparing the active 
drug to placebo or to another biologic DMARD have reported 
comparable treatment effects among these DMARDs in each 
study (5,6,23–25). However, inclusion criteria and definition of 
treatment responses have varied between RCT studies, which 
makes comparisons across studies difficult. Studies that include 
indirect comparisons of biologic DMARDs have reported equal 

Table  3. DAS28 remission rates at 6 and 12 months, in intent-  
to- treat analyses, stratified by treatment*

Treatment 6 months 12 months
Certolizumab pegol (n = 336) 116 (35) 118 (35)
Abatacept (n = 215) 72 (33) 67 (31)
CT- P13 (n = 225) 94 (42) 78 (35)

* Values are the number (%) of patients. Data on the Disease Activity 
Score in 28 joints (DAS28) remission rates at 6 months were missing 
for 40 patients taking certolizumab pegol, 25 patients taking abata-
cept, and 29 patients taking CT- P13 (biosimilar infliximab). Data were 
missing for 74, 51, and 58 patients, respectively, at 12 months. 

Figure 1. Adjusted odds ratios (ORs) for achieving remission according to the Disease Activity Score in 28 joints (DAS28) at 6 and 12 months. 
Results of logistic regression analyses are shown. Fully adjusted analyses included adjustment for age, sex, DAS28, Health Assessment 
Questionnaire score, smoking status, and Charlson comorbidity index. 95% CI = 95% confidence interval.

http://onlinelibrary.wiley.com/doi/10.1002/art.41031/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41031/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41031/abstract
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effectiveness but with wide CIs and heterogeneity between 
studies (26,27). Observational cohort studies may be a val-
uable alternative when RCTs are considered too expensive 
or impossible to conduct (28). Furthermore, it is of interest to 
study effectiveness in patients treated in routine care, as most 
of these patients would not have been eligible to be included in 
an RCT (29). Thus, in the present study, the included patients 
represented an unselected nationwide cohort that began receiv-
ing 1 of 3 biologic DMARDs within a limited calendar period, 
which enabled us to directly compare the 3 drugs. Historically, it 
has been claimed that the effect size is often higher in observa-
tional studies than in RCTs (28). However, several recent studies 
comparing RCTs and observational studies could not confirm 
this (1,28,30). Our findings support the notion that a properly 
designed cohort study seems to produce results comparable to 
those of RCTs.

We took several methodologic steps to emulate an RCT. First, 
we took advantage of the national guidelines, which resulted in 
a surrogate randomization procedure in which the choice of bio-
logic DMARD was defined by the calendar period, thereby reduc-
ing confounding by indication. Compared to the calendar periods 
prior to and after each of the 3 drugs being the first- line choice, a 
steep decline in the number of patients treated with these drugs 
was observed, demonstrating that compliance with the guidelines 
was high. Furthermore, similar baseline characteristics in the 3 
cohorts indicated a successful “randomization.” Second, in order 
to assess the impact of missing follow- up data, we analyzed data 
using an ITT methodology and also conducted best-  and worst- 
case analyses. Third, linking DANBIO to other national registries 
(e.g., the DNPR) allowed us to adjust for a wide range of poten-
tial confounders, including comorbidities. We did this in 2 ways: 
through statistical modeling and through restriction of the cohort 
by applying some exclusion criteria that are common in RCTs (i.e., 
excluding patients with severe comorbidities, low disease activity, 
or seronegative status) (31). Overall, the results of the various sen-
sitivity analyses were largely similar, which confirms the robustness 
of our findings.

We took advantage of the fact that the treatment assign-
ment was largely driven by the guidelines. Therefore, control 
for confounding started at the time of study design and not at 
the time of adjusted analyses (14). As a result, patient charac-

teristics at baseline were very similar across calendar years. 
Some patients did not adhere to the guidelines. We have pre-
viously investigated differences between those who adhered to 
guidelines and those who did not (32). Patients adherent to the 
guidelines had higher DAS28 and patient global scores, indicat-
ing that some selection of patients took place, which is similar 
to what is observed in the recruitment of patients for an RCT 
(33). Shortly after CT- P13 was marketed in Denmark, the guide-
lines were revised and CT- P13 became the first- line treatment 
(expected compliance 50%), whereas CZP became the second 
choice (expected compliance 30%). We decided not to include 
the latter cohort in our emulated RCT, since patient numbers 
were low and CZP at this point in time was only the second 
choice.

This study had strengths and limitations. High- quality clin-
ical prospective data from a nationwide rheumatologic regis-
try, DANBIO, was enriched with data from a virtually complete 
national registry. Although we used ITT analyses and best-  and 
worst- case imputation to handle missing data, missingness still 
occurred. This is an inherent challenge of observational studies 
due to loss to follow- up and incomplete registrations. Some 
channeling cannot be ruled out. In contrast to an RCT, the phy-
sician had other potential treatment alternatives. Since compli-
ance with the guideline was not expected to be 100%, it was 
possible, for example, to prescribe rituximab rather than the 
recommended first- line choice to patients who had a prior can-
cer. We found that CT- P13–treated patients were slightly older. 
Subcutaneously administered biologic DMARDs (i.e., ABA and 
CZP) may be preferred by patients who are younger and more 
likely to be in the labor market, because these treatments are 
less time consuming and require fewer hospital visits compared 
to intravenous treatments (i.e., CTP- 13). A study from the 
Swedish Rheumatology Quality register showed that patients 
with poor health status were channeled to non- TNFi biologic 
DMARDs, which made these drugs appear more harmful com-
pared to TNFi biologic DMARDs (34). This may explain, at least 
in part, the slightly lower estimates of treatment responses 
found for ABA (a non- TNFi biologic DMARD) in most of our 
analyses.

In conclusion, in this observational study of >700 patients 
with RA who were treated according to the national Danish guide-

Table 4. Adjusted Cox regression analyses of treatment discontinuation during the first year of treatment*

No. with data

Hazard ratio (95% confidence interval)

Certolizumab pegol Abatacept CT- P13
0–90 days

Adjusted for age and sex 776 1.0 (referent) 0.78 (0.45–1.36) 0.63 (0.35–1.13)
Fully adjusted* 720 1.0 (referent) 0.70 (0.39–1.27) 0.58 (0.33–1.10)

91–365 days
Adjusted for age and sex 702 1.0 (referent) 1.15 (0.85–1.56) 0.74 (0.53–1.04)
Fully adjusted* 652 1.0 (referent) 1.16 (0.84–1.60) 0.83 (0.59–1.17)

* Adjusted for age, sex, Disease Activity Score in 28 joints, Health Assessment Questionnaire score, smoking 
status, and Charlson comorbidity index. 
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lines, we showed how a surrogate randomization  procedure (by 
calendar periods) enabled direct comparison of the effectiveness 
of CZP, ABA, and CT- P13. Although some differences in the esti-
mated remission and retention rates among the 3 drugs were 
observed, the confidence intervals were wide and no statistically 
significant differences were found.
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Deletion of Mucosa-Associated Lymphoid Tissue 
Lymphoma Translocation Protein 1 in Mouse T Cells 
Protects Against Development of Autoimmune Arthritis but 
Leads to Spontaneous Osteoporosis
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Objective. Mucosa- associated lymphoid tissue lymphoma translocation protein 1 (MALT-1) plays a crucial role 
in innate and adaptive immune signaling by modulating the threshold for activation of immune cells, including Treg 
cells. Therefore, MALT-1 is regarded to be an interesting therapeutic target in several immune- mediated diseases. 
The goal of this study was to examine the role of MALT-1 in experimental animal models of rheumatoid arthritis (RA).

Methods. MALT-1 activation was assessed by measuring cleavage of the deubiquitinase CYLD in lympho-
cytes from mice with collagen- induced arthritis (CIA). Furthermore, the impact of MALT-1 deficiency on arthri-
tis was evaluated in Malt1KO mice with CIA or with collagen antibody–induced arthritis (CAIA). T cell–specific 
MALT-1 deficiency was measured in mice with deletion of T cell–specific MALT-1 (Malt1TcellKO ), and the time- 
dependent effects of MALT-1 deficiency were assessed in mice with deletion of tamoxifen-inducible T cell–
specific MALT-1 (Malt1iTcellKO). Bone density was determined in MALT-1– deficient mice using micro–computed 
tomography and femur- bending tests. Reconstitution of Treg cells was performed using adoptive transfer 
experiments.

Results. MALT-1 activation was observed in the lymphocytes of mice with CIA. T cell–specific MALT-1 deletion in 
the induction phase of arthritis (incidence of arthritis, 25% in control mice versus 0% in Malt1iTcellKO mice; P < 0.05), but 
not in the effector phase of arthritis, completely protected mice against the development of CIA. Consistent with this 
finding, MALT-1 deficiency had no impact on CAIA, an effector phase model of RA. Finally, mice with MALT-1 deficiency 
showed a spontaneous decrease in bone density (mean ± SEM trabecular thickness, 46.3 ± 0.7 μm in control mice versus  
40 ± 1.1 μm in Malt1KO mice; P < 0.001), which was linked to the loss of Treg cells in these mice.

Conclusion. Overall, these data in murine models of RA highlight MALT-1 as a master regulator of T cell activa-
tion, which is relevant to the pathogenesis of autoimmune arthritis. Furthermore, these findings show that MALT-1 
deficiency can lead to spontaneous osteoporosis, which is associated with impaired Treg cell numbers.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic joint disease character-
ized by the activation of autoreactive T cells and development of 
autoantibodies. If treated inadequately, it may lead to irreversible 
joint destruction and systemic bone loss. RA shows a strong link-
age with specific major histocompatibility complex class II genes, 
which is mirrored by the marked role of, particularly, T cells in 
adaptive immunity. T cell effector functions may also be triggered 
by non–T cell receptor (TCR)–mediated signals, suggesting that 
innate immune mechanisms may be involved (1,2). Therefore, 
pathways that modulate both TCR and innate- like signals are of 
marked interest in RA.

The paracaspase mucosa- associated lymphoid tissue lym-
phoma translocation protein 1 (MALT-1) is a key player in the acti-
vation of immune cells initiated by receptors that either contain 
an immunoreceptor tyrosine–based activation motif (ITAM) or are 
associated with ITAM- bearing signaling subunits. These recep-
tors include the B cell receptor (BCR) and TCR, NK1.1, dectins 
1, 2, and 3, osteoclast- associated immunoglobulin- like receptor, 
and Fc receptors, indicating that MALT-1 may play a role in lym-
phoid and myeloid cells (3). In addition to acting as a scaffold 
to mediate signaling to NF- κB, MALT-1 exerts proteolytic activity 
that further fine- tunes gene expression (4). Of note, MALT-1 is 
also necessary for the thymic development of Treg cells, suggest-
ing that this gene has a role in the maintenance of immune home-
ostasis (5). Collectively, MALT-1 is fundamental to both adaptive 
and innate immune signaling and is regarded as a promising tar-
get for the treatment of autoimmune diseases.

The role of MALT-1 in RA is currently unclear. To establish evi-
dence of MALT-1 activation in autoimmune arthritis, we examined 
the cleavage of a specific MALT-1 substrate, the deubiquitinase 
CYLD, in mice with collagen- induced arthritis (CIA). Subsequently, 
the impact of MALT-1 deficiency was examined in distinct murine 
models of arthritis that reflect different phases of human RA. 
By using T cell–specific MALT-1– deficient (Malt1TcellKO) mice and 
tamoxifen- inducible T cell–specific MALT-1 deletion (Malt1TcellKO) in 
mice, we specifically aimed to study the role of MALT-1 in T cells 
and determine the time window during which MALT-1 plays a role 
in arthritis development. Apart from the role of MALT-1 in inflam-
mation, we evaluated the effect of its absence on bone biology, 
both under normal conditions and under inflammatory conditions. 
Overall, our goal was to elucidate the role of MALT-1 in the 2 car-
dinal features of RA, joint inflammation and bone loss.

MATERIALS AND METHODS

Mice. Malt1+/− mice were intercrossed to generate Malt1+/+ 
(wild- type) and Malt1−/− (Malt1KO) offspring (6) to be used in our 
experiments. Malt1FL/FL CD4- CreTg/+ (Malt1TcellKO) mice and Malt1FL/FL  
CD4- CreER(T2) (Malt1iTcellKO) mice were generated by crossing 
Malt1FL/FL to CD4- CreTg/+ and CD4- CreER(T2) mice, respectively, 

and the CD4- Cre and CD4- CreER(T2) genes were kept as het-
erozygotes (7,8). Foxp3eGFP reporter mice, expressing enhanced 
green fluorescent protein (eGFP) along with Foxp3, were kindly 
provided by Dr. Tim Sparwasser (9). All mice were initially back-
crossed to C57BL/6 mice.

At the start of induction of CIA and collagen antibody–induced 
arthritis (CAIA), mice were ages 8–14 weeks. Mice were housed 
in accordance with our specific institutional guidelines, and exper-
iments were conducted according to the guidelines of the Ethics 
Committee of Laboratory Animal Welfare of Ghent University. Mice 
were bred in individually ventilated cages, and experiments were 
conducted in conventional cages.

Induction and assessment of arthritis. For the induc-
tion of CIA, male mice were immunized intradermally at the base 
of the tail with 200 μg of chicken type II collagen (MD Biosciences) 
dissolved in 0.1M acetic acid and emulsified in complete Freund’s 
adjuvant (BD Biosciences). On day 21 postimmunization, mice 
received a second challenge using the same mixture. Thereafter, 
the mice were monitored by 2 independent investigators for clin-
ical symptoms of arthritis until day 60, at which time they were 
euthanized. More specifically, 3 joints—the interphalangeal joints 
(digits), metacarpophalangeal joints, and carpal/tarsal joints—
were evaluated for clinical scoring of arthritis on a scale of 0–3, 
in which 0 = normal, 0.5 = swelling and redness of 1 interphalan-
geal joint, 1 = swelling and redness of at least 2 interphalangeal 
joints or the metacarpophalangeal joint or the carpal/tarsal joint, 
2 = swelling and redness of 2 joint types, and 3 = swelling and 
redness of the entire paw (10).

To conditionally deplete MALT-1 at distinct stages of CIA 
development, Malt1iTcellKO mice and littermate control mice were 
injected intraperitoneally with tamoxifen (2.5 mg/day) or vehicle 
(corn oil) for 5 consecutive days. To ensure continuous MALT-1 
depletion over the entire CIA induction period, treatment was 
repeated 21 days after the first injection. The latter was only done 
for mice in the preboost group, as therapeutically treated mice 
were euthanized at 21 days after the onset of clinical symptoms 
of arthritis. The tamoxifen stock solution was prepared by dissolv-
ing 1 gram of tamoxifen (Sigma- Aldrich) in 1 ml of ethanol. Sterile 
corn oil (Sigma- Aldrich) was added to obtain a 25 mg/ml solution, 
which was stored at −20°C.

CAIA was induced in C57BL/6 mice with ArthritoMab anti-
body cocktail (MD Biosciences), in accordance with the manu-
facturer’s instructions. The mice were then scored for clinical 
symptoms of arthritis in the same manner as described above 
(score scale 0–3), from day 4 until the day of euthanization (day 
14).

Histologic analyses. For the histopathologic evaluation 
of inflammation, mouse knees and ankles were fixed in 4% for-
maldehyde and decalcified in 5% formic acid. Paraffin- embedded 
sections of 7 μm were stained with hematoxylin and eosin or with 
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Safranin O, and 2 investigators assessed, in a blinded manner, the 
severity of inflammation and damage to the joints.

For bone histomorphometry, the tibiae were fixed in 4% 
formaldehyde and decalcified in EDTA for 2 weeks. Paraffin- 
embedded sections of 3 μm were stained with tartrate- resistant 
acid phosphatase (TRAP) (Sigma- Aldrich), in accordance with the 
manufacturer’s instructions, to assess osteoclast formation in the 
bone.

In addition, the osteoclasts were quantified in the tibiae. 
Osteoclast counts were carried out at the midpoint of the epiphy-
seal growth plate containing the provisional calcification layer and 
the primary spongiosa, as described previously (11).

Assessment of bone density using micro–computed 
tomography (micro- CT) scanning and the 3- point femur- 
bending test. Naive male mice (n = 10–11 per group) were killed 
at age 3.5 months. In the CAIA induction experiments, mice were 
killed at the end of CAIA induction (day 14) but had the same age 
at the time of euthanization as the naive mice (n = 6 per group). 
Among the mice with CAIA, only those that showed similar clinical 
arthritis scores were included in the bone density assay, as bone 
destruction and inflammation are tightly linked to each other.

For assessment of bone density, the femora were care-
fully excised at the hip and knee joints. Upon removal of all 
surrounding tissue, the femora were wrapped in a phosphate 
buffered saline (PBS)–soaked gauze bandage, to prevent dehy-
dration, and stored at −20°C. The 3- point femur- bending test 
was performed at the Department of Basic Medical Sciences 
at Ghent University. For this test, a loading point is applied 
on the mid- diaphysis of the femur and is moved downward 
with increasing force and displacement. The maximum force 
(in Newtons) reflects the load applied right before the femur 
fractures. Resistance given by the femur to the applied force is 
defined as “stiffness” (in Newtons/mm). A strong bone is thus 
correlated with high stiffness and maximum force. To deter-
mine bone density, the tibiae (n = 10–11 mice per group) were 
fixed overnight in 4% formaldehyde, stored in 70% ethanol, 
and scanned with a micro- CT scanner. Additional details are 
provided in Supplementary Materials and Methods (availa-
ble on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41029/ abstract).

Adoptive transfer of Treg cells. Treg cells were iso-
lated from the splenocytes of Foxp3eGFP reporter mice. After 
homogenization of the spleens through a 70- μm strainer and 
lysis of erythrocytes with ACK lysis buffer (Lonza), CD4+ cells 
were isolated using a Dynabeads Untouched Mouse CD4 
Cells kit (ThermoFisher Scientific) in accordance with the man-
ufacturer’s instructions. Subsequently, GFP+Foxp3+ Treg cells 
were obtained by sorting out the fluorescein isothiocyanate–
conjugated CD4+ cells on a FACSAria II apparatus   
(BD Biosciences). For the initial adoptive Treg cell transfer, 

Malt1KO and wild- type littermate control mice were injected 
intravenously twice within 8 weeks with 1 × 106 isolated 
CD4+Foxp3+ Treg cells or with PBS as a control. For the 
following transfer experiments, Malt1KO and Malt1TcellKO mice 
(age 5 weeks) initially received complexes of interleukin- 2 
(IL- 2; PeproTech) coupled to the anti–IL- 2 monoclonal anti-
body JES6- 1 (eBioscience) (the IL- 2–JES6- 1 complex) for 5 
consecutive days, followed by twice- per- week maintenance 
treatments for the subsequent 8 weeks. At age 6 weeks, mice 
were injected intravenously with 1 × 106 isolated CD4+Foxp3+ 
Treg cells, which was repeated at ages 9 and 12 weeks. As 
a control, mice received the IL- 2–JES6- 1 complex alone.  
For both transfer experiments, mice were euthanized at  
age 14 weeks, and the femora were  dissected for bone  
analysis.

Statistical analysis. All data are presented as the mean 
± SEM. Clinical arthritis scores were analyzed with repeated 
measurements using the residual maximum likelihood (REML) 
approach, as implemented in Genstat version 19. Briefly, a 
linear mixed model that used replicate, genotype, time, and 
treatment × time interaction as fixed terms and “subject.time” 
as a residual term was fitted to the data. Times of measure-
ment were set at equal intervals and the autoregressive cor-
relation structure of order 1 (for the CIA experiments) and 
antedependence order 1 (for the CAIA experiments) were 
selected as best model fits based on the Akaike’s information 
criterion coefficient.

The significance of the fixed terms in the models and sig-
nificance of changes in differences between genotype effects 
over time were assessed using an F- test. Analogous to the 
approach taken for survival analysis, incidence data were 
defined as the time it takes for the arthritis to manifest itself 
(clinical arthritis score ≥1 for at least 2 consecutive days) in the 
mouse. Typically, these data are censored, i.e., some mice will 
stay healthy beyond the end of the study, and therefore their 
incidence time is unknown. The incidence function F(t) was 
defined as the probability that an individual mouse was not 
affected by the arthritis at time t. Equality of incidence curves 
between groups was tested using the log- rank test.

For analysis of data from the femur- bending test, a linear 
mixed model was fitted to the data using REML. The “geno-
type” factor was set as a fixed term. Because the experiment 
involved subsampling, with the left and right leg as sampling 
units from the same mouse (representing experimental units), 
the factor “mouse” was added as a random term accounting for 
this subsampling structure. The significance of the fixed geno-
type effect was assessed using an approximate F- test, in which 
the denominator degrees of freedom were calculated using 
algebraic derivatives, as implemented in Genstat version 19. 
The correlation between femur stiffness and Treg cell numbers 
was analyzed with a 2- tailed Spearman’s rank correlation test 
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in GraphPad Prism version 7.03. All other data were analyzed 
using 2- tailed Mann- Whitney U tests in SPSS. Additional exper-
imental details are provided in Supplementary Materials and 
Methods (http://onlin elibr ary.wiley.com/doi/10.1002/art.41029/ 
abstract).

RESULTS

Cleavage of deubiquitinase CYLD in lymphocytes 
from mice with CIA. In experiments with cell stimulation by TCR, 
MALT-1 cleaves CYLD into a 40- kd N- terminal fragment and 70- kd 
C- terminal fragment (12). Since RA is characterized by abundant 
TCR activation, we assessed CYLD cleavage in the joint- draining 
lymph nodes of mice subjected to the prototypic model of antigen- 
induced arthritis, namely CIA. A C- terminal CYLD cleavage frag-
ment was found only in mice developing arthritis, whereas CYLD 
was intact in naive control mice (Figure 1). This indicates that CYLD 
cleavage strongly relies on the presence of inflammation. Of note, 
the size of this murine CYLD cleavage fragment (55 kd) did not cor-
respond to the size of the previously described fragment generated 
by MALT-1 (70 kd) (12). We therefore performed mass spectrom-
etry and confirmed the identity of the 55- kd band as a C- terminal 
CYLD fragment (see Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41029/ abstract).

Protection against CIA in a T cell–dependent  manner 
in mice with MALT-1 deficiency. As MALT-1 is known to 
cleave CYLD upon TCR stimulation, we subsequently evaluated 
the direct role of MALT-1 in RA by using different experimental 
arthritis models. To this end, Malt1KO mice and littermate controls 
were immunized with chicken type II collagen and monitored for 
arthritis progression. Malt1KO mice were completely protected 
against developing CIA, in contrast to wild- type controls, which 
developed both clinical and histopathologic signs of arthritis 

 (Figures 2A and B, and Supplementary Table 1, available on the 
Arthritis & Rheumatology web site at http://online libr ary.wiley.
com/doi/10.1002/art.41029/ abstract).

Consistent with this finding, anti–type II collagen IgG1 and 
IgG2α antibodies were absent in the serum of Malt1KO mice 
that developed CIA (Supplementary Figure 2A, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41029/ abstract). Likewise, CYLD cleav-
age was absent in the draining lymph nodes of Malt1KO mice 
(Figure 1).

To determine the T cell–intrinsic role of MALT-1 in arthritis, 
we induced CIA in Malt1TcellKO mice and wild- type littermates. 
Malt1TcellKO mice were completely protected against CIA, as 
shown by the absence of clinical and histopathologic symptoms 
of arthritis (Figures 2C and D, and Supplementary Table 1 [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41029/ abstract]). Similar 
to Malt1KO mice, no anti- collagen antibodies were detected in 
Malt1TcellKO animals (Supplementary Figure 2B [http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41029/ abstract]).

Unaltered clinical outcomes of arthritis due to 
MALT-1 deficiency in the effector phase. To further 
unravel the importance of MALT-1 in the pathogenesis of RA, 
we investigated the impact of MALT-1 deficiency specifically 
in the priming or effector phases of arthritis, using Malt1iTcellKO  
mice. These mice were subjected to CIA and treated with 
tamoxifen at distinct times. In this way, MALT-1 could be 
depleted in T cells either at the priming phase (preboost 
group) or at the effector phase (therapeutic group) of arthri-
tis (see Supplementary Figure 3, available on the Arthritis 
& Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41029/ abstract). The incidence of arthritis 
was 0% in Malt1iTcellKO mice treated with tamoxifen at the prim-
ing phase, compared to an arthritis incidence of 25% in wild- 
type littermates undergoing the same treatment schedule 

Figure 1. CYLD processing in the lymphocytes of mice with collagen- induced arthritis (CIA). Joint- draining lymph nodes were isolated from 
naive mice and mice with CIA according to Malt1+/+ wild- type (control) and Malt1−/− (Malt1KO) genotypes, and analyzed by Western blotting for 
CYLD expression and processing. CYLD was detected with an antibody raised against the C- terminus. Full- length CYLD (FL- CYLD) and the 
55- kd C- terminal cleavage fragment (CYLD- CL) are indicated, with β- actin used as reference.
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(P < 0.05) (Figure 3A). In the therapeutic groups, mice were 
given tamoxifen for 5 days as soon as they showed an arthritis 
score of ≥1 for 2 consecutive days, and were then euthanized 
21 days after the initial treatment. In this case, however, no 
differences in the mean arthritis clinical scores were observed 
(Figure 3B).

In an alternative approach to test the role of MALT-1 during 
the effector stage of arthritis, we subjected Malt1KO mice and 
littermate controls to a passive transfer model of arthritis, CAIA. 
In this effector phase model of RA, we did not observe any dif-
ferences in either the clinical or histopathologic scores of arthri-
tis (Figures  3C and D, and Supplementary Table 2, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41029/ abstract). Furthermore, CYLD 
cleavage was undetectable in the joint- draining lymph nodes of 

both groups (Supplementary Figure 4, available on the Arthritis &  
Rheumatology web site at http://onlin elibr ary.wiley.com/doi/ 
10.1002/art.41029/ abstract). Taken together, these findings 
indicate that MALT-1 expression in T cells is specifically involved 
during the priming phase, but not effector phase, of arthritis.

Osteoporotic phenotype of MALT-1– deficient mice. 
As bone destruction is one of the cardinal features of RA, we 
determined the bone density in the tibiae and femora of Malt1KO 
and littermate control mice by micro- CT analysis of the tib-
iae and 3- point bending test of the femora. Unexpectedly, we 
found that the femora of naive Malt1KO mice were significantly 
less strong compared to their wild- type controls (Figure 4A). In 
accordance with this, micro- CT analysis of the tibiae indicated a 
lower trabecular and cortical thickness as well as a decreased 

Figure 2. Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT-1) deficiency in mice protects against collagen- 
induced arthritis (CIA) in a T cell–intrinsic manner. A and C, Clinical arthritis scores were assessed in the ankle joints of mice after induction 
of CIA, in groups of male control mice (n = 15) and Malt1KO mice (n = 18) (A) or male control mice (n = 13) and Malt1TcellKO mice (n = 18) 
(C). Results are the mean ± SEM; data are representative of 2 independent experiments. * = P < 0.05 by the residual maximum likelihood 
approach for repeated measurements. B and D, Knee joints of male control mice and either Malt1KO mice (B) or Malt1TcellKO mice (D) were 
examined for histologic features of arthritis, to confirm the clinical data. Hematoxylin and eosin staining was done to assess the amount 
of infiltrate and exudate in the patellofemoral joints (panels a and e) and femorotibial joints (panels c and g). Cartilage depletion and 
destruction were assessed by Safranin O staining (panels b, d, f, and h). Original magnification × 100.
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ratio of bone volume to total volume in the absence of MALT-1 
(Figures 4B and C).

To assess the role of MALT-1 in inflammation- induced bone 
loss, we also measured the bone density of Malt1KO mice and 
littermate controls in the CAIA model. This model of arthritis was 
chosen because clinical disease activity was similar in both groups, 
and only mice with comparable arthritis scores were included in the 
analysis. As shown in Figures 4A and B, bone density was signifi-
cantly decreased in both Malt1KO and control mice when compared 
to their respective naive controls. However, the relative decrease 
(delta values) in bone density upon induction of arthritis was similar 
between Malt1KO and control mice in the functional femur- bending 
test or was even lower in Malt1KO mice compared to controls when 
bone density was measured by micro- CT analysis (Figure 4D).

Osteoporotic phenotype indirectly linked to the 
absence of Treg cells in Malt1KO and Malt1TcellKO mice. 
To test whether the osteoporotic phenotype reflects a MALT-
1– dependent cell- intrinsic effect, the ability to form osteoclasts 
upon RANKL stimulation was assessed in vitro using bone 
marrow–derived cells from Malt1KO mice in comparison to litter-
mate controls. TRAP staining to count the osteoclasts, as well as 
quantitative polymerase chain reaction to determine the expres-
sion of several osteoclastogenic genes (Nfatc1, Trap, Cathepsin 
k, c-fos, Mmp9, and Dc-stamp), showed no differences between 
the groups (Figures 5A–C). In addition, TRAP staining of the tibiae 
of Malt1KO mice and littermate controls showed no differences in 
the percentage of TRAP- positive osteoclast area between Malt1KO 
and control mice (Figures 5D and E).

Figure 3. Deletion of mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT-1) in mice does not influence the effector 
phase of arthritis. Collagen-induced arthritis (CIA) was induced in male control and Malt1iTcellKO mice, and MALT-1 was conditionally depleted in 
CD4+ T cells from the mice at distinct phases of arthritis development. A, Mice were treated with tamoxifen (control n = 12, Malt1iTcellKO n = 15) 
before the CIA boost, and the percentage of mice that showed clinical symptoms of arthritis (incidence) was determined. Statistical significance 
was analyzed by log- rank test. B, Clinical arthritis scores were assessed in control and Malt1iTcellKO mice treated therapeutically with tamoxifen (n =  
4 per group), which was given as soon as an arthritis score of ≥1 was observed for 2 consecutive days. C, Collagen antibody–induced arthritis 
was induced in male control mice (n = 20) and Malt1KO mice (n = 10), and clinical arthritis scores were determined in the ankle joints. Results 
in B and C are the mean ± SEM; data are representative of 2 independent experiments. D, Hematoxylin and eosin staining of the ankle joints 
of control and Malt1KO mice was done to determine the presence of infiltrate and exudate in the entheseal region. Images on the right show 
higher-magnification views of the boxed areas on the left (original magnification × 40 in left images; × 100 in right images). * = P < 0.05 by the 
residual maximum likelihood approach for repeated measurements. NS = not significant. Color figure can be viewed in the online issue, which 
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41029/abstract.
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Importantly, Treg cells are known to suppress osteoclasts, and 
mice that lack Treg cells exhibit severe bone loss (13–15). As both 
Malt1KO and Malt1TcellKO mice are characterized by an almost com-
plete absence of Treg cells (16,17), the osteoporotic phenotype may 
thus reflect an indirect effect. We therefore assessed the bone den-
sity of Malt1TcellKO mice, which, as seen in Malt1KO mice, lack Treg 
cells at steady state (see Supplementary Figure 5, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41029/ abstract). The functional femur- bending test 
and micro- CT analysis each showed a significant decrease in bone 
strength in Malt1TcellKO mice compared to littermate controls (see 
Supplementary Figure 6, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41029/ 
abstract). These data indicate that the effects of MALT-1 deficiency 
on bone density are T cell intrinsic, which may be accounted for by 
the absence of Treg cells in both Malt1KO and Malt1TcellKO mice.

Recently, it was also reported that post- development loss of 
MALT-1 in Treg cells is associated with reduced Treg cell func-
tionality (18), which could further exacerbate the Treg cell defects 
in Malt1KO and Malt1TcellKO mice. To verify this, we performed a 
Treg cell adoptive transfer experiment in which 1 × 106 sorted  
CD4+Foxp3+ (GFP+) Malt1 wild- type mouse Treg cells were 
injected twice within a period of 8 weeks into Malt1KO mice and 
littermate controls. Although a minor increase in Treg cell numbers 
was observed in the splenocytes of Malt1KO mice that received 
the transfer, levels comparable to those in wild-type mice were not 
obtained (see Supplementary Figure 7B, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41029/ abstract). This minor increase in the num-
ber of Treg cells may be attributable to the “IL- 2–poor” environ-
ment in the absence of MALT-1 (Supplementary Figure 7D [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41029/ abstract]) and the 

Figure 4. Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT-1) deficiency in mice has a negative impact on bone 
homeostasis. Bone density was determined in naive mice (n = 10 per group) and mice with collagen antibody–induced arthritis (CAIA) (control 
n = 6, Malt1KO n = 6). A, Functional femur strength was determined by the 3- point femur- bending test, to obtain the maximum force (Fmax; in 
Newtons) and stiffness (in Newtons/mm), with higher values representing stronger bones. B, Micro–computed tomography (micro- CT) analysis 
of the mouse tibiae shows the trabecular and cortical thickness as well as the ratio of bone volume to total volume (BV/TV). C, Cross- sections 
through the tibiae visually display the cortical and trabecular thickness in control and Malt1KO mice. The cortex is represented in blue, trabeculae 
in red, and pores in gray. D, Changes in femoral strength, thickness, and BV/TV (delta values) were determined in naive mice compared to mice 
with CAIA. Results in A, B, and D are the mean ± SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Mann- Whitney U test.
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required presence of IL- 2 for Treg cell expansion/maintenance 
(19–21). As a result, no increase in bone density was observed in 
Malt1KO mice that received Treg cells compared to their respec-
tive PBS- treated control groups (Supplementary Figure 7C [http://
onlinelibrary.wiley.com/doi/10.1002/art.41029/abstract]).

To circumvent this issue related to IL- 2, we injected the mice 
with complexes of IL- 2 coupled to the anti–IL- 2 monoclonal anti-
body JES6- 1 (the IL- 2–JES6- 1 complex) during the course of the 
 experiment (more details on the dosing scheme can be found in 
Materials and Methods). Because of this complex formation, IL- 2 will 
selectively target and induce the expansion of CD25+ cells, most 
of which are typical Treg cells (22–24). These IL- 2–JES6- 1 com-
plex injections following adoptive transfers were performed in both 
Malt1KO and Malt1TcellKO mice to rule out any bystander effects of a 
general MALT-1 deficiency. Treatment with the IL- 2–JES6- 1 complex 
together with 3 injections of 1 × 106 sorted CD4+Foxp3+ (GFP+) 
Treg cells within a period of 8 weeks resulted in a marked increase 
in Treg cells in both Malt1KO and Malt1TcellKO mice (Figures 6A and B).

Finally, the bone density of these Treg cell–reconstituted mice 
was compared to that of the corresponding Malt1KO and Malt1TcellKO 
control mice, which were injected with the IL- 2–JES6- 1 complex 
without Treg cell transfer, in order to exclude the possibility of 
effects from the IL- 2–JES6- 1 complex on bone density. A signifi-
cant increase in femur strength was observed in the mice that had 
received wild- type GFP+ mouse Treg cells (Figure 6C). Accordingly, 
a positive correlation was shown between femur stiffness and Treg 
cell numbers in the spleens of Malt1KO mice that received the IL- 2–

JES6- 1 complex with or without the addition of Treg cells  (Figure 6D). 
Taken together, these findings provide evidence that the observed 
loss in bone strength in both Malt1KO and Malt1TcellKO mice indirectly 
results from their common deficiency in Treg cells.

DISCUSSION

MALT-1 is considered a highly interesting new drug tar-
get in autoimmune diseases (25). A first line of evidence for 
its  therapeutic potential resides in the protection of MALT-1– 
deficient mice against the development of experimental auto-
immune encephalomyelitis (EAE), an antigen- driven model for 
multiple sclerosis (26). Similarly, mice expressing a protease- 
dead mutant of MALT-1 as well as mice treated with the MALT-1 
inhibitor mepazine showed reduced clinical symptoms in the EAE 
model (16,27). Because the role of MALT-1 in RA is unknown 
and important differences exist between RA and other autoim-
mune diseases (28), we explored its role in preclinical models of 
RA, reflecting different phases of the disease.

Several lines of experimental evidence point to a crucial 
role of MALT-1 in RA. First, we showed that CYLD, one of the 
prototypic substrates of the proteolytic activity of MALT-1, was 
cleaved in the joint- draining lymph nodes of wild- type mice, but 
not Malt1KO mice, that were subjected to CIA. This finding indi-
cates that changes in CYLD expression observed in the mice are 
dependent on MALT-1. Curiously, the size of the murine C- terminal 
cleavage fragment (55 kd) was smaller than has been previously 

Figure  5. Deletion of mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT-1) in mice does not directly affect 
osteoclastogenesis. A, Osteoclasts were determined in bone marrow–derived mesenchymal cells from control and Malt1KO mice (n = 6 per 
group) after 5 days of culture in the presence of macrophage colony- stimulating factor (30 ng/ml) and RANKL (10 ng/ml). Tartrate- resistant 
acid phosphatase (TRAP) staining at the end of the experiment (day 5) shows the presence of multiple multinucleated (>3) TRAP+ cells, which 
were considered osteoclasts. B, Osteoclasts in the cell cultures were counted. Results are the mean ± SEM. C, Quantitative polymerase chain 
reaction analysis was performed to assess the relative expression of the osteoclastogenic genes Cathepsin k (CthsK), Dc-stamp, c-fos, Mmp9, 
Nfatc1, and Trap in osteoclasts from control and Malt1KO mice. Expression values were normalized to the values for the reference genes Hprt, 
Tbp, and B2m. D, TRAP staining of the tibial epiphyseal growth plate of a representative control mouse and Malt1KO mouse is shown. Original 
magnification × 100. E, Osteoclasts were quantified at the midpoint of the epiphyseal growth plate containing the provisional calcification layer 
and the primary spongiosa. Results are the mean ± SEM of 11 control mice and 17 Malt1KO mice. Groups were compared 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.41029/abstract.
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reported for in vitro activated T cells (70 kd). This suggests that 
other proteases further cleave CYLD.

Additional experiments showed that MALT-1 is necessary for 
the onset of CIA. This MALT-1 dependency was also observed in 
T cell–specific MALT-1– deficient mice, indicating that the resist-
ance against CIA results from a MALT-1– dependent T cell–intrinsic 
effect. Furthermore, the absence of anti- collagen antibodies in the 
serum of both Malt1KO and Malt1TcellKO mice demonstrates that 
the lack of a proper immune response lies at the basis of the 
observed protection. This finding is consistent with the described 
role of MALT-1 as a master regulator in lymphocyte activation 
(6,27,29).

In contrast to the protective effect of MALT-1 deletion in 
the induction phase of CIA, conditional depletion of MALT-1 in T 
cells at the effector phase did not protect against arthritis symp-
toms. Additionally, MALT-1 deficiency had no significant effect in 
the CAIA model, which reflects the effector stage of arthritis and 

relies more on Fcγ receptor–mediated responses than on adap-
tive immunity (30). This finding was rather unexpected, as some 
reports have suggested that MALT-1 may act downstream of Fcγ 
receptor  signaling (31). Taken together, these data indicate that 
MALT-1 may have a crucial role in T cells in the priming phase, 
rather than the effector phase, of arthritis.

A surprising finding was that MALT-1– deficient mice dis-
played an osteoporotic phenotype at steady state, which 
worsened in the presence of arthritis. In contrast, the relative 
decrease in bone density upon the induction of arthritis was 
similar or even lower than that in wild- type mice, indicating 
that Malt1 deletion had no additional detrimental effect on 
inflammation- induced bone loss.

Since bone density was also decreased upon T cell–specific 
deletion of Malt1, we could exclude the possibility of any direct 
role of Malt1 in mesenchymal cells, such as osteoclasts and oste-
oblasts. Accordingly, in vitro osteoclastogenesis experiments did 

Figure 6. The osteoporotic phenotype in Malt1KO and Malt1TcellKO mice is indirectly linked to their common loss of Treg cells. A, Malt1KO and 
Malt1TcellKO mice were treated with either the interleukin- 2 (IL- 2)–JES6- 1 complex alone (IL2) (Malt1KO n = 8, Malt1TcellKO n = 12) or the complex 
together with transferred Treg cells (IL2 + Tregs) (Malt1KO n = 16, Malt1TcellKO n = 7). For this adoptive transfer, 1 × 106 Treg cells were isolated 
from Foxp3eGFP reporter mice and injected intravenously 3 times within a period of 8 weeks. At age 14 weeks, the mice were euthanized and 
splenocytes were analyzed for the expression of CD4, CD25, green fluorescent protein (GFP), and Foxp3. Gating is shown for a representative 
Malt1KO mouse upon Treg cell transfer. B, The percentage of Treg cells within the CD4+ T cell population was determined in the spleens of 
representative Malt1KO and Malt1TcellKO mice that received either phosphate buffered saline (PBS), the IL- 2–JES6- 1 complex alone, or the IL- 
2–JES6- 1 complex along with Treg cells. * = P < 0.05; *** = P < 0.001, by Mann- Whitney U test. C, At the end of the transfer experiment, 
the femur- bending test was performed, with results expressed as the maximum force (Fmax; in Newtons) and stiffness (in Newtons/mm).  
*= P < 0.05 by linear mixed model analysis. Results in B and C are the mean ± SEM. D, Spearman’s rank correlation coefficients were calculated 
for the correlation between femur stiffness and the absolute number of Treg cells in the spleens of Malt1KO mice that received the IL- 2–JES6- 1 
complex with or without the addition of Treg cells.



GILIS ET AL 2014       |

not show any differences between Malt1KO and control mice, con-
firming the absence of a direct role of Malt1 in osteoclasts. These 
results contradict the recently published claims that inhibition of 
Malt1 with the inhibitors MI- 2 or mepazine could be therapeutic in 
RA by acting via the suppression of osteoclastogenesis (32,33). 
However, important off- target effects of both inhibitors have been 
described and could explain the profound differences when com-
pared with our results (34–36).

As both the Malt1KO and Malt1TcellKO mouse strains are 
characterized by an almost complete loss of Treg cells, the 
 osteoporotic phenotype may rather reflect an indirect effect 
thereof (16,17). As such, Treg cells are known to suppress 
osteoclasts both in vitro and in vivo, and mice that lack Treg 
cells (scurfy mice) exhibit severe bone loss mediated by accel-
erated osteoclastogenesis (13–15). Our initial adoptive transfer 
experiments of Treg cells in Malt1KO mice did not affect bone 
density in these mice. However, our data showed that the trans-
ferred wild- type mouse Treg cells did not proliferate sufficiently 
because of the low levels of IL- 2 in Malt1KO mice (19–21). To 
address Treg cells’ need for IL- 2, we cotreated mice with a 
complex formed between IL- 2 and the anti–IL- 2 monoclonal 
antibody JES6- 1. Within this complex, the biologic activity of 
IL- 2 is greatly enhanced and selectively targeted to expand 
CD25+ cells. As a result, the adoptive transfer of Treg cells did 
result in markedly increased levels of wild- type GFP+ mouse 
Treg cells in Malt1KO mice and led to a significant amelioration 
of the osteoporotic phenotype when compared to that in the 
Malt1KO mice treated with the IL- 2–JES6- 1 complex alone. This 
effect was similarly observed in Malt1TcellKO mice, thus ruling out 
any bystander effect of general MALT-1 deficiency on the osteo-
porotic phenotype.

Collectively, our data indicate that the osteoporotic phe-
notype observed in Malt1KO and Malt1TcellKO mice indirectly 
results from their common loss of Treg cells. Importantly, it 
should be mentioned that the results described in this study 
have all been obtained with Malt1- deficient mice in a con-
stitutive or inducible setting. It will be interesting to investi-
gate whether similar results can be obtained in conditions 
of specific inhibition of the catalytic activity of Malt1, leaving 
its scaffold function, and thus NF- κB signaling, intact. Previ-
ous studies demonstrated evidence of spontaneous autoim-
munity in mice expressing a protease- dead Malt1 mutant (for 
review, see ref. 37), which results from an imbalance between 
impaired immunosuppression due to the loss of Treg cells and 
the partially remaining T and B cell activity because of the 
intact scaffold function of Malt1. In contrast, no loss of Treg 
cells was observed when mice were treated with mepazine in 
the context of its therapeutic effect on EAE (16), thereby indi-
cating that there are clear differences between genetic and 
pharmacologic targeting of Malt1 on Treg cell homeostasis. In 
this context, it is worth mentioning that Malt1 deficiency was 
shown to specifically inhibit thymic Treg cell development, hav-

ing no inhibitory effect on the development of inducible Treg 
cells in the periphery (17), which may explain the observed 
difference between genetic and pharmacologic inhibition of 
Malt1 in adult mice. Future studies using inducible protease- 
dead Malt1- mutant mice and more specific small- compound 
Malt1 inhibitors are needed to further validate the therapeutic 
potential of MALT-1 targeting.

Overall, our data indicate that Malt1 is a master regulator of 
T cell activation in RA with an impact on the induction rather than 
effector phase of the disease. This impact of Malt1 is achieved 
by controlling effector functions of autoreactive T cells against 
autoantigens during the priming phase of arthritis. Finally, Malt1 
deficiency can lead to spontaneous osteoporosis associated 
with impaired Treg cell numbers.
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Contribution of Inflammation and Bone Destruction to 
Pain in Arthritis: A Study in Murine Glucose- 6- Phosphate 
Isomerase–Induced Arthritis
Matthias Ebbinghaus,1  Sylvia Müller,1 Gisela Segond von Banchet,1 Annett Eitner,1  Isabel Wank,2 
Andreas Hess,2 Ingrid Hilger,1 Thomas Kamradt,1 and Hans-Georg Schaible1

Objective. Arthritis is often characterized by inflammation and bone destruction. This study was undertaken to 
investigate the contribution of inflammation and bone destruction to pain.

Methods. Inflammation, bone resorption, pain- related behaviors, and molecular markers (activating transcription 
factor 3 [ATF- 3], p- CREB, and transient receptor potential vanilloid channel 1) in sensory neurons were measured in 
murine glucose- 6- phosphate isomerase (G6PI)–induced arthritis, a model of rheumatoid arthritis. Depletion of Treg 
cells before immunization changed self- limiting arthritis into nonremitting arthritis with pronounced bone destruction. 
Zoledronic acid (ZA) was administered to reduce bone resorption.

Results. Compared to nondepleted mice, Treg cell–depleted mice exhibited arthritis with more severe bone de-
struction and higher guarding scores (P < 0.05; n = 10 mice per group) as well as more persistent thermal hyperal-
gesia (P < 0.05), but displayed similar mechanical hyperalgesia at the hindpaws (n = 18–26 mice per group). These 
pain- related behaviors, as well as an up- regulation of the neuronal injury marker ATF- 3 in sensory neurons (studied in 
39 mice), appeared before the clinical score (inflammation) became positive and persisted in Treg cell–depleted and 
nondepleted mice. In the late stage of arthritis, Treg cell–depleted mice treated with ZA showed less bone resorption 
(<50%; P < 0.01) and less thermal hyperalgesia (P < 0.01) than Treg cell–depleted mice without ZA treatment (n = 15 
mice per group), but ZA treatment did not reduce the clinical score and local mechanical hyperalgesia.

Conclusion. Pain- related behaviors precede and outlast self- limiting arthritis. In nonremitting arthritis with en-
hanced bone destruction, mainly local thermal, but not local mechanical, hyperalgesia was aggravated. The up- 
regulation of ATF- 3 indicates an early and persisting affection of sensory neurons by G6PI- induced arthritis.

INTRODUCTION

A prominent symptom of rheumatoid arthritis (RA) is pain. 
Patients may experience arthralgia even at the preclinical stage of 
RA (1–3). Pain is a major burden during manifest RA and persists 
in a considerable proportion of the patients even after remission 
of RA (4,5). Therefore, the mechanisms of arthritic pain and pain- 
related functional impairment need to be investigated.

Manifest RA is characterized by both inflammation and bone 
destruction (3), raising the intriguing question of what impact 
either of these processes has on pain generation. While it is evi-
dent that inflammation in the joint causes pain (6,7), the role of 
bone destruction is not immediately obvious. In healthy bone the 

innervation density of the periosteum, the bone marrow, and the 
cortical bone is 100:2:0.1 (8). The occurrence of bone pain may 
depend on the pathology. While microfractures in the cortical bone 
may not cause pain, macrofractures, and bone cancer particularly, 
evoke strong pain (8).

Osteoclast activity can mediate nociception (9,10). In order 
to address the contribution of bone destruction to arthritis pain, 
an experimental model that allows the manipulation of the sever-
ity and duration of inflammation and destruction is necessary. 
Such a model is murine glucose- 6- phosphate isomerase (G6PI)–
induced arthritis (11). It can be transformed from a self- limiting into 
a nonremitting polyarthritis with enhanced bone destruction by the 
depletion of Treg cells. G6PI- induced arthritis depends on immune 
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processes that resemble those responsible for the development 
of RA. As in RA, both CD4+ T cells and antibodies are necessary 
for the development of G6PI- induced arthritis, and tumor necrosis  
factor (TNF) is indispensable (11,12). Immunization of mice against 
the ubiquitously expressed G6PI induces a peripheral symmetric 
polyarthritis, mainly of small joints, with an incidence of >95%. Clin-
ical signs of arthritis (joint swelling and erythema) appear at day 8 
after immunization, are maximal around day 15, and then decline 
within the following weeks (11). This acute phase is characterized 
by the infiltration of neutrophil granulocytes, exudate, and the pres-
ence of fibrin.

Histopathologic signs of chronic inflammation (infiltration of 
mononuclear cells, hyperplasia of the synovial lining, and pannus 
formation) develop in a delayed manner, are present at day 15, and 
resolve more slowly (11). If Treg cells are depleted before immuni-
zation, clinical signs of arthritis persist (much denser and longer- 
lasting infiltration of immune cells); in addition, pronounced bone 
destruction, joint deformations, and ankylosis develop (12,13). 
Pain- related behaviors in G6PI- induced arthritis have not been 
studied before.

Clinically significant pain manifests itself as ongoing pain 
without intentional stimulation and/or as mechanical and thermal 
hyperalgesia. Mechanical hyperalgesia is a state in which nor-
mally nonpainful mechanical stimuli such as palpation of the joint 
and movements elicit pain (“tender joints”). Thermal hyperalgesia 
is present when the application of normally nonpainful thermal 
stimuli (warmth and cold) elicits pain (6). Mechanical and thermal 
hyperalgesia are manifestations of the sensitization (hypersensi-
tivity) of the nociceptive system, e.g., during inflammation. In ani-
mals, hyperalgesia is indicated by the reduction of the threshold 
for a withdrawal response upon local mechanical and thermal 
stimulation. Guarding of the leg during walking is also a sign of 
mechanical hyperalgesia (14).

Inflammation- evoked hyperalgesia results from the sensitiza-
tion of healthy nociceptive (pain) fibers by inflammatory mediators 
(7). However, pain and hyperalgesia may also arise from challenge 
to the neurons themselves, e.g., by nerve damage or metabolic 
diseases, which is called “neuropathic pain.” Such conditions 
cause an expression of activating transcription factor 3 (ATF- 3) 
in dorsal root ganglion (DRG) neurons, the cell bodies of sensory 
neurons (15).

In our study we addressed 2 major questions. First, how 
does the transition from self- limiting into nonremitting arthritis 
with enhanced bone destruction influence pain- related behav-
iors? Second, does pain just mirror the pathologic processes in 
the joint (inflammation and destruction) or is there, in addition, 
evidence for a neuronal challenge? We analyzed pain- related 
behaviors of mice in self- limiting and nonremitting destructive 
G6PI- induced arthritis and studied the effect of osteoclast inhi-
bition on pain. Furthermore, we assessed changes in the DRG 
that were found to be altered in previous studies on arthritic pain. 
Since ATF- 3 expression in DRG neurons was found in other 

arthritis models (16–18), we looked for that same expression 
(see above) as well as for apoptosis in DRG neurons. Because 
the transient receptor potential vanilloid 1 channel (TRPV1) is 
essential for thermal (heat) hyperalgesia (19) and has been linked 
to thermal hyperalgesia in murine adjuvant- induced arthritis 
(20), we studied the expression of TRPV1 in DRG neurons. We 
assessed the expression of the transcription factor p- CREB in 
DRG neurons, as p- CREB is involved in processes of neuroplas-
ticity such as learning (21) and was found to be up- regulated 
in sensory neurons in rat antigen- induced arthritis (22). Finally, 
we assessed the presence of ionized calcium–binding adapter 
molecule 1 (IBA- 1)–positive macrophages in the DRGs, as mac-
rophages may invade the DRGs during arthritis (17,23).

MATERIALS AND METHODS

Animals. Female wild- type DBA/1JRj mice (n = 151 in this 
study) were either bred by the Animal Facility of the University 
Hospital Jena or purchased (from Janvier Laboratories) and main-
tained under specific pathogen- free conditions. The experiments 
were approved by the Thuringian State Office for Food Safety 
and Consumer Protection, Consumer Health Protection Division 
(Thüringer Landesamt für Verbraucherschutz, TLV), performed 
in accordance with the Tierschutzgesetz der Bundesrepublik 
Deutschland (Animal Protection Act), and the guiding principles 
in the care and use of animals. Data sampling, evaluation, and 
presentation complied with the Animals in Research: Reporting In 
Vivo Experiments (ARRIVE) guidelines.

Induction and assessment of G6PI- induced arthritis. 
Mice that were 9–12 weeks old were immunized subcutaneously 
on day 0 with 400 μg of recombinant human G6PI emulsified 1:1 
(volume/volume) in Freund’s complete adjuvant (CFA; Sigma- 
Aldrich) (11). Additionally, some mice were sham- immunized with 
CFA only, some mice were immunized with ovalbumin, a nonarthri-
togenic antigen, in CFA, and some mice were injected with G6PI in 
phosphate buffered saline. To deplete Treg cells in vivo, mice were 
injected twice intraperitoneally, 11 and 8 days before immunization, 
with 400 μg anti- CD25 antibody from hybridoma cell culture (12). At 
the end of the experiments, mice were killed by cervical dislocation 
under deep isoflurane (5.0%) anesthesia. The experimental groups 
and the duration of the experiments are shown in Figure 1A.

The clinical arthritis score comprises swelling and ery-
thema of the metatarsal/metacarpal regions and the carpo-
metacarpal/tarsometatarsal joints and the number of swollen 
toes (each assigned 0.5 points). Swelling and erythema was 
scored as 0 to 3 (where 0 = normal; 1 = mild redness and 
swelling; 2 = medium swelling; and 3 = severe swelling with 
edema) (24). The cumulative score for each mouse was cal-
culated as the sum of the scores of all 4 paws (maximum  
clinical arthritis score 33). For histopathologic analysis, hind-
paws were fixed in 5.52% formalin, decalcified (IMMUNOCAL; 
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Quartett), embedded in paraffin, cut into 2- μm–thick frontal 
sections, and stained with hematoxylin and eosin.

Suppression of osteoclast activity and ex vivo  
micro–computed tomography (micro- CT) imaging. To 
suppress osteoclast activity, mice were treated with the bisphos-
phonate zoledronic acid (ZA; 4 mg/100 ml) (Novartis) (25). Each 

mouse received a dose of 50 μl intraperitoneally once a week 
beginning at day 10 after immunization. The systemic concen-
tration of deoxypyridinoline (DPD), a parameter of systemic bone 
resorption (25), was determined in serum by enzyme- linked 
immunosorbent assay (BlueGene Biotech).

High resolution micro- CT imaging was conducted using 
a TomoScope Synergy Twin imaging system (TomoScope  

Figure  1. Clinical score and pain- related behaviors in nondepleted and Treg cell–depleted mice in the course of glucose- 6- phosphate 
isomerase (G6PI)–induced arthritis. A, Schema of G6PI- induced arthritis, treatments, and experimental approaches (Exp). Numbers in 
parentheses indicate the day on which mice were killed. B, Clinical score (swelling and erythema) in Treg cell–depleted mice and nondepleted 
mice (n = 10 mice per group). C, Guarding score for the inflamed hindpaws (n = 10 mice per group). D, Mechanical hyperalgesia (reduction of 
hindpaw withdrawal threshold upon pressure) (n = 18–26 mice per group). See F for areas under the curve (AUCs). E, Thermal hyperalgesia 
(reduction of hindpaw withdrawal threshold upon heat application) (n = 18–26 mice per group). See G for AUCs. F, Averaged magnitude of 
mechanical hyperalgesia at the hindpaws (AUC integrals of values shown in D) in acute arthritis (days 10–21) and late arthritis (days 42–71). 
G, Averaged magnitude of thermal hyperalgesia at the hindpaws (AUC integral of values shown in E). Values are the mean ± SEM. Symbols 
represent individual mice. * = P < 0.05; ** = P < 0.01 versus nondepleted mice, by Student′s 2-tailed t- test; # = P < 0.05 versus nondepleted 
mice, by Wilcoxon’s matched pairs signed rank test; first significant reduction of mechanical threshold at the inflamed hindpaws compared to 
baseline (BL) values. IC = immunized control; ZA = zoledronic acid.
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Development) with 180- second scan time at 65 kV, voxel size 
37 μm, and 68- μm spatial resolution (ImpactCB image recon-
struction software, CT Imaging) and was performed on formalin- 
fixed hindpaws. Anatomic pictures were gained using Imalytics 
research software, version 1.3.0.8 (Philips). Bone resorption and 
formation were separately evaluated by scoring changes in each 
anatomic region, ranging from no visible to severe changes, 
scored in increments of 1.0 as follows: tibia (score 0–2), talus 
(score 0–3), calcaneus (score 0–2), tarsometatarsal joints (score 
0–3 as sum of all joints), metatarsophalangeal joints (score 0–2 for 
each joint, multiplied by 0.5 as sum of all joints), and interphalan-
geal joints (score 0–1 for each joint). The separate scores were 
added up as the total score (maximum score 19) of 1 hindpaw.

Measurements of pain- related behaviors. Local 
mechanical and thermal (heat) hyperalgesia at the hindpaws were 
assessed as an indicator of pain. The withdrawal threshold was 
assessed with a dynamic plantar aesthesiometer (cutoff value 10 
grams) for mechanical hyperalgesia and by the Hargreaves plantar 
test for thermal hyperalgesia (cutoff value 20 seconds) (both from 
Ugo Basile) (26). In each test, thresholds were averaged from up 
to 3 consecutive stimuli and 2 tests before immunization defined 
the baseline. Grip force at the forepaws was assessed using an 
automated grip strength meter (cutoff value 500 gm; Ugo Basile). 
Each day the mice were tested, 3 trials were performed and aver-
aged. One testing before immunization defined the baseline. All 
data are expressed as the difference from baseline (in grams or 
seconds), calculated as the value at the specified day [d(x), where 
x = the specified day] minus the value at baseline (BL): d(x) – BL. 
To compare the magnitude of hyperalgesia (withdrawal thresh-
olds) in the acute and late stages of arthritis between 2 groups of 
mice, we calculated the integrals over the time points assessed for 
each individual mouse. Values were plotted to display the thresh-
old value (y- axis) and the stage of arthritis (x- axis). The mean of 
those values represents the area under the curve (AUC) of each 
group (27). Gait abnormalities of the hind limbs (guarding score) 
were scored as follows: 0 = normal walking, 1 = slight limping 
of 1 or 2 hind limbs, 2 = persistent severe limping and mainly 
guarding of one hind limb (most times not touching floor), 3 = 
persistent severe limping and mainly guarding of both hind limbs, 
and 4 = no walking at all. For further details, see the Supplemen-
tary  Methods, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41051/ abstract.

Immunohistologic analysis and TUNEL assay in 
DRG sections. For immunohistologic analysis, lumbar DRGs 
embedded in paraffin were used. The sections were dewaxed, 
autoclaved, and blocked with goat serum (Dako Glostrup) 
before being incubated overnight with the primary antibodies 
anti–ATF- 3 (Santa Cruz Biotechnology), anti–p- CREB (Cell Sig-
naling Technology), anti–IBA- 1 (Wako), and anti- TRPV1 (Alpha 
Diagnostic). In control experiments, the primary antibodies were 

omitted. Thereafter the sections were incubated with the sec-
ondary antibodies (goat anti- rabbit Alexa Fluor 488 or Alexa 
Fluor 568 for IBA- 1 and TRPV1, and rabbit anti- goat biotin for 
ATF- 3 and p- CREB). The avidin–biotin–peroxidase complex 
(Vectastain Elite ABC Kit; Vector) was applied and the sections 
were developed with Jenchrom px blue (JenLab).

Finally, the sections were embedded in Entellan (Merck) 
or Aqua Poly/Mount (Polysciences). For microscopy, a fluores-
cence microscope (Axioplan 2; Zeiss) coupled to an image 
analyzing system (AxioVision) was used. For ATF- 3 and 
p- CREB staining, neurons with a clear labeling of the nucleus 
were counted. For TRPV1 staining, we counted fluorescent 
neurons. In each second section the proportion of labeled 
nucleus or neurons was counted. Between 300–500 neurons 
per mouse were analyzed.

To detect apoptosis in the DRGs, an In Situ Cell Death Detec-
tion kit (TUNEL assay; Roche) was used. Paraffin- embedded sec-
tions were dewaxed, autoclaved, and stained according to the 
instructions of the manufacturer. Positive control sections were 
incubated with DNase I (Sigma) to induce DNA strand breaks. 
Negative control sections were incubated with label solution 
instead of TUNEL reaction mixture. Sections were embedded in 
Aqua Poly/Mount. At least 10 photomicrographs per mouse were 
inspected for TUNEL staining (microscopy as described above). 
For further details, see Supplementary Methods, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41051/ abstract.

Statistical analysis. All data are expressed as the mean 
± SEM unless otherwise stated. Bar graphs include single data 
points. Data were analyzed with the Student′s 2- tailed t- test, 
the Wilcoxon’s matched pairs signed rank test, and bivariate 
Pearson′s or Spearman′s 2- tailed test for correlation analyses  
(using SPSS, version 16.0). P values less than 0.05 were  
considered significant. For further details, see Supplementary  
Methods at http://onlin elibr ary.wiley.com/doi/10.1002/art.41051/ 
 abstract.

RESULTS

Clinical score and pain- related behaviors in G6PI- 
induced arthritis. Pain- related behaviors were characterized in 
mice with or without depletion of Treg cells before immunization 
(Treg cell–depleted and nondepleted mice). Figure  1A shows a 
schema of the different experimental protocols used in our study. In 
the experimental approach 1 we compared nondepleted and Treg 
cell–depleted mice. Nine days after immunization, the clinical score 
(swelling and erythema) became positive in nondepleted and Treg 
cell–depleted mice and reached a peak at 15–17 days. The clin-
ical score then decreased continuously in nondepleted mice but 
stayed significantly higher in Treg cell–depleted mice until the end 
of the experiment (F[1,18] = 9.303 by analysis of variance [ANOVA], 

http://onlinelibrary.wiley.com/doi/10.1002/art.41051/abstract
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P = 0.007) (Figure 1B). Both groups of mice showed guarding of 
the hind limbs before the clinical score became  positive (around 
day 6 after immunization). The guarding score further increased 
after onset of arthritis (Figure 1C) and became  significantly higher 
in Treg cell–depleted mice (ANOVA F[1,18] = 9.601, P = 0.006).

Both groups of mice also began to exhibit local mechanical 
hyperalgesia at the hindpaws at day 6 and showed a maximum 
reduction of mechanical threshold in the acute disease stage (days 
16–21) (Figure  1D). In both groups, the mechanical threshold  

remained decreased in the late stage of arthritis (day 42 to 
the end of the experiment). In total, the course and severity of 
mechanical hyperalgesia did not differ between nondepleted and 
Treg cell–depleted mice (ANOVA F[1,18] = 1.137, P = 0.3). This is 
also evident from the magnitude of mechanical hyperalgesia cal-
culated as the AUC (Figure 1F). However, nondepleted and Treg 
cell–depleted mice exhibited considerable differences in thermal 
hyperalgesia. After a significant drop of thermal threshold at day 
6 of arthritis, the thermal threshold normalized to baseline levels 

Figure 2. Bone resorption and formation in the late stage of G6PI- induced arthritis. A, Typical histology after hematoxylin and eosin staining 
at different time points in arthritis and in different regions of inflamed hindpaws from nondepleted mice. Arrows indicate infiltration of immune 
cells (day 14) and ankylosis- like deformation of the joint (day 63). B, Magnitude of total bone resorption at different time points in arthritis in Treg 
cell–depleted and nondepleted mice (n = 6–10 mice per group). C, Representative micro–computed tomography (μCT) images of hindpaws of 
nondepleted mice (left) and Treg cell–depleted mice (right) at day 63. D, Bone resorption in different regions of the hindpaws in untreated Treg 
cell–depleted mice and in ZA- treated Treg cell–depleted mice at day 63 (n = 15 mice per group). A significant decrease of bone resorption by ZA 
treatment is shown. E, Lower concentration of serum deoxypyridinoline (DPD) in ZA- treated mice demonstrating the effectiveness of osteoclast 
activity inhibition (n = 15 mice per group). F, Bone neoformation in different regions of the inflamed hindpaws at day 63 (same samples as in D). 
Significant increase of bone neoformation by ZA treatment is seen in some regions. Values are the mean ± SEM. Symbols represent individual 
mice. * = P < 0.05; ** = P < 0.01 versus mice not treated with ZA, by Student′s 2- tailed t- test. See Figure 1 for other definitions.
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in the nondepleted mice but remained decreased in Treg cell–
depleted mice (see Figures 1E and G).

Bone resorption in G6PI- induced arthritis and 
impact of bone resorption on pain- related  behaviors. 
Bone resorption in nondepleted and Treg cell–depleted mice 
(experimental approach 2) is shown in Figures  2A–C. The 
early stage of G6PI- induced arthritis was mainly character-
ized by inflammation (Figure  2A), but in particular the Treg 
cell–depleted mice showed strong bone resorption at the late 
stage (Figure 2B). Figure 2C displays typical micro- CT scans 

of the hindpaws of nondepleted and Treg cell–depleted mice 
at day 63. Enhanced bone resorption was accompanied by 
strong synovial hyperplasia and strong infiltration of immune 
cells (see Supplementary Figure 1, available at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41051/ abstract). Enhanced 
bone resorption was observed at several joints (see Supple-
mentary Figure 2A), and in addition some bone  neoformation 
was also observed (see Supplementary Figure 2B).

In experimental approach 2, we studied the effect of treatment 
with ZA in Treg cell–depleted mice. Treatment with ZA significantly 
decreased the bone resorption in all scored regions except the 

Figure 3. Clinical score and pain- related behaviors in G6PI- induced arthritis after inhibition of osteoclast activity in Treg cell–depleted mice. 
A, Effect of ZA treatment on the total clinical score. B, Correlation between magnitude of bone resorption and clinical score at the hindpaws in 
ZA- treated and untreated mice (r = 0.594, P = 0.001; n = 15 mice per group). C, Effect of ZA treatment on the guarding score of the inflamed 
hindpaws (n = 15 mice per group). D and E, Mechanical hyperalgesia (reduction of hindpaw withdrawal threshold upon pressure) showing no 
effect of ZA treatment on mechanical hyperalgesia at the inflamed hindpaws (D) and corresponding AUC values for days 10–21 and days 42–63 
(E). F and G, Reduction of thermal hyperalgesia at the inflamed hindpaws by ZA treatment (n = 15 mice per group) (F) and corresponding AUC 
values for days 10–21 and days 42–63 (G). H, Grip force of the forepaws. There was a decrease of grip force in all groups of mice at day 14 of 
arthritis. At a late stage (day 42) there was less reduction of grip force in nondepleted mice (n = 6 mice per group, independent experiment) and 
no effect of ZA treatment (n = 8 mice per group). Values are the mean ± SEM. Symbols represent individual mice. * = P < 0.05; ** = P < 0.01 
versus mice not treated with ZA, by Student′s 2- tailed t- test; # = P < 0.05 versus mice not treated with ZA, by Wilcoxon’s matched pairs signed 
rank test. μCT = micro–computed tomography (see Figure 1 for other definitions).
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tarsus region; the total destruction score was reduced by approx-
imately 55% (Figure  2D). ZA also significantly reduced the con-
centration of DPD in the serum (Figure 2E). Opposingly, the tibia, 
ankle, and calcaneus region also showed bone neoformation after 
ZA treatment (Figure 2F and Supplementary Figure 3, available at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41051/ abstract), 
which may also result in functional impairment. In summary, bone 
resorption exceeded bone formation. Figure  3A shows that the 
clinical arthritis score (swelling and erythema) was not significantly 
reduced by ZA in late arthritis (ANOVA F[1,28] = 2.096, P = 0.159). 
Nevertheless, bone resorption and the clinical scores in the late 
arthritis stage were significantly correlated in individual mice from 
both groups (Figure 3B).

ZA treatment had an interesting pattern of effects on pain- 
related behaviors. The guarding score was unchanged at the 
acute stage but showed a small but significant reduction at 
the late arthritis stage (days 42–63) (ANOVA F[1,28] = 4.382,  
P = 0.045) (Figure 3C). The severity and time course of mechani-
cal hyperalgesia at the hindpaws were unaffected by ZA treatment 
(ANOVA F[1,28] = 0.088, P = 0.769) (Figures 3D and E). How-
ever, at the late stage of arthritis (days 42–63) the ZA- treated mice 
showed significantly less thermal hyperalgesia than nontreated 
mice (ANOVA F[1,28] = 7.924, P = 0.009) (Figures  3F and G). 
Figure 4 shows a synopsis of the effects of Treg cell depletion on 
clinical score, bone resorption, and pain parameters (Figure 4A) 
as well as the effects of ZA treatment (Figure 4B) in the late phase 
(day 42 to days 63–72) of G6PI- induced arthritis.

The grip force is a global parameter of movement- related 
hyperalgesia and functional impairment (28,29). It was reduced in 
all mice at days 14 and 42, and significantly more reduced in Treg 
cell–depleted than in nondepleted mice. However, grip force was 
not affected by ZA treatment (Figure 3H).

Expression of pain- related markers in DRG neu-
rons and infiltration of macrophages. In order to detect 
evidence of neuronal challenge, we searched for the expres-
sion of ATF- 3 in DRG sections. In DRGs of healthy mice, only 
a few single neurons were ATF- 3 positive. In contrast, in both 
nondepleted and Treg cell–depleted mice, 25–35% of the 
DRG neurons were ATF- 3 positive from day 6 through day 72 
of arthritis (Figure  5A). Figure  5B shows representative sec-
tions with ATF- 3–positive DRG neurons. After using CFA only, 
the mean ± SEM proportion of neurons that were positive was 
3.6 ± 1.2% (n = 4 mice), and after using the nonarthrogenic 
antigen ovalbumin with CFA, the mean ± SEM proportion 
of neurons that were labeled was 3.8 ± 0.3% (n = 4 mice) 
(Supplementary Figure 4, available at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41051/ abstract). After application of 
G6PI alone, the mean ± SEM proportion of ATF- 3–positive 
neurons was 6.8 ± 1% (n = 5 mice) (Supplementary Figure 
4). The ATF- 3 expression was not a consequence of apop-
tosis, because at no time point did the TUNEL assay reveal 

apoptotic cells in DRG sections from arthritic mice (Supple-
mentary Figure 5, available at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41051/ abstract). The proportion of ATF- 3–
positive DRG neurons (as shown in  Figure 5A) did not correlate 
with the clinical score (R = −0.083, P = 0.616; n = 39), grip 
force (R = 0.015, P = 0.938; n = 30), mechanical hyperalgesia 
(R = −0.099, P = 0.559; n = 37), or thermal hyperalgesia (R = 
−0.186, P = 0.27; n = 37).

We also assessed the expression of p- CREB and TRPV1 in 
DRG neurons. The expression of p- CREB was not significantly 
altered in the course of G6PI- induced arthritis (Figure 5C). Repre-
sentative sections with p- CREB–positive DRG neurons are shown 
in Figure 5D. The proportion of TRPV1- positive sensory neurons 
remained constant during arthritis (Figure 5E). Figure 5F shows a 

Figure 4. Synopsis of the effect of the depletion of Treg cells (A) 
and the effects of ZA treatment (B) on clinical score, bone resorption, 
and pain parameters in the late phase (day 42 to day 63–72) of G6PI- 
induced arthritis. Columns represent the mean differences between 
the nondepleted and Treg cell–depleted mice in experimental 
approach 1 and the mean differences between nontreated and ZA- 
treated Treg cell–depleted mice in experimental approach 2. See 
Figure 1 for definitions.
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TRPV1- positive neuron as well as a control section without neuronal  
staining after omission of the primary antibody. ZA treatment in 
Treg cell–depleted mice did not significantly change the percent-
ages of TRPV1- positive, p- CREB–positive, and ATF- 3–positive  
neurons (Figure 5G). Finally, we found in the DRGs only a few IBA- 1– 
positive macrophages at days 6 and 14 and no difference between 
nondepleted and Treg cell–depleted mice (Figure 5H), as well as 
no IBA- 1–positive macrophages in naive mice and in mice at days 
42 and 72 after immunization (Supplementary Figure 6, available 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41051/ abstract).

DISCUSSION

This study provided the following salient results. Mechanical 
and thermal hyperalgesia at the hindpaws appeared before the 
onset of arthritis. Mechanical hyperalgesia and guarding of the 
limbs, but not thermal hyperalgesia, persisted during attenua-
tion of inflammation in self- limiting arthritis. Nonremitting, more 
severe, and more destructive arthritis in Treg cell–depleted mice 

enhanced the guarding score and prolonged the severe ther-
mal hyperalgesia but had no effect on local mechanical hyper-
algesia at the hindpaws. Treatment with the bisphosphonate ZA 
reduced bone resorption and thermal hyperalgesia but did not 
affect local mechanical hyperalgesia. Moreover, the neuronal 
injury marker ATF- 3 was up- regulated before the onset of arthri-
tis and throughout the course of arthritis, suggesting neuronal 
challenge.

We believe that the conclusions from this experimental 
study are relevant for human RA because G6PI- induced arthri-
tis is a model of an organ- specific disease induced by systemic 
autoimmunity, which is similar to RA. Although the glycolytic 
enzyme G6PI, which catalyzes the interconversion of fructose-  
6- phosphate and glucose- 6- phosphate, is ubiquitously expressed 
(30), the disease manifests itself only in the joints. Both RA and 
G6PI- induced arthritis affect mainly small joints. Finally, as in RA 
(1,2), pain appeared before onset of the scored clinical symptoms 
(swelling and erythema), and mechanical hyperalgesia outlasted 
the progressive attenuation of inflammation in self- limiting arthritis.

Figure  5. Expression of neuronal markers in lumbar dorsal root ganglion (DRG) neurons and infiltration of macrophages into DRGs. A, 
Proportions of activating transcription factor 3 (ATF- 3)–positive DRG neurons at different time points of arthritis (n = 4–6 mice per group). B, 
ATF- 3–positive neurons (arrow) in a DRG section from an arthritic mouse at day 14 after immunization (bottom) but not in a naive mouse (top). 
C, Proportions of p- CREB–positive DRG neurons at different time points (n = 5–6 mice per group). D, Typical DRG sections showing p- CREB–
positive neurons (arrow) in arthritic mice at day 6 after immunization (bottom) but not in naive mice (top). E, Proportions of transient receptor 
potential vanilloid channel 1 (TRPV1)–positive DRG neurons at different time points (n = 5–6 mice per group). F, Staining of DRG sections with 
(top) and without (bottom) anti- TRPV1 antibody. Asterisks indicate neurons with TRPV1- like immunoreactivity (IR). G, Proportions of ATF- 3–, 
p- CREB–, and TRPV1- positive DRG neurons after ZA treatment (n = 5–6 mice per group). H, Infiltration of ionized calcium–binding adapter 
molecule 1 (IBA- 1)–positive macrophages into DRGs (arrows) in nondepleted mice at day 6 of arthritis (top) and in Treg cell–depleted mice at 
day 14 (bottom). Values are the mean ± SEM. Symbols represent individual mice. * = P < 0.05 by Student’s 2-tailed t-test. All scale bars = 20 
μm. See Figure 1 for other definitions.
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Interestingly, the course and severity of local mechanical 
hyperalgesia was similar in self- limiting and nonremitting arthritis. 
It was most pronounced in the early inflammatory stage, which is 
characterized by intense swelling and erythema. Since some bone 
destruction was found even in self- limiting arthritis at days 42 and 
63 (Figure 2B), persistent mechanical hyperalgesia may be due to 
residual inflammation and persistent bone damage. In collagen anti-
body–induced arthritis, mechanical hyperalgesia may be associated 
with bone destruction when inflammation has subsided (31). How-
ever, the enhanced inflammation and bone destruction in nonre-
mitting arthritis was, rather, reflected by more severe and persistent 
thermal hyperalgesia. Evidence for a strong role of bone destruction 
in thermal hyperalgesia is mainly suggested by the effects of the 
treatment with ZA. Although the clinical score was slightly improved 
in the early acute stage of arthritis, we did not find a significant 
reduction of the clinical score in the late stage of arthritis. But at 
this late stage the treatment with ZA had significantly reduced bone 
resorption by approximately 55%. These data support the idea that 
bone destruction, in addition to inflammation, contributes to pain 
(particularly to thermal hyperalgesia in this model).

A particular role of bone destruction per se in pain generation 
was documented by the fact that hyperalgesia may be related to 
bone destruction in the absence of manifest inflammation, before 
outbreak of manifest arthritis (3). But once the full process of 
arthritis has started, processes of inflammation and bone destruc-
tion may be related because osteoclast activity can evoke inflam-
matory changes (3,9).

Inhibition of osteoclast activity by ZA was reported to reduce 
arthritic or osteoarthritic pain in previous experimental studies (32–
34). In some clinical studies of RA patients, bisphosphonates were 
added to the disease- modifying antirheumatic drug regimens, but 
the results are contradictory (25,35). However, it seems that no 
study used bisphosphonates in RA without other medications. Our 
results suggest that bisphosphonates alone may partly reduce pain 
(mainly thermal hyperalgesia) in spite of persistent inflammation.

The guarding score and grip force reflect both mechanical 
hyperalgesia and disturbed function, e.g., due to destruction 
of cartilage and bone in the affected joints (14). Both parame-
ters were worsened in Treg cell–depleted mice with strong bone 
destruction, but during ZA treatment the guarding score and grip 
force were only weakly reduced.

Why nonremitting arthritis mainly affected thermal hyperal-
gesia remains a question. One possibility is that in nonremitting 
arthritis mediators come into play that further, in particular, bone 
resorption and thermal hyperalgesia in a parallel manner. Another 
possibility is that bone destruction releases mediators by altered 
activity of osteoclasts and/or osteoblasts which favor thermal 
hyperalgesia. In this respect it is important to note that in poly-
modal nociceptive fibers different ion channels are activated by 
mechanical and thermal stimuli and that inflammatory mediators 
may selectively change the opening characteristics of some ion 
channels only. For example, we found that interleukin- 6 (IL- 6) and 

IL- 17A are associated with mechanical hyperalgesia, whereas  
IL- 1ß was more related to thermal hyperalgesia (36).

The second question to address was the time course of 
pain. Both mechanical and thermal hyperalgesia started before 
clinical manifestation of arthritis, which is similar to collagen  
antibody–induced arthritis (37), collagen- induced arthritis (38), but 
not in the K/BxN serum–transfer model (16) and antigen- induced 
arthritis (14). Thus, subclinical inflammation, rather than manifest 
pathologic changes, is sufficient to activate and/or sensitize the 
nociceptive system. Antigen- specific antibodies as well as CD4+ 
T cells, both required for induction of G6PI- induced arthritis, could 
play a role. Antibodies can bind to the Fcγ receptor of nociceptive 
DRG neurons and activate them (10,39–42). Antibodies against 
G6PI in the serum are already present at day 6 (11), but currently 
it is unknown whether they actually activate the sensory neurons.  
Most likely CD4+ T cells contribute by producing cytokines 
that elicit proinflammatory as well as pronociceptive functions. 
Cytokines such as TNF, IL- 6, or IL- 17A sensitize joint nociceptors 
of rat knee joints for mechanical stimuli within 1 hour (43–45).

Persistent mechanical hyperalgesia in self- limiting arthritis 
suggests that the mechanisms that switch arthritis from self- 
limiting to nonremitting are not necessary to generate persistent 
mechanical hyperalgesia. Such mechanisms, namely an early 
burst of pathogenic CD4+ T cells, persistent high titers of anti- 
G6PI IgG2a and IgG2b, and increased numbers of osteoclast 
precursors (12), may be more important for the prolongation of 
thermal hyperalgesia.

A remarkable finding was the prearthritic and persistent up- 
regulation of ATF- 3 in sensory neurons. Neuronal ATF- 3 is also 
up- regulated in K/BxN serum transfer arthritis (16), adjuvant arthri-
tis (17), collagen- induced arthritis (18), and severe osteoarthritis 
models (46). Since rapid up- regulation of ATF- 3 proteins in neu-
rons is a response to nerve injury or other stressors (15), G6PI- 
induced arthritis seems to affect directly at least a proportion of 
neurons. We have no evidence to indicate that neuronal death 
occurred, because we did not detect apoptosis of neurons nor 
a strong invasion of macrophages into the DRGs (this would be 
expected in the case of severe neuronal damage) (47–49). Immu-
nopathologic mechanisms causing self- limiting arthritis seem to 
be sufficient to induce ATF- 3 up- regulation (Figure 5A), but the 
responsible pathways remain unclear. However, the precise 
impact of ATF- 3 up-regulation on pain is unclear since the ATF- 3 
expression did not correlate with clinical score, grip force, and 
mechanical and thermal hyperalgesia, nor was it reduced by ZA 
treatment. Rather, the minimal changes of expression of TRPV1 
and p- CREB suggest that basic response properties of the nocic-
eptive neurons remained unaltered. However, since joint and bone 
diseases can include neuropathic pain components (9,50), the 
up- regulation of ATF- 3 may indeed suggest a neuropathic com-
ponent. Interestingly, in rat antigen- induced arthritis, which does 
not show prearthritic hyperalgesia nor an up-regulation of ATF- 3 
at any time point (14), p- CREB is up- regulated (22), indicating that 
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neurons may react in a different manner dependent on the mode 
of arthritis elicitation.

Our study has some limitations. We used only female mice, 
we did not use a vehicle control group for the ZA treatment, and 
the long- term monitoring of behavior precluded a histologic eval-
uation of inflammation.

In conclusion, this study highlights the complex mechanisms 
of pain generation in arthritis. Pain- related behaviors precede and 
outlast self- limiting arthritis. Immune processes that cause arthritis 
may directly also affect neurons. Prospectively, precise analysis 
of the pain phenotype, including assessment of mechanical and 
thermal hyperalgesia, may lead to a better understanding of pain 
mechanisms in individual patients and influence treatment strat-
egies. Pain control may only be sufficient if both mechanical and 
thermal hyperalgesia are reduced.
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What Level of Inflammation Leads to Structural Damage 
in the Sacroiliac Joints? A Four- Year Magnetic Resonance 
Imaging Follow- Up Study of Low Back Pain Patients
Bodil Arnbak,1  Tue S. Jensen,2 Berit Schiøttz-Christensen,3 Susanne J. Pedersen,4  Mikkel Østergaard,4 
Ulrich Weber,5 Oliver Hendricks,5 Anna Zejden,6 Claus Manniche,3 and Anne G. Jurik7

Objective. Sacroiliac (SI) joint bone marrow edema (BME) is considered to be pivotal in the detection of early 
spondyloarthritis. However, the link between BME and development of spondyloarthritis- related bone remodeling 
remains unclear. This study was undertaken to investigate the evolution of BME and structural lesions in the SI joints 
over time.

Methods. Baseline and 4- year follow- up magnetic resonance imaging scans were conducted in 604 patients ages 
18–40 years who were referred with low back pain to an outpatient spine clinic. Eight SI joint regions were scored 
for BME and categorized as absent, limited (<25% of subcortical bone region), intermediate (25–50%), or extensive 
(>50%). Structural lesions including erosions and fat lesions were scored as absent or present.

Results. SI joint BME was seen at either time point (baseline or at 4 years) in 41% of participants but was persis-
tent at both time points in only 16% of participants. Structural SI joint lesions developed according to the extent of 
BME at baseline: limited, intermediate, and extensive BME (as compared to absent BME) were independently associ-
ated with erosion at follow- up with odds ratios (ORs) of 3, 5, and 46, respectively, and with fat lesions (ORs 3, 7, and 
33, respectively). In regions with limited and intermediate BME at baseline, 60% and 50% had resolved by follow- up, 
respectively, while only 2% and 7% had evolved into extensive BME by follow- up.

Conclusion. While extensive SI joint BME was a strong independent predictor of development of structural le-
sions, limited and intermediate BME were mostly transient and only rarely evolved into extensive BME or structural 
lesions. These findings enhance our understanding of the natural development of SI joint lesions and indicate differ-
ent progression patterns for limited/intermediate versus extensive BME, possibly due to different etiologies.

INTRODUCTION

A broad spectrum of patients with low back pain (LBP) is 
encountered in clinical practice, with the majority of patients pre-
senting with nonspecific LBP. In this heterogeneous population, 
a small percentage of patients may have axial spondyloarthritis 

(SpA), and identifying those relatively few patients, specifically 
those with early SpA, represents a diagnostic challenge.

SpA is a slowly developing disease that may progress to dis-
ability and reduced quality of life. The gradual progression of the 
disease allows, in principle, ample time for early diagnosis and 
initiation of therapeutic measures that may relieve symptoms and 
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prevent late- stage complications. However, patients with SpA 
 frequently present with symptoms that may resemble nonspecific 
LBP (1), and there are no reliable objective tests that can establish 
an early diagnosis of SpA with high confidence.

An important step toward identification of early SpA among 
LBP patients is understanding the natural development of different 
lesion types in the axial skeleton. Furthermore, it is essential to 
identify skeletal lesions that are specific to SpA and lesions that 
are prevalent in patients with nonspecific LBP, in order to distin-
guish the 2 conditions.

Magnetic resonance imaging (MRI) is increasingly used as a 
diagnostic tool in patients with suspected SpA (2,3). Specifically, 
bone marrow edema (BME) detected by MRI in the sacroiliac 
(SI) joints is considered pivotal in recognition of early SpA and is 
incorporated in the Assessment of SpondyloArthritis international 
Society (ASAS) classification criteria (2). However, the specific-
ity of BME, particularly that of limited extent, and its relationship 
to SpA remains a subject of debate (4,5), because limited BME 
is relatively prevalent in patients with nonspecific LBP (1,6,7) 
and in healthy individuals (8–10). Accordingly, clinical decisions 
based on the presence of limited BME bear a considerable risk 
of false- positive assignment and potential overtreatment. Struc-
tural lesions at the SI joints are also readily detectable on MRI and 
are considered hallmark signs of manifest SpA, but little is known 
about the evolution of such lesions over time and their relation-
ship to BME. Most studies that have investigated the association 
between MRI findings and SpA have been cross- sectional (11), 
and the few longitudinal studies in the field have examined highly 
selected and mostly small sample sizes of SpA patients without 
inclusion of patients with non–SpA- related LBP (12–18).

The present study cohort, the Spines of Southern Denmark 
(SSD), consists of patients with LBP, including an unknown pro-
portion of patients with SpA. The cohort represents the general 
population of LBP patients encountered in clinical practice (1). 
Using repeated MRI scans, we aimed to investigate the tempo-
ral and spatial progression of different BME levels and structural 
lesions at the SI joints in this unselected LBP patient group.

PATIENTS AND METHODS

Participants. The participants were recruited from March 
2011 to October 2013 from the Spine Centre of Southern Den-
mark, an outpatient nonsurgical unit specializing in the assess-
ment of patients with back pain within a secondary care public 
hospital setting. Patients were referred from medical specialists in 
primary care, chiropractors, or other hospital departments. During 
the inclusion process at baseline, the criteria used to refer patients 
to the Spine Centre included: 1) an episode of back pain of 2–12 
months’ duration, and 2) insufficient clinical response to conserva-
tive treatment in primary care. Patients with LBP ages 18–40 years 
(n = 1,037) were included at random in the study. Details on the 
inclusion and exclusion process were previously reported (1). At 

baseline, all included participants underwent a clinical examination 
and blood test, completed questionnaires, and received an MRI of 
the spine and the SI joints, as detailed below. All participants were 
invited by letter to participate in the follow- up project, which ran 
between November 2014 and June 2017.

Ethical approval was obtained from the Regional Scien-
tific Ethics Committee for  Southern Denmark (reference no. 
S- 20140050), and all participants provided written informed con-
sent. The study was conducted according to the Declaration of 
Helsinki and Danish legislation.

Demographic and clinical data. At baseline, data on 
demographic and clinical characteristics, including pain history 
and activity limitation, were collected using self- reported patient 
questionnaires (1,19). Baseline data on SpA features were 
assessed by the consulting clinicians according to a standardized 
procedure, and blood samples were analyzed for HLA–B27 and 
high- sensitivity C- reactive protein (1).

Information on treatment with anti–tumor necrosis factor 
(anti- TNF) drugs was retrieved from DANBIO, a Danish nationwide 
clinical register for patients with rheumatic disease, in which reg-
istration of all treatment with biologic therapy is mandatory (20).

MRI protocol and interpretation. The MRI acquisition 
protocols were previously published (21). Briefly, MRI of SI joints 
was performed with a 1.5T MRI System (Philips Achieva). The 
following sequences were used: semicoronal T1-weighted turbo 
spin-echo with and without SPIR, and semiaxial T2-weighted STIR. 
Three consultant musculoskeletal radiologists performed the base-
line MRI evaluation, and 2 of them (AGJ and AZ) performed the fol-
low- up assessments. For all readings. the radiologists were blinded 
with regard to clinical information (except for the patient’s age and 
sex). For the follow- up MRI readings, they were blinded with regard 
to baseline MRI scans. Each MRI was evaluated by 1 reader; uncer-
tainties were resolved by consensus. The same MRI scanner, MRI 
protocol, and MRI evaluation form were used at both time points.

MRI variables used in the data analyses. The following 
MRI findings were assessed in the SI joint subcortical bone region: 
BME, erosion, fat lesions, sclerosis, and ankylosis. The subcortical 
bone region was defined as the bone parallel to and just beneath 
the joint surface in the sacral and iliac bones, respectively. The SI 
joints on each side were subdivided into 4 regions: the cartilag-
inous and ligamentous compartments of the iliac bone and the 
sacral bone (22). Thus, the subcortical bone region was subdi-
vided into 8 regions per patient. The extent of BME in each region 
was graded according to 4 levels: absent, limited (<25% of the 
subcortical bone region), intermediate (25–50% of the subcorti-
cal bone region), and extensive (>50% of the subcortical bone 
region) (22). The minimum criteria for BME were ≥2 lesions on a 
single slice or 1 lesion on ≥2 consecutive slices, in accordance 
with the ASAS definition of sacroiliitis (23). Other lesion types were 
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assessed as absent or present and also scored according to the 
minimum criteria described above. Details of the MRI definitions 
are provided in Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41040/ abstract.

Agreement on the MRI evaluations was previously reported 
(24). Kappa values for interobserver agreement were 0.81, 0.57, 
0.78, and 0.65 for BME, erosion, fat lesions, and sclerosis, respec-
tively, and kappa values for intraobserver agreement (assessed in 
2 readers) were 0.96/0.91, 0.79/0.88, 0.95/0.89, and 0.88/0.89 
(24).

Statistical analysis. Data analyses were performed using 
Stata software, version 15.1 (StataCorp). Differences at baseline 
between included and excluded patients were tested using Pear-
son’s chi- square test and Wilcoxon’s rank sum test, as appropriate. 

A 2- sample proportion test was used to evaluate differences in 
prevalence between baseline and 4- year follow- up.

Associations between baseline BME and structural lesions 
(erosion and fat lesions) at follow- up were assessed using mul-
tivariable logistic regression, adjusted for age, sex, and the 
presence of the given outcome at baseline. To accommodate 
the potential effect of clustering per patient when conducting 
regression analyses of multiple SI joint regions, we used the 
clustered sandwich estimator with patient as the grouping vari-
a ble to estimate robust standard error (25). The associations are 

Figure 1. Flow chart of inclusion of patients from the Spines of 
Southern Denmark (SSD) cohort in the present follow- up study.  
LBP = low back pain; MRI = magnetic resonance imaging.

Table  1. Baseline characteristics of the patients included in the 
follow- up study (participants) and those who did not meet inclusion 
criteria (nonparticipants)*

Participants 
(n = 604)

Nonparticipants 
(n = 433)

Age, median (IQR) years† 33 (27–37)‡ 32 (26–36) 
LBP duration, median (IQR) 

months§
10 (4–36) 11 (4–45) 

LBP intensity, median (IQR) 
(0–10 scale)§¶

6 (5–7) 6 (5–7) 

Activity limitation, median 
(IQR) (RMDQ score 
0–100)§

57 (39–74) 57 (39–74) 

Women† 54 (50–58) 53 (49–58) 
Sick leave due to back pain 

in the last 3 months#
50 (45–54) 51 (46–56) 

Employed§ 73 (69–76) 68 (63–72) 
Previous LBP episode(s)§ 77 (74–81)‡ 71 (66–75) 
Leg pain§ 83 (80–86)‡ 78 (74–82)
HLA–B27 positive† 11 (9–14) 10 (7–12) 
Elevated hsCRP†** 8 (6–10) 8 (5–10)
Peripheral arthritis† 2 (1–4) 3 (1–4)
Heel enthesitis† 3 (2–4) 2 (1–3)
Uveitis† 1 (0–2) 1 (0–2)
Dactylitis† 1 (0–2) 1 (0–1)
Psoriasis† 6 (4–8) 4 (2–6)
Inflammatory bowel 

disease†
1 (0–2) 1 (0–2)

Family disposition†† 18 (15–22) 14 (11–17)
Good response to NSAID† 14 (11–17) 15 (11–18)
Inflammatory back pain 

according to ASAS†
18 (15–21) 16 (12–19)

Sacroiliitis according to 
ASAS†

23 (19–26) 20 (16–23)

Fulfillment of the ASAS 
criteria†

12 (9–14) 8 (6–11)

* Except where indicated otherwise, values are the percent of 
 patients (95% confidence interval). IQR = interquartile range; RMDQ 
= Roland Morris Disability Questionnaire; NSAID = nonsteroidal 
 antiinflammatory drug; ASAS = Assessment in SpondyloArthritis 
 international Society. 
† <3% missing values. 
‡ P < 0.05 versus nonparticipants. 
§ 5–8% missing values. 
¶ Scored using a numerical rating scale and calculated using the av-
erage of present low back pain (LBP), worst LBP in the past 14 days, 
and typical LBP in the past 14 days. 
# 13% missing values. 
** Known causes for elevated high- sensitivity C- reactive protein 
(hsCRP) were excluded. 
†† Presence in a first-degree or second-degree relative of any of the 
following: anterior uveitis, Crohn’s disease, ulcerative colitis, psoria-
sis, ankylosing spondylitis, or reactive arthritis. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41040/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41040/abstract
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presented as odds ratios (ORs) with 95% confidence intervals 
(95% CIs).

RESULTS

Of the 1,037 patients included at baseline, 604 (58%) agreed 
to participate in the follow- up study. Figure 1 shows the flow chart 
for inclusion in the study and reasons for dropout. The median 
interval between baseline and follow- up MRI scan was 3.8 years 
(interquartile range [IQR] 3.6–4.0). The median age at follow- up 
was 37 years (IQR 31–41), and 328 (54%) of the follow- up par-
ticipants were female. Follow- up participants had a slightly higher 
prevalence of reporting leg pain and pre- baseline episodes of LBP 
at baseline and were slightly older compared to nonparticipants. 
No other statistically significant differences were found between 
the 2 groups (Table  1). Among the participants included in the 
follow- up study, 12% fulfilled the ASAS criteria for SpA at baseline. 
However, whether this is a reliable estimate of “true” SpA in this 

population remains unknown.
MRI findings were relatively frequent and increased over time 

in this population, as shown in Table 2. BME was the most com-
mon SI joint finding, occurring in 41% at 1 or both time points, and 
increasing from 23% at baseline to 34% at follow- up (P < 0.001; 
Table 2). Persistent BME at both time points was seen in 16% 
of the participants. Among participants with no BME at baseline, 
24% had developed new BME by the follow- up scan. All new 

BME was limited or intermediate.
Eight SI joint regions were assessed in 604 participants, 

resulting in a total of 4,832 examined regions. The prevalence of 
structural lesions in SI joint regions at follow- up increased with 
the extent of baseline BME. Among regions with absent, limited, 
intermediate, and extensive BME at baseline, 1%, 16%, 27%, and 

79% showed erosion at follow- up and 4%, 27%, 60%, and 86% 

showed fat lesions at follow- up, respectively (Table 3).
Multiple regression analyses were conducted to assess 

the association between baseline BME and structural lesions 
at follow- up, adjusted for age, sex, and presence of the given 
structural MRI lesion at baseline. Regional SI joint BME showed 
2 distinct patterns with extensive BME at baseline but not with 
limited or intermediate BME at baseline, revealing high ORs for 
the prediction of new structural lesions at follow- up. Limited 
and intermediate BME at baseline predicted the development of 
erosion in the same region with ORs of 3.5 and 5.1, respectively, 
while extensive BME predicted the development of erosion with 
an OR of 46.3, corrected for sex, age, and presence of erosion 
at baseline (Table 4). Thus, extensive BME had approximately 
9-fold higher odds than intermediate BME and approximately 
13-fold higher odds than limited BME of predicting erosion over 
4 years. BME at baseline also predicted the development of fat 
lesions at follow- up, and limited, intermediate, and extensive 
BME showed ORs of 3.2, 6.7, and 32.5, respectively (Table 4). 
Interestingly, in regions with absent, limited, and intermedi-
ate BME at baseline, only 0%, 2%, and 7%, respectively, had 
developed extensive BME by follow- up. Furthermore, in regions 
with limited or intermediate BME at baseline, 60% and 50%, 

respectively, had disappeared by  follow- up (Table 5).
Among the participants, 27 (4%) had been treated with an 

anti- TNF drug during the follow- up period. To evaluate poten-

Table  2. Prevalence of magnetic resonance imaging findings at 
baseline and 4- year follow- up*

Baseline Follow- up Any time point
Per patient 

(n = 604)
≥1 lesion type 173 (29)† 267 (44) 297 (49) 
BME 137 (23)† 205 (34) 248 (41) 
Erosion 50 (8) 67 (11) 82 (14) 
Fat lesion 87 (14)‡ 119 (20) 141 (23) 
Sclerosis 50 (8) 47 (8) 70 (12) 
Ankylosis 0 (0) 3 (1) 3 (1) 

Per region  
(n = 4,832)

≥1 lesion type 480 (10)† 568 (12) 738 (15) 
BME 295 (6)‡ 357 (7) 522 (11) 
Erosion 112 (2) 136 (3) 177 (4) 
Fat lesion 260 (5) 273 (6) 383 (8) 
Sclerosis 81 (2) 74 (2) 119 (2) 
Ankylosis 0 (0) 6 (0) 6 (0) 

* Values are the number (%) of patients. BME = bone marrow edema. 
† P < 0.001 versus follow- up. 
‡ P < 0.05 versus follow- up. 

Table 3. Evolution of follow- up erosions and fat lesions in relation 
to baseline BME at regional level*

Baseline BME†
Erosion at 
follow- up

Fat lesions at 
follow- up

Absent (n = 4,537) 67 (1) 167 (4)
Limited (n = 236) 38 (16) 63 (27)
Intermediate (n = 30) 8 (27) 18 (60)
Extensive (n = 29) 23 (79) 25 (86)

* Values are the number (%) of regions evaluated. Total number of 
regions evaluated in patients was 4,832. 
† Bone marrow edema (BME) levels were defined according to the 
following criteria: limited (<25% of the subcortical bone region), inter-
mediate (25–50%), and extensive (>50%). 

Table 4. Multivariable analysis of the association between BME at 
baseline and structural lesions at 4- year follow- up*

Baseline BME
Erosion at  
follow- up†

Fat lesions at 
follow- up‡

Limited 3.5 (1.6–7.4)§ 3.2 (1.8–5.7)¶
Intermediate 5.1 (1.2–21.7)# 6.7 (2.1–21.3)§
Extensive 46.3 (12.8–166.8)¶ 32.5 (5.6–191.8)¶

* The total number of regions evaluated in patients was 4,832. Values 
are the odds ratio (95% confidence interval).
† Model adjusted for age, sex, and the presence of erosion at 
 baseline. 
‡ Model adjusted for age, sex, and the presence of fat lesions at 
 baseline. 
§ P < 0.01.
¶ P < 0.001.
# P < 0.05.
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tial bias from anti- TNF treatment, the analyses shown in Table 4 
were recalculated without these 27 individuals. Exclusion of anti- 
TNF–treated participants did not appreciably affect the results 
(see Supplementary Table 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41040/ abstract).

DISCUSSION

MRI findings in the SI joints, and particularly BME, which is con-
sidered an imaging marker of inflammation, are increasingly used 
to guide diagnosis and treatment in LBP patients with suspected 
SpA (2–4,26). However, although MRI scans may readily show SI 
joint lesions, their natural progression and mutual relationship are 
poorly understood. In this study, we conducted MRI scans on 604 
participants with back pain at the time of referral and after 4 years. 
We found that limited SI joint BME was relatively prevalent, variable 
over time, and rarely developed into extensive BME or structural 
lesions. In contrast, extensive BME was a strong and independ-
ent predictor of the development of new structural lesions. These 
findings indicate different progression patterns for different levels of 
BME, raising the question of whether limited versus extensive BME 
may be rooted in different etiologies. Accordingly, our observations 
may help guide clinical decisions in the broader LBP patient popu-
lation, including those with suspected SpA.

BME detected by MRI is a key element in the ASAS classifica-
tion criteria for SpA (2). The ASAS definition of MRI- detected sacro-
iliitis emphasizes the importance of lesions being considered “highly 
suggestive of SpA” and states that caution should be exercised in 
the interpretation of small BME lesions (27). However, the condition 
of being highly suggestive of SpA is not explicitly defined based on 
objective parameters, and the definition of SI joint BME according to 
the ASAS criteria is consistent with the lower limit used the current 
study (BME in ≥2 consecutive slices or ≥2 BME lesions in 1 slice) (27).

An important observation in the current study is that lim-
ited BME, in spite of being quite prevalent, rarely  developed into 
extensive BME or structural lesions. These observations call into 
question the notion of limited BME being a cardinal feature of axial 

SpA. Accordingly, using BME with the threshold level used in this 
study (and detailed in the ASAS criteria) bears a considerable risk 
of false- positive classification and potential overtreatment. This is 
important if MRI is used as part of the evaluation and selection of 
candidates for anti- TNF therapy, a concern that has been raised 
previously (4,5). The European Medicines Agency mandated that 
MRI be part of the evaluation of SpA patients who may be candi-
dates for anti- TNF treatment, without imposing a lower threshold 
for the level of BME (26). However, there is a need for a more 
accurate definition of the lower threshold for BME used in clas-
sification criteria, in order to improve the identification of patients 
with SI joint BME that is associated with future bone remodeling, 
e.g. SpA.

We previously reported that low- grade BME was significantly 
associated with age but was not associated with any clinical signs 
of SpA (1). In the current study, we found that different levels of 
BME showed different courses of development during the fol-
low- up period. Extensive BME at baseline was a strong indepen -
dent predictor of structural lesions at follow- up, with ORs of 33 for 
the development of new fat lesions and of 46 for the development 
of new erosion. In contrast, limited and intermediate baseline BME 
predicted relatively weakly the development of structural lesions 
(ORs <7). In addition, low- grade BME was relatively vari able over 
time and frequently reversible. Limited and intermediate BME at 
baseline were resolved in >50% of regions at follow- up and devel-
oped into extensive BME in only 2% and 7% of cases, respec-
tively (Table 5). Collectively, these different paths of progression 
suggest that low levels of edema may often be transient in nature, 
with limited effect on bone morphology, while extensive edema 
may be more likely rooted in pathology that leads to structural 
lesions at the SI joints.

Since structural damage is a hallmark sign of fulminant late- 
stage SpA, extensive BME seems more likely to be associated 
with SpA, while low BME levels may be more reflective of axial 
stress or degenerative changes (1). Previous studies investigating 
possible non–SpA- related causes of SI joint BME are sparse, but 
a number of factors have been suggested to be associated with 
BME, including pregnancy/birth- related stress, obesity, extensive 
physical activity, and age- related degeneration (5,8,10,28–30). In 
a study by Weber et al that investigated physically active healthy 
young individuals, the authors found that, when present, BME 
was primarily seen at low levels and clustered topographically in 
distinct SI joint regions (8). Similar results were observed by de 
Winter et al in LBP patients, in runners, and in other healthy con-
trols (9). Interestingly, de Winter and colleagues also found that 
BME occurring throughout the SI joints and deep lesions (depth 
≥1 cm) were predominantly seen in SpA patients (9). The obser-
vations from these studies (8,9), together with our observations, 
may support the notion that local BME could be stress- related, 
possibly affecting specific local “load areas” at the SI joints, while 
BME related to a systemic disease may cover a more extensive 
area and lead to structural lesions.

Table 5. Evolution of extent of BME at the sacroiliac joint over a 
period of 4 years*

BME level at 
baseline

BME level at follow- up

Absent Limited Intermediate Extensive
Absent  

(n = 4,537)
4,310 (95) 217 (5) 10 (0) 0 (0)

Limited  
(n = 236)

141 (60) 81 (34) 10 (4) 4 (2)

Intermediate 
(n = 30)

15 (50) 8 (27) 5 (17) 2 (7)

Extensive  
(n = 29)

9 (31) 11 (38) 5 (17) 4 (14)

* The total number of regions evaluated in patients was 4,832. Bone 
marrow edema (BME) levels were defined according to the following 
criteria: limited (<25% of the subcortical bone region), intermediate 
(25–50%), and extensive (>50%). Values are the number (%) of regions 
evaluated. Some rows may not add up to 100% due to rounding. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41040/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41040/abstract
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Only a few previous longitudinal studies have included data 
on the severity level of BME. In an 8- year follow- up study, Ben-
nett et al investigated 40 patients diagnosed as having SpA and 
examined the link between BME at baseline and ankylosing spon-
dylitis at follow- up (12). The diagnosis of ankylosing spondylitis at 
follow- up was based on clinical symptoms and pelvic radiogra-
phy. In these SpA patients, the authors found that a composite 
variable of HLA–B27 positivity and severe SI joint BME at baseline 
predicted the diagnosis of ankylosing spondylitis with a likelihood 
ratio of 8. Madsen et al studied 94 patients who had been diag-
nosed as having SpA, with repeated MRI scans and a follow- up 
interval varying between 2 and 8 years (13). They found a positive 
association between a compiled score based on baseline BME 
and a composite score of structural changes (erosion, fat lesions, 
and ankylosis combined) at follow- up (13). However, these studies 
were not designed to investigate the temporal and spatial con-
nection between regional SI joint lesions (i.e., whether BME in a 
localized region preceded structural changes, including erosion, in 
that same region). Thus, the reported correlations were not inves-
tigated at the regional level and were not adjusted for preexisting 
structural lesions at baseline to demonstrate emergence of new 
structural lesions at follow- up.

In the current study, we identified distinct progression pat-
terns of BME based on its degree. Importantly, the role of extensive 
BME as a strong and independent predictor of future emergence 
of structural lesions has not been previously established, to our 
knowledge. The following facts provide support for the hypothesis 
that inflammation, particularly at high levels, may be part of the 
pathogenesis underlying SI joint bone remodeling: 1) BME is a 
marker of inflammation, 2) extensive BME precedes development 
of new structural lesions, specifically erosions, and 3) new ero-
sions appear in regions of previous extensive BME.

There were several strengths of this study. One methodo-
logic strength was the examination of an unselected population 
of patients with LBP, which reflected the heterogeneous spectrum 
of patients encountered in clinical practice and allowed for the 
observations of progression of different levels of BME that may 
be rooted in diverse etiology. Furthermore, the large number of 
participants strengthens the precision of the estimated prevalence 
rates and associations.

One limitation of our study was that MRI scans were evalu-
ated by only 1 reader, and possible uncertainty in MRI scoring may 
have been alleviated by using multiple readers. Furthermore, while 
the follow- up period of 4 years may be sufficient to observe the 
evolution of some MRI findings in LBP patients, SpA is a slowly 
developing disease, and thus, studies of even longer time spans 
are needed to fully clarify the evolution of lesions, including BME 
and structural changes, in the long term.

In conclusion, we have shown that in an unselected sam-
ple of patients with LBP, low- grade BME was relatively prevalent, 
mostly transient, and only rarely developed into extensive BME or 
structural lesions. In contrast, extensive BME strongly predicted 

the development of new structural lesions in the same region. 
These observations suggest the hypothesis of potential different 
progression patterns for limited/intermediate BME versus exten-
sive BME, possibly due to different etiologies. While low levels of 
edema may often be temporary in nature with limited effect on 
bone morphology, extensive edema may be more likely to rep-
resent pathology that leads to structural lesions at the SI joints, 
possibly associated with SpA. Our findings support the need for a 
reappraisal of low- level BME in the classification of LBP patients. 
In addition, these results provide insight into the natural progres-
sion of SI joint lesions and may facilitate the development and 
improvement of tools aimed at identifying patients with early SpA.
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Magnetic Resonance Imaging of Lesions in the Sacroiliac 
Joints for Differentiation of Patients With Axial 
Spondyloarthritis From Control Subjects With or Without 
Pelvic or Buttock Pain: A Prospective, Cross- Sectional Study 
of 204 Participants
Sengül Seven,1  Mikkel Østergaard,1  Lone Morsel-Carlsen,2 Inge Juul Sørensen,2 Birthe Bonde,3 
Gorm Thamsborg,2 Jens Jørgen Lykkegaard,2 Oliver Hendricks,4 Niklas Rye Jørgensen,5 and  
Susanne Juhl Pedersen1

Objective. To evaluate whether different types of sacroiliac (SI) joint lesions identified by magnetic resonance 
imaging (MRI) could differentiate axial spondyloarthritis (SpA) from conditions with buttock or pelvic pain attributable 
to other reasons, including postpartum women and healthy subjects.

Methods. The study was designed as a prospective, cross- sectional study involving 204 participants, comprising 
patients with axial SpA (n = 41) and control groups of subjects with or without SI joint pain, including patients with 
lumbar disc herniation (n = 25), women with (n = 46) or without (n = 14) postpartum buttock/pelvic pain (having given 
birth within the preceding 4–16 months), hospital cleaning staff (n = 26), long- distance runners (n = 23), and healthy 
men (n = 29). Participants underwent clinical examination and MRI, and MRIs were evaluated in a blinded manner 
by 2 readers according to the Spondyloarthritis Research Consortium of Canada (SPARCC) SI joint inflammation 
and structural lesion scores. SPARCC score cutoff levels were defined as scores above a certain threshold. Primary  
analyses were based on reader agreement with regard to the presence of SI joint pathologic features on MRI (“con-
cordant reads”). Sensitivity, specificity, and positive and negative predictive values were calculated.

Results. SI joint ankylosis and backfill were detected by MRI only in patients with axial SpA (32% and 37%, 
 respectively), while bone marrow edema (BME) and fat lesions were seen in all non–axial SpA control groups (3–39% 
with BME and 4–14% with fat lesions). SI joint erosion was present only in patients with axial SpA and in women with 
postpartum buttock/pelvic pain (at erosion score cutoffs of >1 and >4, 61% and 34%, respectively, in patients with 
axial SpA, and 9% and 2%, respectively, in women with postpartum buttock/pelvic pain). A SPARCC BME score of 
≥5 was present only in patients with axial SpA (56%) and in women with postpartum buttock/pelvic pain (24%), while 
fat lesions were present, albeit rarely, at high SPARCC cutoff scores in nearly all groups. Of the 38 women from the 
non-postpartum control groups who had given birth (mean time since birth 9.7 years), 2 (5%) had BME, whereas none 
had SI joint erosion or fat  lesions, and none had a BME score of ≥4.

Conclusion. BME and fat lesions were most pronounced in patients with axial SpA, but also occurred in other 
groups, particularly women with postpartum buttock/pelvic pain. Erosion above a certain SPARCC score threshold 
as well as backfill and ankylosis were highly specific for axial SpA.
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INTRODUCTION

Axial spondyloarthritis (SpA) is a common chronic inflam-
matory rheumatic disease that starts in early adulthood and is 
associated with severe pain and disability (1,2). The introduction 
of efficient therapy with biologic disease- modifying antirheumatic 
drugs has substantially improved the treatment options (3,4), thus 
increasing the demand for axial SpA to be identified earlier in the 
disease course.

Bone marrow edema (BME) detected by magnetic resonance 
imaging (MRI) of the sacroiliac (SI) joints plays a central role in 
the Assessment of SpondyloArthritis international Society (ASAS) 
classification criteria for axial SpA (5–7). However, several stud-
ies have shown that MRI BME in the SI joints fulfilling the ASAS 
definition of a positive MRI is frequently seen in other conditions 
as well, such as in patients with nonspecific back pain (8,9) and 
women with postpartum pain (10) as well as healthy subjects such 
as athletes (10,11) and military recruits (12). Since BME detected 
by MRI is not a unique feature of axial SpA, and because MRI- 
detected structural SI joint lesions (such as SI joint erosion, fat 
lesions, backfill, sclerosis, and ankylosis) are also important char-
acteristics of axial SpA, but not included in the ASAS definition 
of a positive MRI, identification of these lesions may facilitate the 
differentiation of patients with axial SpA from subjects with buttock 
or low back pain attributable to other reasons.

The aim of the present prospective study was to investigate 
the utility of MRI- detected inflammatory and structural lesions in 
the SI joints in order to differentiate patients with axial SpA from 
other diagnostic entities. Thus, corresponding control data were 
obtained from women with and those without postpartum but-
tock/pelvic pain, patients with symptomatic disc herniation, hospi-
tal cleaning staff and long- distance runners (groups anticipated to 
have mechanical strain on the SI joints), and healthy men.

PATIENTS AND METHODS

Subjects. The MASH study (a scientific investigation of MRI 
and biochemical markers in patients with axial SpA, back pain of 
other reasons, subjects with strain on the SI joints, and healthy 
subjects) was a prospective, cross- sectional study conducted at 
Rigshospitalet, Glostrup from 2013 to 2016. The study compared 
patients with axial SpA to control groups of patients with lumbar 
disc herniation and women with postpartum buttock/pelvic pain 
that had started either during pregnancy or during/after giving 
birth and still was present 4–16 months thereafter. Furthermore, 
we included control groups of women without postpartum but-

tock/pelvic pain 4–16 months after giving birth, subjects with a 
history of hard physical work, including hospital cleaning staff and 
long- distance runners, and a group of healthy men. Inclusion and 

exclusion criteria and details of recruitment are provided in Table 1.
The study was approved by the local ethics committee 

(approval no. H- 17034960), and was conducted in accordance 
with the Declaration of Helsinki V and the Danish legislation. All 
participants gave written informed consent before study inclusion.

Collection of demographic, clinical, and biochemical  
data. Demographic and clinical data were obtained from all 
participants, and a physician collected information about prior 
or current diseases. All participants were assessed for meet-
ing the ASAS classification criteria for axial SpA to ensure that 
only patients classified in the axial SpA group fulfilled the cri-
teria. The clinical examination comprised the 44–swollen and 
tender joint count, the Spondyloarthritis Research Consortium 
of Canada (SPARCC) Enthesitis Index score (13), the Bath 
Ankylosing Spondylitis Metrology Index score for assessment of  
spinal mobility (14), examination for dactylitis, and assessment 
of skin and nails for psoriasis. The clinical examination, blood 
tests (assessments of serum C- reactive protein levels and HLA–
B27), and MRI were performed within 14 days of study inclusion.

MRI methodology. MRI of the SI joints was performed 
at Rigshospitalet (Glostrup, Denmark) on a 1.5T MRI Siemens 
Avanto scanner (version syngo MR B17) with Numaris/4 software. 
The acquired images included a semicoronal short tau inversion 
recovery (STIR) sequence with repetition time (TR) of 4,000 msec, 
inversion time of 160 msec, echo time (TE) of 37 msec, slice thick-
ness of 4 mm, gap of 0.4 mm, 26 × 26–cm field of view (FOV), 
and 205 × 256–pixel matrix size, and a semicoronal T1- weighted 
(T1W) sequence with TR of 660 msec, TE of 11 msec, slice thick-
ness of 4 mm, gap of 0.3 mm, 23 × 23–cm FOV, and 320 × 
256–pixel matrix size.

The MRIs were anonymized and evaluated by 2 indepen-
dent experienced readers (a radiologist and a rheumatologist 
with extensive MRI reading experience), who were blinded 
with regard to the clinical, biochemical, and other imaging 
data. A global evaluation of both SI joint MRI sequences was 
initially performed separately by the readers, who determined 
whether the ASAS definition of a positive MRI were fulfilled. 
MRIs were then assessed for inflammatory lesions accord-
ing to the SPARCC SI joint inflammation index (15), without 
additional scores for depth and intensity. Structural lesions 
were evaluated according to the SPARCC SI structural lesion 
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score (SSS) (16), based on the definitions used in the MOR-
PHO study (8,17). Since the SPARCC scores are based on 
a score of 1 per MRI SI joint quadrant for inflammation, ero-
sion, and fat lesion, and a score of 1 per MRI SI joint half 
(upper and lower halves) for backfill and ankylosis per image 
slice, each SPARCC score corresponds to the number of 
quadrants or joint halves, respectively, per patient that were 
found positive for the lesion assessed. SPARCC score cutoff 
levels were defined as total scores above a certain threshold, 
e.g., a SPARCC BME score of ≥2. Thus, we assessed the 
individual lesions based on prespecified definitions (8,15–17) 
in a standardized manner, assessing T1W and STIR images 
simultaneously.

Statistical analysis. Descriptive statistics were applied for 
analysis of demographic, clinical, and biochemical characteristics 
and MRI data. Statistical analyses were performed on the level of 
each subject, using nonparametric tests. The Mann- Whitney U 
test was used to analyze differences between axial SpA patients 
and other groups of participants. P values less than or equal to 
0.05 were considered significant.

The interreader agreement on assessment of MRI lesions 
was determined using intraclass correlation coefficients (ICCs) 
based on a 2- way random- effects, single- measure model, with 
results presented as absolute agreement. ICC values of 0.0–0.2 
were considered to indicate poor agreement, 0.21–0.40 to indi-
cate fair agreement, 0.41–0.60 to indicate moderate agreement, 

Table 1. Study inclusion and exclusion criteria and recruitment strategy*

Group, recruitment strategy Inclusion criteria Exclusion criteria
Patients with axial SpA Ages 18–45 years; axial SpA according 

to ASAS criteria (5); fulfillment of 
ASAS criteria for inflammatory back 
pain (26); BASDAI score ≥2; 
physician global VAS score ≥2

Treatment with parenteral glucocorticoids or initiation/
changes in oral glucocorticoid dose within the preceding 
4 weeks; prior treatment with TNF inhibitor; initiation or 
changes in NSAID treatment regimen from as needed to 
regular daily doses within 14 days prior to study start; 
contraindications to MRI

Outpatient clinic, Center for 
Rheumatology and Spine Diseases, 
Rigshospitalet, Glostrup

All control participants Ages 18–45 years Known diagnosis of axial SpA (according to ASAS criteria), 
RA, ReA, or PsA; prior or current psoriasis, inflammatory 
bowel disease, or anterior uveitis; hereditary (first-  and 
second- generation) disposition to AS or to any of the 
above- mentioned conditions associated with AS; 
previous large trauma to the back and/or pelvis; 
contraindications to MRI

Patients with lumbar disc herniation Symptoms of nerve compression 
correlating with disc herniation 
found on MRI; symptom duration of 
≥2 months; pain VAS score ≥2 in 
the lower back, buttock, or lower 
extremity

Initiation or changes in NSAID treatment <14 days prior to 
study start; suspected inflammatory, infectious, or 
malignant cause for the pain; prior disc herniation 
surgery 

Outpatient clinic, Center for 
Rheumatology and Spine 
Diseases, Rigshospitalet, 
Glostrup

Women with postpartum buttock/      
    pelvic pain

Childbirth within ≥4 to ≤16 months 
prior to study inclusion; persistent 
buttock/pelvic pain ≥4 months 
after delivery, starting during 
pregnancy and/or vaginal birth; 
pain VAS score ≥2

Hospital admissions due to low back pain before last 
pregnancy; examination or treatment by physician for 
low back pain <3 years before the last pregnancy; 
history of changes in work or work assignments due to 
low back pain before the last pregnancy; suspicion of 
inflammatory, infectious, or malignant cause of the pain

The Birthe Bonde Clinic of Physio-
therapy, Copenhagen

Women without postpartum buttock/ 
    pelvic pain

Uncomplicated pregnancy; vaginal 
birth within ≥4 to ≤16 months prior 
to study inclusion; pregnancy 
without buttock/pelvic pain

Low back/buttock pain ≥4 months after giving birth, lasting 
>1 week; previous hospital admissions due to low back 
pain; examination or treatment by physician for low back 
pain within the preceding 3 years; history of changes in 
work or work assignments due to low back pain

Staff members at Rigshospitalet, 
Glostrup

Hospital cleaning staff ≥30 work hours/week within the 
preceding 2 months

Low back pain lasting >1 week within the preceding 12 
months; previous hospital admissions due to back pain; 
examination or treatment by physician for back pain 
within the preceding 3 years; history of changes in work 
or work assignments due to back pain

Staff members at Rigshospitalet, 
Glostrup

Long- distance runners Run ≥30 km/week within the 
preceding 2 months

Low back pain lasting >1 week within the preceding 12 
months; previous hospital admissions due to back pain; 
examination or treatment by physician for back pain 
within the preceding 3 years; history of changes in work 
or work assignments due to back pain

Running events and runners’ clubs 
in Copenhagen, by personal 
approach and advertisements

Healthy males No specific inclusion criteria Low back pain lasting >1 week within the preceding 12 
months; previous hospital admissions due to back pain; 
examination or treatment by physician for back pain 
within the preceding 3 years; history of changes in work 
or work assignments due to back pain

Staff members at Rigshospitalet, 
Glostrup

* SpA = spondyloarthritis; ASAS = Assessment of SpondyloArthritis international Society; BASDAI = Bath Ankylosing Spondylitis Disease Activity 
Index (scale 0–10); VAS = visual analog scale (each scale 0–10); TNF = tumor necrosis factor; NSAID = nonsteroidal antiinflammatory drug; MRI = 
magnetic resonance imaging; RA = rheumatoid arthritis; ReA = reactive arthritis; PsA = psoriatic arthritis; AS = ankylosing spondylitis. 
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0.61–0.80 to indicate good agreement, and 0.81–1.00 to indicate 
very good agreement (18). The diagnostic utility of MRI detection 
of lesions for a diagnosis of axial SpA was determined by calcu-
lating the sensitivity, specificity, positive predictive values (PPVs), 
and negative predictive values (NPVs). The primary analysis was 
based on reader agreement with regard to the presence of SI joint 
pathologic features on MRI (“concordant reads”).

Prior to the study, the appropriate sample size was esti-
mated. Inflammatory lesions and erosive lesions in the SI joints 
were estimated to be present in 70–90% and 60–80% of axial 
SpA patients, respectively, and in 25% and 7–30% of healthy sub-
jects, respectively (8). The proportion of patients with axial SpA 
was planned to be ~20%. By applying a nomogram of power cal-
culation in diagnostic studies (19), it was estimated that a sample 
size of 200 participants would be sufficient to reveal differences 
between patients with axial SpA and other groups.

All statistical analyses were performed in SPSS version 22.0.

RESULTS

Participants. A total of 235 potential participants were 
screened for the study, and of these, 204 completed the study. 
Thirty- one patients were not included due to unwillingness to par-
ticipate (n = 18), claustrophobia hindering MRI (n = 8), and not ful-
filling inclusion criteria (n = 5). The 204 participants who completed 
the study comprised patients with axial SpA (n = 41), patients with 
lumbar disc herniation (n = 25), women with (n = 46) or without 
(n = 14) postpartum buttock/pelvic pain, hospital cleaning staff 
(n = 26), long- distance runners (n = 23), and healthy men (n = 29).

Demographic, clinical, and biochemical characteristics  
of the participants. Table 2 provides the demographic, clini-
cal, and biochemical characteristics of the participants stratified 
according to participant group. Overall, 41.2% of the partici-
pants were male, the mean age was 33.2 years (range 19–45 

years), and 22% were HLA–B27 positive.

MRI SPARCC SI joint lesion scores and reliability for  
differentiation of axial SpA. Table 3 shows the SPARCC 
MRI scores (mean scores from 2 readers) for the different 
groups of participants, and the reproducibility (ICCs) for the 
individual lesion types. Although present in all groups, the 
mean SPARCC scores for SI joint inflammation, fat lesions, 
and erosion were statistically significantly higher in the axial 
SpA group (mean score 10.8, 12, and 5.2, respectively) than in 
the other groups, with the next highest scores of SI joint inflam-
mation, fat lesions, and erosion being observed in women with 
postpartum buttock/pelvic pain (mean score 3.9, 0.5, and 
0.5, respectively) and women without postpartum pain (mean 
score 1.3, 0.7, and 0.04, respectively). Ankylosis and backfill 

were seen only in the axial SpA group.

The ICC values of interreader agreement for MRI- detected 
SI joint inflammation, fat lesions, and ankylosis were considered 
very good, while the ICCs for erosion and backfill were con-
sidered good. The interreader agreement with regard to MRI 
assessments of the SI joints using the ASAS definition of a pos-
itive MRI is shown in Table 2.

SPARCC scores by MRI cutoff levels. Table 4 provides 
the proportion of participants in each group with concordant 
SPARCC scores above different cutoff levels (e.g., agreement 
of both readers with regard to a score cutoff of ≥1). Inflamma-
tion (BME) at a score cutoff level of ≥1 was present in all groups, 
but BME at a score cutoff level of ≥5 was seen only in axial SpA 
patients (56%) and in women with postpartum buttock/pelvic pain 
(24%). Inflammation was still present in both of these groups at a 
BME score cutoff level of ≥10 (42% of axial SpA patients versus 
13% of women with postpartum buttock/pelvic pain).

Fat lesions were present even at a SPARCC score cutoff 
level of ≥4 in all groups except in the hospital cleaning staff 
group. SI joint fat lesions at all score cutoff levels were more 
frequent in axial SpA patients than in the other groups. Erosion 
was present at high frequencies in the axial SpA group and in 
women with postpartum buttock/pelvic pain. However, at high 
erosion score cutoff levels (scores ≥4); erosion was much more 
frequent in axial SpA patients than in women with postpartum 
pain (34% versus 2%); none of the other groups had erosions. 
Backfill and ankylosis were present only in the axial SpA group.

MRI findings in postpartum women with disc  
herniation, cleaning staff, and long- distance runners. 
Post hoc, we defined a subgroup of 38 women who had previ-
ously given birth from the disc herniation, cleaning staff, and long- 
distance runner groups. The mean time since last  delivery was 
9.7 years (range 1.7–22.3 years). Patient  characteristics are pre-
sented in Table 2. Of these 38 women, 10 (26.3%) had their last 
delivery <5 years prior to the study start, while the last delivery was 
5–10 years prior to the study start in 10 women (26.3%) and >10 
years in 18 women (47.4%). The concordant MRI reads (Table 4) 
showed that 2 of the women (5%) had BME (1 cleaning assis-
tant and 1 with disc herniation), and none had fat lesions, erosion, 
backfill, or ankylosis. None had BME at a score cutoff level of ≥4.

Diagnostic utility of MRI detection of SI joint lesions 
in axial SpA. Table  5 and Supplementary Table 1 (available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art41 037/abstract) shows the sensitivity, 
specificity, PPVs, and NPVs of different MRI lesions at different 
SPARCC score cutoff levels for a diagnosis of axial SpA when 
compared to the other groups of participants. Overall, we found 
consistently higher specificities and PPVs for fat lesions and ero-
sion compared to the specifity for BME, except when comparing 

http://onlinelibrary.wiley.com/doi/10.1002/art41037/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art41037/abstract
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patients with axial SpA to healthy men, and as the cutoff levels 
increased, so did the specificities and PPVs for all 3 lesion types. 
On the other hand, the sensitivity and NPVs for BME were con-
sistently higher than those for erosion, but lower than those for fat 
lesions, and as the cutoff levels increased, both the sensitivity and 
NPV decreased for all 3 lesions. The lowest specificity and PPV 
for BME (0.61 and 0.61, respectively) and for erosion (0.91 and 
0.86, respectively) were found at SPARCC score cutoff levels of 
≥1 when comparing patients with axial SpA to women with post-
partum buttock/pelvic pain, whereas for fat lesions, the lowest 
specificity (0.86) and PPV (0.82) were found at score cutoff levels 
of ≥1 when comparing patients with axial SpA to women without 
postpartum pain and healthy subjects, respectively. Backfill and 
ankylosis were highly specific for axial SpA.

DISCUSSION

In this prospective study of 204 participants, we investigated 
MRI findings of SI joint lesions that would allow the differentiation 

of patients with axial SpA from subjects with or without buttock/
low back pain, including postpartum women. To our knowledge, 
a prospective study of this size, and including women with and 
without postpartum pain, has not previously been performed. The 
study demonstrated that 1) BME and fat lesions were present in 
all 7 groups, but at significantly higher prevalence and severity in 
the axial SpA group, followed by postpartum women, especially 
women with postpartum buttock/pelvic pain; 2) bone erosion 
was present in the axial SpA group and women with postpartum 
buttock/pelvic pain, but at significantly higher prevalence and 
severity in the axial SpA group; 3) backfill and ankylosis were 
present only in the axial SpA group; 4) patients with disc herni-
ation, hospital cleaning staff, long- distance runners, and healthy 
men had relatively few MRI findings, and any that were present 
were almost exclusively BME and fat lesions; 5) at higher cut-
off levels for BME and fat lesion scores, only axial SpA patients 
and postpartum women, and for erosion almost exclusively axial 
SpA patients, met the requirements (see Figure 1 for representa-
tive findings in the different groups). These findings indicate that 

Table 4. Proportion of participants with SPARCC SI joint lesion scores above certain cutoff levels within the different participant groups, based 
on concordant MRI reads*

SPARCC SI joint 
score

Patients 
with axial 

SpA 
(n = 41)

Women with 
postpartum 

buttock/pelvic 
pain 

(n = 46)

Women  
without  

postpartum  
buttock/pelvic 

pain 
(n = 14)

Patients with  
disc herniation 

(n = 25)

Hospital 
cleaning 

staff 
(n = 26)

Long- distance 
runners 
(n = 23)

Healthy 
men 

(n = 29)

Women with 
≥1 childbirth 

from disc 
herniation, 

cleaning 
staff, and 

runner 
groups 
(n = 38)

Inflammation score
≥1 28 (68) 18 (39) 3 (21) 2 (8) 1 (4) 2 (9) 1 (3) 2 (5)
≥2 27 (66) 17 (37) 3 (21) 2 (8) 1 (4) 2 (9) 0 2 (5)
≥3 26 (63) 17 (37) 2 (14) 1 (4) 1 (4) 0 0 1 (3)
≥4 25 (61) 14 (30) 2 (14) 0 0 0 0 0
≥5 23 (56) 11 (24) 0 0 0 0 0 0
≥10 17 (42) 6 (13) 0 0 0 0 0 0

SSS fat lesion score
≥1 31 (76) 3 (7) 2 (14) 1 (4) 0 2 (9) 3 (10) 0
≥2 30 (73) 3 (7) 2 (14) 1 (4) 0 2 (9) 2 (7) 0
≥3 27 (66) 2 (4) 1 (7) 1 (4) 0 1 (4) 2 (7) 0
≥4 26 (63) 2 (4) 1 (7) 1 (4) 0 1 (4) 2 (7) 0
≥5 23 (56) 2 (4) 1 (7) 0 0 1 (4) 2 (7) 0
≥10 18 (44) 1 (2) 0 0 0 0 1 (3) 0

SSS erosion score
≥1 25 (61) 4 (9) 0 0 0 0 0 0
≥2 18 (44) 4 (9) 0 0 0 0 0 0
≥3 16 (39) 2 (4) 0 0 0 0 0 0
≥4 14 (34) 1 (2) 0 0 0 0 0 0
≥5 14 (34) 1 (2) 0 0 0 0 0 0
≥10 7 (17) 1 (2) 0 0 0 0 0 0

SSS backfill score ≥1 15 (37) 0 0 0 0 0 0 0
SSS ankylosis score ≥1 13 (32) 0 0 0 0 0 0 0

* Participants with a Spondyloarthritis Research Consortium of Canada (SPARCC) magnetic resonance imaging (MRI) sacroiliac (SI) joint lesion 
score that was registered above the designated cutoff level by both readers are shown. The SPARCC MRI SI joint score for inflammation, SI joint 
structural lesion score (SSS) for fat lesions, and SSS score for erosions correspond to the number of MRI SI joint quadrants with an MRI lesion 
present. The SPARCC SSS scores for backfill and ankylosis correspond to the number of MRI SI joint halves with a lesion present, as a lesion is 
recorded per upper and lower joint halves. SPARCC inflammation scores are based on scores calculated without depth and intensity. Values are 
the number (%) of participants. SpA = spondyloarthritis. 
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Figure 1. Magnetic resonance imaging (MRI) of the sacroiliac (SI) joints. A and B, MRI of the SI joints of a 36- year- old woman with buttock/
pelvic pain 4 months after pregnancy shows small erosions in the right (R) lower ilium and sacrum and left (L) lower ilium on the T1- weighted 
(T1W) image (A) and bone marrow edema (BME) in both the ilium and sacrum bilaterally on the semicoronal short tau inversion recovery (STIR) 
image (B). C and D, MRI of the SI joints of a 34- year- old woman without pain 6 months after pregnancy shows small areas of BME in the right 
sacrum and left ilium, and an apparent lesion in the right sacrum that is not an erosion but a vessel (indicating that no axial spondyloarthritis–
associated structural lesion is present), on the T1W image (C), also seen on the STIR sequence (D). E and F, MRI of the SI joints of a 26- year- old 
female patient with disc herniation shows BME in the right lower sacrum and a subtle BME at the right lower ilium (F), while no structural lesion 
is seen in the T1W image (E). G and H, MRI of the SI joints of a 43- year- old healthy female hospital cleaning assistant without pain shows BME 
in the left ilium and smaller and less intense BME in the right lower ilium and sacrum on the STIR sequence (H), while the T1W sequence shows 
normal findings (G).
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although fat lesions and low levels of BME and erosion are also 
common in conditions other than axial SpA, intermediate- to- high 
levels of BME and particularly of erosion appear to offer a high 
level of specificity for the diagnosis of axial SpA.

The main challenge seems to be the discrimination of 
patients with axial SpA from postpartum women, since BME, 
erosion, and fat lesions were frequent in this group, even 
at high cutoff levels, especially in women with postpartum 
buttock/pelvic pain. It should be emphasized that all of the 
women in the postpartum group had given birth within the 
preceding 16 months. It is plausible that MRI examinations 
carried out at a time point more distant from the childbirth 
could have changed the results (e.g., fewer MRI findings). 
This is supported by the fact that only a few of the mothers 
in the other patient groups showed BME (5%) or, particularly, 
erosion (0%). Of note, these women had their last pregnancy 
1.7–22.3 years (mean 9.7 years) prior to the study start.

Sacroiliitis according to the ASAS definition of a positive MRI 
was seen in 56.1% of the patients with axial SpA, which corre-
sponds to the frequency of sacroiliitis seen in other studies of 
patients with inflammatory back pain (41.9–80.0%) and patients 
with ankylosing spondylitis (AS) (52.2–85.3%) (8,20). Further-
more, sacroiliitis was more frequent in women with postpartum 
buttock/pelvic pain (41.3%) than in women without postpartum 
pain (21.4%), which is consistent with that observed by Arnbak 
et al (32.9% of women with pregnancy- related back pain versus 
21.5% of women without pregnancy- related back pain) (9) and 
de Winter et al (4 [57.1%] of 7 women with postpartum pain) (10). 
Finally, the ASAS definition of a positive MRI was fulfilled in 8.0% 
of patients with disc herniation, and in 0–4.3% of healthy subjects, 
which are slightly lower frequencies compared to that in cohorts of 
patients with chronic back pain (6.4–23.9%) (8–10), healthy sub-
jects (6.8–23.4%) (8,10), recreational runners (12.5–35%) (10,11), 
ice hockey players (41%) (11), and military recruits (22.7%) (12). 
These results also show that BME lacks specificity for axial SpA, 
and encourages further assessment of the diagnostic value of 
alternative approaches, such as the location of the lesion in the 
SI joints (11) or the combination of BME with certain structural 
lesions.

In the MORPHO study, a comparison of patients with axial 
SpA to patients with nonspecific back pain and healthy subjects 
showed that MRI- detected structural lesions in the SI joints, such 
as fat lesions and erosion, were frequently occurring in patients 
with axial SpA (17,21), and that erosion was relatively specific 
to axial SpA. Moreover, incorporating erosion in the ASAS MRI 
definitions would enhance the sensitivity from 67% to 81% while 
maintaining specificity at 88% (8). De Hooge et  al (22) investi-
gated the optimal cutoff scores for MRI structural lesions in the SI 
joints that would ensure high specificity. They found that a cutoff 
score of ≥3 for fatty lesions and ≥3 for erosions would each pro-
vide a false- positive rate of ≤5% in the SPACE (SPondyloArthritis 
Caught Early) cohort. In the current study, in comparing patients 

with axial SpA to women with postpartum buttock/pelvic pain, a 
cutoff score for MRI structural lesions in the SI joints that would 
correspond to a false- positive rate of ≤5% would be similar to the 
cutoff scores reported by de Hooge et al (cutoff score ≥3 for fatty 
lesions or erosions). In comparing patients with axial SpA to all 
other groups, a cutoff score for erosion of ≥1 would be sufficient, 
whereas a cutoff score for fat lesions would be between ≥1 (in 
comparison to the compiled group of women with disc herniation, 
hospital cleaning staff. and runners with ≥1 childbirth) and ≥10 (in 
comparison to women without postpartum pain).

A recent retrospective, cross- sectional study of pelvic MRI 
in a large population of subjects without a rheumatic disease 
diagnosis found that, although fat lesions were common and 
increased with age (50.6% of subjects age <45 years versus 
94.4% of subjects age ≥75 years), erosions were uncommon 
(0.6% of subjects age <45 years and 2.6% of subjects in the 
entire study population) and had no age- dependent increase 
(23). In our study, we found fat lesions in all of the participant 
groups, although to a much lower extent. The difference may 
be explained by different definitions for physiologic and postin-
flammatory fat lesions (e.g., a distinct border, signal homoge-
neity across lesion, and location adjacent to joint cavity) (21). 
In contrast, erosions were present only in axial SpA patients 
and women with postpartum buttock/pelvic pain, when based 
on concordant MRI reads. Furthermore, when determined at 
higher cutoff scores, erosion was found to be highly specific 
for axial SpA, potentially providing a useful tool for differentiat-
ing axial SpA from the other groups.

In our study, backfill (fat infiltration in the joint space) was found 
only in axial SpA patients (37%, based on concordant reads). 
Other studies have shown a prevalence of backfill of 78.8% in 
patients with AS, 11.1% in patients with axial SpA, 1.8% in a non–
axial SpA group (consisting of patients with disc herniation, oste-
oarthritis, abscess, tumor, tuberculosis, or spine deformity), and 
0% in healthy controls (24). This correlates well with our results 
and with the findings in a study by Weber et al, who observed 
backfill in 53.3–73.3% of patients with AS and 6.7% of healthy 
subjects (25).

The strengths of the present study include the prospective 
design, the high number of participants, including women with 
postpartum buttock/pelvic pain, strict inclusion and exclusion cri-
teria, and the blinded reads conducted by 2 independent, expe-
rienced observers. The limitations include the lack of follow- up of 
non–axial SpA subjects with MRI findings of SI joint lesions, which 
might have allowed investigation of the reversibility/course of the 
changes, and the fact that the group of postpartum women only 
included women who had given birth within the preceding 4–16 
months. Consequently, the course of the findings or the long- term 
persistence of the observed findings could not be determined. 
However, as a part of a subanalysis, we pooled women who had 
previously given birth from the groups of patients with disc hernia-
tion, hospital cleaning staff, and long- distance runners. Our results 
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suggest that MRI findings related to (otherwise normal) preg-
nancies decrease markedly over the years. Further studies are 
needed to clarify the presence and evolution of the inflammatory 
and structural findings in women with postpartum buttock/pelvic 
pain, including sclerosis, which is not included in the SPARCC 
SSS scoring system (16).

In conclusion, we have found that erosion above a certain 
score threshold and backfill and ankylosis were highly specific for 
axial SpA, whereas fat lesions and low- level erosion and BME on 
SI joint MRI were not exclusively present in patients with axial SpA. 
These findings were also seen in the other participant groups, in 
particular, women with postpartum buttock/pelvic pain, indicating 
the limitations of such lesions in separating axial SpA patients from 
other groups with or without SI joint pain. The results of this study 
add important information with regard to the utility of different MRI 
approaches in diagnosing patients with axial SpA.
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Intrinsically Distinct Role of Neutrophil Extracellular Trap 
Formation in Antineutrophil Cytoplasmic  
Antibody–Associated Vasculitis Compared to Systemic 
Lupus Erythematosus
Laura S. van Dam,  Tineke Kraaij, Sylvia W. A. Kamerling, Jaap A. Bakker,  Uli H. Scherer,  Ton J. Rabelink, 
Cees van Kooten,  and Y. K. Onno Teng

Objective. Different studies have demonstrated that neutrophil extracellular traps (NETs) may be involved in the 
pathophysiology of both antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis (AAV) and systemic lupus 
erythematosus (SLE). AAV and SLE are clinically and pathologically divergent autoimmune diseases with different 
autoantibodies. However, the respective autoantigens recognized in AAV and SLE have been shown to be an intricate 
part of NETs. This study aimed to examine whether the mechanisms of NET formation and the composition of NETs 
are distinct between AAV and SLE.

Methods. To investigate this hypothesis, healthy neutrophils were stimulated with serum from patients with AAV 
(n = 80) and patients with SLE (n = 59), and the mechanisms of NET formation and NET composition were compared.

Results. Both patients with AAV and patients with SLE had excessive NET formation, which correlated with the 
extent of disease activity (in AAV r = 0.5, P < 0.0001; in SLE r = 0.35, P < 0.01). Lytic NET formation over several hours 
was observed in patients with AAV, as compared to rapid (within minutes), non- lytic NET formation coinciding with 
clustering of neutrophils in patients with SLE. AAV- induced NET formation was triggered independent of IgG ANCAs, 
whereas SLE immune complexes (ICx) induced NET formation through Fcγ receptor signaling. AAV- induced NET for-
mation was dependent on reactive oxygen species and peptidyl arginine deaminases, and AAV- induced NETs were 
enriched for citrullinated histones (mean ± SEM 23 ± 2%). In contrast, SLE- induced NETs had immunogenic proper-
ties, including binding with high mobility group box chromosomal protein 1 (mean ± SEM 30 ± 3%) and enrichment 
for oxidized mitochondrial DNA, and were involved in ICx formation.

Conclusion. The morphologic features, kinetics, induction pathways, and composition of excessive NET forma-
tion are all intrinsically distinct in AAV compared to SLE. Recognizing the diversity of NET formation between AAV and 
SLE provides a better understanding of the pathophysiologic role of NETs in these different autoimmune diseases.

INTRODUCTION

Antineutrophil cytoplasmic antibody (ANCA)–associated vas-
culitis (AAV). and systemic lupus erythematosus (SLE) are both 
life- threatening systemic autoimmune diseases. These patients 
are distinguished by their clinical phenotypes, histopathology, and 
autoantibody profiles. Patients with AAV display ANCAs against 
myeloperoxidase (MPO) or proteinase 3 (PR3), whereas patients 
with SLE develop diverse autoantibodies against nuclear autoanti-
gens (ANAs) (1,2). Typically, renal involvement in AAV manifests as 

a pauci- immune, crescentic glomerulonephritis (GN), while in SLE, 
a “full house” proliferative GN is seen.

A growing body of evidence indicates that neutrophil extra-
cellular traps (NETs) may have an important role in the pathogen-
esis of both AAV and SLE (3–13). NETs are immunogenic (5) and 
toxic (13,14) extracellular DNA structures released by neutrophils 
that contain a pool of autoantigens relevant for both AAV and SLE 
(15,16). NET- derived DNA complexed with danger- associated 
molecular patterns, such as LL- 37 (4,5) or high mobility group 
box chromosomal protein 1 (HMGB- 1) (4), converts the NET 
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DNA to potent immunogenic structures (4). Indeed, NETs were 
demonstrated to activate plasmacytoid dendritic cells (4) and 
autoreactive B cells in vitro (17), which resulted in the produc-
tion of interferon- α (IFNα) and autoantibodies, respectively. Fur-
thermore, NETs also have direct cytotoxic effects on (glomerular) 
endothelial cells (18), mediated by histones (13,18) and MPO 
(14), which, in a murine model, was found to lead to severe, 
crescentic GN (19). In addition, murine plasmacytoid dendritic 
cells loaded with NET- derived DNA led to the production of both 
ANAs and ANCAs (11). Taken together, these findings provide 
ample evidence to indicate that NETs have the capability of 
inducing autoimmunity related to both AAV and SLE.

In clinical studies, we and others have demonstrated that 
excessive NET formation or impaired NET degradation is  present 
both in patients with active AAV (3,7,20,21) and in patients with 
severe SLE (4,5,8,12,17,22,23), and this is correlated with the 
severity of disease activity. Thus, preclinical and clinical stud-
ies have demonstrated an important role for NETs in the patho-
genesis of both AAV and SLE. However, as both diseases are 
divergent clinical and histologic entities, we hypothesized that 
excessive NET formation should have a different pathophysi-
ologic role in each disease. The present study addressed this 
hypothesis by characterizing the quantitative, qualitative, and 
immunologic properties of NET formation in a direct comparison 
of AAV and SLE patients.

PATIENTS AND METHODS

Study population. Serum samples were collected from 
80 patients with ANCA- positive AAV who met the classification 
criteria for vasculitis according to the Chapel Hill Consensus 
Conference definitions (24), and 59 patients with ANA- positive 
SLE who met the American College of Rheumatology 1997 
updated classification criteria for SLE (25). The patients were 
followed up at the Lupus- , Vasculitis- , and Complement- 
mediated Systemic Autoimmune Diseases outpatient clinic 
(LuVaCs) at Leiden University Medical Center (LUMC). All 
patients consented to participate in the LUMC biobank. Clin-
ical data were extracted from the patients’ electronic records 
at the time of the collection of the serum sample. The control 
group  consisted of 29 healthy subjects who consented to par-
ticipate in the LUMC healthy donor biobank. Both biobank-
ing studies were approved by the local ethics committee at 
LUMC. The characteristics of the patients and healthy controls 
are  summarized in Supplementary Table 1, and an extended 
methods section is provided in Supplementary Patients and 
Methods (available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41047/ 
abstract).

Preparation of neutrophils. Ficoll- amidotrizoaat (LUMC) 
was used to isolate neutrophils from 20 ml of whole blood obtained 

from a healthy donor and collected in EDTA- coated tubes. Cell 
 isolation was carried out using density gradient centrifugation 
followed by erythrocyte lysis with sterilized water at 4°C. The 
 neutrophils were then labeled with 2 μM PKH (Sigma- Aldrich) for all 
NET quantification experiments or 2.5 μM MitoSox Red (Thermo- 
Fisher Scientific) for immunofluorescence microscopy experiments. 
Thereafter, the neutrophils were stimulated for 4 hours (or as oth-
erwise indicated) with 10% serum, IgG- depleted serum, 250 μg/
ml or 25 μg/ml isolated IgG from healthy controls or patients with 
AAV or SLE, or IgG derived from intravenous immunoglobulin  
(Sanquin) in phenol red–free RPMI 1640 medium–2% fetal calf 
serum (FCS) (Life Technologies), to induce NET formation. Details 
on the methods used for IgG depletion and separation are provided 
in Supplementary Patients and Methods (http://onlin elibr ary.wiley.
com/doi/10.1002/art.41047/ abstract). When immobilized IgG was 
used, 10 μg/ml IgG was coated overnight at 4°C in a 96- well Falcon 
plate, after which the neutrophils were incubated in the wells.

Quantification of ex vivo NET formation. NET forma-
tion was quantified using an approach previously described by 
our group (26,27). Briefly, PKH- labeled neutrophils were plated in 
a 96- well culture plate (Falcon) at 37,500 cells per well in phenol 
red–free RPMI 1640 medium (Life Technologies) supplemented 
with 2% heat- inactivated FCS. After 3.75 hours of stimulation, 
1 μM Sytox green, an impermeable DNA dye (Thermo- Fisher  
Scientific), was added for 15 minutes, and the neutrophils were 
then fixed with 4% paraformaldehyde (Added Pharma).

NETs were then visualized and quantified by confocal laser 
scanning microscopy using an automated BD Biosciences Path-
way 855 apparatus, as described previously by our group, or 
an Image Xpress Micro confocal microscopy device (Molecular 
Devices). Further details on the NET quantification, live- cell imag-
ing, and inhibition experiments are described in Supplementary 
Patients and Methods (http://onlin elibr ary.wiley.com/doi/10.1002/
art.41047/ abstract). Per well, the total amount of NET formation 
was quantified as the cumulative area of Sytox green staining 
corrected for the number of neutrophils (as reflected by the mean 
area of PKH26- labeled cells). In addition, the mean NET size per 
image and mean size of the PKH- labeled cell area, as a reflection 
of clustering of neutrophils, were each analyzed and quantified. 
For comparison of values between different experiments, the fold 
increase in NET area as compared to the mean NET area per 
imaged neutrophil from 3 normal human serum control samples 
was calculated for each sample in each experiment.

Immunofluorescence staining of NETs. Healthy neu-
trophils were seeded onto chambered coverslips (ibiTreat; Ibidi), 
and NET formation was induced as described previously. For 
each staining, at least 3 different SLE and AAV serum samples 
were used. Slides were stained with antibodies to detect NET- 
related proteins and immunoglobulins. Details are described in 
Supplementary Patients and Methods (http://onlin elibr ary.wiley.

http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
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com/doi/10.1002/art.41047/ abstract). The area of colocalization 
of NET- related proteins and DNA was quantified with ImageJ soft-
ware, through a colocalization macro in which the colocalization 
area of the NET- related protein (stained with Alexa Fluor 488) and 
DNA (stained with Hoechst dye) was measured. The percentage 
colocalization per NET marker was calculated as the colocaliza-
tion area divided by the total area of DNA.

Statistical analysis. Data on NET formation are 
expressed as the median (interquartile range [IQR]) area of 

NET formation per imaged neutrophil or as the fold induction 
relative to the mean value from 3 normal human serum control 
samples per experiment. NET formation ratios are expressed 
as the mean ± SEM. Colocalization data are expressed as the 
mean ± SEM. Statistically significant  differences between 2 
groups were determined with the Mann- Whitney U test, and 
Wilcoxon’s matched  pairs test was used for paired serum 
samples. Pearson’s r was used for statistical correlation 
tests. All statistical analyses were performed with GraphPad  
software.

Figure 1. Lytic neutrophil extracellular trap (NET) formation in patients with antineutrophil cytoplasmic antibody–associated vasculitis (AAV) 
compared to non- lytic NET formation in patients with systemic lupus erythematosus (SLE). A, Ex vivo NET formation was measured in the 
serum of 80 patients with AAV, 59 patients with SLE, and 29 healthy controls (HCs), using a highly sensitive NET quantification assay (see ref. 
26). Symbols represent the NET area per imaged neutrophil in each sample; horizontal lines show the median. B, Representative confocal 
microscopy images show the results of the NET quantification assay in PKH- labeled and Sytox green–stained neutrophils. Original magnification 
× 10; bar = 20 μm. C, Live- cell imaging shows representative examples of AAV-  and SLE- induced NET formation over time (for full movies, 
see Supplementary Movies 1, 2, and 3 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41047/ abstract]). Original magnification × 20; bar = 20 
μm. D and E, In patients with AAV, the correlation of NET formation with disease activity as measured by the Birmingham Vasculitis Activity 
Score (BVAS) was assessed (D), and NET formation was compared between AAV patients with a BVAS of 0 and those with a BVAS of >0 (E). 
F and G, In patients with SLE, the correlation of NET formation with disease activity as measured by the SLE Disease Activity Index (SLEDAI) 
was assessed (F), and NET formation was compared between SLE patients with a SLEDAI score of <4 and those with a SLEDAI score of ≥4 
(G). Symbols represent individual samples; horizontal lines show the median. Statistical correlations were assessed using Pearson’s r test.  
* = P < 0.05; **** = P < 0.0001 by Mann- Whitney U test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
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RESULTS

Lytic NET formation in AAV versus non- lytic NET 
 formation in SLE. We have previously demonstrated that serum 
from both AAV patients and SLE patients can induce excessive NET 
formation in healthy neutrophils (20,22,26). We therefore performed 
a side- by- side quantitative comparison of 2 large cohorts of patients 
with ANCA- positive AAV (n = 80) and patients with ANA- positive 
SLE (n = 59). We observed that both AAV and SLE patient sera 
induced excessive NET formation as compared to that in the serum 
from healthy controls (each P < 0.0001) (Figure 1A). Furthermore, 
excessive NET formation was significantly higher in patients with 

AAV compared to patients with SLE (median NET area per neutro-
phil 1.29 [IQR 0.58–3.38] versus 0.77 [IQR 0.33–1.50]; P = 0.02).

The quantitative difference between AAV- induced NET for-
mation and SLE- induced NET formation was associated with a 
differing morphologic appearance. In AAV, large areas of DNA with 
interconnected DNA stretches were observed, whereas in SLE, 
small clusters of “NET- ting” neutrophils were typically seen around 
extracellular DNA (Figure 1B).

To further investigate the observed morphologic differences 
between AAV- induced and SLE- induced NETs, we performed 
live- cell imaging to assess the morphologic features over time 
(Figure  1C and Supplementary Movies 1–3, available on the 

Figure 2. NET formation is triggered by SLE immune complexes (ICx) in an Fcγ receptor (FcγR)–dependent manner, but not by antineutrophil 
cytoplasmic antibody (ANCA IgG). A, IgG levels were compared before and after depletion of IgG from the serum of patients with ANCA- positive 
AAV (n = 14) and patients with antinuclear antibody–positive SLE (n = 10). IgG was depleted by protein G–agarose beads. B, Ex vivo NET 
formation in IgG- depleted patient serum was measured. Results are the mean ± SEM ratio compared to NET formation in the whole serum 
(broken horizontal line). C, Ex vivo NET formation in the presence of isolated soluble IgG from patient serum was measured. Results are the 
mean ± SEM fold increase relative to NET formation in the presence of soluble IgG from HC serum (n = 6) (broken horizontal line). D, Ex vivo 
NET formation in the presence of immobilized IgG from patient serum or intravenous immunoglobulin (IVIG) was measured. Results are the 
mean ± SEM fold increase compared to NET formation in the presence of immobilized IgG from HC serum (n = 6) (broken horizontal line). E, 
Ex vivo NET formation was measured after FcγR signaling blockade by the Syk inhibitor R406. Results are the mean ± SEM ratio compared 
to untreated neutrophils stimulated with the same serum sample (broken horizontal line); representative data from 3 experiments are shown.  
* = P < 0.05; ** = P < 0.01 by Mann- Whitney U test. med = medium (see Figure 1 for other definitions).
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Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41047/ abstract). We observed that AAV- induced 
NETs were characterized by a lytic expulsion of extracellular DNA 
strands, which occurred from 1–2 hours onward (see Movie 
1). In contrast, SLE- induced NET formation was characterized 
by  clustering of neutrophils within minutes, and the neutrophils 
released NETs without visible neutrophil lysis and with mainte-
nance of their motility (see Movie 2).

To quantify the different features of AAV- induced NET forma-
tion compared to SLE- induced NET formation, NETs were quan-
tified at various time points. The results confirmed the delayed 
kinetics of AAV- induced NET formation as compared to the fast 
kinetics of SLE- induced NET formation (see Supplementary 
 Figure 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41047/ abstract).

In addition, the morphologic appearance of AAV- induced 
NET formation was compared to that of SLE- induced NET for-
mation in a subset of patient’s sera. The size of individual AAV- 
induced NETs (median 1.1 × 106 pixels [IQR 0.8 × 106–1.2 × 
106]) was significantly larger than that of individual SLE- induced 
NETs (median 0.7 × 106 pixels [IQR 0.5 × 106–0.9 × 106]; P < 
0.0001) (see Supplementary Figure 2A, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41047/ abstract). Furthermore, the size of the 
neutrophil (PKH) area was significantly larger for SLE- induced 
NETs (see Supplementary Figure 2B [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41047/ abstract]), reflecting the typical 
phenomenon of neutrophil clustering in SLE.

In patients with AAV, NET formation correlated moderately 
with the extent of disease activity measured by the Birmingham 

Figure 3. Citrullinated histone 3 (CitH3) is enriched on AAV- induced NETs, whereas high mobility group box chromosomal protein 1 (HMGB- 1) 
is exclusively present on SLE- induced NETs. A–E, Immunofluorescence staining was used to assess NET- related proteins on AAV- induced and 
SLE- induced NETs. Representative overlay images show the presence of CitH3 (A), neutrophil elastase (NE) (B), HMGB- 1 (C), myeloperoxidase 
(MPO) (D), and proteinase 3 (PR3) (E) on unstimulated neutrophils (Medium) compared to AAV- induced and SLE- induced NETs. Cells were 
stained for F- actin (phalloidin red), DNA (Hoechst blue), and different NET- related proteins (green). Original magnification × 20; bar = 20 μm. F 
and G, The percentage colocalization of CitH3, neutrophil elastase, and HMGB- 1 (F) and MPO and PR3 (G) was determined on DNA from AAV- 
induced and SLE- induced NETs. Results are the mean ± SEM. **** = P < 0.0001 by Mann- Whitney U test. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
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Vasculitis Activity Score (BVAS) (r = 0.5, P < 0.0001) (Figure 1D). 
Of interest, NET formation in AAV patients with active disease 
(BVAS >0) was significantly higher compared to AAV patients 
without active disease (BVAS 0) (median NET area per neutrophil 
2.5 [IQR 0.9–8.4] versus 1.2 [IQR 0.5–3.2]; P = 0.02) (Figure 1E). 
In patients with SLE, NET formation correlated weakly with the 

extent of  disease activity measured by the SLE Disease Activity 
Index (SLEDAI) (r = 0.35, P < 0.01) (Figure 1F). Of interest, NET 
formation was significantly higher in SLE patients with high disease 
activity (SLEDAI score >4) compared to SLE patients with low dis-
ease activity (SLEDAI score ≤4) (median NET area per neutrophil 
1.2 [IQR 0.5–1.9] versus 0.5 [IQR 0.3–1.0]; P = 0.02) (Figure 1G).

Triggering of NET formation by SLE immune com-
plexes (ICx) in an Fcγ receptor (FcγR)–dependent manner, 
but lack of effect of IgG ANCAs in AAV serum. Recently, our 
group demonstrated that AAV- induced NET formation occurred in 
a manner independent of IgG ANCAs (20), whereas SLE- specific 
autoantibodies were reported to induce NET formation (4). We 
therefore further corroborated the involvement of autoantibodies 
in a direct comparison of AAV- induced and SLE- induced NET for-
mation. Detailed information on the selected patient serum sam-
ples are included in Supplementary Patients and Methods (http:// 
onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract). Complete  
depletion of IgG did not lead to a reduction in NET formation in 
cultures with AAV patient serum (mean ± SEM ratio 1.29 ± 0.33; 
P = 0.74). In contrast, upon IgG depletion, a significant reduction 
in SLE- induced NET formation was observed (mean ± SEM ratio 
0.53 ± 0.19; P = 0.049) (Figures 2A and B).

Surprisingly, NET formation could not be restored with the 
addition of soluble IgG isolated from either AAV or SLE patient 
serum (Figure  2C). However, immobilized IgG, mimicking ICx, 
significantly restored NET formation in cultures with SLE patient 
serum (mean ± SEM fold induction 8.77 ± 1.99; P < 0.001 versus 
healthy controls), but not in cultures with IgG derived from AAV 
patient serum (mean ± SEM fold induction 2.73 ± 1.03; P = 0.1 
versus healthy controls) (Figure 2D).

To further study the signaling cascade of ICx- induced NET 
formation, the spleen tyrosine kinase (Syk) inhibitor R406, an 
inhibitor of IgG- mediated activation of FcγR signaling (28), was 
employed. After inhibition of Syk, only NET formation induced 
by SLE patient serum was diminished (mean ± SEM ratio 0.53 ± 
0.17; P = 0.04), whereas NET formation induced by AAV patient 
serum was unaffected by the Syk inhibitor (mean ± SEM ratio 
1.30 ± 0.18; P = 0.09) (Figure 2E). Taken together, these data 
demonstrate that SLE ICx induce excessive NET formation 
through, at least partially, FcγR signaling, whereas AAV- induced 
NET formation occurs independent of IgG ANCAs.

Enrichment of citrullinated histone 3 (CitH3) on 
AAV- induced NETs and exclusive presence of HMGB- 1 on 
SLE- induced NETs. Because the morphologic features, kinet-
ics, and triggers of NET formation were different between AAV 
and SLE, we next compared the composition of NETs, by inves-
tigating the presence of NET- associated proteins. AAV- induced 
NETs were significantly enriched for CitH3 (29)  (P < 0.0001) (Fig-
ures 3A and F). In contrast, SLE- induced NETs were significantly 
enriched for neutrophil elastase (P < 0.0001) (Figures 3B and F) 

Figure 4. Immunoglobulins bind to SLE- induced NETs, implicating 
NETs as a substrate for immune complexes. The potential binding 
of serum autoantibodies from patients with AAV (n = 4) and patients 
with SLE (n = 3) to AAV-  and SLE- induced NETs was studied 
by immunofluorescence staining of IgG, IgM, or IgA. A and B, 
Representative images show IgG, IgM, and IgA autoantibody binding 
on AAV- induced NETs (A) and SLE- induced NETs (B). Original 
magnification × 20; bars = 20 μm. C, The percentage colocalization 
of IgG, IgM, and IgA on AAV- induced and SLE- induced NETs was 
determined. Results are the mean ± SEM percentage of total DNA 
area. **** = P < 0.0001 by Mann- Whitney U test. < = not detectable 
(see Figure 1 for other definitions).
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and exclusively contained HMGB- 1 (P < 0.0001) (Figures 3C and 
F). On unstimulated neutrophils, CitH3, neutrophil elastase, and 
HMGB- 1 were absent (Figures 3A–C), whereas MPO and PR3 
were present (Figures 3D and E).

MPO was found both on AAV- induced NETs and on SLE- 
induced NETs, whereas PR3 was localized on the cell membrane 
of SLE NET- ting neutrophils (Figures 3D, E, and G). Taken together, 
these data demonstrate that NET- related proteins are different on 
AAV- induced NETs compared to SLE- induced NETs.

Binding of immunoglobulins to SLE- induced NETs, 
implicating NETs as a substrate for ICx. Because many of 
the above- mentioned NET- related proteins are potential sources of 
autoantigens for disease- relevant autoantibodies, we next investi-
gated whether NETs are substrates for ICx. We therefore investi-
gated the presence of AAV and SLE autoantibodies on AAV-  and 
SLE- induced NETs (Figures 4A and B). On AAV- induced NETs, colo-

calization of IgG was a mean ± SEM 2.4 ± 0.63%, whereas colo-
calization of IgM was 9.9 ± 2.5% and IgA was 0 ± 0% (Figures 4A 
and C). In comparison, on SLE- induced NETs, the colocalization of 
IgG (mean ± SEM 33.3 ± 3.6%; P < 0.0001), IgM (26 ± 3.3%; P < 
0.0001), and IgA (6.7 ± 1.4%; P < 0.0001) was significantly higher 
 (Figures 4B and C). These data provide evidence of the  binding of 
SLE- related autoantibodies to NETs, suggesting that SLE- induced 
NETs are capable of formation of ICx. In contrast, in AAV- induced 
NETs, there was a paucity of  immunoglobulin binding to NETs.

Enrichment of oxidized mitochondrial DNA (mtDNA) 
in SLE- induced NETs. Oxidized mtDNA has previously been 
shown to enhance IFN responses in SLE through the cyclic GMP- 
AMP synthase/stimulator of IFN genes (cGAS/STING) pathway, 
supporting a critical role of mtDNA in the pathogenesis of autoim-
munity in SLE (10). We therefore assessed the presence of mtDNA 
in AAV-  and SLE- induced NETs by quantifying the colocalization of 

Figure 5. Oxidized mitochondrial DNA is enriched in SLE- induced NETs compared to AAV- induced NETs. A, Immunofluorescence microscopy 
analysis of unstimulated neutrophils (Medium), AAV- induced NETs, and SLE- induced NETs was carried out with MitoSOX Red labeling of the 
neutrophils after staining for TOMM20 (green) and DNA (Hoechst blue). Representative images are shown. Original magnification × 20; bar = 
20 μm. B and C, The percentage colocalization of TOMM20 (B) and MitoSOX Red (C) was determined on NETs. Results are the mean ± SEM 
percentage of total DNA area per image. *** = P < 0.001 by Mann- Whitney U test. < = not detectable (see Figure 1 for other definitions).
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TOMM20 (a marker of the mitochondrial outer membrane protein) 
and MitoSOX Red (a red fluorescent indicator of specific binding 
to mitochondria after oxidation) as markers of (oxidized) mtDNA 
(Figure  5A). TOMM20 colocalization was significantly lower on 
AAV- induced NETs (mean ± SEM 1.7 ± 1.5%) compared to 
SLE- induced NETs (7.0 ± 1.3%; P < 0.001) (Figure 5B). Similarly,  
MitoSOX colocalization was significantly lower on AAV- induced 
NETs compared to SLE- induced NETs (mean ± SEM 0.8 ± 0.2% 
versus 4.2 ± 0.8%; P < 0.001) (Figure 5C). Thus, TOMM20 and 
MitoSOX were both significantly enriched on SLE- induced NETs 
but were virtually absent on AAV- induced NETs, thereby confirming  
that SLE- induced NETs are enriched for oxidized mtDNA.

Differing molecular pathways of NET formation in 
AAV and SLE. To get further insight into the mechanisms of AAV-  
and SLE- induced NET formation, different canonical pathways of 
NET formation were studied. AAV- induced NET formation was 
significantly decreased by chloramidine, an inhibitor of peptidyl 
arginine deaminase (PAD) enzymes (mean ± SEM ratio 0.63 ± 
0.09; P = 0.03), whereas SLE- induced NET formation remained 
unaffected by this PAD inhibitor (mean ± SEM ratio 1.4 ± 0.39; 
P = 0.58) (Figure 6A). As a consequence of PAD inhibition, the 
presence of CitH3 became undetectable on both AAV-  and SLE- 
induced NETs (Figure 6B).

AAV- induced NET formation was also significantly decreased 
after inhibition of NADPH oxidase by diphenyleneiodonium (DPI) 
(mean ± SEM ratio 0.29 ± 0.08; P = 0.002), whereas SLE- induced 
NET formation remained unaffected by this DPI inhibitor (mean 
± SEM ratio 0.86 ± 0.19; P = 0.5) (Figure 6C). Therefore, taken 
together, these findings indicate that excessive NET formation in 
AAV, but not in SLE, is dependent on PAD enzymes and NADPH 
oxidase.

DISCUSSION

In separate studies, NETs have been reported to play a role 
in the pathophysiology of both AAV and SLE, although each is a 
clinically distinct systemic autoimmune disease (3,4). The present 
study is the first to directly compare the characteristics of ex vivo 
NET formation induced by serum from patients with AAV to that 
induced by serum from patients with SLE. We were able to con-
firm that both patients with AAV and patients with SLE displayed 
excessive NET formation, and that this was correlated with the 
extent of disease activity. Most importantly, we demonstrated that 
AAV and SLE induce 2 distinct forms of NET formation, based 
on morphology, kinetics, triggers, and pathways. In AAV, an IgG- 
independent lytic expulsion of NETs containing citrullinated his-
tones, and involving PAD enzymes and NADPH oxidase, was 
observed. In contrast, in SLE, a non- lytic, ICx- induced NET for-
mation was observed, with concomitant clustering of neutrophils 
independent of PAD enzymes and NADPH oxidase. In addi-
tion, SLE- induced NETs had immunogenic properties, including 

Figure  6. The regulators of NET formation differ between AAV and 
SLE. A, AAV- induced and SLE- induced NET formation was quantified 
after peptidyl arginine deaminase (PAD) inhibition with 200 μM 
chloramidine (Cl- amidine), a pan- PAD inhibitor. Results are the mean ± 
SEM ratio of NET formation before and after PAD inhibition in serum from 
patients with AAV (n = 6) and patients with SLE (n = 8) as compared to its 
paired control serum sample (broken horizontal line). B, Representative 
immunofluorescence images show PKH- labeled neutrophils (red), DNA 
(Hoechst blue), and citrullinated histone 3 (CitH3) colocalization (green) 
on AAV-  and SLE- induced NETs with and without PAD inhibition by 
Cl- amidine. Original magnification × 20; bar = 20 μm. C, AAV- induced 
and SLE- induced NET formation was quantified after NADPH oxidase 
inhibition with 1 μM diphenyleneiodonium (DPI). Results are the mean ± 
SEM ratio of NET formation before and after NAPDH oxidase inhibition in 
serum from patients with AAV (n = 10) and patients with SLE (n = 9) as 
compared to its paired control serum sample (broken horizontal line). * = 
P < 0.05; ** = P < 0.01 by Wilcoxon’s matched pairs test. See Figure 1 for 
other definitions. Color figure can be viewed in the online issue, which is 
available athttp://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41047/abstract
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enrichment for HMGB- 1 and oxidized mtDNA, and the ability to 
form ICx, all of which were not observed in AAV- induced NETs. 
Taken together, our findings show that the differences in ex vivo 
NET formation between AAV and SLE, reflecting lytic versus non- 
lytic NET formation, respectively, and the distinct characteristics of 
NETs in each disease are indicative of the versatile role of NETs in 
the pathophysiology of AAV and SLE.

Mainly 2 processes of NET formation have recently been 
described, lytic and non- lytic NET formation, which is also referred 
to as “suicidal” and “vital” NET formation, respectively, and pri-
marily depends on the type of stimulus used (6,30). Typically, lytic 
NET formation depends on NADPH oxidase, takes a few hours, 
and involves recruitment of pore- forming units to disrupt the 
plasma membrane (31). It can be induced by phorbol 12- myristate 
13- acetate (PMA) (a robust chemical compound) (32), specific 
microorganisms (33), and crystals (34). In contrast, non- lytic NET 
formation is typically induced within minutes, and can be triggered 
by lipopolysaccharide (LPS) (33), specific bacterial products (35), 
Toll- like receptor 4 (TLR- 4)–activated platelets (33), or complement 
proteins together with TLR- 2 ligands (36) and SLE- specific ICx. 
Non- lytic NET formation can be independent of NADPH oxidase 
(30,33,35,37), but some studies have shown that NADPH oxidase 
can be involved (10,36). Importantly, the plasma membrane is 
not disrupted and NETs are released via vesicular transport while 
remaining viable, and typically contain oxidized mtDNA (10,35,36).

These pivotal features of lytic and non- lytic NET formation 
corresponded to the properties of NET formation respectively 
observed on AAV-  and SLE- induced NETs (6). AAV- induced NET 
formation is accompanied by neutrophil lysis after more than 1 
hour, and depends on NADPH oxidase, indicative of a lytic form 
of NET formation (30). Even though we demonstrated that AAV- 
induced NET formation was independent of IgG ANCAs, the exact 
factors in AAV serum that trigger NET formation remain unknown. 
In a previous study, our group showed that neither IgA depletion 
nor C5 blockade affected AAV- induced NET formation, and there 
was no correlation with the serum levels of tumor necrosis factor 
(TNF), interleukin- 8, or C- reactive protein (20). Interestingly, the 
necroptosis pathway was recently demonstrated to be involved in 
ANCA- mediated NET formation (13). Necroptosis can be induced 
by various triggers, including TNF, LPS, TLRs 1/2, 3, 4, and 7/8, 
and different chemical, toxic, and viral factors (38). In addition, 
Heeringa et al suggested that other complement factors, such as 
C3a, could contribute to NET formation in AAV (39), which points 
toward the notion that there may be multifactorial triggers for lytic 
NET formation in the serum of AAV patients.

In comparison, SLE- induced NETs display features of non- 
lytic NET formation, referring to the rapid extrusion of NETs 
enriched with oxidized mtDNA within minutes, independent of 
NADPH oxidase. Of note, the involvement of NADPH oxidase in 
non- lytic NET formation is still under debate (10,36). A cumulating 
number of studies have suggested that the trigger to induce NET 
formation in SLE deserves important considerations. Highly puri-

fied ICx generated from isolated anti- RNP autoantibodies mixed 
with its substrate, snRNP (small nuclear RNP), can induce NETs 
in a manner that is dependent on NADPH oxidase (10). The char-
acteristics of these “pure” RNP ICx, which are distinct from the 
heterogenous autoantibodies and ICx derived from SLE patient 
serum investigated in the present study, likely explain the discrep-
ancy with regard to whether or not NADPH oxidase is involved. 
Indeed, our finding of NADPH oxidase–independent formation of 
NETs in SLE was recently confirmed by others in studies that uti-
lized a novel method for discriminating between NADPH oxidase–
dependent and –independent NET formation (37).

Importantly, the viability of the neutrophils stimulated with 
SLE patient serum in our study could be confirmed by our obser-
vations of their persistent motility, leading to neutrophil clustering, 
and the lack of observable plasma membrane lysis (35,40). Taken 
together, the results of the present study directly comparing NET 
formation between AAV and SLE provide further evidence that 
AAV-  and SLE- induced NETs have important and distinct immu-
nologic characteristics.

Previous studies have shown that certain features of NETs 
play a pathogenic role in AAV and SLE. Studies in murine mod-
els revealed that NET- derived histones can cause crescentic GN. 
Crescentic GN is typically seen in AAV (3,19), emphasizing the 
relevance of the currently reported observation that citrullinated 
histones are predominantly found on AAV- induced NETs, implicat-
ing their contribution to the renal pathophysiology of AAV (13,41). 
Another relevant feature was the detection of HMGB- 1 on SLE- 
induced NETs. HMGB- 1 facilitates the endosomal uptake of self 
DNA via the receptor for advanced glycation end products/TLR- 9 
pathway (42), which is an important premise for the formation of 
anti- DNA autoantibodies, as demonstrated in nonautoimmune 
mice, in which HMGB- 1–nucleosome complexes induced anti–
double- stranded DNA responses in a TLR- 2–dependent manner 
(43). Therefore, the presence of HMGB- 1 on SLE- induced NETs 
indicated the ability of SLE- specific NET–derived extracellular 
DNA to be taken up, intracellularly processed, and presented 
as a relevant autoantigen in SLE (11). Moreover, previous stud-
ies have demonstrated that NET- bound SLE autoantibodies and 
C1q resulted in activation of the classical and lectin complement 
pathways (12), while AAV- induced NETs activated the alternative 
pathway of the complement system (13,41).

Furthermore, SLE- induced NETs were also enriched for oxi-
dized mtDNA, which augment their potential to induce a proin-
flammatory type I IFN response via the cGAS/STING pathway 
(10). Importantly, SLE NETs are enriched for mtDNA, but do not 
solely consist of mtDNA. This was supported by the finding that 
“NET- ting” neutrophils containing LL37–DNA complexes, implying 
that they were chromosomal NETs, could activate autoreactive 
B cells in lupus (17). SLE- induced NETs were demonstrated to 
contribute to ICx formation and, as such, can be implicated in 
the renal pathology of SLE. Indeed, the typical histopathologic  
finding in lupus nephritis is that of a “full house” GN detected by 
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immunofluorescence, indicating that deposition of ICx and com-
plement activation have occurred.

The direct comparison of ex vivo NET formation between 
AAV and SLE in the present study reveals several interesting 
observations. First, the clustering of neutrophils observed in 
SLE- induced NET formation is not new to the field. The SLE 
serum–induced clustering of neutrophils was demonstrated as 
far back as 1990, and this was found to be dependent on C1q- 
containing ICx and correlated with SLE disease activity, which 
preceded the discovery of NETs in 2004 (44,45). Interestingly, 
we demonstrated that in both AAV patients and SLE patients, 
excessive NET formation was associated with active disease. 
However, in AAV and SLE patients during times of disease remis-
sion, the levels of NET formation were heterogeneous. It is pos-
sible that excessive NET formation in these patients who were 
without active disease could be an indication of the potential for 
a future disease relapse.

Second, citrullination appeared to be not essential for NET 
formation in both patients with AAV and patients with SLE, which 
is consistent with previous observations that confirmed the inde-
pendence of PAD4, i.e., citrullination, for the formation of NETs 
in humans (46,47). These observations are in contrast to those 
in studies that demonstrated the involvement of PAD enzymes in 
murine lupus (48–50). It is noteworthy that in those studies, NET 
formation was induced with calcium ionophores (48), PMA (49,50), 
or imiquimod (48), and NET quantification was based on CitH3 
positivity. Importantly, PMA- induced NET formation is truly inde-
pendent of PAD enzymes, while calcium ionophore–induced NET 
formation is completely dependent on PAD enzymes (47). Further-
more, it needs to be taken into account that PAD inhibition will 
prevent histone citrullination of NETs, resulting in CitH3- negative 
NETs (46,47). Conversely, in a murine model of lupus in MRL.Faslpr 
mice, lupus and proliferative nephritis were not affected by PAD4 
inhibition (51).

Third, we confirmed that CitH3, generally reported as a key 
marker of NETs (14,29), is a highly specific NET marker, since it 
was absent on healthy and necrotic neutrophils (data not shown). 
However, CitH3 was not a sensitive marker, as illustrated by the 
high load of NET- derived DNA that did not colocalize with CitH3. 
Similarly, the sensitivity of MPO, but not its specificity, as a NET 
marker was demonstrated in our study. Taken together, these 
data indicate that careful considerations should be made when 
identifying neutrophil- derived extracellular DNA as NETs, which 
cannot be easily disentangled from necrosis (52).

Moreover, we noted the paucity of immunoglobulin binding on 
AAV- induced NETs, while several AAV-  and SLE- relevant autoan-
tigens, as detected by immunohistochemistry using monoclonal 
antibodies, were present on NETs (Figure 3). These data do not 
prove that the presence of these autoantigens on NETs is actu-
ally relevant, because it is well- known that in vivo autoantibodies 
detected in AAV and SLE patients are heterogenous and poly-
clonal. Indeed, previous studies have investigated anti- NET anti-

bodies in AAV, although it remains uncertain as to whether these 
anti- NET antibodies were the same as ANCAs (3,7). Of note, it 
is important to realize that these studies reported on antibodies 
reacting with PMA- induced NETs, which might be unrelated to 
either in vivo or ex vivo NET formation in humans. Previously, it 
was demonstrated that neutrophil- derived MPO and NETs were 
prominently deposited in the glomerular, periglomerular, and tub-
ulointerstitial regions of kidney biopsy tissue from patients with 
MPO- specific AAV (14). On the other hand, it is known that ANCA- 
associated GN is typically a crescentic, pauci- immune GN, imply-
ing that there are no deposits of autoantibodies or complement 
in the kidney. Thus, despite the abundant presence of MPO, anti- 
MPO ANCAs were not abundantly detected, which does support 
our findings. Alternatively, we speculate that the paucity of immu-
noglobulins on AAV- induced NETs could be related to the serum 
concentration of ANCAs as compared to the concentrations of 
the monoclonal antibodies used for immunohistochemistry. Unfor-
tunately, we were unable to investigate whether epitope variation 
could also explain this observation.

There are some limitations to our study that need to be 
acknowledged. First, we used a relatively novel method to quan-
tify NET formation, which has an intrinsically high interassay var-
iability due to the use of freshly isolated neutrophils from healthy 
subjects each time (20), but simultaneously has several advan-
tages compared to currently reported assays (20,26,52). To mini-
mize variability in the present study, AAV and SLE sera were tested 
simultaneously within the same experiments.

Another potential limitation of this assay is the use of neu-
trophils from healthy donors instead of neutrophils from AAV or 
SLE patients. However, we have demonstrated previously that 
spontaneous NET release by AAV- derived neutrophils was not 
significantly different from spontaneous NET release by healthy 
neutrophils. More importantly, AAV- induced NET formation by 
neutrophils derived from healthy donors was also not significantly 
different from NET formation by neutrophils derived from AAV 
patients (20). Similar results were obtained for neutrophils derived 
from SLE patients (data not shown).

Second, regarding the results of our immunohistochemical 
studies of NET- associated proteins, we were unable to dissect 
whether the colocalization of NET- associated proteins either origi-
nated from the serum or were derived from the neutrophils.

In conclusion, this study provides compelling support for 
the observation that NET formation in AAV and SLE are disease- 
specific processes, with each encompassing their own unique 
properties and implications for the distinct pathophysiology of 
AAV and SLE. These excessively formed NETs in AAV and SLE 
have distinct features and depend on intrinsically distinct pro-
cesses, thereby implicating a unique role for NETs in each sep-
arate autoimmune disease. Thus, the recognition of the diversity 
of NET formation in systemic autoimmune diseases has impor-
tant implications when evaluating NET as a potential therapeutic 
target.
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Progression of Interstitial Lung Disease in Systemic 
Sclerosis: The Importance of Pneumoproteins Krebs von 
den Lungen 6 and CCL18
Elizabeth R. Volkmann,1  Donald P. Tashkin,1 Masataka Kuwana,2 Ning Li,3 Michael D. Roth,1 Julio Charles,4 
Faye N. Hant,5 Galina S. Bogatkevich,5 Tanjina Akter,5 Grace Kim,6 Jonathan Goldin,7 Dinesh Khanna,8   
Philip J. Clements,1 Daniel E. Furst,9 Robert M. Elashoff,3 Richard M. Silver,5  and Shervin Assassi4

Objective. To investigate the relationship between Krebs von den Lungen 6 (KL- 6) and CCL18 levels and the 
 severity and progression of systemic sclerosis (SSc)–related interstitial lung disease (ILD).

Methods. Patients enrolled in the Scleroderma Lung Study II (cyclophosphamide [CYC] versus mycophenolate 
mofetil [MMF]) were included. Baseline and 12- month plasma samples were analyzed by enzyme- linked immuno-
sorbent assay to assess CCL18 and KL- 6 levels. The forced vital capacity (FVC) and the diffusing capacity for carbon 
monoxide (DLco) were measured every 3 months. Joint models were created to investigate the relationship between 
baseline CCL18 and KL- 6 levels and the course of the FVC and DLco over 1 year according to treatment arm.

Results. Baseline KL- 6 and CCL18 levels each correlated with the extent of radiographic fibrosis. Levels of both 
CCL18 and KL- 6 declined significantly at 1 year. In both treatment arms (n = 71 for CYC, n = 62 for MMF), a higher 
baseline KL- 6 level predicted progression of ILD based on the course of FVC (P = 0.024 for CYC; P = 0.005 for MMF) 
and DLco (P < 0.001 for CYC; P = 0.004 for MMF) over 1 year. A higher baseline CCL18 level predicted progres-
sion of ILD based on the course of the FVC (P < 0.001 for CYC; P = 0.007 for MMF) and DLco (P = 0.001 for CYC;  
P < 0.001 for MMF) over 1 year, as well as mortality (P = 0.0008 for CYC arm only).

Conclusion. In a rigorously conducted clinical trial for SSc- related ILD, KL- 6 and CCL18 levels correlated with ILD 
severity and declined with immunosuppression. Patients with higher baseline KL- 6 and CCL18 levels were more likely 
to experience disease progression despite treatment. KL- 6 and CCL18 levels could be used to identify patients with 
a progressive ILD phenotype who may benefit from a more aggressive initial treatment approach.

INTRODUCTION

Interstitial lung disease (ILD) occurs in the majority of 
patients with systemic sclerosis (SSc) (1). While ILD is the 
leading cause of disease- related mortality among patients with 

SSc (2,3), ILD progression rates vary considerably. Results of 
randomized controlled trials (RCTs) have demonstrated that 
some patients experience an improvement in lung function 
after treatment with immunosuppression, while other patients 
experience progression of ILD despite early and aggressive 
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treatment (4,5). Furthermore, not all patients with ILD will 
develop symptoms or will have progressive disease even in 
the absence of treatment (1,6–8).

Evidenced- based clinical tools to predict which patients 
with SSc- related ILD are more likely to experience ILD progres-
sion do not exist. Specific clinical and biological factors have 
been associated with progression of ILD in observational stud-
ies (e.g., low forced vital capacity [FVC] [9], greater extent of 
ILD on high- resolution computed tomography [HRCT] [10,11], 
low diffusing capacity for carbon monoxide [DLco] [9,12], and 
anti–topoisomerase I antibody positivity [9,12]). Moreover, sev-
eral studies have identified serum/plasma protein candidate 
biomarkers that predict SSc- related ILD progression, includ-
ing interleukin- 6 (IL- 6) (13), C- reactive protein (CRP) level (14), 
CCL2 (15), CCL18 (16,17), CXCL4 (18), and Krebs von den 
Lungen 6 (KL- 6) (19,20).

Among these candidate biomarkers, KL- 6 and CCL18 
have been found to predict outcomes in several different SSc- 
related ILD populations (16,17,19,20). Because KL- 6 and 
CCL18 are pneumoproteins associated with lung parenchymal 
injury (21,22), they may be more specific markers for monitor-
ing and predicting the course of ILD in SSc. For example, in 
contrast to general inflammatory markers (e.g., IL- 6 or CRP 
level), the levels of KL- 6 and CCL18 may be less likely to be 
affected by extrapulmonary fibrotic processes such as cutane-
ous sclerosis or infections.

Furthermore, KL- 6 correlates with disease severity in different 
SSc- related ILD populations (23–28). Two observational studies 
(19,20) have shown that high KL- 6 levels predict worse outcomes 
in SSc- related ILD. A recent, small observational study demon-
strated that a high serum KL- 6 level was associated with poor 
response to immunosuppression with cyclophosphamide (CYC) 
in patients with SSc- related ILD (29).

CCL18 is a chemokine that was previously known as pul-
monary and activation- regulated chemokine, and studies have 
demonstrated higher levels of this chemokine in both serum and 
bronchoalveolar lavage fluid samples of patients with ILD (30). 
Observational studies have demonstrated that CCL18 also pre-
dicts various ILD- related outcomes in SSc (16,17,31,32).

Given the accumulating evidence that KL- 6 and CCL18 
may be key markers of disease activity and progression in SSc- 
related ILD, the present study sought to evaluate the predictive 
role of CCL18 and KL- 6 levels in the context of an RCT, in which 
all patients have equal access to care, uniform follow- up, and 
a standardized treatment approach. The present study aimed 
to determine whether KL- 6 and CCL18 are associated with the 
severity of ILD in a clinical trial cohort comprising patients with 
well- characterized and active SSc- related ILD. A secondary aim 
was to determine whether baseline levels of these peripherally 
measured lung glycoproteins predict the progression of SSc- 
related ILD in patients receiving immunosuppressive treatment 
with either mycophenolate mofetil (MMF) or CYC.

PATIENTS AND METHODS

Study participants. Data and plasma samples from 
participants enrolled in the Scleroderma Lung Study (SLS) 
II (5) were analyzed for this study. Eligibility criteria included 
the following key requirements: 1) adults ages 18–75 years, 
2) limited or diffuse cutaneous SSc (33), 3) active ILD as 
demonstrated by restrictive to borderline restrictive ventila-
tory impairment (FVC <80–85% but ≥45% predicted) AND 
the presence of any ground- glass opacity (GGO; hazy opac-
ity through which normal lung markings can be discerned) on 
HRCT, and 4) exertional dyspnea (grade ≥2 on the magnitude 
of task component of the Baseline Dyspnea Index) (34). Key 
exclusion criteria included pulmonary hypertension, clinically 
significant abnormalities on HRCT not attributable to SSc, 
smoking within the past 6 months, and evidence of significant 
airflow obstruction. Complete details of the SLS II design have 
been previously reported (5). See Appendix A for SLS II inves-
tigators and institutions.

Unaffected control participants were independently recruit ed 
at the University of Texas, Houston and age- , ethnicity- ,  
and sex- matched to SLS II participants in an approximately 1 
(control) to 3 (SLS II) ratio. The same unaffected controls were 
used for both the KL- 6 and CCL18 analyses. The institutional 
review board of each site approved the studies, and only par-
ticipants who provided informed consent were included in the 
present analyses.

Patient and public involvement. Patients and the pub-
lic were not involved in the design or reporting of the results of 
this research study. Patients were involved in the conduct of the 
study because they served as participants.

SLS II design. In SLS II, enrolled patients were rand-
omized in a similar manner to receive either oral CYC for 1 
year followed by 1 year of placebo (supplied by Hoffmann- La 
Roche/Genentech) or MMF for 2 years. For complete details 
of the SLS II protocol, please see the supplementary online 
appendix accompanying the SLS II study by Tashkin et al (5). 
The FVC (primary SLS II end point) and DLco (secondary SLS 
II end point) were measured every 3 months, and total lung 
capacity (TLC) was measured every 6 months during the trial. 
HRCT thoracic imaging was obtained at baseline in SLS II, 
and a computer- aided design scoring system was employed 
to provide quantitative measures of different patterns of ILD as 
previously described (35). The quantitative ILD (QILD) score 
was the sum of all scores classified as abnormal, includ-
ing scores for quantitative lung fibrosis (QLF; linear reticular 
markings with architectural distortion), GGO, and honeycomb 
changes (clustered air- filled cysts with dense walls). Scores 
were calculated as the percentage of total counted voxels for 
both the whole lung (WL), including both lungs, and for the 
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zone of maximal involvement (ZM; area- equivalent upper, mid-
dle, or lower lung zone).

KL- 6 and CCL18 assays. SLS II plasma samples were col-
lected at the baseline and 12- month study visits in EDTA tubes 
and were immediately processed onsite on the day of collection, 
stored at −70°C, and shipped on dry ice to the central reposi-
tory at the University of Texas. All SLS II patients with an availa-
ble baseline plasma sample were included in the present study. 
Plasma samples from unaffected controls collected at the Uni-
versity of Texas were handled in the same manner except that 
no shipping was required. CCL18 was assayed by commer-
cially available enzyme- linked immunosorbent assay kits (MIP- 4/
CCL18; Cell Sciences), while KL- 6 was measured using latex- 
fixed anti–KL- 6 monoclonal antibody with an automated analyzer 
(Nanopia KL- 6; Sekisui Medical). All plasma assays were per-
formed in duplicate, and the coefficient of variance was <20%. 
Technicians performing the assays were blinded to the clinical 
diagnosis and outcome data.

Statistical analysis. Baseline characteristics. Summary 
statistics were generated for baseline characteristics. A 2- sample 
t- test or a Wilcoxon rank sum test was used to compare con-
tinuous variables, and a chi- square test was used to compare 
categorical variables. Kendall’s tau correlations were performed 
to examine the relationship of KL- 6 and CCL18 levels with the 
baseline measures of the extent of ILD, as measured by the FVC, 
DLco, QILD score, and QLF score.

Change in KL- 6 and CCL18 level from baseline to 12 
months. Summary statistics of KL- 6 and CCL18 levels were cal-
culated for baseline and 12 months. A Wilcoxon signed rank test 
was used to compare the data collected at the 2 time points.

Relationship between baseline KL- 6 and CCL18 levels and 
the progression of SSc- related ILD. A joint model analysis was 
used to determine whether baseline levels of KL- 6 or CCL18 
predicted progression of SSc- related ILD. The joint model (used 
also in the main SLS II analysis [5]) adjusts for nonignorable 
missing data due to treatment failure, death, and dropouts (36). 
The end point for the primary outcome model was the course 
of % predicted FVC measured in 3- month increments from 3 to 
12 months. The longitudinal model of the joint analysis included 
the following covariates: baseline KL- 6 or CCL18 level, base-
line % predicted FVC, and a linear time trend. The end point for 
the secondary outcome model was the course of % predicted 
DLco measured in 3- month increments from 3 to 12 months. 
The longitudinal model of the joint analysis included the following 
covariates: baseline KL- 6 or CCL18 level, baseline % predict-
ed DLco, and a linear time trend. KL- 6 and CCL18 were log 
transformed (with a base of 2) in these analyses to correct data 
skewness. We generated models for examining baseline KL- 6 
and CCL18 levels as a continuous variable and also as a dichot-
omous variable (using the median as the cut point). The median 

was selected because there are no valid thresholds for defining 
high versus low KL- 6 and CCL18 levels. In an exploratory analy-
sis, we generated receiver operating characteristic (ROC) curve 
and logistic regression analysis to determine whether we could 
identify a threshold for KL- 6 and CCL18 levels that predicted 
disease progression. Since there is no universally accepted defi-
nition of disease progression in SSc- related ILD, we used the 
following 2 definitions: 1) FVC decline of −5% or more, and 2) 
FVC decline of −10% or more OR FVC decline between −5% 
and −9% accompanied by a DLco decline of −15% or more. 
The time course of 3–12 months was selected as this was the 
time period in which patients in both study arms (CYC and MMF) 
were receiving  active treatment.

Table 1. Baseline demographic and clinical characteristics of SLS 
II participants by study group and unaffected controls*

Measure

SLS II

Controls 
(n = 39)

CYC group 
(n = 71)

MMF group 
(n = 62)

Age, years† 52.3 ± 9.5 52.9 ± 10.0 52.2 ± 9.5
Female, no. (%) 55 (77.5) 44 (71.0) 28 (71.8)
Race, no. (%)‡

White 47 (66.2) 46 (74.2) 27 (69.2)
African American 18 (25.4) 10 (16.1) 9 (23.1)
Asian 3 (4.2) 6 (9.7) 3 (7.7)
Other 3 (4.2) 0 (0) 0 (0)

Diffuse cutaneous 
sclerosis

39 (54.9) 38 (61.3)

Disease duration, 
years§

2.5 ± 1.8 2.7 ± 1.7

FVC, % predicted 66.2 ± 9.9 66.5 ± 8.3
FEV1/FVC, % 83.5 ± 5.6 82.0 ± 5.7
TLC, % predicted 65.4 ± 12.1 66.4 ± 10.2
DLco, % predicted‡ 53.8 ± 14.2 54.9 ± 11.3
BDI focal score 

(range 0–12)‡
7.0 ± 2.3 7.3 ± 2.2

HAQ DI score 
(range 1–3)

0.7 ± 0.7 0.7 ± 0.6

MRSS (range 0–51) 14.1 ± 10.8 15.2 ± 10.3
QLF- WL score, %§ 9.1 ± 7.0 8.4 ± 7.1
QLF- ZM score, 

worst zone, %§
23.2 ± 19.2 22.8 ± 20.4

QILD- WL score, %‡ 32.1 ± 14.2 27.7 ± 13.8
QILD- ZM score, %‡ 53.2 ± 19.3 49.7 ± 21.2

* Except where indicated otherwise, values are the mean ± SD. SLS =  
Scleroderma Lung Study; CYC = cyclophosphamide; MMF = myco-
phenolate mofetil; FVC = forced vital capacity; FEV1 = forced expira-
tory volume in 1 second; TLC = total lung capacity; DLco = diffusing 
capacity for carbon monoxide; BDI = Baseline Dyspnea Index (lower 
scores indicate worse dyspnea); HAQ DI = Health Assessment Ques-
tionnaire disability index (higher scores indicate greater disability); 
MRSS = modified Rodnan skin thickness score; QLF- WL = quantitative 
extent of lung fibrosis (reticulations on high- resolution computed to-
mography [HRCT]) for the whole lung; QLF- ZM = QLF (on HRCT) for 
zone of maximal involvement; QILD- WL = quantitative extent of in-
terstitial lung disease (on HRCT; includes scores for fibrosis, ground- 
glass opacity, and honeycombing) for the whole lung; QILD- ZM = 
QILD (on HRCT) for zone of maximal involvement. 
† P < 0.01, CYC group versus MMF group. 
‡ P < 0.001, CYC group versus MMF group. 
§ P < 0.05, CYC group versus MMF group. 
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Relationship of baseline KL- 6 and CCL18 levels with long- 
term survival in SSc- related ILD. Cox regression was used to as-
sess the association between baseline KL- 6 and CCL18 levels and 
long- term survival in SLS II. The model included baseline KL- 6 and 
CCL18 levels (log transformed) and baseline % predicted FVC as 
covariates. The methods for obtaining long- term survival data in 
SLS II are described in detail in our recent publication (37).

All tests were 2- sided. The joint analyses were performed 
using the R package JMbayes, and all other analyses were con-
ducted using SAS version 9.4.

RESULTS

Participant characteristics. Baseline characteristics of 
SLS II participants who underwent KL- 6 and CCL18 analysis are 
shown in Table 1. Among the 142 SLS II participants, 133 and 99 
participants had both KL- 6 and CCL18 measurements at baseline 
and 12 months, respectively. Compared with the SLS II cohort, 
unaffected controls (n = 39) were similar in age (mean ± SD 52.2 ± 
9.5 years), sex (71.8% female), race (69.2% white, 23.1% African 
American, and 7.7% Asian), and ethnicity (12.8% Hispanic/Latino).

Association of KL- 6 levels with disease severity. Mean 
± SD KL- 6 levels were significantly higher in SSc patients (n = 133) 
compared with unaffected controls (n = 39) (1,752.05 ± 1,274.67 
versus 330.70 ± 125.74 units/ml; P < 0.0001). KL- 6 levels corre-
lated with SSc disease severity at baseline (Table 2). Specifically, 
increased KL- 6 levels were associated with decreased DLco, 
decreased TLC, and increased radiographic extent of lung fibrosis 

as measured by the QILD and QLF scores for WL and ZM.

Association of CCL18 levels with disease severity. 
Mean ± SD CCL18 levels were significantly higher in SSc patients 

(n = 133) compared with unaffected controls (n = 39) (191.29 ± 
111.08 versus 87.71 ± 28.28 ng/ml; P = 0.0009). In addition, 
increased CCL18 levels were associated with increased radio-
graphic extent of lung fibrosis as measured by the QILD score for 
WL and the QLF score for ZM (Table 2).

Relationship between KL- 6 and CCL18 levels. CCL18 lev-
els correlated with KL- 6 levels at baseline (r = 0.18, P = 0.036) and 
at 12 months (r = 0.15, P = 0.032). The change in CCL18 levels from 
baseline to 12 months was not correlated with the change in KL- 6 
levels from baseline to 12 months in all participants (r = 0.063, P = 
0.34), or in participants randomized to receive CYC (r = 0.094, P = 
0.34) or those randomized to receive MMF (r = 0.0068, P = 0.95).

Decrease in KL- 6 and CCL18 levels after 1 year of 
immunosuppression. Among SLS II participants with baseline 
and 12- month KL- 6 and CCL18 measurements (n = 99), treat-
ment with CYC or MMF for 1 year led to significant reductions 
in these peripheral pneumoprotein levels (Figure 1). The average 
decline in KL- 6 levels was 100.60 units/ml (n = 99; P = 0.045), 
while the average decline in CCL18 levels was 61.24 ng/ml 
(n = 98; P < 0.0001). Among patients assigned to receive MMF, 
both KL- 6 levels (n = 49; P = 0.016) and CCL18 levels (n = 51; 
P < 0.0001) decreased significantly over 1 year (Supplementary 
Tables 1 and 2, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41020 /abstract).

Among patients assigned to receive CYC (n = 49), CCL18 
levels decreased significantly over 1 year (P = 0.0008), although 
KL- 6 levels did not (Supplementary Tables 1 and 2). The mean ± 
SD decline in KL- 6 levels among patients assigned to CYC and 
those assigned to MMF was 55.72 ± 819.44 and 146.40 ± 458.69 
units/ml, respectively (Supplementary Table 2). The mean ± SD 
decline in CCL18 levels among patients assigned to CYC and 
those assigned to MMF was 46.94 ± 87.10 and 75.55 ± 105.75 
ng/ml, respectively (Supplementary Table 1).

Prediction of SSc- related ILD progression by baseline 
KL- 6 levels. The predictive significance of KL- 6 and CCL18 lev-
els was analyzed in each treatment arm separately. Among SLS II 
participants, higher baseline KL- 6 levels predicted progression of 
ILD as measured by the course of the % predicted FVC (estimate 
−0.32 for CYC [P = 0.024] and −0.72 for MMF [P = 0.005]) and 
% predicted DLco (estimate −1.30 for CYC [P < 0.001] and −1.28 
for MMF [P = 0.004]) over 1 year in the MMF and CYC treatment 
arms, even after adjustment for baseline disease severity (Table 3).

After dichotomizing the KL- 6 variable based on the median 
level in baseline SLS II samples (1,448.2 units/ml), a high base-
line KL- 6 level was associated with increased progression of 
ILD as measured by the course of the FVC in the MMF arm 
(estimate −1.19; P = 0.018), but not in the CYC arm (estimate 
−0.19; P = 0.44) (Supplementary Table 3, http://onlin elibr ary.
wiley.com/doi/10.1002/art.41020 /abstract). A high baseline 

Table  2. Baseline correlations between KL- 6 and CCL18 levels 
and SSc disease activity measures*

Disease measure
KL- 6  

(n = 133)
CCL18  

(n = 133)
FVC, % predicted −0.01 0.11
DLco, % predicted −0.23† −0.04
TLC, % predicted −0.21† 0.01
QILD- WL 0.35† 0.14‡
QILD- ZM 0.35† 0.18§
QLF- WL 0.36† 0.08
QLF- ZM 0.33† 0.10

* KL- 6 = Krebs von den Lungen 6; SSc = systemic sclerosis; SLS = 
Scleroderma Lung Study; FVC = forced vital capacity; DLco = diffus-
ing capacity for carbon monoxide; QILD- WL = quantitative extent of 
interstitial lung disease (on high- resolution computed tomography 
[HRCT]; includes scores for fibrosis, ground- glass opacity, and honey-
combing) for the whole lung; QILD- ZM = QILD (on HRCT) for zone of 
maximal involvement. QLF- WL = quantitative extent of lung fibrosis 
(reticulations) (on HRCT) for the whole lung; QLF- ZM = QLF (on HRCT) 
for zone of maximal involvement. 
† P < 0.001 
‡ P < 0.05 
§ P < 0.01 
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KL- 6 level was associated with increased progression of ILD as 
measured by the course of the DLco in the MMF arm (estimate 
−0.46; P = 0.030), but not in the CYC arm (estimate −0.034;  
P = 0.720) (Supplementary Table 4, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41020 /abstract).

The results of the ROC analysis demonstrated that a 
KL- 6 level of >1,549 units/ml in the MMF arm was associated 
with an increased risk of progression using both definitions 
of ILD worsening. The sensitivity and specificity were 100% 
and 74%, respectively, when we used the definition of FVC 
decline of −5% or more. The sensitivity and specificity were 
100% and 71%, respectively, when we used the definition 
of FVC decline of −10% or more OR FVC decline between 
−5% and −9% accompanied by a DLco decline of −15% or 
more. We were unable to identify a threshold for KL- 6 with an 
adequate sensitivity and specificity in the CYC arm (Supple-
mentary Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41020 /abstract).

Prediction of SSc- related ILD progression by base-
line CCL18 levels. Higher baseline CCL18 levels predicted pro-
gression of ILD as measured by the course of the FVC (estimate 
−1.24 for CYC [P < 0.001] and −0.35 for MMF [P = 0.007]) and 
DLco (estimate −1.87 for CYC [P = 0.001] and −1.26 for MMF  
[P < 0.001]) over 1 year for both treatment arms, even after 
adjustment for baseline disease severity (Table 4). After dichoto-
mizing the CCL18 variable based on the median level in baseline 
SLS II samples (163.1 ng/ml), a high baseline CCL18 level was 
associated with increased progression of ILD as measured by 
the course of the FVC both in the MMF arm (estimate −0.61;  
P = 0.039) and in the CYC arm (estimate −0.01; P = 0.010) 
(Supplementary Table 3). High baseline CCL18 level was asso-
ciated with increased progression of ILD as measured by the 
course of the DLco in the MMF arm (estimate −0.94; P < 0.001) 
and in the CYC arm (estimate −2.13; P < 0.001) (Supplementary 
Table 4). The ROC analysis failed to reveal a significant CCL18 
threshold for predicting ILD progression in either treatment arm 
with an adequate sensitivity and specificity (Supplementary 

Figure  1. Comparison of Krebs von den Lungen 6 (KL- 6) (A) and CCL18 (B) levels from baseline to 12 months during treatment with 
cyclophosphamide (CYC) or mycophenolate mofetil (MMF) for 1 year in the Scleroderma Lung Study II. Values for KL- 6 are shown as units/ml. 
Values for CCL18 are shown as ng/ml. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes 
represent the median. Lines outside the boxes represent the maximum and minimum range. Circles indicate outliers. * = P < 0.05, *** = P < 0.001.

Table  3. Prediction of progression of ILD by high baseline KL- 
6 level, based on the course of the FVC and DLco over 1 year in 
patients randomized to receive CYC or MMF*

Variable Estimate 95% CI P
Outcome: course of FVC over 

12 months in CYC arm
Intercept 9.99 7.02, 12.26 0.001
KL- 6 −0.32 −0.50, −0.11 0.024
Baseline FVC 0.88 0.87, 0.90 <0.001
Time 0.10 0.028, 0.17 0.004

Outcome: course of FVC over 
12 months in MMF arm

Intercept 16.92 12.12, 21.99 <0.001
KL- 6 −0.72 −1.03, −0.32, 0.005
Baseline FVC 0.85 0.80, 0.89 <0.001
Time 0.054 −0.015, 0.12 0.128

Outcome: course of DLco over 
12 months in CYC arm

Intercept 18.11 14.63, 20.60 <0.001
KL- 6 −1.30 −1.51, −1.00 <0.001
Baseline DLco 0.85 0.84, 0.87 <0.001
Time −0.024 −0.12, 0.076 0.634

Outcome: course of DLco over 
12 months in MMF arm

Intercept 23.80 17.42, 26.21 0.001
KL- 6 −1.28 −1.46, −0.84 0.004
Baseline DLco 0.80 0.78, 0.84 <0.001
Time 0.030 −0.051, 0.11 0.428

* ILD = interstitial lung disease; KL- 6 = Krebs von den Lungen 6; FVC = 
forced vital capacity; DLco = diffusing capacity for carbon monoxide; 
CYC = cyclophosphamide; MMF = mycophenolate mofetil; 95% CI = 
95% confidence interval. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41020)/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41020)/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41020/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41020/abstract


VOLKMANN ET AL 2064       |

Figure 2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41020 /
abstract).

Prediction of long- term survival in SSc- related ILD 
by CCL18, but not KL- 6. Data from the SLS II long- term fol-
low- up study (37) were used to explore whether baseline KL- 6 
or CCL18 predicted long- term survival in patients with SSc- 
related ILD. At the time of this analysis, 30 (16 CYC, 14 MMF) 
of 142 SLS II participants (21%) had died within 8 years after 
the first patient was randomized. The median follow- up time 
for all patients was 4 years. The majority of deaths in both 
cohorts were due to respiratory failure from underlying SSc  
(n = 16) (37).

The Cox proportional hazards model analysis demonstrated 
that SLS II participants with increased CCL18 at baseline had 
an increased risk of mortality due to respiratory failure even after 
controlling for baseline disease severity in the CYC arm (hazard 
ratio [HR] 3.09, P = 0.018) but not in the MMF arm. Baseline 
KL- 6 level was not associated with mortality due to respiratory 
failure in either treatment arm.

Similarly, baseline CCL18 level was associated with mortality 
due to all causes (HR 3.31, P = 0.0008) in the CYC arm, but not 
the MMF arm. Patients with high CCL18 level based on the median 
had an increased risk of mortality in the CYC arm (P = 0.006 by 
log rank test) but not in the MMF arm. Baseline KL- 6 level was 
not associated with all- cause mortality in either  treatment arm. 

High KL- 6 level based on the median was not associated with 
an increased risk of mortality in the CYC arm or in the MMF arm. 
For details on the above analyses, see Supplementary Tables 5–8 
and Supplementary Figures 3–6, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41020/abstract.

DISCUSSION

To our knowledge, this is the first study to evaluate the 
relationship between plasma levels of KL- 6 and CCL18 and 
progression of ILD in the context of a relatively large RCT for 
SSc- related ILD. Elevated levels of both KL- 6 and CCL18 at 
baseline predicted poor response to immunosuppressive ther-
apy with either CYC or MMF.

At baseline, both KL- 6 and CCL18 levels each correlated 
with surrogate measures of ILD severity, including extent of 
radiographic fibrosis (KL- 6 and CCL18), and % predicted TLC 
(KL- 6) and DLco (KL- 6). These findings are consistent with 
those from our previous study of patients who participated 
in SLS I (CYC versus placebo), in which baseline KL- 6 levels 
correlated with the extent of radiographic fibrosis and with the 
DLco (23). In contrast, neither KL- 6 (SLS I and II) nor CCL18 
(SLS II) levels were associated with the baseline % predicted 
FVC. While the severity of SSc- related ILD is often defined by 
the degree of ventilatory restriction (i.e., % predicted FVC), all 
pulmonary function test parameters are indirect and variable 
measures of the extent of structural lung disease. This may 
explain why these peripheral pneumoproteins correlate more 
strongly with the extent of radiographic fibrosis as measured 
by quantitative computer- aided diagnostic techniques.

KL- 6 and CCL18 levels decreased in response to treat-
ment with CYC and MMF for 1 year, although the magnitude of 
the decline was greater for CCL18 than for KL- 6. This may be 
due to the fact that CCL18 is secreted by type 2 macrophages, 
whereas KL- 6 is excreted by type II pneumocytes. Macrophages 
as inflammatory cells would be more likely to decrease their activity 
in response to immunosuppressive treatment than type II pneu-
mocytes, which are epithelial in origin. For both pneumoproteins, 
patients assigned to receive MMF experienced the greatest decline 
in CCL18 and KL- 6 levels. This discrepancy could have been due 
to several factors. As reported previously (5), MMF was better tol-
erated than CYC in patients in SLS II; thus, patients may have had 
better adherence to therapy with MMF than CYC and were more 
likely to achieve and maintain the target treatment dose. Another 
possibility is that MMF targets pathways involving KL- 6 and CCL18 
with greater potency than CYC. In SLS II, no difference was noted 
in the course of the FVC over 2 years between patients assigned 
to receive MMF versus CYC; however, there was a difference in the 
course of the DLco, favoring MMF (5). More research is needed to 
further explore why KL- 6 and CCL18 levels declined to a greater 
degree in response to MMF than to CYC treatment.

Table 4. Prediction of progression of ILD by high baseline CCL18 
level, based on the course of the FVC and DLco over 1 year in 
patients randomized to receive CYC or MMF*

Variable Estimate 95% CI P
Outcome: course of FVC over 

12 months in CYC arm
Intercept 13.80 11.92, 15.65 <0.001
CCL18 −1.24 −1.46, −1.03 <0.001
Baseline FVC 0.91 0.90, 0.93 <0.001
Time 0.10 0.025, 0.17 0.012

Outcome: course of FVC over 
12 months in MMF arm

Intercept 10.21 8.34, 11.89 <0.001
CCL18 −0.35 −0.52, −0.16 0.007
Baseline FVC 0.88 0.86, 0.90 <0.001
Time 0.057 −0.014, 0.13 0.114

Outcome: course of DLco over 
12 months in CYC arm

Intercept 16.91 12.16, 19.61 <0.001
CCL18 −1.87 −2.17, −1.19 0.001
Baseline DLco 0.87 0.84, 0.89 <0.001
Time −0.020 −0.11, 0.065 0.642

Outcome: course of DLco over 
12 months in MMF arm

Intercept 17.36 14.39, 19.45 <0.001
CCL18 −1.26 −1.49, −0.92 <0.001
Baseline DLco 0.85 0.82, 0.87 <0.001
Time 0.040 −0.040, 0.12 0.327

* ILD = interstitial lung disease; FVC = forced vital capacity; DLco = 
diffusing capacity for carbon monoxide; CYC = cyclophosphamide;  
MMF = mycophenolate mofetil; 95% CI = 95% confidence interval. 
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Even after adjustment for baseline disease severity, higher 
levels of KL- 6 and CCL18 predicted progression (worsening) of 
ILD in each of the 2 SLS II treatment arms. We opted to examine 
treatment arms separately since MMF and CYC have markedly 
different mechanisms of action; however, even in the combined 
cohort, both baseline KL- 6 and CCL18 levels predicted progres-
sion of ILD, as measured by the course of the DLco and FVC 
over 1 year (results available upon request from the corresponding 
author).

The finding that high baseline KL- 6 and CCL18 levels pre-
dicted progression of ILD even after adjustment for baseline dis-
ease severity suggests that these 2 pneumoproteins could be 
used to identify patients with a more aggressive ILD phenotype. 
Despite treatment with MMF, patients with high baseline KL- 6 and 
CCL18 levels experienced a decline in their FVC and DLco over 
12 months. Among patients assigned to receive CYC, those who 
had high baseline CCL18 levels, but not KL- 6 levels, also experi-
enced a decline in their FVC and DLco over 12 months, as well as 
increased risk of long- term mortality. In addition to helping iden-
tify patients who may benefit from closer monitoring, KL- 6 and 
CCL18 measurements could also be used to select patients for 
combination ILD therapy (2 immunosuppressants or an immuno-
suppressant plus an antifibrotic) or for cohort enrichment to iden-
tify patients who may be eligible for clinical trials investigating other 
novel therapies for progressive SSc- related ILD.

We attempted to identify a threshold for KL- 6 and CCL18 
for predicting worsening of ILD. We discovered that a KL- 6 
level of >1,549 units/ml in the MMF arm was associated with 
an increased risk of progression using both definitions of ILD 
worsening, with an excellent sensitivity and good specificity. 
However, we were unable to identify a threshold with adequate 
sensitivity and specificity in the CYC arm for KL- 6, or for either 
treatment arm for CCL18. This may have been due to loss 
of power due to dichotomization of the outcome. Moreover, 
while we used 2 different definitions of ILD progression, there 
is currently no consensus on a universally accepted definition 
of ILD progression in SSc.

This study has some limitations. We did not include an exter-
nal validation cohort. We had planned to use the SLS I cohort as 
an external validation cohort, but the sample size of participants 
who underwent KL- 6 measurement in SLS I and had complete 
follow- up data was too small (n = 40) to perform the joint model 
analysis. However, the baseline correlations between KL- 6 and 
surrogate measures of ILD severity were similar between both 
SLS cohorts, suggesting that our findings are likely reproducible. 
Moreover, we demonstrated predictive potential of both KL- 6 
and CCL18 in both treatment arms of SLS II, with each arm 
analyzed separately and 1 arm being CYC, as a means of semi- 
internal validation.

This study has important strengths. We evaluated ILD pro-
gression by using a joint model that included repeated measures 
of the FVC and DLco. Trends in the FVC and DLco determined 

from measurements at several time points may more accurately 
reflect true progression of ILD compared with changes in the FVC 
and DLco using measurements at only 2 time points. Indeed, our 
recent analysis of the long- term follow- up data from SLS I and II 
revealed that the course of the FVC and DLco were better pre-
dictors of long- term mortality than the baseline FVC or DLco (37).

Using data from a rigorously conducted clinical trial to study 
candidate biomarkers also limits potential confounding from var-
iables, such as access to care and therapy as well as missing 
outcome data, that often occurs in the setting of observational 
studies in which patients receive varying medication regimens at 
baseline and subsequent visits (type, dose, and duration) and var-
ying follow- up. Furthermore, in an exploratory analysis, we also 
found that high CCL18 levels at baseline were associated with 
an increased risk of long- term mortality due to respiratory failure. 
These findings substantiate previously published work linking 
CCL18 with progressive ILD and poor outcomes (16,17,31).

In conclusion, the present findings strongly suggest that 
KL- 6 and CCL18 are important peripheral markers of both dis-
ease severity and disease progression in patients with SSc- related 
ILD. Measurement of these 2 pneumoproteins early in the course 
of SSc- related ILD may help to identify those patients with a 
more aggressive SSc- related ILD phenotype in both clinical prac-
tice and in research. Additional mechanistic studies are needed 
to determine precisely how KL- 6 and CCL18 contribute to the 
pathobiology of SSc- related ILD. These additional studies may 
also reveal new therapeutic targets for intervention in SSc- related 
ILD since currently available treatment options for this often fatal 
condition are still limited.
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Regulation of Fibroblast Apoptosis and Proliferation by 
MicroRNA- 125b in Systemic Sclerosis
Anastasiia Kozlova,1  Elena Pachera,1  Britta Maurer,1  Astrid Jüngel,1 Jörg H. W. Distler,2  
Gabriela Kania,1  and Oliver Distler1

Objective. To analyze the expression, regulation, and role of microRNA- 125b (miR- 125b) in systemic sclerosis 
(SSc).

Methods. MiR- 125b expression was assessed by quantitative polymerase chain reaction (qPCR) of RNA from 
dermal fibroblasts and whole skin biopsy specimens from healthy controls and SSc patients. To identify downstream 
effectors, RNA from healthy control fibroblasts was sequenced after miR- 125b knockdown and further validated using 
qPCR and Western blotting. Fibrosis, apoptosis, and proliferation were assessed by Caspase- Glo 3/7 assay, Western 
blotting, immunofluorescence staining for cleaved caspase 3, and annexin V real-time assay in dermal fibroblasts.

Results. Expression of miR- 125b was significantly down- regulated in SSc skin biopsy specimens by 53%   
(median fold change 0.47 [interquartile range 0.35–0.69]; P < 0.001) and in SSc dermal fibroblasts by 47% (median 
fold change 0.53 [interquartile range 0.36–0.58]; P < 0.001) compared to healthy control skin biopsy specimens and 
fibroblasts, respectively (n = 10 samples per group). Treatment with the histone deacetylase inhibitors trichostatin 
A and tubastatin A significantly decreased the expression of miR- 125b in dermal fibroblasts. MiR- 125b knockdown 
significantly reduced cell proliferation and α- smooth muscle actin (α- SMA) expression at the messenger RNA (mRNA) 
and protein levels. RNA- Seq identified BAK1, BMF, and BBC3 as potential targets of miR- 125b. Quantitative PCR 
confirmed that knockdown of miR- 125b up- regulated these genes (P < 0.01; n = 12). Bcl- 2 homologous antagonist 
killer 1  showed the strongest induction confirmed at the protein level (P < 0.01; n = 10). Consequently, miR- 125b 
knockdown increased apoptosis compared to scrambled control. Accordingly, miR- 125b overexpression decreased 
apoptosis.

Conclusion. Our findings indicate that miR- 125b is down- regulated in SSc skin and primary dermal fibroblasts. 
MiR- 125b down- regulation increases apoptosis and decreases proliferation and α- SMA expression in dermal 
 fibroblasts, indicating that its compensatory, antifibrotic mechanism may be a potential novel therapeutic option.

INTRODUCTION

Systemic sclerosis (SSc) is a multiorgan, chronic autoimmune 
disease characterized by fibrosis of the skin and internal organs. 
Skin fibrosis is a strong surrogate of overall disease progression 
and survival, with major impact on patients’ physical function and 

quality of life. Although novel targeted therapies are in advanced 
clinical development, there is no Food and Drug Administration– 
or European Medicines Agency–approved antifibrotic therapy 
available to date (1,2).

In SSc, tissue injury leading to microvascular damage and 
release of inflammatory factors stimulates transforming growth 
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factor β1 (TGFβ1) production and differentiation of dermal res-
ident fibroblasts into activated myofibroblasts. Myofibroblasts 
produce excessive amounts of extracellular matrix (ECM) com-
ponents, such as collagens and fibronectin. Under physiologic 
conditions, this process is terminated by reparative mechanisms 
driving the myofibroblasts into apoptosis. In the pathologic 
course of SSc, persistent TGFβ1 signaling protects myofibro-
blasts against apoptosis and facilitates fibrosis (3–5).

Apoptosis plays a prominent role in many biologic processes, 
including autoimmunity. The Bcl- 2 family of proteins is at the center 
of the mitochondrial apoptotic pathway and consists of proapop-
totic and antiapoptotic members. Their ratio determines whether a 
cell survives or dies (6,7). The Bcl- 2 family is divided into 3 groups 
based on function and structural homology: apoptosis sensitiz-
ers (BH3- only proteins such as Bcl- 2 modifying factor [BMF] and 
p53 up- regulated modulator of apoptosis), antiapoptotic proteins 
(e.g., Bcl- 2), and apoptosis executors (Bcl- 2–associated X protein 
[BAX] and Bcl- 2 homologous antagonist killer [BAK]) (8). BH3- only 
proteins exert their proapoptotic effects via 2 alternative ways, 
by neutralizing antiapoptotic proteins or by directly activating the 
apoptosis effectors BAK and BAX (9).

MicroRNAs are small noncoding RNAs that regulate specific 
target gene expression by repressing messenger RNA (mRNA) 
translation or by directly degrading mRNA (10–12). One microRNA 
is able to repress up to hundreds of genes, and one gene can 
be repressed by several microRNAs. Such a fine- tuned powerful 
machinery is evolutionally developed and is one of the pillars of 
posttranscriptional regulation (13).

Screening assays with small numbers of patients suggested 
that microRNA- 125b (miR- 125b) might be differentially expressed 
in the skin of patients with SSc compared to healthy controls 
(14–16). In cardiac fibrosis, miR- 125b directly affects fibroblast- 
to- myofibroblasts transition (17). In cancer, it may play a dual, 
tissue- specific role in increasing or decreasing cell apoptosis and 
proliferation (18–20). Therefore, we hypothesized that miR- 125b 
might play an important role in the pathophysiology of SSc, and 
aimed to characterize its differential expression and function in 
SSc.

MATERIALS AND METHODS

Patients and biopsy specimens. All research on human- 
derived samples was conducted in compliance with the Declara-
tion of Helsinki. The approval of the local ethics committee was 
obtained for the Department of Rheumatology, University Hospital 
Zurich (approved ethics application KEK- ZH- Nr. 2014- 0197).

Samples were obtained from the forearm skin of SSc patients 
(Supplementary Table 1, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41041/ 
abstract) and healthy controls (Supplementary Table 2, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41041/ abstract) by 3- mm punch biopsy. 

Signed informed consent was obtained from all subjects. All 
patients fulfilled the American College of Rheumatology/European 
League Against Rheumatism 2013 classification criteria (21). SSc 
was classified into subsets according to the criteria of LeRoy et al 
(22). Additionally, samples of healthy, uninvolved skin at various sur-
gery sites were obtained from donors with a condition not related 
to SSc (e.g., patients undergoing plastic surgery) and considered 
to be healthy control skin. Biopsy specimens were divided in half. 
One half was used for fibroblast expansion, and the other half was 
used for RNA extraction.

Cell culture and stimulation experiments. Primary 
human dermal fibroblasts were obtained by outgrowth culture, 
and cells from passages 4 through 10 were used under stan-
dard culture conditions as previously described (23). Briefly, half 
of the punch biopsy specimen was cut into smaller pieces and 
distributed on the surface of the culture plate to dry and attach 
to the surface. Low- glucose Dulbecco’s modified Eagle’s medium 
(Sigma- Aldrich) containing 50 units/ml penicillin and 50 μg/ml 
streptomycin (Gibco), 10% fetal bovine serum (FBS; Gibco), and 
100 μM 2- mercaptoethanol (Gibco) was added and used for cul-
ture. Starvation medium containing 1% FBS was used in some 
experiments. Cells were maintained in a 5% CO2, 37°C incubator, 
and medium was changed every 3–4 days. Cells were split after 
they reached 90–100% confluence.

For stimulation experiments various cytokines and epigenetic 
stimuli were used, including TGFβ1 (0.1–10 ng/ml; PeproTech), 
activin (10 ng/ml; R&D Systems), platelet- derived growth factor 
(PDGF; 20 ng/ml) (PeproTech), interleukin- 1β (IL- 1β), IL- 4, IL- 13,  
and IL- 17A (all 10 ng/ml; ImmunoTools), tumor necrosis factor  
(TNF; 10 ng/ml) (R&D Systems), trichostatin A (TSA) (0.33–4 μM;  
Sigma- Aldrich), valproic acid (1–4 μM; Sigma- Aldrich), and 
tubastatin A (TBA; 5–25 μM) (Sigma- Aldrich).

RNA isolation and real- time quantitative polymerase  
chain reaction (qPCR). Half of each 3- mm punch biopsy spec-
imen was placed into RNAlater solution (ThermoFisher Scientific), 
stored overnight at 4°C to ensure proper penetration of the tis-
sue, and then stored at −80°C until extracted. Half of the 3- mm 
punch biopsy sample was homogenized on ice with Minilys (Bertin 
Instruments) for 3 cycles of 30 seconds of homogenization and a 
30- second break until the tissue was completely homogenized. 
Homogenates were then subjected to RNA extraction with a Qia-
gen RNeasy Fibrous Tissue kit, including in- column DNA diges-
tion, according to the manufacturer’s protocol.

Expression of miR- 125b was assessed separately in the 
epidermis and dermis of paraffin- embedded skin. For this 
assessment, we manually separated epidermis from dermis and 
extracted RNA separately with a RecoverAll Total Nucleic Acid Iso-
lation kit (Ambion) following the manufacturer’s protocol. For basal 
microRNA expression analysis, dermal fibroblasts from passage 4 
were collected and RNA was extracted with the Zymo Quick- RNA 

http://onlinelibrary.wiley.com/doi/10.1002/art.41041/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41041/abstract
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KOZLOVA ET AL 2070       |

Microprep RNA isolation kit, including in- column DNA digestion. 
Reverse transcription and qPCR were performed according to the 
method of Chen et al (24). Details are provided in the Supplemen-
tary Methods and Supplementary Tables 3 and 4, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41041/ abstract.

Transfection and RNA sequencing. For transfections, 
we used the following assays: mirVana hsa- miR- 125b- 5p inhib-
itor (anti- 125b) (assay ID MH10148; catalog no. 4464085), mir-
Vana miRNA Inhibitor Negative Control #1 (anti- scr; catalog no. 
4464077), mirVana miRNA mimic hsa- miR- 125b- 5p (pre- 125b) 
(assay ID MC10148; catalog no. 4464067), and mirVana miRNA 
mimic Negative Control #1 (mimic scrambled control [pre-scr con-
trol]; catalog no. 4464058) (all from ThermoFisher Scientific). For 
BAK- 1 knockdown, FlexiTube GeneSolution (product no. 1027416/
catalog no. GS578; Qiagen) and respective small interfering RNA 
(siRNA) negative control were used at a concentration of 0.4 nM. 
Cells were transfected according to the RNAiMAX transfection pro-
cedure with Lipofectamine RNAiMAX reagent (ThermoFisher Sci-
entific) and a final concentration of 100 nM RNA. Functional assays 
were performed and cells were harvested for RNA or proteins 24, 
48, and 72 hours after transfection. The RNA sequencing method-
ology is described in the Supplementary Methods.

Western blotting, type Ia1 procollagen enzyme- 
linked immunosorbent assay (ELISA), and Sircol collagen 
assay. Western blotting was performed using the following pri-
mary antibodies according to standard protocols (25): anti–BAK- 1 
(1:500) (catalog no. ab32327; Abcam), anti–cleaved caspase 3 
(1:200) (catalog no. ab2302; Abcam), and anti–α- smooth muscle 
actin (anti–α- SMA; 1:1,000) (catalog no. A2547; Sigma). GAPDH 
was used as a loading control (1:10,000) (catalog no. 2118; Cell 
Signaling Technology). Proteins for Western blotting of cleaved 
caspase 3 were harvested 48 hours after transfection including 16 
hours of treatment with 2 μM staurosporine (an apoptosis inducer) 
(catalog no. S5921; Sigma). ImageJ software was used to semi-
quantify the signal.

A human type Ia1 procollagen ELISA (R&D Systems) and 
Sircol assay (Biocolor Life Science Assays) were used to assess 
the collagen content in cell supernatants according to the manu-
facturers’ protocols. All experiments were performed in triplicate. 
Mean absorbance and collagen concentration were calculated 
using the standard curve. Unstimulated anti- scr cells served as 
controls. Results for all experimental conditions were calculated 
as fold change compared to controls.

Immunofluorescence staining for α- SMA and 
cleaved caspase 3. For immunofluorescence staining, 2,000 
cells were seeded in 8- well glass chamber slides (Lab- Tek). 
The next day they were transfected with anti- 125b or anti- scr 
controls. In addition, cells were stimulated with 10 ng/ml TGFβ 

(for α- SMA staining) or with 200 μM (S)- (+)- camptothecin 
 (catalog no. C9911; Sigma) to stimulate apoptosis (for cleaved 
caspase 3 staining) 24 hours after transfection. After respec-
tive fixation and blocking, cells were incubated with primary 
anti–α- SMA antibody (1:100) for 1 hour at room temperature 
or anti–cleaved caspase 3 antibody (1:300) (catalog no. 9661; 
Cell Signaling Technology) overnight at 4°C. The following sec-
ondary antibodies were used: goat anti- mouse IgG (heavy and 
light chains) labeled with Alexa Fluor 546 (1:400; ThermoFisher 
Scientific) for α- SMA staining or goat anti- rabbit IgG (heavy 
and light chains) labeled with Alexa Fluor 546 (1:400; Ther-
moFisher Scientific) for cleaved caspase 3 staining. To visualize 
cell nuclei, slides were counterstained with DAPI. Photographs 
were taken with an Olympus BX53 microscope equipped with 
a DP80 camera. Confocal photographs of cleaved caspase 
3 immunofluorescence staining were taken with a Leica SP8 
inverse microscope.

Caspase- Glo 3/7 and RealTime- Glo Annexin V  
Apoptosis assays. To assess apoptosis, a Caspase- Glo 3/7 
assay (Promega) was used to measure the activity of the key 
effector caspases 3 and 7. Cells were seeded at a density of 
2,000 cells/well in 96- well white- walled plates. The next day, cells 
were transfected with anti- 125b, anti- scr control, pre- 125b, or 
pre- scr control. Cleaved caspase 3/7 activity was assessed 24, 
48, and 72 hours after transfection. (S)- (+)- camptothecin (200 
μM) was added 18 hours before the assay to stimulate apoptosis. 
Caspase- Glo reagent was distributed to the wells, carefully mixed, 
and left to incubate in the dark for 90 minutes at room tempera-
ture. Luminescence signals were measured using a Synergy HT 
microplate reader (BioTek).

A RealTime- Glo Annexin V Apoptosis kit (Promega) was 
used to assess the progression of apoptosis after transfection in 
real time. Cells were seeded at a density of 2,000 cells/well in 
96- well white- walled plates and were allowed to settle overnight. 
Twenty- four hours after transfection, cells were stimulated with 2 
μM staurosporine (an apoptosis inducer), and the annexin V signal 
was recorded every 70 minutes between 5 and 16 hours after 
apoptosis stimulation.

All experiments were performed in quadruplicate. The mean 
luminescence was calculated, and anti- scr–transfected unstimu-
lated cells served as controls. All experimental results were calcu-
lated as fold change compared to controls.

Real- time cell proliferation assay. Real- time cell anal-
ysis (RTCA) was used to assess cell proliferation after anti- 125b 
transfection in real time. Cells were seeded in E- plates (ACEA Bio-
sciences), transfected with anti- 125b or anti- scr control, and stim-
ulated with TGFβ. The cell index was measured every half an hour 
up to 1 week. An RT- CES 16× E- Plate Station (ACEA Biosciences) 
was used in a 5% CO2, 37°C incubator. RTCA software was used 
to analyze the data.

http://onlinelibrary.wiley.com/doi/10.1002/art.41041/abstract
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Statistical analysis. Data are presented as the median 
and interquartile range (IQR). Nonparametric tests (e.g., Mann- 
Whitney, Wilcoxon tests, etc.) were used for assessing statistical 
significance. P values less than 0.05 were considered significant. 
Statistical analysis was performed using GraphPad Prism 7.

RESULTS

MiR- 125b expression and regulation in SSc skin 
and primary dermal fibroblasts. Samples were obtained 
from SSc patients with different disease subtypes (diffuse cuta-
neous SSc [dcSSc] and limited cutaneous SSc [lcSSc]) and dif-
ferent disease durations (range 1–10 years) (see Supplementary 
Table 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41041/ abstract, 

for the characteristics of the SSc patients). In all biopsy samples 
analyzed, miR- 125b was consistently down- regulated in SSc 
skin compared with healthy control skin (median fold change 
0.47 [Q1,3 0.35, 0.69]; P < 0.001) (n = 10 samples per group) 
(Figure 1A). The related family member miR- 125a was not differ-
entially expressed (data not shown). Similarly, miR- 125b expres-
sion was reduced in cultured dermal SSc fibroblasts compared 
with healthy control fibroblasts (median fold change 0.53 [Q1,3 
0.36, 0.58]; P < 0.001) (n = 10 samples per group) (Figure 1B). 
In addition, the expression of miR- 125b was down- regulated 
in both dermis and epidermis in paraffin- fixed skin samples 
from SSc patients compared to healthy donors (Supplementary 
Figure 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41041/ abstract). 
Thus, these data indicate that miR- 125b is consistently  

Figure 1. Expression of microRNA- 125b (miR- 125b) in healthy control (HC) and systemic sclerosis (SSc) skin samples and primary dermal 
fibroblasts. A, MiR- 125b expression in skin biopsy samples from healthy controls and SSc patients (n = 10 per group). B, Basal expression 
of miR- 125b in cultured primary dermal fibroblasts from healthy controls and SSc patients (n = 10 per group). In A and B, circles represent 
healthy controls, triangles represent patients with diffuse cutaneous SSc, and squares represent patients with limited cutaneous SSc; horizontal 
lines and error bars show the median and interquartile range (IQR). *** = P < 0.001 by Mann- Whitney test. C-H, Regulation of miR- 125b 
expression by histone deacetylase inhibitors (HDAC). C and D, Expression of miR- 125b in healthy control fibroblasts (n = 5) (C) and SSc 
fibroblasts (n = 5) (D) stimulated with the indicated doses of the HDAC inhibitor trichostatin A (TSA) for 24 hours. E and F, Expression of miR- 
125b in healthy control fibroblasts (n = 6) (E) and SSc fibroblasts (n = 5) (F) stimulated with 2 μM TSA for up to 72 hours. G and H, Expression 
of miR- 125b in healthy control fibroblasts (n = 7) (G) and SSc fibroblasts (n = 7) (H) stimulated with the indicated doses of the HDAC inhibitor 
tubastatin A (TBA) for 24 hours. I and J, Expression of the unrelated miR- 342 in healthy control fibroblasts (n = 7) (I) and SSc fibroblasts  
(n = 7) (J) stimulated with the indicated doses of TBA for 24 hours. In C–J, solid red lines show the median expression in control samples; 
broken lines show the median expression in SSc samples under unstimulated conditions. Values are the median and IQR. * = P < 0.05;  
** =  P < 0.01; *** = P < 0.001, by analysis of variance and Dunnett’s test. NS = not significant. Color figure can be viewed in the online issue, 
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41041/abstract.
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down- regulated in SSc skin across different disease stages, 
compartments, and cell types, including fibroblasts.

We further showed that key cytokines active in SSc (TGFβ1, 
TGFβ1 plus activin, PDGF, IL- 1β, IL- 4, IL- 13, IL- 17A, and 

TNF) did not modulate the expression of miR- 125b in primary 
dermal fibroblasts (Supplementary Figure 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41041/ abstract, and data not shown). 

Figure 2. Regulation of α- smooth muscle actin (α- SMA) expression by microRNA- 125b (miR- 125b) after transforming growth factor β (TGFβ) 
stimulation. A and B, ACTA2 mRNA expression in healthy control fibroblasts that were not starved (A) and healthy control fibroblasts that were 
starved for 3 days (B). Cells were transfected with anti- scr control or anti- 125b and left unstimulated or stimulated with TGFβ for 2 days (n = 6 
per group in A and 5 per group in B). RNA was harvested 4 days after transfection. C and D, Representative Western blots and semiquantitative 
densitometric analysis of α- SMA in healthy control fibroblasts that were not starved (C) and healthy control fibroblasts that were starved for 4 
days (D), analyzed with ImageJ software. Cells were transfected with anti- scr control or anti- 125b and left unstimulated or stimulated with TGFβ 
for 3 days (n = 6 per group). Cells were harvested 5 days after transfection. E, Immunofluorescence of α- SMA (red) in healthy control fibroblasts 
(n = 4). Cells were transfected with anti- scr control or anti- 125b and left unstimulated or stimulated with TGFβ. Slides were counterstained with 
DAPI (blue). Bars = 100 μm. F and G, Representative Western blots and semiquantitative densitometric analysis of α- SMA in systemic sclerosis 
fibroblasts, analyzed with ImageJ software. Cells were starved for 4 days and transfected for 5 days with anti- scr control or anti- 125b (F) or 
transfected with pre- scr or pre- 125b (G) and left unstimulated or stimulated with TGFβ for 3 days (n = 8 per group in F and 5 per group in G). Cells 
were analyzed 5 days after transfection. In A–D, F, and G, red lines show the median expression in control samples. Symbols represent individual 
samples; horizontal lines and error bars show the median and interquartile range. * = P < 0.05; ** = P < 0.01, by Mann- Whitney test. NS = not 
significant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41041/abstract.
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In contrast, TSA, a pan- inhibitor of histone deacetylases 
(HDACs), down- regulated miR- 125b expression in a time-  and 
dose- dependent manner in SSc and healthy control fibroblasts 
(Figures  1C–F). Valproic acid, an inhibitor of class I HDACs, 
had no significant effect on miR- 125b expression (Supplemen-
tary Figure 3, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41041/ 
abstract). However, TBA, an inhibitor of class II HDACs, down- 
regulated miR- 125b in a dose- dependent manner in SSc and 
healthy control fibroblasts (Figures 1G and H). TBA specifically 
down- regulated miR- 125b, but not unrelated miRs, as shown 
for miR- 342 (Figures 1I and J).

Taken together, these findings indicate that the down- 
regulation of miR- 125b is independent of the main cytokines that 
play an emergent role in SSc. However, the experiments indicated 
an epigenetic regulation of this miR.

Role of miR- 125b in fibrosis. To characterize the func-
tional role of miR- 125b in the pathophysiology of SSc, we per-
formed targeted inhibition and overexpression using mirVana 
antagomirs (anti-miRs) and precursor miRNAs (pre- miRs). Trans-
fection with anti- 125b resulted in >99% down- regulation of miR- 
125b expression  (Supplementary Figures 4A and B, available on 
the  Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41041/ abstract), while transfection with 
pre- 125b caused an average 7.6- fold increase in the expression 
of miR- 125b in healthy control and SSc fibroblasts 24–72 hours 
after transfection  (Supplementary Figures 4C and D).

The expression levels of α- SMA and types I, III, and V col-
lagen were analyzed to assess the effect of miR- 125b down- 
regulation on key fibrotic parameters. There was no change in 
the expression of collagens at the mRNA or protein level after 
miR- 125b down- regulation with or without TGFβ1 stimulation 
in healthy control and SSc fibroblasts (Supplementary Figures 
5A–H, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41041/ abstract). TGFβ1 
stimulation caused a median 44% lower expression (median 
fold change 0.56 [Q1,3 0.51, 0.6]; P < 0.01) of ACTA2 (α- SMA 
gene) in anti- 125b–transfected cells compared to anti- scr con-
trols, whether cells were starved or not (Figures 2A and B), while 
no difference was observed at the basal level without TGFβ1 
stimulation. Accordingly, healthy control fibroblasts transfected 
with anti- 125b and stimulated with TGFβ1 showed a significantly 
reduced expression of α- SMA protein content and fiber forma-
tion when cells were not starved (Figures 2C and E) and even 
stronger reduction when cells were starved (Figure 2D), which 
was further confirmed in SSc fibroblasts (median fold change 
5.32 [Q1,3 3.17, 6.34] for anti- 125b versus 9.05 [Q1,3 7.94, 9.9] 
for anti- scr; P < 0.01) (Figure 2F). In addition, miR- 125b overex-
pression caused an up- regulation of α- SMA protein at the basal 
level (median fold change 3.77 [Q1,3 2.2, 3.82]; P < 0.01), which 
increased further after stimulation with TGFβ1 (Figure 2G). Thus, 

miR- 125b affected α- SMA expression at the mRNA and protein 
levels, but did not induce collagen expression.

Identification of potential proapoptotic targets of 
miR- 125b by RNA deep sequencing. To identify direct targets 
of miR- 125b in the pathogenesis of SSc, we down- regulated miR- 
125b with antagomirs in healthy control fibroblasts, mimicking the 
down- regulation observed in SSc skin. RNA was isolated 24 hours 
later and subjected to deep RNA sequencing. For assessing differ-
entially expressed genes, the following criteria were used: fragments 
per kilobase million >5, fold change >1.2, P < 0.01 (Supplementary 
Figure 6A, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41041/ abstract).

In total, 163 genes were differentially expressed (36 down- 
regulated and 127 up- regulated). We used computational pre-
diction algorithms (TargetScan and miRWalk) to predict which 
of the newly identified differentially expressed genes were miR 
targets. Of 163 differentially expressed genes, 59 were identified 
as predicted targets of miR- 125b, which indicated successful 
enrichment for miR- 125b targets in this experimental setting. 
Hierarchical clustering of the predicted targets (Supplementary 
Figure 6B) allowed us to choose consistently up- regulated tar-
gets for further validation. Consequently, BAK1, BMF, and BBC3, 
which are all members of the mitochondrial apoptotic pathway,  
were identified (Supplementary Table 5, available on the Arthritis  
& Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41041/ abstract). Quantitative PCR showed that 
at 24, 48, and 72 hours after down- regulation of miR- 125b, all 
3 target genes were consistently up- regulated in healthy control 
fibroblasts (median fold change 1.21–1.79; P < 0.01) (Figure 3A). 
Similarly, these proapoptotic genes were up- regulated 48 and 
72 hours after transfection in SSc fibroblasts. At 24 hours, BAK1 
and BMF were significantly up- regulated in SSc fibroblasts 
(median fold change 1.53 and 1.47, respectively; P < 0.05), but 
BBC3 was not (median fold change 1.15; P = 0.21) (Figure 3B).

To further confirm that miR- 125 regulates BAK1, BMF, and 
BBC3, we next overexpressed miR- 125b in SSc and healthy 
control fibroblasts using pre- miRs. BAK1, BMF, and BBC3 
were down- regulated 24–72 hours after transfection (median 
fold change 0.41–0.74 in healthy control and SSc fibroblasts;  
P < 0.05) (Figures 3C and D). These results indicate that miR- 125b 
down- regulation and overexpression directly affect the expression 
of its predicted targets.

Among these 3 genes of interest, BAK1 is the main regula-
tor of apoptosis, while BMF and BBC3 play secondary roles in 
the mitochondrial apoptotic pathway. Based on the qPCR data, 
the miR- 125b–dependent regulation of BAK1 gene expression 
was the most consistent among all predicted targets. In healthy 
control fibroblasts, BAK- 1 protein expression was up- regulated 
after miR- 125b down- regulation as early as 48 hours after trans-
fection (median fold change 2.19 [Q1,3 1.52, 2.47]; P < 0.01) and 
showed sustained up- regulation up to 72 hours (median 2.28 
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[Q1,3 1.66, 2.51]; P < 0.01) (Figure 4A). The maximal up- regulation 
of BAK- 1 in SSc fibroblasts after miR- 125b down- regulation was 
observed at 72 hours (median fold change 2.61 [Q1,3 1.96, 3.76]; 
P < 0.01) (Figure 4B). Overexpression of miR- 125b decreased 
the expression of BAK- 1 in healthy controls (median fold change 

0.38 [Q1,3 0.23, 0.48]; P < 0.05) and SSc fibroblasts (median fold 
change 0.45 [Q1,3 0.22, 0.61]; P < 0.05) (Figure 4C), indicating 
direct effects of miR- 125b on BAK- 1 protein expression.

To further confirm BAK- 1 as the main target of miR- 125b, 
we analyzed the basal expression levels of BAK- 1 and 2 other 

Figure 3. MiR- 125b regulation of the expression of its proapoptotic targets BAK1, BMF, and BBC3. A, BAK1, BMF, and BBC3 mRNA 
expression in healthy control (HC) fibroblasts 24, 48, and 72 hours after transfection with anti- 125b. B, BAK1, BMF, and BBC3 mRNA 
expression in systemic sclerosis (SSc) fibroblasts 24, 48, and 72 hours after transfection with anti- 125b. C, BAK1, BMF, and BBC3 
mRNA expression in healthy control fibroblasts 24, 48, and 72 hours after transfection with pre- 125b. D, BAK1, BMF, and BBC3 mRNA 
expression in SSc fibroblasts 24, 48, and 72 hours after transfection with pre- 125b. Red lines show median expression in control samples. 
Symbols represent individual samples (n = 12 per time point); horizontal lines and error bars show the median and interquartile range.  
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus anti-scr and pre-scr controls, by Wilcoxon’s signed rank test. 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.41041/abstract. 
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targets (BMF and Bcl- 2–binding component 3 [BBC- 3]) in skin 
biopsy samples and dermal fibroblasts. We found that BAK- 1 
was significantly up- regulated in SSc skin (n = 9) compared 
with healthy control skin (n = 13) (median fold change 1.76 

[Q1,3 1.27, 2.14]; P < 0.001) (Figure 4D), as well as in SSc pri-
mary dermal fibroblasts (n = 13) compared with healthy control 
fibroblasts (n = 10) (median fold change 1.75 [Q1,3 1.14, 3.13];  
P < 0.05) (Figure 4E). There was no significant difference between 

Figure 4. MiR- 125b regulation of proapoptotic Bcl- 2 homologous antagonist killer 1 (BAK- 1) protein expression. A and B, Representative Western 
blots and semiquantitative densitometric analysis of BAK- 1 expression in healthy control (HC) fibroblasts (A) and systemic sclerosis (SSc) fibroblasts 
(B) 48 and 72 hours after transfection with anti- 125b (n = 10 per group). ImageJ software was used for analysis. C, Representative Western blots and 
semiquantitative analysis of BAK- 1 expression in healthy control fibroblasts (n = 6) and SSc fibroblasts (n = 8) 48 hours after transfection with pre- 
125b. D, BAK- 1 expression in skin biopsy samples from healthy controls (n = 13) and SSc patients (n = 9). E, Basal expression of BAK- 1 in cultured 
primary dermal fibroblasts from healthy controls (n = 10) and SSc patients (n = 13). F and G, Representative Western blots and semiquantitative 
analysis of cleaved caspase 3 expression in healthy control fibroblasts (F) and SSc fibroblasts (G) transfected with negative control small interfering 
RNA (siRNA) or BAK- 1 siRNA (n = 7 per group). ImageJ software was used for analysis. Red lines show median expression in control samples. 
Symbols represent individual samples; horizontal lines and error bars show the median and interquartile range. * = P < 0.05; ** = P < 0.01; *** = P < 
0.001, by Wilcoxon’s signed rank test in A–C, F, and G; by Mann- Whitney test in D and E. STP = staurosporine (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.41041/abstract.
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SSc patients and healthy controls in the basal expression levels 
of BMF or BBC- 3 in either skin or dermal fibroblasts (data not 
shown).

To implicate BAK- 1 as the main target of miR- 125b and as 
a crucial mediator in apoptosis, we down- regulated its expres-
sion with siRNA in healthy control and SSc dermal fibroblasts 

Figure 5. Regulation of cleaved caspases 3/7 by miR- 125b and Bcl- 2 homologous antagonist killer 1 (BAK- 1). A and B, Apoptosis, assessed 
by cleaved caspase 3/7 activity measured by Real- Glo assay, in healthy control (HC) fibroblasts (n = 10) and systemic sclerosis (SSc) fibroblasts 
(n = 9) 24, 48, and 72 hours after transfection with anti- 125b (A) or pre- 125b (B). Camptothecin (200 μM) was added 18 hours before the assay 
to induce apoptosis. C and D, Representative Western blots and semiquantification of cleaved caspase 3 in healthy control fibroblasts (n = 10) 
(C) and SSc fibroblasts (n = 10) (D) transfected with anti- 125b. ImageJ software was used for analysis. E, Representative Western blots and 
semiquantification of cleaved caspase 3 in healthy control fibroblasts (n = 3) and SSc fibroblasts (n = 3) transfected with pre- 125b. Significance 
was not tested due to low sample numbers. F and G, Apoptosis, determined by cleaved caspase 3/7 assay, in healthy control fibroblasts and 
SSc fibroblasts 48 hours after transfection with anti- 125b, BAK- 1 small interfering RNA (siRNA), anti- 125b and BAK- 1 siRNA, or the indicated 
controls (n = 8 per group in F and 7 per group in G). Apoptosis was induced by camptothecin. Red lines show median expression in control 
samples. Symbols represent individual samples; horizontal lines and error bars show the median and interquartile range. * = P < 0.05; ** = P < 0.01;  
*** = P < 0.01, by Wilcoxon’s signed rank test. STP = staurosporine (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.41041/abstract.
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 (Supplementary Figure 7, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41041/ 
abstract). We observed a significant reduction in apoptosis 
assessed by Western blotting of cleaved caspase 3 (Figures 4F 
and G) and cleaved caspase 3/7 assay (Figures 5F and G). These 
results clearly confirm that BAK- 1 represents a proapoptotic pro-
tein in healthy control and SSc primary dermal fibroblasts.

Increased apoptosis and decreased proliferation 
upon miR- 125b down- regulation. We hypothesized that the 
up- regulation of apoptotic genes at the mRNA and protein levels 
might influence the apoptosis rate of transfected cells. Accordingly, 
we performed a cleaved caspase 3/7 assay, which detects the 
cleaved effector caspases 3 and 7, assessing the final irreversible 
step of apoptosis. Since spontaneous apoptosis is a rare event in 
our experimental cell culture set- up, we used camptothecin and 
staurosporine to induce apoptosis. Down- regulation of miR- 125b 
increased the rate of apoptosis in healthy control cells as early as 
24 hours after transfection (median fold change 1.52 [Q1,3 1.33, 

1.82]; P < 0.01) (Figure 5A). The higher rate of apoptosis persisted 
up to 72 hours after transfection in healthy control and SSc fibro-
blasts. To confirm the effects of miR- 125b on apoptosis, we over-
expressed miR- 125b and observed reduced apoptosis starting 
24 hours after transfection in SSc fibroblasts (median fold change 
0.42 [Q1,3 0.24, 0.62]; P < 0.01) up to at least 72 hours in healthy 
control fibroblasts (median fold change 0.45 [Q1,3 0.33, 0.7];  
P < 0.01) (Figure 5B).

To further verify the increased apoptosis in cells transfected 
with anti- 125b, we performed Western blotting and immuno-
fluorescence staining for cleaved caspase 3. MiR- 125b down- 
regulation resulted in higher levels of cleaved caspase 3 compared 
with anti- scr controls in healthy control fibroblasts (median fold 
change 2.29 [Q1,3 1.62, 4.02]) and in SSc fibroblasts (median fold 
change 2.21 [Q1,3 1.19, 4.09]; P < 0.01) (Figures 5C and D and 
Supplementary Figure 8, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41041/ 
abstract). Accordingly, overexpression of miR- 125b caused a 
lower cleaved caspase 3 signal detected by Western blotting 

Figure 6. MiR- 125b activates apoptosis and reduces cell proliferation. A, Annexin V signal in cells transfected with anti- 125b or anti- scr and 
left unstimulated or stimulated with staurosporine (STP) to induce apoptosis. Representative results are shown. B, Annexin V signal in systemic 
sclerosis (SSc) samples (n = 6) at the indicated time points after transfection with anti- 125b. Red line shows median expression in control 
samples. Symbols represent individual samples; horizontal lines and error bars show the median and interquartile range (IQR). * = P < 0.05 
versus control, by Wilcoxon’s signed rank test. C, Representative results of real- time proliferation assessed by cell index, normalized to the time 
point of transfection. Cells were transfected with anti- scr or anti- 125b and left unstimulated or stimulated with TFGβ. D, Proliferation of SSc 
fibroblasts, assessed by the slope of the exponential growth phase. Bars show the median and IQR (n = 8 samples). * = P < 0.05 by Wilcoxon’s 
matched pairs signed rank test. See Figure 2 for other definitions.
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 (Figure 5E), confirming that miR- 125b down- regulation activates 
cells to become more prone to undergo apoptosis and its over-
expression dampens this process.

In order to elucidate the main target through which miR- 
125b regulates apoptosis, we performed double transfection 
(down- regulation of miR- 125b expression with anti- 125b and 
down- regulation of BAK- 1 expression with siRNA) and further 
assessed apoptosis by cleaved caspase 3/7 assay. As expected, 
BAK- 1 down- regulation alone decreased the level of apoptosis 
in both healthy control and SSc fibroblasts 48 hours after trans-
fection. Indeed, double down- regulation of miR- 125b and BAK- 1 
led to a significantly lower rate of apoptosis than down- regulation 
of miR- 125b alone in healthy control and SSc fibroblasts after  
48 hours (Figures 5F and G) and 72 hours (Supplementary Figure 
9, avail able on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41041/ abstract), indicat-
ing the crucial role of BAK- 1 in miR- 125b–regulated apoptosis.

To further investigate the role of miR- 125b in apoptosis, we 
performed annexin V live staining after anti- 125b transfection 
with and without apoptosis stimulation. As early as 5 hours after 
staurosporine- induced apoptosis, increased annexin V signals 
were observed in cells transfected with anti- 125b compared to 
anti- scr control (Figure 6A). This effect steadily increased for up 
to 16 hours, with a significant difference between 7 and 15 hours  
(P < 0.05) (Figure 6B).

Additionally, we investigated the effects of miR- 125b on pro-
liferation of SSc fibroblasts by real- time proliferation assay. The cell 
index was monitored over 160 hours (Figure 6C), and the slope 
of the exponential growth phase was used to assess proliferation. 
After TGFβ1 stimulation, cells transfected with anti- 125b showed 
decreased levels of proliferation compared to anti- scr controls  
(P < 0.05; n = 8) (Figure 6D). Similarly, reduced proliferation was also 
detected by bromodeoxyuridine (BrdU) assay in healthy control and 
SSc fibroblasts after anti- 125b transfection (median fold change 
0.83 [Q1,3 0.71, 0.9]; P < 0.05) (Supplementary Figure 10, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41041/ abstract).

Taken together, these findings indicate that miR- 125b down- 
regulation in SSc skin biopsy samples and SSc dermal fibroblasts 
increased apoptosis and reduced proliferation in dermal fibro-
blasts, indicating a regulatory role of miR- 125b in fibrosis.

DISCUSSION

Our study showed that miR- 125b is down- regulated in the 
skin and primary dermal fibroblasts of SSc patients compared 
to healthy controls. The miRs previously identified to be down- 
regulated in SSc (let- 7a, miR- 7, miR- 29, miR- 133, etc.) directly 
de- repressed their ECM targets, such as collagens, thereby facil-
itating fibrogenesis (15,16,26–28). In contrast, we demonstrated 
that miR- 125b did not directly alter ECM components, namely, 
types I, III, and V collagen. Conversely, miR- 125b down- regulation 

resulted in significantly decreased expression of α- SMA, a 
marker of activated fibroblasts. After miR- 125b down- regulation, 
less α- SMA–positive fibers were observed, indicating that there 
was a reduced number of α- SMA–positive cells, i.e., activated 
myofibroblasts. Such discrepancies might occur due to different 
molecular mechanisms of collagen production and formation of 
α- SMA–positive fibers, even though both features usually appear 
together in emerging fibrosis. Neither type I collagen nor α- SMA 
are direct predicted targets of miR- 125b; therefore, we assume 
that reduced formation of α- SMA–positive fibers may be a result 
of cytoskeleton reorganization due to cells entering a proapoptotic 
status (29,30), which is discussed below. Thus, while previously 
identified differentially expressed miRs in SSc promote fibrosis, 
in this study we demonstrated a novel role of microRNAs in the 
pathophysiology of SSc: the down- regulation of miR- 125b in SSc 
exerts protective counterregulatory effects on the progression of 
skin fibrosis.

A recent study showed that miR- 125b was up- regulated 
in cardiac fibrosis and in human primary cardiac fibroblasts 
(17). This process was directly regulated by TGFβ1 and poten-
tiated TGFβ- induced type I collagen and α- SMA expression. At 
the same time, down- regulation of miR- 125b in human primary 
cardiac fibroblasts decreased TGFβ- driven type I collagen and 
α- SMA expression (17). Consistent with these published data, in 
our experiments with dermal fibroblasts, down- regulation of miR- 
125b decreased TGFβ- driven α- SMA expression on the mRNA 
and protein level, but did not affect type I collagen expression. 
Therefore, while down- regulation of miR- 125b in SSc skin may 
play a compensatory, protective role against fibrosis, miR- 125b 
up- regulation in cardiac fibrosis appears to be profibrotic. Such 
organ-  and disease- specific functions are well- known features of 
miRs in general and of miR- 125b specifically, for which pro-  and 
antiapoptotic effects in oncology have been proposed depending 
on the underlying type of cancer (18).

We found that miR- 125b expression in primary dermal fibro-
blasts is independent from major cytokines active in SSc. How-
ever, it is down- regulated by inhibitors of HDACs, as shown by 
experiments with TSA (a pan- inhibitor of HDACs) and TBA (an 
inhibitor of class II HDACs with the greatest selectivity for HDAC- 6 
[31]). Recent studies in oncology showed an up- regulation of miR- 
125b by HDAC inhibitors, again pointing to tissue-  and disease- 
specific effects (32–35). Our results indicate the presence of an 
epigenetic repressor of miR- 125b, which is activated by HDAC 
inhibitors. The detailed mechanisms underlying these effects need 
to be elucidated in further studies.

A limitation of our study is the lack of a sufficient number of 
biopsy site–matched healthy control samples and of samples 
from patients with each subset of SSc (lcSSc and dcSSc). There-
fore, we used additional, unmatched healthy controls for analy-
sis. Despite the fact that there may be a distinct gene expression 
pattern at different sites of the body due to tissue origin and 
physiologic conditions, as well as different gene expression  
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 signatures in the different disease subsets, there was no signif-
icant difference in miR- 125b expression between different ana-
tomic sites or between analyses of full skin or fibroblasts derived 
from lcSSc patients and those derived from dcSSc patients. 
Therefore, we were able to use controls who were not matched 
for site of biopsy and to pool together all patient data.

To identify direct targets of miR- 125b, we performed RNA 
deep sequencing, which revealed BAK1, BMF, and BBC3 
as potential predicted targets. Of note, all 3 consistently up- 
regulated genes belong to the mitochondrial apoptotic pathway. 
Validation by qPCR showed that down- regulation of miR- 125b 
increased the expression of these genes, whereas miR- 125b 
overexpression resulted in their down- regulation. These obser-
vations further support the notion of a direct functional regulation 
by miR- 125b. Of the 3 genes of interest, BAK1 had the stron gest 
induction after miR- 125b down- regulation. Additionally, miR- 
125b overexpression led to down- regulation of BAK- 1 protein 
in both healthy control and SSc fibroblasts. These results are 
further supported by other studies indicating direct regulation of 
BAK- 1 by miR- 125b (36–40).

One of the proposed mechanisms driving fibrosis in SSc 
and other related diseases is a lack of adequate fibroblast 
apoptosis (4). However, there is an incomplete understand-
ing of the detailed mechanism underlying the activation of 
apoptosis during dermal fibrogenesis. Potential therapeutic 
strategies might be based on promoting apoptosis of patho-
logic dermal myofibroblasts (41). We showed that miR- 125b 
down- regulation increases apoptosis, and that miR- 125b 
up- regulation decreases apoptosis, indicating the functional 
significance of miR- 125b in the regulation of apoptosis in der-
mal fibroblasts. Furthermore, we showed by real- time prolifer-
ation assay and BrdU assay that miR- 125b down- regulation 
reduced cell proliferation in dermal fibroblasts, which is sup-
ported by studies in cancer (18,42). However, if it is consid-
ered for use as an antifibrotic therapy, the different tissue-  and 
cell- specific effects of miR- 125 will have to be addressed.

In conclusion, to our knowledge this is the first study to pro-
vide evidence that down- regulation of a single miR in SSc has 
protective effects on disease progression. Down- regulation of 
miR- 125b may exert compensatory protective effects directed 
against excessive skin fibrosis by decreasing the number of 
α- SMA–positive cells, increasing apoptosis, and decreasing pro-
liferation in dermal fibroblasts.
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Objective. To compare the efficacy of infliximab (IFX) versus adalimumab (ADA) as a first- line biologic drug over 1 
year of treatment in a large series of patients with refractory uveitis due to Behçet’s disease (BD).

Methods. We conducted an open- label multicenter study of IFX versus ADA for BD- related uveitis refractory to 
conventional nonbiologic treatment. IFX or ADA was chosen as the first- line biologic agent based on physician and 
patient agreement. Patients received 3–5 mg/kg intravenous IFX at 0, 2, and 6 weeks and every 4–8 weeks thereafter, 
or 40 mg subcutaneous ADA every other week without a loading dose. Ocular parameters were compared between 
the 2 groups.

Results. The study included 177 patients (316 affected eyes), of whom 103 received IFX and 74 received ADA. 
There were no significant baseline differences between treatment groups in main demographic features, previous 
therapy, or ocular sign severity. After 1 year of therapy, we observed an improvement in all ocular parameters in both 
groups. However, patients receiving ADA had significantly better outcomes in some parameters, including improve-
ment in anterior chamber inflammation (92.31% versus 78.18% for IFX; P = 0.06), improvement in vitritis (93.33% 
versus 78.95% for IFX; P = 0.04), and best- corrected visual acuity (mean ± SD 0.81 ± 0.26 versus 0.67 ± 0.34 for IFX; 
P = 0.001). A nonsignificant difference was seen for macular thickness (mean ± SD 250.62 ± 36.85 for ADA versus 
264.89 ± 59.74 for IFX; P = 0.15), and improvement in retinal vasculitis was similar between the 2 groups (95% for 
ADA versus 97% for IFX; P = 0.28). The drug retention rate was higher in the ADA group (95.24% versus 84.95% for 
IFX; P = 0.042).

Conclusion. Although both IFX and ADA are efficacious in refractory BD- related uveitis, ADA appears to be asso-
ciated with better outcomes than IFX after 1 year of follow- up.
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INTRODUCTION

Behçet’s disease (BD) is a systemic vasculitis characterized 
by recurrent oral and/or genital ulcers, skin lesions, and ocular 
involvement, although it can affect multiple organs (1,2). One of 
the major causes of disability in BD is uveitis. Several studies have 
indicated that the risk of severe visual loss ranges from 13–74% 
within 6–10 years after the onset of uveitis (3–6).

The prognosis of ocular involvement has improved over recent 
decades due to the use of conventional and biologic immunosup-
pressive therapies (7). According to the 2014 expert panel recom-
mendations for the use of anti–tumor necrosis factor (anti- TNF) 
drugs in patients with ocular inflammatory disorders, infliximab 
(IFX; good- quality evidence) or adalimumab (ADA; moderate- 
quality evidence) may be considered as the first-  or second- line 
glucocorticoid- sparing therapy for patients with ophthalmic mani-
festations of BD, and IFX may be considered as the first-  or second- 
line treatment for acute exacerbations of preexisting BD (8).

In 2016, ADA was reported to be the only biologic drug that 
demonstrated efficacy in randomized double- blind, phase III stud-
ies of noninfectious intermediate posterior uveitis and panuveitis 
(the Efficacy and Safety of Adalimumab in Patients With Active 
Non-infectious Uveitis [VISUAL I] trial and the Efficacy and Safety 
of Adalimumab in Subjects With Inactive Non-infectious Uveitis 
[VISUAL II] trial) (9,10). Consequently, ADA was approved by the 
European Medicines Agency (EMA) and the US Food and Drug 
Administration (FDA) for noninfectious non- anterior uveitis. How-

ever, underlying diseases included in the VISUAL trials were very 
heterogeneous. Furthermore, the VISUAL trials included very few 
cases of BD- related uveitis treated with ADA (12 patients [11%] in 
VISUAL I and 10 patients [9%] in VISUAL II). Therefore, conclusions 
regarding the efficacy of ADA in BD were limited. Moreover, little is 
known of differences in outcome for patients with BD- related uve-
itis treated with IFX versus those treated with ADA. Only one pre-
vious study has compared the efficacy of these 2 anti- TNF agents 
in adult patients with refractory noninfectious uveitis (11). However, 
that study included a very heterogeneous group of patients, includ-
ing those with diseases unrelated to BD, such as juvenile idiopathic 
arthritis, spondyloarthritis, and sarcoidosis. Moreover, patients with 
refractory uveitis due to BD represented only 36% of the cases. 
Therefore, there was no specific comparison between IFX and 
ADA for refractory BD- related uveitis.

Taking into account all of these considerations, we aimed to 
compare the efficacy and safety of IFX versus ADA as the first- line 
biologic drug in a large series of patients with refractory uveitis 
exclusively due to BD who were followed up for 1 year.

PATIENTS AND METHODS

Study design, enrollment criteria, and definitions. 
We conducted an observational, open- label multicenter study 
including 177 patients with refractory uveitis due to BD who were 
treated with IFX or ADA as first- line biologic therapy. The dosing 
schedule was as follows: for IFX, 3–5 mg/kg  intravenously (IV) at 
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0, 2, and 6 weeks and every 4–8 weeks thereafter; and for ADA, 
40 mg subcutaneously every other week without loading dose.

All of the BD patients had uveitis refractory to glucocorticoids 
and had previously received at least 1 conventional synthetic immu-
nosuppressive drug. Of the 177 patients, 103 received IFX and 74 
received ADA. Partial information on 124 patients in this series was 
previously reported (12). Patients were followed up at 52 uveitis 
referral units in Spanish hospitals. Patients were diagnosed as hav-
ing BD according to the proposed International Criteria for BD (13), 
and all patients fulfilled the recently proposed criteria for BD (14).

Since uveitis is an off- label indication for IFX, written 
informed consent was requested and obtained from all patients 
in the IFX group. Written informed consent was also obtained 
from patients in the ADA group, since ADA was prescribed 
before approval by the EMA and the FDA for the treatment of 
noninfectious and non- anterior uveitis.

Malignancy or systemic infectious diseases, including hep-
atitis B or C infection, were excluded before starting anti- TNF 
treatment, as previously described (12,15–21). To exclude latent 
tuberculosis (TB), patients underwent a tuberculin skin test (puri-
fied protein derivative) and/or an interferon- γ assay (QuantiFeron) 
and a chest radiograph, as indicated by the Spanish National 
Guidelines for all patients receiving biologic drugs. If latent TB was 
present, prophylaxis with isoniazid was initiated at least 4 weeks 
before beginning biologic treatment and maintained for 9 months.

Uveitis was anatomically classified according to the Stand-
ardization of Uveitis Nomenclature (SUN) Working Group (22). 
Remission was defined as the absence of signs of any intraoc-
ular inflammation for at least 3 months. Intraocular inflammation 
was considered to be present if there was anterior or poste-

rior chamber inflammation, retinal vasculitis, papillitis, or cystoid 
macular edema (CME). A relapse was defined as a new flare of 
uveitis in a patient whose disease was in remission (23).

The conventional immunosuppressive drugs and dosages 
given most frequently before ADA or IFX treatment were cyclo-
sporin A (CsA; 3–6 mg/kg/day orally), methotrexate (MTX; 
7.5–25 mg/week subcutaneously), and azathioprine (AZA; 
100–150 mg/day orally). Consistent with the VISUAL I and 
VISUAL II trials, the maintenance dose of ADA was 40 mg 
subcutaneously every other week. However, the VISUAL I and 
II trials were published after the present study had begun, and 
therefore, patients from our series did not receive a loading 
dose of ADA. Patients in the IFX group received a standard 
loading dose of 3–5 mg/kg IV at weeks 0, 2, and 6 and a 
maintenance dose every 4–8 weeks thereafter. The anti- TNF 
agents were administered in combination with conventional 
immunosuppressive drugs in 78 of 102 patients receiving IFX 
(76.5%) and in 52 patients receiving ADA (70.3%) and as mon-
otherapy in the remaining cases. The conventional drugs used 

in combination with ADA and IFX are shown in Table 1.

Outcome variables. The outcome variables were effi-
cacy, safety, and drug retention rate. To determine efficacy, 
intraocular inflammation, macular thickness, visual acuity, 
degree of  immunosuppression load, number of relapses, and 
glucocorticoid- sparing effect were assessed. These outcome 
variables were recorded at baseline, 1 week, 2 weeks, 1 month, 
3 months, 6 months, and 1 year after the start of IFX or ADA 
treatment. They were assessed in each center according to a 
follow- up protocol agreed upon beforehand.
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The degree of intraocular inflammation was evaluated accord-
ing to the SUN Working Group criteria (22). Vitritis was assessed 
using the Nussenblatt scale (24). The best- corrected visual acuity 
(BCVA) was estimated using a Snellen chart. Following SUN recom-
mendations (22), improvement in anterior uveitis activity was defined 
as either a 2- step decrease in the level of inflammation or a decrease 

to grade 0 for the level of inflammation (on a scale comprised of 
the grades 4, 3, 2, 1, 0.5, and 0). Inactive anterior uveitis (grade 
0) was defined as <1 cell per field in the anterior chamber on slit 
lamp examination. Worsening activity was defined as either a 2- step 
increase in the level of inflammation or an increase to grade 4. Simi-
lar definitions were used for improvement in and worsening of vitritis.

Table 1. Baseline features of and follow- up data for a series of 177 patients receiving IFX or ADA for refractory 
uveitis due to Behçet’s disease*

IFX 
(n = 103)

ADA 
(n = 74) P

No. of patients/no. of affected eyes 103/185 74/131 –
Age, mean ± SD years 40.4 ± 10.1 38.7 ± 1.3 0.29
Sex, no. of men/no. of women 55/48 39/35 0.93
HLA–B51 positive, % 69.4 68.9 0.74
Duration of uveitis before anti- TNF therapy,  

median (IQR) months
36 (12–72) 24 (12–60) 0.69

Ocular features at start of anti- TNF therapy
Anterior chamber inflammation grade, median (IQR) 1 (0–2) 1 (0–2) 0.25
Vitritis grade, median (IQR) 1 (0–2) 1 (0–2) 0.12
BCVA, mean ± SD 0.50 ± 0.35 0.56 ± 0.34 0.08
Macular thickness, mean ± SD μm 331.11 ± 131.97 346.37 ± 136.14 0.49
No. of patients with retinal vasculitis 114 78 0.51
No. of patients with choroiditis 41 10 <0.01

Uveitis pattern, no. (%)
Bilateral 82 (79.61) 57 (77.03) 0.68
Unilateral 21 (20.39) 17 (22.97) 0.68
Anterior 11 (10.68) 14 (18.92) 0.19
Posterior 28 (27.18) 14 (18.92) 0.19
Panuveitis 64 (62.14) 45 (60.81) 0.19
Intermediate 0 (0) 1 (1.35) 0.19

Treatment before start of anti- TNF therapy, %
Oral glucocorticoids 95 88 0.08
Intravenous pulse MP 31 31 0.98
CsA 75 78 0.65
AZA 57 42  0.049
MTX 44 42 0.77
Other treatments 4 2 0.41

Prednisone dosage at start of anti-TNF therapy,  
mean ± SD, mg/day

54.35 ± 15.84 53.37 ± 17.52 0.37

Combined treatment, %† 76.5 70.3 0.35
AZA 21.8 19.2 –
CsA 41.1 55.7 –
MTX 33.3 21.1 –
CYC 1.3 0.0 –
MMF 1.3 3.8 –
FK- 506 1.3 0.0 –

Follow- up data
Duration of follow- up, mean ± SD months 31.52 ± 23.51 26.48 ± 18.57 0.13
Remission, no. (%) 78 (76.47)‡ 61 (82.43) 0.34
No. of relapses, mean ± SD 1.13 ± 2.62 1.66 ± 8.62 0.61
Drug discontinuation, no. (%) 57 (55.33) 21 (28.37) <0.01
Reason for discontinuation, no. (%)

Remission 20 (19.41) 6 (8.1) 0.58
Inefficacy 18 (17.47) 11 (14.86) 0.09
Severe side effects/toxicity 8 (7.76) 4 (5.4) 0.58
Other 11 (10.68) 0 (0) 0.03

Serious side effects per 100 patient- years, mean ± SD 4 ± 1.48 4 ± 2.46 0.40
* IFX = infliximab; ADA = adalimumab; IQR = interquartile range; BCVA = best- corrected visual acuity; MP = meth-
ylprednisolone; CsA = cyclosporin A; AZA = azathioprine; MTX = methotrexate; CYC = cyclophosphamide; MMF = 
mycophenolate mofetil. 
† Patients receiving conventional immunosuppressive drugs in combination with the anti–tumor necrosis factor 
(anti- TNF) agent. 
‡ Data were available for 102 patients. 
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Fluorescein angiography (FA) was performed to assess the 
presence of vasculitis. FA results were reviewed for the presence 
of vasculitis, papillitis, and CME. Retinal vasculitis was defined 
as a retinal angiographic leakage, staining, and/or occlusion on 
FA (4). Choroiditis and retinitis were considered active or inactive 
depending on the presence or absence, respectively, of activity 
data on ophthalmoscopic examination and/or FA.

Macular thickness was measured by high- definition optical 
coherence tomography (OCT), a noninvasive imaging technique 
that uses light waves to obtain high- resolution cross- sectional 
images of the retina. Scans were obtained using a 512 × 128 scan 
pattern. Macular thickening was defined as a macular thickness 
>250 μm, whereas CME was considered to be present if macular 
thickness was >300 μm.

The degree of immunosuppression was calculated accord-
ing to the semiquantitative scale proposed by Nussenblatt 
et al (25,26). This grading scheme provides a combined, single 
numeric score for the total immunosuppression load per unit of 
body weight per day. Each agent (prednisone, CsA, AZA, MTX, 
and other immunosuppressants) was graded on a scale of 0–9, 
except for mycophenolate mofetil, which was graded on a scale 
of 0–7. For patients receiving multiple medications, the sum of 
the grading scores for each drug was used to calculate the total 
immunosuppression score on a scale of 0–15 at the baseline visit 
and at each subsequent visit. Topical or periocular glucocorticoid 
therapy was excluded from the calculation of the immunosup-
pression load. The biologic agent dose was not used to calculate 
the final immunosuppression load.

Statistical analysis. Results are expressed as the mean 
± SD for normally distributed variables and as the median (inter-
quartile range [IQR]) for non- normally distributed variables. Con-
tinuous variables were compared by Student’s 2- tailed t- test (for 
normally distributed variables) or Mann- Whitney U test (for non- 
normally distributed variables). The chi- square test or Fisher’s 
exact test was used for dichotomous variables. Wilcoxon’s signed 
rank test was used to compare continuous variables between the 
2 treatment groups. BCVA, anterior chamber inflammation, vitri-
tis, retinal vasculitis, and OCT findings were assessed at baseline 
(first visit before the initiation of anti- TNF treatment), 1 week, 2 
weeks, 1 month, 3 months, 6 months, and 1 year and compared 
between time points within each group. In addition, mixed linear 
models were used with repeated- measures data to accommo-
date the effects of treatment and time and the covariation between 
observations for the same subject at different times. This mixed 
model allows greater flexibility in modeling covariance structures 
for repeated- measures data, and adequately accounts for the 
 within- subject time- dependent correlations. Further, Bonferroni 
correction for multiple comparisons was performed in order to 
control for the family-wise error rate. P values less than 0.05 were 
considered significant. Statistical analysis was performed using 
Statistica software (StatSoft).

RESULTS

Baseline demographic and clinical features of the 
patients in the IFX and ADA groups. A total of 177 patients 
(316 affected eyes) with uveitis refractory to conventional immuno-
suppressive therapy were studied (Table 1). Of these patients, 103 
(58%) were treated with IFX and 74 (42%) were treated with ADA 
as a first- line biologic agent. In both groups, men slightly outnum-
bered women (55 men and 48 women in the IFX group versus 
39 men and 35 women in the ADA group; P = 0.93). The mean 
age was similar in both groups (mean ± SD 40.4 ± 10.1 years in 
the IFX group and 38.7 ± 11.3 years in the ADA group; P = 0.29). 
HLA–B51 was present in a similar proportion of patients in both 
groups (69.4% in the IFX group versus 68.9% in the ADA group; 
P = 0.74). In most cases uveitis was bilateral (79.61% in the IFX 
group versus 77.03% in the ADA group; P = 0.68).

Regarding previous therapy, there were no significant differ-
ences between the 2 groups with regard to the administration of 
oral glucocorticoids (95% in the IFX group versus 88% in the ADA 
group [P = 0.08]; mean ± SD maximum daily prednisone dosage 
54.35 ± 15.84 mg/day in the IFX group versus 53.37 ± 17.52 
mg/day in the ADA group; P = 0.37) or IV pulse methylpredniso-
lone (31% in both groups; P = 0.98). The percentages of patients 
treated with CsA, MTX, and cyclophosphamide were also similar 
between groups (Table 1). However, a significantly higher percent-
age of patients in the IFX group (57%) than in the ADA group (42%) 
received AZA before the start of anti- TNF treatment (P = 0.049).  
No significant differences in the dosages of the conventional 
immunosuppressive drugs were observed between the IFX and 
ADA groups (for CsA, mean ± SD 4.9 ± 0.8 mg/kg/day versus 
4.8 ± 0.8 mg/kg/day [P = 0.88]; for MTX, 15.6 ± 4.6 mg/week 
versus 16.7 ± 3.6 mg/week [P = 0.17]; and for AZA, 137.2 ± 
32.3 mg/day versus 127.4 ± 25.3 mg/day [P = 0.14]). Moreover, 
the immunosuppression load score was similar in both groups 
(mean ± SD 9.07 ± 4.14 in the IFX group versus 8.01 ± 5.24 in 
the ADA group; P = 0.2).

The median period between the onset of uveitis and the 
beginning of anti- TNF therapy was also similar in both groups (36 
months [IQR 12–72 months] in the IFX group versus 24 months 
[IQR 12–60 months] in the ADA group; P = 0.69).

Visual outcome, glucocorticoid- sparing effect, and 
immunosuppression load score after 1 year of ADA or 
IFX therapy. The standard loading dose of IFX (3–5 mg/kg IV) 
was given at 0, 2, and 6 weeks, and patients then received a 
maintenance dose every 4–8 weeks. The numbers of patients 
receiving each specific IFX dosing regimen were as follows: 3 
mg/kg IV and maintenance dose every 4 weeks (n = 1), every 
6 weeks (n = 2), and every 8 weeks (n = 5); 4 mg/kg IV and 
maintenance dose every 4 weeks (n = 1); and 5 mg/kg IV and 
maintenance dose every 4 weeks (n = 15), every 6 weeks (n = 
18), every 7 weeks (n = 1), and every 8 weeks (n = 60).
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During the first year of treatment, we observed an improve-
ment in all ocular parameters in both the IFX and ADA groups. 
Nevertheless, outcomes for the following parameters were sig-
nificantly better in the ADA group: anterior chamber inflamma-
tion (improvement in 92.31% in the ADA group versus 78.18% 
in the IFX group; P = 0.06), vitritis (improvement in 93.33% 
in the ADA group versus 78.95% in the IFX group; P = 0.04), 
and BCVA (mean ± SD 0.81 ± 0.26 in the ADA group versus 
0.67 ± 0.34 in the IFX group; P = 0.001). Patients in the ADA 
group had a greater improvement in macular thickness but the 
difference between treatment groups was not significant (mean 
± SD 250.62 ± 36.85 μm in the ADA group versus 264.89 
± 59.74 μm in the IFX group; P = 0.15). A similar proportion 
in both groups experienced improvement in retinal vasculitis 
(97% in the IFX group versus 95% in the ADA group; P = 0.28). 
The drug retention rate at 1 year was better in the ADA group 
(95.24% versus 84.95% in the IFX group; P = 0.042).

More rapid improvement of anterior chamber inflammation 
and vitritis was seen in the IFX group (data not shown). This finding 
may be explained by the fact that the patients in our series did not 
receive an ADA loading dose. However, better results were achieved 
in the patients in the ADA group after 1 year of therapy, with a signif-
icantly greater proportion of patients experiencing improvement in 
anterior chamber inflammation and vitritis, and a significantly higher 
BCVA and drug retention rate compared to the IFX group.

In order to capture within- patient correlation of repeated 
observations, we performed a mixed linear model using as covari-
ates the factors shown in Table 1 that had a P value of less than or 

equal to 0.1, as well as other plausible confounders. After adjust-
ment for the presence of basal choroiditis and use of oral gluco-
corticoids or AZA before anti- TNF onset, improvement in BCVA at 
12 months remained significantly better in the ADA group com-
pared to the IFX group (P = 0.007). The improvement in BCVA val-
ues at different time points in the study is shown in Figure 1. When 
the model included the presence of vitritis, age, sex, or duration of 
uveitis before starting anti- TNF therapy, the results did not change. 
However, once the model was adjusted for these variables, there 
were no significant differences between the 2 treatment groups 
with regard to vitritis, retinitis, or OCT measurements.

One year after the initiation of anti- TNF therapy, a reduction in 
the immunosuppression load score was observed in both groups 
(from a mean ± SD of 9.07 ± 4.14 in the IFX group and 8.01 ± 
5.24 in the ADA group at baseline [P = 0.2] to 5.47 ± 3.19 in the 
IFX group and 4.79 ± 3.52 in the ADA group at 1 year [P = 0.38]). 
The median daily dose of prednisone was reduced in both groups, 
from 30 mg (IQR 20–45) at baseline to 5 mg (IQR 0–10) at 1 year 
in the IFX group and from 20 mg (IQR 10–45) at baseline to 5 mg 
(IQR 2.5–10) at 1 year in the ADA group (P = 0.9).

Follow- up data and side effects of ADA and IFX. After 
a mean ± SD follow- up of 31.52 ± 23.51 months in the IFX group 
and 26.48 ± 18.57 months in the ADA group, ocular remission 
was achieved in 78 (76.47%) of 102 patients receiving IFX and in 
61 (82.43%) of the patients receiving ADA (P = 0.34). However, 
the drug retention rate was significantly higher in the ADA group 
than in the IFX group (71.62% versus 44.12%; P < 0.001). IFX 

Figure 1. Adjusted best- corrected visual acuity (BCVA) at the indicated time points in the patients with Behçet’s disease–related uveitis 
treated with infliximab (IFX) and those treated with adalimumab (ADA). Values are the mean.
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was discontinued in 57 (55.33%) of the patients and ADA in 21 
(28.37%) of the patients (P < 0.01). IFX was discontinued because 
of remission in 20 patients. In the remaining 37 patients the reasons 
for IFX discontinuation were inefficacy (n = 18), preference for a 
different route of administration (n = 9), toxicity/side effects (n = 8), 
colon carcinoma (n = 1), and desire for pregnancy (n = 1). ADA was 
discontinued due to remission in 6 patients and was discontinued 
in the remaining 15 patients due to inefficacy (n = 11) or toxicity/
side effects (n = 4).

Eight patients in the IFX group and 4 patients in the ADA 
group discontinued treatment due to severe side effects or tox-
icity. The 8 withdrawals from the IFX group were due to infusion 
reactions in 4 cases, and TB, Mycobacterium avium pneumonia, 
severe oral ulcers, and palmoplantar skin reaction in 1 case each. 
The 4 patients who discontinued ADA therapy withdrew because 
of lymphoma, bacterial pneumonia, severe local reaction at the 
injection site, and Escherichia coli bacteremia. Data on remission, 
relapses, treatment discontinuation, and serious sides effects are 
shown for both groups in Table 1.

DISCUSSION

In this multicenter study, we report on 177 cases of refractory 
BD- related uveitis treated with IFX (n = 103) or ADA (n = 74) as 
first- line biologic therapy. After 1 year of follow up, a significantly 
greater improvement in BCVA, as well as a significantly higher 
drug retention rate, was achieved in patients treated with ADA 
than in those treated with IFX. However, more rapid improvement 
in anterior chamber inflammation and vitritis was observed in the 
IFX group compared to the ADA group, which could be explained 
in part by the fact that patients in the ADA group did not receive 
a loading dose of 80 mg along with a subsequent dose of 40 mg 
at 1 week as performed in the VISUAL trials, since our study was 
carried out before the VISUAL trials were published.

Several studies have demonstrated the presence of high 
levels of TNF—a potent and central ubiquitous proinflammatory 
cytokine—in serum and aqueous humor from patients with uvei-
tis, including cases with BD- related uveitis (27–29). The anti- TNF 
agents IFX (a human–mouse chimeric IgG1 monoclonal anti-
body specific for TNF, administered IV) and ADA (a fully human 
IgG1 monoclonal antibody also specific for TNF, administered 
subcutaneously) have demonstrated efficacy in the treatment of 
BD- related uveitis refractory to conventional immunosuppressive 
therapy (12,26,30–38).

In fact, ADA has recently been approved by the FDA and 
EMA for use in noninfectious intermediate, posterior uveitis and 
panuveitis, including cases due to BD. However, there are few 
studies comparing the efficacy of IFX and ADA for the induc-
tion and maintenance of remission in these patients with refrac-
tory uveitis (11,39,40). Moreover, those studies generally include 
patients with heterogeneous diseases, with patients with BD mak-
ing up a minority of the total reported cases.

The present study compared the efficacy of IFX versus ADA 
as a first- line biologic drug in a large series of patients with BD- 
related uveitis refractory to conventional immunosuppressive 
drugs. Before the initiation of biologic therapy, all patients had 
received systemic high- dose glucocorticoids and one or more 
conventional synthetic immunosuppressive drugs. However, 
despite this treatment uveitis remained active.

Although our study showed a rapid and sustained improvement 
in all ocular parameters for patients in both anti- TNF drug groups, 
a significant difference was observed between the 2 groups with 
regard to BCVA improvement, which was greater in the ADA group. 
It is possible that the differences between the ADA group and the 
IFX group would have been even more evident if we had performed 
an intent- to- treat study instead of a per- protocol analysis because 
a higher percentage of patients discontinued IFX due to inefficacy.

The drug retention rate was also higher in the ADA group. 
This finding could be explained in part by the route of administra-
tion since ADA is given subcutaneously in a rapid and comfortable 
manner. Moreover, infusion reactions occur more frequently with 
IFX due to its chimeric nature, and the occurrence of anti- drug 
antibodies may also be higher with IFX.

Minor adverse effects, such as mild infusion reaction to IFX 
and local reactions at the site of the injection of ADA, were the 
most commonly observed side effects. Severe complications 
leading to discontinuation of the biologic therapy were observed 
in 8 cases in the IFX group and 4 in the ADA group. The treatment 
was discontinued due to inefficacy in 18 cases in the IFX group 
and 11 in the ADA group, comprising a low percentage of cases 
(17.5% and 14.9%, respectively).

We realize that this study has several limitations due to its 
observational nature. Therefore, further randomized, controlled tri-
als comparing IFX and ADA head-to-head are needed.

In conclusion, we observed favorable results of both ADA 
and IFX therapy for BD- related refractory uveitis after 1 year of 
treatment, with significantly greater improvement in BCVA and 
higher drug retention rate in the ADA group than the IFX group.
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Clinical Image: Palate erosions in reactive arthritis

The patient, a 37- year- old man who had experienced HLA–B27–associated reactive arthritis (ReA) in 2011, presented to the rheumatology 
department with a new episode of oligoarthritis, dactylitis of 1 toe, and enthesitis of the Achilles tendon. Additionally, symptoms of dysuria 
had occurred and were resolved 6 weeks prior, and circinate balanitis and severe yet painless hard palate erosions had been present for 
4 weeks. There were no symptoms of conjunctivitis. A urinary white blood cell count was normal, and polymerase chain reaction for Chla-
mydia trachomatis was negative. A serum sample was obtained to test for human immunodeficiency virus, hepatitis B virus, hepatitis C 
virus, and Treponema pallidum; all had negative findings. A new exacerbation of HLA–B27–associated ReA was diagnosed. High- dose 
glucocorticoid treatment was unsuccessful, but local glucocorticoid injected into the elbow and systemic treatment with etoricoxib (120 
mg) relieved symptoms. Sulfasalazine (2 gm/daily) was prescribed. The mucocutaneous lesions spontaneously healed. Mucocutaneous 
lesions are common in ReA, typically presenting as painless, superficial, erythematous, white- bordered erosions or ulcers on the lips, tongue 
(comparable with lingua geographica in psoriasis), and genitals (known as circinate balanitis). This patient, however, presented with painless 
erosions on the hard palate, a rare manifestation in ReA.
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Human Cartilage Homogenates Influence the 
Crystallization of Monosodium Urate and Inflammatory 
Response to Monosodium Urate Crystals: A Potential Link 
Between Osteoarthritis and Gout
Ashika Chhana,1  Bregina Pool,1 Yicheng Wei,1 Ally Choi,1 Ryan Gao,1 Jacob Munro,2 Jillian Cornish,1 and 
Nicola Dalbeth1

Objective. Monosodium urate (MSU) crystal deposition and gout flares frequently affect osteoarthritic joints. This 
study was undertaken to examine the effects of human cartilage homogenates on MSU crystallization and MSU 
crystal–induced inflammation.

Methods. Human cartilage homogenates were prepared from macroscopically healthy and macroscopically dis-
eased knee joint samples. Crystallization assays were used to test the effects of cartilage homogenates or individual 
cartilage factors on MSU crystallization. Changes in urate solubility, crystal nucleation, crystal growth, and total 
crystal mass were determined. THP- 1 cell assays were used to assess cytokine release following culture with MSU 
crystals grown in the presence or absence of cartilage homogenates or individual proteins.

Results. Addition of either 5% or 10% healthy cartilage homogenate increased the total mass of MSU crystals 
formed and resulted in formation of shorter MSU crystals compared to controls without cartilage homogenate. MSU 
crystal bows were observed in both the presence and absence of cartilage homogenate; however, bows formed in 
the presence of cartilage homogenates were significantly shorter than bows formed in their absence. There were no 
effect differences between macroscopically healthy and macroscopically diseased cartilage homogenates in all as-
sessments. Addition of either type II collagen or albumin also led to the formation of shorter MSU crystals. In THP- 1 
cell assays, MSU crystals grown with healthy cartilage homogenate increased the release of interleukin- 8, whereas 
MSU crystals grown with type II collagen or albumin had no effect on inflammatory cytokine release.

Conclusion. In the presence of elevated urate levels, human cartilage homogenates increase MSU crystal forma-
tion and promote the formation of smaller crystals, which have greater inflammatory potential. These processes may 
contribute to the predilection of osteoarthritic joints to develop gout.

INTRODUCTION

Gout is an inflammatory arthritis caused by the deposition 
of monosodium urate (MSU) crystals within joint spaces and the 
subsequent inflammatory response that these crystals evoke from 
host immune cells (1). Hyperuricemia is central to the formation 
of MSU crystals and the development of gout (2). However, not 
all people with hyperuricemia will form MSU crystals or develop 
symptomatic disease (2,3). In addition, MSU crystal deposition 

occurs preferentially at certain sites, particularly at the first meta
tarsophalangeal joint (4,5). These findings suggest that, in addi
tion to urate concentration, other factors must contribute to MSU 
crystallization in gout.

It has been hypothesized that the following steps are required 
for MSU crystallization: 1) fluid saturation of urate, leading to 
reduced urate solubility; 2) clustering of soluble MSU molecules 
which then aggregate into a nucleus; and 3) growth of the stable 
nucleus into a needle shaped MSU crystal (6). Growing evidence 
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suggests that there is a link between cartilage damage in oste
oarthritis and MSU crystal formation in gout (7–9). MSU crystal 
deposition and gout flares frequently affect joints that have been 
damaged or are affected by osteoarthritis (10). Imaging and his
tologic studies have shown that MSU crystals are deposited on 
cartilage surfaces (11,12), and MSU crystals align to collagen fib
ers in vivo (13,14). In addition, various cartilage factors, including 
bovine nasal homogenates and proteoglycans, have been shown 
to affect urate solubility in vitro (15,16). Given these observations, 
it is plausible that tissue factors released by osteoarthritic or dam
aged cartilage can influence MSU crystallization. The aims of this 
study were to systematically examine the effects of healthy and 
osteoarthritic cartilage and specific cartilage factors or proteins 
on the key steps of MSU crystallization, and to determine whether 
cartilage tissue can influence the inflammatory potential of MSU 
crystals.

MATERIALS AND METHODS

Ethics approval. Collection of the human cartilage samples 
was approved by the New Zealand Ministry of Health and Disabil
ity Ethics Committee (HDEC approval no. 15/STH/130). All study 
participants provided their written informed consent.

Collection and homogenization of human cartilage. 
Cartilage was obtained from 11 individual patients undergoing 
knee joint replacement surgery. Cartilage was removed from 
the subchondral bone and divided into macroscopically healthy 
tissue and macroscopically diseased tissue. To prepare carti
lage homogenates containing cartilage particulates of uniform 
size, cartilage tissue was homogenized in liquid nitrogen using 
a Freezer/Mill 6870 apparatus (SPEX CertiPrep), and the result
ing cartilage powder was resuspended (100 mg/ml) in sterile 
endotoxin free water (Sigma Aldrich). Enzyme digested cartilage 
was prepared by adding 1 mg/ml collagenase (Sigma Aldrich) in 
sterile endotoxin free water to cartilage powder at 37°C with con
stant shaking, until the powder was completely digested. Colla
genase breaks down collagen fibers into smaller fragments.

Specific cartilage factors. A total of 14 individual car
tilage tissue factors or matrix proteins were purchased from 
commercial sources for testing in the crystallization assays (see 
Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41038/ abstract). These factors included collagens (types 
II, IX, and XI), proteoglycans (aggrecan, biglycan, decorin, 
fibromodulin, and tenascin C), glycosaminoglycans (chondroi
tin sulfate, heparan sulfate, and keratan sulfate), hyaluronate 
(hyaluronic acid), and cartilage oligomeric matrix protein. To 
investigate the effects of nonspecific protein, human albumin 
was also tested in the crystallization assays (see Supple
mentary Table 1 [http://onlinelibrary.wiley.com/doi/10.1002/

art.41038/abstract]). Cartilage factors derived from human 
sources were preferentially used when available, and the con
centrations tested were chosen based on the relative expres
sion levels of individual matrix factors or proteins within human 
articular cartilage.

Crystallization assays. Assays were developed to 
assess the effects of human cartilage homogenates or specific 
cartilage factors on the 3 key steps that occur during MSU 
crystallization: changes in urate solubility, time to crystal nucle
ation, and crystal growth over time. For crystallization assays, 
uric acid was dissolved in boiling sodium hydroxide and the 
resulting supersaturated solution of sodium urate was then 
cooled to 37°C, prior to the addition of different concentrations 
of human cartilage homogenate or a specific cartilage factor. 
The cartilage homogenate–urate or cartilage factor–urate solu
tion was then pH adjusted to 8.9. At this point, the time to 
nucleation was determined using polarizing light microscopy 
with a red compensator.

In separate time course experiments, the cartilage 
homogenate–urate solutions or cartilage factor–urate solutions 
were divided into duplicate vials (12 ml solution per vial) which 
were then rotated on a PELCO R2 rotary mixer (Ted Pella) at 
room temperature at 1 revolution per minute. These time course 
experiments were used to obtain data for urate solubility, MSU 
crystal growth, and total MSU crystal mass (as described below). 
The following human cartilage preparations were tested in crys
tallization assays: 1%, 5%, and 10% healthy cartilage homogen
ates; 5% healthy and 5% diseased cartilage homogenates; and 
5% healthy cartilage homogenate and 5% enzyme digested 
healthy cartilage. A control without any additional cartilage 
homogenate or specific cartilage factor was included in all exper
iments, and all comparisons were made using the control from 
the same experiment to account for any small variations due  
to temperature.

Urate solubility measurements. The rotating vials containing 
cartilage homogenate solutions were sampled at 0, 1, 2, 4, 6, 
and 24 hours for measurement of urate concentrations, using a 
Cobas c311 autoanalyzer (Roche Diagnostics).

MSU crystal growth measurements. For the measurement 
of crystal length, samples were removed from a nonrotating ali
quot of the cartilage homogenate–urate or cartilage factor–urate 
solution, and 10 images of growing crystals were obtained at 
40× magnification at 0, 1, 2, 4, 6, and 24 hours, using polarizing 
microscopy with a red compensator. The aliquot was stationary 
to prevent crystal breakage. During development of the crystal
lization assay, it was observed that MSU crystals grown in the 
absence of stirring or rotation formed bow like structures. There
fore, in addition to measuring the length of individual MSU crys
tals, the lengths of these MSU crystal bow like structures were 
also measured in the solutions with 1%, 5%, and 10% healthy 
cartilage homogenate. MSU crystal length and MSU crystal bow 
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length were each measured using ImageJ software (https :// 
imagej.nih.gov/ij/).

Total MSU crystal mass measurements. At the end of each 
time course experiment (24 hours after the addition of cartilage 
homogenate or a specific cartilage factor), MSU crystals grown 

in the rotating vials were filtered using grade 41 fast ashless filter 
paper and dried, and the total mass (weight) of MSU crystals 
formed was then determined. During optimization of the time 
course experiments, 10% cartilage homogenates in water alone 
(no urate) were filtered and weighed as described above, to 

Figure 1. Effects of healthy human cartilage homogenates on the key steps of monosodium urate (MSU) crystallization. A–D, Crystallization 
assays were used to assess changes in urate solubility over 24 hours (A), changes in the time to MSU crystal nucleation (B), changes in the 
total mass of MSU crystals formed after 24 hours (C), and changes in MSU crystal length over 24 hours (D), after the addition of 1%, 5%, 
and 10% healthy human cartilage homogenates to supersaturated solutions of sodium urate. E, Representative images show single negative 
birefringent, needle shaped MSU crystals (left) and MSU crystal bows (right) grown in supersaturated solutions of sodium urate after 24 hours 
without any additional factors. Bars = 40 μm. F, Changes in MSU crystal bow length were assessed over 24 hours, after the addition of 1%, 
5%, and 10% healthy human cartilage homogenates to supersaturated solutions of sodium urate. A control without any added cartilage was 
included in all experiments. Data were pooled from 4 biologic repeats using cartilage samples from different subjects. Results are presented as 
the mean ± SEM. Data were analyzed using two way or one way repeatedmeasures analysis of variance (ANOVA) with post hoc Dunnett’s test.  
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus control (no cartilage) at the relevant time point.

https://imagej.nih.gov/ij/
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 determine whether the cartilage homogenates were contributing 
to changes in MSU crystal mass after 24 hours. No changes in 
weight were noted in these preliminary experiments (data not 
shown).

THP- 1 cell assays. MSU crystals were grown in the pres
ence of 5% healthy cartilage homogenate, 5% diseased cartilage 
homogenate, 5 mg/ml albumin, or 100 μg/ml type II collagen, 
for 24 hours. At the same time, MSU crystals without any addi
tional cartilage homogenates, albumin, or type II collagen were 
prepared as controls. In optimization assays, we attempted to 
capture residual cartilage homogenates when cartilage homoge
nates were added to the crystallization assays without urate (to 
provide an additional control of cartilage homogenates without 
MSU crystals). In these assays, no residual cartilage homog enate 
was present, and therefore this control was not included in the 
THP 1 cell assays. MSU crystals were slowly resuspended in 
medium using a 5 ml pipettor and a 1 ml pipettor consecutively 
(×30 aspiration cycle and ×20 dispensing cycle, respectively). No 
MSU crystal bows were present in these suspensions. All MSU 
crystals were endotoxin free, as determined by E Toxate single 
vial tests (Sigma Aldrich).

The inflammatory response to MSU crystals was deter
mined in vitro using the human monocytic cell line THP 1, as 
previously described (17). Briefly, THP 1 cells were cultured with 
0.5 mg/ml MSU crystals for 16 hours, and supernatants were 
harvested. Protein concentrations of interleukin 1β (IL 1β), IL 8, 
and tumor necrosis factor (TNF) in the supernatants was deter
mined by enzyme linked immunosorbent assay (R&D Systems), 
in accordance with the manufacturer’s instructions. For IL 1β 
assays, THP 1 cells were treated with 5 μM phorbol 12 myristate 
13 acetate for 3 hours, prior to replacing the medium and adding 
MSU crystals.

Statistical analysis. Data were analyzed using GraphPad 
Prism software (version 7). For all experiments, data were pooled 
from 3–5 biologic repeats, using different cartilage samples for 
the human cartilage homogenate experiments. Data were ana
lyzed using one way or two way repeatedmeasures analysis of 
variance (ANOVA) with Dunnett’s, Tukey’s, or Sidak’s post hoc 
multiple comparison test, as appropriate, or with 2 tailed paired 
t tests.

RESULTS

Human cartilage homogenates promote MSU crys-
tal formation and influence MSU crystal growth. In crys
tallization assays, the addition of increasing concentrations of 
healthy human cartilage homogenate did not alter urate solubility 
over time (Figure  1A), nor did it alter the time to crystal nucle
ation (Figure  1B). The total mass of MSU crystals formed after 
24 hours was significantly increased with the addition of 5% and  

10% healthy cartilage homogenates, as compared to controls 
without cartilage homogenate (Figure 1C).

Analysis of MSU crystal growth over time showed that the 
addition of healthy cartilage homogenates resulted in the forma
tion of shorter MSU crystals, in a concentration dependent man
ner, at all assessed time points (Figure 1D). After 24 hours, the 
mean length of the MSU crystals grown with 10% healthy carti
lage homogenate was ~2.6 fold shorter than the mean length of 
MSU crystals grown without any cartilage homogenate (mean ± 
SEM 16.2 ± 1.8 μm with 10% healthy cartilage homogenate ver
sus 41.7 ± 6.2 μm without cartilage homogenate).

Under polarizing light microscopy, negative birefringent, 
needle shaped MSU crystals were observed in all crystallization 
experiments. In addition, MSU crystals formed tight bow like 
structures, both in the presence and in the absence of cartilage 
homogenate (Figure 1E). Addition of increasing concentrations of 
healthy cartilage homogenate led to the formation of MSU crys
tal bows that were significantly shorter than control MSU crystal 
bows, in a concentration dependent manner, at all time points 
(Figure 1F).

Healthy and diseased cartilage homogenates have 
similar effects on MSU crystallization. The addition of 5% 
healthy cartilage homogenate or 5% diseased cartilage homoge
nate in crystallization assays led to the formation of shorter MSU 

Figure 2. Comparison of MSU crystal length reveals no difference 
in MSU crystal growth over time between healthy and diseased 
human cartilage homogenates. Crystallization assays were used 
to assess changes in MSU crystal length over 24 hours, after 
the addition of 5% healthy human cartilage homogenate and 5% 
diseased human cartilage homogenate to supersaturated solutions 
of sodium urate. A control without any added cartilage was included 
in all experiments. Data were pooled from 3 biologic repeats using 
cartilage samples from different subjects. Results are presented as 
the mean ± SEM. Data were analyzed using two way repeated
measures ANOVA with Tukey’s post hoc test. * = P < 0.05; ** = P <  
0.01; *** = P < 0.001 versus control (no cartilage) at the relevant 
time point. NS = difference not significant (see Figure  1 for other 
definitions).
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crystals compared to controls. However, there were no differences 
in MSU crystal growth at any measured time point between the 2 
types of cartilage homogenates (Figure 2). Moreover, there were 
no significant changes in urate solubility, the time to crystal nucle
ation, or the final total mass of MSU crystals formed between 
healthy and diseased cartilage homogenates (data not shown).

Further digestion of cartilage homogenates does 
not alter their effects  on MSU crystallization. To deter
mine whether enzymatic digestion of cartilage homogenate 
might alter its effects on MSU crystallization, 5% healthy cartilage 
homoge nate was compared to 5% healthy collagenase enzyme–
digested cartilage in crystallization assays. Collagenase alone 
was included in these assays as an additional control. These 
experiments showed that MSU crystals grown in the presence 
of either cartilage homogenates or enzyme digested healthy car
tilage were significantly shorter than control MSU crystals grown 
without any added cartilage or collagenase. However, there were 
no significant differences between the 2 cartilage preparations, or 
between control and collagenase preparations, in terms of their 
effects on MSU crystal length (Figure 3). Furthermore, there were 
no significant changes in urate solubility, the time to crystal nucle
ation, or the final mass of MSU crystals formed between cartilage 
homogenates and enzyme digested cartilage (data not shown).

Type II collagen, but not other specific cartilage fac-
tors, influences MSU crystal growth. Crystallization assays 
were used to systematically examine the effects of 14 different 
cartilage derived tissue factors and proteins on the key steps of 
MSU crystallization. These results are summarized in Supplemen
tary Table 2 (available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41038/ abstract). 
None of the tested factors had any major effects on urate solubil
ity, time to crystal nucleation, or total MSU crystal mass.

In the growth analysis, the addition of the highest concen
tration of type II collagen (100 μg/ml) resulted in the formation of 
MSU crystals that were significantly shorter than control MSU 
crystals after 2, 4, 6, and 24 hours (Figure 4). There were no other 
significant changes in MSU crystal growth over time with all of the 
other tested cartilage factors (see Supplementary Table 2 [http://
onlin elibr ary.wiley.com/doi/10.1002/art.41038/ abstract]).

Human albumin influences MSU crystal growth, but 
no other stage of MSU crystallization. To examine nonspe
cific protein effects, human albumin was assessed in crystalliza
tion assays at similar concentrations as those used to assess 
healthy human cartilage homogenates. The addition of human 
albumin also led to the formation of shorter MSU crystals, in a 

Figure 3. Enzymatic digestion of healthy human cartilage homo
genates does not further influence MSU crystal growth over time. 
Crystallization assays were used to assess changes in MSU crystal 
length over 24 hours, after the addition of 5% healthy human 
cartilage homogenate and 5% enzyme digested human cartilage to 
supersaturated solutions of sodium urate. In addition to a control 
without any added factors (no cartilage), another control with 1 mg/ml 
collagenase (collagenase only) was also included in all experiments. 
Data were pooled from 3 biologic repeats using cartilage samples 
from different subjects. Results are presented as the mean ± SEM. 
Data were analyzed using two way repeatedmeasures ANOVA with 
Tukey’s post hoc test. *** = P < 0.001 versus both no cartilage and 
collagenase only controls at the relevant time point. NS = difference 
not significant (see Figure 1 for other definitions).

Figure 4. Addition of type II collagen in crystallization assays leads 
to the formation of shorter MSU crystals over time. Crystallization 
assays were used to assess changes in MSU crystal length over 24 
hours, after the addition of 10, 50, and 100 μg/ml type II collagen 
to supersaturated solutions of sodium urate. Stock solutions of 
type II collagen were dissolved in 0.5M acetic acid, and the final 
concentration of acetic acid in the 100 μg/ml type II collagen–urate 
solutions was 0.02M; therefore, 0.02M acetic acid was also added 
to the control and included in all experiments. Data were pooled 
from 3 biologic repeats. Results are presented as the mean ± SEM. 
Data were analyzed using two way repeatedmeasures ANOVA with 
Dunnett’s post hoc test. ** = P < 0.01; *** = P < 0.001 versus control 
at the relevant time point. See Figure 1 for definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
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concentration dependent manner after 24 hours, and at all mea
sured time points with the highest concentration tested (5 mg/ml) 
(Figure 5). There were no significant changes in urate solubility, time 
to crystal nucleation, or final total mass of MSU crystals formed 
with albumin (see Supplementary Table 2 [http://onlin elibr ary. 
wiley.com/doi/10.1002/art.41038/ abstract]).

MSU crystals grown in the presence of human car-
tilage homogenates promote release of IL-8 from THP-1 
monocytes. In THP 1 cell assays, the addition of 0.5 mg/ml  
MSU crystals grown in the presence of 5% healthy human car
tilage homogenate led to increased secretion of IL 8 after 16 
hours, as compared to control MSU crystals grown without carti
lage homogenate (Figure 6A). There was no significant difference 
in THP 1 cell secretion of IL 1β or TNF after the addition of MSU 
crystals grown with or without healthy cartilage homogenate  
(Figures 6B and C).

There was no difference in the release of IL 8 from THP 1 cells 
cultured with MSU crystals grown in the presence of either 5% 
healthy or 5% diseased cartilage homogenate (see Supplemen
tary Figure 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41038/ abstract).  
Although the increase in IL8 did appear to be specific to carti
lage homogenates, MSU crystals grown in the presence of 100 
μg/ml type II collagen or 5 mg/ml albumin did not increase IL 8 
secretion by THP 1 cells (see Supplementary Figures 2A and B, 

Figure 5. Addition of albumin in crystallization assays leads to the 
formation of shorter MSU crystals over time. Crystallization assays 
were used to assess changes in MSU crystal length over 24 hours, 
after the addition of 0.5, 1, and 5 mg/ml albumin to supersaturated 
solutions of sodium urate. Data were pooled from 3 biologic repeats. 
Results are presented as the mean ± SEM. Data were analyzed 
using two way repeatedmeasures ANOVA with Dunnett’s post hoc 
test. ** = P < 0.01; *** = P < 0.001 versus control at the relevant time 
point. See Figure 1 for definitions.

Figure 6. MSU crystals grown in the presence of healthy human 
cartilage homogenates increase the release of interleukin 8 (IL 8) 
(A), but not IL 1β (B) or tumor necrosis factor (TNF) (C), from THP 
1 monocytes. MSU crystals were grown in the presence of 5% 
healthy cartilage homogenates for 24 hours. Control MSU crystals 
without any added cartilage were also prepared at the same time. 
THP 1 cells were then cultured with 0.5 mg/ml MSU crystals for 
16 hours, and cytokine release was determined by enzyme linked 
immunosorbent assay. For IL 1β assays, THP 1 cells were treated 
with 5 μM phorbol 12 myristate 13 acetate for 3 hours prior to 
the addition of MSU crystals. Data were pooled from 5 biologic 
repeats using cartilage samples from different subjects. Results are 
presented as the mean ± SEM. Data were analyzed using one way 
repeatedmeasures ANOVA with Sidak’s post hoc test. See Figure 1 
for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
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available on the Arthritis & Rheumatology web site at http:// 
onlin elibr ary.wiley.com/doi/10.1002/art.41038/ abstract).

DISCUSSION

In this study, we have demonstrated that under conditions 
that favor MSU crystallization, human cartilage homogenate sig
nificantly promotes MSU crystal formation, alters MSU crystal 
size, and promotes MSU crystal–induced inflammation. In crys
tallization assays, MSU crystals formed in the presence of human 
cartilage homogenates were consistently shorter than those 
formed without any added cartilage homogenate. These effects 
do not appear to be specific to osteoarthritic cartilage homoge
nates, as macroscopically healthy cartilage homogenates from 
osteoarthritic knees also had similar effects. Although MSU crys
tal deposition in vivo preferentially occurs on cartilage at sites of 
mechanical stress or damage, this is not always the case, and 
MSU crystal deposition is observed on macroscopically healthy 
cartilage surfaces within the same joint as well (18). Crystalliza
tion assays in this study were completed using supersaturated 
solutions of urate, and therefore are more representative of MSU 
crystal formation in joint spaces and the interactions between 
 cartilage fragments within this space, rather than direct deposition 
on cartilage surfaces. Our results suggest that during the osteo
arthritic process, the release of smaller cartilage particulates into 
joint spaces may promote MSU crystal formation in a hyperurice
mic environment.

Our analysis of specific cartilage factors in the crystallization 
assays suggest that type II collagen is, at least in part, respon
sible for the effects of cartilage on MSU crystal growth. Type II 
collagen is the most abundant collagen present in adult artic
ular cartilage (19). Consistent with our findings, other research 
has also implicated collagen as having a role in MSU crystalli
zation. In cartilage fragments taken from asymptomatic gouty 
joints, individual MSU crystals have been observed deposited 
in transverse rows following the undulations of collagen fibers 
(13,14). The release of type II collagen from degraded cartilage 
may also be associated with disease progression, as increased 
levels of anti–type II collagen antibodies are associated with the 
presence of tophi and radiographic joint damage in individuals 
with advanced gout (20).

In the current study, addition of MSU crystals grown 
with human cartilage homogenates to monocytic cells led to 
increased secretion of IL 8, but not IL 1β or TNF. While activa
tion of the NLRP3 inflammasome and release of IL 1β is criti
cal for inflammation in gout (17), IL 8 is a chemotactic cytokine 
that is also essential for the amplification phase of MSU crystal–
induced inflammation in gout, and inhibition of IL 8 signaling sig
nificantly attenuates neutrophil inflammation in response to MSU 
crystals in vivo (21,22). Interactions between MSU crystals and 
monocytes within the joint leads to local production of IL 8 and 
the subsequent recruitment of neutrophils, which then drive and 

amplify inflammation during a gout flare (23,24). The observa
tion that there were differences in the effects of human cartilage 
homogenates on MSU crystal–induced release of IL 1β com
pared to MSU crystal–induced release of IL 8 is consistent with 
previous studies using the THP 1 cell model that have shown 
different release patterns for these 2 cytokines (25,26). Further
more, IL 8 release from THP 1 cells is not dependent on NLRP3 
inflammasome activation (26). In this study, the THP 1 cell line 
was used to model monocyte/macrophage responses to MSU 
crystals grown in the presence of human cartilage homogen
ates, as these cells are the most important cells for initiating an 
inflammatory response to MSU crystals (17). However, there 
are other cell types recruited to the joint that are involved in this 
complex process, including neutrophils and mast cells (27), and 
these cells may also respond differently to MSU crystals grown 
in the presence of cartilage homogenates.

One of the key findings in this study was that MSU crystals 
formed in the presence of human cartilage homogenates are 
shorter than MSU crystals formed in the absence of cartilage. It is 
well reported that smaller MSU crystals increase human neutrophil 
lysis and have higher rates of phagocytosis ex vivo, compared to 
larger MSU crystals (28–30). In an in vivo study, injection of smaller 
MSU crystals into canine knees led to a more intense inflamma
tory response with higher rates of phagocytosis and increased 
leukocyte infiltration, compared to injection with larger MSU crys
tals in the opposite knee (28). These results suggest that shorter 
MSU crystals may promote IL 8 secretion and neutrophil driven 
inflammation in gout. Therefore, shorter MSU crystals formed in 
the presence of cartilage fragments may also promote neutrophil 
driven inflammation and the amplification phase of a gout flare.

It does appear that some specificity is required in terms of 
which shorter MSU crystals can promote inflammation, as MSU 
crystals grown in the presence of either type II collagen or albumin 
did not increase IL 8 secretion in our inflammatory assays, even 
though these crystals were also shorter. Differences in protein 
coating of the MSU crystals may account for the altered inflamma
tory response to MSU crystals grown with cartilage homogenates 
versus those grown with a single type of protein. In the current 
study, we were unable to identify the specific cartilage factor or 
factors responsible for the increased inflammatory response to 
shorter MSU crystals grown in the presence of human cartilage 
homogenates. It is also possible that the other specific carti
lage factors assessed in this study may have demonstrated an 
 effect on MSU crystallization if they had been tested at higher 
 concentrations.

There were several limitations with the crystallization model 
utilized in this study, including the use of human cartilage homoge
nates rather than intact cartilage pieces. Use of whole cartilage 
would not have been experimentally feasible for assessment 
of MSU crystal nucleation or growth over time, and our study 
 findings are consistent with those of previous studies of MSU 
crystallization, which examined cartilage homogenates or proteins 

http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41038/abstract
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extracted from cartilage (15,16,31–33). We acknowledge that 
in vivo, articular cartilage is made up of distinct layers, with only 
the surface layer exposed to the synovial joint space in a healthy 
joint (34). For preparation of our cartilage homogenates, all carti
lage layers were homogenized and then tested in crystallization 
assays simultaneously. Therefore, we cannot be certain whether 
the observed effects of human cartilage on MSU crystallization 
could be attributable to the components of one structural layer 
over another or to a combination of layers. However, in an oste
oarthritic joint, cartilage is degraded over time and deeper layers 
of cartilage are eventually exposed to the joint space, where they 
may also influence MSU crystallization.

In addition, while our crystallization assays attempted 
to model MSU crystal formation in the joint space, we were  
un able to address the role of synovial fluid viscosity and turbidity 
in this study. Synovial fluid viscosity is reduced in osteoarthritic 
joints compared to healthy joints; this disease feature is typically 
attributed to a decrease in both the concentration and degree 
of polymerization of hyaluronic acid within the joint (35,36). In 
this study, no differences in MSU crystallization with the addi
tion of hyaluronic acid were observed; however, degradation and 
depolymerization of hyaluronic acid and subsequent changes in 
synovial fluid viscosity within the joint may affect MSU crystalli
zation in vivo.

Finally, while total MSU crystal mass was increased with the 
addition of cartilage homogenates in this study, we were unable 
to measure incorporation of cartilage particulates into the grow
ing MSU crystals. It is possible that passive trapping of cartilage 
during the crystallization process may have contributed to the 
increased crystal mass. Given that the MSU crystals formed in 
the presence of cartilage homogenate were actually shorter than 
those formed without any added cartilage homogenate, it seems 
unlikely that this particular mechanism contributed to the changes 
observed in MSU crystal growth.

Aggregated neutrophil extracellular traps (NETs) have been 
implicated in the resolution of a gout flare and in the dense pack
aging of MSU crystals within the tophus (37–39). However, we 
observed the formation of tight MSU crystal bow like structures 
under control conditions without any additional tissue or factors. 
The formation of bow like structures is indicative of an adhe
sive mechanism of crystal growth, typical of what is seen under 
conditions of high supersaturation, in which rapid crystal growth 
leads to morphologic instability at the crystal tip (40). Thereafter, 
individual crystals take on a strongly anisotropic needle shape, 
growing rapidly around the existing nucleus, resulting in spher
ulitic (bow like) crystal aggregates (40,41). The bow like struc
tures formed in our assays resemble those commonly observed 
in tophi (42,43), suggesting that the formation of MSU crystal 
bows may be a real phenomenon occurring in vivo. Our findings 
suggest that MSU crystals may aggregate and form bow like 
structures naturally within the joint, without active inflammation 
and NETosis, and that the natural crystallization process and 

growth kinetics of monosodium urate may contribute to initiation 
of tophus structures in gout.

The association between gout and osteoarthritis is well 
recognized (7,9). Multiple studies have shown that joints 
affected by gout are more likely to show evidence of osteoar
thritis (10,18,44,45). However, the direction of this relationship is 
unclear, whether MSU crystal deposition and gout may contribute 
to osteoarthritis or whether osteoarthritis promotes MSU crystal
lization and gout in individuals with hyperuricemia. It is possible 
that this relationship is bidirectional, in that the pathophysiologic 
processes of both diseases may influence and amplify each other. 
In this study, addition of human cartilage homogenates to super
saturated solutions of urate led to increased MSU crystal forma
tion in crystallization assays. Furthermore, inflammatory cytokine 
assays demonstrated that release of a proinflammatory cytokine 
was increased with MSU crystals grown in the presence of human 
cartilage homogenates. Once formed in the joint, MSU crystals 
may then contribute to cartilage damage by reducing chondro
cyte viability and increasing expression of degradative enzymes 
and inflammation mediators (46,47), which is likely to promote 
cartilage degradation and the release of cartilage fragments and 
proteins into the joint space, thereby further amplifying MSU crys
tal formation.

This study provides a potential mechanism for the link 
between osteoarthritis and gout. In an environment of high urate 
concentrations, human cartilage homogenates increase total 
MSU crystal formation and promote the formation of smaller 
crystals that have greater proinflammatory capability. These pro
cesses may contribute to the predilection of osteoarthritic joints 
to develop gout.
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Safety and Efficacy of Immune Checkpoint Inhibitors in 
Patients With Cancer and Preexisting Autoimmune Disease: 
A Nationwide, Multicenter Cohort Study
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Objective. Immune checkpoint inhibitors (ICIs) for cancer therapy frequently induce immune- related adverse ef-
fects (IRAEs). Therefore, most patients with preexisting autoimmune diseases have been excluded from clinical trials 
of ICIs. This study was undertaken to evaluate the safety and efficacy of ICIs in patients with preexisting autoimmune 
disease and cancer.

Methods. A retrospective cohort study was conducted from January 2017 to January 2018 via 3 French national 
networks of experts in oncology and autoimmunity. Adults with preexisting autoimmune disease who were receiving 
ICIs were assessed for the occurrence of flare of preexisting autoimmune disease, other IRAEs, and cancer response.

Results. The study included 112 patients who were followed up for a median of 8 months. The most frequent 
preexisting autoimmune diseases were psoriasis (n = 31), rheumatoid arthritis (n = 20), and inflammatory bowel dis-
ease (n = 14). Twenty- four patients (22%) were receiving immunosuppressive therapy at ICI initiation. Autoimmune 
disease flare and/or other IRAE(s) occurred in 79 patients (71%), including flare of preexisting autoimmune disease 
in 53 patients (47%) and/or other IRAE(s) in 47 patients (42%), with a need for immunosuppressive therapy in 48 
patients (43%) and permanent discontinuation of ICI in 24 patients (21%). The median progression- free survival was 
shorter in patients receiving immunosuppressive therapy at ICI initiation (3.8 months versus 12 months; P = 0.006), 
confirmed by multivariable analysis. The median progression- free survival was shorter in patients who experienced 
a flare of preexisting autoimmune disease or other IRAE, with a trend toward better survival in the subgroup without 
immunosuppressant use or ICI discontinuation.

Conclusion. Our findings indicate that flares or IRAEs occur frequently but are mostly manageable without ICI 
discontinuation in patients with a preexisting autoimmune disease. Immunosuppressive therapy at baseline is asso-
ciated with poorer outcomes.
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INTRODUCTION

Immune checkpoint inhibitors (ICIs) are becoming the stand-
ard of care in various cancers (1,2). The well- known CTLA- 4, with 
its ligand CD80/CD86, and programmed death 1 (PD- 1), with 
its ligands PD- L1 and PD- L2, are physiologic inhibitors of acti-
vated T cells, instrumental in maintaining immune homeostasis 
and preventing damage to the host (3–5). Immune checkpoints 
can be dysregulated by tumor cells as one of the mechanisms to 
escape the immune system, notably with the expression of PD- L1 
by tumor cells (6). Although blocking these immune checkpoints 
enhances the antitumor immune response, it may also break self 
tolerance, leading to immune- related adverse effects (IRAEs). 
These inflammatory and/or autoimmune manifestations are fre-
quent, affecting up to 70% of patients receiving anti–PD- 1 agents 
and up to 90% of patients receiving anti–CTLA- 4 agents, and 
sometimes severe (≤10% for anti–PD- 1 and 20% for anti–CTLA- 
4) (7,8). Virtually all organs can be affected, and the occurrence of 
authentic autoimmune diseases has been reported (9–11).

Therefore, most patients with preexisting inflammatory or 
autoimmune disease have been excluded from clinical trials of 
ICIs. Some case reports and small series, as well as a meta- 
analysis assessing the use of ICIs in such populations, have been 
published recently, but more robust data on the safety of ICI ther-
apy in larger cohorts of patients with preexisting autoimmune dis-
ease are needed (12–21). Whether the occurrence of IRAEs is 
associated with better antitumor response is a matter of debate 
(7,22–27). It has been reported that patients with an autoimmune 
disease who were treated with ICIs had better clinical outcomes 
(16). However, the use of immunosuppressive treatment might 

impact this response (14). We conducted a national, multicenter, 
retrospective cohort study to assess the safety and efficacy of ICIs 
in patients with preexisting autoimmune disease.

PATIENTS AND METHODS

Study design. A standardized retrospective data extrac-
tion form was disseminated between January 2017 and Jan-
uary 2018 through the mailing lists and websites of 3 French 
national networks, Groupe Français de Pneumo- Cancérologie, 
Groupe de Cancérologie Cutanée, and Club Rhumatismes et 
Inflammations, in order to anonymously identify adult patients 
with a preexisting autoimmune disease who had been treated 
with ICIs at any time. Collaboration between these 3 networks 
was developed since rheumatologists and internists are the 
2 groups of specialists that are highly involved in the care of 
patients with systemic autoimmune diseases in France and are 
frequently asked by oncologists about the possibility of using 
ICIs in such patients, and melanoma and lung cancer are by 
far the most frequent cancers for which ICIs are proposed. 
Therefore, the dissemination of the study form among all 
French skin cancer specialists and lung cancer specialists, as 
well as some general oncologists involved in these networks, 
was worthwhile. All patients who were identified by clinicians 
(either oncologists, rheumatologists, or internists) from several 
academic or nonacademic hospitals were included. Exclusion 
criteria were a diagnosis of the autoimmune disease after the 
start of ICIs and the absence of follow- up data.

Baseline characteristics, history of both cancer and preexisting 
autoimmune disease, previous or current immunosuppressive ther-
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apy, as well as type of ICI, IRAEs, and tumor response according 
to medical records, were recorded in specific  questionnaires. The 
preexisting autoimmune disease was classified as active or inac-
tive based on the clinician’s assessment; the use of specific scores 

was not required in the questionnaire. Flare of the preexisting auto-
immune disease and/or occurrence of other IRAEs were reported 
separately and were graded according to the Common Terminol-
ogy Criteria for Adverse Effects (CTCAE), version 4.0. Grades 1 

Table 1. Demographic and baseline clinical characteristics of the patients according to cancer type*

Total 
(n = 112)

Melanoma 
(n = 66)

NSCLC 
(n = 40)

Urologic  
cancer 
(n = 4)

MCC 
(n = 2)

Sex, male 64 (57) 35 (53) 25 (63) 4 (100) 0 (0)
Age, median (range) years 66.5 (37–91) 68 (37–91) 64 (39–83) 67 (65–69) 72 (61–83)
Cancer duration before start of ICI, median (range) months 20 (1–483) 21 (1–483) 17 (2–171) 35 (15–95) 20 (4–36)
No. of previous courses of treatment

None 49 (44) 49 (74) 0 (0) 0 (0) 0 (0)
1 36 (32) 13 (20) 18 (46) 3 (75) 2 (100)
≥2 26 (23) 4 (6.1) 21 (54) 1 (25) 0 (0)

Performance status score 0–1 at start of ICI 97 (91) 61 (95) 34 (87) 2 (67) 0 (0)
Metastases at start of ICI 89 (85) 51 (81) 33 (89) 3 (100) 2 (100)
Preexisting autoimmune disease

Psoriasis and PsA 31 (28) 20 (30) 10 (25) 1 (25) 0 (0)
RA 20 (18) 8 (12) 10 (25) 2 (50) 0 (0)
IBD 14 (13) 8 (12) 6 (15) 0 (0) 0 (0)
SpA 5 (4.5) 4 (6.1) 1 (2.5) 0 (0) 0 (0)
Lupus 7 (6.3) 4 (6.1) 3 (7.5) 0 (0) 0 (0)
PMR/GCA 7 (6.3) 5 (7.6) 2 (5) 0 (0) 0 (0)
Other† 28 (25) 17 (26) 8 (20) 1 (25) 2 (100)

Duration of preexisting autoimmune disease before start 
of ICI, median (range) years

12 (0–67) 12 (0–67) 11 (1–49) 8 (5–54) 17 (17–17)

Active preexisting autoimmune disease at start of ICI 37 (33) 25 (38) 12 (30) 0 (0) 0 (0)
Immunosuppressants at start of ICI 24 (22) 16 (24) 5 (13) 2 (50) 1 (50)

Glucocorticoids 0–15 mg/day 11 (46) 9 (56) 2 (40) 0 (0) 0 (0)
Glucocorticoids 20–40 mg/day‡ 3 (13) 2 (13) 0 (0) 0 (0) 1 (100)
Glucocorticoids 1–2 mg/kg/day‡ 1 (4.2) 1 (6) 0(0) 0 (0) 0 (0)
csDMARD 10 (42) 6 (38) 2 (40) 2 (100) 0 (0)
bDMARD 1 (4.2) 0 (0) 1 (20) 0 (0) 0 (0)

Previous immunosuppressive therapy 51 (49) 25 (39) 23 (66) 2 (50) 1 (50)
Glucocorticoids 22 (43) 12 (48) 9 (39) 1 (50) 0 (0)
csDMARD 33 (65) 13 (52) 19 (83) 2 (100) 0 (0)
bDMARD 10 (20) 4 (16) 6 (26) 0 (0) 0 (0)
Other§ 5 (9.8) 2 (8) 2 (8.7) 0 (0) 1 (100)

Discontinuation of immunosuppressants within 3 months 
before the start of ICI

8 (16) 6 (24) 2 (8.7) 0 (0) 0 (0)

ICI used
Ipilimumab 14 (13) 14 (21) 0 (0) 0 (0) 0 (0)
Nivolumab 63 (56) 22 (33) 39 (98) 2 (50) 0 (0)
Pembrolizumab 27 (24) 27 (41) 0 (0) 0 (0) 0 (0)
Combination of ipilimumab and nivolumab 3 (2.7) 3 (4.5) 0 (0) 0 (0) 0 (0)
Atezolizumab 3 (2.7) 0 (0) 1 (2.5) 2 (50) 0 (0)
Avelumab 2 (1.8) 0 (0) 0 (0) 0 (0) 2 (100)

Treatment duration, median (range) weeks¶ 19 (0–140) 29 (0–140) 10 (0–134) 19 (15–22) 1 (0–2)
Duration of follow- up from ICI initiation, median (range) 

months#
8 (0–52) 9.5 (0–52) 7 (1–35) 7 (5–10) 1.5 (1–2)

* Data were not available for all characteristics for all patients. Except where indicated otherwise, values are the number (%). PsA = psoriatic 
arthritis; RA = rheumatoid arthritis; IBD = inflammatory bowel disease; SpA = spondyloarthritis; PMR = polymyalgia rheumatica; GCA = giant cell 
arteritis; csDMARD = conventional synthetic disease- modifying antirheumatic drug; bDMARD = biologic DMARD. 
† Other preexisting autoimmune diseases included Graves’ disease (n = 4), sarcoidosis (n = 4), systemic sclerosis (n = 3), Sjögren’s syndrome (n = 
3), vitiligo (n = 3), antineutrophil cytoplasmic antibody–associated vasculitis (n = 2), primary biliary cirrhosis (n = 2), autoimmune hemolytic anemia 
(n = 2), myasthenia gravis (n = 1), antiphospholipid syndrome (n = 1), acute anterior uveitis (n = 1), dermatomyositis (n = 1), autoimmune hepatitis 
(n = 1), autoimmune hypophysitis (n = 1), undifferentiated connective tissue disease (n = 1), lipoid nephrosis (n = 1), multiple sclerosis (n = 1), 
 idiopathic thrombocytopenic purpura (n = 1), Hashimoto disease associated with another preexisting autoimmune disease (n = 3), and pernicious 
disease associated with another preexisting autoimmune disease (n = 1). 
‡ For the treatment of metastatic lesions in 1 patient. 
§ Other immunosuppressive agents included acitretin, interferon- β, and glatiramer. 
¶ For the 78 patients who stopped immune checkpoint inhibitor (ICI) treatment (41 with melanoma, 32 with non–small cell lung cancer [NSCLC], 
3 with urologic cancer, and 2 with Merkel cell carcinoma [MCC]). 
# For all 112 patients. 
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and 2 were considered mild, and grades 3 and 4 were consid-
ered severe. The use of glucocorticoids or other immunosuppres-
sive therapy was recorded. The overall response rate, defined as 
a partial response or complete response according to Response 
Evaluation Criteria in Solid Tumors version 1.1, overall survival, and 
progression- free survival were analyzed. The study was approved 
by the French National Data Protection Commission and by the 
Brest University Hospital Ethics Committee (#2016.CE38).

Statistical analysis. The chi- square test or Fisher’s exact 
test was used to compare categorical data between groups. 
Overall survival and progression- free survival were first estimated 
in different subgroups using the Kaplan- Meier method and were 
then compared using a log rank test for univariate analysis. In an 
intent- to- treat analysis, patients who had received several types 
of ICIs were analyzed according to the first- line ICI, and flares/
IRAEs, progression- free survival, and overall survival were eval-

uated over the total follow- up period. These statistical analyses 
were performed using SPSS software version 18.0.

Overall survival and progression- free survival were then analyzed 
using a multivariable Cox model with time- dependent covariates to 
handle events related to flares of preexisting autoimmune disease or 
IRAE. Flare or IRAE exposure was considered a dichotomous (pres-
ent/absent) time- dependent covariate without transition back from 
the “present” state to the “absent” state, since it was assumed that 
the effect of a flare on the future remained even after recovery. Flare/
IRAE exposure was also stratified according to its management: with 
or without permanent discontinuation of ICI (present/absent) and 
with or without adding immunosuppressive therapy (present/absent), 
leading to 4 dichotomous time- dependent covariates without transi-
tion back from the “present” state to the “absent” state. Hazard ratios 
(HRs) and 95% confidence intervals (95% CIs) were calculated using 
the PHREG procedure in SAS software, version 9.4. P values less 
than 0.05 were considered significant.

Table 2. Demographic and baseline clinical characteristics of the patients according to preexisting autoimmune disease*

Psoriasis or PsA 
(n = 31)

RA 
(n = 20)

IBD 
(n = 14)

Lupus 
(n = 7)

PMR/GCA 
(n = 7)

SpA 
(n = 5)

Age, median (range) years 65 (37–91) 66 (39–83) 65 (45–89) 63 (57–77) 81 (74–91) 72 (60–81)
Disease duration before start of ICI, mean 

(range) years
20 (1–67) 12 (2–31) 18 (1–49) 18 (5–41) 4 (0–17) 31 (10–44)

Previous immunosuppressive therapy 9 (30) 14 (70) 7 (54) 4 (57) 4 (80) 2 (67)
Glucocorticoids 1 (11) 5 (36) 3 (43) 2 (50) 4 (100) 0 (0)
csDMARD 6 (67) 13 (93) 6 (86) 3 (75) 0 (0) 2 (100)
bDMARD 2 (22) 4 (29) 1 (14) 0 (0) 0 (0) 1 (50)
Acitretin 4 (44) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Discontinuation of immunosuppressants 
within 3 months before the start of ICI

2 (22) 2 (14) 1 (14) 0 (0) 1 (25) 1 (50)

Immunosuppressive therapy for preexisting 
autoimmune disease at start of ICI

1 (3.2) 13 (65) 0 (0) 2 (29) 3 (50) 1 (20)

Glucocorticoids† 1 (100) 6 (46) 0 (0) 0 (0) 3 (100) 1 (100)
csDMARD 0 (0) 8 (62) 0 (0) 2 (100) 0 (0) 0 (0)
bDMARD 0 (0) 1 (7.7) 0 (0) 0 (0) 0 (0) 0 (0)

Active preexisting autoimmune disease at 
start of ICI

17 (55) 8 (40) 1 (7.1) 2 (29) 2 (29) 1 (20)

ICI used
Ipilimumab 5 (16) 3 (15) 1 (7.1) 1 (14) 1 (14) 0 (0)
Nivolumab 19 (61) 12 (60) 9 (64) 3 (43) 4 (57) 3 (60)
Pembrolizumab 5 (16) 4 (20) 4 (29) 3 (43) 2 (29) 2 (40)
Combination of ipilimumab and nivolumab 2 (6.5) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Atezolizumab 0 (0) 1 (5.0) 0 (0) 0 (0) 0 (0) 0 (0)
Avelumab 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Cancer type
Melanoma 20 (65) 8 (40) 8 (57) 4 (57) 5 (71) 4 (80)
NSCLC 10 (32) 10 (50) 6 (43) 3 (43) 2 (29) 1 (20)
Urologic cancer 1 (3.2) 2 (10) 0 (0) 0 (0) 0 (0) 0 (0)
MCC 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Cancer duration before start of ICI, median 
(range) months

23 (1–118) 20 (2–483) 19 (2–73) 28 (8–99) 20 (1–171) 35 (3–60)

No. of previous courses of treatment
None 14 (45) 4 (21) 6 (43) 1 (14) 4 (57) 4 (80)
1 10 (32) 7 (37) 4 (29) 4 (57) 3 (43) 1 (20)
≥2 7 (23) 8 (42) 4 (29) 2 (29) 0 (0) 0 (0)

Performance status score 0–1 at start of ICI 28 (93) 20 (100) 12 (92) 5 (83) 7 (100) 4 (80)
Metastases at start of ICI 26 (84) 15 (79) 12 (92) 5 (83) 7 (100) 3 (60)

* The remaining 28 patients had other preexisting autoimmune diseases, as listed in the Table 1 footnotes. Data were not available for all  
characteristics for all patients. Except where indicated otherwise, values are the number (%). See Table 1 for definitions. 
† For the treatment of metastatic lesions in 1 patient. 
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RESULTS

Patient characteristics. The study included 112 
patients. Demographic and baseline characteristics are pre-
sented according to the type of cancer (Table 1) and according 
to the preexisting autoimmune disease (Table 2). The distribu-
tion of patients identified by each specialist group is provided 
in Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlin elibr ary.wiley.com/doi/10.1002/

art.41068/ abstract.

Immunotoxicity. Overall, 79 of 112 patients (71%) expe-
rienced an immunotoxicity: a flare of the preexisting autoimmune 
disease (including patients who experienced a flare only and 
patients who experienced both a flare and an IRAE) (47%; n = 53), 
an IRAE not related to the preexisting autoimmune disease (includ-
ing patients who experienced an IRAE only and patients who expe-
rienced both a flare and an IRAE) (42%; n = 47), or both (18%; n = 
20) (Tables 3 and 4). Of note, 24 of 112 patients (21%) permanently 
discontinued ICI treatment due to an immunotoxicity despite the 
use of immunosuppressive therapy in 20 of them. There was 1 
death potentially related to an immunotoxicity (edematous decom-
pensation and liver failure in a patient with primary biliary cirrhosis 
but also progressing metastasis). Immunotoxicities are presented 
according to the preexisting autoimmune disease (Table  3) and 
according to ICI at baseline (Table 4). Of note, 10 (71%) of the 14 
patients who were receiving ipilimumab at baseline switched to an 

anti–PD- 1 or anti–PD- L1 agent during follow- up, and 3 (3.2%) of 
the 95 patients who were receiving an anti–PD- 1 or anti–PD- L1 

agent at baseline switched to ipilimumab.
Flare of preexisting autoimmune disease. A flare of the pre-

existing autoimmune disease was reported in 53 patients (47%), 
and 84% of the flares were similar to previous flares. Of the 50 pa-
tients for whom CTCAE grades were available, the flare was mild 
in 35 (70%) but severe in 15 (30%). Twenty- eight of 52 patients 
(54%) needed immunosuppressive therapy for their flare, mainly 
glucocorticoids (86%; n = 24), with doses ranging from ≤15 mg/
day (n = 13) to 20–40 mg/day (n = 4) to 1–2 mg/kg/day (n = 6). 
(The glucocorticoid dosage was not known for 1 patient.) Among 
them, 8 patients were already receiving an immunosuppressive 
agent at ICI initiation, either glucocorticoids at a lower dose or 
a conventional synthetic disease- modifying antirheumatic drug 
(csDMARD). Six patients (21%) received a csDMARD (methotrex-
ate or azathioprine) for a flare of preexisting autoimmune disease, 
and 3 patients (11%) received a biologic DMARD (tumor necrosis 
factor [TNF] inhibitor for inflammatory bowel disease flares). Of 
note, 6 of 8 patients who had discontinued immunosuppressive 
therapy within 3 months before ICI initiation experienced a flare.

Other IRAE(s). Forty- seven patients (42%) experienced IRAE(s) 
not related to their preexisting autoimmune disease. The worst 
grade recorded was available for 45 patients, and was mild in 27 
patients (60%) and severe in 18 patients (40%). IRAEs tended to be 
more frequent in patients whose ICI treatment included ipilimumab 

Table 3. Safety of ICIs in each preexisting autoimmune disease*

Total 
(n = 112)

Psoriasis or PsA 
(n = 31)

RA 
(n = 20)

IBD 
(n = 14)

Lupus 
(n = 7)

PMR/GCA 
(n = 7)

SpA 
(n = 5)

Flare of preexisting autoimmune 
disease or other IRAE

79 (71) 25 (81) 14 (70) 9 (64) 3 (43) 6 (86) 3 (60)

Flare of preexisting autoimmune 
disease 

53 (47) 21 (68) 12 (60) 7 (50) 1 (14) 3 (43) 2 (40)

Same flare features as usual 43 (84) 17 (81) 11 (100) 7 (100) 0 (0) 1 (33) 2 (100)
CTCAE grade 1–2 35 (70) 16 (80) 10 (91) 1 (14) 1 (100) 2 (67) 1 (50)
CTCAE grade 3–4 15 (30) 4 (20) 1 (9.1) 6 (86) 0 (0) 1 (33) 1 (50)

Immunosuppressive therapy for flare 28 (54) 7 (33) 10 (83) 5 (71) 0 (0) 3 (100) 1 (50)
Glucocorticoids (any dose) 24 (86) 3 (43) 10 (100) 5 (100) 0 (0) 3 (100) 1 (100)
Glucocorticoids 0–15 mg/day 13 (57) 3 (100) 6 (67) 0 (0) 0 (0) 3 (100) 0 (0)
Glucocorticoids 20–40 mg/day 4 (17) 0 (0) 2 (22) 2 (40) 0 (0) 0 (0) 0 (0)
Glucocorticoids 1–2 mg/kg/day 6 (26) 0 (0) 1 (11) 3 (60) 0 (0) 0 (0) 1 (100)
csDMARD 6 (21) 3 (43) 1 (10) 2 (40) 0 (0) 0 (0) 0 (0)
bDMARD 3 (11) 0 (0) 0 (0) 3 (60) 0 (0) 0 (0) 0 (0)
Acitretin 3 (11) 3 (43) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Other IRAE 47 (42) 13 (42) 7 (35) 4 (29) 3 (43) 4 (57) 1 (20)
CTCAE grade 1–2 27 (60) 7 (58) 4 (57) 2 (50) 3 (100) 3 (75) 0 (0)
CTCAE grade 3–4 18 (40) 5 (42) 3 (43) 2 (50) 0 (0) 1 (25) 1 (100)

Flare and other IRAE 20 (18) 8 (26) 5 (25) 2 (14) 1 (14) 1 (14) 0 (0)
Permanent discontinuation of ICI due 

to immunotoxicity
24 (21) 6 (19) 3 (15) 5 (36) 0 (0) 2 (29) 1 (20)

Death 31 (28) 7 (23) 5 (25) 2 (14) 1 (14) 4 (57) 1 (20)
Death due to immunotoxicity 1 (3.2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Duration of follow- up from start of ICI, 

median (range) months
8 (0–52) 12 (1–52) 7.5 (1–37) 10 (1–48) 10 (1–31) 5 (0–15) 6 (1–16)

* The remaining 28 patients had other preexisting autoimmune diseases, as listed in the Table 1 footnotes. Data were not available for all pa-
rameters for all patients. Except where indicated otherwise, values are the number (%). IRAE = immune- related adverse effect; CTCAE = Common 
Terminology Criteria for Adverse Events (see Table 1 for other definitions). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41068/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41068/abstract
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(11 [79%] of 14) compared to those who received anti–PD- 1/PD- 
L1 agents alone (34 [36%] of 95) and were more often severe in 
patients who received ipilimumab (55% versus 38% in patients who 
received anti–PD- 1/PD- L1 agents alone). IRAEs occurred in 2 of the 
3 patients who were receiving a combination of ICIs (hypophysitis 
in 1 patient and inflammatory myopathy in 1 patient; both grade 2).

The most frequent IRAEs experienced by patients whose ICI 
treatment included ipilimumab were colitis (including diarrhea and/
or endoscopy findings) (n = 4) and hypophysitis (n = 2), while vitiligo 
(n = 8), colitis (n = 7), arthralgia/arthritis (n = 6), and thyroiditis (n = 
6) occurred more frequently in patients who received anti–PD- 1/
PD- L1 agents alone. Vitiligo was observed only in patients with 
melanoma (n = 9). Of these 9 patients, 6 were receiving pembroli-
zumab. A complete response (n = 3) or partial response (n = 3) was 
achieved in 6 patients (67%). Rheumatic manifestations included 
arthralgia (n = 4), inflammatory arthritis (n = 1), and shoulder tend-
initis with subdeltoid bursitis (n = 1).

Twenty- four of 45 patients (53%) received an immunosuppres-
sive therapy for an IRAE not related to their preexisting autoimmune 

disease. All 24 received glucocorticoids, at dosages of 0–15 mg/
day (n = 3), 20–40 mg/day (n = 2), or 1–2 mg/kg/day or intravenous 
bolus (n = 19 [including 10 of 11 patients with colitis]). Four patients 
needed additional immunosuppressive therapy with methotrexate 
(for arthritis in 1 patient), TNF inhibitor (for colitis in 1 patient), or 
intravenous immunoglobulin (for idiopathic thrombocytopenic pur-
pura in 1 patient and Guillain- Barré syndrome in 1 patient).

Immunotoxicity in different preexisting autoim-
mune diseases. Table  3 shows data on flares and IRAEs for 
patients according to preexisting autoimmune disease.

Psoriasis and psoriatic arthritis (n = 31). Twenty- one patients 
with psoriasis or psoriatic arthritis (68%) experienced a flare with 
recurrence or worsening of known plaques, and 4 patients ex-
perienced de novo symptoms such as erythroderma or psoriatic 
arthritis. Of 17 patients with active disease at ICI initiation (55%), 
10 (59%) experienced a psoriasis flare. Seven patients (33%) re-
ceived an immunosuppressive agent, including glucocorticoids 
10–15 mg/day (n = 3), methotrexate (n = 3), or acitretin (n = 3).

Table 4. Safety and efficacy according to ICI at baseline*

Total 
(n = 112)

Ipilimumab 
(n = 14)

Anti–PD- 1/anti–PD- L1 
(n = 95)

Flare or other IRAE 79 (71) 12 (86) 64 (67)
Flare of preexisting autoimmune disease 53 (47) 7 (50) 43 (45)

Same flare features as usual 43 (84) 6 (86) 34 (83)
CTCAE grade 1–2 35 (70) 5 (100) 28 (67)
CTCAE grade 3–4 15 (30) 0 (0) 14 (33)

Immunosuppressive therapy for flare 28 (54) 3 (43) 24 (56)
Glucocorticoids (any dose) 24 (86) 3 (100) 21 (88)
Glucocorticoids 0–15 mg/day 13 (57) 2 (100) 11 (52)
Glucocorticoids 20–40 mg/day 4 (17) 0 (0) 4 (19)
Glucocorticoids 1–2 mg/kg/day 6 (26) 0 (0) 6 (29)
csDMARD 6 (21) 1 (33) 3 (13)
bDMARD 3 (11) 0 (0) 3 (13)
Acitretin 3 (11) 0 (0) 0 (0)

Other IRAE 47 (42) 11 (79) 34 (36)
CTCAE grade 1–2 27 (60) 5 (45) 20 (63)
CTCAE grade 3–4 18 (40) 6 (55) 12 (38)

Immunosuppressive therapy for IRAE 24 (53) 7 (64) 16 (50)
Glucocorticoids (any dose) 24 (100) 7 (100) 16 (100)
Glucocorticoids 0–15 mg/day 3 (13) 0 (0) 3 (19)
Glucocorticoids 20–40 mg/day 2 (8.3) 2 (29) 0 (0)
Glucocorticoids 1–2 mg/kg/day or pulse 19 (79) 5 (71) 13 (81)
csDMARD 1 (4.2) 0 (0) 1 (6.3)
bDMARD 1 (4.2) 0 (0) 1 (6.3)
Intravenous immunoglobulin 2 (8.3) 0 (0) 2 (12.5)

Flare and other IRAE 20 (18) 6 (43) 12 (13)
Permanent discontinuation of ICI due to 

immunotoxicity
24 (21) 2 (14) 20 (21)

Overall response rate for first- line ICI 51 (49) 1 (10) 48 (52)
Partial response rate 34 (32) 1 (100) 17 (35)
Complete response rate 17 (16) 0 (0) 31 (65)

Death 31 (28) 6 (43) 25 (26)
Death due to immunotoxicity 1 (3.2) 0 (0) 1 (4)

* The remaining 28 patients had other preexisting autoimmune diseases, as listed in the Table 1 foot-
notes. Data were not available for all parameters for all patients. Values are the number (%). ICI = im-
mune checkpoint inhibitor; anti–PD- 1 = anti–programmed death 1; anti–PD- L1= anti–programmed death 
ligand 1; IRAE = immune- related adverse effect; CTCAE = Common Terminology Criteria for Adverse 
Events; csDMARD = conventional synthetic DMARD; bDMARD = biologic DMARD. 
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Rheumatoid arthritis (RA; n  =  20). Thirteen patients with 
RA  (65%) were receiving immunosuppressive therapy at ICI 
 initiation, including glucocorticoids ≤15 mg/day (n = 6), meth-
otrexate (n = 7), hydroxychloroquine (n = 1), and rituximab (n = 
1). Twelve patients (60%) experienced a flare (1 while receiving 
hydroxychloroquine and 5 while receiving methotrexate). One 
(9.1%) of 11 flares was severe. Ten patients (83%) received glu-
cocorticoids for the flare. One patient needed an increased dos-
age of methotrexate. Of the 8 patients (40%) with active RA at 
ICI initiation, 6 (75%) experienced a flare.

Inflammatory bowel disease (n = 14). Six patients had 
Crohn’s disease and 8 had ulcerative colitis. Six patients had 
previously received a csDMARD, and 1 had received a TNF in-
hibitor, which were all discontinued before ICI initiation. Seven 
patients (50%) experienced a flare, which was severe in 6 pa-
tients. Five patients received an immunosuppressive agent, in-
cluding glucocorticoids (n = 5), a csDMARD (n = 2 [methotrexate 
and azathioprine]), and a TNF inhibitor (n = 3).

Lupus (n = 7). Four patients had systemic lupus erythema-
tosus (SLE), and 3 had only cutaneous manifestations. Two pa-
tients were receiving hydroxychloroquine at ICI initiation, and 4 
patients had previously received an immunosuppressive agent. 
Only 1 patient (14%), who had SLE and Sjögren’s syndrome, 
experienced a mild flare. The flare was different than usual (Ray-
naud’s phenomenon and macules on both hands), occurred 
while the patient was receiving hydroxychloroquine, and did not 
require additional immunosuppressive therapy. Two patients had 
active disease at initiation of ICI treatment and did not experi-
ence a disease flare. Of note, 2 of the 3 patients with cutaneous 
lupus developed vitiligo while receiving treatment.

Polymyalgia rheumatica and giant cell arteritis (n = 7). Four 
patients had polymyalgia rheumatica, and 3 had giant cell arte-

ritis. Three patients were receiving low- dose glucocorticoids at 
ICI  initiation. Three patients experienced a flare, 2 with a  different 
clinical presentation than usual (symmetrical arthritis of small 
hand joints in 1 and hand arthralgia in 1). One of 2 patients who 
had active disease at baseline experienced a disease flare.

Spondyloarthritis (n = 5). One patient with spondyloarthritis 
had active disease at inclusion and had stopped TNF inhibitor 
treatment at cancer diagnosis (17 weeks before ICI initiation). 
Another patient had previously received a csDMARD, and 1 pa-
tient was still receiving glucocorticoids 5 mg/day. Two patients 
(40%) experienced a flare with usual axial symptoms, including 
the patient who had discontinued TNF inhibitor treatment, who 
received glucocorticoids at a dosage of 1 mg/kg/day and non-
steroidal antiinflammatory drugs.

Other preexisting autoimmune diseases (n = 28). Eleven pa-
tients had a potentially severe preexisting autoimmune disease, 
including myasthenia gravis (n = 1), antiphospholipid syndrome 
(n = 1), systemic sclerosis (n = 3), dermatomyositis (n = 1), an-
tineutrophil cytoplasmic antibody–associated vasculitis (n = 2), 
autoimmune hemolytic anemia (n = 2), and idiopathic thrombo-
cytopenic purpura (n = 1). Other diagnoses are listed in Table 1. 
Only 1 patient of 11 (with dermatomyositis) had active disease 
and was receiving glucocorticoids 5 mg/day at baseline. All were 
treated with nivolumab. No patient had a disease flare during a 
median follow- up of 6 months (range 2–35 months).

Tumor response and survival. Fifty- one of 105 patients 
(49%) were considered to be responders to first- line ICI treat-
ment (Table 4), with either partial response (n = 34) or complete 
response (n = 17). The median progression- free survival was 
12.9 months for patients with melanoma (95% CI 6.9–18.8) and 
11.8 months for patients with non–small cell lung cancer (95% CI 

Figure 1. Progression- free survival (PFS) (A) and overall survival (OS) (B) for patients not receiving immunosuppressive (IS) therapy at initiation 
of immune checkpoint inhibitor (ICI) treatment (indicated by 0) and patients receiving ongoing immunosuppressive therapy at initiation of ICI 
treatment (indicated by 1).
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7.2–16.5), and overall survival was not reached and 22.4 months 
(95% CI 10.3–34.5), respectively. In univariate analysis, patients 
receiving an immunosuppressive agent at ICI initiation had a 
shorter progression- free survival (median 3.8 months versus 12 
months; P = 0.006) (Figure 1A), but there were no significant dif-
ferences for overall survival (median survival not reached in any 
group; P = 0.054) (Figure 1B). Progression- free survival was com-
parable between patients receiving “strong” immunosuppression 
(glucocorticoids >15 mg/day or DMARDs) at baseline (n = 10) and 
those receiving “weak” immunosuppression (hydroxychloroquine 
or glucocorticoids ≤15 mg/day) or no immunosuppressive ther-
apy at baseline (n = 96) (P = 0.316 for progression- free survival).

We next analyzed progression- free survival and over-
all survival in a multivariable Cox model, considering flare or 
IRAE exposure as a dichotomous time- dependent covariate, 
adjusted for other confounding covariates such as sex, age, 
type of cancer, type of ICI at baseline, and immunosuppres-
sion at baseline (Table 5 and Supplementary Table 2, available 
on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41068/ abstract). Immunosup-
pressive therapy at baseline was associated with a shorter 
progression- free survival (HR 2.10 [95% CI 1.08–4.07], P = 
0.028). The same trend was observed for overall survival but 
was not significant (HR 1.95 [95% CI 0.82–4.64], P = 0.134). 
Flare/IRAE occurrence was also associated with a shorter 
progression- free survival (HR 1.97 [95% CI 1.06–3.66], P = 
0.032), without any impact on overall survival (HR 0.98 [95% 

CI 0.44–2.20], P = 0.968).
When flare/IRAE management was considered in a sec-

ond multivariable Cox model, the poorer outcomes were 

observed in the case of permanent discontinuation of ICI 
without the use of immunosuppressive therapy (HR 3.38,  
P = 0.116 for progression- free survival and HR 3.81, P = 0.099 
for overall survival), while a trend toward better outcomes was 
observed in the absence of immunosuppressive treatment 
or permanent discontinuation of ICI (HR 1.47, P = 0.291 for 
progression- free survival and HR 0.70, P = 0.478 for overall 
survival). Immunosuppressive treatment for a flare/IRAE with-
out permanent discontinuation of ICI was the only covariate 
significantly associated with a worse progression- free survival 
(HR 2.16, P = 0.026).

DISCUSSION

In this nationwide, multicenter cohort study, which is the 
largest published to date, safety and efficacy outcomes of ICI 
treatment were assessed in 112 patients with preexisting auto-
immune disease. During a median follow- up of 8 months, immu-
notoxicities related to ICI treatment were frequent (71%), either 
preexisting autoimmune disease flares (47%) which were severe 
in 30%, or other IRAE(s) (42%), which were severe in 40%. We 
observed that patients receiving immunosuppressive therapy 
at ICI initiation had shorter progression- free survival, which was 
confirmed in a multivariable analysis.

A previous retrospective study of 52 patients with preexist-
ing autoimmune disease treated with anti–PD- 1 found that 38% 
of the patients experienced a flare and 29% experienced other 
IRAEs (14). Other series have shown lower flare frequencies 
(13,20,21). Although the frequency and the type of IRAE occur-
rence were consistent with data in the literature for the general 
population, severe toxicities seemed more frequent in our cohort 
(2,8,11,24). Nevertheless, there was only 1 patient death poten-
tially related to an immunotoxicity in our study.

Disease flares during ICI were usually similar to previous 
flares, but some patients presented with new disease features, 
notably polymyalgia rheumatica flares with hand involvement. 
Flare occurrence varied according to the type of preexisting 
autoimmune disease, and were more frequent in patients with 
psoriasis/psoriatic arthritis or RA than in patients with lupus. 
Inflammatory bowel disease flares were the most severe, with 
3 patients needing a biologic DMARD, prompting caution for 
these patients. IRAEs, but not flares of preexisting autoimmune 
disease, were more frequent in patients receiving ipilimumab at 
baseline, and most of the patients (10 of 14) received an anti–
PD- 1 after the ipilimumab course. Interestingly, previous studies 
have shown that transplant patients treated with ICI experienced 
more graft rejections with anti–PD- 1, which activates allospecific 
T cells in peripheral tissues (28,29).

Many expert groups have published recommendations for 
IRAE management, which may apply to patients with preexisting 
autoimmune disease (2,30). In our series, most immunotoxicities 
were managed with glucocorticoids.

Table 5. Multivariable Cox model for progression- free survival*

HR (95% CI) P
Sex (female versus male) 1.61 (0.87–2.99) 0.133
Age (per 1- year increase) 1.01 (0.98–1.04) 0.464
Cancer type (melanoma versus 

non–small cell lung cancer)
0.36 (0.18–0.70) 0.003

ICI at baseline (PD- 1/PD- L1 versus 
ipilimumab)

0.32 (0.15–0.67) 0.003

Immunosuppressive therapy at 
baseline (yes versus no)

2.10 (1.08–4.07) 0.028

Flare and/or IRAE occurrence† 1.97 (1.06–3.66) 0.032
Immunosuppressive therapy with ICI 

discontinuation‡
2.09 (0.76–5.70) 0.152

Immunosuppressive therapy without 
ICI discontinuation‡

2.16 (1.10–4.26) 0.026

No immunosuppressive therapy with 
ICI discontinuation‡

3.38 (0.74–15) 0.116

No immunosuppressive therapy 
without ICI discontinuation‡

1.47 (0.72–3.00) 0.291

* HR = hazard ratio; 95% CI = 95% confidence interval; ICI = immune 
checkpoint inhibitor, PD- 1 = programmed death 1; PD- L1 = pro-
grammed death ligand 1. 
† Flare and/or immune- related adverse effect (IRAE) occurrence was 
considered a time- dependent covariate. 
‡ Second multivariable analysis considering the management of 
flare/IRAE as a time- dependent covariate. ICI discontinuation stands 
for permanent discontinuation. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41068/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41068/abstract
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Starting an ICI in a patient with preexisting autoimmune dis-
ease exposes the patient to immunotoxicity. This study suggests 
that ICIs may have a better efficacy in this population with better 
cancer outcomes compared to data from clinical trials (31–34). 
In the literature, data regarding a better overall response rate in 
patients with preexisting autoimmune disease are conflicting 
(13,15,16,20,21). The only prospective study to date showed 
no difference in overall response rate in patients with preexisting 
autoimmune disease (n = 45) compared to patients without pre-
existing autoimmune disease (n = 352) (18).

Nevertheless, our study suggests that progression- free sur-
vival is shorter in patients experiencing an immunotoxicity (HR 
1.97, P = 0.032), which is not consistent with several other studies 
suggesting a better antitumor response in the case of IRAE occur-
rence (35). One explanation is the statistical method used. Herein, 
we considered flare/IRAE exposure as a dichotomous time- 
dependent covariate in a multivariable Cox model. This model 
takes into account the date at which the exposure factor (flare/
IRAE) occurs, processing flare/IRAE as a time- dependent covar-
iate instead of classifying patients into 2 static groups accord-
ing to their exposure during follow- up (36). The latter method is 
biased, since patients with a bad prognosis have less opportu-
nity to experience flare/IRAE, leading to a fallacious increased risk 
in the non- exposed group. For comparison, we also performed 
a multivariable analysis without considering this covariate to be 
time- dependent and found an HR of 0.56 for progression- free 
survival (95% CI 0.32–0.99) (P = 0.047) (data not shown), which 
would make it a protective factor, consistent with data in the lit-
erature. But as described by Kähler et al (20), it is assumed that 
patients who receive treatment for longer time periods develop 
more IRAEs over time; immunotoxicity in this case is not a pro-
tective factor but patients with a poorer cancer prognosis do not 
“have time enough” to experience an IRAE.

The deleterious effect of experiencing a flare/IRAE on cancer 
outcome could result from management of the flare/IRAE by intro-
ducing an immunosuppressive therapy or permanently discontin-
uing the ICI, as suggested by our second multivariable analysis. 
So far, reassuring data on the use of immunosuppressive therapy 
for IRAE management and efficacy outcomes have been reported 
in the general population, but mainly focused on glucocorticoids, 
with little data regarding DMARDs (7,24,26). Of note, a case 
report described progressive disease after secukinumab use, and 
the safety of tocilizumab also remains unclear (37,38).

Regarding ICI discontinuation, data are conflicting. A post 
hoc analysis of phase II and III trials suggested that the efficacy of 
combination ICIs was similar in patients with treatment discontin-
uation due to an IRAE during the induction phase (39). A clinical 
eradication of a bulky melanoma mass after only one infusion of 
combination ICIs has also been reported; the second infusion was 
delayed due to a rash (40). Antitumor response may therefore be 
obtained very quickly and may persist after ICI discontinuation due 
to immunotoxicity. Nevertheless, in a recent randomized study, 

continuous treatment in patients considered responders after 1 
year of nivolumab treatment was associated with a  better outcome 
than discontinuation with re- treatment in the case of progression 
(41). Prospective studies are thus needed to define the best man-
agement strategy. ICI interruption could be less deleterious than 
permanent discontinuation, but was not assessed in our study.

In this series, we noticed a shorter progression- free survival 
when patients were receiving an immunosuppressant at ICI initia-
tion, which raises the question of whether immunosuppressants 
should be discontinued before ICI initiation. The same negative 
effect on tumor response has previously been described in the 
preexisting autoimmune disease cohort of Menzies et al (14), but 
not in smaller series reported by Gutzmer et al (15) and Leonardi 
et al (21). Furthermore, case reports on renal transplant patients 
with related immunosuppression described heterogeneous 
responses, with progressive disease observed especially when 
patients were receiving tacrolimus at ICI initiation (42–44).

Several recent studies assessed the effect of early steroid use 
on clinical outcomes when steroids were prescribed for several 
medical conditions, such as dyspnea, pain, fatigue, brain metas-
tases, or spinal cord compression (45,46). In a pooled cohort of 
640 patients receiving an anti–PD- 1/PD- L1 agent for non–small 
cell lung cancer, 90 patients (14%) received prednisone equivalent 
≥10 mg at ICI initiation. Steroid use was associated with a negative 
effect on overall response rate (OR 0.42, P = 0.053), progression- 
free survival (HR 1.31, P = 0.03), and overall survival (HR 1.66, 
P < 0.001) in a multivariable analysis incorporating smoking sta-
tus, performance status score, and history of brain metastasis 
(46). Patients receiving steroids at baseline have more aggressive 
disease, with a bias that could persist even after adjustment for 
cofounding variables (46). Fucà et al (45) studied 35 patients who 
received early treatment with steroids, defined as corticosteroids 
≥10 mg for at least 1 day within 28 days after ICI initiation, among 
151 patients receiving ICIs for non–small cell lung cancer (96% of 
whom were treated with an anti–PD- 1/PD- L1 agent). Patients in 
the exposed cohort had a lower probability of achieving disease 
control (OR 0.32, P = 0.006), and had shorter progression- free 
survival (HR 1.88, P = 0.03) and overall survival (HR 2.38, P < 
0.001) after adjustment for other confounding covariates. Steroids 
could impair the early T cell signature, which has been shown to be 
associated with the response to ICIs in biopsy specimens obtained 
from melanoma patients soon after treatment initiation, but when 
used later could have less impact, as shown in several studies 
(7,24,45,47). Whether other causes of immunodepression, such 
as primary immunodeficiencies or chronic HIV infection, could 
dampen the efficacy of ICI is not known and should be studied.

The mechanisms of IRAEs are not fully elucidated. One 
could reflect the antitumor immune response with shared anti-
gen between tumor and organ- specific cells (48,49). Somatic 
mutations in the POLR3A locus were found in cancers from 
scleroderma patients with autoantibodies to RNA polymerase 
III subunit 1 (encoded by POLR3A), suggesting cross- reactivity 
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between tumor neoantigens and autoantigens (50). Two patients 
in our study had a concomitant diagnosis of autoimmune dis-
ease and cancer, and both experienced a flare. Such a flare 
could result from tumor antigens and normal tissues having the 
same specific immune response, or from an elevation of baseline 
overactive immunity (51). The antitumor response could be even 
better in this population.

Another possible mechanism of IRAEs could be the exacer-
bation of a preexisting autoimmune condition. Of note, in some 
patients who develop RA while receiving anti–PD- 1 treatment, 
anti–cyclic citrullinated peptide antibodies have been detected 
in serum samples prior to ICI initiation (10). Moreover, elevated 
levels of interleukin- 17 at ICI initiation have been associated with 
a higher risk of colitis in patients treated with ipilimumab (52). In 
patients with preexisting autoimmune disease, ICIs could trigger 
an already up- regulated immunity, with a therefore higher chance 
of antitumor immune response, but immunosuppressive treatment 
at baseline and flare/IRAE could impair this response, depending 
on the strategies used to manage them.

This study has limitations, with a possible selection bias 
inherent in its retrospective design. Notably, clinicians may have 
reported severe IRAEs or flare of preexisting autoimmune dis-
ease more frequently, while omitting patients with preexisting 
autoimmune disease who did not experience immunotoxicity 
during ICI treatment, which might overestimate the real- life inci-
dence of immunotoxicity in such a population. Another possible 
bias might be that better responders were reported more often 
as being treated with ICI for a longer period, therefore overes-
timating our overall survival rate and survival data. The cohort 
was heterogeneous for both cancer type and preexisting auto-
immune disease, making it difficult to draw firm conclusions 
for specific preexisting autoimmune diseases. Moreover, not all 
predictive factors for progression and death, such as PD- 1/
PD- L1 tumor status, tumor mutational burden, and presence 
of brain metastases, which were not available for all patients, 
were considered in the multivariable Cox model. The perfor-
mance status score was not included, but 91% of the patients 
had a score of 0–1, and 85% of the patients had metastatic 
disease at ICI initiation. Finally, only a few patients were receiv-
ing immunosuppressive therapy at ICI initiation, mostly gluco-
corticoids. Outcomes for such patients should definitely be 
further investigated to optimize treatment strategies, notably to 
define whether discontinuation of immunosuppressive therapy 
before ICI initiation is associated with improved survival.

Although IRAEs are frequent and potentially severe, patients 
with preexisting autoimmune disease are good candidates for 
ICI treatment. Close follow- up and collaboration between oncol-
ogists and organ specialists is mandatory in caring for these 
patients. This study raises the idea of immunosuppressive ther-
apy being discontinued at ICI initiation in patients with inactive 
preexisting autoimmune disease, but further prospective studies 
are needed to draw firm conclusions.
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Outcomes Among 196 Patients With Noninfectious 
Proximal Aortitis
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Objective. Noninfectious aortitis may occur in the context of a recognized systemic disease or as a topograph-
ically limited lesion without systemic features, which is called clinically isolated aortitis (CIA). This study was under-
taken to better define and stress the limitations of this diagnostic category in a large population of patients in a single 
center dedicated to aortic diseases and to suggest recommendations for care.

Methods. Records of patients undergoing thoracic aortic surgery (1996–2012) at the Cleveland Clinic were re-
viewed to identify 196 patients with histopathologically proven aortitis. Clinical diagnoses (giant cell arteritis [GCA], 
Takayasu arteritis [TAK], CIA, or Other) were determined at the time of surgery. Clinical features, laboratory findings, 
and imaging results were recorded throughout the follow- up period. At least 6 months of follow- up data were avail-
able for 73 CIA patients.

Results. The mean age of the patients at time of surgery was 65.6 years (range 15–88 years); 67% of patients 
were female, and 90.3% were white. At the time of surgery, 129 patients (65.8%) met criteria for CIA, 42 (21.4%) for 
GCA, 14 (7.1%) for TAK, and 11 (5.6%) met criteria for other systemic inflammatory diseases. During a mean follow- 
up period of 56.2 months, 19% of CIA patients developed new symptoms, 45% developed new radiographic vas-
cular lesions, 40% underwent additional vascular surgery, and 12% died (n = 9). Eleven of 73 patients (15%) initially 
classified as having CIA developed features of a systemic disease, most often GCA.

Conclusion. The majority of patients (66%) with histopathologically proven aortitis have CIA at the time of sur-
gery. CIA patients infrequently report new symptoms over time, but new vascular lesions requiring surgery commonly 
occur. Serial follow- up including large vessel imaging is strongly advised for all aortitis patients.

INTRODUCTION

The aorta is a complex vessel consisting of multiple territo-
ries, including the root, ascending, arch, descending thoracic, and 
abdominal segments. These segments differ from one another in 
location and with respect to gene expression (1,2), embryogene-
sis (3), wall thickness (3), density of the vasa vasorum (3), and pre-
disposition to disease (3–7). While the abdominal aorta is the most 
likely site for atherosclerosis, the proximal aorta (i.e., ascending 
aorta and arch) is the preferred site for cystic medial degeneration 
and aortitis (3).

A diagnosis of aortitis is usually made only after aortic sur-
gery and examination of tissue. Clinical and imaging evaluations 

are then required to determine the diagnostic subsets of aortitis 
and their appropriate management (8–10). Noninfectious aortitis 
is presumed to be an autoimmune condition and may occur as a 
result of a primary systemic large vessel vasculitis, such as giant 
cell arteritis (GCA) or Takayasu arteritis (TAK), or as part of another 
systemic autoimmune disease (including rheumatoid arthritis, the 
spondyloarthritides, Behçet’s disease, Cogan’s syndrome, sys-
temic lupus erythematosus, Sjögren’s syndrome, granulomatosis 
with polyangiitis, sarcoidosis, or IgG4- related disease) (10). Aortitis 
may also appear in isolation as a topographically limited lesion. 
This isolated subset has been previously described in the literature 
using various terminology, most often referred to as “isolated aor-
titis” or “focal isolated aortitis” (FIA). Recently  published pathology 
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consensus guidelines encourage use of the term clinically isolated 
aortitis (CIA) to describe this particular entity, emphasizing the crit-
ical need for clinical and imaging correlation (11,12). According 
to these guidelines, it remains unclear whether CIA represents a 
vasculitis that is pathologically completely isolated to a discrete 
aortic segment, a subtype of vasculitis that is systemic but sub-
clinical, or a heterogeneous group of aortitis subtypes. In 2000, 
Rojo- Leyva et al reported the findings from an analysis of 1,204 
surgical thoracic aortic specimens from our center, of which 52 
(4.3%) had noninfectious aortitis, with most (69%) having an FIA/
CIA phenotype (13).

At present, little is known regarding outcomes of patients 
initially presenting with CIA. One study found that patients with 
CIA are not at increased risk of future vascular events (14), while 
another found that as much as 47% of patients will develop new 
distal aortic aneurysms over time (15). Among the most important 
limitations of this literature are variations in the definition of CIA, 
duration of follow- up, and lack of complete aorta and branch ves-
sel imaging studies to determine the anatomic extent of lesions 
and for rigorous evaluation of diagnostic phenotypes (i.e., isolated 
disease versus systemic vasculitis). The objectives of our study 
were 1) to describe features of aortitis in patients at baseline and 
after follow- up, 2) to compare the outcomes of patients with CIA 
to those of other subgroups, 3) to determine how often initial CIA 
diagnoses were later modified because of new clinical and imag-
ing features, and 4) to provide empirical recommendations for 
monitoring patients with aortitis.

PATIENTS AND METHODS

Study population. The study population included 7,551 
patients who underwent aortic root/ascending aorta or arch sur-
gery at the Cleveland Clinic between 1996 and 2012. Patients 
were identified by searching billing records and a pathology 
department database for a diagnosis of aortitis. After a review of 
200 charts, 4 patients were excluded (1 patient with periaortitis, 
1 with valvulitis, 1 with retroperitoneal fibrosis without histologic 
evidence of aortitis, and 1 patient with ambiguous data), leaving 
196 patients with histopathologically proven noninfectious aortitis 
diagnosed following aortic root/ascending aorta or arch surgery.

Data collection. We reviewed the electronic medical 
records of all patients and recorded clinical features at the 
time of surgery and throughout follow- up using a standard-
ized database (available upon request from the corresponding 
author). Symptoms, physical examination findings, erythrocyte 
sedimentation rate (ESR), C- reactive protein (CRP) level, use 
of immunosuppressive medications, and radiographic lesions 
noted on either computed tomography (CT) or magnetic reso-
nance angiography (MRA) were recorded. Radiographic abnor-
malities were recorded as distal aortic dilatation or aneurysms 
(defined as descending thoracic aortic dilatation >4.0 cm, 

abdominal aortic dilatation >3.0 cm, or aortic dissection) or as 
branch vessel lesions (aneurysms, stenoses, or occlusions). 
Histopathologic findings were recorded as predominantly gran-
ulomatous, lymphocytic/plasmacytic, nonspecific, or having 
“healed” features of aortitis. Tissue samples with predominantly 
plasmacytic features were stained for IgG and IgG4 by immuno-
histochemistry and reviewed by 2 cardiovascular pathologists 
(CDT and ERR) to evaluate for IgG4- related aortitis.

Consistent with prior clinical studies of GCA, an unequiv-
ocally abnormal ESR was defined as ≥40 mm/hour (16,17). An 
abnormal CRP level was defined as >2.0 mg/dl. Postoperative 
outcomes were recorded for patients with at least 6 months of 
clinical follow- up data available, including symptoms, laboratory 
findings, and imaging results. New radiographic vascular lesions 
(as defined above) were compared to baseline images. In order 
for a vascular lesion to be called “new,” previous imaging of the 
area must have been available so that the lesion was known 
unequivocally to be a new finding. Additional vascular opera-
tions, including open or endovascular aortic procedures, endar-
terectomies, branch vessel bypasses or repairs, or angioplasties 
with or without stenting, and histopathologic results of additional 
vascular tissue obtained were recorded.

Patients were classified according to clinical phenotype at the 
time of surgery as having either GCA, TAK, Other, or CIA, accord-

ing to the definitions outlined in Table 1.
All patients classified as having GCA or TAK met Chapel Hill 

Consensus Conference Nomenclature for Vasculitis guidelines 
for these diseases (18). In this study, we classified patients as 
having CIA if they had suspected focal vasculitis within a single 
segment of the thoracic aorta. Of note, some CIA patients had 
distal aortic dilatation noted at baseline, but if radiographic fea-
tures were equally likely to represent another etiology (i.e., ather-
osclerotic disease), then they were permitted to be classified as 
having CIA, unless other features manifested. The outcomes of 
clinical subgroups were compared.

At the end of the follow- up period, the clinical phenotypes 
of patients with CIA were re- evaluated. To remain classified as 
having CIA, patients must not have developed any new feature. 
Classification was switched to “uncertain” if a patient developed 
a new vascular lesion or elevated markers of inflammation dur-
ing the follow- up period, but did not meet criteria for having 
GCA, TAK, or Other. Examples of features in the “uncertain” 
category include the development of a new abdominal aortic 
aneurysm as compared to baseline, a new branch vessel lesion 
that had an equal chance of being atherosclerotic/degenerative 
or vasculitic (i.e., new renal artery or celiac artery narrowing), 
or a significantly elevated ESR or CRP level that was otherwise 
unexplained.

Statistical analysis. Descriptive statistics were used 
to assess baseline demographic and clinical characteristics 
of aortitis patients, aortitis subsets, and outcomes over time. 
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Outcomes among the different clinical subgroups (GCA, TAK, 
Other, and CIA) were compared and differences resolved 
using one- way analysis of variance (ANOVA) for continuous 
variables and chi- square test or Fisher’s exact 2- tailed test 
(if cell value was <5) for categorical variables. P values less 
than 0.05 were considered significant. Post hoc testing with 
 Bonferroni’s correction was performed when ANOVA revealed 
a statistically significant difference between groups. All anal-
yses were performed using SPSS, version 20.0. This study 
was approved by the Cleveland Clinic Institutional Review  
Board.

RESULTS

Study participants. From among 7,551 thoracic aorta 
surgery patients, 196 patients with histopathologically proven 
noninfectious proximal aortitis were identified for more detailed 
study (Table 2). The mean ± SD age of the patients was 65.6 ± 
15.1 years at the time of surgery, and 67% were female. Of the 
196 patients, 90.3% self- identified as white, 6.1% as black, 
1.5% as Hispanic, and 0.5% each as East Indian and Middle 
Eastern ethnicity. The mean ± SD duration of follow- up for all 
patients was 35.4 ± 44.7 months. The most common indica-
tions for surgery were ascending aorta and/or arch aneurysm 
(169 patients [86.2%]) and aortic regurgitation (102 patients 
[52%]). Surgery for coronary artery disease was concomitantly 
performed in 27 patients (13.8%), and for aortic dissection in 

11 patients (5.6%).

Histopathologic findings. The majority of patients 
(164 of 196 [83.7%]) had granulomatous aortitis. The speci-
mens from 18 patients (9.2%) were classified as having a lym-
phocytic/plasmacytic pattern, and 1 of these patients (0.5%) 
met the criteria for IgG4- related disease. A small number of 

patients had either nonspecific chronic or healed aortitis (8 and 
6 patients, respectively).

Baseline features. At the time of surgery, 129 patients 
(65.8%) met predefined criteria for CIA, 42 (21.4%) for GCA, 14 
(7.1%) for TAK, and 11 (5.6%) had other systemic inflamma-
tory diseases, including 2 patients with rheumatoid arthritis, 2 
with sarcoidosis, and 1 each with IgG4- related disease, undif-
ferentiated systemic autoimmune disease, and retroperitoneal 
fibrosis with associated aortitis. With respect to symptoms, 
45% of all patients were asymptomatic at the time of surgery. 
Nonspecific symptoms (e.g., chest pain, dyspnea) were pres-
ent in 51% of all patients. Symptoms of possible inflamma-
tory disease (either systemic autoimmune or vasculitic) were 
present in only 8% at surgery, and by definition, were absent 
in all patients classified with baseline CIA. Preoperative levels 
of markers of inflammation were only available for 47 patients 
(24% of total cohort). Mean ± SD values for both the ESR  
(22.6 ± 17 mm/hour) and CRP level (1.4 ± 2.0 mg/dl) were rel-
atively unremarkable, with no significant differences between 
patient groups (Table 2).

Imaging studies. Baseline imaging results (CT or MRA) 
were available for 187 patients (95%). Complete imaging stud-
ies of the chest and abdomen were available for 108 patients 
(55%), chest only for 78 (40%), and abdomen only in 1 patient 
(0.01%.) Abnormalities of the aortic root, ascending aorta, or 
arch were identified in 98% of patients at baseline. In the remain-
ing 3 patients, surgery was undertaken for reasons other than 
disease of the thoracic aorta (1 severe aortic valve stenosis, 1 
heart transplant for cardiomyopathy, and 1 aortic regurgitation). 
In the baseline CIA group, 64 patients had complete imaging of 
the chest and abdomen. Of these, 33 (52%) had disease isolated 
to the thoracic aorta (ascending and descending) only, and 31 

Table 1. Classification criteria used for determining clinical phenotypes

GCA* TAK* Other CIA
Biopsy- proven aortitis Mandatory Mandatory Mandatory Mandatory
Age at onset, years ≤50, plus either A 

or B, and/or C
≤50, plus either A 

or B, and/or C
Any age, plus A Any age

Symptoms or history (A) PMR or GCA TAK Other systemic  
autoimmune disease†

None

Branch vessel  
abnormalities (B) 

Yes Yes Yes/no None

Elevated ESR/CRP (C) Yes/no Yes/no Yes/no Not significantly 
elevated

Distal aortic disease Yes/no Yes/no Yes/no Yes/no
* For a diagnosis of giant cell arteritis (GCA) and Takayasu arteritis (TAK), all patients met Chapel Hill Consensus Conference 
nomenclature guidelines. Patients must have had either a past history or compelling features compatible with those diseases 
(e.g., ischemic cranial symptoms, vision loss, limb claudication, polymyalgia rheumatica [PMR], other vascular or systemic 
symptoms believed due to vasculitis) or typical branch vessel disease. An elevated erythrocyte sedimentation rate (ESR) or 
C- reactive protein (CRP) level was not used in isolation to classify patients as having a systemic disease. 
† Indicates history, symptoms, or findings strongly suggestive of other systemic autoimmune diseases known to be associat-
ed with aortitis (e.g., rheumatoid arthritis, sarcoidosis, spondyloarthritides, Cogan’s syndrome, Behçet’s disease, IgG4- related 
disease, or systemic lupus erythematosus). Distal aortic disease was permitted in the clinically isolated aortitis (CIA) category 
if it was of unclear etiology (i.e., based on imaging and clinical features to be at least equally likely to be nonvasculitic). 
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(48%) had  dilatation of both the thoracic and abdominal aorta. 
Complete details of the baseline clinical features are presented 
in Table 2.

Outcomes during follow- up. At least 6 months of clinical 
follow- up data were available for 121 of the 196 patients (62%), 
including 73 patients (57%) with initial diagnoses of CIA, 29 (69%) 

Figure 1. Frequency of outcomes in aortitis subgroups over time. There were no significant differences between the percentage of patients in 
each subgroup who developed elevated levels of acute- phase reactants (P = 0.35) or new vascular lesions on imaging (P = 0.93), who required 
additional vascular surgeries (P = 0.86), or who experienced vascular dissection (P = 0.34) or death (P = 0.76) over time. * = significantly fewer 
new symptoms over time in the clinically isolated aortitis (CIA) group compared to the Takayasu arteritis (TAK) and Other subgroups (P = 0.01). 
ESR = erythrocyte sedimentation rate; CRP = C- reactive protein; GCA = giant cell arteritis.

Table 2. Demographic and clinical characteristics of the patients at the time of surgery (baseline)*

GCA 
(n = 42)

TAK 
(n = 14)

Other 
(n = 11)

CIA 
(n = 129)

Total 
(n = 196) P

Age at surgery, mean ± SD years 71.8 ± 8 33.5 ± 12† 60.1 ± 18‡ 67.6 ± 13 65.6 ± 15 <0.001
Female, % 71 64 45 68 67 0.42
Disease duration before surgery, mean ± SD months 40.6 ± 48 50.5 ± 58 92.9 ± 125† 0† 15.9 ± 45 <0.001
Duration of follow- up, mean ± SD months 40 ± 48 60.1 ± 55 20.6 ± 21 32.4 ± 43 35.4 ± 45 0.89
Symptoms at surgery, no. (%)§

Asymptomatic 15 (36) 6 (43) 3 (27) 64 (50) 88 (45) 0.28
Nonspecific 22 (52) 7 (50) 6 (55) 65 (50) 100 (51) 0.99
Systemic/vasculitic 10 (24) 2 (14) 4 (36) 0 (0)† 16 (8) <0.001

Markers of inflammation
Available data, no. (%) 14 (33) 9 (64) 4 (36) 20 (16) 47 (24)
ESR, mean ± SD mm/hour 26.9 ± 18 24.9 ± 18 28.8 ± 20 14.4 ± 12 22.6 ± 17 0.24
CRP, mean ± SD mg/dl 2.2 ± 3 1.2 ± 2 2.2 ± 2 0.8 ± 1 1.4 ± 2 0.24

Baseline imaging, no. (%) 
Imaging available 41 (98) 14 (100) 11 (100) 121 (94) 187 (95)
Complete imaging 30 (71) 8 (57) 6 (54) 64 (50) 108 (55)
Distal aorta dilatation 29 (71) 8 (57) 3 (27)¶ 63 (52)¶ 103 (55) <0.05
Branch vessel disease

Aneurysms 10 (24) 5 (36) 0 (0)# 0 (0)‡ 15 (8) <0.001
Stenoses 12 (29) 4 (28) 1 (9) 0 (0)‡ 17 (9) <0.001
Occlusions 3 (7) 6 (43)† 0 (0) 0 (0)‡ 9 (5) <0.001

* Complete imaging refers to those patients with imaging of the chest and abdomen at baseline. CIA = clinically isolated aortitis; ESR = erythrocyte 
sedimentation rate; CRP = C- reactive protein. 
† Significant difference compared to all other subgroups. 
‡ Significant difference compared to giant cell arteritis (GCA) and Takayasu arteritis (TAK) subgroups. 
§ Symptoms at surgery may exceed 100% when nonspecific and vascular inflammatory symptoms coexist. 
¶ Significant difference compared to GCA subgroup. 
# Significant difference compared to TAK subgroup. 
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with GCA, 11 (79%) with TAK, and 8 (73%) classified as Other. The 
mean follow- up period for this group was 56.2 ± 45.4 months.

Clinical outcomes. The frequency of outcomes by clini-
cal subgroup are presented in Figures 1 and 2. During follow- up, 
patients with CIA were significantly less likely (n = 14 of 73 [19.2%]; 
P = 0.01) than patients with TAK or those in the Other subgroups 
to develop new symptoms suggestive of a systemic autoimmune 
illness or vasculitic process. New symptoms and signs in 14 CIA 
patients included polymyalgia rheumatica (n = 2), arthritis or syn-
ovitis (n = 3), new headaches/scalp tenderness (n = 3), tender 
or decreased temporal artery pulse (n = 2), visual loss/amaurosis  
(n = 3), limb claudication (n = 1), acute chest/back pain secondary 
to new aortic dissection (n = 4), bilateral pulsatile axillary masses 
due to new bilateral axillary aneurysms (n = 1), and symptomatic 
arrhythmia due to new inflammatory coronary sinus mass (n = 
1). In 5 of the 14 CIA patients with new symptoms, the ultimate 
diagnosis remained “uncertain,” as the meaning of symptoms 
(persistent vasculitis versus degenerative vascular disease) was 
not clear in these cases (in 3 cases the only symptom was chest/
back pain due to aortic dissection, 1 patient developed pulsatile 
axillary lesions without other vascular or systemic manifestations, 
and 1 patient described left leg claudication without imaging con-
firmation of progressive disease). Time to development of new 
symptoms varied widely in these patients, 1–96 months post-
operatively, with a median time to development of symptoms of  
36 months.

Data on markers of inflammation were only available postop-
eratively for 63% of all patients, and markers were elevated in 56% 

(43 of 76 patients) overall (P = 0.35 between subgroups). Post-
operative imaging results were available for 110 of 121 patients 
(91%) with at least 6 months of follow- up, with a mean number of 
5.3 imaging studies (CT or MRA) per patient available for review. 
In 83.5% of patients (n = 101 of 121), complete imaging of the 
chest and abdomen was available, while in 9 of 121 (7.4%) only 
chest  imaging was available. New vascular lesions developed 
in 44% of all patients postoperatively in comparison to baseline 
images, with no significant differences in rate of new lesions noted 
between clinical subgroups (P = 0.93). The distribution of new 
vascular lesions per clinical subgroup is described in Figure 3, and 
Figure 4 depicts the specific vessels affected in patients with ini-
tial diagnoses of CIA. Among the 31 CIA patients with baseline 
abdominal aortic involvement, 8 patients (26%) developed a new 
lesion during the follow- up period, as compared to 21 patients 
(64%) with new lesions among the 33 without baseline abdominal 
aortic involvement.

Forty- eight patients (40%) from among all subgroups went 
on to require 74 additional vascular procedures, with no statisti-
cally significant differences between subgroups (P = 0.86). Among 
the 29 CIA patients who required additional surgery, procedures 
most frequently involved the distal aorta (25 patients), followed by 
the branch vessels (8 procedures in 4 patients), and ascending 
aorta and aortic valve (4 patients.) There were no differences in 
mortality between groups (P = 0.76.)

Development of systemic features. Of the 65 CIA 
patients with at least 6 months of clinical follow- up data and 
available serial imaging, 11 (17%) developed convincing evidence 

Figure 2. Flow diagram of outcomes among patients with an initial diagnosis of noninfectious aortitis. Of 65 CIA patients with follow- up 
imaging, 11 (17%) were ultimately diagnosed as having a systemic disease, 21 (32%) developed features (mostly new radiographic vascular 
lesions) that may or may not indicate true systemic inflammatory disease versus atherosclerosis, and 33 (51%) remained classified as having 
CIA; therefore, definitive diagnosis was deferred. MTX = methotrexate (see Figure 1 for other definitions).
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of a systemic disease (Figure  2). In 9 of these patients, typical 
symptoms of systemic vasculitis emerged, often with new lesions 
detected on imaging studies and/or elevated markers of inflam-
mation. In 2 additional cases, the radiographic description of 
new branch vessel lesions (along with the presence of elevated 
markers of inflammation) was sufficiently convincing to persuade 
the clinician of the presence of a systemic disease and treat with 
prednisone alone or with methotrexate. Ultimately, 7 patients 

developed features of GCA, 2 developed features of TAK, and 
2 developed features of other systemic autoimmune diseases (1 
spondyloarthritis with large vessel vasculitis and 1 undifferentiated 
systemic autoimmune disease characterized by migratory polyar-
thritis, elevated markers of inflammation, and negative serology 
findings).

In an additional 21 CIA patients (32%), classification was 
switched to “uncertain” due to development of new radiographic 

Figure 3. Distribution of new vascular lesions detected by imaging over time in aortitis subgroups. Follow- up imaging results were available 
in 110 of 121 cases (91%). Bars indicate the percentage of patients in each subgroup who developed lesions in specified distributions. * = 
new pericarditis detected by magnetic resonance angiography in a patient with IgG4- related aortitis. Among 29 CIA patients who developed 
new vascular lesions, 8 were reclassified as having a systemic disease, 20 were of unknown significance, and 1 remained as having definite 
CIA (repeat aortic biopsy showed atherosclerosis). See Figure 1 for definitions. See Figure 4 for distribution of new lesions among CIA patients.

Figure 4. Distribution of new vascular lesions detected among the 29 patients with initial CIA who developed additional lesions during follow- 
up imaging. Bars indicate the number of new lesions identified in each vessel. Ultimately, 8 of 29 patients with CIA who developed new vascular 
lesions over time met criteria for a diagnosis of a systemic autoimmune disease, including 5 GCA, 2 TAK, 1 Other (undifferentiated systemic 
autoimmune disease with migratory inflammatory arthritis, elevated markers of inflammation, and negative serologic findings). See Figure 1 for 
definitions.
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vascular lesions or elevated markers of inflammation of uncertain 
significance. Among these 21 patients, 20 developed a new vas-
cular lesion during the follow- up period. In 10 of these 20 patients, 
the new lesion was located in the distal aorta, and 1 of these 
patients also had an elevated CRP level of 3.0 mg/dl. In 9 of 21 
cases the new lesion localized to a branch vessel but was not 
conclusive for vasculitis, and in 1 case the patient developed both 
new distal aortic dilatation and dilatation of a branch vessel. In 
1 patient, final classification was considered “uncertain” because 
her only new feature was a repeat biopsy finding of the distal aorta 
showing persistent aortitis. Thirty- three CIA patients (51%) had 
disease that continued to appear limited to the thoracic aorta after 
resection and reconstruction of the aneurysmal segments.

Effect of medical treatment. Postoperatively, 12 patients 
with an initial diagnosis of CIA received glucocorticoids and/or 
other immunosuppressive medications. Follow- up imaging results 
were available in 11 of these 12 cases. All 11 patients with availa-
ble imaging studies received prednisone (median dose 60 mg/day, 
range 30–60 mg/day, with subsequent tapering), and 3 patients 
received concomitant low- dose methotrexate (15–25 mg weekly.) 
Two of the 11 CIA patients (18%) who received immunosuppres-
sive therapies went on to develop new vascular lesions on imag-
ing, compared to 27 of the 54 CIA patients (50%) who did not 
receive postoperative immunosuppression treatment (P = 0.09).

Follow- up histopathologic results. Additional aortic tis-
sue samples from subsequent surgeries were available for review 
from 4 patients with a baseline diagnosis of CIA. In a single case, 
a patient with an aneurysm in the distal thoracic aorta, the second 
aortic specimen revealed atherosclerosis and healed dissection 
only. In the remaining 3 cases, additional histopathologic exam-
ination (from the distal thoracic aorta in 1 case, and ascending 
aorta in 2 cases) revealed persistent aortitis associated with aortic 
dilatation.

DISCUSSION

This study of 7,551 thoracic aorta surgery patients con-
firms earlier findings and provides new insight into outcomes 
(13). Approximately 4% of thoracic aortic aneurysms at our 
center is due to noninfectious aortitis. These patients are 
most often female, predominantly white (90%), and elderly 
(average age 65 years.) Approximately two- thirds of patients 
with proximal aortitis present with a CIA phenotype. We have 
previously defined FIA as a pathologically proven entity not 
associated with clinically apparent systemic vasculitis or other 
autoimmune diseases and in which no evidence of vasculitis 
exists beyond the resected or reconstructed aorta at the time 
of diagnosis. In 2015, Stone et al introduced the term “clini-
cally isolated aortitis,” which is preferable as it emphasizes the 
tentative nature of this diagnosis and the requirement for rig-

orous clinical and imaging correlation (11). An initial study (13) 
described 52 patients with aortitis (FIA) with a mean follow- up 
period of 41 months. During follow- up, 17% of patients with 
initial isolated aortitis developed new vascular lesions that led 
to 1) a revision of diagnoses, 2) an advisory that isolated aor-
titis be considered a working diagnosis, not a definitive one, 
and 3) a recommendation that these patients be periodically 
evaluated for recurrent or persistent disease. In our current 
study, which includes almost 4 times as many patients with 
aortitis, we reemphasize the caution that CIA should be a con-
ditional diagnosis. Over time, 45% of patients with CIA devel-
oped new vascular lesions, and 40% required further vascular 
surgery. Ultimately, of the 65 patients with an initial diagnosis 
of CIA who had clinical and imaging follow- up data, 11 (17%) 
developed concrete manifestations that led to a revised diag-
nosis of systemic disease, most commonly GCA.

At present there is a small but important body of literature 
available regarding histopathologically proven aortitis. Although 
multiple surgical series have identified idiopathic aortitis as an 
incidental histopathologic finding after aortic root/arch surgery 
(11,14,15,19–24), clinical outcomes in these patients have been 
difficult to compare due to considerable heterogeneity in defini-
tions of clinical phenotypes, approaches to treatment, monitoring, 
and duration of follow- up.

In 2000, Kerr et al described 19 cases (1.8%) of histopatho-
logically proven aortitis among 1,069 aortic surgeries (19). Only 
1 of these 19 patients had a previous history of GCA and none 
reported cranial symptoms at the time of surgery. The authors 
assumed that all of these cases represented a subset of GCA in 
which symptoms of systemic vasculitis and cranial arteritis were 
absent. Since then, additional studies have reported the devel-
opment of new vascular disease in as few as 5% to nearly 50% 
of patients who were initially presumed to have isolated aortitis 
(14,15). Of particular interest is a case- controlled study by Wang 
et al that compared 15 patients with biopsy- proven giant cell aor-
titis of the ascending aorta who did not have symptoms of sys-
temic vasculitis to 30 controls with noninflammatory aneurysms 
(15). Ultimately, 7 of these 15 aortitis patients (47%) developed a 
distal aortic lesion compared to only 2 of 30 controls (7%), reflect-
ing a significantly increased risk of distal aortic event among these 
patients (P = 0.003). This study suggested that the true incidence 
of new vascular disease was considerably higher than that previ-
ously reported among patients with isolated aortitis.

In 2009, Liang et  al reported that additional radiographic 
lesions (beyond the ascending aorta) were noted in 72% of their 
57 patients with aortitis who had imaging studies performed (20). 
Lesions most frequently affected the thoracic aorta primary branch 
vessels and descending thoracic aorta. Similarly, in the present 
study, additional vascular abnormalities (in particular, ectasia of the 
distal thoracic aorta) were identified in 50–70% of patients with 
GCA, TAK, and CIA at baseline. While 50–60% of patients with 
TAK or GCA at baseline also had aortic branch vessel lesions, 
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such lesions were by definition initially absent in CIA patients. Our 
findings support the recommendations from the prior study (13) 
and those of Liang et  al that imaging of the entire large vessel 
anatomy be obtained in all patients with aortitis to achieve clear 
documentation of the extent of disease at baseline as well as 
throughout the follow- up period.

Over time, only 19% of patients with initial diagnoses of CIA 
were noted to develop vascular symptoms during follow- up, but 
new vascular lesions were identified in 45% of patients on serial 
imaging. These findings are in keeping with those reported by Wang 
et al (15) and reviewed by Cinar et al (12). The increased detec-
tion of vascular lesions in aortitis patients over time may be a result 
of the increased use of serial imaging. In the present study, more 
than 80% of our patients with >6 months of follow- up had repeat 
complete aortic imaging results available. Due to the retrospective 
nature of this study, it is difficult to know if these new lesions truly 
represent systemic evolution of vasculitis, extension of an aortic 
defect from the original surgery, or possibly a second disease pro-
cess (i.e., atherosclerotic disease in this mostly elderly population).

Regardless of the etiology of new lesions, ultimately 40% of 
patients with CIA went on to require subsequent vascular surgery. 
This frequency is comparable to that reported at other centers (15) 
and highlights the need for continued surveillance in these patients. 
When patients undergo their initial operation it is directed at the most 
aneurysmal portion of the proximal aorta, and safety requires that 
the extent of aorta resected at any one time be limited to what is 
necessary to prevent rupture or dissection. However, many of these 
patients have gross evidence of intimal changes in the downstream 
aorta that are consistent with aortitis without significant dilatation 
(Roselli EE: personal communication). Therefore, it is no surprise that 
subsequent surgeries were most commonly undertaken to repair 
the distal aorta. Further details of the surgical outcomes of these 
patients have been described in a separate study (25).

Identifying patients with CIA prior to surgery remains an 
ongoing challenge. In certain patients, such as those with a more 
diffuse aortopathy on CT, positron emission tomography (PET) 
combined with CT scanning or MRA could be considered preop-
eratively to assess the presence and extent of active inflammation. 
However, because these studies are costly and only about 4% of 
all thoracic aortic aneurysms are inflammatory, it is not practical to 
obtain preoperative PET imaging in all patients.

Our study has several strengths. It includes a very large 
number of patients with histopathologically proven thoracic aor-
titis, diagnosed and followed up at a single center over time. We 
employed a rigorous clinical and anatomic definition of CIA. Most 
patients with follow- up data had both baseline and serial imaging 
performed, and as such we were able to capture the development 
of new vascular lesions over time.

There are also important limitations to consider. Because this 
study was retrospective, data may have been missing from the 
chart or misinterpreted, leading to potential misclassification of the 
subgroups. Also, only 57% of patients with an initial diagnosis of CIA 

had available follow- up. It may be that patients with progressive dis-
ease were more likely to return for reassessment, and therefore our 
results may be biased to reflect more severe disease. In addition, 
although a high frequency of new vascular lesions was detected, of 
which most were asymptomatic, distal aortic lesions were generally 
treated with endovascular approaches, and so the histopathology 
of these distal lesions remains unknown. Finally, given the high vol-
ume of aortic surgeries at our center, referral bias is likely and there-
fore the results of this study may not be widely generalizable.

In conclusion, among patients with histopathologically 
proven aortitis, CIA is the most common clinical phenotype. 
Although the majority of CIA patients remain asymptomatic over 
time, new vascular lesions developed in 45%, and subsequent 
surgeries were required in 40%. Given the stable course of many 
CIA patients and known significant risks of long- term prednisone, 
especially in the elderly, it remains unclear whether such patients 
would benefit from glucocorticoids or other newer immunosup-
pressive therapies, such as tocilizumab, once the aneurysmal 
segment of the aorta has been excised. It has been our practice to 
not provide systemic immunosuppressive therapy in the absence 
of new symptoms, clear radiographic vascular progression, or 
discovery of persistent aortitis beyond the resected margins. The 
presence of such features, however, should lead to consideration 
of the use of systemic immunosuppression. In uncertain cases, 
such as those with distal aortic dilation or elevated markers of 
inflammation of unknown etiology, the use of PET may help to 
guide the decision to treat or not treat by demonstrating active 
disease. Even in the absence of treatment, we do, at a minimum, 
recommend that all patients with CIA be 1) followed up clinically 
several times a year and more often if needed, and 2) monitored 
with respect to serial markers of inflammation and routine imag-
ing of the aorta and all primary branch vessels (at least once a 
year or sooner if clinical signs emerge) to identify those who may 
develop progressive disease. Prospective studies will be neces-
sary to better understand the natural history of this rare condition 
and to inform disease management.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final ver-
sion to be submitted for publication. Dr. Clifford 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. Clifford, Arafat, Idrees, Roselli, Blackstone,  
Hoffman.
Acquisition of data. Clifford, Arafat, Idrees, Roselli, Tan, Rodriguez, 
Svensson, Johnston, Pettersson, Soltesz, Hoffman.
Analysis and interpretation of data. Clifford, Roselli, Pettersson, Soltesz, 
Hoffman.

ROLE OF THE STUDY SPONSOR

UCB had no role in the study design or in the collection, analysis, or 
interpretation of the data, the writing of the manuscript, or the decision to 
submit the manuscript for publication. Publication of this article was not 
contingent upon approval by UCB.



CLIFFORD ET AL 2120       |

REFERENCES
 1. Absi TS, Sundt TM III, Tung WS, Moon M, Lee JK, Damiano RR Jr, 

et al. Altered patterns of gene expression distinguishing ascending 
aortic aneurysms from abdominal aortic aneurysms: complementary 
DNA expression profiling in the molecular characterization of aortic 
disease. J Thorac Cardiovasc Surg 2003;126:344–57.

 2. Lillvis JH, Erdman R, Schworer CM, Golden A, Derr K, Gatalica Z, 
et al. Regional expression of HOXA4 along the aorta and its poten-
tial role in human abdominal aortic aneurysms. BMC Physiol 2011; 
11:9.

 3. Hoffman GS. Determinants of vessel targeting in vasculitis. Clin Dev 
Immunol 2004;11:275–9.

 4. Dal Canto AJ, Swanson PE, O’Guin AK, Speck SH, Virgin HW. IFN- γ 
action in the media of the great elastic arteries, a novel immunopriv-
ileged site. J Clin Invest 2001;107:R15–22.

 5. Haimovici H, Maier N, Strauss L. Fate of aortic homografts in exper-
imental canine atherosclerosis: study of fresh thoracic implants into 
abdominal aorta. AMA Arch Surg 1958;76:282–8.

 6. Haimovici H, Maier N, Strauss L. Fate of aortic homografts in ex-
perimental canine atherosclerosis. II. Study of fresh abdominal 
aortic implants into abdominal aorta. AMA Arch Surg 1959;78:239– 
45.

 7. Haimovici H, Maier N. Fate of aortic homografts in canine athero-
sclerosis. III. Study of fresh abdominal and thoracic aortic implants 
into thoracic aorta: role of tissue susceptibility in atherogenesis. Arch 
Surg 1964;89:961–9.

 8. Jackman JD Jr, Radolf JD. Cardiovascular syphilis. Am J Med 
1989;87:425–33.

 9. Cargile JS III, Fisher DF Jr, Burns DK, Fry WJ. Tuberculous aortitis 
with associated necrosis and perforation: treatment and options.  
J Vasc Surg 1986;4:612–5.

 10. Hernández-Rodríguez J, Hoffman GS. Updating single- organ vascu-
litis. Curr Opin Rheumatol 2012;24:38–45.

 11. Stone JR, Bruneval P, Angelini A, Bartoloni G, Basso C, Batoroeva 
L, et al. Consensus statement on surgical pathology of the aorta 
from the Society for Cardiovascular Pathology and the Association 
for European Cardiovascular Pathology. I. Inflammatory diseases. 
Cardiovasc Pathol 2015;24:267–78.

 12. Cinar I, Wang H, Stone JR. Clinically isolated aortitis: pitfalls, pro-
gress and possibilities [review]. Cardiovasc Pathol 2017;29:23–32.

 13. Rojo-Leyva F, Ratliff NB, Cosgrove DM III, Hoffman GS. Study of 52 
patients with idiopathic aortitis from a cohort of 1,204 surgical cases. 
Arthritis Rheum 2000;43:901–7.

 14. Miller DV, Isotalo PA, Weyand CM, Edwards WD, Aubry MC, Tazelaar 
HD. Surgical pathology of noninfectious ascending aortitis: a study 
of 45 cases with emphasis on isolated variant. Am J Surg Pathol 
2006;30:1150–8.

 15. Wang H, Smith RN, Spooner AE, Isselbacher EM, Cambria RP, 
MacGillivray TE, et al. Giant cell aortitis of the ascending aorta with-
out signs or symptoms of systemic vasculitis is associated with an 
elevated risk of distal aortic events. Arthritis Rheum 2012;64:317–9.

 16. Hoffman GS, Cid MC, Rendt-Zagar KE, Merkel PA, Weyand CM, 
Stone JH, et al, for the Infliximbab-GCA Study Group. Infliximab for 
maintenance of glucocorticosteroid- induced remission of giant- cell 
arteritis: a randomized trial. Ann Intern Med 2007;146:621–30.

 17. Visvanathan S, Rahman MU, Hoffman GS, Xu S, García-Martínez A, 
Segarra M, et al. Tissue and serum markers of inflammation during 
the follow- up of patients with giant- cell arteritis: a prospective longi-
tudinal study. Rheumatology (Oxford) 2011;50:2061–70.

 18. Jennette JC, Falk RJ, Bacon PA, Basu N, Cid MC, Ferrario F, et al. 
2012 revised International Chapel Hill Consensus Conference no-
menclature of vasculitides. Arthritis Rheum 2013;65:1–11.

 19. Kerr LD, Chang YJ, Spiera H, Fallon JT. Occult active giant cell 
aortitis necessitating surgical repair. J Thorac Cardiovasc Surg 
2000;120:813–5.

 20. Liang KP, Chowdhary VR, Michet CJ, Miller DV, Sundt TM, Connolly 
HM, et al. Noninfectious ascending aortitis: a case series of 64 pa-
tients. J Rheumatol 2009;36:2290–7.

 21. Homme JL, Aubry MC, Edwards WD, Bagniewski SM, Shane Pankratz 
V, Kral CA, et al. Surgical pathology of the ascending aorta: a clinico-
pathologic study of 513 cases. Am J Surg Pathol 2006;30:1159–68.

 22. Pacini D, Leone O, Turci S, Camurri N, Giunchi F, Martinelli GN, et al. 
Incidence, etiology, histologic findings, and course of thoracic in-
flammatory aortopathies. Ann Thorac Surg 2008;86:1518–23.

 23. Schmidt J, Sunesen K, Kornum JB, Duhaut P, Thomsen RW. 
 Predictors for pathologically confirmed aortitis after resection of the 
ascending aorta: a 12- year Danish nationwide population- based 
cross- sectional study. Arthritis Res Ther 2011;13:R87.

 24. Ryan C, Barbour A, Burke L, Sheppard MN. Non- infectious aortitis 
of the ascending aorta: a histological and clinical correlation of 71 
cases including overlap with medial degeneration and atheroma: a 
challenge for the pathologist. J Clin Pathol 2015;68:898–904.

 25. Svensson LG, Arafat A, Roselli EE, Idrees J, Clifford A, Tan C, et al. 
Inflammatory disease of the aorta: patterns and classification of giant 
cell aortitis, Takayasu arteritis and non- syndromic aortitis. J Thorac 
Cardiovasc Surg 2015;149 Suppl:S170–5.



2121  

Arthritis & Rheumatology
Vol. 71, No. 12, December 2019, pp 2121–2125
DOI 10.1002/art.41030 
© 2019, American College of Rheumatology

B R I E F  R E P O R T

Exploratory Study of MYD88 L265P, Rare NLRP3 Variants, 
and Clonal Hematopoiesis Prevalence in Patients With 
Schnitzler Syndrome
Shelly Pathak,1 Dorota M. Rowczenio,2 Roger G. Owen,3 Gina M. Doody,4 Darren J. Newton,4 Claire Taylor,4 
Jan Taylor,3 Catherine Cargo,3 Philip N. Hawkins,2 Karoline Krause,5 Helen J. Lachmann,2 and Sinisa Savic1

Objective. To assess the prevalence of the MYD88 L265P mutation and variants within NLRP3 and evaluate the 
status of oligoclonal hematopoiesis in 30 patients with Schnitzler syndrome (SchS).

Methods. Thirty patients with SchS were recruited from 3 clinical centers. Six patients with known acquired 
cryopyrin- associated periodic syndromes (aCAPS) were included as controls. Allele- specific oligonucleotide– 
polymerase chain reaction was used for the detection of the MYD88 L265P variant, next- generation sequencing was 
applied to analyze NLRP3 and 28 genes associated with myelodysplastic syndrome, and gene scanning was per-
formed for the detection of X chromosome inactivation.

Results. Activating NLRP3 mutations were not present in 11 SchS patients who had not been sequenced for this 
gene previously. The MYD88 L265P variant was present in 9 of 30 SchS patients, and somatic mutations associated 
with clonal hematopoiesis were identified in 1 of 30 patients with SchS and 1 of 6 patients with aCAPS. Evidence of 
nonrandom X chromosome inactivation was detected in 1 female patient with SchS and 1 female patient with aCAPS.

Conclusion. A shared molecular mechanism accounting for the pathogenesis of inflammation in SchS  
remains elusive. Clonal hematopoiesis is not associated with other somatic mutations found in individuals with SchS 
or aCAPS.

INTRODUCTION

Schnitzler syndrome (SchS) is a rare, systemic autoin-
flammatory disease with 2 major defining features: 1) pres-
ence of an IgM paraprotein and 2) an urticarial- like rash that 
is variously associated with recurrent fever, leukocytosis, ele-
vated C- reactive protein level, and bone remodeling (1). SchS 
typically presents in the fifth decade of life without any sug-
gestion of inheritance. The clinical phenotype of SchS closely 
resembles that of the hereditary fever syndrome known as 
cryopyrin- associated periodic syndromes (CAPS). Both SchS 
and CAPS are responsive to interleukin- 1 (IL- 1) blockade, fur-
ther implying overlapping etiology. CAPS is caused by gain- of- 
function mutations in the NLRP3 gene, a critical component of 
the NLRP3 inflammasome, which is a multimolecular complex 

involved in the processing and release of active IL- 1β. Lately, 
cases of late- onset acquired CAPS (aCAPS) have been char-
acterized, caused by somatic mutations in the NLRP3 gene 
(2,3). Results of one study suggested that myeloid- restricted 
somatic mutations in NLRP3 may contribute to the pathogen-
esis of SchS (4), although a larger study of 21 SchS patients 
failed to identify any somatic mutations in either NLRP3 or 31 
other genes associated with autoinflammatory disorders (5).

We also postulated that clonal hematopoiesis, a process 
associated with aging of the bone marrow and development of 
myelodysplastic syndrome (MDS), might be a contributory fac-
tor in SchS and aCAPS. This consideration is substantiated by 
frequent findings of inflammatory components in MDS alongside 
inappropriate NLRP3 inflammasome activation (6). Research has 
shown that MDS- related somatic mutations in TET2 and U2AF1 
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(genes encoding for transcription and splicing factors, respec-
tively) stimulate the generation of reactive oxygen species (7). In 
turn, this triggers NLRP3 inflammasome formation, as evaluated 
by the presence of ASC specks and subsequently pyroptosis, 
a type of caspase 1–mediated cell death, which is consistently 
observed in patients with autoinflammatory conditions (8).

Further, a shrinking pool of hematopoietic stem cells (HSCs) 
may provide favorable conditions to acquire additional somatic 
mutations in alternate genes with proinflammatory effects. A par-
ticular gene of interest is MYD88, coding for an adaptor protein 
involved in Toll- like receptor (TLR) and IL- 1 receptor (IL- 1R) sig-
naling pathways (9). A somatically acquired mutation resulting 
from a single- nucleotide variant (T > C [3:38182641]) in exon 5 
of MYD88 results in the substitution of leucine to proline at posi-
tion 265 (L265P), which is located in the Toll/IL- 1 receptor domain 
of the protein. This gain- of- function mutation leads to increased 
IRAK1 phosphorylation and in B cell–derived malignancies, pro-
motes NF- κB and JAK/STAT- 3 signaling to enhance cell survival 
(9). Interestingly, 20% of SchS patients develop a clinically overt 
lymphoproliferative disorder such as multiple myeloma, marginal 
zone lymphomas, and Waldenström’s macroglobulinemia (WM) 
(10), in which the somatic MYD88 L265P mutation is considered 
an independent risk factor and has been reported in >90% of WM 
cases (11). Given its role in driving expression of proinflammatory 
genes downstream of TLRs and IL- 1R, the presence of the MYD88 
L265P variant in myeloid cells could also result in excessive IL- 1 
release and the development of symptoms typical of SchS.

Taking the aforementioned concepts into consideration, we 
hypothesized that SchS patients harbor the MYD88 L265P muta-
tion, while demonstrating evidence of clonality resulting from a 
shrinking pool of HSCs.

PATIENTS AND METHODS

Patients. The study population consisted of 30 patients with 
SchS and 6 patients with CAPS. Informed consent was provided 
by all participants in accordance with the Declaration of Helsinki.

NLRP3 variant exclusion in 11 SchS patients. Deep 
sequencing of the NLRP3 gene was performed in 11 SchS patients 
(patients 1–11; Table 1). Primers were designed to encompass the 
entirety of the NLRP3 gene, with library preparations generated 
using the NEBNext DNA Library Prep Kit for Illumina, according 
to the manufacturer’s instructions. The individually barcoded sam-
ples were pooled together and subject to a 150- bp paired- end 
sequencing run on MiSeq (Illumina). Data analysis was performed 
using Galaxy open access software (usegalaxy.org) and Integrated 

Genomics Viewer (Broad Institute).

Screening for MYD88 with allele- specific oligonu-
cleotide–polymerase chain reaction (ASO- PCR). ASO- 
PCR was utilized to screen for the single- nucleotide variant 

at chromosomal position 3:38141150 (using MYD88 refer-
ence sequence NM_001172567.1). DNA was extracted from 
peripheral blood (PB) samples, and ASO-PCR was performed 
using 2 forward primers with a common reverse primer to dis-
criminate between the wild- type allele (T) and the mutant allele 
(C). Positive controls with down to 1% of the mutant allele and 
negative controls were included.

MDS- targeted panel sequencing. A custom Fluidigm 
48 × 48 access array was used for Illumina library prepara-
tion. Utilizing the D3 assay design service (Fluidigm), ampli-
cons were designed to encompass the hot spots of 28 genes 
frequently mutated in myeloid malignancies (see Supplemen-
tary Table 1, available on the Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41030/ 
abstract). DNA libraries were generated with an initial input of 
50–100 ng/μl per sample and created using a Targeted DNA 
Seq Library Reagent kit (Fluidigm). The resulting amplicons 
were subject to quality control before and after ligation of the 
sequencing adaptor, using an Agilent 2100 Bioanalyzer. The 
pooled library was run on the MiSeq platform (Illumina), on a 
150- bp paired- end sequencing run. A pipeline made in house 
was employed to perform initial trimming, read alignment, and 
variant calling.

X chromosome inactivation. Inactivation of the X chro-
mosome was assessed by determination of the androgen recep-
tor (AR) locus methylation status using a Humara assay. PCR 
amplification of the polymorphic CAG repeat within the AR locus 
was performed using a 6- FAM labeled primer. Fragment analysis 
was performed using an ABI 3100 genetic analyzer (Applied Bio-
systems). The X chromosome inactivation ratios were estimated 
as previously described (12) and reported as a percentage, with 
percentages of ≤80% considered to be indicative of random X 
chromosome inactivation and percentages of >80% deemed as 
skewed.

RESULTS

Exclusion of NLRP3 in 11 patients with SchS. Deep 
sequencing of the NLRP3 gene in 11 patients with SchS did not 
identify any somatic variants (patients 1–11; Table 1).

ASO- PCR. The notion that the activating somatically acquired 
MYD88 L265P variant could be present in SchS patients was 
first postulated by de Koning in 2014 (13); consistent with this, 
we hypothesized that MYD88 L265P expressed in myeloid cells 
could clarify the IL- 1β–dependent character of SchS. Significantly, 
this variant was detected in PB from 9 of 30 SchS patients by 
ASO- PCR, which has detection sensitivity down to 1% of the 
mutant allele and thus can detect mutations in circulating mye-
loid cells. This technique is highly utilized in laboratories worldwide 

http://onlinelibrary.wiley.com/doi/10.1002/art.41030/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41030/abstract
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Table 1. Clinical characteristics and laboratory findings in 30 patients with Schnitzler syndrome and 6 patients with cryopyrin- associated 
periodic syndromes at the time of symptom onset*

Patient/age 
(years)/sex Paraprotein†

IgMκ  
paraprotein 

level, gm/
liter

Response 
to IL- 1  

inhibition
Bone marrow 

histology

Genes/ 
variants  

identified by MDS 
panel

MYD88 
L265P 

NLRP3 
mutational 

status

X chromo-
some  

inactivation
SchS

1/62/M IgMκ 6 Complete No overt LPL None Yes – –
2/43.5/F IgMκ 17 Good No overt LPL None Yes – Random
3/51.5/M IgMκ 8 Good No overt LPL None Yes – –
4/67/M IgMκ 8 Complete No overt LPL None Yes – –
5/54.4/F IgMκ 3 Good No overt LPL None No – Random
6/72.5/F IgMκ 11 Complete No overt LPL None No – Random
7/55.5/F IgMκ 5 Complete No overt LPL None No – Random
8/53/F IgMκ 5 Complete No overt LPL None No – Random
9/60/F IgGκ NA Good Low- grade 

myeloma
None No – Nonrandom/ 

skewed 
(80%)

10/72.5/F IgMκ 3 Good No overt LPL None No Q703K‡ –
11/62/M IgMκ 3 Good No overt LPL None Yes – –
12/36.8/M IgMκ 3 Partial No overt LPL None No – –
13/37.9/F IgMκ 3 Complete No overt LPL None No – Random
14/43.9/M IgGλ NA Complete 15% BM plasma 

cell
None No – –

15/44.8/F IgMκ 1 Complete No overt LPL None No – Random
16/49.6/F IgMκ 4 Complete Not performed None No – Random
17/49.9/M IgMκ 9 Complete No overt LPL None No – –
18/52.8/M IgMλ NA Complete No overt LPL None No – –
19/57.1/M IgMκ 7 Complete LPL None Yes V198M‡ –
20/58.1/M IgMκ 3 Complete LPL STAG-2/c.559C>T 

p.Gln187*§
No – –

21/59.6/M IgMλ 7 Died before 
treatment

No overt LPL None No – –

22/61.7/M IgMκ 5 Complete No overt LPL None No – –
23/60.7/F IgMκ 9 Complete Low- grade 

marginal 
zone 
lymphoma

None No – Random

24/68.4/F IgMκ 8 Complete No overt LPL None No – Random
25/78.9/M IgMκ 7 Complete No overt LPL None Yes – –
26/39.7/F IgMκ 16 Complete No overt LPL None No – Random
27/40.7/M IgMκ 4 Complete No overt LPL None No – –
28/61.2/M IgMκ 8 Complete No overt LPL None No – –
29/43.6/M IgMκ 6 Complete MGUS None Yes – –
30/59/F IgMκ 5 Complete Marginal zone 

lymphoma
None Yes – Random

CAPS
1/48/M NA NA Complete NA None No E567K –
2/79/M NA NA Complete NA None No G569V –
3/67/F NA NA Complete NA DNMT3A/c.2645G> 

A p.Arg882His;  
TET2/c.4585C>T  
p.Gln1529;  
TET2/p.Gln1699*¶

No A352T Nonrandom/ 
skewed 
(80%)

4/63/M NA NA Complete NA None No Y563C –
5/62/F NA NA Complete NA None No Y563C Random
6/NA/F NA NA Complete NA None No Y563C Random

* IL- 1 = interleukin- 1; SchS = Schnitzler syndrome; LPL = lymphoproliferative lymphoma; NA = not applicable; BM = bone marrow; MGUS = mono-
clonal gammopathy of undetermined significance; CAPS = cryopyrin-associated periodic syndromes. 
† Determined by immunofixation. 
‡ Common nonpathogenic variants that are unlikely to be disease causative and have been shown to be present in healthy individuals. 
§ The STAG2 nonsense mutation in SchS patient 20 had a pathogenic variant allele fraction (VAF) of 0.081, identified by myelodysplastic syndrome 
(MDS) panel prediction. 
¶ The mutations in CAPS patient 3 had a pathogenic VAF of 0.407 in the DNMT3A mutation and pathogenic VAFs of 0.388 and 0.402 in the respec-
tive mutations in TET2. 
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for the diagnostic assessment of WM and other B cell chronic 
 lymphoproliferative disorders (11,14,15).

MDS panel. We postulated that oligoclonal hematopoie-
sis (OH) could be a predisposing factor for developing further 
somatic mutations associated with inflammatory conditions. 
We sequenced PB- derived DNA obtained from 30 SchS 
patients and 6 aCAPS patients, who were included as dis-
ease controls as aCAPS is known to harbor somatic muta-
tions in NLRP3. We studied a panel of 28 genes associated 
with the development of clonal hematopoiesis and MDS. 
Only SchS patient 20 had a nonsense mutation in STAG2 
(c.559C>T p.Gln187), with a low variant allele fraction (VAF) 
of 0.081 (Table 1). In isolation, the VAF may represent a clonal 
hematopoiesis of indeterminate potential mutation. Among the 
aCAPS subjects, however, 1 patient had 3 pathogenic vari-
ants: 1 mutation in DNMT3A (c.2645G>A p.Arg882His) and 2 
mutations in TET2 (c.4585C>T p.Gln1529 and p.Gln1699*), all 
with a significant VAF (0.407, 0.388, and 0.402, respectively).

Detection of X chromosome inactivation. We used 
a Humara assay to identify X allelic skewing in female patients, 
which is indicative of clonal hematopoiesis. Busque et al first 
determined that clonal hematopoiesis is selectively enriched in 
women with TET2 mutation and that 1 in 7 subjects with clonal 
hematopoiesis and a TET2 mutation developed a hematologi-
cal malignancy (16); these findings were corroborated by data 
demonstrating that allelic skewing was more pronounced in 
samples with somatic mutations (17), which is typical of OH. 
This is consistent with our observations in aCAPS, as allelic 
skewing was found in the patient with 3 significant mutations. 
However, only 1 SchS patient showed nonrandom X chromo-
some inactivation, and in this patient, the 28 gene panel did 
not identify any genetic variants. This finding suggests that in 
this patient, the genetic change underlying the clonal process 
is not targeted by this panel. Unfortunately, skewing could not 
be investigated in the patient with the STAG2 mutation due to 
the limitations of the Humara technique.

DISCUSSION

The emergence of aCAPS demonstrated that low level 
somatic mutations in NLRP3 can lead to the development of 
acquired systemic autoinflammatory disease, but this is not the 
case for SchS. Through sequencing the entirety of the NLRP3 
gene, we excluded the notion that NLRP3 mutations are respon-
sible for the pathologic development of SchS, which strengthens 
our previous findings. Including the 21 patients in our previous 
study (5), we have now excluded somatic NLRP3 mutations in 32 
SchS patients. Nevertheless, NLRP3 activation still likely plays a 
part in the etiology of SchS, given previous data establishing ele-
vated levels of ASC aggregates and IL- 18 in SchS patients; similar 

quantities were found in CAPS patients, which not only reinforced 
the similar pathology between the 2 diseases, but was also highly 
indicative of inflammasome activation (5).

In addition, we found that SchS patients have a similar fre-
quency of the somatic MYD88 L265P variant in PB as patients 
with WM (18), a condition which is not associated with the inflam-
matory complications observed in SchS. Given that 20% of SchS 
patients develop WM, and more than 90% of this subcohort 
harbor the MYD88 L265P mutation, we sought evidence of this 
mutation within our cohort. The fact that a third of SchS patients 
have this mutation could partly explain the clinical phenotype of 
systemic inflammation and neutrophilic urticarial dermatosis, with 
this novel finding in parallel with the frequency of SchS patients 
who develop B cell malignancy. Since we did not investigate bone 
marrow–derived DNA, we cannot categorically exclude the pres-
ence of the MYD88 variant in mutation- negative cases. Certainly, 
in cases where SchS is suspected, screening of this mutation 
(using either ASO- PCR or Sanger sequencing) could corroborate 
a diagnosis (19). Recently, a de novo germline gain- of- function 
MYD88 mutation (c.666T>G p.Ser222Arg) has been reported 
as the cause of severe arthritis, intermittent fever, and rash (20). 
Although the rash in this case was different from typical neutro-
philic urticarial dermatosis, other symptoms are seen frequently 
in SchS and related systemic autoinflammatory disease. It is 
possible that distinct clinical phenotypes associated with MYD88 
variants are in part dependent on a type of inheritance and cell- 
specific function of mutated protein. Taking this into account, it is 
therefore plausible to consider the occurrence of other variants in 
the MYD88 gene with regard to SchS patients.

Our basis for investigating the mutational status of 28 
genes associated with MDS was founded on several studies 
implicating the NLRP3 inflammasome responsible for directing 
clonal hematopoiesis and pyroptosis, specifically within MDS 
as compared to other bone marrow malignancies (6). Thus, for 
SchS patients, harboring initiating mutations in MDS- related 
genes would predispose them to a generally proinflamma-
tory environment, leading to the development of additional 
systemic autoinflammatory disease associated with somatic 
mutations; however, our findings did not support this hypothe-
sis. On average, a mean ± SD of 1.3 ± 0.2 somatic mutations 
are acquired per hematopoietic stem cell per decade, and it 
has been demonstrated that age- related hematopoietic clones 
are a common finding in individuals older than 55–65 years 
(21). Considering that the average age in our patient cohorts 
was 55 years, and the fact that only 2 patients were found to 
have the initiating mutations and nonrandom X chromosome 
inactivation, it is likely these are age- related incidental findings, 
rather than ones suggestive of specifically contributing to SchS 
or aCAPS pathogenesis.

In view of our results, it is possible that the biology of SchS 
clonal cells has no substantial bearing on the development of 
inflammatory disease. However, it remains plausible that an 
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inherent proinflammatory property of the monoclonal protein, 
which is different in every patient with IgM monoclonal gammop-
athy of undetermined significance, is more likely to be related to 
the etiology of inflammation.

The study has some potential limitations. In an era where 
whole- exome/whole- genome sequencing is considered the gold 
standard, cost, timing, and applicability of this sequencing to this 
disease cohort had to be considered. With data obtained from 
screening a total of >60 genes associated with autoinflammation 
and MDS over the past few years and given the apparent heter-
ogeneity of SchS, it is plausible to consider that whole- exome/
whole- genome sequencing would detect various mutations, a 
majority of which are likely to be unrelated to SchS. Furthermore, 
SchS patients have very low levels of monotypic B cells in the 
marrow, and therefore may have a lower probability of circulat-
ing B cell clones. Thus, we cannot exclude the possibility that 
the MYD88 L265P mutation- negative patients do not harbor this 
mutation in their B cells.

In conclusion, our findings showed the presence of the acti-
vating MYD88 L265P mutation in a third of SchS patients, which 
is the most common genetic factor found among SchS patients 
to date. Although this finding provides clues to the pathogenesis 
of this hetereogenetic disease, a unifying mechanism among all 
SchS patients remains to be discovered. In this context, research 
efforts should be geared toward characterizing the link between 
the innate and adaptive immune networks.
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Alternative explanations for the divergence in plasma 
microbial translocation and microbiome composition 
results between patients with systemic lupus erythe 
matosus and first- degree relatives: comment on the 
article by Ogunrinde et al

To the Editor:
Systemic lupus erythematosus (SLE) is a complex autoimmune 

disease characterized by the presence of multiple autoantibodies, 
some of which can appear several years before manifestation or 
diagnosis of SLE. Although the cause of SLE and autoantibody 
production in SLE remains unknown, it has been thought to be due 
to interaction between environment and genetics. Several recent 
studies have indicated that oral and gut microbiota dysbiosis may 
be associated with the development and disease activity of SLE 
(1–3). However, the detailed mechanisms that explain the close 
association between microbiota dysbiosis and SLE remain unclear.

We read with great interest the article by Ogunrinde et  al 
on plasma microbial translocation and microbiome composition 
in SLE patients and their first- degree relatives (4), and we con-
gratulate the authors for the exhaustive data presented, which 
demonstrate that plasma microbial translocation and microbiome 
composition may influence autoantibody development in SLE. We 
wish, however, to expand on a finding that needs a more compre-
hensive explanation.

The study demonstrated that first- degree relatives, but not 
SLE patients, had reduced diversity of circulating microbiome and 
a positive correlation between plasma lipopolysaccharide (LPS) 
and anti–double- stranded DNA (anti- dsDNA) IgG levels. Theoret-
ically, it would have been more likely for the SLE patients to have 
restricted microbiome diversity and a positive correlation between 
plasma LPS and anti- dsDNA IgG levels since the majority of first- 
degree relatives of SLE patients do not develop SLE. Ogunrinde 
and colleagues suggested that the divergence in results between 
SLE patients and first- degree relatives may be mainly due to immu-
nosuppressive therapies; another possible factor presented by the 
authors was that “SLE patients are more likely to develop infections 
and thus receive antibiotics” (1). In our opinion, these explanations 
are confusing. First, antibiotic use within the 90 days prior to partic-
ipation in the study was one of the exclusion criteria. Second, very 
few studies have confirmed an association between immunosup-
pressive therapies for SLE and restricted microbiome diversity.

Instead, we believe these findings may be mainly attributed 
to several other factors, as follows. First, there was a difference 

in genetic background between 2 cohorts of subjects in this 
study. All 36 participants of the first cohort were African Amer-
ican, while the 40 participants in the second cohort consisted 
of 20 white and 20 African American subjects. Many studies 
have showed that race/ethnicity has significant effects not only 
on manifestations, complications, and prognosis of SLE (5–7), 
but also on microbiota in various populations (8). Moreover, in 
this study, plasma LPS levels appeared to be lower (as seen in 
Figures 2A and B) and microbiota diversity appeared higher (as 
seen in Figures 5A and B) in unrelated healthy controls of the 
first cohort than in those of the second cohort (4). As a result, it 
is very possible that the difference in genetic background leads 
to the divergence in the results between first- degree relatives 
and SLE patients. Second, the factors of diet, smoking, and 
obesity have been widely reported to be closely associated with 
SLE manifestations and microbiota diversity and might also play 
a role in the divergent findings between first- degree relatives 
and SLE patients. However, these factors were not considered 
in this study. Third, the sample size of the study is too small, 
which is likely to yield low statistical power and even bias the 
results.

For the aforementioned reasons, we suggest that conclu-
sions be drawn with caution since the results of this study (4), 
particularly divergent findings that were not necessarily valid, need 
to be further confirmed in by a larger number of studies in various 
populations with different races/ethnicities.
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Reply

To the Editor:
Drs. Yang and Liang discuss several possibilities as to 

why first- degree relatives in our study, but not SLE patients, 
displayed reduced diversity in their circulating microbiome. As 
a result of their suggestion that differences in the genetic and 
racial background of the 2 cohorts may explain the disparity 
in diversity, we subsequently reanalyzed the diversity of the 
circulating microbiome composition with stratification by race. 

Although the sample size was small, there were no differences 
overall in diversity between African American healthy controls 
and African American patients with SLE or between white con-
trols and white patients with SLE (data not shown). However, 
we did note differences in β- diversity, but not in α- diversity, 
between African American and white SLE patients (Figure  1). 
Therefore, while race may play a role in differences in circulating 
microbiome diversity, additional studies are needed to confirm 
this hypothesis.

In addition, Yang and Liang mentioned diet, smoking, and 
obesity as potential confounders in the interpretation of circulating 
microbiome diversity. Diet, smoking status, and body mass index 
were not assessed at the time of sample collection, but we agree 
that these factors could explain differences in diversity between 
the 2 cohorts examined. Finally, in regard to sample size, we rec-
ognize small size as a limitation of the analysis, which is noted in 
the Discussion section of the report.

Elizabeth Ogunrinde, BS
Medical University of South Carolina 
Charleston, SC
Zejun Zhou, PhD
Hunan Normal University College of Life Sciences 
Changsha, China
Gary Gilkeson, MD
Medical University of South Carolina  

and Ralph H. Johnson VA Medical Center
Wei Jiang, MD
Medical University of South Carolina 
Charleston, SC

Figure 1. Alpha-  and β- diversity analyses of the circulating microbiome in African American (AA) patients with systemic lupus erythematosus 
(SLE) compared to white (Caucasian American [CA]) patients with SLE. A, Observed operational taxonomic units and the Chao1 species- 
richness metric were evaluated using the phyloseq package in R to assess α- diversity between African American SLE patients and white 
SLE patients. Data are shown as box plots. Each box represents the 25th and 75th percentiles. Lines inside the box represent the median. 
Lines outside the box represent the 10th and 90th percentiles. Statistical significance was determined using the Wilcoxon rank sum test in 
R. B, Principal coordinate analysis was conducted based on the unweighted UniFrac distance using the phyloseq and ade4 packages in R 
to determine β- diversity. Statistical significance of β- diversity was determined with permutational multivariate analysis of variance (R- vegan 
package with the function Adonis).
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Observation by magnetic resonance imaging of 
sacroiliac joint ankylosis in young spondyloarthritis 
patients receiving biologic therapy: comment on the 
article by Bray et al

To the Editor:
We read with interest the recent article by Bray and colleagues 

describing a study in which they investigated the development of 
sacroiliac joint changes in young patients with axial spondyloar-
thritis (SpA) (1). Since we believe the reported observations need 
to be placed in a clinically meaningful context, we present several 
points of discussion.

First, the reported observations are unique, which deserves 
some credit. Indeed, we are not aware of similar reports. In that 
regard, it should be stressed that the study was performed on 
sacro iliac joints and not the spine, which is the more common sub-
ject of reports on adult patients with axial SpA. The appearance of 
ankylosis in the sacroiliac joints on imaging probably has no major 
impact on pain and function, although this is a topic for debate. 
However, it is very clear that new bone formation that occurs in the 
spine has a strong impact on function and mobility of patients with 
axial SpA (2), especially in the advanced stages of the disease.

Essentially, Bray et  al describe a well- known phenomenon 
that has been demonstrated in every published study to date, 
which is that spinal radiographic progression in patients with 
axial SpA increases over time (3). However, the most important 
question that remains is whether this process can be deceler-
ated, and there is some evidence that this may be possible; in 
a trial on ankylosing spondylitis patients, continuous coxib intake 
over 2 years was associated with less radiographic progression 
when compared to an on- demand treatment strategy (4). Similarly, 
longer- term treatment with tumor necrosis factor inhibitors (TNFi) 
was also shown to probably reduce structural changes (5–8); 
however, the methodology was different in these latter studies in 
that they were not randomized controlled trials. Nevertheless, it 
has also been observed that based on changes in the modified 
Stoke ankylosing spondylitis spine score (9), radiographic pro-
gression was greater in the first 2 years of anti- TNF therapy than 
in years 3 and 4 (10), suggesting that it takes some time until the 
abrogation of inflammation also affects bone formation. The lat-
ter is thought to be a failure of the repair mechanism occurring 
in response to mechanical stress and osteodestructive changes, 
such as erosions.

There is evidence that inflammation, as assessed by C- re-
active protein (CRP) levels or magnetic resonance imaging (MRI), 
is a major driver of bone formation in axial SpA (2). Even in TNFi- 
treated patients, CRP levels continued to have an influence on 
outcome predictions in patients with ankylosing spondylitis (11), 
and the described effect of coxib therapy was observed only in 
patients with elevated CRP levels (12).

In the patient cohort described by Bray and colleagues (1), 
there was a strong emphasis on MRI findings in the sacroiliac joints. 
Unfortunately, no data on the clinical course of the patients or their 
CRP levels were reported. Furthermore, there was no explanation as 
to why the authors waited several months before initiating treatment, 
which according to recommendations (13) could have been started 
after 4 weeks. In fact, according to treat- to- target recommendations 
(14), treatment should have been initiated much earlier, especially as 
there is evidence that early diagnosis and therapy are associated 
with superior results and remission rates exceeding 50% (15).

Returning to the topic of how well imaging results reflect the 
clinical picture, we wish to stress that it was shown in a 10- year fol-
low- up study of TNFi- treated patients with axial SpA that, despite 
a significant increase in structural changes, patients continued to 
feel well, with low disease activity or disease remission as well as 
preserved function and mobility (16). Although we do not have 
the clinical data on the patients in Bray and colleagues’ study, we 
presume that these outcomes were similar in their cohort (1).

The link between inflammation and new bone formation has 
yet to be completely understood. Trying to abrogate inflamma-
tion as early and as effectively as possible is currently the best 
approach in treating patients with axial SpA. Although prevention 
of bone formation may be possible if we intervene early enough 
via this treatment strategy, we will continue to see patients in 
whom there is a clear disconnect between inflammation and bone 
formation. In these cases, abrogation of inflammation does not 
appear to prevent the development of ankylosis. However, the 
clinical response to therapy remains the gold standard when judg-
ing the success of biologic therapies.

Juergen Braun, MD
Uta Kiltz, MD
Xenofon Baraliakos, MD
Rheumazentrum Ruhrgebiet  
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and Ruhr University  
Bochum, Germany
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Do microinjury mechanisms complement inflammation 
in sacroiliac joint ankylosis on magnetic resonance 
imaging of young spondyloarthritis patients? Comment 
on the article by Bray et al

To the Editor:
I would like to compliment Bray and colleagues on their 

report describing magnetic resonance imaging (MRI) findings of 

inflammation and structural damage in the sacroiliac joints of 29 
young patients (ages 12–23 years) with spondyloarthritis (SpA) (1). 
All patients had undergone at least 3 MRI scans of the sacroiliac 
joints over at least a 2- year period, with at least 1 scan conducted 
before or at the time of initiating tumor necrosis factor inhibitor 
(TNFi) therapy. MRIs of the sacroiliac joints were scored in tempo-
ral order by 2 independent readers who were blinded with regard 
to the start dates of TNFi therapy. Inflammation was assessed by 
the extent of bone marrow edema visible on STIR images, dif-
ferentiated from skeletal immaturity, using a standardized scoring 
system (2). Structural abnormalities of erosions, fat metaplasia, 
and joint fusion were assessed on T1- weighted images using a 
recently proposed score (3).

The effect of TNFi therapy (and its duration) on the 4 MRI 
outcomes of interest (inflammation, fat metaplasia, erosions, and 
fusion) was analyzed using the mean of the 2 observers’ mea-
surements (1). Of the 25 patients who were tested for HLA–B27, 
23 were positive (92%), supporting the enthesitis- related arthri-
tis (ERA) or SpA categorization. Patients had a mean of 4.5 MRI 
scans performed (range 3–7) and a mean interval between first 
and last scans of 5 years 2 months (range 1 year 9 months–9 
years 11 months). Inflammation scores were significantly higher in 
patients before receiving TNFi therapy than after such treatment  
(P = 0.013). As seen in Figure 2 of the article by Bray et al, the 
mean inflammation score was higher pretreatment than in each of 
the 8 posttreatment intervals; in contrast, fusion scores showed 
a significant increase between the time of TNFi initiation and the 
posttreatment intervals (P < 0.001). Like fusion, fat metaplasia 
scores were significantly higher after TNFi treatment (P = 0.002); 
erosion scores were not significantly related to TNFi therapy or 
time since treatment initiation.

The novel findings of a distinct trend of decreasing inflam-
mation and increasing fusion following TNFi treatment (1) are 
consistent with the proposed complementary role of mechanical 
stress and inflammation in the pathogenesis of axial SpA (4,5). 
New bone formation with ankylosis of the sacroiliac joints and the 
spine is the main type of structural damage to the skeleton that 
is observed in SpA (4) and used in the diagnosis of ankylosing 
spondylitis (AS) (6,7). A priority research agenda for interpreting 
MRI of the spine and sacroiliac joints in the diagnosis of axial SpA 
is to differentiate which structural MRI lesions may be stress-  or  
biomechanically induced, as opposed to other active or 
inflammation- related lesions (5).

Patients presenting with AS are usually at a later stage of 
disease and bone fusion than those diagnosed as having ERA 
or SpA, and the degree and interrelation of lesions found on MRI 
might be expected to differ between SpA and AS patients. Bray 
and colleagues address in their report the effect of TNFi ther-
apy on MRI findings in ERA or SpA patients (1). Equally valuable 
studies can address the effects of TNFi therapy on MRI lesions 
observed in patients with early AS. The future collective MRI 
findings in SpA and AS, in addition to biomechanically focused 



LETTERS |      2129

bone formation over 8 years in patients with ankylosing spondylitis. 
Ann Rheum Dis 2014;73:710–5.

 6. Haroon N, Inman RD, Learch TJ, Weisman MH, Lee M, Rahbar MH, et 
al. The impact of tumor necrosis factor α inhibitors on radiographic pro-
gression in ankylosing spondylitis. Arthritis Rheum 2013;65:2645–54.

 7. Molnar C, Scherer A, Baraliakos X, de Hooge M, Micheroli R, Exer 
P, et al, on behalf of the Rheumatologists of the Swiss Clinical 
Quality Management Program. TNF blockers inhibit spinal radio-
graphic progression in ankylosing spondylitis by reducing disease 
activity: results from the Swiss Clinical Quality Management cohort.  
Ann Rheum Dis 2018;77:63–9.

 8. Park JW, Kim MJ, Lee JS, Ha YJ, Park JK, Kang EH, et al. Impact 
of tumor necrosis factor inhibitor versus nonsteroidal antiinflamma-
tory drug treatment on radiographic progression in early ankylosing 
spondylitis: its relationship to inflammation control during treatment. 
Arthritis Rheumatol 2019;71:82–90.

 9. Creemers MC, Franssen MJ, van ‘t Hof MA, Gribnau FW, van de 
Putte LB, van Riel PL. Assessment of outcome in ankylosing 
 spondylitis: an extended radiographic scoring system. Ann Rheum 
Dis 2005;64:127–9.

 10. Van der Heijde D, Baraliakos X, Hermann KA, Landewé RB,  Machado 
PM, Maksymowych WP, et al. Limited radiographic progression 
and sustained reductions in MRI inflammation in patients with axial 
spondyloarthritis: 4- year imaging outcomes from the RAPID- axSpA 
phase III randomised trial. Ann Rheum Dis 2018;77:699–705.

 11. Braun J, Baraliakos X, Hermann KG, Xu S, Hsu B. Serum C- reactive 
protein levels demonstrate predictive value for radiographic and mag-
netic resonance imaging outcomes in patients with active ankylosing 
spondylitis treated with golimumab. J Rheumatol 2016;43:1704–12.

 12. Kroon F, Landewé R, Dougados M, van der Heijde D. Continuous 
NSAID use reverts the effects of inflammation on radiographic pro-
gression in patients with ankylosing spondylitis. Ann Rheum Dis 
2012;71:1623–9.

 13. Van der Heijde D, Ramiro S, Landewé R, Baraliakos X, Van den 
Bosch F, Sepriano A, et al. 2016 update of the ASAS- EULAR man-
agement recommendations for axial spondyloarthritis. Ann Rheum 
Dis 2017;76:978–91.

 14. Smolen JS, Schöls M, Braun J, Dougados M, FitzGerald O, Gladman 
DD, et al. Treating axial spondyloarthritis and peripheral spondyloarthri-
tis, especially psoriatic arthritis, to target: 2017 update of recommen-
dations by an international task force. Ann Rheum Dis 2018;77:3–17.

 15. Barkham N, Keen HI, Coates LC, O’Connor P, Hensor E, Fraser AD, 
et al. Clinical and imaging efficacy of infliximab in HLA–B27–positive 
patients with magnetic resonance imaging–determined early sacroil-
iitis. Arthritis Rheum 2009;60:946–54.

 16. Poddubnyy D, Fedorova A, Listing J, Haibel H, Baraliakos X, Braun J, 
et al. Physical function and spinal mobility remain stable despite radio-
graphic spinal progression in patients with ankylosing spondylitis treated 
with TNF- α inhibitors for up to 10 years. J Rheumatol 2016;43:2142–8.

DOI 10.1002/art.41048

Do microinjury mechanisms complement inflammation 
in sacroiliac joint ankylosis on magnetic resonance 
imaging of young spondyloarthritis patients? Comment 
on the article by Bray et al

To the Editor:
I would like to compliment Bray and colleagues on their 

report describing magnetic resonance imaging (MRI) findings of 

inflammation and structural damage in the sacroiliac joints of 29 
young patients (ages 12–23 years) with spondyloarthritis (SpA) (1). 
All patients had undergone at least 3 MRI scans of the sacroiliac 
joints over at least a 2- year period, with at least 1 scan conducted 
before or at the time of initiating tumor necrosis factor inhibitor 
(TNFi) therapy. MRIs of the sacroiliac joints were scored in tempo-
ral order by 2 independent readers who were blinded with regard 
to the start dates of TNFi therapy. Inflammation was assessed by 
the extent of bone marrow edema visible on STIR images, dif-
ferentiated from skeletal immaturity, using a standardized scoring 
system (2). Structural abnormalities of erosions, fat metaplasia, 
and joint fusion were assessed on T1- weighted images using a 
recently proposed score (3).

The effect of TNFi therapy (and its duration) on the 4 MRI 
outcomes of interest (inflammation, fat metaplasia, erosions, and 
fusion) was analyzed using the mean of the 2 observers’ mea-
surements (1). Of the 25 patients who were tested for HLA–B27, 
23 were positive (92%), supporting the enthesitis- related arthri-
tis (ERA) or SpA categorization. Patients had a mean of 4.5 MRI 
scans performed (range 3–7) and a mean interval between first 
and last scans of 5 years 2 months (range 1 year 9 months–9 
years 11 months). Inflammation scores were significantly higher in 
patients before receiving TNFi therapy than after such treatment  
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research (4,6,7), are promising in their potential to clarify whether 
stress and microinjury mechanisms complement inflammation in 
the progression of ankylosis seen on MRI in patients with SpA 
and early AS.

Alfonse T. Masi, MD, DrPH
University of Illinois College of Medicine at Peoria
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Reply

To the Editor:
We thank the authors of both letters for their interest in and 

valuable comments on our study describing MRI scans of sacroil-
iac joint ankylosis in young patients with SpA.

We agree with Braun and colleagues that ankylosis of the 
sacroiliac joints is not the disease process that has the most 
functional impact on patients, but we believe our observations 
nevertheless warrant publication as sacroiliitis can be regarded 
as a potential model for joint disease in patients with SpA. 
As discussed in our reports, the progression of ankylosis in 
an adolescent population has not been previously described, 
and these observations add to the understanding of the dis-
ease course, even when biologic therapies are prescribed. It is 
interesting that some patients who received biologic treatment 
for many years were not completely protected against bony 

ankylosis despite a reduction in bone osteitis. Our data did not 
allow us to examine whether treatment reduced, or otherwise 
influenced, the rate of progression in these patients. Rather, the 
results show that biologic therapy (prescribed in a “real–world” 
setting in an early SpA cohort) does not entirely prevent struc-
tural progression.

We agree that it would have been optimal to initiate ther-
apy in these patients sooner following diagnosis. However, 
there were several factors contributing to the delay in prescrip-
tion of biologic therapies. At our institution, the clinical practice 
has been for ERA patients to undergo a 6- month trial of con-
ventional disease- modifying antirheumatic drugs (DMARDs)/
nonsteroidal antiinflammatory drugs, especially if there are 
signs of peripheral joint involvement. This is supported by 
some evidence that ERA patients may respond to conventional 
DMARDs (1). If there is no clinical response coupled with MRI 
evidence of sacroiliitis, patients are then considered for biologic 
therapy. Delays can also be exacerbated by issues specific to 
adolescent patients, such as academic testing schedules and 
family vacations.

Our study was retrospective and consequently we do not 
have full clinical and biomarker data on our cohort. As per current 
guidelines for juvenile idiopathic arthritis, patients have been able 
to continue biologic treatment only if there was evidence of clin-
ical response (2). A prospective study with full imaging and clin-
ical documentation would be ideal. However, obtaining funding 
to support a noninterventional, observational study has not been 
possible so far and may be inhibited by the overarching focus 
of funding bodies on the development of new immunotherapies 
or more holistic approaches to patient care, rather than imaging 
per se.

As highlighted by Dr. Masi, MRI offers a real opportunity to 
observe and quantify inflammation and disease course in inflam-
matory arthritis. Although clinical response to therapy remains 
the aim of treatment, clinical evaluation as a disease assessment 
tool has many confounders and limitations (3). Clinical evaluation 
is particularly difficult in adolescent cohorts, where pain is multi-
factorial and clinical disease scores may be heavily confounded 
by noninflammatory factors. Additionally, age- tailored disease 
activity scores for adolescent population have only recently been 
validated (4). Looking forward, MRI has the potential to be more 
specific for the detection of inflammation than either clinical 
assessment of disease or serum biomarkers of inflammation, 
especially as new MRI methods (quantitative MRI in particular) 
come into practice (5–8). In addition to supporting clinical stud-
ies of new therapies, we agree with Masi that MRI can contribute 
to better understanding the role of inflammation in the evolution 
of new bone formation and disease progression. Our study plays 
a small part in the development of that understanding, and we 
look forward to the integration of imaging into future studies on 
disease mechanisms.
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High blood pressure and osteoarthritis: friends or foes? 
Comment on the article by Funck Brentano et al

To the Editor:
A vascular etiology of osteoarthritis (OA) has been proposed 

for decades (1,2). I read with interest the recent article by Funck- 
Brentano and colleagues, regarding a novel causal relationship 
between low blood pressure and OA (3), which provided new 
insight into the vascular origin of OA pathologies. I appreciate the 
authors’ dedicated efforts in big data analytics to elucidate the 
puzzle of OA, a multifactorial, prevalent, debilitating, disability- 
associated chronic condition. However, there are a few issues 
concerning the data comprehensiveness, accuracy, and repre-
sentativeness that are worth mentioning.

First, it is noteworthy that diastolic blood pressure (BP) was 
not included in this analysis, for unknown reasons. In fact, diastolic 
BP as well as systolic BP has been reported to be associated with 
symptomatic knee OA in the Framingham Osteoarthritis Study (4). 
Unlike other components of metabolic syndrome, this association 
remained statistically significant after adjustment for body mass 
index (BMI). In addition, pulse pressure, the difference between 
systolic BP and diastolic BP, has been associated with incident 
radiographic knee OA based on data from the Osteoarthritis Ini-
tiative (5). Therefore, it is worthwhile to explore the relationship 
between diastolic BP and a hospital diagnosis of OA, although 
radiographic OA versus symptomatic OA was not distinguished 
by Funck- Brentano and colleagues (3).

Second, many environmental and behavioral factors such as 
climate, temperature, time of day, eating, drinking, and physical 
activity will affect the BP reading accuracy. The average of 2 sys-
tolic BP measures in a single visit might not be representative or 
adequate in indicating either low or high BP. Information on the 
repeated systolic BP measurements during the follow- up visits, 
which are available in the UK Biobank database, would be desir-
able. Moreover, the level of physical activity is a known confound-
ing factor that affects both the systolic BP reading and the risk of 
OA. However, the authors mentioned that the impact of physical 
activity could not be analyzed in their study due to the lack of 
genome- wide association study data (3).

Third, systolic BP (rather than a hospital diagnosis of hyper-
tension or the use of antihypertensive medication) was included 
as an exposure parameter in this Mendelian randomization (MR) 
analysis. The use of antihypertensive medication, especially 
taking more than 3 antihypertensive medications, has been 
reported to confer decreased odds of developing incident OA 
(5). Funck- Brentano and colleagues only excluded (but did not 
investigate) those who received antihypertensive medication for 
the sensitivity analysis in this MR study. Hypertension is a fre-
quently encountered vascular comorbidity in patients with pri-
mary OA (6). It has been associated with the risk of radiographic 
knee OA, although this association diminished after adjustment 
for BMI (4). However, as Funck- Brentano et al have pointed out, 
that study might have been underpowered to detect hyperten-
sion as a BMI- independent risk factor for OA, given the rela-
tively smaller population of 991 participants (4). Regretfully, the 
current MR analysis on systolic BP and the risk of OA using 
a much larger data set of 384,838 subjects (3) did not fill this 
research gap. As mentioned above, systolic BP readings from a 
single visit could not indicate the BP status (e.g., hypertension).

The question of whether low or high BP is good or bad in OA 
remains unanswered. In my opinion, it seems too early to conclude 
a causal relationship between low BP and the risk of OA, which 
could have been just a numeric association. I am very interested in 
Funck- Brentano and colleagues’ responses to the above concerns.

Supported by the Research Grants Council of Hong Kong Early 
Career Scheme (grant PolyU 251008/18M), PROCORE-France/Hong 
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between low blood pressure and OA (3), which provided new 
insight into the vascular origin of OA pathologies. I appreciate the 
authors’ dedicated efforts in big data analytics to elucidate the 
puzzle of OA, a multifactorial, prevalent, debilitating, disability- 
associated chronic condition. However, there are a few issues 
concerning the data comprehensiveness, accuracy, and repre-
sentativeness that are worth mentioning.

First, it is noteworthy that diastolic blood pressure (BP) was 
not included in this analysis, for unknown reasons. In fact, diastolic 
BP as well as systolic BP has been reported to be associated with 
symptomatic knee OA in the Framingham Osteoarthritis Study (4). 
Unlike other components of metabolic syndrome, this association 
remained statistically significant after adjustment for body mass 
index (BMI). In addition, pulse pressure, the difference between 
systolic BP and diastolic BP, has been associated with incident 
radiographic knee OA based on data from the Osteoarthritis Ini-
tiative (5). Therefore, it is worthwhile to explore the relationship 
between diastolic BP and a hospital diagnosis of OA, although 
radiographic OA versus symptomatic OA was not distinguished 
by Funck- Brentano and colleagues (3).

Second, many environmental and behavioral factors such as 
climate, temperature, time of day, eating, drinking, and physical 
activity will affect the BP reading accuracy. The average of 2 sys-
tolic BP measures in a single visit might not be representative or 
adequate in indicating either low or high BP. Information on the 
repeated systolic BP measurements during the follow- up visits, 
which are available in the UK Biobank database, would be desir-
able. Moreover, the level of physical activity is a known confound-
ing factor that affects both the systolic BP reading and the risk of 
OA. However, the authors mentioned that the impact of physical 
activity could not be analyzed in their study due to the lack of 
genome- wide association study data (3).

Third, systolic BP (rather than a hospital diagnosis of hyper-
tension or the use of antihypertensive medication) was included 
as an exposure parameter in this Mendelian randomization (MR) 
analysis. The use of antihypertensive medication, especially 
taking more than 3 antihypertensive medications, has been 
reported to confer decreased odds of developing incident OA 
(5). Funck- Brentano and colleagues only excluded (but did not 
investigate) those who received antihypertensive medication for 
the sensitivity analysis in this MR study. Hypertension is a fre-
quently encountered vascular comorbidity in patients with pri-
mary OA (6). It has been associated with the risk of radiographic 
knee OA, although this association diminished after adjustment 
for BMI (4). However, as Funck- Brentano et al have pointed out, 
that study might have been underpowered to detect hyperten-
sion as a BMI- independent risk factor for OA, given the rela-
tively smaller population of 991 participants (4). Regretfully, the 
current MR analysis on systolic BP and the risk of OA using 
a much larger data set of 384,838 subjects (3) did not fill this 
research gap. As mentioned above, systolic BP readings from a 
single visit could not indicate the BP status (e.g., hypertension).

The question of whether low or high BP is good or bad in OA 
remains unanswered. In my opinion, it seems too early to conclude 
a causal relationship between low BP and the risk of OA, which 
could have been just a numeric association. I am very interested in 
Funck- Brentano and colleagues’ responses to the above concerns.

Supported by the Research Grants Council of Hong Kong Early 
Career Scheme (grant PolyU 251008/18M), PROCORE-France/Hong 

https://orcid.org/0000-0001-8886-5356
https://orcid.org/0000-0002-8911-4113


LETTERS 2132       |

Kong Joint Research Scheme (grant F-PolyU504/18), and Health and 
Medical Research Fund Scheme (grants 15161391 and 16172691).
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Reply

To the Editor:
We thank Dr. Wen for his interest in our study. Besides 

causal associations of high BMI and high bone mineral density 
with increased risk of OA, we observed evidence of a causal 
 association between low systolic BP and increased risk of 
OA. The interpretation of a possible inverse causal relation-
ship between systolic BP and OA is indeed challenging. Our 
responses to the questions raised by Dr. Wen regarding this 
possible causal association are presented below.

First, regarding the reproducibility of the measures of 
 systolic BP in the UK Biobank, our primary analysis was per-
formed using a 2- sample MR approach. We used instrument 
variables and summary data from a previously published 
genome- wide association study (GWAS) on BP (1). Therefore, 
for this main analysis, we did not use the measured values for 
systolic BP in the UK Biobank, but we rather used the genetic 
determinants of systolic BP found in other cohorts. However, 
when using 1- sample MR analyses (i.e., using genetic deter-
minants of systolic BP in the UK Biobank), we observed similar 
results as with the 2- sample MR analyses. Finally, when exclud-
ing patients receiving antihypertensive medications, the results 
were unchanged (see Supplementary Tables 14 and 15 of our 
article).

Second, regarding diastolic BP, we acknowledge that we did 
not perform MR analyses for this specific trait, which is a limitation 

that was decided a priori to reduce multiple testing. Measurement 
of diastolic BP is less accurate than systolic BP, especially in indi-
viduals >50 years of age, and diastolic BP is a poorer predictor 
of cardiovascular events (2). In the International Consortium for 
Blood Pressure GWAS, genetic variants for diastolic BP and sys-
tolic BP are similar, but with stronger beta values for systolic BP 
(1). Hence, we focused only on systolic BP in our analyses.

We believe that previously reported observational asso-
ciations between elevated BP or hypertension and OA have 
been biased by other confounders, including BMI. We propose 
that decreasing systolic BP may in fact be deleterious for the 
joint, in contrast to its beneficial effects for many other organs. 
However, further studies are needed to confirm this hypothesis.

Thomas Funck-Brentano, MD, PhD
Claes Ohlsson, MD, PhD
University of Gothenburg 
Gothenburg, Sweden
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Genetic disorders should be considered prior to 
diagnosing interstitial pneumonia with autoimmune 
features: comment on the review by Wilfong et al

To the Editor:
We read with great interest the recent review by Wilfong and 

colleagues on interstitial pneumonia with autoimmune features 
(IPAF) (1). We agree that the creation of a disease classification 
for patients with interstitial lung disease (ILD) who have compo-
nents of autoimmunity, but not a specific rheumatologic diagnosis, 
necessitates ongoing conversation between rheumatologists and 
pulmonologists on the challenges of diagnosis and management.

The IPAF classification criteria (2) require exclusion of patients 
with alternative etiologies. In this era of genetic advancement, a 
growing collection of monogenic diseases can present with ILD 
and multisystem immune dysregulation. For example, clinical 
features of a patient with STAT3 gain- of- function syndrome (3) or 
CTL- A4 haploinsufficiency (4) could very well fit the criteria for IPAF 
(2). The mention of such disorders was missing from the other-
wise comprehensive review by Wilfong et al. Admittedly, patients 
with these disorders typically present with early- onset disease and 
sufficient extrapulmonary manifestations that further investigation 
would likely be performed for a unifying diagnosis.

However, due to the possibility of advanced age at symp-
tom onset and the probability of predominant lung involvement, 
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coatomer protein complex subunit alpha (COPA) syndrome (5) is 
another newly discovered genetic cause of lung disease that, in 
the right clinical context, should be excluded prior to a diagno-
sis of IPAF. The first report of COPA syndrome in 2015 described 
variants in the COPA gene as a cause of autoimmune- mediated 
lung disease in 5 multigenerational families (5); subsequent studies 
have demonstrated an increased number of individuals diagnosed 
as having COPA syndrome. The COPα protein is involved in cel-
lular trafficking, and mutated COPα proteins appear to increase 
endoplasmic reticulum stress (5), which is a potential trigger for 
enhanced interferon signaling (6) and the generation of inflamma-
tory T cells (5).

COPA syndrome is inherited in an autosomal dominant 
pattern, but the disease has variable penetrance. All affected 
patients have lung disease of a progressive nature. Although 
many do, not all patients with COPA syndrome experience 
pulmonary hemorrhage. Radiographic findings can be consist-
ent with nonspecific interstitial pneumonia, and histology can 
demonstrate interstitial lymphocytic infiltrates with germinal 
centers (5). These are patterns similar to ones in other autoim-
mune diseases and IPAF (7). Polyarthritis and kidney disease 
(often glomerulonephritis) are other predominant features of this 
disorder. A majority of COPA patients have autoantibodies that 
would qualify under the “serologic” domain of the IPAF crite-
ria including rheumatoid factor, anti–cyclic citrullinated peptide 
antibodies, and antinuclear antibodies as well as antineutrophil 
cytoplasmic antibodies.

We believe that some patients with IPAF have known genetic 
diseases but have not yet been tested. It is our practice to actively 
exclude COPA syndrome as a cause of ILD in patients of any age 
who have a first degree relative with rheumatoid arthritis, ILD, or 
glomerulonephritis. In using this approach, we have diagnosed 
COPA syndrome in 4 families of patients who have received treat-
ment at our center. The potential impact on family planning for 
those with this autosomal dominant genetic disorder cannot be 
overlooked. We are hopeful that improved recognition of genetic 
etiologies of ILD, such as COPA syndrome, combined with 
enhanced understanding of the molecular mechanisms of these 
diseases, will lead to targeted treatments, including JAK inhibition, 
which will alter the course and progression of the illness.

Manuel Silva-Carmona, MD
Tiphanie P. Vogel, MD, PhD
Baylor College of Medicine  

and Texas Children’s Hospital
Houston, TX
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Reply

To the Editor:
We thank Drs. Silva- Carmona and Vogel for their letter 

highlighting COPA syndrome and agree with the importance 
of considering a genetic etiology when evaluating patients with 
ILD. Diverse ILD phenotypes may be observed in patients with 
the same genetic mutation; thus, in our opinion and practice, 
establishment of a clinical phenotypic diagnosis and a genetic 
diagnosis are complementary rather than mutually exclusive. 
The classification criteria for IPAF (1) were designed to guide 
future research, derived by expert opinion, and have not 
undergone rigorous validation. We agree that great caution 
is needed when applying these criteria to “diagnose” patients 
with IPAF.

While the spectrum of COPA syndrome continues to evolve, 
the clinical scenarios in which IPAF and COPA syndrome are 
considered remain largely distinct. IPAF is a syndrome present in 
middle- aged and older adults, while COPA syndrome has been 
described primarily in children. In 2018, Tsui and coworkers rec-
ommended that COPA syndrome be considered in patients with 
evidence of follicular bronchiolitis, cysts, or diffuse alveolar hemor-
rhage when accompanied by compatible extrapulmonary features 
such as young age at onset (<12 years), inflammatory arthritis, 
family history of disease, and positive serologic findings (2). We 
generally agree with these recommendations, although it should 
be noted that given the small number of reported cases to date, 
the sensitivity and specificity of these criteria have not been deter-
mined. While universal screening may have led to the identification 
of 4 families with COPA syndrome at a single institution that has 
particular expertise in genetic testing, it is unlikely this approach 
is currently cost- effective or widely feasible outside of specialized 
research settings.

Beyond the COPA syndrome, it is important to recog-
nize that several other causes of ILD have been associated 
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with positive autoimmune serologic findings, most notably 
hypersensitivity pneumonitis (HP) and sarcoidosis. In one well- 
characterized cohort, 28% of HP patients had high titers of 
antinuclear antibodies, and 3% of patients had positive cyclic 
citrullinated peptide or double- stranded DNA antibodies (3). 
Even among expert radiologists, HP can only be definitively 
differentiated from  nonspecific interstitial pneumonia in approx-
imately 50% of cases (4). We emphasize the importance of 
recording a careful environmental history (e.g., exposure to 
feathers, mold, hot tubs, heavy metals, etc.) for the evalua-
tion of possible antigenic triggers of HP, as the mainstay of HP 
management is identifying and eliminating the antigen from the 
environment of HP patients. Sarcoidosis is easier to distinguish 
from other forms of ILD radiographically (5), and when questions 
arise during treatment, can be accurately  diagnosed using vari-
ous bronchoscopic techniques.

In summary, alternative etiologies should be considered 
before classifying a patient as having IPAF. The current IPAF 
classification criteria state that patients must not meet classifica-
tion criteria for another connective tissue disease (1), but other 
genetic and pulmonary diseases have features that overlap with 
IPAF. We therefore advocate that multidisciplinary teams care for 
these patients to ensure that the best provisional diagnosis and 
 treatment algorithms are used.

Dr. Kropski has received research support from Boehringer- 

Ingelheim. No other disclosures relevant to this article were reported.
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Ellen M. Gravallese, MD, ACR President

Eighty-Third President of the ACR
 At the annual business meeting of the American College of 

Rheumatology on November 12, 2019 in Atlanta, Ellen M. Gravallese, 

MD was installed as the eighty-third President of the College.

 Dr. Gravallese is Chief of Rheumatology, Infl ammation, and Im-

munity at Brigham and Women’s Hospital, Harvard Medical School. 

In 1990, she was appointed to the faculty at the Brigham and as 

an Instructor in Medicine at Harvard Medical School. In 1999, she 

moved to the Harvard Institutes of Medicine and the Beth Israel Dea-

coness Medical Center, where she conducted basic and translational 

research on pathogenic mechanisms of joint destruction in rheuma-

toid arthritis. In 2003, Dr. Gravallese was appointed as an Associate 

Professor of Medicine at Harvard Medical School and in 2006, she 

was recruited to the University of Massachusetts Medical School and 

appointed as Professor of Medicine and Cell Biology and Chief of the 

Division of Rheumatology. She received tenure in 2012 and was the 

inaugural recipient of the Myles J. McDonough Chair in Rheumatolo-

gy in 2013. At the University of Massachusetts Medical School, she 

also served as Director of Translational Research for the Musculoskel-

etal Center of Excellence. She recently returned to Harvard Medical 

School and the Brigham and Women’s Hospital, where her career in 

rheumatology began and where she currently serves as Chief.

 Dr. Gravallese graduated Magna Cum Laude from Harvard 

College with an undergraduate degree in biochemical sciences and 

received her medical degree from the Columbia University College of 

Physicians and Surgeons as an elected member of the Alpha Omega 

Alpha Honor Medical Society. She completed a combined internship 

and residency in internal medicine and pathology at Brigham and 

Women’s Hospital, Harvard Medical School and later served as a fel-

low in the Division of Rheumatology, Immunology and Allergy.

 In recognition of her academic and professional achievements, 

Dr. Gravallese has received multiple prestigious awards and hon-

ors, including the Sandoz Award for Medical Research (1981), the 

Scholars in Medicine Award from Harvard Medical School (1998), the 

McDuffi e Award (1989) and the Marian Ropes Physician Achievement 

Award (2011) from the Arthritis Foundation, the Physician Achieve-

ment Award from the University of Massachusetts (2007), the Steven 

M. Krane Award from the American Society for Bone and Mineral Re-

search (2017), and the international Carol Nachman Prize, the high-

est award for research accomplishments in the fi eld of rheumatology 

(2019).

 The fundamental mechanisms of infl ammation and joint de-

struction in infl ammatory arthritis are a career interest and focus of 

Dr. Gravallese’s research, for which she has been widely recognized. 

Through studies of human tissues using pathologic and molecular 

techniques, murine models of diseases, and clinical investigation, her 

research has played a critical role in the understanding of key path-

ways by which infl ammation impacts bone in the rheumatic diseases. 

This work has contributed to the change in focus in the treatment of 

rheumatoid arthritis, with greater emphasis on disease modifi cation. 

Her laboratory identifi ed osteoclasts as the cell type responsible for 

bone destruction in RA and demonstrated that receptor activator of 

NF-ĸB ligand (RANKL) is a critical cytokine that is produced by cells 

within RA synovial tissue and promotes osteoclastogenesis. In addi-

tion, work in her laboratory has contributed to the elucidation of the 

production within the infl amed RA synovium of inhibitors of osteoblast 

function that prevent “healing” of bone. These inhibitors are currently 

being explored as novel therapeutic targets to promote bone forma-

tion. Her current research focuses on innate immune pathways in 

infl ammation and bone remodeling in rheumatic disease, including 

the cytosolic DNA sensing pathways. 

 Dr. Gravallese’s research accomplishments have been sub-

stantial and she lectures widely, both nationally and internationally. 

She has delivered many named lectureships, including the Oscar 

Gluck Memorial Lecture for the ACR, the Charles Christian Lecture 

at Hospital for Special Surgery, Weill Cornell Medical College, and 

the Gerald Weissmann Lecture at New York University School of 

Medicine. She has served as a visiting professor at many academic 

institutions nationally and internationally and as Physician-in-Chief 

Pro Tempore at both Hospital for Special Surgery and the Friedrich-

Alexander University in Erlangen-Nuremberg, Germany. In addition, 

she enjoys patient care, maintaining an active clinical and teaching 

presence, and has been elected many times to Best Doctors in America.

 Dr. Gravallese has signifi cant editorial and scholarly publica-

tion experience. She has authored more than 120 scholarly articles, 

reviews, chapters, and editorials. In 2011–2015, she served as an 

Associate Editor of Arthritis & Rheumatology. She served on the Ad-

visory Board of Nature Reviews Rheumatology in 2015–2017. Cur-

rently, Dr. Gravallese is an Editor of the textbook Rheumatology and 

an Associate Editor of the New England Journal of Medicine.

 Throughout her career, Dr. Gravallese’s volunteer contributions 

have been signifi cant. She has served on numerous national boards 

and committees, including the Board of Scientifi c Directors at the 

National Institute of Dental and Craniofacial Research, NIH, the Board 

of Directors of Bone and Joint Decade, as Vice Chair of the Medical 

and Scientifi c Advisory Board of the National Arthritis Foundation, and 

as trustee of the Arthritis Foundation Massachusetts Chapter. She 

is a member of the American Association of Immunologists and an 

elected member of the Henry Kunkel Society.

 An ACR member since 1990, Dr. Gravallese has been an en-

thusiastic and active ACR volunteer, serving in multiple leadership 
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roles at the College, including as Vice Chair and subsequently Chair 

of the Subcommittee on Career Development in 1998–2000, Chair 

of the Committee on Journal Publications in 2000–2003, a member 

of the Industry Task Force in 2005, which provided guidelines for the 

interactions between the ACR and its industry partners, a member 

of the Board of Directors of the Rheumatology Research Foundation 

in 2006–2009, Chair of the Governance Task Force in 2008–2009, 

a member of the Nominations and Appointments Committee in 

2009–2011, a member of the Blue Ribbon Task Force for Assessing 

the Current State of Academic Rheumatology in the United States 

in 2012, and a member of the Leadership Development Task Force 

in 2013. She served on the ACR Board of Directors in 2003–2006 

and returned to the Board as ACR Secretary in 2016, becoming 

President-Elect in 2018.

 Dr. Gravallese is married to M. Timothy Hresko, MD, a pediat-

ric orthopedic surgeon at Boston Children’s Hospital who specializes 

in scoliosis repair. They have two sons, Andrew, who is a fourth-year 

medical student, and Gregory, who works in private equity with an 

interest in investments in the fi eld of energy. She loves gardens and 

maintains an ever-expanding fl ower garden at her home in Boston, 

plays piano, loves the beaches of Cape Cod, and travels extensively, 

especially enjoying travel with her family.

ACR Board of Directors, 2019–2020

Executive Committee

President: Ellen M. Gravallese, MD, Chief, Division of Rheumatology, 

Infl ammation, and Immunity, Brigham and Women’s Hospital, Har-

vard Medical School, Boston, Massachusetts

President-Elect: David R. Karp, MD, PhD, Professor of Internal Med-

icine, Chief, Rheumatic Diseases Division, Harold C. Simmons 

Chair in Arthritis Research, and Fredye Factor Chair in Rheuma-

toid Arthritis Research, University of Texas Southwestern Medical 

Center, Dallas, Texas

Treasurer: Douglas White, MD, PhD, Chair, Department of Rheuma-

tology, Gundersen Health System; Head, Rheumatology Research 

Laboratory, Gundersen Medical Foundation, La Crosse, Wisconsin; 

and Clinical Adjunct Assistant Professor, University of Wisconsin 

School of Medicine and Public Health, Madison, Wisconsin

Secretary: Kenneth G. Saag, MD, MSc, Jane Knight Lowe Professor, 

Division of Clinical Immunology and Rheumatology and Vice Chair, 

Department of Medicine and Center for Outcomes, Effectiveness 

Research and Education, and Center of Research Translation in 

Gout and Hyperuricemia, University of Alabama at Birmingham, 

Birmingham, Alabama

Foundation President: S. Louis Bridges, Jr., MD, PhD, Anna Lois 

Waters Professor of Medicine, Director, Division of Clinical Immu-

nology and Rheumatology, and Director, Comprehensive Arthritis, 

Musculoskeletal, and Autoimmunity Center, University of Alabama 

at Birmingham, Birmingham, Alabama

ARP President: Janet L. Poole, PhD, OTR/L, FAOTA, Professor and 

Division Chief, Occupational Therapy Graduate Program, Universi-

ty of New Mexico, Albuquerque, New Mexico

Members

Anne Bass, MD, New York, New York

Daniel F. Battafarano, DO, San Antonio, Texas

Candace Feldman, MD, ScD, Boston, Massachusetts

Norman Gaylis, MD, Aventura, Florida

Evelyn Hsieh, MD, PhD, New Haven, Connecticut

Kent Kwas Huston, MD, Kansas City, Missouri

Marisa S. Klein-Gitelman, MD, MPH, Chicago, Illinois

Carol Langford, MD, MHS, Cleveland, Ohio

Amanda Myers, MD, CCD, Evanston, Illinois

George C. Tsokos, MD, Boston, Massachusetts

John Varga, MD, Chicago, Illinois

Kelly Weselman, MD, Atlanta, Georgia

Angus Worthing, MD, Washington, DC

Paula Marchetta, MD, MBA, New York, New York, Immediate Past 

President (ex offi cio)

V. Michael Holers, MD, Aurora, Colorado, Foundation Vice-President 

(ex offi cio)

ACR Meetings 
Winter Rheumatology Symposium

January 25–31, 2020, Snowmass

State-of-the-Art Clinical Symposium

March 27–29, 2020, New Orleans

Pediatric Rheumatology Symposium

April 29–May 2, 2020, New Orleans

For additional information, contact the ACR offi ce.

ACR 2020 Winter Rheumatology Symposium

 The 2020 Winter Rheumatology Symposium boasts a carefully 

crafted program that provides a unique blend of world-class lectures 

and interactive sessions in an intimate setting, allowing for quality 

interactions with peers and experts in the fi eld. The symposium will 

provide attendees with a well-rounded view of the latest advances in 

the discipline. Highlights for this annual event include the interactive 

panel discussion on therapy, with Bonnie Bermas, MD, Christopher 

Ritchlin, MD, MPH, Joel Kremer, MD, and Michael Weinblatt, MD. 

Back by popular demand will be the Points-on-Joints session, 

presented in the “thieves’ market” format and providing a series of

interesting, diffi cult, or puzzling rheumatologic cases via 10-minute sum-

maries followed by audience discussion. Registration and housing for 

the 2020 Winter Rheumatology Symposium are limited, so be sure 

to register by the advance deadline of January 8, 2020, and book your 

hotel room by December 15, 2019. For additional information and 

to register, visit www.rheumatology.org/Learning-Center/Educational-

Activities.

Download the ACR Publications App

 Search “ACR Publications” in the Apple Store or the Goog-

le Store to download the ACR Publications Mobile App. Members 

can log into the ACR Publications app for complete access to full 

text of all articles published in Arthritis & Rheumatology (A&R) and 

Arthritis Care & Research (AC&R). In addition, both members and 

nonmembers can access A&R and AC&R article abstracts, full text 

of articles published more than one year ago, select open-access 

articles published  recently, as well as all issues of ACR Open Rheu-

matology (ACROR) and The Rheumatologist. Save your favorite arti-

cles for quick and easy access, including offl ine, share articles with 

colleagues or students, and utilize the full-screen fi gure and table 

viewer. The ACR Publications app offers an entirely new browsing 

and reading experience and the opportunity to better keep up-to-

date with the most important developments in rheumatology research 

and practice.

Follow the ACR Journals on Twitter

 On Twitter, follow @ACR_Journals, the offi cial social media 

feed of A&R, AC&R, and ACROR, to engage with authors and oth-

er rheumatology professionals about current research, enjoy special 

features and updates about the fi eld of rheumatology and related 

disciplines, and stay up-to-date with fi rst looks at recently accepted 

content in A&R, AC&R, and ACROR. 



Education Programs

 6th Systemic Sclerosis World Congress. March 5–7, 2020, 

Prague, Czech Republic. The Systemic Sclerosis World Congress 

boasts an eclectic mix of interactive opportunities for attendees, 

including hands-on workshops; lectures, and discussions between 

physicians, medical staff, and patients; oral presentations; and sat-

ellite sessions. Lectures will be given in English but will be translated 

into major audience languages, and some topics will be covered in 

different languages in smaller groups. The broad scope of the Con-

gress includes, among other topics, developments in scleroderma 

treatments, an update on major research projects, and how 

to treat pain in digital ulcers. Smaller groups will examine more 

specific topics, including juvenile scleroderma and the impact of 

scleroderma on sexual life. Registration fees are €760 (Decem-

ber 3–February 17) and €830 (February 18–onsite) for physicians; 

€300 (December 3–February 17) and €365 (February 18–onsite) 

for fellows, basic scientists, and health professionals; and €180 

(December 3–February 17), and €240 (February 18–onsite) for stu-

dents. For additional information, e-mail worldsclerodermafounda-

tion@gmail.com or visit the web site http://worldsclerofound.org/

systemic-sclerosis-world-congress/.
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